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Helly groups

JEREMIE CHALOPIN
VICTOR CHEPOI
ANTHONY GENEVOIS
HIROSHI HIRAI
DAMIAN OSAJDA

Helly graphs are graphs in which every family of pairwise-intersecting balls has a nonempty intersection.
This is a classical and widely studied class of graphs. We focus on groups acting geometrically on
Helly graphs — Helly groups. We provide numerous examples of such groups: all (Gromov) hyperbolic
groups, CAT(0) cubical groups, finitely presented graphical C(4)-T(4) small cancellation groups and
type-preserving uniform lattices in Euclidean buildings of type C,, are Helly; free products of Helly
groups with amalgamation over finite subgroups, graph products of Helly groups, some diagram products
of Helly groups, some right-angled graphs of Helly groups and quotients of Helly groups by finite
normal subgroups are Helly. We show many properties of Helly groups: biautomaticity, existence of
finite-dimensional models for classifying spaces for proper actions, contractibility of asymptotic cones,
existence of EZ-boundaries, satisfiability of the Farrell-Jones conjecture and satisfiability of the coarse
Baum—Connes conjecture. This leads to new results for some classical families of groups (eg for FC-type
Artin groups) and to a unified approach to results obtained earlier.

20F06, 20F65, 20F67

1 Introduction

1.1 Motivation and main results

A geodesic metric space is injective if any family of pairwise-intersecting balls has a nonempty intersection;
see Aronszajn and Panitchpakdi [2]. Injective metric spaces appear independently in various fields of
mathematics and computer science: in topology and metric geometry — also known as hyperconvex spaces
or absolute retracts (in the category of metric spaces with 1-Lipschitz maps); in combinatorics — also
known as fully spread spaces; in functional analysis and fixed-point theory — also known as spaces with
binary intersection property; in the theory of algorithms —known as convex hulls, and elsewhere. They
form a very natural and important class of spaces and have been studied thoroughly. The distinguishing
feature of injective spaces is that any metric space admits an injective hull, ie the smallest injective space
into which the input space isometrically embeds; this important result was rediscovered several times in
the past; see Chrobak and Larmore [31], Dress [37] and Isbell [59].

A discrete counterpart of injective metric spaces are Helly graphs— graphs in which any family of
pairwise-intersecting (combinatorial) balls has a nonempty intersection. Again, there are many equivalent

© 2025 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution License 4.0 (CC BY).
Open Access made possible by subscribing institutions via Subscribe to Open.
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2 Jérémie Chalopin, Victor Chepoi, Anthony Genevois, Hiroshi Hirai and Damian Osajda

definitions of such graphs, and hence they are also known as eg absolute retracts (in the category of
graphs with nonexpansive maps); see Bandelt and Pesch [8], Bandelt and Prisner [9], Jawhari, Pouzet and
Misane [62], Pesch [75; 76] and Quilliot [80].

As the similarities in the definitions suggest, injective metric spaces and Helly graphs exhibit a plethora
of analogous features. A simple but important example of an injective metric space is (R”, d), that
is, the n-dimensional real vector space with the metric coming from the supremum norm. The discrete
analog is IZ'I' L, the direct product of n infinite lines L, which embeds isometrically into (R”, deo) with
vertices being the points with integral coordinates. The space (R”, doo) is quite different from the “usual”
Euclidean n-space E" = (R",d,). For example, the geodesics between two points in (R”, dwo) are
not unique, whereas such uniqueness is satisfied in the “nonpositively curved” E”. However, there is
a natural “combing” on (R”, d,) —between any two points there is a unique “straight” geodesic line.
More generally, every injective metric space admits a unique geodesic bicombing of a particular type
(see Section 3.4 for details). The existence of such a bicombing allows us to conclude many properties
typical for nonpositively curved — more precisely, for CAT(0) — spaces. Therefore, injective metric
spaces can be seen as metric spaces satisfying some version of “nonpositive curvature”. Analogously,
Helly graphs and the associated Helly complexes (that is, flag completions of Helly graphs), enjoy many
nonpositive-curvature-like features. Some of them were exhibited in our earlier work: in [23] we prove,
for example, a version of the Cartan-Hadamard theorem for Helly complexes. Moreover, the construction
of the injective hull associates with every Helly graph an injective metric space into which the graph
embeds isometrically and coarsely surjectively. For the example presented above, the injective hull of
X1 L is (R, doo).

Exploration of groups acting nicely on nonpositively curved complexes is one of the main activities in
geometric group theory. Here we initiate the study of groups acting geometrically (that is, properly and
cocompactly by automorphisms) on Helly graphs. We call them Helly groups. We show that the class is
vast— it contains many large classical families of groups (see Theorem 1.1), and is closed under various
group-theoretic operations (see Theorem 1.3). In some instances, the Helly group structure is the only
known nonpositive-curvature-like structure. Furthermore, we show in Theorem 1.5 that Helly groups
satisfy some strong algorithmic, group-theoretic and coarse geometric properties. This allows us to derive
new results for some classical groups and present a unified approach to results obtained earlier.

Theorem 1.1 Groups from the following classes are Helly:
(1) groups acting geometrically on graphs with “near” injective metric hulls, in particular, (Gromov)
hyperbolic groups,
(2) CAT(0) cubical groups, that is, groups acting geometrically on CAT(0) cube complexes,
(3) finitely presented graphical C(4)-T(4) small cancellation groups,

(4) groups acting geometrically on swm-graphs, in particular, type-preserving uniform lattices in
Euclidean buildings of type Cy,.

Geometry & Topology, Volume 29 (2025)



Helly groups 3

As aresult of its own interest, as well as a potentially very useful tool for establishing Hellyness of groups
(in particular, used successfully here), we prove the following theorem. The coarse Helly property is
a natural “coarsification” of the Helly property. The property of B-stable intervals was introduced by
Lang [65] in the context of injective metric spaces and is related to Cannon’s property of having finitely
many cone types (see Section 1.4 for further explanation).

Theorem 1.2 A group acting geometrically on a coarse Helly graph with f8-stable intervals is Helly.

Furthermore, it has been shown recently by Huang and Osajda [57] that FC-type Artin groups and weak
Garside groups of finite type are Helly. The latter class contains eg fundamental groups of the complements
of complexified finite simplicial arrangements of hyperplanes, braid groups of well-generated complex
reflection groups, structure groups of nondegenerate, involutive and braided set-theoretical solutions
of the quantum Yang—Baxter equation, one-relator groups with nontrivial center and, more generally,
tree products of cyclic groups. Conjecturally, there are many more Helly groups — see the discussion
in Section 9.

Theorem 1.3 Let I', 17, 1%,..., 1} be Helly groups. Then:
(1) A free product It xg I of I and I, with amalgamation over a finite subgroup F and the
HNN-extension I't x g over F are Helly.
(2) Every graph product of 11, ..., I}, is Helly. In particular, the direct product Iy x --- x I}, is Helly.

(3) The O-product of Ty and Ty, thatis Ty O T = (I, b, t : [g, h] = [g.tht | =1,gely, hel),
is Helly.

(4) The x-power of ', thatis T = (T',t : [g,tgt "] =1, g € T"), is Helly.
(5) The quotient I'/ N by a finite normal subgroup N <1 T is Helly.

Observe also that, by definition, finite-index subgroups of Helly groups are Helly. Again, we conjecture
that Hellyness is closed under other group-theoretic constructions — see the discussion in Section 9.
Theorem 1.3(2)—(4) are consequences of the following combination theorem for actions on quasimedian
graphs with Helly stabilizers. Further consequences of the same result are presented in Section 6.7.

Theorem 1.4 Let I" be a group acting topically transitively on a quasimedian graph G. Suppose that

e any vertex of G belongs to finitely many cliques,
» any vertex stabilizer is finite,

e the cubical dimension of G is finite,

e G contains finitely many I'-orbits of prisms, and

e for every maximal prism P = C1 X --- X Cy, we have stab(P) = stab(Cy) X - - - X stab(Cy,).

If clique stabilizers are Helly, then I is a Helly group.

Geometry & Topology, Volume 29 (2025)



4 Jérémie Chalopin, Victor Chepoi, Anthony Genevois, Hiroshi Hirai and Damian Osajda

The results above show that the class of Helly groups is vast. Nevertheless, we may prove a number of
strong properties of such groups. One very interesting and significant aspect of the theory is that the
Helly group structure equips the group not only with a specific combinatorial structure that is the source
of important algorithmic and algebraic features (eg (1) in the theorem below), but also — via the Helly
hull construction — provides a more concrete “nonpositively curved” object acted upon by the group: a
metric space with convex geodesic bicombing (see (5) below). Such spaces might be approached using
methods typical for the CAT(0) setting, and are responsible for many “CAT(0)-like” results on Helly
groups, such as (6)—(9) in the following theorem:

Theorem 1.5 If I is a Helly group, then:

(1) T is biautomatic.
(2) T has finitely many conjugacy classes of finite subgroups.

(3) T is (Gromov) hyperbolic if and only if G does not contain an isometrically embedded infinite
£oo-grid.

(4) The clique complex X(G) of G is a finite-dimensional cocompact model for the classitying
space ET for proper actions. As a particular case, I' is always of type F, (see eg Geoghegan
[46, Theorem 7.3.1]), and is of type F when it is torsion-free.

(5) T acts geometrically on a proper injective metric space of finite combinatorial dimension, and
hence on a metric space with a convex geodesic bicombing.

(6) I admits an EZ-boundary 0G.
(7) T satisfies the Farrell-Jones conjecture with finite wreath products.
(8) T satisfies the coarse Baum—Connes conjecture.

(9) The asymptotic cones of I' are contractible.

As immediate consequences, we obtain new results on some classical group classes. For example it
follows that FC-type Artin groups and finitely presented graphical C(4)-T(4) small cancellation groups
are biautomatic. Further discussion of important consequences is presented in Section 1.3. Note also
that by Theorem 1.5(5), further properties of Helly groups can be deduced from eg Descombes [32] and
Descombes and Lang [33; 34]; see also the discussion in Huang and Osajda [57, Introduction].

Theorems 1.1-1.5 are proved by the use of more general results on Helly graphs. A fundamental property
that we use is the following local-to-global characterization of Helly graphs from Chalopin, Chepoi, Hirai
and Osajda [23]: a graph G is Helly if and only if G is clique-Helly (ie any family of pairwise-intersecting
maximal cliques of G has a nonempty intersection) and its clique complex X(G) is simply connected.
Here we present some of the results we obtained about Helly graphs (or complexes) in a simplified form
(see Section 1.4 for further explanation).

Geometry & Topology, Volume 29 (2025)



Helly groups 5

Theorem 1.6 The following constructions give rise to Helly graphs:

(1) A union of graph-products (UGP) of clique-Helly graphs satisfying the 3-piece condition is clique-
Helly. If its clique complex is simply connected then it is Helly.

(2) Thickenings of simply connected C(4)-T(4) graphical small cancellation complexes are Helly.
(3) Rips complexes and face complexes of Helly graphs are Helly.
(4) Nerve complexes of the cover of a Helly graph by maximal cliques are Helly.

1.2 Historical note and general context

As already mentioned, injective metric spaces were introduced by Aronszajn and Panitchpakdi [2], and
they show the equivalence between injective metric spaces and hyperconvex spaces. Isbell [S9] proves
that for any metric space (X, d) there exists a smallest injective space which contains (X, d) as an
isometric subspace. This smallest injective space is called the injective hull of (X, d). Later, this result
was independently rediscovered by Dress [37] and also established for finite metric spaces by Chrobak
and Larmore [31]. Dress provided other characterizations of injective hulls and developed the theory of
combinatorial dimension of injective hulls viewed as cell complexes. This concept of dimension was
further developed by Lang [65], who was also the first to use injective metric spaces in the context of
geometric group theory. Lang also introduced the important concept of B-stable intervals [65] and showed
that the injective hulls of locally finite graphs with B-stable intervals are proper and have the structure of
a locally finite polyhedral complex with finitely many isometry types of cells of each dimension. This
result of Lang is particularly important in the proof of Theorem 1.1(1) and Theorem 1.2. In these proofs,
we also use his concept of the bounded distance property [65], which we show to be equivalent to the
coarse Helly property introduced by Chepoi and Estellon [29]. As a matter of fact, §-hyperbolic geodesic
spaces and graphs satisfy the bounded distance property [65] and the coarse Helly property [29].

The fact that CAT(0) cubical groups are Helly (Theorem 1.1(2)) follows from the bijection between
CAT(0) cube complexes and median graphs (see Chepoi [27] and Roller [81]) and the result of Bandelt
and Van de Vel [10] establishing that the thickenings of median graphs are Helly graphs. This result was
generalized by Chalopin, Chepoi, Hirai and Osajda [23] to swm-graphs, thus yielding Theorem 1.1(4).

The Helly property is ubiquitous in combinatorics, and is captured by the concept of Helly hypergraphs;
see Berge [13]. Berge and Duchet [14] presented a simple “local” characterization of Helly hypergraphs
that is useful in showing that the maximal cliques of a graph satisfy the Helly property. This result and
the local-to-global characterization of Helly graphs of [23] provide a useful tool to establish the Hellyness
of a graph. This method is used in the proof of Theorems 1.1 and 1.6.

Besides the local-to-global characterization of Helly graphs, other characterizations of Helly graphs have
been obtained earlier by Bandelt and Pesch [8], Bandelt and Prisner [9] and Hell and Rival [52]. The
proof of Theorem 1.5(2)—(9) uses other properties of Helly graphs and injective spaces. Theorem 1.5(2)
follows from Polat’s [77] fixed-point result for Helly graphs. Theorem 1.5(4) uses the fact that Helly

Geometry & Topology, Volume 29 (2025)



6 Jérémie Chalopin, Victor Chepoi, Anthony Genevois, Hiroshi Hirai and Damian Osajda

graphs are dismantlable [8] and that fixed-point sets in dismantlable graphs are contractible; see Barmak
and Minian [11]. The proof of Theorem 1.5(3) relies on the characterization of (Gromov) hyperbolic
weakly modular graphs of [23] and Chepoi, Dragan, Estellon, Habib and Vaxes [28].

Theorem 1.5(5) follows from the fact that a geometric action on a Helly graph extends to a geometric
action on its injective hull. The second assertion then follows since injective spaces of finite combinatorial
dimension admit a convex geodesic bicombing; see Descombes and Lang [33]. Theorem 1.5(6)—(9) follow
from the existence of this geodesic bicombing and results established by [33], Fukaya and Oguni [44]
and Kasprowski and Riiping [64].

To establish the biautomaticity of Helly groups (Theorem 1.5(5)), we use the technique introduced by
Swiatkowski [85] of locally recognized path systems in a graph. In this setting, one can design a canonical
path system satisfying a combinatorial bicombing property (this bicombing is different from the convex
geodesic bicombing of [33]). That groups acting geometrically on Helly graphs are different from groups
acting on injective spaces follows from the recent result of Hughes and Valiunas [58] showing that there
exist groups acting geometrically on injective spaces that are neither Helly nor biautomatic.

1.3 Discussion of consequences of main results

Biautomaticity is an important algorithmic property of a group. It implies, among other things, that the
Dehn function is at most quadratic and that the word problem and the conjugacy problem are solvable;
see eg Epstein, Cannon, Holt, Levy, Paterson and Thurston [40]. Biautomaticity of classical C(4)-T(4)
small cancellation groups was proved by Gersten and Short [47]. Our results (Theorem 1.1(3) and
Theorem 1.5(1)) imply biautomaticity in the more general graphical small cancellation case.

Biautomaticity of all FC-type Artin groups is a new result of this paper together with work of Huang
and Osajda [57]. Also new are the solution to the conjugacy problem and the quadratic bound on the
Dehn function. Altobelli [1] showed that FC-type Artin groups are asynchronously automatic, and hence
have solvable word problem. Biautomaticity for few classes of Artin groups was shown before by Brady
and McCammond [20], Charney [24], Gersten and Short [47], Huang and Osajda [56], Peifer [74] and
Pride [79]; (see [57, Subsection 1.3] for a more detailed account).

Although the classical C(4)-T(4) small cancellation groups have been thoroughly investigated and quite
well understood (see eg [47] and Lyndon and Schupp [67]), there was no nonpositive curvature structure
similar to CAT(0) known for them. Wise [88] equipped groups satisfying the stronger B(4)-T(4) small
cancellation condition with a structure of a CAT (0) cubical group, but the question of a similar cubulation of
C(4)-T(4) groups is open [88, Problem 1.4]. Theorems 1.5 and 1.1(3) equip such groups with a structure of
a group acting geometrically on an injective metric space. This allows us to conclude that the Farrell-Jones
and coarse Baum—Connes conjectures hold for them. These results are new; moreover, we prove them in the
much more general setting of graphical small cancellation. Note that— although quite similar in definition
and basic tools —the graphical small cancellation theories provide examples of groups not achievable
in the classical setting (see eg Osajda [71; 70] and Osajda and Prytuta [72] for details and references).

Geometry & Topology, Volume 29 (2025)



Helly groups 7

Important examples to which our theory applies are presented in [57]. These — besides the FC-type Artin
groups mentioned above — are the weak Garside groups of finite type. This class includes among others:
fundamental groups of the complements of complexified finite simplicial arrangements of hyperplanes,
spherical Artin groups, braid groups of well-generated complex reflection groups, structure groups of
nondegenerate, involutive and braided set-theoretical solutions of the quantum Yang—Baxter equation,
one-relator groups with nontrivial center and, more generally, tree products of cyclic groups. To our best
knowledge there were no other “CAT(0)-like” structures known for these groups before. Consequently,
such results as the existence of an EZ-structure, the validity of the Farrell-Jones conjecture and of the
coarse Baum—Connes conjecture obtained by using our approach are new in these settings.

Yet another class to which our theory applies and provides new results are quadric groups introduced and
investigated by Hoda [54]. See eg [54, Example 1.4] for a class of quadric groups that are a priori neither
CAT(0) cubical nor C(4)-T(4) small cancellation groups.

Finally, we believe that many other groups are Helly — see the discussion in Section 9. Proving Hellyness
of those groups would equip them with very rich discrete and continuous structures, and would immediately
imply a plethora of strong features, described above. On the other hand, there are still many other properties
to be discovered, with the hope that most CAT(0) results can be shown in this setting.

1.4 Organization of the article and further results

The proofs of Theorem 1.1(1)—(4) are provided as follows. Item (1) follows from Proposition 6.7 and
Corollary 6.9. Items (2) and (4) follow from Proposition 6.1 and Corollary 6.2. Item (3) is Corollary 6.19.

The coarse Helly property is discussed in Section 3.3, and the proof of Theorem 1.2 (later appearing as
Proposition 6.8) is presented in Section 6.3.

The proofs of Theorem 1.3(1)—(5) are provided as follows. Item (1) is proved in Section 6.5. Items (2)—(4)
are consequences of Theorem 1.4 (later appearing as Theorem 6.24) and are shown in Section 6.7. There,
we also show more general results: Theorem 6.27 on diagram products of Helly groups, and Theorem 6.31
on right-angled graphs of Helly groups. Item (5) follows directly from Theorem 6.21.

Theorem 1.4 is discussed and proved in Section 6.7.

The proofs of Theorem 1.5(1)—(9) are provided as explained below. The proof of (1) is presented in
Section 8. Item (2) follows from the fixed point theorem (Theorem 7.1), and is proved in Section 7.1. The
proof of (3) is presented in Section 7.2. Item (4) follows from Corollary 7.4 in Section 7.3, (5) follows
from Theorems 3.13 and 6.3, and (6)—(9) are proved in Sections 7.4, 7.5, 7.6 and 7.7, respectively.

The proofs of Theorem 1.6(1)—(4) are provided as follows. A union of graph-products (UGP) is defined
and studied in Section 5.1, and (1) is a part of Theorem 5.4. Graphical small cancellation complexes are
studied in Section 6.4, and (2) is proved there as Theorem 6.18. Rips complexes and face complexes are
discussed in Sections 5.5 and 5.6, respectively, and (3) is shown there. We discuss nerve complexes and
prove (4) in Section 5.4.

Geometry & Topology, Volume 29 (2025)



8 Jérémie Chalopin, Victor Chepoi, Anthony Genevois, Hiroshi Hirai and Damian Osajda

Due to its relevance to our work here, in Section 2.5 we present in detail the Helly property in the general
setting of hypergraphs (set systems). We also discuss the conformality property for hypergraphs, which is
dual to the Helly property and which is an analog of flagness for simplicial complexes. For the same
reason, in Section 3.2 we present the main ideas of Isbell’s proof of the existence of injective hulls. Some
further notions and additional results can be found in the arXiv version of the paper.

2 Preliminaries

2.1 Graphs

A graph G = (V, E) consists of a set of vertices V' := V(G) and a set of edges E := E(G) CV x V. All
graphs we consider are undirected, connected and locally finite but not necessarily finite, and contain no
multiple edges and no loops. (With the exception of the quasimedian graphs considered in Section 6.7.)
That is, they are locally finite one-dimensional simplicial complexes. For two distinct vertices v, w € V
we write v ~ w (resp. v ~ w) when there is an (resp. there is no) edge connecting v with w, that is,
when vw := {v, w} € E. For vertices v, wy, ..., Wk, We write v ~ w1, ..., Wr (TeSp. v » W1, ..., W)
or v ~ A (resp. v ~ A) when v ~ w; (resp. v ~ w;), foreachi = 1,...,k, where A = {wy,..., w}.
As maps between graphs G = (V, E) and G’ = (V’, E’) we always consider simplicial maps, that is,
functions of the form f: V — V’ such that if v ~ w in G then f(v) = f(w) or f(v) ~ f(w) in G'.
A (u, w)-path (vo = u, vq,..., v, = w) of length k is a sequence of vertices with v; ~ v;+1. If k =2,
then we call P a 2-path of G. If x; # x; for |i — j| > 1, then P is called a simple (a,b)-path. A k-cycle
(vo,v1,...,VE_1) is a path (vo, v1,...,Vk_1,V0). For A C V, the subgraph of G = (V, E) induced by A
is the graph G(A) = (A, E’) such that uv € E’ if and only if uv € E (G(A) is sometimes called a full
subgraph of G). A square uvwz (resp. triangle uvw) is an induced 4-cycle (u, v, w, z) (resp. 3-cycle
(u, v, w)). The wheel Wy, is the graph obtained by connecting a single vertex — the central vertex c —to
all vertices of the k-cycle (x1, x2,..., Xg).

The distance d(u,v) = dg(u, v) between two vertices u and v of a graph G is the length of a shortest
(u, v)-path. For a vertex v of G and an integer » > 1, we denote by B, (v, G) (or by B;(v)) the ball in G
(and the subgraph induced by this ball) of radius r centered at v, thatis, B, (v,G) ={x eV :d(v,x) <r}.
More generally, the r-ball around a set A C V is the set (or the subgraph induced by) B, (A4, G) =
{veV:d(,A) <r}, where d(v, A) = min{d(v, x) : x € A}. As usual, N(v) = B1(v, G) \ {v} denotes
the set of neighbors of a vertex v in G. A graph G = (V, E) is isometrically embeddable into a graph
H = (W, F) if there exists a mapping ¢: V — W such that dg (¢(u), ¢(v)) = dg(u, v) for all vertices
u,v € V. A retraction ¢ of a graph G is an idempotent nonexpansive mapping of G into itself, that is,
0?2 = ¢: V(G) = V(G) with d(¢(x), ¢(y)) < d(x, y) for all x, y € W. The subgraph of G induced by
the image of G under ¢ is referred to as a retract of G.

The interval I(u, v) between u and v consists of all vertices on shortest (u, v)-paths, that is, of all vertices
(metrically) between u and v: I(u,v) ={x € V :d(u,x) 4+ d(x,v) = d(u,v)}. An induced subgraph
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of G (or the corresponding vertex set A) is called convex if it includes the interval of G between any pair
of its vertices. The smallest convex subgraph containing a given subgraph S is called the convex hull
of S and is denoted by conv(S). An induced subgraph H (or the corresponding vertex set of H) of a
graph G is gated [39] if for every vertex x outside H there exists a vertex x” in H (the gate of x) such
that x” € I(x, y) for any y of H. Gated sets are convex, and the intersection of two gated sets is gated.
By Zorn’s lemma there exists a smallest gated subgraph ((S)) containing a given subgraph S, called the
gated hull of S.

Let G; for i € A be an arbitrary family of graphs. The Cartesian product [[;c, Gi is a graph whose
vertices are all functions x:i — x; for x; € V(G;), and where two vertices x and y are adjacent if there
exists an index j € A such that x;y; € E(G;) and x; = y; for all i # j. Note that a Cartesian product
of infinitely many nontrivial graphs is disconnected. Therefore in this case the connected components of
the Cartesian product are called weak Cartesian products. The direct product K;ep G; of graphs G; for
i € A is a graph having the same set of vertices as the Cartesian product, and two vertices x and y are
adjacent if x; y; € E(G;) or x; = y; foralli € A.

We continue with definitions of weakly modular graphs and their subclasses. We follow [23; 4]. Recall
that a graph is weakly modular if it satisfies the following two distance conditions (for every k > 0):

o Triangle condition (TC) For any vertex u and any two adjacent vertices v and w at distance k
to u, there exists a common neighbor x of v and w at distance kK — 1 to u.

¢ Quadrangle condition (QC) For any vertices u and z at distance k and any two neighbors v and w
of z at distance k — 1 to u, there exists a common neighbor x of v and w at distance k — 2 from u.

Vertices v1, vp and vz form a metric triangle vivavs if I(v;,v;) N I(vi, vg) = {v;} for any distinct
1<i,j,k<3.Ifd(vy,v2) =d(vz,v3) = d(v3, v1) = k, then this metric triangle is called equilateral
of size k. All metric triangles of a weakly modular graph are equilateral [25].

We use some classes of weakly modular graphs defined either by forbidden isometric or induced subgraphs,
or by restricting the size of the metric triangles of G. A graph is called median if every triplet of vertices
has a unique median, that is, | /(«, v) N I (v, w) N I(w, v)| = 1 for every triplet of vertices (u, v, w). By
a result of [27; 81], median graphs are exactly the 1-skeletons of CAT(0) cube complexes (see below).
For other properties and characterizations of median graphs, see the survey [4]; for some other results
on CAT(0) cube complexes, see [82]. A graph is called modular if I(u,v) N I(v,w)N I(w,v) # & for
every triplet (u, v, w) of vertices, that is, every triplet of vertices admits a median. Clearly, median graphs
are modular and modular graphs are weakly modular. A modular graph is called strongly modular if it
does not contain K75 5 as an isometric subgraph. We will also consider a nonbipartite generalization of
strongly modular graphs, called sweakly modular graphs or swm-graphs, which are defined as weakly
modular graphs without induced K, and isometric K3 5 (K is K4 minus one edge and K3 5 is K33
minus one edge). The swm-graphs have been introduced and studied in depth in [23]. The cell complexes
of swm-graphs can be viewed as a far-reaching generalization of CAT(0) cube complexes in which the
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cubes are replaced by cells arising from dual polar graphs, introduced and characterized by Cameron [22].
By [23, Theorem 5.2], dual polar graphs are exactly the thick weakly modular graphs not containing any
induced K, or isometric K3 5 (a graph is thick if the interval between two vertices at distance 2 contains
at least two other vertices). A set X of vertices of an swm-graph G is Boolean-gated if X induces a gated
and thick subgraph of G. By [23, Section 6.3] a set X of vertices of an swm-graph G is Boolean-gated if
and only if X is a gated set of G that induces a dual-polar graph.

A graph G is called pseudomodular if any three pairwise-intersecting balls of G have a nonempty
intersection [6]. This condition easily implies both the triangle and quadrangle conditions, and thus
pseudomodular graphs are weakly modular. An important subclass of pseudomodular graphs is constituted
by Helly graphs, the main subject of our paper, which will be defined below. The quasimedian graphs are
the K, - and K> 3-free weakly modular graphs; equivalently, they are exactly the retracts of Hamming
graphs (weak Cartesian products of complete graphs). From the definition it follows that quasimedian
graphs are pseudomodular and swm-graphs. For many results about quasimedian graphs see [7; 45], and
for a theory of groups acting on quasimedian graphs see [45].

A graph G is called bridged [42; 84] if it does not contain any isometric cycle of length greater than 3.
Alternatively, a graph G is bridged if and only if the balls B, (A, G) around convex sets A of G are convex.
Bridged graphs are exactly the weakly modular graphs that do not contain induced 4- and 5-cycles [25].
A graph G (or its clique-complex X(G)) is called locally systolic if the neighborhoods of vertices do
not induce 4- and 5-cycles. If additionally the clique complex X(G) of G is simply connected, then the
graph G (or its clique-complex X(G)) is called systolic. If the neighborhoods of vertices of a (locally)
systolic graph G do not induce 6-cycles, then G is called (locally) 7-systolic. It was shown in [27] that
bridged graphs are exactly the 1-skeletons of the systolic complexes of [61]. In the following, we will use
the name systolic graphs instead of bridged graphs.

A graph G = (V, E) is called hypercellular [30] if G can be isometrically embedded into a hypercube
and G does not contain Q5 as a partial cube minor (Q75 is the 3-cube Q3 minus one vertex). A graph H
is called a partial cube minor of G if G contains a finite convex subgraph G’ which can be transformed
into H by successively contracting some classes of parallel edges of G’. Hypercellular graphs are not
weakly modular but they generalize median graphs [30].

2.2 Complexes

All complexes we consider are locally finite CW complexes. Following [51, Chapter 0], we call them
cell complexes or just complexes. If all cells are simplices (resp. unit solid cubes) and the nonempty
intersection of two cells is their common face, then X is called a simplicial (resp. cube) complex. For a
cell complex X, by X k) we denote its k-skeleton. All cell complexes in this paper will have graphs as
their 1-skeletons. Therefore we use the notation G(X) := X The star of a vertex v in a complex X,
denoted by St(v, X), is the set of all cells containing v.
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An abstract simplicial complex A on a set V' is a set of nonempty subsets of V' such that each member
of A, called a simplex, is a finite set, and any nonempty subset of a simplex is also a simplex. A simplicial
complex X naturally gives rise to an abstract simplicial complex A on the set of vertices (0-dimensional
cells) of X by setting U € A if and only if there is a simplex in X having U as its vertices. Combinatorial
and topological structures of X are recovered from A. Hence we sometimes identify simplicial complexes
and abstract simplicial complexes.

The cligue complex of a graph G is the abstract simplicial complex X (G) having the cliques (ie complete
subgraphs) of G as simplices. A simplicial complex X is a flag simplicial complex if X is the clique
complex of its 1-skeleton. Given a simplicial complex X, the flag-completion X of X is the clique
complex of the 1-skeleton G(X) of X.

Let C be a cycle in the 1-skeleton of a complex X. Then a cell complex D is called a singular disk
diagram (or Van Kampen diagram) for C if the 1-skeleton of D is a plane graph whose inner faces are
exactly the 2-cells of D and there exists a cellular map ¢: D — X such that ¢|gp = C (for more details
see [67, Chapter V]). According to Van Kampen’s lemma [67, pages 150-151], a cell complex X is simply
connected if and only if, for every cycle C of X, one can construct a singular disk diagram. A singular disk
diagram with no cut vertices (that is, its 1-skeleton is 2-connected) is called a disk diagram. A minimal
(singular) disk for C is a (singular) disk diagram D for C with a minimum number of 2-faces. This
number is called the (combinatorial) area of C and is denoted by Area(C). If X is a simply connected
triangle (resp. square, triangle-square) complex, then for each cycle C, all inner faces in a singular disk
diagram D of C are triangles (resp. squares, triangles or squares).

As morphisms between cell complexes we always consider cellular maps, that is, maps sending the
k-skeleton into the k-skeleton. An isomorphism is a bijective cellular map that is a linear isomorphism
(isometry) on each cell. A covering (map) of a cell complex X is a cellular surjection p: X — X such that
p|St(1~)’X~) : SE(T), X)—> St(p(v), X) is an isomorphism for every vertex v in X; compare [51, Section 1.3].
The space X is then called a covering space.

2.3 CAT(0) spaces and Gromov hyperbolicity

Let (X, d) be a metric space. A geodesic segment joining two points x, y € X is an isometric embedding
p: R ©[0,1] = X such that p(0) = x, p(I) = y and d(p(t), p(t')) = |t —t'| for any ¢,1’ € [0,]]
(d(x,y) =1 is the length of the geodesic p). A metric space (X, d) is geodesic if every pair of points in
X can be joined by a geodesic segment. Every graph G = (V, E) can be transformed into a geodesic
space (Xg, d) by replacing every edge e = uv by a segment y,, = [u, v] of length 1; the segments may
intersect only at common ends. Then (V, dg) is isometrically embedded in a natural way into (Xg, d).

A geodesic triangle A(x1, X2, x3) in a geodesic metric space (X, d) consists of three points in X and a
geodesic between each pair of vertices. A comparison triangle for A(x1, x2, x3) is a triangle A(x], x5, x5)
in the Euclidean plane E? = (R?, d5) such that d>(x/, xj’-) =d(x;,x;) fori, j € {1,2,3}. A geodesic
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metric space (X,d) is a CAT(0) space [49] if all geodesic triangles A(xy, x2,x3) of X satisfy the
comparison axiom of Cartan, Alexandrov and Toponogov:

If y is a point on the (x1, x2)-geodesic of A(x1, X2, x3) and y’ is the unique point on the line
segment [x], x5] of the comparison triangle A(x], x5, x5) such that da(x/, y') = d(x;, y)
fori = 1,2, then d(x3,y) < da(x},y").

The CAT(0) property is equivalent to the convexity of the function f: [0,1] — X given by f(¢) =
d(a(tly), B(tlg)), for any two geodesics o and B of lengths I, and /g (which is further equivalent to the
convexity of the neighborhoods of convex sets). This implies that CAT(0) spaces are contractible. Any
two points of a CAT(0) space can be joined by a unique geodesic. See [21] for a detailed account on
CAT(0) spaces and their isometry groups.

A cube complex X is CAT(0) if X, endowed with the intrinsic £, metric, is a CAT(0) metric space.
Gromov [49] characterized CAT(0) cube complexes as the simply connected cube complexes such that
the following cube condition holds: if three (k+2)-dimensional cubes intersect in a k-dimensional cube
and pairwise intersect in (k+1)-dimensional cubes, then all three are contained in a (k+3)-dimensional
cube. The cube condition is equivalent to the flagness condition, which states that the geometric link of
any vertex is a flag simplicial complex. The 1-skeletons of CAT(0) cube complexes are precisely the
median graphs [27; 81].

A metric space (X, d) is §-hyperbolic [49; 21] if, for any points u, v, x and y of X, the two larger
of the sums d(u,v) + d(x, y), d(u,x) + d(v,y) and d(u, y) + d(v, x) differ by at most 26 > 0. A
graph G = (V, E) is §-hyperbolic if (V,dg) is §-hyperbolic. A metric space or a graph has bounded
hyperbolicity if it is §-hyperbolic for some finite §. For geodesic metric spaces and graphs, -hyperbolicity
can be defined as spaces in which all geodesic triangles are §-slim. Recall that a geodesic triangle
A(x,,z) is called §-slim if for any point u on the side [x, y] the distance from u to [x,z] U [z, y] is at
most §.

2.4 Group actions

For a set X and a group I, a I"-action on X is a group homomorphism I' — Aut(X). If X is equipped
with an additional structure, then Aut(X) refers to the automorphism group of this structure. We say
then that " acts on X by automorphisms, and x — gx denotes the automorphism that is the image of g.
Here X will be a graph or a cell complex, and thus Aut(X) will denote graph automorphisms or cellular
automorphisms. Let I" be a group acting by automorphisms on a cell complex X . Recall that the action
is cocompact if the orbit space X /G is compact. The action of I" on a locally finite cell complex X is
proper if stabilizers of cells are finite. Finally, the action is geometric (or I acts geometrically on X) if it
is cocompact and proper. If a group I' acts geometrically on a graph G or on a cell complex X, then G
and X are locally finite. This explains why we consider locally finite graphs, complexes and hypergraphs.
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2.5 Hypergraphs (set families)

In this subsection, we recall the main notions in hypergraph theory. We closely follow the book by
Berge [13] on hypergraphs (with the single difference that our hypergraphs may be infinite). A hypergraph
isapair H = (V,&), where V is asetand £ = {H; }; <y is a family of nonempty subsets of V'; V' is called
the set of vertices and £ is called the set of edges (or hyperedges) of H. Abstract simplicial complexes
are examples of hypergraphs. The degree of a vertex v is the number of edges of #H containing v. A
hypergraph # is called edge-finite if all edges of H are finite and vertex-finite if the degrees of all vertices
are finite. H is called a locally finite hypergraph if H is edge-finite and vertex-finite. A hypergraph H is
simple if no edge of H is contained in another edge of . The simplification of a hypergraph H = (V, £)
is the hypergraph # = (V, £) whose edges are the maximal by inclusion edges of .

The dual of a hypergraph H = (V, £) is the hypergraph H* = (V' *, £*) whose vertex set V' * is in bijection
with the edge-set £ of H and whose edge-set £* is in bijection with the vertex set V'; namely £* consists
ofall S, ={H; €£:ve H;}forveV.Bydefinition, (H*)* = H. The dual of a locally finite hypergraph
is also locally finite. The hereditary closure Hofa hypergraph # is the hypergraph whose edge set is
the set of all nonempty subsets ¥ C V' such that F € H; for at least one index i. Clearly the hereditary
closure H of a hypergraph H is a simplicial complex and #H = . The 2-section [#H]2 of a hypergraph H is
the graph having V' as its vertex set, and two vertices are adjacent in [#], if they belong to a common edge
of 7. By definition the 2-section [#]5 is exactly the 1-skeleton () of the simplicial complex 7, and
the 2-section of H coincides with the 2-section of its simplification H. The line graph L(H) of H has &
as its vertex set, and H; and H; are adjacent in L(#) if and only if H; N H; # @. By definition (see also
[13, Proposition 1, page 32]), the line graph L(#) of H is precisely the 2-section [H*], of its dual H*. A
cycle of length k of a hypergraph H is a sequence (v, Hy, vz, Hz,v3, ..., Hi,v1) such that Hy, ..., Hy
are distinct edges of H, vy, va, ..., vy are distinct vertices of V, v;,v;y1 € H; fori =1,...,k—1, and
Vi, V1 € Hy. A copair hypergraph is a hypergraph H in which V \ H; € £ for each edge H; € £. The
nerve complex of a hypergraph H = (V, £) is the simplicial complex N (%) having £ as its vertex set and
such that a finite subset o € € is a simplex of N(H) if (., ¢, Hi # 9; see [17]. The nerve graph NG(H)
of a hypergraph H is the 1-skeleton of the nerve complex N(#). The following result is straightforward:

Lemma 2.1 N() = H* and NG(H) = [H*], = (H*)D.

A family of subsets F of a set V satisfies the (finite) Helly property if, for any (finite) subfamily F’ of F,
the intersection (| F' = (\{F : F € F'} is nonempty if and only if F N F’" # & for any pair F, F' € F'. A
hypergraph H = (V, £) is called (finitely) Helly if its family of edges £ satisfies the (finite) Helly property.
We continue with a characterization of Helly hypergraphs. In the finite case this result is due to Berge and
Duchet [13; 14]. The case of edge-finite hypergraphs follows from a more general result [5, Proposition 1].

Proposition 2.2 [13; 14] An edge-finite hypergraph H = (V, £) is Helly if and only if forany x, y,z € V
the intersection of all edges containing at least two of x, y and z is nonempty.
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We call the condition in Proposition 2.2 the Berge—Duchet condition.

A hypergraph H = (V, £) is conformal if all maximal cliques of the 2-section [#], are edges of H. In
other words, # is conformal if and only if its hereditary closure Hisa flag simplicial complex. The
following result establishes the duality between conformal and Helly hypergraphs:

Proposition 2.3 [13, page 30] # is conformal if and only if its dual H* is Helly.

Analogously to the Helly property, the conformality can be characterized in a local way via the following
Gilmore condition (the proof follows from Propositions 2.2 and 2.3):

Proposition 2.4 [13, page 31] A vertex-finite hypergraph H is conformal if and only if for any three
edges Hy, Hy and H3 of H there exists an edge H of H containing (H; N Hy)U(H; N H3)U(Hy N H3).

A hypergraph H is balanced [13] if any cycle of H of odd length has an edge containing three vertices of
the cycle. Balanced hypergraphs represent an important class of hypergraphs with strong combinatorial
properties (the Konig property) [13; 15]. It was noticed [13, page 179] that the finite balanced hypergraphs
are at the same time Helly and conformal; the duals of balanced hypergraphs are also balanced. In fact,
those three fundamental properties still hold for a larger class of hypergraphs: we call a hypergraph X
triangle-free if any cycle of H of length 3 has an edge containing the three vertices of the cycle. That
is, for any three distinct vertices x, y and z and any three distinct edges Hi, H> and H3 such that
x,y€ Hy, y,z € Hy and z, x € Hs, one of the edges Hy, H> and H3 contains the three vertices x, y
and z. Equivalently, a hypergraph # is triangle-free if and only if it satisfies a stronger version of the
Gilmore condition: for any three edges H;, H; and H3 of H there exists an edge H; in {H, H>, H3}
that contains (H; N Hy) U (H1 N H3) U (H N H3). Since the dual of a triangle-free hypergraph is also
triangle-free, locally finite triangle-free hypergraphs are conformal and Helly [15; 13].

Another important class of Helly hypergraphs, extending the class of balanced hypergraphs, is the class
of normal hypergraphs. A hypergraph H is called normal [13; 66] if it satisfied the Helly property and its
line graph L(H) is perfect (ie by the strong perfect graph theorem L(#) does not contain odd cycles of
length > 3 and their complements as induced subgraphs).

With any graph G = (V, E) one can associate several hypergraphs, depending on the studied problem and
of the studied class of graphs. In the context of our current work, we consider the following combinatorial
and geometric hypergraphs: the cliqgue-hypergraph X (G) of all maximal cliques of G, the ball-hypergraph
B(G) of all balls of G, and the r-ball-hypergraph B,(G) of all balls of a given radius r of G. The
ball-hypergraph can be considered for an arbitrary metric space (X, d). The clique-hypergraph X (G)
of any graph G is simple and conformal, and its hereditary closure X (G) coincides with the clique
complex X(G) of G. In the case of median graphs G (and CAT(0) cube complexes), together with
the cube complex (cube hypergraph), an important role is played by the copair hypergraph H(G) of
all halfspaces of G (convex sets with convex complements). Since convex sets of median graphs are
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gated [60, Theorem 1.22] and gated sets satisfy the finite Helly property, the hypergraph #H(G) is finitely
Helly. For a graph G we will also consider the nerve complex N(X(G)) of the clique-hypergraph X (G),
as well as the nerve complex N (B, (G)) of the r-ball-hypergraph 5, (G) for r € N.

2.6 Abstract cell complexes

An abstract cell complex X (also called a convexity space or closure space) is a locally finite hypergraph
H(X) = (V, &) with @ € £ and whose edges are closed under intersections, ie if H; for i € I are edges
of H, then ();c; H; is also an edge of H(X). We call the edges of H(X) the cells of X and H(X) the
cell-hypergraph of X. The cells of X contained in a given cell C are called the faces of C. The faces
of a cell C ordered by inclusion define the face lattice F(C) of C. C' & C is a facet of C if C' is a
maximal by inclusion proper face of C; in other words, C’ is a coatom of the face lattice F(C). The
dimension dim(C) of a cell C is the length of the longest chain in the face lattice of C. Locally finite
abstract simplicial complexes are abstract cell complexes. In fact, they are the cell complexes in which the
face lattices are Boolean lattices. The dimension of a simplex with d + 1 vertices is d. Cube complexes
are also abstract cell complexes. It suffices to consider the vertex set of each cube as an edge of the
cell-hypergraph; the dimension of a cube is the standard dimension.

Abstract cell complexes also arise from swm-graphs and hypercellular graphs. The cells of an swm-graph
are its Boolean-gated sets and the dimension of a Boolean-gated set is its diameter. Observe that in an
swm-graph, any maximal clique is boolean-gated. In the corresponding abstract cell complex, each such
clique is a 1-dimensional cell whose O-cells are the vertices of the clique. It was shown in [23] that one
can also associate a contractible geometric cell complex to any swm-graph G, in which the cells are
the orthoscheme complexes of the Boolean-gated sets of G. Note that the geometric dimension of this
geometric complex is larger than the dimension of the abstract cell complex. The cells of a hypercellular
graph G are the gated subgraphs of G which are the convex hulls of the isometric cycles of G. It was
shown in [30] that those cells are Cartesian products of edges and even cycles. It was established in [30]
that the geometric realization of the abstract cell complex of a hypercellular graph is contractible. The
dimension of such a cell is the number of edge factors plus twice the number of cycle factors. Notice that
swm-graphs and hypercellular graphs represent two far-reaching and quite different generalizations of
median graphs. Swm-graphs no longer have hyperplanes (ie classes of parallel edges) and halfspaces,
and their cells (Boolean-gated sets) have a complex combinatorial structure; nevertheless, they are still
weakly modular and admit a local-to-global characterization. On the other hand, hypercellular graphs are
no longer weakly modular but they still admit hyperplanes (whose carriers are gated) and halfspaces, and
each triplet of vertices admits a unique median cell.

2.7 Helly graphs and Helly groups

We continue with the definitions of our main objects: Helly and clique-Helly graphs and complexes, and
Helly groups.

Geometry & Topology, Volume 29 (2025)



16 Jérémie Chalopin, Victor Chepoi, Anthony Genevois, Hiroshi Hirai and Damian Osajda

Definition 2.5 A graph G is a Helly graph if the ball-hypergraph B(G) is Helly. A graph G is a 1-Helly
graph if the 1-ball-hypergraph B;(G) is Helly. A clique-Helly graph is a graph G in which the hypergraph
X (G) of maximal cliques is Helly.

Observe that a Helly graph is 1-Helly and a 1-Helly graph is clique-Helly, but that the reverse implications
do not hold: a cycle of length at least 7 is 1-Helly but not Helly and a cycle of length 4 is clique-Helly
but not 1-Helly. Notice also that Helly graphs are pseudomodular and thus weakly modular. For arbitrary
graphs not containing infinite cliques, Polat and Pouzet [78] proved that the Helly property and the finite
Helly property are equivalent.

Definition 2.6 A Helly complex is the clique complex of some Helly graph. A clique-Helly complex is
the clique complex of some clique-Helly graph.

Remark 2.7 If in Definitions 2.5 and 2.6 instead of a Helly property we consider the corresponding finite
Helly property, then the graphs satisfying it are called finitely Helly. For example, finitely clique-Helly
graphs are graphs G in which the hypergraph X'(G) has the finite Helly property. For locally finite graphs,
the finite Helly properties for balls and cliques implies the Helly property, and thus finitely Helly (resp.
clique-Helly) graphs and complexes are Helly (resp. clique-Helly). By [78], the same implication holds
for arbitrary graphs not containing infinite cliques.

We continue with the definition of Helly groups:
Definition 2.8 A group I is Helly if it acts geometrically on a Helly complex X.

If a group I acts geometrically on a Helly complex X, then X is locally finite. Moreover X has uniformly
bounded degrees.

In case of the clique-Helly property, Proposition 2.2 can be specified in the following way:

Proposition 2.9 [35; 86] A graph G with finite cliques is clique-Helly if and only if for any triangle T
of G the set T* of all vertices of G adjacent with at least two vertices of T contains a vertex adjacent to
all remaining vertices of T*.

Remark 2.10 Proposition 2.9 does not hold for graphs containing infinite cliques. For example, consider
the graph G defined as follows. First, consider an infinite clique K = {vg, v1, v2,..., Vg, ...} whose
vertex set is indexed by N. For each i € N, we add a vertex u; that is adjacent to all v; such that j > i.
Observe that any two maximal cliques of G have a nonempty intersection but there is no universal vertex
in G. Consequently, G is not clique-Helly. On the other hand, one can easily check that G satisfies the
criterion of Proposition 2.9.

For any locally finite graph G, the clique-hypergraph X'(G) is conformal and G is isomorphic to the
2-section of X' (G). Moreover, if G is clique-Helly, then X (G) is Helly. We conclude this subsection with
the following simple but useful converse result (see eg [9]):
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Proposition 2.11 For a locally finite hypergraph H = (V, £) the following conditions are equivalent:

(1) The 2-section [H], of H is a clique-Helly graph and H is conformal (each maximal clique of [H],
is an edge of H).
(i) The simplification H of H is conformal and Helly.

(i) H satisfies the Berge—Duchet and Gilmore conditions.

In particular, the 2-section of any locally finite triangle-free hypergraph is clique-Helly.

Proof Since [H], = [H]2, we can suppose that % is simple. The equivalence (ii) <=> (iii) follows from
Propositions 2.2 and 2.4. If (i) holds, then H coincides with the hypergraph of maximal cliques of [H]2,
and thus # is Helly. Also H is conformal as the clique-hypergraph of a graph. This establishes (i) = (ii).
Conversely, if (ii) holds, since # is conformal, each clique of [#], is included in an edge of H. Thus the
maximal cliques of [#], are in bijection with the edges of H. This shows that [H], is clique-Helly. O

2.8 Hellyfication

There is a canonical way to extend any hypergraph 1 = (V, ) to a conformal hypergraph conf(#) =
(V,€&): & consists of £ and all maximal by inclusion cliques C in the 2-section [H] of H. Any
conformal hypergraph #” extending H and having the same 2-section [H"] = [#H] as H also contains
conf(#) as a subhypergraph, thus conf(#) can be called the conformal closure of H. Since the Helly
property and conformality are dual, any hypergraph H = (V, £) can be extended to a Helly hypergraph
Helly(H) = (V’, £'): for every maximal pairwise-intersecting set 7 of edges of 7 with empty intersection,
add a new vertex vz to V and to each member of F. In the thus extended hypergraph Helly(#) any two
edges intersect exactly when their traces on V' intersect. Hence Helly(#) satisfies the Helly property and
we call Helly(#) the Hellyfication of H. Again, Helly(#) is contained in any hypergraph satisfying the
Helly property, extending A and having the same line graph as H. This kind of Hellyfication approach
was used in [5] to Hellyfy discrete copair hypergraphs and to relate this Hellyfication procedure with the
cubulation (median hull) of the associated wall space; see [5, Proposition 3].

3 Injective spaces and injective hulls

In this section we discuss injective metric spaces and Isbell’s construction of injective hulls. Those notions
are strongly related to Helly graphs: roughly, Helly graphs and ball-Hellyfication can be seen as discrete
analogs of (continuous) injective metric spaces and injective hulls.

3.1 Injective spaces

A metric space (X, d) is called hyperconvex if every family of closed balls By, (x;) of radii r; € R
with centers x; satisfying d(x;,x;) < r; +r; has a nonempty intersection. Rephrasing the definition,
(X, d) is hyperconvex if it is Menger-convex (that is, B (x) N By(x,,)—r(y) # @ for all x, y € X and
r € [0,d(x, y)]) and the family of closed balls in (X, d) satisfies the Helly property. A metric space
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(X, d) is called integer-valued if d(x, y) is an integer for any x, y € X. An integer-valued metric space
(X, d) is discretely geodesic if for any two points x, y € X with d(x, y) = n there exists a sequence of
points xg := X, X1, X2,...,Xn := y such that d(x;, xj+1) = 1. The set of vertices of a connected graph
equipped with a graph distance is an example of an integer-valued and discretely geodesic metric space.

Let (Y, d’) and (X, d) be two metric spaces. For ACY,amap f: A— X is 1-Lipschitzif d(f(x), f(y)) <
d’(x,y) for all x, y € A. The pair (Y, X) has the extension property if for any A C Y, any 1-Lipschitz
map f: A — X admits a 1-Lipschitz extension, ie a 1-Lipschitz map f :Y — X such that f la=f. A
metric space (X, d) is injective if for any metric space (Y, d’), the pair (Y, X) has the extension property.
For Y C X, the map f: X — Y is a (nonexpansive) retraction if f is 1-Lipschitz and f(y) = y for any
y € Y. A metric space (Y, d’) is an absolute retract if, whenever (Y, d’) is isometrically embedded in a
metric space (X, d), there exists a retraction f from X to Y.

In 1956, Aronszajn and Panitchpakdi established the following equivalence between hyperconvex spaces,
injective spaces, and absolute retracts:

Theorem 3.1 [2] A metric space (X, d) is injective if and only if (X, d) is hyperconvex if and only if
(X, d) is an absolute (1-Lipschitz) retract.

3.2 Injective hulls

By a construction of Isbell [59] (rediscovered twenty years later by Dress [37] and yet another ten
years later by Chrobak and Larmore [31] in computer science), for every metric space (X, d) there
exists a smallest (with respect to inclusion) injective metric space containing X. More precisely, an
injective hull (or tight span, or injective envelope, or hyperconvex hull) of (X, d) is a pair (e, E (X)) where
e: X — E(X) is an isometric embedding into an injective metric space E(X), and such that no injective
proper subspace of E(X) contains e¢(X). Two injective hulls ¢: X — E(X) and f: X — E’(X) are
equivalent if they are related by an isometry i : £(X) — E’(X). Below we describe Isbell’s construction in
some details and we recall a few important features of injective hulls — all this will be of use in Section 6.

Theorem 3.2 [59] Every metric space (X,d) has an injective hull and all its injective hulls are
equivalent.

We continue with the main steps in the proof of Theorem 3.2. We follow the Isbell’s proof [59], but
also use some notations and results from Dress [37] and Lang [65]; see these three papers for a full
proof. Let (X,d) be a metric space. A metric form on X is a real-valued function f on X such
that f(x) 4+ f(y) = d(x,y) for all x,y € X. Denote by A(X) the set of all metric forms on X, ie
AX)={feRX: f(x)+ f(y)=d(x,y) forall x,y € X}. For f,g e A(X),set f <gif f(x)<g(x)
for each x € X. A metric form is called extremal on X if there is no g € A(X) such that g # f and
g=<f.Let E(X)={f € A(X): f is extremal}.

Claim3.3 If f € E(X), then f(x)+d(x,y) > f(y) forany x,y € X, that is, f is 1-Lipschitz.
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If this was false for x,y € X, then defining g to coincide with f everywhere except at y, where
g(y) = f(x)+d(x,y), we conclude that g € A(X). Since g < f, we obtain g = f.

The difference doo( f, &) = sup,ex| f(x) — g(x)| between any two extremal forms f and g is bounded;
any number f(x) + g(x) is a bound. Thus (E(X), dwo) is a metric space. For a point x € X, let dy be
defined by setting dx(y) = d(x, y) forany y € X.

Claim 3.4 For any x € X, the map d: y — d(x, ) is extremal on X and the mape: X — E(X)
sending x to dy is an isometric embedding of (X, d) into (E(X), deo)-

The map e is often called the Kuratowski embedding.

From the definition of extremal metric forms, the following useful property of E(X) easily follows (this
explains why extremal maps are called tight extensions in [37]):

Claim 3.5 If (X,d) is compact then for any f € E(X) and x € X there exists y in X such that
f(x)+ f(y) =d(x,y). In general metric spaces, for any x € X and any € > 0, there exists y in X such

that f(x) + f(y) <d(x.y) +e.
The inequalities f(x) + f(v) > d(x,y) and f(x)+ d(x,y) > f(y) together are equivalent to:
Claim 3.6 If f € E(X), then f(x) = doo(f,e(x)) forall x € X.

The following claim is the main tool in Isbell’s proof. Let A(E (X)) denote the set of all metric forms on
E(X) and let E(E (X)) denote the set of all extremal metric forms on E(X).

Claim 3.7 If s is extremal on E(X), then se is extremal on X .

First notice that se € A(X). To prove Claim 3.7, we suppose by way of contradiction that se is not extremal
and we obtain a contradiction with the assumption that s is extremal on £ (X ). Then there exists & € E(X)
such that i <se and h(x) < se(x) for some x € X. Define the map ¢: E(X) — R by setting z( f) =s( f) for
all f € E(X) different from e(x). Sett(e(x)) =h(x) <s(e(x)). Since t < s, to contradict the extremality
of s on E(X) it remains to show that t € A(E(X)),iet(f)+1(g) > dwo(f, g) forany f, g € E(X). Since
s € A(E(X)), from the definition of ¢ it suffices to establish the previous inequality for any f € E(X)
and g = e(x) with f # e(x), that is, to show that ze(x) + 1 (f) > doo( f, €(x)). This is done using the
definition of e(x) and Claims 3.3 and 3.6. For any € > 0, pick y € X such that f(x)+ f(y) <d(x,y)+e.
Then te(x) +1(f) =te(x) +se(y) —se(y) +s(f) = h(x) + h(y) —doo(e(y), f) = d(x,y) = f(y) >
f(x)—e =dx(e(x), f)—e€. Since € > 0 is arbitrary, te(x) + () > deo( f, €(x)), as required.

Claim 3.8 The metric space (E(X), dso) is injective.

To prove Claim 3.8, in view of Theorem 3.1 it suffices to show that (E(X), d) is hyperconvex: if
fi € E(X),ri e RT andi €I such that deo(f;, fj) <ri+rj, then (\;c; B(f;i,ri) # @. We may suppose
that r: E(X) — A(E(X)) is a metric form on E(X) extending the radius function r;: r( f;) = r; (this
extension exists by Zorn’s lemma). Let s € E(E (X)) such that s < r. By Claim 3.7, se belongs to
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E(X). We assert that se belongs to any r( f)-ball centered at f € E(X). Indeed, for any x € X, we have
se(x)— f(x) =se(x)—dso(f,e(x)) <s(f) <r(f), where the equality follows from Claim 3.6 and the
first inequality follows from Claim 3.3 (applied to £E(X) and E(E (X)) instead of X and E(X)). On
the other hand, f(x) —se(x) = doo(f, e(x)) —se(x) <s(f) <r(f), where the equality follows from
Claim 3.6 and the inequality follows by the choice of s in A(E(X)). This establishes Claim 3.8.

Claim 3.9 The embedding e: X — E(X) is an injective hull and is equivalent to every injective hull of X .

Let a: E(X) — E(X) be 1-Lipschitz such that a(e(x)) = e(x) for any x € X. Let f € E(X) and
let g = a(f). By Claim 3.6, for any x € X we have g(x) = dxo(g,e(x)) = doo(oc(f),oz(e(x))) <
do(f,e(x)) = f(x). Hence g < f, whence « is the identity map. Thus E(X) cannot be retracted to
any subset S & E(X) containing e(X), and hence S is not injective.

Finally, consider any injective hull ¢’: X — E’(X) of (X,d). Let f be an isometry from e(X) to
¢’(X) and let f” be its inverse. Since both E(X) and E’(X) are injective, there exist 1-Lipschitz maps
FfiE(X)— E'(X)and f': E'(X) — E(X) extending f and f’, respectively. Note that the composition
f ! f is a 1-Lipschitz map from E(X) to E(X) that is the identity on e(X ). Therefore f ! f is the identity
map by what has been shown above, and thus f~ is injective and f~ ' is surjective. Since f and f " are
1-Lipschitz and f ! f is the identity on E (X)), necessarily f is an isometric embedding of E(X) in E’(X).
Then since E(X) is injective, the image of f contains ¢’(X) = f (e(X)) and E’(X) is an injective hull,
SO f must be surjective and thus ]7 is an isometry. Then f ' is injective, otherwise f ! f cannot be the
identity map on E(X). Thus both f and f " are isometries. This concludes the proof of Theorem 3.2.

Dress [37] defined E(X) as the set of all maps f € RX such that f(x) = sup{d(x,y)— f(y):y € X}
for all x € X. He established the following nice property of E(X) (which in fact characterizes E(X);
see [37, Theorem 1]):

Claim 3.10 If f,g € E(X), then

doo(f. &) = sup{deo(e(x).e(y)) —doo(e(y). f) —doo(e(x).g) : x, y € X}.

For simplicity, we prove Claim 3.10 for compact metric spaces, for which the supremum can be replaced
by maximum. The claim asserts that any pair of extremal functions f and g lies on a geodesic between
the images e(x) and e(y) in E(X) of two points x and y of X. Let x be a point of X such that
do(f, g) = f(x) — g(x). By Claim 3.5 there exists y € X such that f(x) = d(x,y) — f(y). Hence
deo(f.8) = f(x) —g(x) = d(x.y) = f(y) — &(x) = doo(e(x).e(y)) — f(y) — g(x). By Claim 3.6,
f(¥)=doo(f.e(y)) and g(x) =doo(g. (x)). Consequently doo (£, §) = doo(e(x). e(y))— f(y)—g(x) =
doo(e(x),e(y)) —doo(f,e(y)) —doo(g, e(x)) and we are done.

One interesting property of injective hulls is their monotonicity:

Corollary 3.11 If (X, d) is isometrically embeddable into (X', d’), then E(X) is isometrically embed-
dable into E(X').
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Proof Since (X, d) is isometrically embeddable into (X, d’) and E(X), and (X', d’) is isometrically
embeddable into E(X’), there exists an isometric embedding of e(X) C E(X) into E(X’). Since
E(X') is injective, this isometric embedding extends to a 1-Lipschitz map « from E(X) to E(X'). If
doo(@(f),0()) < doo( £, 8) for f,g € E(X), then doo(a(e(x)), a(e())) < doole(x), e(y)) for points
X,y € X occurring in Claim 3.10, contrary to the assumption that & isometrically embeds e(X). a

As shown by Dress [37], the injective hull of a finite metric space is a finite polyhedral complex. Using this,
he defined the combinatorial dimension of a general metric space X as the supremum of the dimensions
of the polyhedral complexes E(Y) for all finite subspaces Y of X. Any f € E(X) belongs to the interior
of a unique cell of the polyhedral complex. Dress combinatorially characterized the cells of E(X).
Goodman and Moulton gave a presentation of Dress’s result in the finite case [48]. Lang presented Dress’s
result in the case of general metric spaces, and formulated conditions under which the injective hull is
finite-dimensional or has a finite number of types of cells for each dimension [65]. In the following, we
continue with this combinatorial description following the presentation of [65; 33].

For any f € A(X), consider the graph (X, A(f)) where A(f) is the set of all pairs {x, y} of points in
X such that f(x) + f(y) =d(x,y). If X is finite (or compact), then f belongs to £(X) if and only if
(X, A(f)) has no isolated vertices. This is no longer true when X is not compact (see Claim 3.5). For
this, Dress and Lang introduced the subset E'(X) = {f € A(X) :|JA(f) = X} of E(X). They show
that E£’(x) is dense in E(X) if the metric on X is integer-valued.

A set A of unordered pairs of points in X is called admissible if there exists f € E’(X) with A(f) = A.
Denote by .A(X) the set of all such admissible sets. The family of polyhedral faces of E(X) is then given
by {P(A)}aeax) Where P(A) ={f € A(X): AC A(f)}. Asnoticed in [65], P(A) = P(A)NE(X) =
P(A)N E’'(X). The rank rk(A) of an admissible set A is the dimension of P(A). The rank rk(A) can
be characterized as follows. If f,g € P(A), then f(x)+ f(y) =d(x,y) =gx)+g(y) for{x,y} e A
and thus f(y) —g(y) = —(f(x) — g(x)). So the difference f — g has alternating sign along all paths in
the graph (X, A). Consequently, for each connected component of (X, A), there is at most one degree of
freedom for the values of f € P(A). If the connected component C contains an odd cycle, then f and g
coincide on all vertices of C. Alternatively, if the connected component C is bipartite, then the restrictions
of all functions f € P(A) on the vertices of C form a 1-parameter family: given the value f(x) on
one vertex of C, one can deduce all the other values of f on C. Then the rank tk(A4) = dim(P(A)) is
precisely the number of bipartite components of the graph (X, A).

Dress [37] characterized spaces of combinatorial dimension at most by a 2(n-+1)-point inequality. These
notions are important to state and establish some results of Lang [65] that we present and use in Section 6.3.

3.3 Coarse Helly property

A metric space (X, d) is coarsely hyperconvex if there exists some § > 0 such that, for any set of
centers {x;}ies in X and any set of radii {r;};es in R™ satisfying d(x;,x;) < r; + r;j, there exists
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x € X such that d(x,x;) <r; + 8 for all i € I, ie the intersection (");c; B, +5(x;) is not empty. A
metric space (X, d) has the coarse Helly property if there exists some § > 0 such that, for any family
B ={B;;(x;):i € I} of pairwise-intersecting closed balls of X, the intersection (");¢; By, +5(x;) is not
empty. If the space (X, d) is Menger-convex (in particular, if (X, d) is geodesic), both properties are
equivalent. In a discretely geodesic metric space (in particular, in a graph), if d(x;, x;) <r; +r;, then the
balls Br,;1(x;) and Bp,;1(x;) intersect. In particular if the {r;};cs are integers, then d(x;, x;) <r;i +r;
if and only if By, (x;) and By, (x;) intersect. Consequently, a discretely geodesic metric space (X, d) is
coarsely hyperconvex with some constant § if and only if it satisfies the coarse Helly property with some
constant §’, where § and 8’ differ by at most 1. The injective hull E£(X) of a metric space (X, d) has the
bounded distance property if there exists § > 0 such that for any f € E(X) there exists a point x € X
such that deo (f, e(x)) < §. The coarse Helly property was introduced in [29] and the bounded distance
property in [65], in both cases for §-hyperbolic spaces and graphs.

We show that the coarse hyperconvexity of a metric space is equivalent to the fact that its injective hull
satisfies the bounded distance property.!

Proposition 3.12 A metric space (X, d) is coarsely hyperconvex if and only if its injective hull E(X)
satisfies the bounded distance property. Consequently, it (X, d) is a geodesic or discretely geodesic
metric space, then the coarse hyperconvexity of (X, d), the coarse Helly property for (X, d) and the
bounded distance property for E(X) are all equivalent.

Proof First suppose that (X, d) is coarsely hyperconvex with some constant § > 0. Let f € E(X).
Then f(x)+ f(y) > d(x,y) for any x and y. By the coarse hyperconvexity of (X, d) applied to the
radius function f', there exists a point z € X such that d(z, x) < f(x) + 8 for any x € X. We assert that
doo(f.e(z)) < 6. Indeed, doo(f,e(2)) = supyey | f(x) —d(x,z)|. By the choice of z in Br(y)45(x),
d(x,z)— f(x) <$4. It remains to show the other inequality, f(x)—d(x, z) <4§. Assume by contradiction
that f(x) —d(x,z) > 6. Lete = %(f(x) —d(x,z)—6) and observe that f(x) > d(x,z) +§ +¢€. By
Claim 3.5, there exists y € X such that f(x) + f(y) <d(x,y)+ €. Butsince z € By(y)45(y), we have
f(y)zd(y.z)—8,andso f(x)+ f(y) >d(x,z)+d+e+d(y, 2)—§ =d(x,2)+d(y.2)+e=d(x, y)+e€
(the last inequality follows from the triangle inequality), a contradiction.

Conversely, let E(X) satisfy the bounded distance property with § > 0. We will show that (X, d)
is coarsely hyperconvex. Let B(x;,r;) for i € I be a collection of closed balls of (X, d) such that
ri+r; >d(x;,xj) foralli,j € I.Letr € A(X) be a metric form on X extending the radius function r;
for i € I (its existence follows from Zorn’s lemma). Let f € E(X) such that f(x) <r(x) forany x € X.
By the bounded distance property, X contains a point z such that deo( f, e(z)) < §. This implies that
| f(x)—e(z)(x)| =|f(x)—d(x,z)| <6 forany x € X. In particular, d(x,z) < f(x)+ 8§ <r(x)+3,
and thus z belongs to all closed balls B (y)4+5(x),x € X. O

Independently, this was also observed by Urs Lang (personal communication, 2019).
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3.4 Geodesic bicombings

One important feature of injective metric spaces is the existence of a nice (bi)combing. Recall that a
geodesic bicombing on a metric space (X,d) isamap o: X x X x [0, 1] = X such that for every pair
(x,y) € X x X the function 0xy :=0(x, y,-) is a constant-speed geodesic from x to y. We call o convex
if the function # > d(0xy (), 0x/y/(t)) is convex for all x, y,x’, y’ € X. The bicombing o is consistent if
0pg(A) =0xy(1—=A)s+At) forall x,y € X,0<s <t <1, p:=0xy(s),q :=0xy(t) and A € [0, 1]. Tt
is called reversible if 0xy(t) = oyx(1 —t) forall x, y € X and ¢ € [0, 1]. From the definition of injective
hulls and [33, Lemma 2.1 and Theorems 1.1-1.2] we have the following:

Theorem 3.13 A proper injective metric space of finite combinatorial dimension admits a unique convex
consistent reversible geodesic bicombing.

4 Helly graphs and complexes

In this section, we recall the basic properties and characterizations of Helly graphs. We also show that
any graph admits a Hellyfication, a discrete counterpart of Isbell’s construction.

4.1 Characterizations

Helly graphs are the discrete analogs of hyperconvex spaces: namely, the requirement that radii of balls
are nonnegative reals is modified by replacing the reals by the integers. A vertex x of a graph G is
dominated by another vertex y if the unit ball B{(y) includes By (x). A graph G is dismantlable if its
vertices can be well ordered (denoted by <) so that, for each v there is a neighbor w of v with w < v
which dominates v in the subgraph of G induced by the vertices u < v.

The following result presents a local-to-global and a topological characterization of all (not necessarily
finite or locally finite) Helly graphs.
Theorem 4.1 [23] For a graph G, the following conditions are equivalent:
(1) G is Helly.
(i) G is a weakly modular 1-Helly graph.
(ili) G is a dismantlable clique-Helly graph.

(iv) G is clique-Helly with a simply connected clique complex.
Moreover, if the clique complex X(G) of G is finite-dimensional, then (i)—(iv) are equivalent to:
(v) G is clique-Helly with a contractible clique complex.

Let G be a (finitely) clique-Helly graph and let G be the 1-skeleton of the universal cover X := X (G) of
the clique complex X := X(G) of G. Then G isa (finitely) Helly graph. In particular, G is a (finitely)
Helly graph if and only if G is (finitely) clique-Helly and its clique complex is simply connected.

Geometry & Topology, Volume 29 (2025)



24 Jérémie Chalopin, Victor Chepoi, Anthony Genevois, Hiroshi Hirai and Damian Osajda

Conditions (ii) and (iii) of Theorem 4.1 refine and generalize the characterizations of finite Helly graphs
given in [9; 8]. The second part of Theorem 4.1 and its proof lead to two conclusions. First, if a simplicial
complex X is clique-Helly (for arbitrary families of maximal cliques), then its universal cover X is Helly
(for arbitrary families of balls of its 1-skeleton). Second, if X is finitely clique-Helly, then its universal
cover is finitely Helly (this holds even if X contains infinite cliques). From [23, Theorem 9.1] it follows
that Helly graphs satisfy a quadratic isoperimetric inequality. It was shown in [80] that any finite Helly
graph G has the stabilized clique property: there exists a complete subgraph of G invariant under the
action of the automorphism group of G. Other properties of Helly graphs will be presented below.

4.2 Injective hulls and Hellyfication

We will show that for any graph G there exists a smallest Helly graph Helly(G) comprising G as an
isometric subgraph; we call Helly(G) the Hellyfication of G (analogously, we will denote by Helly (X (G))
the clique complex of Helly(G) and refer to it as to the Hellyfication of X(G)).

Let (X, d) be an integer-valued metric space. An integer metric form on X is a function f: X — Z such
that f(v) + f(w) > d(v, w) forall v,w € X. Let A°(X) denote the set of all integer metric forms on X .
An integer metric form is extremal if it is minimal pointwise. We define the metric space E®(X) C A%(X)
as the set of all extremal integer metric forms on (X, d) endowed with the sup-metric do,. The embedding
e: X — E%X) is defined as v — d(v,-). The pair (e, E%(X)) is the discrete injective hull of X. We
define a graph structure on E°(X) by putting an edge between two extremal forms f, g € E%(X) if
doo( f. g) = 1. With some abuse of notation, we also denote this graph by E®(X). If G = (V, E) is a graph
with the path metric d, we will denote by E°(G) and E(G) the discrete injective hull E®(V(G)) and the
injective hull of the metric space (V(G), d), respectively. Similarly, we write e(G) instead of e(V(G)).

The following result is well known (see [62; 75; 76]), and is the discrete counterpart of Isbell’s Theorem 3.2.

Theorem 4.2 If (X, d) is an integer-valued metric space, then E®(X) = E(X) N ZX is the smallest
Helly graph into which (X, d) is isometrically embedded. In particular, the discrete injective hull E°(G)
of a graph G is contained as an isometric subgraph in any Helly graph G’ containing G as an isometric
subgraph and is the Hellyfication Helly(G) of G.

Proof First we show that the sets E°(X) and E(X) N ZX coincide. Observe that by the definitions
of EO(X) and E(X)NZX, we have E(X)NZX € E%(X). To show the converse inclusion, first note
that £°(X) satisfies the discrete analog of Claim 3.5: if f € E%(X), then for any x in X there exists y
in X such that f(x) + f(y) = d(x, y). By way of contradiction, suppose there exist f € E®(X) and
ge E(X)suchthat g # f and g < f. Then g(x) < f(x) for some point x of X. By the discrete analog of
Claim 3.5, there exists y in X such that f(x)+ f(y) =d(x, y). Butsince g(x) < f(x) and g(y) < f(y),
we obtain g(x)+ g(y) < d(x, y), contrary to the assumption g € E(X). Therefore E®(X) C E(X)NZX
and thus E%(X) = E(X)NZX. Consequently, (E®(X), dso) is also an integer-valued metric space.
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Next we show that the balls of (E°(X), dso) satisfy the Helly property. Let f; € E®(X) and r; € Z™ for
i €I such that deo(f;, f;) < ri +rj. We may suppose that r € A°(E?(X)) is an integer metric form on
E°(X) extending the radius function r; (r(f;) =r; fori € [)andt € E°(E?(X)) = E(EO(X))F‘IZEO(X) is
an integer metric form on E%(X) such thatz <r. Lett' € A(E (X)) be a metric form on E(X) extending ¢,
ie for any f € E%(X) we have t/( f) = t(f) —its existence follows by Zorn’s lemma. Let s € E(E(X))
such that s <¢’. By the discrete analog of Claim 3.5, for any /" € E®(X) there exists g € E%(X) such that
1(f)+1(8) = doo(f. g)- Since s(f) +5(g) =t'(f)+1'(g) =1 (f) +1(g) = doo(f. &) = s(f) +5(g),
we have that s(f) =t'(f) =t(f) and s(g) =1'(g) = t(g) since s(h) <t’(h) =t (h) for any h € E°(X).
Consequently, s|go(xy = ¢. By Claim 3.7 and the proof of Claim 3.8, se belongs to £(X) and is a
common point of all balls By, (f;). Since e(x) € E%(X) for any x € X, and since s and ¢ coincide on
E°(X), we have se = te. Therefore te belongs to E°(X) and is a common point of all balls By, (fi).
This shows that the balls of (E°(X), dwo) satisfy the Helly property.

We show by induction on k = du( f. g) that any two vertices f, g € E®(X) are connected in the graph
E°(X) by a path of length k. Indeed, pick a ball of radius 1 centered at f and a ball of radius k — 1
centered at g. By the Helly property, there exists # € E%(X) such that doo (£, h) <1 and doo(h, g) <k —1.
By the triangle inequality, these two inequalities are equalities. Thus E°(X) is a Helly graph isometrically
embedded in E(X). The proof that £%(X) does not contain any Helly subgraph containing X and that
all discrete injective hulls are isometric is identical to the proof of Claim 3.9. The proof that E®(X) is an
isometric subgraph of any Helly graph G’ containing G as an isometric subgraph is similar to the proof
of Corollary 3.11. |

Remark 4.3 A direct consequence of the second assertion of Theorem 4.2 is that if G is Helly, then
Helly(G) coincides with G.

Remark 4.4 For an integer-valued metric space (X, d), the injective hull E(E®(X)) of the discrete
injective hull E%(X) of X coincides with the injective hull E(X) of X.

4.3 Hyperbolicity and Helly graphs
In Helly graphs, hyperbolicity can be characterized by forbidding isometric square-grids.

Proposition 4.5 For a Helly graph G, the following are equivalent:
(1) G has bounded hyperbolicity.
(2) The size of isometric £ -square-grids of G is bounded.

(3) The size of isometric £ -square-grids of G is bounded.

Proof Since any Helly graph G is weakly modular, by [23, Theorem 9.6] G has bounded hyperbolicity
if and only if the metric triangles and the isometric square-grids are of bounded size. Since G is Helly, all
metric triangles of G are of size at most one. Therefore G has bounded hyperbolicity if and only if the size
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of the isometric £1-square-grids of G are bounded. We now show that in a Helly graph G, the size of the
isometric £-square-grids is bounded if and only if the size of the isometric £s,-square-grids is bounded.

Let G contain an isometric 2k x 2k £1-grid Hy, where
V(H\) ={(,j)eZ?:|i|+|j| <2k and i + j is even}

and (i, j)(i’, j)) € E(Hy) ifand only if i —i'| = |j — j'| = 1, ie if and only if deo ((i, j), (i, j')) = 1.
Since G is Helly, the Hellyfication H{ of H; is an isometric subgraph of G and H{ can then be
described as follows: V(H{) = {(i,j) € Z*: |i| + |j| < 2k} and (i, j)(i", j') € E(H]) if and only
if doo((i, j), (i’, j')) = 1. But then the set {(i, j) € V(H) : |i| < k and |j| < k} induces a 2k x 2k
Loo-grid in H{, and thus in G. Suppose now that G contains an isometric 2k x 2k {oo-grid H,, where
V(H2)={(i,j)€Z?:|i|<k and |j|<k}and (i, j)(i’, j') € E(H]) ifand only if deo (i, j), (i’, j)) =1.
Let H, be the graph induced by V(H}) = {(i, j) € Z*:|i| +|j| <k and i + j is even}. Note that H) is
isomorphic to a k x k £1-grid. Since H} is an isometric subgraph of H>, G contains an isometric k x k
£1-grid. O

Dragan and Guarnera [36] precisely characterize the hyperbolicity of a Helly graph by three families of
isometric subgraphs of the £,-grid.

S Helly graph constructions

In the previous section, with any connected graph G we associated in a canonical way a Helly graph
Helly(G). However, not every group acting geometrically on G also acts geometrically on Helly(G). In
this section, we prove or recall that several standard graph-theoretical operations preserve Hellyness and
that other operations applied to some non-Helly graphs lead to Helly graphs. As we will show in the next
section, those constructions also preserve the geometric action of the group, allowing us to prove that
some classes of groups are Helly.

5.1 Direct products and amalgams

We start with the following well-known result:

Proposition 5.1 The classes of Helly and clique-Helly graphs are closed under direct products of finitely
many factors and retracts.

The first assertion follows from the fact that the balls in a direct product are direct products of balls in
the factors and that the maximal cliques of a direct product are direct products of maximal cliques. The
second assertion follows from the fact that retractions are 1-Lipschitz maps and therefore preserve the
Helly property.
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G A

Figure 1: The 3-sun can be obtained from the amalgam of a triangle and a 3-fan over an edge.

The amalgam of two Helly graphs along a Helly graph is not necessarily Helly: the 3-sun (which is not
Helly) can be obtained as an amalgam over an edge of a triangle and a 3-fan (which are both Helly); see
Figure 1. Consider now amalgams of direct products of (clique-)Helly graphs and, more generally, of
graphs obtained by amalgamating together a collection of direct products of (clique-)Helly graphs along
common subproducts. We provide sufficient conditions for these amalgams to be (clique-)Helly.

Given a family # = {H; } ;< of locally finite graphs, a finite subproduct of the direct product X] H =
Xjes H; is a subgraph G = X ;e G/ of XI*H such that G/ = H; for finitely many indices and
G/ ={v 7} where v; € V(Hj) for all other indices. For each vertex v of [X] H (or any of its subgraphs),
we denote by v; the coordinate of v in Hj.

A locally finite connected graph G is a union of graph products (UGP) over a family H = {H;} ey
of locally finite graphs if there exists a family {G; }; ey of distinct finite subproducts of [X] H such that
G =J; G;. The graphs G; are called the pieces of G. Since each H; € H is locally finite and each piece of
G is a finite subproduct of [X] H, each piece of G is also locally finite. Observe that G is a subgraph of [X] H
but not necessarily an induced subgraph. However, each piece G; of G is an induced subgraph of X H. We
say that the pieces of a collection {G;, }xek of piecesof a UGP G =|J;c; Gi S X Hover X ={H;};es
agree on a factor Hj if there exists v; € V(H;) such that for each k € K, either Gl]k = Hj or Gl]k ={v;}.

Lemma 5.2 Two pieces G and G, of a UGP G C X H have a nonempty intersection if and only if G,
and G, agree on all factors H; € H.

The set of pieces {G; }; <y satisfies the Helly property: any collection {G;, }xeg of pairwise-intersecting
pieces has a nonempty intersection, ie there exists a vertex w of G such that for each k € K and each
factor H; € H, either Gi]k ={w;}or Gijk =H;.

Proof First, if G1 and G, agree on all factors Hj, then for each j there extsts w]’ € V(G{ )N V(G%).
Let w be a vertex of X H such that w; = w/ for all j. Since for each j, G{ ={w;} or G{ = Hj, the
vertex w belongs to G;. Similarly, w belongs to G, and thus G and G, have a nonempty intersection.
Conversely, let u € V(G1) N V(G2) and note that u; € V(G] ) for every j. Consequently, either G{ =

or G{ = {u;}. Similarly, either Gé = Hj or G2 = {u;}. In both cases, G; and G, agree on H,;.

Let {G;, }xek be a collection of pairwise-intersecting pieces. By the first statement, any two pieces of
this collection agree on all factors HjeH. Consequently, for any factor H;, there exists w e V(H J)
such that for any k € K, G ={w;} or G = H;. Consider the vertex w of [X] H such that w; = w'

J
for all j and observe that w belongs to every piece of the collection. |
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We say that a UGP satisfies the 3-piece condition if, for any three pairwise-intersecting pieces G1, G2
and G3, there exists a piece G4 intersecting G, G, and G3 such that for every factor H; € H, if for two
pieces G;, and G;, among G, G, and G3 we have GJ GJ = Hj, then G4 = H;.

Proposition 5.3 If a UGP G over H satisfies the 3-piece condition, then every clique K of G is contained
in a piece of G.

Proof Since G is locally finite, the cliques of G are finite and we can proceed by induction on the size k
of K. Suppose that the assertion holds for all cliques of size at most k — 1. By definition of G, each edge
belongs to a piece of G. Let u, v and w be three vertices of K. Since K \ {w} is a clique of size k — 1,
there exists a piece G containing all vertices of K \ {w}. If w € V(G), we are done. Assume now that
w ¢ V(Gy). Similarly, we can assume that there exist pieces G, and G3 such that K N V(Gy) = K \ {u}
and K N V(G3) = K \ {v}. Since u € V(G1) N V(G3), the pieces G; and G3 agree on every factor
H; € H. Similarly, G1 and G, as well as G, and G3 agree on every factor H; € H. Since u ¢ V(G2),
necessarily there exists a factor H;, such that G] % does not contain uj,. Thus Géz consists of a single
vertex vp 7# uj,. Since both G| and G3 agree with G, on Hj, and since they both contain u,, necessarily
sz = Géz = Hj,. Similarly, there ex1st Hj, , Hj, € H and vertices v1 € H;; and v3 € Hj; such that
G]1 = {v1}, G]1 G;l = Hj,, G§> = {v3} and Gh Gf = Hj,. By the 3-piece condition, there
exists G4 intersecting G1, G, and G3 such that for every factor H; € H, if for two pieces G;, and G,
among G1, G, and G3 we have G] = GJ Hj, then G = H;. We assert that K is a clique of G4.
Pick any vertex x € K and note that X belongs to at least two pieces among G1, G and G3, say to G
and G,. For each factor H; € H, if Gj =# H;, since G4 agrees with G1 and G, and by the definition
of Gy, either Gi = G{ = {x;} or Gl = Gé = {x;}. Consequently, x is a vertex of G4 and thus K is
a clique of G4. Therefore all vertices of K belong to a piece of G, and since any piece is an induced
subgraph of [X] # we conclude that K is a clique of this piece. |

Theorem 5.4 Ifa UGP G over H satisfies the 3-piece condition and every piece of G is clique-Helly,
then G is a clique-Helly graph. Furthermore, if the cliqgue complex X(G) of G is simply connected
then G is a Helly graph.

Proof Since G has finite cliques, we can use Proposition 2.9 to establish the clique-Helly property for G.
Pick any triangle T = ujusu3 of G and let T* be the set of vertices of G adjacent to at least two vertices
of T. For any v € T*, by Proposition 5.3 there exists a piece containing a triangle vu;u;; let P* be the
set of all pieces containing such triangles. Since the pieces of P* piecewise intersect, by the first assertion
of Lemma 5.2 they pairwise agree on every factor H; € H. By the second assertion of Lemma 5.2, there
exists a vertex w € G such that either Gl.j = {w,} or Gij = H; for any piece G; of P*. Thus w belongs
to every piece of P*.

For each factor H; € H,let Tj = {u; :u € T} and T]* ={vj:ve T]*} Note that 77 is either a vertex, an
edge or a triangle in H;. Moreover, in the first two cases, there exists u; € T; that belongs to the 1-ball
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of every vertex v; € T/* If 7} is a triangle, then every vertex v; € T/.* is in the 1-ball of at least two
vertices of 7. Since Hj is clique-Helly, in all three cases there exists a vertex w; € V(H;) belonging to
the 1-ball of each vertex v; € T* Observe that if there exists a piece G; of P* such that GJ contains
only one vertex, then 77 is a Vertex or an edge and we can choose w; € V(H;) such that G] ={w;}.
Let w* be the vertex of G such that w =w); for every factor H; € H. By our choice of w;, for any piece G;
of P* such that G’ contains only one vertex, G = {w; } and for any other piece G; of P*, w; is a vertex
of Gij = H;. Therefore w* is a vertex that belongs to all pieces of P*. For any vertex v € T* and any
factor H; € H, v; is in the 1-ball of w; in H; by our choice of w;. Since each piece G; of G is an induced
subgraph of [X] H, w* is in the 1-ball in G of all vertices v of T*, establishing that G is clique-Helly.

The second assertion follows from Theorem 4.1. O

Given a family H = {H; } ;< of locally finite graphs, an abstract graph of subproducts (GSP) (H, G, {)
is given by a connected graph G without infinite clique and a map £: V(G) — 2% satisfying the following
conditions:

(A1) £(v) is a finite subset of H for each v € V(G).

(A2) For each edge uv € E(G), £(u) # £(v).

A realization of an abstract GSP (H, G, £) is a set of maps

{pv:H\av) Ny V(H»}
jeJ veV(G)
satisfying the following conditions:
(A3) Foreach v e V(G), py(H;) € V(H;) for every factor H; € H \ £(v).
(A4) For any vertices u,v € V(G), there is an edge uv € E(G) if and only if p,(H;) = py(H;) for
every factor H; € 1\ (£(u) U L(v)).

A GSP admitting a realization is called a realizable GSP.

Proposition 5.5 For any realizable GSP (H, G, {) and any of its realizations { py },ev (g)» We can define a
UGPG(G) = UueV(g) G, where there is a piece G, = X j e G’ for each v € V(G) such that GJ H; if
Hj ef(v) and G} ={py (H;)} otherwise. Conversely, any UGP G C [X] H is the realization of a reahzab]e
GSP over X H.

Proof First note that (A4) is equivalent to the following condition on the pieces of G(G):

(A4’) For any vertices u, v € V(G), there is an edge uv € E(G) if and only if V(G,) N V(Gy) # @.

In order to show that G(G) is a UGP, we must show that it is locally finite. Consider a vertex u € G(G)
that has an infinite number of neighbors. Since each piece containing u is locally finite, there are an
infinite number of pieces containing u. By (A4’), these pieces form an infinite clique in G, a contradiction.

Moreover, if there exist two vertices u, v € V(G) such that the pieces Gy, and G, coincide, then £(u) = £(v)
and py(H;) = py(H;) for any H; € H\ {{(u)}. Souv € E(G) and £(u) = £(v), contradicting (A2).
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Conversely, given a UGP G over #H, we construct a realizable GSP as follows. In G, there is a vertex
v; for each piece G; of G, and we set £(v;) ={H; € H: Gij = H;}. For each H; ¢ £(v;), there exists
w; € V(H;) such that Gij = {w;}, and we set p,, (H;) = w;. For any vertices v;, v;’ € V(G), there is an
edge v;v; € E(G) if and only if py; (H;) = py,;, (H;) for every factor H; ¢ £(v;) U £(v;).

Since each piece G; is a finite subproduct of [X] H, £(v;) is finite for each v; € V(G) and thus (A1) holds.
By definition of p,, and of the edges of E(G), (A2) and (A4) also hold. Observe also that G(G) and G
are isomorphic and thus G is the realization of G. It remains to show that G does not contain infinite
cliques. By (A4), if there exists an infinite clique in G, then there exists an infinite collection {G;, }rex
of pairwise-intersecting pieces. By Lemma 5.2, this implies that there exists a vertex w that belongs to
every piece G;, . Since all pieces of G are distinct and since w belongs to an infinite number of pieces,
there exists an infinite collection of factors { H;} ;e j- such that for each H; there exists a piece G;, with
w € Gj, and Gl.]]: = H;s. Consequently, for each j’ € J/, one can find a vertex w/" € X H in G obtained
from w by replacing the coordinate w;s by one of its neighbors in H;-. All the w/ " constructed in this
way are distinct and they are all neighbors of w in G. Consequently, w has infinitely many neighbors
in G and thus G is not locally finite, a contradiction. |

We say that a GSP (H, G, £) satisfies the product-Gilmore condition if for every triangle 7 = x1x2x3
of G there exists y € V(G) such that y = x; or y ~ x; for | <i <3 and

(£(x1) NE(x2)) U (£(x2) NL(x3)) U (E(x1) NE(x3)) S £(y).

Proposition 5.6 For a realizable GSP (1, G, {) and any of its realizations { py }yev (g), the UGP G(G)
obtained from G and {py}yecy(g) satisfies the 3-piece condition if and only if (H,G,{) satisfies the
product-Gilmore condition.

Proof Assume (#, G, {) satisfies the product-Gilmore condition. By (A4’), two pieces in the UGP G(G)
obtained from a realization of a GSP G intersect if and only if there is an edge between the corresponding
vertices of G. Thus it is enough to consider three pieces Gx,, Gy, and Gy, corresponding to three vertices
X1, X2 and x3 that are pairwise adjacent in G. By our assumption, there exists a vertex y € V(G) such
that y = x; or y ~ x; forany 1 <i <3 and (£(x1) NL€(x2)) U (L(x2) NL(x3)) U E(x1)NL(x3)) CL(y).
Consider the piece Gy in G(G). By (A4'), G,, intersects Gy, , Gy,, and Gx,. Moreover, for any factor
Hj € H,if GL, = G, = H;, by the definition of G(G) we obtain H; € £(x1) N£(x2) € £(y). Similarly,
for any H; € H such that G,{z = G){3 = Hj or G){l = G§3 = H;, we have H; € {(y). This establishes
the 3-piece condition for G(G).

Conversely, suppose that G(G) satisfies the 3-piece condition and consider a triangle x1x2x3 of G and
the three corresponding pieces Gy,, Gy, and Gy, of G(G). By (A4"), V(Gy,), V(Gyx,) and V(Gy,)
pairwise intersect. By the 3-piece condition, there exists x4 € V(G) such that V(Gy,) intersects V(Gy, ),
V(Gyx,), and V(Gy,), ie x4 either coincides with or is adjacent to each x; for 1 <i < 3. Moreover, for
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each H; € {(x1) N{(x2) we have G,{l = G,{z = Hj, and the definition of Gy, implies that G,{4 = Hj,ie
Hj € £(x4). Consequently £(x1) N{€(x2) S £(x4), and similarly (£(x2) N€(x3)) U (€(x1)NL(x3)) S L(x4).
This proves the product-Gilmore condition for (#, G, {). a

From Propositions 5.1 and 5.6 and Theorem 5.4 we obtain the following corollary:

Corollary 5.7 Consider a realizable GSP (H, G, {) and any of its realizations { py }yev(g)- If (H,G.{)
satisfies the product-Gilmore condition and if each factor H € H is clique-Helly, then G(G) is a clique-
Helly graph. Furthermore, if the clique complex X (G(G)) is simply connected, then G(G) is a Helly graph.

Thickenings of locally finite median graphs (ie of CAT(0) cube complexes) is an instructive example
of clique-Helly graphs that can be obtained via Theorem 5.4 or Corollary 5.7. The pieces of a median
graph G seen as a UGP are the thickenings of the maximal cubes of G. The fact that it satisfies the
product-Gilmore condition follows from the fact that the cell hypergraph is conformal, which can be
derived from the cube condition of the CAT(0) cube complex X yphe(G).

5.2 Thickening

The direct product of graphs considered above is the [, version of the Cartesian product. Thus, when
we turn all k-cubes of the Cartesian product of k paths into simplices, we have the corresponding direct
product of k paths. More generally, a similar operator transforms median graphs into Helly graphs: let
G2 be the graph having the same vertex set as G, where two vertices are adjacent if and only if they
belong to a common cube of G. The graph G2 is called the thickening of G (for lso-metrization of cube
complexes, of median graphs and, more generally, of median spaces; see [19; 87]).

Proposition 5.8 [10] If G is a locally finite median graph, then G2 is a Helly graph and each maximal
clique of G2 is a cube of G.

The thickening X of an abstract cell complex X is a graph obtained from X by making adjacent all
pairs of vertices of X belonging to a common cell of X. Equivalently, the thickening of X is the 2-section
[H(X)]2 of the hypergraph H(X). We say that an abstract cell complex X is simply connected if the
clique complex of its thickening X # is simply connected.

Proposition 5.8 of Bandelt and Van de Vel was extended to the thickenings of the abstract cell complexes

arising from swm-graphs and from hypercellular graphs.

Proposition 5.9 [23;30] The thickening G2 := X(G)2 of the abstract cell complex X (G) associated
to any locally finite swm-graph or any hypercellular graph G is a Helly graph. Each maximal clique of
G2 is a cell of X(G).

The existing proofs of Propositions 5.8 and 5.9 are based on the following global property of G2: each ball
of G2 defines a gated subgraph of G; thus G2 is Helly since gated sets satisfy the finite Helly property.
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Figure 2: A house (left) and a 3-deltoid (right).
5.3 Coarse Helly graphs

The coarse Helly property of a graph G can be used to show via Hellyfication that a group acting on G
geometrically is Helly. In this subsection, we recall the result of [29] that §-hyperbolic graphs are coarse
Helly and we deduce from a result of [26] that several subclasses of weakly modular graphs (in particular,
cube-free median graphs, hereditary modular graphs and 7-systolic graphs) are coarse Helly.

Proposition 5.10 [29] If G is a §-hyperbolic graph, then G is coarse Helly for 24.

Proposition 5.11 [26] A weakly modular graph not containing isometric cycles of length > 5, houses
or 3-deltoids (see Figure 2) is coarse Helly with constant 1. In particular, cube-free median graphs,
hereditary modular graphs and 7-systolic graphs are coarse Helly.

It is known that the systolic (bridged) graphs satisfying the conditions of Proposition 5.11 are all
hyperbolic [23; 28]. Cube-free median graphs and, more generally, hereditary modular graphs (which
by a result of [3] are exactly the graphs in which all isometric cycles have length 4) in general are not
hyperbolic. On the other hand, general median graphs are not coarse Helly: already the cubic grid Z3 is
not coarse Helly as shown by the following example:

Example 5.12 In 73, for any integer n, consider four balls of radius 2n centered at x; = (—2n, 2n, —2n),
X2 = (2n,2n,2n), x3 = (—2n,—2n,2n) and x4 = (2n, —2n,—2n). Observe first that for any two such
nodes x; and x;/, d(x;, x;) = 4n and thus the four balls pairwise intersect. We show that for any node
y = (i, j, k) € Z3, we have max{d(y,x;) : 1 <I <4} > 6n. Assume that y minimizes this maximum.
Observe that if y ¢ [—2n, 2n]3, then its gate y’ in the box [—2n, 2n]? is strictly closer to each x;, contrary to
our choice of y. Consequently 7, j, k € [-2n,2n], d(y,x1)=i+2n+2n—j+k+2n=6n+i—j +k,
d(y,x3) =6n—-i—j—k, d(y,x3) =6n+i+j—kand d(y,x4) = 6n—i+ j + k, and thus
ZLl d(x;,y) = 24n. Therefore max{d(y,x;): 1 <[] <4} > 6n.

Analogously, the triangular grid (alias, the systolic plane) is also not coarse Helly:

Example 5.13 T3 is the graph of the tiling of the plane into equilateral triangles with side length 1.
T3 is a bridged graph. Pick three vertices x1, x» and z = x3 of T3 which define an equilateral triangle
A(x1, x2,x3) of T3 with side length 6n. Consider the three balls B3, (x1), B3n(x2) and B3, (x3). We

Geometry & Topology, Volume 29 (2025)



Helly groups 33

assert that max{d(y, x;) : 1 <i <3} > 4n for any vertex y of V(T3). If y ¢ A(x1, x2,x3), then y is
in one of the half-planes defined by the sides of A(x1, x3, x3) and not containing A(xy, X2, X3), say in
the halfspace defined by x; and x5. But then d(x3, y) > 6n because x3 has distance > 6n to any vertex
of T3 defined by the line between x; and x,. Now let y € A(xy, x2,x3). It can be shown easily by
induction on k that if A(xy, x2, x3) is a deltoid of size k of T3, then d(y, x1)+d(y, x2)+d(y, x3) =2k
for any y € A(x1,x2,x3). This shows that in our case d(y,x1) + d(y,x2) + d(y,x3) > 12n, ie
max{d(y,x;):1<i <3}>4n.

5.4 Nerve graphs of clique-hypergraphs

We first show that (clique-)Hellyness is preserved by the nerve complex N (X' (G)) of the clique-hypergraph
X (G) of a Helly graph G. Nerve complexes of clique-hypergraphs are also called cligue graphs in the
literature; see eg [9]. In general, the nerve complex N (X (G)) of the clique-hypergraph of a graph G is
not a flag simplicial complex. However, N(X(G)) is flag if G is clique-Helly:

Lemma 5.14 For any locally finite graph G, N(X(G)) is a flag simplicial complex if and only if G is a
(finitely) clique-Helly graph.

Proof By definition, N(X(G)) is a flag simplicial complex if and only if any finite set of pairwise-
intersecting cliques K1, K>, ..., K, of G have a nonempty intersection. This is precisely the definition
of a finitely clique-Helly graph. Since G is locally finite, G is finitely clique-Helly if and only if G is
clique-Helly. a

The first assertion of the following result was first proved by Escalante [41] (he also proved the converse,
that any clique-Helly graph is the clique graph of some graph):

Proposition 5.15 If G is a locally finite clique-Helly graph, then the nerve graph NG(X(G)) of the
clique-hypergraph X (G) is a clique-Helly graph and its flag-completion is a clique-Helly complex. If G is
a locally finite Helly graph, then NG(X (G)) is a Helly graph and its flag-completion is a Helly complex.

Proof Let G be a locally finite clique-Helly graph. Let G’ be the nerve graph of the clique-hypergraph
X(G). Since G is locally finite, G’ is also locally finite. We prove that G’ is clique-Helly by using the
triangle criterion from Proposition 2.9. Let uvw be a triangle in G’. It corresponds to three pairwise
intersecting, and thus intersecting, maximal cliques in G, denoted by the same symbols u, v and w.
Observe that all vertices of (¥ Nv) U (v Nw) U (w Nu) are pairwise adjacent in G, and thus ¥ Nv, v N w
and w Nu are all contained in a common maximal clique x in G(X). We claim that every vertex y in
G’ that is adjacent to u and v in G’ is also adjacent to x in G’. This is so because in G, the maximal
clique y intersects ¥ and v, and hence intersects u N v since G is a clique-Helly graph. Since u Nv C x,
y intersects x in G and thus x ~ y in G’. Similarly, the vertex x € G’ is a universal vertex for triangles
containing {v, w} and {w, u} in G’. Consequently, the nerve graph G’ is clique-Helly.
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Suppose now that G is Helly. By Theorem 4.1, X(G) is simply connected and G is a clique-Helly graph.
By the first part of the theorem, the 1-skeleton G’ = G(Y') of the nerve complex Y of the clique-hypergraph
X(G) is clique-Helly. By Borsuk’s nerve theorem [18; 17], X(G) and Y have the same homotopy type.
Consequently, Y is also simply connected. By Theorem 4.1, this implies that G’ = G(Y) is Helly. O

We now show that the clique-Hellyness of the nerve graph is preserved by taking covers:

Theorem 5.16 Given two locally finite graphs G and G’ such that the clique complex X(G) is a cover
of the clique complex X(G’), the nerve graph NG(X(G)) is clique-Helly if and only if the nerve graph
NG(X(G")) is clique-Helly.

Theorem 4.1 immediately gives the following corollary since the nerve complex of the maximal simplices

of a simply connected simplicial complex is simply connected by Borsuk’s nerve theorem [18; 17].

Corollary 5.17 For a locally finite graph G, the nerve graph NG(X (G)) of the clique-hypergraph of the
1-skeleton G of the universal cover X (G) of X(G) is Helly if and only if the nerve graph NG(X(G)) of
the clique-hypergraph X (G) is clique-Helly.

Theorem 5.16 is proved via the following lemma, establishing that a covering map between the clique
complexes of two graphs extends to a covering map between the nerve complexes of the corresponding
clique-hypergraphs.

Lemma 5.18 Given two locally finite simple graphs G and G’, any covering map ¢: X(G) — X(G')
induces a covering map from N(X(G)) to N(X(G")).

Proof In N(X(G)), the vertices are the maximal cliques of G and a finite set 0 = {Ky,..., K} of
cliques of G is a simplex of N(X'(G)) if ﬂlp —1 Ki # @. Since G is locally finite, each maximal clique
K of G is finite. We extend the map ¢ to all cliques of G: for any clique K = {uy,...,u;} of G, we set

o(K) ={p(u1),...,¢(ug)}. Observe that for any clique K = {u1,...,ur} of G we have u; ~u;, and
thus ¢(u;) ~ ¢(u;). Since G’ is loop-free, ¢(K) is a clique of G" and |¢(K)| = |K|.
Consider two cliques K of G and K’ of G’ such that K’ = ¢(K). For any u € K, ¢ induces a bijection

between the cliques containing u and the cliques containing ¢(u). So K is a maximal clique of G if and
only if K’ is a maximal clique of G’. Therefore ¢ induces a map from V(N (X (G))) to V(N(X(G"))).

We now prove a useful claim:

Claim 5.19 For any maximal cliques Ky and K, of G such that K1 N K5 # &, we have p(K1)Np(K3) =
@(K1 N K>).

Proof The inclusion ¢(K1NK3) C@(K1)Ne(K>) is trivial. Suppose now that the reverse inclusion does
not hold, ie that there exist u1 € K1 \ K2 and us € K» \ Kj such that p(u1) = ¢(uz). Picku € K1 N K>
and observe that u ~ u since K is a clique and u ~ u, since K> is a clique. Consequently the map ¢ is
not locally injective at u, a contradiction. |

Geometry & Topology, Volume 29 (2025)



Helly groups 35

Note that if 0 = {K1, ..., Kp} is a simplex of N(X'(G)), then there exists u € ﬂle K;. Consequently
o(u) e ﬂle ¢(K;), and thus the image of a simplex of N(X'(G)) is a simplex of N(X(G')). Thus ¢ is a
simplicial map from N(X(G)) to N(X(G’)). Moreover, forany 1 <i < j < p wehaveu € K; N K;, and
consequently, by Claim 5.19, ¢(K;) N ¢(K;) = ¢(K; N K;). Since |¢(K;)| = |K;| and |p(K;)| = |K;|,
this implies that if K; # K; then ¢(K;) # ¢(K;). Consequently, |¢(0)| = |o].

We now show that ¢ is locally surjective. Let Ko € V(N(X(G))) and K|, = ¢(K) € V(N(X(G")))
and consider a simplex o’ = {K, K1, ..., K} in N(X(G')). By definition of N(X(G’)), there exists
u' € MP_, K!. Since K, = ¢(Kj), there exists u € Ko such that u’ = ¢(u). Since ¢ is a covering map
from G to G', for each 1 <i < p, there exists K; € V(N(X(G))) such that u € K; and K| = ¢(K;).
Since u € (/_, Ki, 0 ={Ko. K1, ..., Kp} is a simplex of N(X(G’)) that is mapped to ¢’ by ¢.

We now show that ¢ is locally injective. Consider Ky € V(N(X(G))) and assume that there exist
two distinct simplices o1 and o, in N(X(G)) such that Ky € o1 N oy and ¢(01) = ¢(02). Since
lp(o1)| = |o1| and |@(02)| = |o2], it implies that there exist K; € o1 \ 02 and K» € 03 \ 01 such that
o(K1) = ¢(K3). If K1 N Ky # @, since |¢(K1)| = |K1| and |¢(K32)| = |K2|, by Claim 5.19 we have
K1 = K3, a contradiction. Consequently, K; N K> = @. Consider two distinct vertices u; € Ko N Ky
and u; € Ko N K3. Since |¢(Kop)| = | Kol|, we have ¢(u1) # ¢(uz). Since ¢(K2) = ¢(K1), there exists
v1 € K5 such that ¢(vy) = ¢(u1). But uy ~uy since uy,u, € Ko and uy ~ vy since uz, v; € K,. This
contradicts the local injectivity of ¢ at u,.

Consequently, ¢ defines a simplicial map from N(X(G)) to N(X(G’)) that induces a bijection between
the simplices containing a vertex of N(X(G)) and the simplices containing its image, ie ¢ defines a
covering map from N(X(G)) to N(X(G")). |

Since a covering map is locally bijective, from Lemma 5.18 and Proposition 2.9 we conclude that the
nerve graph NG(X(G)) is clique-Helly if and only if the nerve graph NG(X(G’)) is clique-Helly. This
concludes the proof of Theorem 5.16.

5.5 Rips complexes and nerve complexes of §-ball-hypergraphs

The Rips complex Rg(M) of a metric space (M, d) and positive real § is an abstract simplicial complex
that has a simplex for every finite set of points of M that has diameter at most §. If (M, d) is a connected
unweighted graph G, then for any positive real §, Rs(G) and R|5,(G) coincide. In this case, we can
thus assume that § is a positive integer, and then the Rips complex Rg(G) is just the ™ power G of G.
Notice that for any § € N, the nerve complex N(Bs(G)) of the §-ball-hypergraph Bs(G) is isomorphic to
the Rips complex R,5(G).

Lemma 5.20 Rips complexes Rg(G) of a Helly graph G are Helly.

Proof As noted above, § can be assumed to be an integer and thus the Rips complex Rs(G) coincides
with the §™ power G® of G. For any vertex v and any radius r, note that B, (v, G%) = B,5(v, G). Thus
the result follows since the family of balls of G satisfies the Helly property. |
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5.6 Face complexes

The face complex F(X) of a locally finite abstract simplicial complex X is the simplicial complex whose
vertex set V(F (X)) is the set of nonempty simplices of X and where {F1, F>, ..., Fi} is a simplex of
F(X)if Ule F; is contained in a common simplex F of X. If X is the clique complex of a graph G,
then the vertices of F(X) are the cliques of G and two cliques K; and K, of G are adjacent in the
1-skeleton of F(X) if K1 U K> is a clique.

Given a maximal simplex o = {Fy, F», ..., Fi} of F(X), Uf;l F; is contained in a common simplex
F of X. By maximality of o, F = Jo = Uf:l F; and F is a maximal simplex of X. Moreover,
F € o, and consequently, since o is maximal, 0 = P(F) \ {@} where P(F) is the set of all subsets of F.
Conversely, for any maximal simplex F of X, by definition of F(X), 0 = P(F) \ {2} is a simplex of
F(X). Since F is a maximal simplex of X, o must be a maximal simplex of F(X). As a result, we
obtain the following lemma:

Lemma 5.21 For any simplicial complex X, the map o — |_J o defines a bijection from the set of maximal
simplices of F(X) to the set of maximal simplices of X, with inverse given by F +— P(F)\ {@}.

The face complexes of clique complexes are also clique complexes:
Lemma 5.22 For any clique complex X, its face complex F(X) is also a clique complex.

Proof Let G = G(X) be the 1-skeleton of X and let G’ = G(F (X)) be the 1-skeleton of F(X). For any
edge F1 F> in G', Fy, F> and F; UF; are cliques of G. Consequently, for any clique 0 ={Fy, F>, ..., Fi}
in G(F(X)), F1UF,U---U F is a clique of G. Since X is the clique complex of G, F; U F, U---U Fy,
is a clique of X and thus o is a simplex of F(X). m|

Proposition 5.23 The face complex F(X) of a locally finite clique-Helly (resp. Helly) complex X is a
locally finite clique-Helly (resp. Helly) complex.

Proof By Lemma 5.22, F(X) is a clique complex. Let G = G(X) be the 1-skeleton of X and
G’ = G(F(X)) be the 1-skeleton of F(X). Since G is locally finite, G’ is also locally finite and thus
F(X) is alocally finite simplicial complex. Consider the bijection o + | ] o between the maximal cliques
of F(X) and the maximal cliques of X defined in Lemma 5.21. Observe that if (07);ez is a family of
maximal cliques of F(X), then (");¢; 0; # @ if and only if (;¢; (U 0i) # @. Consequently, since X is
clique-Helly, F'(X) is also clique-Helly.

Suppose now that X is simply connected. Since the nerve complexes of the clique hypergraphs of X
and F(X) are isomorphic thanks to the bijection o + | Jo, X and F(X) are homotopy equivalent by
Borsuk’s nerve theorem [18; 17]. Consequently F(X) is simply connected, and thus by Theorem 4.1
F(X) is a Helly complex when X is a Helly complex. |
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6 Helly groups

As defined above, a group is Helly if it acts geometrically on a (necessarily, locally finite) Helly graph.
The main goal of this section is to provide examples of Helly groups. More precisely, in this section we
prove Theorems 1.1, 1.2, 1.3 and 1.4, some of their consequences and related results.

6.1 Proving Hellyness of a group

To prove that a group I (geometrically) acting on a cell complex X (or on its 1-skeleton G(X)) is Helly,
we will derive from X a Helly complex X * and prove that I" acts geometrically on X *. The natural
(and most canonical) way would be to take as X* the Hellyfication Helly(X) of X. By Theorem 4.2,
Helly(X) is well defined and Helly for all complexes X. The group I" acts on Helly(X), but the group
action is not always geometrical. However, using the results from Sections 4.2 and 5.3, and a result of
Lang [65], we will prove that hyperbolic groups act geometrically on the Hellyfication of their Cayley
graphs that are hyperbolic, and thus hyperbolic groups are Helly.

In several other cases there are more direct ways to derive X *. In the case of CAT(0) cubical groups,
based on Proposition 5.8 and the bijection between median graphs and 1-skeletons of CAT(0) cube
complexes [27; 81], it follows that thickenings along cubes of locally finite CAT(0) cube complexes
are Helly. Thus CAT(0) cubical groups are Helly. By Proposition 5.9, the thickenings of locally
finite hypercellular complexes and of locally finite swm-complexes are Helly. Consequently, groups
acting geometrically on hypercellular graphs or swm-graphs are Helly. We use the same technique by
thickening (along cells) to show that classical C(4)-T(4) small-cancellation and graphical C(4)-T(4)
small-cancellation groups are Helly. In all these cases, the maximal cliques of the thickenings correspond
to cells of the original complex. This allows us to establish that the group I' acts geometrically on the
thickening. By considering face complexes, we show that Helly groups are stable by free products with
amalgamation over finite subgroups and by quotients by finite normal subgroups. Using the theory of
quasimedian groups of [45], we provide criteria allowing the construction of Helly groups from groups
acting on quasimedian graphs. This allows us to show that Helly groups are stable by taking graph
products, [J-products, x-powers and ><-products of groups. We also show that the fundamental groups
of right-angled graphs of Helly groups are Helly.

6.2 CAT(0) cubical hypercellular, and swm-groups via thickening

A group I is called cubical if T acts geometrically on a median graph G (or on the CAT(0) cube
complex of G). A group I is called an swm-group if it acts geometrically on an swm-graph G (or on the
orthoscheme complex of G). A group I is called hypercellular if it acts geometrically on a hypercellular
graph G (or on the geometric realization of G).

Any group I' acting geometrically on a median graph, swm-graph or hypercellular graph G also acts
geometrically on its thickening G2. From Propositions 5.8 and 5.9 we obtain:
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Proposition 6.1 Cubical groups, swm-groups and hypercellular groups are Helly.

In [23], with every building A of type C, we associated an swm-graph H(A) in such a way that any
(proper or geometric) type-preserving group action on A induces a (proper or geometric) action on H(A).

Corollary 6.2 Uniform type-preserving lattices in isometry groups of buildings of type C,, are Helly.
6.3 Hyperbolic and quadric groups via Hellyfication

If a group I acts geometrically on a graph G, it also acts on its Hellyfication Helly(G) = E°(G) and
on its injective hull £(G). However in general, this action is no longer geometric. This is because the
injective hull E(G) is not necessarily proper and because the points of £(G) may be arbitrarily far
from e(G). This does not happen if G is a Helly graph:

Theorem 6.3 Let G be a locally finite Helly graph.
(1) The injective hull E(G) of G is proper and has the structure of a locally finite polyhedral complex

with only finitely many isometry types of n-cells, isometric to injective polytopes in £}, for every
n > 1. Moreover, dg (E(G), e(G)) < 1. Furthermore, if G has uniformly bounded degrees, then
E(G) has finite combinatorial dimension.

(2) A group acting cocompactly, properly or geometrically on G acts cocompactly, properly or
geometrically, respectively, on its injective hull E(G).

For B > 1, the graph G has -stable intervals [65] if for every triple of vertices w, v and v’ with v ~ v/,
we have dg (I(w,v), I(w,v")) < B, where dy denotes the Hausdorff distance. The proof of the first
assertion of Theorem 6.3(1) is based on the following theorem of Lang [65]:

Theorem 6.4 [65, Theorem 1.1] Let G be a locally finite graph with B-stable intervals. Then the
injective hull of G is proper (that is, bounded closed subsets are compact) and has the structure of a
locally finite polyhedral complex with only finitely many isometry types of n-cells, isometric to injective

polytopes in {2, for every n > 1.
Next we show that weakly modular graphs (and thus Helly graphs) have -stable intervals:
Lemma 6.5 Every weakly modular graph has 1-stable intervals.

Proof We need to show that for every triplet of vertices w, v and v” with d(v,v’) < 1 and every
u € I(w,v), there exists a vertex u’ € I(w,v’) with d(u,u’) < 1. If v = v/, we are done by taking
u’ = u. Suppose now that v ~ v’. We proceed by induction on k = d(w,v) + d(w,v’). The case
k = 0 is obvious. Assume that the statement holds for any j < k and let d(w, v) + d(w,v’) = k. If
d(w,v") =d(w,v)+1, then I(w,v) C I(w, v) and the result holds. If d(w, v) = d(w, v’), then, by the
triangle condition (TC) (see Section 2.1) there exists a vertex v* ~ v, v’ such that v* € I'(w, v) N I(w,v’).
Since d(w, v)+d(w, v*) =d(w,v)+d(w, v')—1=k—1, by the induction hypothesis, for any u € I (w, v)
there exists u’ € I(w, v*) € I(w, v’) such that d(u,u’) < 1. Let d(w,v') = d(w,v)—1,ie v’ € I(w, v).
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For any u € I(w,v), let u* € N(v) N I(u,v). By the quadrangle condition, there exists v* such that
v¥ ~ v, u* and v* € I(w,v") N I(w,u*). Since d(w,u™) + d(w,v*) = k — 2 and since u € I(w,u™),

by the induction hypothesis there exists u’ such that d(u,u’) <1 and u’ € I(w,v*) C I(w, V). O

To establish the second assertion of Theorem 6.3(1), we use Lang’s results relating the combinatorial
dimension with the notion of cones. In a graph G, the cone [65] determined by the directed pair (x, v) of
vertices of G is the set C(x,v) ={y € V(G) :v € I(x, y)}. Given a vertex v € V(G), we denote by C(v)
the set of all cones C(x, v) for x € V(G). For a ball B of G, we denote by C(B) the set of all pointed
cones (v, C(x,v)) with v € B and x € V(G). By [65, Lemma 5.8], the size of C(B) is finite and bounded
by a function of the size of B.

Proposition 6.6 [65, Proposition 5.12] Let G be a locally finite graph with -stable intervals. Given a
vertex z € V(G) and a > 0, let B be the ball Byqg(z). Then for every f € E'(G) such that f(z) < a,
we have tk(A(f)) < %|C(B)|.

Proof of Theorem 6.3(1) Properness and the structure of a locally finite polyhedral complex follow
from Theorem 6.4 and Lemma 6.5.

We now show that dg (E(G),e(G)) < 1. Pick any f € E(G) and consider f’ € A°(G) defined by setting
f'(x)=[f(x)] forany x € V(G). Let f” € E°(G) such that f” < f’, and notice that for any x € V(G)
we have f”(x) < f’(x) < f(x) + 1. On the other hand, for any x € V(G), by Claim 3.5, for any € > 0,
there exists y € V(G) such that f(x)+ f(y) <d(x,y)+e < f"(xX)+ f"(y)+e < f"(x)+ f(y)+1+e.
Consequently f(x) < f”(x)+1+¢€ forany € > 0, and thus f(x) < f”(x)+ 1. Since G is a Helly graph,
by Theorem 4.2, E°(G) and G coincide, and thus there exists a vertex z € V(G) such that " = d,
establishing that doo( f, dz) < 1.

Now, additionally suppose that G has uniformly bounded degrees. To show that £ (G) is finite-dimensional,
pick any f € E’(G) and consider the vertex z € V(G) such that f(z) = deo(f.d;) < 1. By Lemma 6.5,
G has 1-stable intervals, and by Proposition 6.6 applied with « = 8 = 1, we have that rk(A(f)) <
%|C (B2(2))]. Since G has bounded degrees, the size of the balls of radius 2 in G is also bounded, and by
[65, Lemma 5.8] the size of |C(B2(z))| is uniformly bounded by some constant K. Consequently, by
Proposition 6.6 all cells of E’(X) are of dimension at most %K . By [65, Theorem 4.5], E'(G) = E(G).
This proves that £(G) has finite combinatorial dimension. a

Theorem 6.3(2) is an immediate corollary of Theorem 6.3(1) and of the next proposition.

Proposition 6.7 Let G be a locally finite graph such that the injective hull E(G) is proper and satisfies
the bounded distance property, and let I" be a group acting on G.

(1) If T acts cocompactly on G, then T" acts cocompactly on E(G) and E°(G).
(2) If T acts properly on G, then T" acts properly on E(G) and E°(G).
(3) If T acts geometrically on G, I' acts geometrically on E(G) and E°(G); thus T is a Helly group.
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Proof Consider the Helly graph E°(G). Since the set E%(G) is an integer-valued subspace of E(G)
and E(G) is proper, the balls of E°(G) are compact. Therefore the graph E°(G) is a proper metric
space and thus is locally finite. In particular, all compact sets of £(G) are finite. Since E(G) satisfies
the bounded distance property, there exists § such that, for each f € E(G), we have doo(f, e(G)) <3.

We first assume that I' acts cocompactly on G, and then show that I acts cocompactly on £°(G) and
E(G). The proof is the same in both cases; we provide it for E®(G). Since I acts cocompactly on G,
there exists v € V(G) and r € N such that V(G) = UgeF V(Br(gv, G)). Let R =r + § and consider
Uger V(Br(ge(v). E°(G))). For any f € E®(G), there exists v" € V(G) such that doo(f. €(v")) < 6.
Since there exists g € I" such that dg (v/, gv) <r,

doo(f, 8€(v)) = doo(f, €(gV)) < doo(f, e(v')) + doo(e(v'), e(gv)) <8 +dg(v', gv) <8+
This shows that E®(G) = Uger‘ V(BR (ge(v), EO(G))), and thus I acts cocompactly on E%(G).

We now assume that I" acts properly on G, and then show that I" acts properly on £°(G) and E(G).
Consider a compact set K in E®(G) or E(G) andlet K’ ={v e V(G):3f € K such that dso( f, e(v)) <8}.
Since K’ is a bounded subset of V(G), K’ is finite, and thus e(K”) is also finite. Pick any g € " such that
gK N K # & (where g is the inverse of g in ') and some f € K such that § f € K. Let v € K’ such that
doo(f.e(v)) < 8. Since I acts on E%(G) and E(G), deo (g f. §e(v)) = doo( f. e(v)) < 8. Since ge(v) =
e(gv) wehave gve K/, andthusv € K'NgK’. Hence {geT:gKNK # 2} C{gel:gK'NK' # &}.
Since I acts properly on G, the second set is finite and thus I" acts properly on E°(G) and E(G).

Finally, if T" acts geometrically on E°(G), since E°(G) is Helly, T is a Helly group. |
If we consider a group I" acting on a coarse Helly graph G, then the following holds:
Proposition 6.8 A group acting geometrically on a coarse Helly graph with B -stable intervals is Helly.

This result is a particular case of Theorem 6.4 and Propositions 3.12 and 6.7.

From Propositions 5.10 and 6.8, we also get the following corollary:
Corollary 6.9 Hyperbolic groups are Helly.

Proof By Proposition 5.10, any §-hyperbolic graph G is coarse Helly with constant 2§. Moreover, if G
has §-thin geodesic triangles, then one can easily check that G has (§-+1)-stable intervals. The result
then follows from Proposition 6.8. O

A group T’ is quadric if it acts geometrically on a quadric complex [54]. Quadric complexes are cell
complexes that have hereditary modular graphs as 1-skeletons.

Corollary 6.10 Quadric groups are Helly.

Proof Since hereditary modular graphs are weakly modular, they have 1-stable intervals by Lemma 6.5
and they are coarse Helly by Proposition 5.11. |
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By [54, Theorem B], any group admitting a finite C(4)-T(4) presentation acts geometrically on a quadric
complex, leading thus to the following corollary:

Corollary 6.11 Any group admitting a finite C(4)-T(4) presentation is Helly.
6.4 Graphical small cancellation groups via thickening

Here we prove that finitely presented graphical C(4)-T(4) small cancellation groups are Helly. We
closely follow [72, Section 6], where graphical C(6) groups were studied. We begin with general notions
concerning complexes, then graphical C(4)-T(4) complexes, and proving the Helly property for a class
of graphical C(4)-T(4) complexes. From this we conclude the Hellyness of the corresponding groups.

In this subsection, unless otherwise stated, all complexes are 2-dimensional CW-complexes with combi-
natorial attaching maps (that is, restriction to an open cell is a homeomorphism onto an open cell) being
immersions — see [72, Section 6] for details. A polygon is a 2-disk with the cell structure that consists
of n vertices, n edges and a single 2-cell. For any 2-cell C of a 2-complex X there exists a map R — X,
where R is a polygon and the attaching map for C factors as S! — R — X. By a cell we will mean a
map R — X where R is a polygon. An open cell is the image in X of the single 2-cell of R. A path in X
is a combinatorial map P — X where P is either a subdivision of the interval or a single vertex. In the
latter case we call P — X a trivial path. The interior of the path is the path minus its endpoints. Given
paths P; — X and P, — X such that the terminal point of P; is equal to the initial point of P,, their
concatenation is the obvious path Py P, — X whose domain is the union of P; and P, along these points.
A cycle is a map C — X, where C is a subdivision of the circle S!. The cycle C — X is nontrivial if it
does not factor through a map to a tree. A path or cycle is simple if it is injective on vertices. Notice that
a simple cycle (of length at least 3) is nontrivial. The length of a path P or a cycle C, denoted by | P |
or |C|, respectively, is the number of 1-cells in the domain. A subpath Q — X of a path P — X (or a
cycle) is a path that factors as Q — P — X such that Q — P is an injective map.

A disk diagram is a contractible finite 2-complex D with a specified embedding into the plane. We call D
nonsingular if it is homeomorphic to the 2-disc, otherwise D is called singular. The area of D is the
number of 2-cells. The boundary cycle dD is the attaching map of the 2-cell that contains the point {co},
when we regard S? = R? U {oo}. A boundary path is any path P — D that factors as P — 0D — D.
An interior path is a path such that none of its vertices, except for possibly endpoints, lie on the boundary
of D. If X is a 2-complex, then a disk diagram in X isamap D — X.

A piece in a disk diagram D is a path P — D for which there exist two different lifts to 2-cells of D, ie
there are 2-cells R; — D and R; — D such that P — D factors bothas P — R; — D and P — R; — D,
but there does not exist an isomorphism R; — R; making the following diagram commutative:

P —— R;

| 71

Rj—>D
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Let ¢: G — © be an immersion of graphs where ® is connected and G does not have vertices of degree
0 or 1. For convenience we will write G as the union of its connected components G = | |;; G;, and
refer to the connected graphs G; as relators.

A thickened graphical complex X is a 2-complex with 1-skeleton ® and a 2-cell attached along every
immersed cycle in G (if a cycle C — G is immersed, then in X there is a 2-cell attached along the
composition C — G — ©). A (nonthickened) graphical complex X* is a 2-complex obtained by gluing
a simplicial cone C(G;) along each G; — ©:
X*=0U,| |c@G.
iel
For any G; — X we have a thick cell Th(G;) — X, where Th(G;) is formed by gluing 2-cells along
all immersed cycles in G;. In X* a cone-cell is the corresponding map C(G;) — X. Note that the two
complexes X and X * have the same fundamental groups. To be consistent with the approach in [72], in

the following material we usually work with the thickened complex X, however the results could also be
formulated for X*.

Let X be a thickened graphical complex. A piece in X is a path P — X for which there exist two
different lifts to G, ie there are two relators G; and G; such that the path P — X factorsas P — G; — X
and P — G; — X, but there does not exist an isomorphism Th(G;) — Th(G;) such that the following
diagram commutes:

P —— Th(G))

| 1

Th(G;) — X

A disk diagram D — X is reduced if for every piece P — D the composition P — D — X is a piece in X.

Lemma 6.12 (Lyndon—Van Kampen lemma) Let X be a thickened graphical complex and let C — X
be a closed homotopically trivial path. Then:

(1) There exists a disk diagram D — X such that the path C factors as C — dD — X, and C — 0D
is an isomorphism.

(2) Ifadiagram D — X is not reduced, then there exists a diagram D1 — X with smaller area and the
same boundary cycle in the sense that there is a commutative diagram

0D; —=— 9D
X

(3) Any minimal-area diagram D — X such that C factors as C => 0D — X is reduced.
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Definition 6.13 We say that a thickened graphical complex X satisfies
e the C(4) condition if no immersed cycle C — X that factors as C — G; — X is the concatenation
of fewer than four pieces, and
e the T(4) condition if there does not exist a reduced nonsingular disk diagram D — X with D

containing an internal O-cell v, of valence 3, that is, contained in exactly three corners of 2-cells.

If X satisfies both conditions we call it a C(4)-T(4) thickened graphical complex. The corresponding
complex X * is called a C(4)-T(4) graphical complex.

If D is a disk diagram, we define small cancellation conditions in a very similar way, except that a piece
is understood as a piece in a disk diagram.

Proposition 6.14 If X is a C(4)-T(4) thickened graphical complex and D — X is a reduced disk
diagram, then D is a C(4)-T(4) diagram.

Proof The assertion follows immediately from the definitions of a reduced map and a piece. a

The following lemma is a graphical C(4)-T(4) analog of [72, Theorem 6.10] — the graphical C(6) case —
and [54, Propositions 3.4, 3.5 and 3.7 and Corollary 3.6] — the classical C(4)-T(4) case.

Lemma 6.15 Let X be a simply connected C(4)-T(4) thickened graphical complex. Then:
(1) For every relator G;, the map G; — X is an embedding.
(2) The intersection of (the images of) any two relators is either empty or it is a finite tree.

(3) If three relators pairwise intersect then they all intersect and the intersection is a finite tree.

Proof We proceed by contradiction, assuming the statement does not hold and showing that this leads to
a forbidden reduced disk diagram in each case.

(1) Suppose there is a relator G that does not embed. Let v and v’ be two vertices of G; mapped to a
common vertex v1; in X, and let y be a geodesic path in G between v and v’. The path y is mapped
to a loop y; in X. By simple connectedness and Lemma 6.12 there exists a reduced disk diagram D
for y;; see Figure 3, left. We may assume that we choose a counterexample so that the area (the number
of 2-cells) of D is minimal among all counterexamples.

a1 F;
V11 U1
V23
Fy &1

F o

(04
F 2
o1 V12 F2 1 F2

V12

Figure 3: The proof of Lemma 6.15. From left to right: (1), (2) and (3).
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Figure 4: The proof of Lemma 6.15(1).

Now consider a larger disk diagram D U F; where Fj is a cell whose boundary is the concatenation
y1a1 which is mapped to a loop in G1, and the only common point of y; and o is vy1; see Figure 3,
left. The existence of F; follows from our assumption that there are no degree-1 vertices in relators. The
diagram D U Fj cannot be reduced, otherwise it would be a C(4)-T(4) diagram by Proposition 6.14,
and this would contradict eg [54, Proposition 3.4]. Hence, by the definition of a reduced diagram, there
is a piece P in D U F; that does not lift to a piece in X. Since D is reduced, it follows that P has to
lie on y;. Since P does not lift to a piece in X, P is a part of the boundary of a cell F’ such that its
other boundary part Q maps to G as well; see Figure 4. Thus replacing the subpath P of y; by Q and,
if necessary, reducing the resulting loop to get an immersed one, we get a new counterexample with a
diagram D’, such that D = D’ U F’, of smaller area. This is a contradiction and so proves (1).

(2) First we prove that the intersection of two relators is connected. We proceed analogously to the
proof of (1). Suppose not, and let G and G, intersect in a nonconnected subgraph leading to a reduced
disk diagram as in Figure 3, middle, with the boundary of F; mapping to G;. Again, we assume
that D has minimal area among counterexamples and consider the extended disk diagram D U F; U F5.
By [54, Proposition 3.5] the new diagram is not reduced, and hence, as in the proof of (1), we get
to a contradiction by finding a new counterexample with a smaller area diagram. This proves the
connectedness of the intersection of two relators. The fact that such intersections do not contain cycles
follows immediately from the C(4) condition.

(3) By (1) and (2) it is enough to show that the triple intersection is nonempty. Here we proceed
analogously to (1) and (2). The corresponding diagrams are depicted in Figure 3, right, and the fact that
the extended diagram D U F; U F, U F3 is not reduced follows from [54, Proposition 3.7]. O

Lemma 6.16 Let G1, G, and G3 be three pairwise-intersecting relators in a simply connected C(4)-T(4)
thickened graphical complex X . Then the intersection G; N G; of any two relators is contained in the
third one.

Proof Suppose not. Let v; be a vertex in G; NGy notin G; for {i, j, k} ={1,2,3}. By Lemma 6.15 there
exists a vertex v € G1 N G2 N G3 and immersed paths y; € G; NGy from v to v; forall {i, j,k} ={1,2,3}.
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U2
F3 V2 F
v
V1 3
) U3
F>

Figure 5: The proof of Lemma 6.16.

By our assumption that there are no degree-1 vertices, we may find a reduced disk diagram consisting of
cells F; mapped to G; fori = 1,2, 3, as in Figure 5. This contradicts the T(4) condition. O

Lemma 6.17 Let X be a simply connected C(4)-T(4) thickened graphical complex and consider a
collection {G; — X };cy of relators. If for every i, j € I the intersection G; N G; is nonempty, then the
intersection ();; G; is a nonempty tree.

Proof This follows directly from Lemmas 6.16 and 6.15(3). |

In view of Lemmas 6.16 and 6.15, for a simply connected C(4)-T(4) graphical complex X * we may define
a flag simplicial complex X A called its thickening, as follows: vertices of X2 are the vertices of X *, and
two vertices are connected by an edge if and only if they are contained in a common cone-cell. (Observe
that the thickening of a graphical complex is not the corresponding thickened graphical complex.)

Theorem 6.18 Let X* be a simply connected C(4)-T(4) graphical complex. Then the 1-skeleton of the
thickening X of X* is Helly. Consequently, a group acting geometrically on X * is Helly.

Proof Since cone-cells are contractible and, by Lemma 6.17, all their intersections are contractible
or empty, by Borsuk’s nerve theorem [18; 17] the thickening X2 is homotopically equivalent to X *.
By Lemmas 6.16 and 6.15, the hypergraph defined by the thickening is triangle-free, and hence, by
Proposition 2.11 the 1-skeleton of X2 is clique-Helly. The theorem now follows by Theorem 4.1. 0O

Examples of groups as in Theorem 6.18 are given by the following construction. A graphical presentation
P = (S :¢)isagraph G = | |;c; G; and an immersion ¢: G — Rg, where every G; is finite and
connected and Ry is a rose, ie a wedge of circles with edges (cycles) labeled by a set S. Alternatively,
the map ¢: G — Rg, called a labeling, may be thought of as an assignment: to every edge of G we
assign a direction (orientation) and an element of S.

A graphical presentation P defines a group I' = I'(P) = w1 (Rs)/ {¢«(71(G;i))iecr)). In other words T’
is the quotient of the free group F(S) by the normal closure of the group generated by all words (over
S U S~ read along cycles in G (where an oriented edge labeled by s € S is identified with the edge of
the opposite orientation and the label s~!). Observe that removing vertices of degree 1 from G does not
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change the group. Hence we may assume that there are no such vertices in G. A piece is a path P labeled
by S such that there exist two immersions p;: P — G and p,: P — G, and there is no automorphism
®: G — G such that p; = ® o ps.

Consider the graphical complex X* = Rg Uy | |;c; C(G;). The fundamental group of X * is isomorphic
to I". In the universal cover X * of X * there might be multiple copies of cones C(G;) whose attaching
maps differ by lifts of Aut(G;). After identifying all such copies, we obtain the complex Xt. The
group I' acts geometrically, but not necessarily freely, on XT. We call the presentation P a C(4)-T(4)
graphical small cancellation presentation when the complex X * is a C(4)-T(4) graphical complex. The
presentation P is finite, and the group I is finitely presented if the graph G is finite and the set S (of
generators) is finite. As an immediate consequence of Theorem 6.18 we obtain the following:

Corollary 6.19 Finitely presented graphical C(4)-T(4) small cancellation groups are Helly.
6.5 Free products with amalgamation over finite subgroups

Let H be a graph with vertex set {w }jes. For a collection { H, } ;s of graphs indexed by vertices of H,
we consider the collection FH := {F(H;)};ey of their face complexes. For every edge e = {u;,u;’}
in H we pick vertices w]e € F(H;) and w]‘f, € F(Hjs). The amalgam of FH over H, denoted by H(FH),
is a graph defined as follows: Vertices of H(F?H) are equivalence classes of the equivalence relation on
U ies V(F(Hj)) induced by the relation w]‘f ~ wj‘f/ for all edges e of H. Edges of H(F#H) are induced
by edges in the disjoint union |_| jes F (Hj). The part of Theorem 1.3(1) concerning free products with
amalgamations over finite subgroups is implied by the following result. The case of HNN-extensions
follows analogously.

Theorem 6.20 Fori = 1,2 let T} act geometrically on a Helly graph G;, and let T/ < T; be finite
subgroups such that T'| and T, are isomorphic. Then the free product T} *TY Ty I3 of T and T with
amalgamation over I'| = T; acts geometrically on an amalgam H(FH) of FH over H, where H is a
tree, elements of H are copies of G and G2, and such that H(FH) is Helly.

Proof Let H be the Bass—Serre tree for I *TY Ty I;. For a vertex w; of H corresponding to I; we define
H; to be a copy of G;. For an edge e in H we define u)J‘f to be a vertex fixed in H; by the corresponding
conjugate of I'| = I (such a vertex exists by Theorem 7.1 and Proposition 5.23). An equivariant choice of
vertices w]‘f leads to an amalgam H (FH) acted geometrically upon by I *r/=ry 2. The graph H (FH)
is Helly since it can be obtained by consecutive gluings of two Helly graphs along a common vertex —
such a gluing obviously results in a Helly graph (for a more general gluing procedure see [68]). O

6.6 Quotients by finite normal subgroups

Let I' act (by automorphisms) on a complex X. Then I" acts on F(X) and we define the fixed-point
complex F(X)T in the face complex as the subcomplex spanned by all vertices of F(X) fixed by I (that
correspond to the cliques of X stabilized by I'). The following theorem implies Theorem 1.3(5):

Geometry & Topology, Volume 29 (2025)



Helly groups 47

Theorem 6.21 Let I' be a group acting by automorphisms on a clique-Helly graph G. Let N <1 T" be a
finite normal subgroup. Then I'/N acts by automorphisms on the clique-Helly complex F(X(G))N. If
G is Helly then F(X(G))" is Helly as well. If the T" action on G is proper or cocompact then the induced
action of T'/N on F(X(G))" is proper or cocompact, respectively.

Proof The I'-action on G induces the I"-action on F(X(G)), and consequently the I'/ N-action on
F(X(G))N. It is clear that the latter is proper or cocompact if the initial action is so. By Lemma 7.7 and
Corollary 7.8 the complex F(X(G))¥ is (clique-)Helly if G is so. |

6.7 Actions with Helly stabilizers

Our goal now is to apply the general theory developed in [45] in order to show that the family of
Helly groups is stable under several group-theoretic operations. The main theorem in this direction is
Theorem 6.24, which shows that if a group acts on a quasimedian graph in a specific way and if clique
stabilizers are Helly, then the group must be Helly as well. We emphasize that, contrary to the rest of
the article, our quasimedian graphs may not be locally finite; in particular, their cliques will typically be
infinite. We begin by giving general definitions and properties related to quasimedian graphs.

6.7.1 Preliminaries on quasimedian graphs Recall that a graph is quasimedian if it is weakly modular
and does not contain K, or K3 > as induced subgraphs. Several subgraphs are of interest in the study of
quasimedian graphs:

e In this subsection, by a cligue, we mean a maximal complete subgraph.

e A prism is an induced subgraph which decomposes as a Cartesian product of cliques. The maximal
number of factors of a prism in a quasimedian graph is referred to as its cubical dimension (which may
be infinite). (Observe that, by maximality of our cliques, a single vertex defines a prism of zero cubical
dimension if and only if it is isolated.)

e A hyperplane is an equivalence class of edges with respect to the transitive closure of the relation
which identifies two edges whenever they belong to a common triangle or they are opposite sides of a
square (ie a four-cycle). Two cliques are parallel if they belong to the same hyperplane. Two hyperplanes
are transverse if their union contains two adjacent edges of some square.

e According to [45, Proposition 2.15], a hyperplane separates a quasimedian graph, that is, the graph
obtained by removing the interiors of the edges of a hyperplane contains at least two connected components.
Such a component is a sector delimited by the hyperplane.

According to [7; 45, Lemmas 2.16 and 2.80], cliques and prisms are gated subgraphs. For convenience, in
the sequel we will refer to the map sending a vertex to its gate in a given gated subgraph as the projection
onto this subgraph.

6.7.2 Systems of metrics Given a quasimedian graph G, a system of metrics is the data of a metric §¢
on each clique C of G. Such a system is coherent if for any two parallel cliques C and C’ one has
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Sc(x,y) =bc/(tcsc/(x),tc—c/(y)) for all vertices x,y € C, where tc— ¢+ denotes the projection
of C onto C’. As shown in [45, Section 3.2], it is possible to extend a coherent system of metrics to
a global metric on G. Several constructions are possible; we focus on the one which will be relevant
for our study of Helly groups. A chain R between two vertices x, y € V(G) is a sequence of vertices
(x1 =x,x2,...,Xn—1, Xy = y) such that, for every 1 <i <n — 1, the vertices x; and x; 4+ belong to a
common prism, say P;. The length of R is £(R) = Zln;ll 8p; (xi, Xi4+1), where § p, denotes the £ ,-metric
associated to the local metrics defined on the cliques of P;. Then the global metric extending our system
of metrics is
800 (x,y) > min{(R) : R is a chain between x and y}.

Throughout this section, all our local metrics will be graph metrics. It is worth noticing that, in this case,
800 turns out to be a graph metric as well. Consequently, (G, o) will be considered as a graph. More
precisely, this graph has V(G) as its vertex set and its edges link two vertices if they are at §o-distance 1.
Notice that if P = Cy x---x Cy, is a prism of G, then the graph (P, §~0) is isometric to the direct product
(C1,8¢)) W --- K (Cy,dc,).

The main result of this section is that extending a system of Helly graph metrics produces a global metric
which is again Helly. More precisely:

Proposition 6.22 Let G be a quasimedian graph of finite cubical dimension endowed with a coherent
system of graph metrics {§c : C is a clique of G}. Suppose that (C,{c) is a locally finite Helly graph
for every clique C of G and that each vertex belongs to only finitely many cliques. Then (G, §x) is a
Helly graph.

We begin by proving the following preliminary lemma:

Lemma 6.23 Suppose G is a quasimedian graph endowed with a coherent system of graph metrics
{6¢c : C is aclique of G} and that the clique complex of (C, éc) is simply connected for every clique C
of G. Then the clique complex of (G, §x) is simply connected as well.

Proof Lety be acycle in the 1-skeleton of (G, §s0). We prove by induction on the number of hyperplanes
of G crossed by y that y is nullhomotopic in the clique complex of (G, do0). Of course, if y does not
cross any hyperplane then it has to be reduced to a single vertex and there is nothing to prove. So from
now on we assume that y crosses at least one hyperplane.

Let Y C V(G) denote the gated hull of the vertex set of y. Notice that the subgraph of (G, o) spanned
by the vertices of Y coincides with (Y, §o0). According to [45, Proposition 2.68], the hyperplanes of ¥
are exactly the hyperplanes of G crossed by y. If the hyperplanes of Y are pairwise transverse, then it
follows from [45, Lemma 2.74] that Y is a single prism. Consequently, (Y, 6x) is the direct product of
graphs whose clique complexes are simply connected, so y must be nullhomotopic in the clique complex
of (G, 8x0). From now on assume that Y contains at least two hyperplanes, say J and H, which are
not transverse.
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Let S denote the sector delimited by H which contains J. Decompose y as a concatenation of subpaths
1810y By such that oy, ..., 0,41 are included in S and B4, ..., B, intersect S only at their
endpoints. For every 1 <i < n, fix a path g; C (Y, §0) between the endpoints of 8; which does not
cross J (such a path exists as a consequence of [45, Proposition 3.16]). Notice that 8;0;" 1is a cycle which
does not cross H, so by our induction assumptions we know that 8; and o; are homotopic (in the clique
complex). Therefore y is homotopic (in the clique complex) to the cycle o107 - - 00,0541, Which does

not cross H . We conclude that y is nullhomotopic (in the clique complex) by our induction assumptions. O

Proof of Proposition 6.22 Fix a set C of representatives of cliques modulo parallelism. For every C € C,
let 7¢c: G — C denote the projection onto C. We claim that

7: (G, 800) = C&C(C,Sc), X = (7 (x)),

is an injective graph morphism.

Let x, y € (G, §c0) be two adjacent vertices, ie 600 (X, y) = 1. So there exists a prism P of G, thought of
as a product of cliques Cy X --- x Cy, which contains x and y and such that the projections of x and y
onto each C; are identical or 8¢, -adjacent. For every 1 <i <n, let C/ € C denote the representative of C;.
Because our system of metrics is coherent, we also know that the projections of x and y onto each C/ are
identical or §¢/-adjacent. Therefore 7 (x) and 7 (y) are adjacent in the subgraph [X|; <;<,(C/,8¢/) of
Xcec(C, SC).I Thus 7 is a graph morphism. l

Now, let x, y € (G, §x0) be two distinct vertices. By [45, Proposition 2.30], there exists a hyperplane
separating x and y. Therefore if C € C denotes the representative clique dual to this hyperplane, then
e (x) # mc(y). Hence m(x) # m(y), proving that 7 is indeed injective.

Notice that the image of a prism of G under 7 is a finite subproduct of X]¢ec(C, §¢ ). Moreover, because
every vertex of G belongs to only finitely many cliques and because each (C, é¢) is locally finite, (G, §0)
must be locally finite. As a consequence, (G, ) is a UGP over {(C,§¢) : C € C}. We claim that our
UGP satisfies the 3-piece condition, so let P1, P, and P3 be three pairwise-intersecting prisms in G.
Because prisms are gated, they satisfy the Helly property, so there exists a vertex x € P; N P, N Ps3.
Let J denote the set of all the hyperplanes that have a clique in at least two prisms among P, P> and Ps.
Observe that any two distinct hyperplanes J1, J» € J are transverse (ie there exists a prism containing
cliques from both J; and J3). For every J € 7, fix a clique C; C Py U P, U P3 in J that contains x
and let P denote the gated hull of the union of all the Cy for J € J. Because the hyperplanes in J are
pairwise transverse, we deduce from [45, Proposition 2.68 and Lemma 2.74] that P is a prism. Our goal
is to show that P is the piece of G we are looking for. So let C € C be such that at least two prisms
among Pi, P> and P3 have projection C on the C-coordinate. It follows from [45, Lemma 2.20] that the
hyperplane J containing C intersects at least two prisms among Pq, P> and P3, and hence J € J. By
construction, P contains a clique in J, and hence a clique parallel to C. In other words, C is also the
projection of P on the C-coordinate, as desired. Thus we have verified that the 3-piece condition holds.
We conclude that (G, §o0) is a Helly graph by combining Theorem 5.4 with Lemma 6.23. O
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6.7.3 Constructing Helly groups We are now ready to construct new Helly groups from old ones.
Recall from [45] that the action of a group I" on a quasimedian graph G is topical-transitive if it satisfies
the two following conditions:

(1) For every hyperplane J, every clique C C J and every g € stab(J), there exists /& € stab(C) such
that g and % induce the same permutation on the set of sectors delimited by J.

(2) For every clique C of G either
e ( is finite and stab(C) = fix(C), or
e stab(C) ~, C is free and transitive on the vertices.

Then the statement we are interested in is:

Theorem 6.24 Let I" be a group acting topically transitively on a quasimedian graph G. Suppose that
e cvery vertex of G belongs to finitely many cliques,

e every vertex stabilizer is finite,

the cubical dimension of G is finite,
e G contains finitely many I"-orbits of cliques, and
e for every maximal prism P = C1 x --- x Cy,, we have stab(P) = stab(Cy) x - - - x stab(Cy,).

If clique stabilizers are Helly, then sois I.

Before turning to the proof of Theorem 6.24, we need the following easy observation (which can be
proved by following [45, Lemma 4.34]):

Lemma 6.25 For every Helly group I', there exist a Helly graph G and a vertex xo € G such that I acts
geometrically on G and stab(xy) is trivial. |

Proof of Theorem 6.24 First, observe that G contains only finitely many I"-orbits of prisms. Indeed, let
C be a finite collection of representatives of cliques modulo the action of I". For every C € C, fix a vertex
xc € C. Let P denote the set of all the prisms in G that contain x¢ for some C € C. Since each vertex
belongs to finitely many cliques by assumption, we know that P is a finite collection. Now, if P is an
arbitrary prism in G, there must exist g € I' and C € C such that gP contains C, and a fortiori xc, and
hence gP € P. This proves our observation. By combining Lemma 6.25 with [45, Proposition 7.8], there
exists a new quasimedian graph Y endowed with a coherent system of metrics {§¢ : C is a clique of Y}
such that I" acts geometrically on (Y, o) and such that (C, §¢) is a Helly graph for every clique C of Y.
Since (Y, 80) is a Helly graph by Proposition 6.22, we conclude that I" is a Helly group. O

We now record several applications of Theorem 6.24.

6.7.4 Graph products of groups Given a simplicial graph G and G = {[}, : u € V(G)} a collection of
groups indexed by the vertices of G (called vertex-groups), the graph product GG is the quotient
(% 6)/Men =1 €T herif (€ EO,
ueV(G)
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For instance, if G has no edge then GG is the free product of G, and if G is a complete graph then GG is
the direct sum of G. One often says that graph products interpolate between free products and direct sums.

By combining Theorem 6.24 with [45, Proposition 8.14], one obtains:

Theorem 6.26 Let G be a finite simplicial graph and G a collection of groups indexed by V(G). If the
vertex-groups are Helly, then so is the graph product GG.

6.7.5 Diagram products of groups Let P = (X : R) be a semigroup presentation. We assume that if
u = v is a relation which belongs to R then v = u does not belong to R; in particular, R does not contain
relations of the form u = u. The Squier complex S(P) is the square-complex

e vertices are the positive words w € T,

e edges (a,u = v,b) link aub and avb where (u = v) € R, and

e squares (a,u = v,b, p = ¢,c) are delimited by the edges (a,u = v,bpc), (a,u = v, bgc),
(aub, p =q,c) and (avb, p =q,c).

The connected component of S(P) containing a given word w € £ is denoted by S(P,w). Given
a collection of groups G = {I, s € X} labeled by the alphabet X, the diagram product D(P, G, w) is
isomorphic to the fundamental group of the following 2-complex of groups:

e The underlying 2-complex is the 2-skeleton of the Squier complex S(P, w).

e To any vertex U = 81 -+- 8y € >+ is associated the group I}, = Iy, x--- x T, .

e To any edge e = (a,u — v, b) is associated the group I, = [}, x I},.

e To any square is associated the trivial group.

e For every edge e = (a,u — v, b), the monomorphisms I, — I,,,5 and I, — I, are the canonical
maps Iy x I} > I, x I, x [ and T, x [}, — Iy x Iy, x I

We refer to [50; 45, Section 10] for more information about diagram products of groups. By Theorem 6.24
and [45, Proposition 10.33 and Lemma 10.34], one obtains:

Theorem 6.27 Let P = (X : R) be a finite semigroup presentation, G a collection of groups indexed by
the alphabet ¥ and w € X a baseword. If {u € ¥+ : u = w mod P} is finite and if the groups of G are
all Helly, then the diagram product D(P, G, w) is a Helly group.

Explicit examples of diagram products can be found in [45, Section 10.7]. For instance, the [J-product of
two groups I'1 and I, defined by the relative presentation

NOD=(I.D.t:[g.h=[g.tht ]=1forgeT and h € I»)
is a diagram product [45, Example 10.65]. As it satisfies the assumptions of Theorem 6.27, it follows that:
Corollary 6.28 If I and I are two Helly groups, then so is I'1 LI I5.
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6.7.6 Right-angled graphs of groups Roughly speaking, right-angled graphs of groups are fundamental
groups of graphs of groups obtained by gluing graph products together along “simple” subgroups. We
refer to [83] for more information about graphs of groups.

Definition 6.29 Let G and H be two simplicial graphs, and G and H be two families of groups indexed
by V(G) and V(H), respectively. A morphism ®: GG — HH is a graphical embedding if there exists an
embedding f: G — H and isomorphisms ¢y : I, — T's(y) for v € V(G), such that f(G) is an induced
subgraph of H and ®(g) = ¢, (g) for every v € V(G) and g € T,

Definition 6.30 A right-angled graph of groups is a graph of groups such that each (vertex- and
edge-)group has a fixed decomposition as a graph product and such that each monomorphism of an
edge-group into a vertex-group is a graphical embedding (with respect to the structures of graph products
we fixed).

In the following, a factor will refer to a vertex-group of one of these graph products. Let & be a right-
angled graph of groups. Notice that, if e is an oriented edge from a vertex x to another y, then the
two embeddings of I, in I'y and I, given by & provide an isomorphism ¢, from a subgroup of I'y to a
subgroup of I'y. Moreover, if I' C I'y is a factor, then . (I') := {g € Iy : 3h € I" such that ¢.(h) = g} is
either empty or a factor of I'y,. Set

O(I) ={¢e, 0 --0@e; :€1,..., e is an oriented cycle at x, @g, 0---0 ¢, (I') =T},
thought of as a subgroup of the automorphism group Aut(I").
By combining Theorem 6.24 with [45, Proposition 11.26 and Lemma 11.27], one obtains:
Theorem 6.31 Let & be a right-angled graph of groups such that ®(I") = {Id} for every factor I.

Suppose that the underlying abstract graph and the simplicial graphs defining the graph products are all
finite. If the factors are Helly, then so is the fundamental group of &.

For explicit examples of fundamental groups of right-angled graphs of groups see [45, Section 11.4].
For instance, the x-power of a group I' [45, Example 11.38], defined by the relative presentation
'™ = (It : [g.tgt™'] = 1 for g € '), is the fundamental group of a right-angled graph of groups
satisfying the assumptions of Theorem 6.31, and hence:

Corollary 6.32 If T is a Helly group, then so is T'™.

Also, the ><i-product of two groups I'1 and I [45, Example 11.39], defined by the relative presentation
Noalb =TI, t:[g.h] =[g.tht™ ] =[h,tht™ ] =1for g € I} and h € I}), is the fundamental
group of a right-angled graph of groups satisfying the assumptions of Theorem 6.31, and hence:

Corollary 6.33 If Iy and I3, are Helly groups, then so is I'1 < I5.
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7 Properties of Helly groups

The main goal of this section is proving Theorem 1.5(2)—(4) and (6)—(9). (Theorem 1.5(1) is proved in
the subsequent Section 8 and Theorem 1.5(5) follows from Theorems 3.13 and 6.3.) On the way we show
also some immediate consequences of the main results and prove related facts concerning groups acting
on Helly graphs.

7.1 Fixed points for finite group actions

In this subsection we prove Theorem 1.5(2), which states that every Helly group has only finitely many
conjugacy classes of finite subgroups. It is an immediate consequence of the following result, which is
interesting on it own:

Theorem 7.1 (fixed point theorem) Let I' be a group acting by automorphisms on a Helly graph G
without infinite cliques. If " has bounded orbits, then there exists a clique of G stabilized by I'. In
particular, there is a fixed vertex of the induced action of I" on the face complex F(G).

Proof Pick a vertex v of G and consider its I'-orbit I'v. Let N be the diameter of I'v. The intersection
B:=N ger B (gv) of N-balls centered at vertices of the orbit I'v is a nonempty bounded I'-invariant
Helly graph. Since G does not contain infinite simplices, by [77, Theorem A], the graph B contains a
clique stabilized by TI'. |

Proof of Theorem 1.5(2) This follows immediately from the fixed point theorem, Theorem 7.1, as in,
for example, the case of CAT(0) groups in [21, Proposition 1.8.5]. a

Remark 7.2 Theorem 1.5(2) can be also deduced from [38] or [65, Proposition 1.2] combined with our
Theorem 6.3.

7.2 Flats vs hyperbolicity

Proof of Theorem 1.5(3) Suppose that I" is hyperbolic. Then G is hyperbolic and, clearly, does not
contain an isometric £so-square-grid. For the converse, recall that if I" is not hyperbolic then G contains
isometric finite £-square-grids of arbitrary size, by Proposition 4.5. Since I' acts geometrically on G
(and, in particular, G is locally finite), by a diagonal argument it follows that G contains an isometric
infinite £~o-grid; see eg [21, Lemma 11.9.34 and Theorem 11.9.33]. O

7.3 Contractibility and Hellyness of the fixed-point set

The aim of this section is to prove that for a group acting on a Helly complex its fixed-point set is
contractible. This leads to a proof of Theorem 1.5(4) showing that the Helly complex is a model for the
classifying space for proper actions. Furthermore, we show that the fixed-point subcomplex of the face
complex (of the Helly complex on which the group acts) is Helly.
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Lemma 7.3 Let I' < Aut(X) be a group of automorphisms of a locally finite Helly complex X. The
fixed-point set X' of the barycentric subdivision X' of X is contractible.

Proof Let o be asimplex of X stabilized by I'. For every N > 0, the intersection By :={ ), es© BN (V)
of N-balls centered at vertices of o is Helly, and hence dismantlable. It is also I"-invariant, by construction.
The fixed-point set B}l; in the barycentric subdivision B;V of By is contractible by [11, Theorem 6.5] or
[53, Theorem 1.2]. Since the sets By exhaust X, it follows that the fixed-point set X’T in the barycentric
subdivision X’ of X is contractible. |

Theorem 1.5(4) is a part of the following corollary of Theorem 7.1 and Lemma 7.3:

Corollary 7.4 Let I be a group acting properly on a locally finite Helly graph G. Then the Helly
complex X(G) is a model for the classitying space ET for proper actions of I'. If the action is cocompact
then the model is finite-dimensional and cocompact.

In view of Theorem 6.3 and [65, Theorem 1.4] there exists another model for ET, defined as follows:

Theorem 7.5 Let I be a group acting properly on a locally finite Helly graph G. The injective hull
E(G) of G is a model for the classitying space ET" for proper actions of I'. If the action is cocompact
then the model is finite-dimensional and cocompact.

Remark 7.6 Observe that X(G) can be nonhomeomorphic to E(G). For example, if G is an (n+1)-
clique then obviously the clique complex X(G) is an n-simplex, whereas the injective hull E(G) is a
cone over n + 1 points, that is, a tree.

Recall that the fixed-point complex F(X )T in the face complex is the subcomplex spanned by all vertices
of F(X) fixed by I". We now prove that F(X)T" is Helly.

Lemma 7.7 (clique-Helly fixed-point set) Let I' < Aut(X) be a group of automorphisms of a locally
finite clique-Helly complex X . Then the fixed-point complex F(X)' is clique-Helly.

Proof Let uvw be a triangle in F(X)T. By the clique-Helly property for F(X) (Proposition 5.23)
there is a vertex z € F(X) adjacent to all vertices of F(X) spanning triangles with an edge of uvw
(Proposition 2.9). Since uvw belongs to F(X)', all vertices in the orbit I'z have the same property as z, ie
they are adjacent to all vertices of F'(X) spanning triangles with an edge of uvw. Thus they span a simplex
of F(X). Let o be the union of the simplices of X corresponding to the vertices of I'z in F(X). By
Lemma 5.21, ¢ is a simplex of X. Let y be the vertex of F(X) corresponding to o. Notice that y belongs
to F(X)T'. We now prove that y satisfies the assumption of Proposition 2.9. Pick a vertex x of F(X)T
spanning a triangle with an edge of uvw, say with uv. By the definition of z, x is adjacent to z and to any
z" € T'z. Consequently, for any z’ € 'z, x and z’ correspond to two subsimplices 7, and 7, of a common
simplex of X. Therefore all vertices of 7, are adjacent to all vertices of 7,/. Since 0 = J,/ep, 72/»
7, and o are also subsimplices of a common simplex of X. Thus x and y are adjacent in F(X). O
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Corollary 7.8 (Helly fixed-point set) Let I' < Aut(X) be a group of automorphisms of a locally finite
Helly complex X . Then the fixed-point complex F(X) is Helly.

Proof Since every edge in F(X)T is homotopic to a path in X', every cycle in F(X)T is homotopic to
acyclein X'I', and hence F(X)! is simply connected by Lemma 7.3. So by Lemma 7.7 and Theorem 4.1,
F(X)T is Helly. o

7.4 EZ-boundaries

For a group T acting geometrically on X, by an EZ-structure for T we mean a pair (X, 0X), where
X = X UJX is a compactification of X that is a Euclidean retract with the following additional properties.
The EZ-boundary 0X is a Z-set in X such that, for every compact K C X, the sequence (gK) gerisa
null sequence, and the action I" ~, X extends to an action I' ~, X by homeomorphisms. This notion was
first introduced by Bestvina [16] (without the requirement of extending I' n X to I" X), then by Farrell
and Lafont [43] (for free actions) and finally in [73] (in the form above). Homological invariants of the
boundary are related to homological invariants of the group, and the existence of an EZ-structure has some
important consequences (eg it implies the Novikov conjecture in the torsion-free case). Conjecturally,
all groups with finite classifying spaces admit EZ-structures, but such objects were constructed only for
limited classes of groups — notably for hyperbolic groups and for CAT(0) groups. Theorem 1.5(6) is a
consequence of the following:

Theorem 7.9 Let I' act geometrically on a Helly graph G. Then there exists an EZ-boundary G such
that (X(G) VU 4G, dG) and (E(G) U 4G, dG) are EZ-structures for I.

Proof It is shown in [33] that for a complete metric space E(G) with a convex and consistent bicombing,
there exists dG (a space of equivalence classes of combing rays) such that (E(G)UdG, dG) is a so-called
Z-structure. The proof is easily adapted to show that it is an EZ-structure (see eg [73] where a much weaker
version of a “coarse bicombing” is used to define an EZ-structure). It follows that (X(G) U dG, dG) is an
EZ-structure as well. |

7.5 The Farrell-Jones conjecture

For a discrete group I', the Farrell-Jones conjecture asserts that the K-theoretic (resp. L-theoretic)
assembly map

HY (Evey(T); Kg) = Kn(RT)  (resp. HY (Evey(T); L)) — LE(RT))

is an isomorphism. Here R is an associative ring with a unit, RI" is the group ring and K, (RT") are the
algebraic K-groups of RI". By Eycy(I") we denote the classifying space for the family of virtually cyclic
subgroups of I', and K is the spectrum given by algebraic K-theory with coefficients from R (resp. we
have the L-theoretic analogs); see eg [12; 64] for more details. We say that I satisfies the Farrell-Jones
conjecture with finite wreath products if for any finite group F the wreath product I' ? F satisfies the
Farrell-Jones conjecture.
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Proof of Theorem 1.5(7) Kasprowski and Riiping [64] showed that the Farrell-Jones conjecture with
finite wreath products holds for groups acting geometrically on spaces with convex geodesic bicombing.
Hence our result follows from Theorems 6.3 and 3.13. |

7.6 The coarse Baum—Connes conjecture

For a metric space X the coarse assembly map is a homomorphism from the coarse K-homology of X to
the K-theory of the Roe algebra of X. The space X satisfies the coarse Baum—Connes conjecture if the
coarse assembly map is an isomorphism. A finitely generated group I" satisfies the coarse Baum—Connes
conjecture if the conjecture holds for I' seen as a metric space with a word metric given by a finite
generating set. Equivalently, the conjecture holds for I' if a metric space (equivalently, every metric
space) acted geometrically upon by I' satisfies the conjecture.

Proof of Theorem 1.5(8) Fukaya and Oguni [44] introduced the notion of geodesic coarsely convex space,
and proved that the coarse Baum—Connes conjecture holds for such spaces. A geodesic coarsely convex
space is a metric space with a coarse version of a bicombing satisfying some coarse convexity condition.
In particular, metric spaces with a convex bicombing —and hence all proper injective metric spaces
(Theorem 3.13) — are geodesic coarsely convex spaces. Therefore our result follows from Theorem 6.3. O

7.7 Asymptotic cones

In this section, we are interested in asymptotic cones of Helly groups and prove Theorem 1.5(9). Before
turning to the proof, let us begin with a few definitions.

An ultrafilter w over a set S is a collection of subsets of S satisfying the following conditions:
e J¢wand S €w.
e Forevery A,Becw, AN B € w.
e Forevery A C S, either A € w or A€ € w.

Basically, an ultrafilter may be thought of as a labeling of the subsets of S as “small” (if they do not
belong to w) or “big” (if they belong to w). More formally, the map
0 ifAd¢w,

PB(S) — {0, 1}, A | ifdco,
defines a finitely additive measure on S. The easiest example of an ultrafilter is the following. Fixing
some s € §,setw ={A CS :s € A}. Such an ultrafilter is called principal. The existence of nonprincipal
ultrafilters is assured by Zorn’s lemma; see [63, Section 3.1] for a brief explanation.
Now fix a metric space (X, d), a nonprincipal ultrafilter w over N, a scaling sequence € = (€5,) satisfying
€n — 0 and a sequence of basepoints 0 = (0,,) € XN. A sequence (r,) € RN is w-bounded if there
exists some M > 0 such that {n € N : |r,| < M} € w (ie if |ry| < M for “w-almost all n”). Set
B(X,e€,0) ={(xn) € XN : (€ud(xp.0,)) is w-bounded}. We may define a pseudodistance on B(X, €, 0)
as follows. First, we say that a sequence (r,) € RN w-converges to a real r € R if, for every € > 0,
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{neN:|r,—r| <e€}€w. If so, we write r = limg, r,. It is worth noticing that an w-bounded sequence
of RN always w-converges; see [63, Section 3.1] for more details. Then our pseudodistance is

B(X,€,0)* —[0,+00), (x,y) > limeyd(xn, yn).
w
The previous w-limit always exists since the sequence under consideration is w-bounded.

Definition 7.10 The asymptotic cone Coney (X, €,0) of X is the metric space obtained by quotienting
B(X, €, 0) by the relation (xz,) ~ (yn) if d((xn), (yn)) =0.

The picture to keep in mind is that (X, €,d) is a sequence of spaces we get from X by “zooming out”,
and the asymptotic cone is the “limit” of this sequence. Roughly speaking, the asymptotic cones of a
metric space are asymptotic pictures of the space. For instance, any asymptotic cone of Z2, thought of as
the infinite grid in the plane, is isometric to R? endowed with the £-metric, and the asymptotic cones of
a simplicial tree (and more generally of any Gromov-hyperbolic space) are real trees.

One can define asymptotic cones of finitely generated groups up to bi-Lipschitz homeomorphism by
looking at word metrics associated to finite generating sets, since quasi-isometric metric spaces have
bi-Lipschitz-homeomorphic asymptotic cones [63, Proposition 3.12].

We are now ready to prove Theorem 1.5(9) as a consequence of the following result:

Proposition 7.11 Let (X, d) be a finite-dimensional proper injective metric space. Then its asymptotic
cones are contractible.

Proof Let o: X x X x [0, 1] denote the combing provided by Theorem 3.13. Fix a nonprincipal
ultrafilter w, a sequence of basepoints 0 = (0,) and a sequence of scalings € = (¢,). For every point
x = (x,) € Coney(X,0,€) and every t € [0, 1], let p(¢, x) denote (c(0y, X,,t)). Since o is geodesic,
p(t, x) defines a point of Cone, (X, 0, €). Also, since ¢ is convex, the map

p:]0, 1] x Coney (X, 0,€) — Coney, (X, 0,€), (t,x)+— p(t,x),
is continuous. In other words, p defines a retraction of Coney, (X, 0, €) to the point o. O

Proof of Theorem 1.5(9) Let I" be a group acting geometrically on a Helly graph G. By Theorem 6.3, "
acts geometrically on the injective hull £(G) of G, which is a finite-dimensional proper injective metric
space. As every asymptotic cone of I' must be bi-Lipschitz-homeomorphic to an asymptotic cone of
E(G), the desired conclusion follows from Proposition 7.11. a

8 Biautomaticity of Helly groups

Biautomaticity is a strong property implying numerous algorithmic and geometric features of a group
[40; 21]. Sometimes the fact that a group acting on a space is biautomatic may be established from the
geometric and combinatorial properties of the space. For example, one of the important and nice results
about CAT(0) cube complexes is a theorem by Niblo and Reeves [69] stating that the groups acting
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geometrically on such complexes are biautomatic. Januszkiewicz and Swiatkowski [61] established a
similar result for groups acting on systolic complexes. It is also well known that hyperbolic groups are
biautomatic [40]. Swiatkowski [85] presented a general framework of locally recognized path systems
in a graph G under which proving biautomaticity of a group acting geometrically on G is reduced to
proving local recognizability and the 2-sided fellow traveler property for some paths.

In this section we use a different meaning of the term “bicombing”. Here the bicombing is a combinatorial
object that should not be confused with the (continuous) geodesic bicombing from Section 3.4.

8.1 Main results

In this section, similarly to the results of [69] for CAT(0) cube complexes, of [61] for systolic complexes
and of [23] for swm-graphs, we define the normal clique-path and prove the existence and uniqueness
of normal clique-paths in all Helly graphs G. These clique-paths can be viewed as usual paths in the
1-skeleton of the face complex F(X(G)) of X(G) and give rise to paths in the 1-skeleton 8(G) of the first
barycentric subdivision of X(G). From their definition, it follows that the sets of normal clique-paths are
locally recognized sensu [85]. Moreover, we prove that they satisfy the 2-sided fellow traveler property.
As a consequence, groups acting geometrically on Helly graphs are biautomatic.

Theorem 8.1 The set of normal clique-paths between all vertices of a Helly graph G defines a regular
geodesic bicombing in §(G). Consequently, a group acting geometrically on a Helly graph is biautomatic.

Remark 8.2 A natural generalization of this theorem would be to prove that injective groups (ie groups
acting geometrically on injective metric spaces) are biautomatic. Recently, Hugues and Valiunas [58]
proved this is not the case: they constructed an injective group that is not biautomatic and thus not Helly.

8.2 Bicombings and biautomaticity

We continue by recalling the definitions of (geodesic) bicombing and biautomatic group [40; 21]. Let
G = (V, E) be a graph and suppose that I" is a group acting geometrically by automorphisms on G.
These assumptions imply that the graph G is locally finite and that the degrees of the vertices of G are
uniformly bounded. Denote by P(G) the set of all paths of G. A path system P [85] is any subset of
P(G). The action of I" on G induces the action of I" on the set P(G) of all paths of G. A path system
P C P(G) is called I'-invariant if g-y e P forall geI" and y € P.

Let [0, n]* denote the set of integer points from the segment [0, n]. Given a path y of length n = |y| in G,
we can parametrize it and denote it by y: [0, n]* — V(G). It will be convenient to extend y over [0, o0]
by setting y(i) = y(n) for any i > n. A path system P of a graph G is said to satisfy the 2-sided fellow
traveler property if there are constants C > 0 and D > 0 such that for any two paths y1, Y2 € P, the
following inequality holds for all natural i:

dg(y1(i), y2(i)) = C max{dg (y1(0),y2(0)), dg (y1(00), y2(00))} + D.
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A path system P is complete if any two vertices are endpoints of some path in P. A bicombing of a
graph G is a complete path system P satisfying the 2-sided fellow traveler property. If all paths in the
bicombing P are shortest paths of G, then P is called a geodesic bicombing.

We quickly recall the definition of a biautomatic structure for a group; for details see [40; 21; 85]. Let "
be a group generated by a finite set S. A language over S is some set of words in S U S~ (in the free
monoid (S US™1)*). A language over S defines a I'-invariant path system in the Cayley graph Cay(T", ).
A language is regular if it is accepted by some finite-state automaton. A biautomatic structure is a pair
(S, L), where S is as above, L is a regular language over S and the associated path system in Cay(I’, ) is
a bicombing. A group is biautomatic if it admits a biautomatic structure. In what follows, we use specific
conditions implying biautomaticity for groups acting geometrically on graphs. The method, relying on
the notion of a locally recognized path system, was developed by Swiatkowski [61].

Let G be a graph and let I be a group acting geometrically on G. Two paths y; and y, of G are
I"-congruent if there is g € T" such that g - y; = y». Denote by S the set of I'-congruence classes of
paths of length k of G. Since I' acts geometrically on G, the sets Sy are finite for any natural k. For any
path y of G, denote by [y] its I'-congruence class.

For a subset R C Sk, let Pgr be the path system in G consisting of all paths y satisfying the following
two conditions:

(1) If |y| = k, then [n] € R for any subpath 7 of length k of y.
(2) If |y| <k, then y is a prefix of some path 7 such that [n] € R.

A path system P in G is k-locally recognized if, for some R C Si, we have P = Pg, and P is locally
recognized if it is k-locally recognized for some k. Swiatkowski [85] established the following sufficient
conditions for biautomaticity in terms of local recognition and bicombing:

Theorem 8.3 [85, Corollary 7.2] Let I" be group acting geometrically on a graph G and let P be a path
system in G satistying the following conditions:

(1) P islocally recognized.

(2) There exists vg € V(G) such that any two vertices from the orbit I - vy are connected by a path
from P.

(3) P satisties the 2-sided fellow traveler property.

Then I' is biautomatic.
8.3 Normal clique-paths in Helly graphs

For a set S of vertices of a graph G = (V, E) and an integer k > 0, let B;'(S) :=( ;s Bk (s). In particular,
if S is a clique, then Bf (S) is the union of S and the set of vertices adjacent to all vertices in S. If S € §’,
then B (S) 2 B; (S’). For two cliques 7 and o of G, let d(z,0) :=max{d(t,s):t €tands €o}. We
also recall the notation d(7,0) = min{d(¢,s) :t € t and s € o} for the standard distance between t and o.
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We say that two cliques o and 7 of a graph G are at uniform distance k (denoted by o< ) if d(s,t) =k
for any s € o and any ¢ € t. Equivalently, o < 7 if and only if d(z,0) = d(r,0) = k.
Given two cliques o and 7 of G with d(z,0) =k > 2, let R, (0) := B;(r)N B{(0) and let f;(0) :=
By, (r) N B (R:(0)). The following observations can help to understand these notions:

e R, (0) is the union of the maximal cliques of B; () that contain o.

* BY (ﬁ, (0)) is the intersection of the maximal cliques of B,’(7) that contain o

* fz(0) is the intersection of B;_,(7) and the maximal cliques of B; () that contain o.

Since G is a Helly graph, the set f; (o) is nonempty, and we call it the imprint of o with respect to .
Note that since o is a clique o C R, (0), and thus f;(0) C R, (o). Note also that each vertex in f;(0) is
adjacent to all other vertices in R, (o), whence R, (0) € Bf(f:(0)) and f:(0) is a clique.

Lemma 8.4 For any two cliques o and t of a Helly graph G such that d (v, ) = k > 2, the imprint
f+(0) is a nonempty clique such that d(t, fy(0)) =k —1 =d(t,s') forany s’ € f;(c). Moreover, if
0 >y T, then fr(0)><ip_q T.

Proof By definition f;(0) S B;_ (7). Also, for any r,r" € R.(0), we have o C By(r) N B1 ().
Moreover, for any r € R;(0) and any ¢ € 7, d(r,t) < k and thus Bj_;(¢t) N B1(r) # @. Note also
that since 7 is a clique and k > 2, T C B;’_,(r). Consequently, since G is a Helly graph, f;(0) # @.
Since fz(0)Ua € R;(0) and each vertex of f; (o) is adjacent to all other vertices of R, (o), necessarily
fo(0)Uo is a clique. Therefore, forany ¢ € r and s € o such that d (¢, s) = d (t,0) =k, and any s’ € f;(0),
we have d(s’,t) > d(s,t)—d(s,s") =k —1. Since s’ € fz(0) S B;_,(t), we have d(s', 1) = k— 1. Thus,
d(z, fr(0)) =k —1and fs(t)><t_1 T when o > 7. |

Lemma 8.5 Consider three cliques o', o’ and t of a Helly graph G such that d (t,0) =d (v,0') =k > 2.
If ' C o, then Ry(0) C Ry(¢") and f(¢') C f.(0). In particular, if o <, T, then for every s € ¢ we

have f;(s) C f:(o0).

Proof Recall that R;(c) := B (r) N BY (o) and R (') := B (t) N B (o’). Since o’ C o, we
have B{ (o) € B (0’) and thus R.(0) € R.(c"). Consequently, Bf(ﬁr(a/)) - Bf(ﬁ,(a)) and thus
fe(0') = B;_,(x) N Bf (R:(0”)) € By _,(r) N Bf (R:(0)) = fe(0). o

A sequence of cliques (09, 01, ...,0x) of a Helly graph G is called a normal clique-path if the following
local conditions hold:

(1) Forany 0 <i <k —1, 0; and 0;4 are disjoint and o; U g; 41 is a clique of G.
(2) Forany 1 <i <k —1, g;—1 and 0;4 are at uniform distance 2.
(3) Forany 1 <i <k—1,0; = fo;_,(0i41).

Notice that if k > 2, then (1) follows from (2) and (3).
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Theorem 8.6 (normal clique-paths) For any pair t and o of cliques of a Helly graph G such that

0 < T, there exists a unique normal clique-path y.s = (t = 09, 01,02, ...,0% = 0) such that
(8-1) oi = fz(0j+1) foreachi=k—1,...,2,1,
and any sequence of vertices P = (s¢, S1, . ..,S8;) with s; € 0; for 0 <i <k is a shortest path from s¢

to si. In particular, any two vertices p and g of G are connected by a unique normal clique-path ypg.
Proof We first prove that y;4 is a normal clique-path. The proof uses the following result:

Lemma 8.7 Let 0, 0/, ¢” and t be four cliques of a Helly graph G such that o ><; T with k > 3,
o' C fr(0) and 0" C fr(0”). Then fr(0) = for(0).

Proof Note that our conditions and Lemma 8.4 imply that o/ ><tz_; 7, 0" b<if_» T and o <z .

We first show that Ry (o) = R (o). Recall that R (o) = B (r)NB{ (o) and Ry (0) = B3 (0”)NBf (o).
Since 7 ><1;_5 0", we have B3 (0”) C B; (7). Consequently, Ry7(0) € R¢(0). Conversely, by the
definition of 0"/, we have o’ C B (¢”). Since 0" C f;(c”), we have B} (6”) 2 Bf (f:(¢”)) 2 R:(c') 20",
Since o’/ C f,(c), we have R;(0) C B (f:(0)) € B (0’) € B} (c") where the last containment follows
from 0" C f;(0"). So R;(0) = Bl (t)NBf(0) € B3 (0")NB{(0) = Ry (0), and thus Ry (0) = Ry (o).

Set R := Ry (0) = Ry (0), 0’ := for(0) and V' := f;(0). Recall that v/ = f;(0) = By ()N Bi‘(ﬁ)
and o' = for(0) = B{(0"”) N B (R). Since 7 ><x_» 0", we have B (0”) C B;_,(7) and thus ¢’ €'
Conversely, since v/ C Ry (V') = BY (V)N Bi_1(v) € By (6')NBy_1(v) = R.(c"), we have v/ C B (0")
by definition of 6”. Consequently, v’ C B (¢”) N Bi"(ﬁ) =¢'. Thus v =¢'. O

To prove that Y, is a normal clique-path, we proceed by induction on k. If k < 2, there is nothing to
prove. Assume now that k > 3. Since 7 <} 0%, 0x_1 = fr(o%) and 0x_, = fr(0)_1), we have that
TD<l_1 Of—1, TP<l_p Of_o and o} _, <» 0f. By the induction hypothesis, (09 = 7,01,02,...,0%k_1)
is a normal clique-path. Applying Lemma 8.7 with 0 = 0y, 0’ = 0}_1 and 0" = 0}_,, we have that
0k—1 = for_,(0%), and thus Yy is a normal clique-path as well.

We now prove that an arbitrary normal clique-path y., = (v = 00, 01, 02, - - . , 0] = 0) coincides with y,-.

In fact, we prove this result under a weaker assumption than o <, 7.

Proposition 8.8 Let o and t be two cliques of a Helly graph G, and let k be an integer such that
d(s,t) = k for every s € 0. Then any normal clique-path Yie = (t = 00,01, 02,...,0] = 0) coincides
with y.¢ = (t = 09,01, 02,...,0; = 0), whose cliques are given by (8-1).

Proof The proof of the proposition is based on the following result:

Lemma 8.9 Let o, 0, 0" and t be four cliques of a Helly graph G with d (t,0) =1+d(t,0') =1k > 3,
d(0.0") =2, o' = for(0) and 0" S f2(0). Then ¢’ = fz(0).
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Proof Leto’ = f;(0), and note that our conditions and Lemma 8.4 imply that d (t,0') = 1 +d (1, 0") =
k—1and d(o,0") =2.

We first show that Rp(0) = R (). Recall that R;(0) = B} ()N Bf () and Ry (0) = B3 (") N B} (o).
Since d(, ") = k — 2, necessarily B} (¢”) S B} (t), and consequently, Ry (0) S R:(0). In particular,
note that o’ C ﬁg//(g) C R.(0), s0o o’ C Bf(i?\r(g)) C B (¢"). Since ¢’ C B}_ (1), we have o’ C
By _(t)N B (') =R (Q/).ATherefore, by the definition of o” C ff\(g/), we have o/ C Bi"(g”).AHence
B{(0") € B;(0"), and thus R¢(0) € Bj(0') C B3 (0"). Therefore R:(0) € B5(0") N B{(0) = Ry (0)
and thus R, (o) = ﬁg// (0).

Let R = R.(0) = R\QN(Q) and recall that o' = f,7(0) = Bf (") N Bi“(ﬁ) and that 0’ = f;(0) =
B (1) N Bi"(ﬁ). Since o’ C B} (0"), necessarily o’ C o. Conversely, since d(t,0") = k — 2,
necessarily B (¢”) € B;_,(t), and consequently, ¢’ € ¢’. Thus o' = o”. O

We prove the proposition by induction on the length / of the normal clique-path y, . If [ <2, there is
nothing to prove. Assume now that / > 3 and let k = d (z, 0).

Suppose first that d(t,01—1) = k — 1. Since 0;—1 U o is a clique and since d(s,7) = k for every
s € 0, necessarily d (p',t) =k — 1 for every p’ € 0;_;. By the induction hypothesis, the clique-path
V;ngl = (t = 00,01, 02, ...,01—1) coincides with yzo,_,. Consequently, / =k and 0;_, = fz(0;—1).
Applying Lemma 8.9 with ¢ = o, 0 = 0;—1 and 0" = g;_,, we have that fz(0) = fp,_,(0) = 0/_;.
Hence y,; and y;, coincide.

Suppose now that d(t, 0;—;) = k. In this case [ > k + 1, and so d(¢;,7) = k <[ — 1. Consider
the minimal index i for which there exists p € o; such that d(p,7) <i — 1. Note that i > 2, since
otherwise T = gg = {p} and 0o N 01 # @, contradicting the fact that y. is a normal clique-path. Note
also that since y.; is a normal clique-path, oo <12 02, and thus i > 3. By the induction hypothesis,
yéQifl = (1 =00,01,02,...,0i—1) and Yo, _, coincide. In particular, this implies that o; > = fz(0i—1).
Note that p € B | (1) by our choice of p and that p € B{(0;—1) since 0j—1 = fp,_,(0:). Consequently
pE ﬁ, (0i—1) € B (0i—2). But then g; and g; —» are not at uniform distance 2, contradicting the fact
that y . is a normal clique-path. This finishes the proof of Proposition 8.8. |

To conclude the proof of Theorem 8.6, consider any sequence P = (sg, 1, ..., Sk) such that s; € o; for
0 <i <k. Note that P is a path since o; Ua;+1 is a clique for every 0 <i <k —1, and that it is a shortest
path since d(so, sg) = d (00, 0k ) = k. |

8.4 Normal paths in Helly graphs

In this subsection, we define the notion of a normal path between any two vertices ¢ and s of a Helly
graph. Analogously to normal clique-paths, normal paths can be characterized in a local-to-global way,
and therefore they are locally recognized. Any two vertices ¢ and s of G can be connected by at least one
normal path, and all normal (¢, s)-paths are hosted by the normal clique-path y;.
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A path (f = 59, 51, ...,5¢ = §) between two vertices ¢ and s of a Helly graph G is called a normal path
if the following local conditions hold:

(1) Forany 1 <i <k—1,d(si—1,8i+1) = 2.
(2) Forany 1 <i<k-—1,s; € f5;_, (Si+1).

Proposition 8.10 (normal paths) A path P;s = (t =50, 51, ...,S5; =S) between two vertices t and s of a
Helly graph G is a normal path if and only if s; € f;(s;+1) forany 1 <i <k —1. In particular, this implies
that Py is a shortest path of G. If y;s = ({t} = 09,01, ...,0; = {s}) is the unique normal clique-path
between t and s, then for any normal path Pt/s =(t =s0,51,...,5, =8), wehaves; €o; for0 <i <k.

Proof The proof of the first statement is similar to the proof of Theorem 8.6. We first prove that P;g
is a normal path. Observe that by Lemma 8.4, Py is a shortest path of G. We proceed by induction on
the distance k = d(¢, s). If k <2, there is nothing to prove. Assume now that k > 3. Since d(¢, sg) = k,
Si—1 € ft(sg) and sg_5 € fr(Sg—1), we have d(¢,s;,_1) =k —1 and d(¢, s;_») = k —2. By the induction
hypothesis (so =1, 51,52, ...,5—1) is a normal path. Applying Lemma 8.7 with o = {s;}, 6’ = {sx_1},
0" ={sx—»} and T = {t}, we conclude that sg_; € f;(sx) = fs;_,(sr) and thus Py is a normal path as well.

We now prove that any normal path P/, = (t = po. p1....., p; = s) is a shortest path of G and that

pi € fi(pi41) forevery 1 <i <. To do so, we proceed by induction on the length [ of P/,. If | <2,

there is nothing to prove. Assume now that / > 3 and let k = d (¢, p;). By the induction hypothesis applied
/

to the normal path P;, = (t = po, p1,..., pi-1), Pt’pl_1 is a shortest path of G and p; € f;(pi+1)
for every 1 <i <[ —2. In particular, d(t, pj_1) =1 —1.

Suppose first that d(¢, pj—;) = k — 1. Then [ = k, and therefore P/ is a shortest path. Since
Pi—2 € fr(pi—1), applying Lemma 8.9 with o = {s}, 0o’ = f5,_,(s) and 0” = {p;_»}, we have that
() = fpy_a(s). and thus py_y € fp,_,(s) = fi(s). Consequently, p; € f,(pi+1) for every 1 <i <!
and the proposition holds in this case. Suppose now that [ — 1 = d(t, pj_1) > k,iel >k + 1. By
tp,_,» We have p;_5 € fi(p;—1). Note that p; € B;_(t)
because d (¢, p;) =k <[ —1, and that p; € B1(p;_1). Consequently, p; € R:(p;_1) € B1(p;_3). But
then d(p;, p;—») < 1, contradicting the fact that P/, is a normal path.

the induction hypothesis applied to the path P

Consider now the normal clique-path y;s = ({¢t} = 09,01, ...,0; = {s}) between two vertices ¢ and s
and any normal path P;s = (¢ = s¢, 51,...,Sx = 5). We show by reverse induction on i that s; € o; for
0 <i < k. For i = k, there is nothing to prove. Suppose now that i < k and that s; 1 € oj41. Since
si € ft(si4+1) by the first assertion of the proposition and since f;(s;+1) € f¢(0i+1) = 0; by Lemma 8.5,
we have s; € 0;. O

Remark 8.11 Figure 6 is a Helly graph and contains two vertices s and ¢ such that the cliques of the
normal clique-path y;s contain a vertex not included in any normal (¢, s)-path.
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Figure 6: In this graph, y appears in a clique of the normal clique-path y;s = (¢, {x, y}, {u, u’, w}, s).
However, for any normal path (z = sg, 51, 52,53 = §), R;(s2) contains either v or v’, and thus

Y & fi(s2).

8.5 Normal (clique-)paths are fellow travelers

Proposition 8.12 Let G be a Helly graph. Consider two cliques o and t, two vertices p and g of G, and
two integers k' > k such that p><y- o, q>< 7, d(0,7) <1 and d(p, q) < 1. For the normal clique-paths
Ypo = (p =00,01,...,0pr =0) and Ygr = (¢ =70, 71,..., T = T), we have d(0;, 7;) < 1 for every
0<i<kandd(oj,ty) <1 foreveryk <i <k'.

Proof We prove the result by induction on k’. If k¥’ < 1, there is nothing to prove. Assume now that k' > 2
and that the lemma holds for any cliques o and , any vertices p and ¢, and any integers [ <1’ <k’ —1
such that pr<p o, gy 7, d(o,7) <1l and d(p,q) < 1.

Suppose first that k < k’. Note that k + 1 <k’ <k + 2 since d(p,q) <1 and d(0,7) < 1. Let s € 0 and
t €t suchthatd(s,1) =d(o,7) <1. Note that d(p,t) <d(q,t)+1=k+1<k’. Consequently € I/ép(s),
and thus f,(s) € Bi(t). So since f,(s) € fp(0) = op/—1 by Lemma 8.5, we have d(ox/—1,7%) < 1.
By Lemma 8.4, p ><ig/_q 0%/—1, and thus we can apply the induction hypothesis to oz/_1, 7, p and q.
Therefore d(oj, ;) <1 forevery 0 <i <k and d(0;, 1) < 1 for every k <i <k’ —1. Since, by our
assumptions, d(oy/, ) < 1, we are done.

Suppose now that k = k’. By the induction hypothesis, it is enough to show that d(f,(0), f(7)) < 1.
Consider any two vertices s € o and ¢ € t such that d(s,?) = d(o, t). By Lemma 8.5, it is enough to
show that d(f»(s), f4(¢)) < 1.

Assume first that d(p,t) <k (in this case s =t or p = ¢q). Note that t € Br(p) N B1(s) = i?\p(s), and so
Jp(8) € Bi(t). Since f5(s) € Bx—1(p) € B (q), we have f,(s) € Bx(q) N B1(t) = ﬁq (t). Therefore
Jfa(t) S BY (fp(s)) and d( fp(s), f4(t)) < 1. Using symmetric arguments, we have d(f(s), f4(¢)) <1
when d(q,s) <k.

Assume now that d(q,s) =d(p.t) =k + 1. This implies that p £ q, s #¢t, p><i f4(t) and g < fp(5).
Since d(p,s) =k and p < f,(f), we have {s, 1} U f,(¢) C ﬁp(t). Consider a vertex u € f,(¢). By
definition of u, we have d(p,u) = k and {s,1} U f,(t) € B1(u). Also, d(q,u) = k since d(q,s) =
k + 1 and since d(q, Jfq(t)) = k — 1. Therefore, by the previous case replacing ¢ by u, we have
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d(f»(s), f4(u)) < 1. Note that R, (¢) = B1(t) N Bx(q)  B1(t) N Br41(p) = Rp(1). Since u € f,(1),
we obtain R, (1) € Rp(t) € B¥(f,(t)) € B1(u). Consequently, R, (1) C By (u) N Bi(q) = Ry(u) and

Jqu) € f4(t). Therefore d( fp(s), f4(t)) <d(fp(s), f4(u)) <1, concluding the proof. O
From Propositions 8.10 and 8.12, we immediately get the following result:

Corollary 8.13 In a Helly graph G, the set of normal paths satisfies the 2-sided fellow traveler property.
More precisely, for any four vertices s, t, p and g and two integers k' > k such that d(p,s) = k/,
d(g,t) =k,d(s,t) <1 and d(p,q) <1, and for any normal paths P = (p = s¢,S1,...,8 = §) and
O=(q=tog.t1,...,tx =t) wehaved(s;,t;) <3 forevery0<i <k and d(s;, ;) <3 foreveryk <i <k’.

We are ready to conclude the proof of biautomaticity from Theorem 8.1:
Proposition 8.14 Let a group I' act geometrically on a Helly graph G. Then T is biautomatic.

Proof Let P denote the set of all normal paths of G. We will prove now that the path system P satisfies
Theorem 8.3(1)—(3). Condition (2) is satisfied because any two vertices of G are connected by a path of P.
That P satisfies the 2-sided fellow traveler property follows from Corollary 8.13. Finally, condition (1),
that the set P can be 2-locally recognized, follows from the definition of normal paths and the fact
that conditions (1) and (2) of this definition can be tested within balls of G of radius 2. Since I" acts
geometrically on G, there exists only a constant number of types of such balls. a

Remark 8.15 Proposition 8.14 can be also proved by viewing the set P* of normal clique-paths of a
Helly graph G as paths of the face complex F(X(G)) of the clique complex of G and establishing that
P* satisfies Theorem 8.3(1)—(3).

The set P* in F(X(G)) gives rise to a set P’ of paths of the first barycentric subdivision B(G) of the
clique complex X(G) of G. Combinatorially, 5(G) can be defined in the following way: The cliques of
G are the vertices of 8(G) and two different cliques o and ¢’ are adjacent in 8(G) if and only if 0 C 0’
or ¢/ C 0. For each path P in P*, each edge oo’ of P is replaced by the 2-path (0,0 Ud’,0”) in the
path P’ of P’ corresponding to P. Again, one can establish that P* satisfies Theorem 8.3(1)—(3).

9 Final remarks and questions

We strongly believe that the theory of Helly graphs, injective metric spaces and groups acting on them
deserves intensive study on its own. In this article we focused mostly on geometric actions of groups
on Helly graphs, but similarly to other nonpositive curvature settings, just proper or cocompact actions
should be studied as well.

Below we pose a few arbitrary problems following the overall scheme of our main results; the first two
concern examples of Helly groups, and the last one is about their properties.
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Problem 9.1 (When) are the following groups (virtually) Helly: mapping class groups, cubical small
cancellation groups, Artin groups and Coxeter groups?

Confirming a conjecture stated by the authors of the current article, Nima Hoda [55] proved recently that
the Coxeter group acting on the Euclidean plane and generated by three reflections in the sides of the
equilateral Euclidean triangle is not Helly. This group is CAT(0) and systolic (and hence also biautomatic).

Problem 9.2 (combination theorems for group actions with Helly stabilizers) Is a free product of two
Helly groups with amalgamation over an infinite cyclic subgroup Helly? Are groups hyperbolic relative to
Helly subgroups Helly? (When) are small cancellation quotients of Helly groups Helly?

As for general properties of Helly groups, it is natural to ask which of the properties of CAT(0) groups
hold in the Helly setting. For a choice of such properties a standard reference is [21].

Problem 9.3 Are abelian subgroups of Helly groups finitely generated? Is there a solvable subgroup
theorem for Helly groups? Describe centralizers of infinite-order elements in Helly groups. Construct
low-dimensional models for classifying spaces for families of subgroups (eg for virtually cyclic subgroups)
of Helly groups. Describe quasiflats in Helly groups.
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Topologically trivial proper 2-knots

ROBERT E GOMPF

We study smooth, proper embeddings of noncompact surfaces in 4-manifolds, focusing on exotic planes
and annuli, ie embeddings pairwise homeomorphic to the standard embeddings of R? and R? —int D?
in R*. We encounter two uncountable classes of exotic planes, with radically different properties. One
class is simple enough that we exhibit explicit level diagrams of them without 2-handles. Diagrams
from the other class seem intractable to draw, and require infinitely many 2-handles. We show that every
compact surface embedded rel nonempty boundary in the 4-ball has interior pairwise homeomorphic
to infinitely many smooth, proper embeddings in R*. We also see that the almost-smooth, compact,
embedded surfaces produced in 4-manifolds by Freedman theory must have singularities requiring
infinitely many local minima in their radial functions. We construct exotic planes with uncountable group
actions injecting into the pairwise mapping class group. This work raises many questions, some of which
we list.
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1 Introduction

Classical knot theory has spawned various other lines of research with a common theme of studying
ambient isotopy classes of embeddings of manifolds. In the traditional setting the domain is compact, but
the problem naturally extends to the noncompact setting if we require the embeddings to be proper. The
classical case S! <R3 then extends to the case of knotted embeddings into R of the line R and ray [0, c0).
For example, it is known (perhaps counterintuitively) that knotted rays exist [Fox and Artin 1948] and
realize uncountably many ambient isotopy classes [McPherson 1973]. (These are each obtained from the
cited references by deleting the wild endpoint of an arc in S3.) In a different direction, higher-dimensional
spheres in R” have been extensively studied. For example, 2-knots of a 2-sphere into R*, as well as
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Open Access made possible by subscribing institutions via Subscribe to Open.


http://msp.org
http://dx.doi.org/10.2140/gt.2025.29.71
http://www.ams.org/mathscinet/search/mscdoc.html?code=57K40, 57K45
https://creativecommons.org/licenses/by/4.0/
https://msp.org/s2o/

72 Robert E Gompf

higher-genus knotted surfaces in R#, have been receiving recent attention. However, higher-dimensional
proper knots are largely terra incognita. The present paper addresses proper 2-knots of surfaces in R*, with
domain usually taken to be the plane R? or the (half-open) annulus [0, oo) x.S!. In dimension 4, the smooth
and topological categories are quite different. For example, there are families of compact, nonorientable
surfaces in R* that are smoothly distinct but topologically isotopic (by Finashin, Kreck and Viro [Finashin
et al. 1988] and Finashin [2009]), and in fact are topologically standard by [Kreck 1990] (although no
orientable examples are presently known). In this paper, we work in the smooth category, but focus on
those examples that appear simplest in the topological category. That is, we study smooth ambient isotopy
classes of smooth, proper embeddings that are topologically ambiently isotopic to the standard plane
R2 CR* or annulus [0, 00) xS C R* (the standard plane minus an open disk). We call nontrivial examples
exotic planes and exotic annuli, respectively. These have been known (but not widely) since the 1980s,
with exotic planes implicitly given in [Gompf 1984, Remark 4.2] (see Remark 3.4 below) and a different
family observed by Freedman (previously unpublished but described in Section 4) shortly thereafter. They
are a uniquely 4-dimensional phenomenon (Proposition 3.6): A self-homeomorphism of R” that is a local
diffeomorphism near the standard R¥ can be assumed the identity there after a smooth ambient isotopy, ex-
cept in the case (1, k) = (4, 2); the analogous statement for annuli is only slightly weaker. The topological
simplicity of exotic planes and annuli makes them particularly subtle: All of the classical invariants, such
as from the homotopy type of the complement or a branched cover, fail to distinguish them. Nevertheless,
we uncover a rich structure using more subtle invariants of smooth 4-manifolds. This structure often
transfers to more general proper 2-knots. For example, every oriented surface in R* obtained as the interior
of a compact surface embedded rel its nonempty boundary in B* has infinitely many exotic cousins
topologically isotopic to it (Corollary 4.4). This suggests a future direction of studying smooth proper
2-knots “modulo” exotic planes, and whether these differ from topological proper 2-knots (Questions 4.5
and 6.7). However, the present paper focuses on the exotic planes, methods of distinguishing them, their
range of symmetries, and some explicit diagrams of such exotica (the simplest being Figure 1 below).

For our first approach to constructing invariants, note that any annulus A4 in R* has a simply connected
complement. (We henceforth assume all embeddings of positive codimension are proper and all annuli
are half-open, while working up to isotopies of the ambient space.) It follows that A can be extended to
an immersion of R? by adding an immersed disk D with A N D = 94 = dD. This can be transformed to
an embedded surface of finite genus. (For example, tube away double points in pairs after adding double
points of one sign as necessary.) Conversely, any immersed surface with one end, finite genus and finitely
many double points determines an embedded annulus. (Remove the interior of a suitably large compact
surface with a single boundary component, and notice that the resulting isotopy class is independent of
the choice of such surface.) For such a surface, we will say the end is annular.

Definition 1.1 The minimal genus g(A) of an embedded annulus A is the smallest genus of an embedded,
oriented surface determining 4. The kinkiness «(A) is the pair (k, xk—) for which x4 (resp. x_) is the
minimal number of positive (resp. negative) double points in a generically immersed R? determining A.

Geometry & Topology, Volume 29 (2025)



Topologically trivial proper 2-knots 73

Note that x+ and xk_ may not be realized by the same immersion of R2. (An example with 1+ = 0 but
g = 1 can be constructed from the figure-eight knot in dB*.) As we will see, there are exotic annuli
realizing all possible values of «, and all possible minimal genera (Theorem 1.5(b)).

These invariants are not directly useful for an embedded R? since they obviously vanish on the annulus it
determines. However, a more useful version describes the behavior at infinity of any surface F' determining
an annulus A in R*: If we smoothly one-point compactify R* to S* in the obvious way, then 4 becomes
an almost-smooth embedded disk D C S*, smooth except at a unique isolated singularity occurring at
the added point co. Working in a preassigned neighborhood V' of oo in S*, we may remove a singular
disk from D, and replace it with either a smoothly embedded surface or an immersed disk as before.
Minimizing as before gives a version of g or k. However, these numbers depend in general on the choice
of V, nondecreasing as we reduce the size of V.

Definition 1.2 The minimal genus at infinity g°°(A) = g°° (F), and kinkiness at infinity k °(A) = kL (F),
are given by the limit in Z=° U {oo} of the corresponding numbers for the pair (D, V) as the neighborhood
V of oo becomes arbitrarily small.

We also call these invariants the minimal genus g (D) and kinkiness x4 (D) of the singular disk (or the
singularity), which is equivalent to the author’s original usage for disks in [Gompf 1984]. In Section 3.1,
we reinterpret that paper and its follow-up in [Gompf 2017a] to obtain the following, in the cases with
nonvanishing invariants:

Theorem 1.3 There are exotic planes in R* realizing all values of k*®° = (kP k%), with g =
max{k°, k>°}.

The exceptional case with vanishing ¥ and g®° (Theorem 1.5(a) below) is proved in Section 4, using a
different construction that also realizes each of infinitely many values of g% by uncountably many exotic
planes (Corollary 4.9).

While realizing large values of these invariants gives a sense in which exotic planes can be arbitrarily
complicated at infinity, we also investigate how simple they can be. An annulus 4 in R* has g = 0 if
and only if there is a homotopy from the corresponding singular disk in S* to a smoothly embedded disk,
supported in an arbitrarily small neighborhood of the singularity in S*. This implies the kinkiness at
infinity also vanishes. Specializing to a proper 2-knot R? <> R* and inverting our viewpoint, we have:

Definition 1.4 We will say a proper 2-knot F: R? < R* is generated by 2-knots if, for every compact
subset K C R*, there is a disk containing F~!(K) in R? whose image can be extended to an embedded
sphere by adding a disk in the complement of K. If the sphere can always be chosen to be unknotted, we
will say F is generated by unknots.

Thus, F is generated by 2-knots if and only if g° (F) = 0, but generation by unknots is stronger (strictly,
as we see below). For comparison, note that the definitions generalize to any proper embedding between
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Euclidean spaces. It is clear that every proper knot R < R3 is generated by knots. (Remove the ends and
connect the resulting endpoints by an arc near infinity.) This contrasts with the above exotic planes, which
have g # 0 so are not generated by 2-knots. Some proper knots R < R are generated by unknots.
(Thicken any knotted ray y to an embedded 7 x [0, 00). The resulting boundary line is generated by
unknots of the form d(1 x [0, ¢]), but it is still knotted since each end is isotopic to y.) In contrast, infinite
connected sums, for example, are not generated by unknots, since any truncation near infinity will give a
nontrivial connected sum. Similarly, knotted planes that are generated by 2-knots but not unknots can be
constructed by summing the standard plane with an infinite sequence of 2-knots. However, it is not clear
whether exotic planes can have this behavior (Questions 6.2).

Theorem 1.5  (a) There is an uncountable collection of exotic planes that are generated by unknots, so
g% = 0, determining pairwise nonisotopic exotic annuli.

(b) For each value of k € Z=° x Z=0, there are uncountably many exotic annuli realizing this value

with g = max{k+} and g° = 0.

We construct and distinguish these examples in, respectively, Section 4.2 (proof of Theorem 1.6 starting
on page 97) and Section 3.1 (Corollary 3.3). The proof is completed in Section 5.2, with the behavior
at infinity established by explicitly drawing the surfaces. We will see that the exotic planes in (a) are
simpler than our other exotic planes in many ways (summarized in Section 6). For clarity of exposition,
we will refer to such examples as simple, although it is not presently clear which properties should be
singled out for a formal definition.

Since the simple exotic planes in (a) have g>° = k3° = 0, we need a new invariant to distinguish them. In
classical and other versions of knot theory, the homotopy type of the double branched cover of the knot
provides important information. Since the double branched cover of an exotic plane is homeomorphic
to R4, it provides no homotopy-theoretic invariants. However, an unpublished example of Freedman
(later expanded by the author and exhibited in [Gompf 1993]) showed that such a branched cover need not
be diffeomorphic to R*. Its diffeomorphism type can then be used as an invariant. The well-developed
theory of exotic R*-homeomorphs (oriented diffeomorphism types homeomorphic to R*) can now be
used to establish a theory of such exotic planes, obtaining the family in (a) and further results in this paper.
For example, Section 4.5 exhibits exotic planes (both simple and otherwise) with various discrete group
actions, some uncountable, that inject into the pairwise mapping class group. Other exotic planes P have
large group actions near the end, whose nontrivial elements cannot extend over the entire pair (R*, P).
For some of the global actions, each compact subset of R* has infinitely many pairwise disjoint images.
In contrast (Theorem 4.1) there is an exotic plane P’ and a compact subset K of R* such that no pairwise
diffeomorphism of (R*, P’) sends K into R* — K.

We attempt to organize the set of proper 2-knots with a relation: for two such knots F; and F,, we write
F; < F, if there is a (nonproper) embedding of R* into itself sending F; onto F,. We call F; and F,
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T 1
J j
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%
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Figure 1: An exotic plane from Theorem 1.5(a), as an infinite, recursive level diagram. The thick
curves represent bunches of the indicated numbers of parallel strands.

equivalent if Fy < F, < F;, obtaining equivalence classes that form a partially ordered set. Perhaps
surprisingly, this yields rich structure. Let 3 C I be obtained from the standard Cantor set by removing
the upper endpoint of each of the deleted middle thirds. Then ¥ has the cardinality of the continuum.
Partially order ¥ x X so that (s, 53) < (¢, ) means s; < ¢; for each i. In Section 4.2 we prove:

Theorem 1.6  (a) The exotic planes of Theorem 1.5(a) are all equivalent to the standard plane.
(b) There is an uncountable set of equivalence classes of exotic planes with the order type of £ x 3.

(c) There is an uncountable set of equivalence classes of exotic planes with the order type of X such
that each class has uncountably many distinct elements.

The simple exotic planes presented in (a) of the two previous theorems seem quite different from the
other planes of Theorems 1.3 and 1.6, simpler in ways besides their vanishing g° and equivalence to
the standard plane. For example, they are simple enough that we can draw them explicitly. In Section 5,
which can mostly be read after Sections 2.3-2.4 and 4.1 (the latter needed for planes but not annuli), we
draw them as level diagrams (movies) using a proper Morse function given by distance to a generic point.
For Theorem 1.5(a) and each choice of « in (b), we explicitly draw such an example, and describe the
other members of the uncountable family up to unspecified ramification. In each case, we obtain a ribbon
surface, with local minima successively appearing as the radius function increases, and each eventually
being connected to the rest by a ribbon (saddle point). Notably, we do not need any local maxima. The
only difference between these diagrams and the more familiar diagrams of compact ribbon surfaces is
that in our case, the process never terminates. (If it did, the topologically standard annulus would be
smoothly standard — as in the text preceding Definition 2.2 — hence it would be unique and with g = 0.)
Our simplest example is Figure 1. To interpret the figure, consider the recursively defined tangles o,
n=20,1,2,..., for which the thick curves represent bunches of 27+1 gtrands as indicated, parallel in the
plane of the paper (except where subject to the two indicated full left twists). Thus, o, has 2”12 strands
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exiting the top of the box, and the same number exit the bottom. The lower diagrams show how the plane
intersects 3-spheres of radius r € ZT. The first diagram with n = 0 shows a ribbon link in the sphere of
radius 1. One component is obtained by connecting the top and bottom of « by four arcs in the manner
of a braid completion, while threading through a 4-component unlink. There is an obvious ribbon move
between the two outermost arcs of the completion, allowing us to interpret the diagram as six 0-handles
(local minima) at some radius less than 1, with one pair connected by a 1-handle appearing at radius 1.
Then, at radius 2 (middle diagram), four more 1-handles connect the knot to the four linking circles while
threading through the boundary circles of eight more 0-handles. The resulting diagram has the same form
as the first, with n incremented by 1 (right diagram). The diagrams continue recursively. The fact that
this is an exotic plane arises from a general construction in Sections 4 and 5. However, as a check, we
also show directly that it is topologically standard (Remark 5.3(b)). The fact that the plane is exotic is
more difficult to prove, but perhaps more believable.

Unlike the examples of Theorem 1.5, the other examples of Theorems 1.3 and 1.6 are created by an infinite
process with poorly controlled, superexponentially growing complexity, so extracting an explicit diagram
seems intractable. (More specifically, the infinite nature of the constructions of Theorem 1.5 comes
from Casson handles, which can be described concretely. The other constructions involve topologically
embedded surfaces, which ultimately arise from intersections of complicated infinite nestings of Casson
handles; see Section 2.5.) In contrast to the previous paragraph, any level diagrams of these more
complicated exotic planes would require infinitely many local maxima (Scholium 4.14 and Corollary 4.11,
respectively). In some cases, the number of components of the superlevel sets ¥ ~[a, c0) must become
arbitrarily large as the radius a increases (Scholium 4.12), whereas the superlevel sets in the previous
paragraph are connected.

We can invert our viewpoint to get a discussion of isolated singularities of embedded surfaces. A smooth
annulus in R* is topologically standard if and only if the disk made by compactifying at infinity is locally
flat, so locally it is pairwise homeomorphic to a smoothly embedded surface. The annulus is smoothly
standard if and only if the singularity is trivial under an equivalence relation that we call almost-smooth
isotopy, topological (ambient) isotopy that is smooth except at the singular point. This relation preserves
g and k of the singularity. Any isolated singularity in an otherwise smooth surface in a 4-manifold locally
admits a level diagram from the radius function at the singularity, which we can assume is Morse elsewhere
on the surface. This diagram is obtained from a diagram of the corresponding annulus by inverting the
radial coordinate, so it typically fails to terminate with decreasing radius. Such diagrams can be varied
in the usual way by almost-smooth isotopy. We use this viewpoint to study the structure of singularities
of compact surfaces: a known corollary of [Freedman 1982] and [Quinn 1982] (see Corollary 2.8 below)
is that locally flat (topologically embedded) surfaces can always be topologically isotoped to be smooth
except at a point. The minimum genus and kinkiness of such singularities were addressed in [Gompf
2017a, Theorems 6.2 and 8.4]. We further elucidate the complexity of such singularities at the end of
Section 4.4:

Geometry & Topology, Volume 29 (2025)



Topologically trivial proper 2-knots 77

Theorem 1.7 Every compact, locally flat surface F in a smooth 4-manifold is topologically (ambiently)
isotopic to a surface F' that is smooth except at a singular point p at which every level diagram requires
infinitely many local minima. This singularity can be chosen so that

(a) g = max{xy,k_}, realizing any preassigned, sufficiently large k4 (finite or infinite), or

(b) g is infinite, and for eachm € Z" there is a neighborhood U of p such that every integral homology
4-ball B with p € int B C U and 0B transverse to F' intersects F' in at least m components.

If F is smooth, the singularity of F’ can be chosen to realize any nonzero k in (a), or, alternatively, to
have no local minima and g = «+ = 0 but still not be almost-smoothly isotopic to a smooth surface.

The proof (Section 4.4) actually shows that the almost-smooth surfaces arising from Freedman’s con-
struction (with sufficient ramification) always require infinitely many local minima. It proceeds by
immediately smoothing F near its 1-skeleton and reducing to the case of the core disk of a Casson
handle (whose definition we review in Section 2.4). It follows that the theorem applies more generally
to smoothing embedded 2-complexes, creating a singularity as above on each 2-cell. The cases with
g # 0 can alternatively be proved using generalized Casson handles with embedded surface stages, the
technology needed for [Gompf 2023]. Corollary 6.1 of that paper showed that any 2-complex tamely
topologically embedded in a complex surface is topologically isotopic to one with an uncountable system
of Stein neighborhoods (so a finite complex becomes a “Stein compact”). It follows that the resulting
2-cells typically must have singularities requiring infinitely many local minima (and can be chosen with
g and k4 arbitrarily large, although the condition on homology balls does not follow in the Stein setting).

This paper is organized as follows: After discussing our basic tools in Section 2, we prove most of
Theorem 1.3 in Section 3, exhibiting exotic planes with all nonzero values of ¥ (and thereby g°).
This leads into a summary of necessary background from exotic R* theory. For context, we also show
nonexistence of exotic linear spaces in other dimensions, as well as considering exotic annuli, and briefly
discuss the dual problem of smoothing topological submanifolds of 4-manifolds. Section 4 studies exotic
planes and other surfaces by the diffeomorphism types of their double branched covers. We obtain
uncountably many exotic planes with g = 0 as well as with arbitrarily large (finite or infinite) g°.
Understanding the resulting ends allows us to prove Theorem 1.7 on singularities of almost-smooth
surfaces. We also discuss exotic planes with many symmetries (Section 4.5). In Section 5, we draw
explicit exotic annuli and planes, and exhibit some symmetries. Finally, we summarize the behavior
of our two types of exotic planes and discuss some open questions (Section 6). Throughout the text,
we work in the setting of oriented, connected, smooth manifolds, except where otherwise specified.
Embeddings with positive codimension (only) are assumed to be proper, and in the topological category
they are locally flat. Isotopies are implicitly ambient, ie we compose the embedding with an isotopy of
the ambient space through diffeomorphisms (or homeomorphisms in the topological category). Since
all orientation-preserving self-diffeomorphisms of R? and [0, c0) x S! are isotopic to the identity, we
often abuse notation by conflating embeddings of these spaces with their images. Similarly, pairwise
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diffeomorphism and isotopy are equivalent for embeddings in R”, and analogously in the topological
category. (To isotope a self-diffeomorphism of R” to the identity, first arrange this to first order at 0, then
conjugate by a dilation. A similar procedure works in the topological category by first applying the stable
homeomorphism theorem to make it the identity near O (by [Kirby and Siebenmann 1977] for n > 5 and
[Quinn 1982, 2.2.2] for n = 4).) The symbol “a” denotes diffeomorphism (sometimes pairwise).

The author would like to acknowledge the 2019 BIRS 2-knots conference 19w5118, which planted the
seed for this paper.

2 Basic tools

We begin by assembling some basic tools for proper knots, beginning with a way to distinguish annuli by
using them to enlarge the ambient manifold. We then discuss end sums, satellites, Casson handles and
isotoping topologically embedded surfaces to become almost smooth.

2.1 Distinguishing annuli
One way to distinguish annuli is the following:

Proposition 2.1  (a) For any smooth n-manifold X and k < n, there is a canonical bijection between
isotopy classes of normally framed annuli [0, 00) X Sk=1 < X and manifolds X containing X
as the complement of a distinguished boundary component identified as Sk=1 x Rk (up to
diffeomorphisms with restriction to X isotopic to the identity).

(b) There is a canonical map from isotopy classes of such framed annuli to manifolds (up to diffeomor-
phism) obtained by attaching an open k-handle to X at infinity as defined below.

Proof In (a), the distinguished boundary component of X extends into X as (—1,00] x S k=1 rr—k,
The required framed annulus in X is given by [0, 00) x S k=15 {0}. For the reverse correspondence,
glue such a tubular neighborhood of a boundary component onto X using the obvious identification
of its interior with a neighborhood of the annulus in X. These correspondences are easily seen to be
well-defined inverses up to the given equivalences. We can now add a k-handle at infinity for (b): use
the new boundary of X with the given framing to attach an open k-handle D¥ x R"* or, equivalently,
identify a tubular neighborhood of the attaching region in the handle with the framed neighborhood of
the annulus in X. O

Handles at infinity, which were used in [Gompf 2017b], are more general than would be expected by
considering interiors of compact handlebodies. This is because X typically cannot be compactified by
adding more boundary, as the fundamental group behavior of X at infinity sometimes shows. For example,
if R* is exhibited as the interior of a compact manifold, the boundary must be simply connected and
hence diffeomorphic to S3. If this contains the boundary of X for some topologically standard annulus
in R4, the resulting circle in S3 must have knot group Z, so it bounds a disk D in S3. Then the annulus
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lies in the boundary of [0, 00) x D in R*, so it is smoothly standard. In particular, exotic annuli as in
this paper can never arise as interiors of compact pairs. However, we can still canonically keep track of
framings as we do for knots in S3:

Definition 2.2 The 0-framing of an annulus in R* is the unique normal framing for which attaching a
2-handle at infinity gives a manifold with vanishing intersection pairing. Equivalently, it is the unique
framing that extends over any embedded surface generating the annulus.

2.2 End sums

The end sum operation consists of connecting two manifolds by a 1-handle at infinity so that their
orientations agree. This was analyzed in detail in [Calcut and Gompf 2019] (expanding on earlier work
in [Gompf 1985]): The operation is well defined on diffeomorphism types in dimensions # > 4 when (for
example) the ends are simply connected, by uniqueness of the defining rays up to isotopy. (In contrast,
summing a pair of one-ended manifolds with complicated fundamental group structure at infinity can even
result in uncountably many diffeomorphism types, as shown by Calcut, Guilbault and Haggerty [Calcut
et al. 2022].) There is a natural identification of the end sum X" JR” with X that is the identity outside a
neighborhood of the ray in X. This extends the operation to sums of countably infinite collections, where
we sum each onto R” using an infinite collection of disjoint rays in the latter. It is then independent of the
order of the summands and grouping — commutativity and associativity in the infinite setting. We now
turn this into an operation for studying proper 2-knots that is analogous to the connected sum of classical
knots. For any two embedded noncompact surfaces F; C X i4, we can choose a ray in each F; and perform
the sum pairwise, respecting all orientations, to get a new pair (X7 ] X;, F1 [ F>). This is well defined
on diffeomorphism types of pairs whenever the end of each F; is annular (ie F; has one end and finite
genus), since the rays are then unique up to pairwise isotopy. (Without annularity, there are examples
with all relevant manifolds one-ended, but the resulting 4-manifolds nonunique. For example, the rays
used in [Calcut et al. 2022] can be assumed to lie on a surface of infinite genus. See Questions 6.15 for
related issues.) In general, we should not expect the isotopy class of F; ] F» C X; [] X3 to be uniquely
determined by the isotopy classes of the summands. (Already in the simpler setting of pairwise connected
sums of circles in tori, the result changes under 27 -rotation of the disk.) But, when X3 is R* and the end
of each F; is annular, the end sum F; §j F, C X; 1 R* = X, is well defined on isotopy classes since it
just inserts F, into F; near the isotopically unique ray. We can form a countable sum t]fil (Xi, F;) of
pairs for any N € {0,1,2, ..., 00} by summing each into (R*, R?), along a collection of N disjoint rays
in R? indexed by positive integers. (Then N = 0 returns (R*, R?).) In Section 4.5 it will be useful to
allow collections of rays that densely fill regions, such as [0, 00) x Q C R x R.

Proposition 2.3 The end sum ﬂlNzl (X;, F;) of noncompact surtaces F; C X, l.4 can be defined using any
collection of N disjoint rays y; in R%. If the end of each F; is annular, the diffeomorphism type of the
sum depends only on the diffeomorphism types of the pairs (X;, F;). In particular, it is independent of the
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order. Iterated sums of such pairs (X;, F;) can equivalently be performed simultaneously if the resulting

genus is finite.

Proof Truncate each ray y; so that its distance to the origin is at least 7. The union of the rays is then a
1-manifold in R2. After pairwise isotopy of (R*, R?), we can further assume the rays are radial, with y;
beginning at radius i. It is then easy to define the sum: Find disjoint, pairwise tubular neighborhoods
v; of the rays and identify each v; with [0, %) x (R3,R) in a copy of [0,1] x (R3 R), then identify
(%, 1] x (R3,R) with a neighborhood of a ray in F; C X;. If the end of each F; is annular, these latter
rays are unique up to pairwise isotopy, and the resulting sum is easily seen to be independent of all choices
except perhaps the order of the terms.

For independence of order, suppose we have another such collection of radial rays y;. After rotating
(R*,R?), we can assume y; = y1. Form the sum R* R (X, Fy) = ﬂ;zl(Xi, F;). Since the end
of Fy is annular, there is an annulus A, given by a proper embedding [1, c0) x S! — R? | F; that agrees
with polar coordinates on R? — v;. After isotopy in a neighborhood of 4; in R*, preserving the first
coordinate of A, we can assume y, = J,. Since the end of F; is annular, the sum ﬂlil (X;, F;) now
contains an annulus A4, agreeing with 4; on [2, 00) x S along R? [] F| — v,. Continuing by induction,
we prove independence of order for all N < oco. (The annulus 4,, allows F},; to jump over previous
summands as necessary to obtain the required order around R2.) Since every point has a neighborhood
on which all but finitely many of these diffeomorphisms agree, there is a well-defined limiting local
diffeomorphism for N = oo that is easily seen to be bijective.

We can iterate the operation of summing collections as above, possibly infinitely. If the end of each
original surface is annular and each partial sum has finite genus, then the partial sums inherit annular ends,
and we can assume each required ray for subsequent sums lies in a central R2. The final sum then contains
multiple central copies of (R*, R?) end summed according to some tree. The sum of these copies is
again diffeomorphic to (R*, R?), since it can be written as a nested union of standard ball pairs (B4, B?).
Thus, the original iterated sum is diffeomorphic to a single sum. Since (R*, R?) is the identity element,
an end sum as above with finite N is then diffeomorphic to the corresponding iterated 2-fold sum. O

The set of diffeomorphism types of pairs (X, F) such that the end of F is annular forms a commutative
monoid under end sum, with various submonoids such as the (genus-0) proper 2-knots in R* and the
topologically standard proper 2-knots. Since these two submonoids are closed under infinite sums
(although the original monoid is not), they are far from being a group. First, the Eilenberg swindle
(Mazur trick) shows there are no inverses: if an embedded plane F C R* has an inverse F~!, then
F~FiR24R?---~ FU(F I F)h(F'0F) -~ (FRF Y (FEF Y-« ~ R? (where
R? denotes the standard plane in R* and the third diffeomorphism is by associativity). Secondly, every
homomorphism ¢ from either of these monoids to a group is trivial: for all such surfaces F, we have
o(l F) = o(F (I F)) = o(F)e(ll,, F). so ¢(F) is the identity. Thus, there can be no useful
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Figure 2: Whitehead doubles and kinky handles.

~

analogue of the knot concordance group for proper 2-knots or exotic planes. However, the double
branched cover of a pairwise end sum is the end sum of the corresponding double branched covers. In
particular, we obtain a homomorphism from the monoid of topologically standard planes in R* to the
monoid of diffeomorphism types homeomorphic to R*, respecting infinite end sums. Infinite end sums
are compatible in the obvious way with the equivalence and partial ordering used in Theorem 1.6, and
the ordering corresponds to inclusion of double branched covers. (For a well-defined ordered monoid
structure on R*-homeomorphs, one should descend further to “compact equivalence” classes defined by
setting R; < R, if every compact subset of R; embeds in R5.)

2.3 Satellites

Another useful tool is the satellite construction. Classically, we start with a pattern P, which is a knot in a
solid torus 7' = S'! x D?. The corresponding satellite operator replaces a companion knot K C S3 by the
satellite knot P(K) C S3 obtained from P C T by identifying 7" with a tubular neighborhood of K so that
the product framing of the core of 7" corresponds to the O-framing of K (and all orientations are preserved).
For example, if P is given by the dotted circle in Figure 2(a), where T is the complement of the lower
circle in S3, identified so that the circles S! x {p} in T are unlinked from each other in the diagram,
P(K) is called the positive (untwisted) Whitehead double DK of K. The negative Whitehead double is
obtained from the mirror image of P. The result of doubling three meridians of an unknot, one negatively,
is shown in (b). The satellite construction has various generalizations to higher dimensions. The most
well known is to take the product of a classical pattern with / and insert it into a tubular neighborhood of a
compact annulus embedded rel boundary in a 4-manifold. This shows, for example, that if Ky and K are
concordant (the boundary components of an annulus in 7 x §3 with K; C {i} x S3), then so are P(K)
and P(K). This notion immediately generalizes to half-open, proper annuli. For such an annulus in R*,
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we canonically identify a tubular neighborhood as a product using the 0-framing of Definition 2.2. Aside
from doubling annuli in this manner, we will take satellites with other pattern and companion surfaces.
An important example is doubling disks. Note that the dotted circle in Figure 2(a) is unknotted in S3, so
it bounds an unknotted disk P in the 4-ball B whose boundary is shown. This disk P can be visualized in
the figure as a pair of parallel disks connected by a twisted band (and with interior pushed into int B). We
take this disk as the pattern for doubling a disk A embedded rel boundary in D*, by identifying a tubular
neighborhood N of A with B so that N N dD* corresponds to 7' (necessarily inducing the 0-framing).
Now (b) of the figure, interpreted 4-dimensionally, shows the result of doubling three normal disks to the
unknotted disk in D* whose boundary is the lower circle. The disks are more easily seen after an isotopy
producing (c) (using the fact that the Whitehead link in Figure 2(a) is symmetric, ie there is an isotopy
interchanging its components).

2.4 Casson handles

We will make extensive use of Casson handles. These smooth 4-manifolds were first introduced by
Casson [1973-76], then shown by Freedman [1982] to be homeomorphic (rel boundary) to the open
2-handle D? x R? as the cornerstone of his classification theorem for simply connected topological
4-manifolds. When Donaldson [1983] showed that the smooth analogue of that theorem is false, it
followed immediately that Casson handles are not all diffeomorphic to the open 2-handle —in fact, the
topological core disk of a Casson handle (the homeomorphic image of the core D2 x {0} C D? x R?) is
typically not topologically isotopic to a smooth disk. But, as Freedman observed in his original paper, his
proof showed that the topological core could always be assumed isotopic to an almost-smooth disk (as
we discuss in Section 2.5). He also observed that the interior of a Casson handle is diffeomorphic to R*,
by a simple engulfing argument, which we reproduce below (Proposition 2.5).

The basic building blocks of Casson handles are kinky handles. A kinky handle 77 is a compact tubular
neighborhood in a 4-manifold of a generically immersed 2-disk, its core. Equivalently, 77 is made from
a trivial disk bundle over the core disk (a 2-handle) by self-plumbing. The boundary of the core is the
attaching circle of Ty, and the attaching region d_T; C 0T is the tubular neighborhood of the attaching
circle obtained by restricting the disk bundle (ie the attaching region of the plumbed 2-handle). Either
description of a kinky handle shows that it is homotopy equivalent to a wedge of k circles, where k& is
the number of double points of the core. A slightly closer analysis shows that it is diffeomorphic to a
boundary sum of k copies of S! x D3. This is shown in Figure 3 in the case with two positive double
points and one negative: Take the product of the pictured genus-3 handlebody with I, thinking of the
I coordinate as time 7. The attaching circle is the pictured curve at # = 1. As ¢ decreases, the core is
depicted as a circle in 77 that unknots itself by the obvious homotopy with three self-crossings, and then
bounds a disk (local minimum) and disappears. This figure also depicts the kinky handle as a 4-ball
with three 1-handles attached, which is described in Kirby calculus by Figure 2(c) (or equivalently (b)).
In these latter diagrams, the 4-manifold is given as the complement of tubular neighborhoods of the
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Figure 3: A kinky handle: The diagram represents the top boundary of a product with /. The core
is the obvious immersed disk with three double points bounded by the pictured curve.

disks of Section 2.3 bounded by the dotted circles. The general case is similar. (For more details see
eg [Gompf and Stipsicz 1999, Chapter 6].) Note that every kinky handle is made from k copies of the
simplest one (shown in Figure 2(a)) by reversing some orientations and pairwise boundary-summing. A
similar description builds their interiors by pairwise end-summing. We often think of a kinky handle as a
generalized 2-handle. That is, we glue its attaching region to the boundary of another 4-manifold so that
a preassigned framed circle in the latter is identified with the attaching circle C of 77 with the 0-framing
as it appears in Figures 2 and 3. Note that this framing extends over any embedded surface in 77 with
boundary C, but does not in general agree with the normal framing of the immersed core disk (which
is the blackboard framing in Figures 2(c) and 3, so has coefficient 42 in that example). In general, the
framing induced by the immersed core has coefficient 2(k+ —k_) in these diagrams, where k4 (resp. k_)
is the number of positive (resp. negative) double points.

A Casson handle is made from an infinite stack of kinky handles. To begin, a 1-stage tower T is a kinky
handle. There is an obvious framed link in its boundary, consisting of the 0-framed meridians of the
dotted circles in Figure 2, for which attaching 2-handles would cancel the 1-handles to yield a 4-ball
with an unknotted attaching circle. These 2-handles would fill in the holes of Figure 3 in the obvious
way. To obtain a 2-stage tower T, we instead attach kinky handles to this framed link. As Figure 2(b)
indicates, a kinky handle is obtained from a 2-handle H (the k = 0 case) by removing disks. Specifically,
we take a ramified double of the cocore disk of H, the satellite operation corresponding to a pattern as
in the figure (ie doubling parallel copies of the cocore disk), then delete a tubular neighborhood of the
resulting disks from H. To obtain 75, we apply this procedure to the canceling 2-handles for 7. The
overall result is to replace the dotted disks for 7 by their ramified doubles. Iterating this procedure using
the framed links at the top stage kinky handles, we get a sequence of towers 77 C 7T, C T3 C---. A
Casson handle CH is obtained from the infinite union of such a sequence by removing all of its boundary
except the open attaching region int d_7; = dCH. Equivalently, we can assume the neighborhoods of
ramified doubles removed at each stage are nested; the Casson handle is then obtained by removing
their infinite intersection (and some boundary) from H. (At generic points, this intersection is locally a
product of R? with a Cantor set, appearing in the boundary as a generalized Whitehead continuum.) The
almost-smooth core of such a standardly embedded Casson handle CH C H is topologically ambiently
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isotopic in H to the core of H (since the knot group is Z or by the more direct method of [Gompf 2017a,
Theorem 6.2]), so the Casson handle itself is (nonambiently) topologically isotopic rel boundary to the
open 2-handle made from H by removing suitable boundary. A Casson handle is completely specified by
a based, signed tree with no finite branches. (Each vertex represents a kinky handle, and its signed edges
directed away from the base correspond to its double points.)

Definition 2.4 A refinement of CH is a Casson handle CH’ whose signed tree contains that of CH.

Any such refinement has a canonical embedding CH’ C CH with dCH’ = dCH, made by ambiently adding
new double points and kinky handles (or removing a certain nested intersection). Any two Casson handles
have a common refinement, for example, by identifying the basepoints of the corresponding signed trees.

Proposition 2.5 [Freedman 1982, Theorem 2.1] The interior of every Casson handle is diffeomorphic
to R4,

Proof Slightly thin the towers 7}, of the given Casson handle CH by deleting boundary collars, so that
each T, (n > 2) contains 7,1 in its interior and the union of these compact towers is int CH. We have
seen that each kinky handle is a closed tubular neighborhood of a wedge of circles. Each such circle
can be identified with the attaching circle of the corresponding kinky handle at the next higher stage. It
follows by induction that each tower is also a neighborhood of a wedge of circles. (Collapse from the
first stage up.) Since each circle is nullhomotopic in its next-stage kinky handle, it follows that 7,_; is
nullhomotopic in 7. Since homotopy implies isotopy for circles in a 4-manifold, 7, —; can be smoothly
isotoped into a 4-ball in 7},. Equivalently, we can find a ball B, with T,,_1 C B, C int T in the original
nest of (slightly thinned) towers. Thus, int CH is a nested union of balls. It is now easy to construct a
diffeomorphism int CH ~ R* sending each B, onto the ball of radius . |

2.5 Almost-smooth surfaces
To arrange Casson handle cores to be almost smooth, we need the following notion:

Definition 2.6 A subset C of an m-manifold X is smoothly cellular if it can be described as a nested
intersection of smooth m-balls B; with int B; D B; 1 for each i. It is smoothly boundary cellular if it is
an intersection of half-balls, each intersecting dX in an (m—1)-ball, and nested as before (using “int” in
the set-theoretic sense).

The notion of cellularity was well known at the time of Freedman’s work. The author is not aware of
explicit previous usage of boundary cellularity, although it was surely implicitly known to Freedman.
(We suppress further usage of the adjective “smoothly” since we are taking everything to be smooth
unless otherwise specified.) It is routine to check that, if C is cellular in either sense, then X — C is
diffeomorphic to X — {p}, where p is an interior or boundary point, respectively. Intuitively, C can be
“shrunk to a point” in X without changing the ambient smooth structure.
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Theorem 2.7 (Freedman) The topological core of any Casson handle CH is topologically ambiently
isotopic (rel boundary and with compact support) to a disk D that is smooth except at one point p, which
can be chosen to be in either the interior or boundary of D.

The interior case is essentially [Freedman 1982, Addendum A to Theorem 1.1]. The boundary case is
unpublished but contemporaneous. We simplify the proof in places, using more recent methods. The proof
also verifies that the (compactly supported) topological isotopy class of the core disk does not depend on
the topological identification of CH with a standard open 2-handle. We will usually assume such cores
are smooth except at one interior point, but will also have use for the boundary case (Proposition 3.7).

Proof Freedman’s proof [1982] that CH is a topological open 2-handle uses a difficult lemma that
embeds Casson handles inside preassigned finite towers. Repeated use of this in towers at high stages
exhibits CH as a nested union of compacta parametrized, preserving order, by the standard Cantor set.
Each compactum C is the end compactification of an infinite Casson tower with the same attaching circle
as CH. (These compacta are not manifolds, although they can be taken to be topological 2-handles if
we replace Casson handles by Freedman’s more general towers with many embedded surface stages, as
in [Freedman and Quinn 1990].) Consider such a C whose parameter is approached from above by a
sequence in the Cantor set. Isotope C slightly away from dCH. Then C is cellular. This is because by
construction, each neighborhood V' of C contains some Casson tower 7}, (again isotoped away from dCH)
whose subtower T,_; contains C. As in the proof of Proposition 2.5, there is a smoothly embedded ball
B, with C C T,—; C B, C T, C V, where we include into interiors after slightly thinning 7,,_;. Such
balls can be constructed to nest as required. Cellularity of C implies CH —C is diffeomorphic to CH —{ p}
for an arbitrary p € int CH. The annulus 4 connecting the attaching circle of CH to the corresponding
circle in C is sent by this diffeomorphism to an annulus in CH —{ p} that compactifies to an almost-smooth
disk D in CH. Freedman showed that D is a topological core by a deep dive into his 2-handle recognition
proof, but this can be avoided with more modern technology: Analyzing 7r; in CH — D shows that D
is “locally homotopically unknotted”, hence locally flat by Venema [1997], and 7; (CH —D) = Z. Then
D is topologically isotopic to the core of any given topological open 2-handle structure (essentially by
the proof that a 2-sphere in S* with knot group Z is topologically unknotted [Freedman and Quinn 1990,
Theorem 11.7A]). To similarly arrange the singularity to lie on the boundary, do not isotope the subsets
entirely away from dCH, but instead leave their intersections with dCH a nested sequence of 3-balls. We
can arrange the resulting boundary-cellular set to have the form C’ = C Uy, where y is an arc in 4 from
dCH to C. Shrinking C’ to a point sends A4 to the required disk D’ that is smooth except at a boundary
point. If we instead do the shrink in two stages, first shrinking C gives the disk D that we have already
identified with a topological core, containing the embedded image of y. Shrinking that image does not
change the homeomorphism type of (CH, D), so the resulting D’ is also a topological core. |

Freedman actually used the innermost C of the uncountable family as the cellular set, but we will later
have use of the whole family.
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We can alternatively derive the case p € D from the case p € int D proved in [Freedman 1982]. Given
the latter, choose an arc y in D from dD to p. We can assume this is smooth except at p. In CH —{p},
there is a unigue ray toward p (up to smooth ambient isotopy) since the end at p is simply connected
(compare with uniqueness of end sums, Section 2.2). Thus, after an almost-smooth isotopy of D in CH,
we can assume y is smooth. Then y is smoothly boundary cellular, so we can shrink it to a boundary
point, away from which D is smooth.

Combining this theorem with work of Quinn [1982] immediately gives:
Corollary 2.8 Every compact, locally flat surface F in a 4-manifold is almost-smoothable.

Proof Decompose F as a CW-complex with a unique 2-cell, then thicken in the obvious way to a
topological 2-handlebody. By [Quinn 1982, 2.2.2 and 2.2.4] (see also [Gompf 2005, Theorem 5.2]), we
can assume the underlying 1-handlebody and its intersection with F' are smooth, and replace the 2-handle
by a Casson handle. The latter is only given in [Quinn 1982] to be “weakly unknotted” in the original
topological 2-handle, but we can now infer their two cores are topologically isotopic (as in [Freedman
and Quinn 1990, Theorem 11.7A] again). That is, we can topologically isotope the remaining disk of F
to agree with an almost-smooth core. a

The minimal genus and kinkiness of the resulting singularity were addressed in [Gompf 2017a, Theorems
6.2 and 8.4]; see also Theorem 1.7. Proposition 3.7 below shows that no singularity is necessary when
F is open.

3 Initial results

We now prove the results that follow most easily from the literature. This naturally leads into a brief
discussion of the exotic R* theory that we will need in Section 4. For context, we then briefly digress to
discuss (non)existence of exotic linear subspaces and annuli in general dimensions, and the dual problem
of smoothability of topological submanifolds of 4-manifolds.

3.1 Exotic annuli and planes from Casson handles

In this section, we construct exotic annuli and planes realizing all nonzero values of k and k°°, respectively.
We prove Theorem 1.3, that exotic planes realize all values of > and g*° = max{k°}. (The case with

KOO

= 0 consists in quoting Theorem 1.5(a), whose proof uses different methods and is deferred to
later sections.) In addition, part of Theorem 1.5(b), uncountably many annuli with each nonzero «, is
immediate from Corollary 3.3 below, with the rest completed in Section 5.2 by drawing the annuli. To
begin, we recall what is known about the diffeomorphism classification of Casson handles, based on

[Gompf 1984; 1986; 2017a].

Definition 3.1 The minimal genus g(CH) of a Casson handle is the minimal genus of an embedded
surface in CH bounded by the attaching circle [Gompf 2017a]. Similarly, the kinkiness « (CH) is the
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minimal number of double points of the given sign in a generically immersed disk bounded by the
attaching circle [Gompf 1984].

Note that, if CH’ is a refinement of CH (Definition 2.4) then it canonically embeds in CH, so g(CH’) >
g(CH), and similarly for .

Theorem 3.2 [Gompf 2017a, Theorem 8.6] For each (m,n) € Z=° x Z=° —{(0, 0)}, there are uncount-
ably many ditfeomorphism types of Casson handles with k = (k4,k-) = (m,n) and g = max{m,n}.

Proof The reference deals with «, but g follows also. Let CH be the Casson handle with one double
point at each stage and all signs positive, so each kinky handle is given by Figure 2(a). For each
m,n € Z=° except for m = n = 0, let CH,;, ,, be the Casson handle made from m copies of CH,. and n
copies of its mirror image by gluing their attaching regions in the obvious way so that the resulting first
stage core has m positive and n negative double points. Clearly, x4+ (CHy,,,) < m and k_(CHy, ) < n.
The embedded surface made from the first stage core by tubing together pairs of double points of
opposite sign and smoothing the remaining double points (replacing each local pair of intersecting
disks by an annulus) shows that g(CHy, ) < max{m,n}. For lower bounds on these invariants, attach
CHyy,0 to a 4-ball along an unknot with framing 2m — 2. The resulting interior admits a Stein structure.
(See for example [Gompf and Stipsicz 1999, Chapter 11]. Note that the first stage is made from the
cotangent bundle of S? by self-plumbing.) The adjunction inequality for Stein surfaces now shows that
g(CH,;,0) = m, and similarly x4 (CH,,,0) > m. (The adjunction inequality is insensitive to negative
double points, ultimately since they can be blown up without changing the homology class.) Since
CH,,5, is a refinement of CH,, o, we conclude that « (CH,, ) = (m, n) (with k_ evaluated by reversing
orientation) and g(CH,,,,) = max{m, n}.

To produce uncountable families, let X = CP2 # k(C_P2 and note that, for large k, the class o =
3ep+ Zle e; € Hy(X) (using the obvious basis) has «? = 1 but orthogonal complement that is negative-
definite and not diagonalizable. (When k = 8, the complement is even and hence Eg. This persists as a
summand when k increases.) Thus, @ cannot be represented by an embedded sphere, which could be
blown down to contradict Donaldson’s diagonalizability theorem [1983]. However, Casson’s algorithm
[1973-76] represents o by a (highly ramified) Casson handle CH attached to a 1-framed unknot in a
4-ball for k > 9 (showing that g(CH) # 0). With more work [Gompf 1986], one can explicitly embed
the first stage (or first several) with only one (positive) double point so that Casson’s algorithm still
generates the rest of the Casson handle. Thus, we can assume CH is obtained from CH by refining only
the higher stages. Refining further, we can alternatively assume CH is made from any given CH,, , by
refining only higher stages (and reversing orientation on X if m = 0), so that it has the same « and g
as CH,, . Now recall from the proof of Theorem 2.7 that CH contains an uncountable nest of Casson
handles parametrized by a Cantor set. These can be constructed by reembedding only above the first stage,
so that they all have the same « and g as CH,, 5. If any two of these Casson handles were diffeomorphic,
then attaching them to concentric 4-balls in X would create a diffeomorphic pair W and W’ of open

Geometry & Topology, Volume 29 (2025)



88 Robert E Gompf

w—-w’

N an

E—
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Figure 4: Constructing a periodic end.

subsets carrying o and with cl W’ C W. We could then cut W’ out of X and replace it by an infinite
stack of copies of W — W', glued along diffeomorphic ends (Figure 4). This would yield a 4-manifold
with a periodic end and a definite, nondiagonalizable intersection form, contradicting [Taubes 1987] (see
[Gompf and Stipsicz 1999, Theorem 9.4.10]). O

Corollary 3.3 For each (m,n) # (0, 0), there is an uncountable family of pairwise nonisotopic exotic
annuli in R* with k = (m, n) and g = max{m, n}. Each annulus in the family extends to a topologically
standard, almost-smooth plane that is relatively unsmoothable in that it cannot be smoothed by any
topological isotopy that is smooth outside a compact set.

Proof An almost-smooth core disk of a Casson handle CH (Theorem 2.7, interior case) is topologically
standard in int CH, which is diffeomorphic to R*. Thus, it determines a smooth, topologically standard
annulus. By Proposition 2.1(a), we can reconstruct the Casson handle from the annulus, so nondiffeomor-
phic Casson handles yield nonisotopic annuli in R*. The invariants « and g of the annulus equal those of
the Casson handle, and the core disk interior is relatively unsmoothable whenever « or g is nonzero. O

More generally, every exotic annulus with g > 0 extends as above, by Corollary 2.8 applied to the
topological spanning disk.

Proof of Theorem 1.3 We wish to construct an exotic plane realizing any given value of ¥°°. First, we
topologically isotope the standard S? C S* to create a suitable unique singularity: Decompose its tubular
neighborhood as B* with a 2-handle attached, then canonically embed a given CH,, , in the 2-handle.
As in the proof of Theorem 2.7, CHy, , contains a nested, decreasing sequence of Casson handles with
intersection C that is cellular in S*. Isotope C and the Casson handles away from dCH,,,, so that the
latter form a neighborhood system of C in CH,, , (Figure 5, left). Now shrinking C to a point as in the
figure preserves the nest of Casson handles, but their intersection becomes the singular point p of the
resulting almost-smooth disk D, with each Casson handle intersecting D in a disk. After topological
isotopy of the standard S2, we can assume (as in the proof of Corollary 2.8) that it contains D. Deleting
p from (S*, S?) now gives P, a topologically standard R? in R*. The sequence of Casson handles can
be constructed to all have the same first stage, and hence the same x+ and g, as CH,, 5. It is now easily
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Figure 5: Creating a singularity with a neighborhood system of Casson handles.
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verified that k*°(P) = (m, n). Alternatively, the first stages can be refined so that x4 or k_ (or both)
increase without bound, so we can realize any preassigned xk°°(P) # (0,0) and g°°(P) = max{k+(P)}.
The remaining case of vanishing invariants follows from Theorem 1.5(a). The exotic planes of that
theorem are constructed in Section 4.2 (proof of Theorem 1.6 starting on page 97) and shown to have
vanishing invariants in Section 5.2. |

A similar approach is used in [Gompf 2017a] to analyze the invariants of singularities of almost-smooth
surfaces more generally.

Remark 3.4 These are essentially the original exotic planes implicit in [Gompf 1984, Remark 4.2].
The construction in that remark was to one-point compactify (ramified versions of) (int CH, . int D),
then smooth the singularity at infinity by an omitted argument similar to our proof that g = 0 for
Theorem 1.5 (Section 5.2). Yet another description of these planes is to smooth the core of CH,, ,, away
from a boundary point (Theorem 2.7), then pass to the interior.

3.2 Exotic R4 methods

In Section 4, we will extensively use exotic R* theory. We now illustrate the main ideas, starting from the
proof of Theorem 3.2. (See [Gompf and Stipsicz 1999, Section 9.4] for a broader look.) First note that the
manifold W from that proof embeds in CP?Z, by standardly embedding CH in the 2-handle of the obvious
handle decomposition of the latter. We can assume the closure of W has the form B* U C, where C is
cellular as in the proof of Theorem 2.7. Then R = CP? —cl W is diffeomorphic to the complement of an
almost-smooth sphere topologically isotopic to CP!, so it is homeomorphic to R*. However, it cannot be
diffeomorphic to R*, since its end is diffeomorphic to that of the negative-definite manifold X —cl W:
this has no smooth 3-spheres surrounding cl W in X, or else we could cut along such a 3-sphere and glue
in B, contradicting Donaldson’s theorem. In fact, R is a large exotic R4, meaning it has a compact,
codimension-0 submanifold that cannot smoothly embed in S*: if a sufficiently large compact subset
embedded in S* (or in any closed, negative-definite manifold), a similar gluing argument would fuse
the latter into X —cl W to again contradict Donaldson. Now recall that such cellular subsets C C CH
occur in an uncountable nested family, so we obtain an uncountable family of R*-homeomorphs R;
constructed in the same manner, nested in the reverse order. Thus, they are parametrized, preserving
order, by X, the Cantor set with the upper endpoint of each middle third removed. Alternatively, we
can construct a nested family parametrized by an interval, by considering open balls of sufficiently large
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radius in the topological R* structure of R. Either way, the members R; of the family are pairwise
nondiffeomorphic by the periodic end argument illustrated in Figure 4. In fact, we obtain a 2-parameter
family by end-summing with opposite orientations, with Ry ] R; embedding in Ry fj Ry if and only if
s < s and t <t (There is no embedding with s > s’ since R, embeds in CP2 and the periodic end
theorem still applies with negative-definite homology in the end. For the case ¢ > ¢/, reverse orientation.)
Similarly, the nonembedding statement for the manifolds R; persists if we end-sum them with more
general 4-manifolds that embed in closed, negative-definite, simply connected 4-manifolds.

Remark 3.5 We have also exhibited uncountably many almost-smooth spheres topologically isotopic
to CP! ¢ CP? and distinguished (up to almost-smooth isotopy) by the diffeomorphism types of their
exotic R* complements. These can be constructed for any finite k¥ with k4 > 0 by controlling the first
stage as for Theorem 3.2 and evaluating « as for Theorem 1.3.

In Section 4, we discuss small exotic R*-homeomorphs, ie those that are not large. All known examples
embed in S* (rather than just their compact subsets embedding). These are obtained by a method
of Freedman [Demichelis and Freedman 1992] from failure of the smooth h-cobordism theorem for
4-manifolds [Donaldson 1990]. An end-periodic version of that theorem again yields uncountable families
[Demichelis and Freedman 1992]. Since that version allows negative-definite homology in the end, we
obtain 2-parameter families [Gompf 1993, Theorem 1.1; BiZaca and Gompf 1996, Proposition 5.6] and
their generalization as before [Gompf 2017a, Lemma 7.3]. (The conclusions are slightly weaker than
before, since one must work relative to a certain compact subset: In the uncountable families, each
diffeomorphism type appears at most countably often, so we obtain the cardinality of the continuum in
ZFC set theory. One can construct such families so that some diffeomorphism type appears more than
once [Gompf 2018, Remark 6.8].)

3.3 Other dimensions
We now show that exotic planes have no analogues in other dimensions.

Proposition 3.6 Suppose a homeomorphism h: R" — R” is a local ditfeomorphism near Z = RK x {0}.
Then h(Z) is smoothly ambiently isotopic to Z unless n = 4 and k = 2. The same holds if Z is the
annulus (]Rk —int Dk) x {0} unlessn =4 and k =2,3,4,ork =3 and n=5,6,7.

Every exotic plane or annulus in R* has such a homeomorphism / by uniqueness of topological normal
bundles [Freedman and Quinn 1990, 9.3D]. One might hope for the same to hold for all smooth embeddings
RK < R” that are topologically standard, but the author is unaware of a sufficiently general uniqueness
theorem for normal bundles. Since every orientation-preserving diffeomorphism R¥ - Rk is isotopic
to the identity, the first conclusion of the proposition can be immediately strengthened from an isotopy
of the submanifold /#(Z) to an isotopy sending the restricted map /|7 to idz. However, this fails
for annuli in some high dimensions: An exotic self-diffeomorphism of .S k=1 (k > 7) extends radially
over R¥ and then as a product with idgs—« over R”, giving a self-homeomorphism / of R” that is a
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local diffeomorphism off of {0} x R"k_ This satisfies the hypotheses and conclusion of the second
sentence of the proposition with 2(Z) = Z. Suppose there were a smooth ambient isotopy sending /|7
to idz. For k = n, Proposition 2.1(b) would produce a forbidden diffeomorphism between S k and the
exotic sphere ¥ obtained by gluing two balls via /| g«—1. Similarly, for kK = n — 1, we would obtain a
diffeomorphism ¥ x R ~ S”~! x R. This manifold would then contain disjoint copies of ¥ and §”~!
cobounding a forbidden h-cobordism.

Proof The cases n < 4 only use smoothness of /i through that of its image submanifold /(Z): When
n < 4, we can pairwise smooth /: (R”, Z) — (R", h(Z)) by standard 3-manifold topology, then smoothly
isotope / to the identity. When # = 4, smooth 1-manifolds cannot be knotted. Every embedding R? < R*
exhibits R* as an end sum of two R*-homeomorphs. (A tubular neighborhood of the R3 can be identified
with that of the gluing arc; see eg [Calcut and Gompf 2019].) Since the monoid of these has no inverses
[Gompf 1985] (by the Eilenberg swindle/Mazur trick introduced in the last paragraph of Section 2.2)
both summands are standard, as is the original embedding.

When Z =R¥ x {0} and n > 4, we can assume after normal radial dilation that / is a local diffeomorphism
on N = R¥ x D"*_Thus, the pulled-back smoothing on the domain is standard on N. But R” —int N ~
dN x [0, o0). Since smoothings rel boundary are classified by a homotopy lifting problem when n > 4 (by
[Kirby and Siebenmann 1977]; see also [Freedman and Quinn 1990, Section 8.3] for a quick overview), the
smoothing of R” is isotopic rel N to the standard smoothing. Equivalently, / is topologically isotopic rel N
to a diffeomorphism, which is then smoothly isotopic to the identity, completing the proof for RK x {0}.

The proposition holds without use of 2 when n > 2k + 2, since homotopy implies isotopy by transversality,
completing the k = 3 case. For the remaining case of annuli with k& # 3, it suffices to show that the
topological open k-handle X arising from Proposition 2.1(a) is diffeomorphic to a standard open k-
handle, preserving the attaching sphere setwise. This follows unless k = 3 or k > 7 by vanishing of
the smoothing uniqueness obstruction 7z (TOP/O) [Kirby and Siebenmann 1977; Freedman and Quinn
1990, Section 8.3]. For k =n > 7, X must be diffeomorphic to a ball as required, by puncturing it and
applying the h-cobordism theorem. Thus, the uniqueness obstruction is encoded in how its boundary
is identified with Sk, Stability of high-dimensional smoothing theory [Kirby and Siebenmann 1977,
Essay I, Section 5, Remark 2] now gives the required diffeomorphism for n > k > 7. m|

Regarding the missing cases of the proposition, the bulk of this paper deals with (#, k) = (4, 2). The case
of annuli with n = k = 4 is equivalent to the notorious 4-dimensional smooth Schoenflies conjecture
[Gompf 2018, Proposition 2.2]. The case k = 3 is equivalent (as above) to nonexistence of an exotic
open 3-handle with interior diffeomorphic to R”. When n = 4, there are uncountably many smoothings
of S3 xR (for example connected sums of R*-homeomorphs). Drilling out a neighborhood of a properly
embedded line gives uncountably many exotic 3-handles, but it is not known if an exotic 3-handle can
ever have interior diffeomorphic to R*. If there is an exotic 3-handle in dimension 5, 6 or 7, it and the
corresponding exotic annulus are unique since 73(TOP/O) =~ Z,.
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Figure 6: Pushing a singularity out to infinity, as seen in the surface /' C X.
3.4 Unsmoothable submanifolds

In 4-manifolds, there are many ways to construct topological (locally flat) embeddings of compact surfaces
that cannot be smoothed by topological isotopy. An example from the 1980s is the topological sphere
representing the class o in the proof of Theorem 3.2. The manifold int(B*UCH,y, o) in the first paragraph
of that proof has homology generated by a class with minimal genus m but represented by a topological
sphere (so by an unsmoothable surface of any genus less than m). It is an interesting open question
whether such compact unsmoothable surfaces exist in R*. Corollary 3.3 exhibits topological planes in R*
that are unsmoothable relative to their smooth ends. However, without restriction on the end, noncompact
surfaces in smooth 4-manifolds are always smoothable:

Proposition 3.7 Every topological (locally flat, proper) embedding of a noncompact surface into a
smooth 4-manifold X is topologically (ambiently) isotopic to a smooth embedding.

Proof Let F C X be the image of the embedding. As in the proof of Corollary 2.8, we can smooth F
near the 1-skeleton of a cell decomposition and realize the rest of F' as topological cores of disjointly
embedded Casson handles CH; in X. Choose a point p; € CH; in each attaching circle. These are the
endpoints of a properly embedded family of rays y; in ' whose interiors are disjoint from the Casson
handles. Let B; be a half-ball in CH; centered at p; € dCH;. By pushing along each y; as in Figure 6,
we can disjointly reembed each CH; —{p;} in X, fixing CH; — B; and properly embedding B; — {p;},
sending F'NCH; —{p;} into F. But F N CH; is a topological core by construction, so Theorem 2.7 gives
a compactly supported topological isotopy in CH; that smooths it except at p;. Applying this to each
reembedded CH; —{ p;} smooths F. The embedding map of F can then be immediately smoothed by a
pairwise isotopy of (X, F). |

There are many ways to obtain unsmoothable embeddings of closed 3-manifolds into 4-manifolds. More
strongly, embeddings that are not almost-smoothable (and cannot even be smoothed away from certain
larger subsets) can be obtained in various ways using the topology of the 3-manifold. (See the last
paragraph of [Gompf 2017a, Section 6].) However, locally flat embeddings of S3 and R? in R* are
always topologically standard. (This follows up to homeomorphism from [Brown 1962] and [Cantrell
1963], respectively, the latter after removing a point from the sphere pair in the corollary of [loc. cit.]. An
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ambient isotopy to the identity can then be obtained by straightening near 0 € R* [Quinn 1982, 2.2.2]
and dilating.) For such embeddings, we can still obtain unsmoothability within a neighborhood of the
submanifold, but must use a different approach:

Proposition 3.8 There is a topological embedding R3 < R* separating the components of some compact
set K in its complement, such that no smooth embedding of R? separates K. Thus, the embedding
R3 < R* — K is not smoothable by a topological isotopy. There is a topological embedding S3 < R*
with a neighborhood in which it is not homologous to an almost-smooth embedding of S3.

Proof There is a topological embedding S x R < S* whose image U contains no smooth 3-sphere
separating its ends, as discussed more carefully in Section 4.1. Both of the required embeddings arise from
this by deleting a point from S*. For the embedding of R3, delete a point p from the image S of S3 x {0}
to obtain a topologically embedded Q in R* homeomorphic to R3, separating the two components of
K = S*—U. Suppose there were a smooth O’ ~ R3 separating these. Then Q' would split R* as an end
sum. But this operation has no inverses [Gompf 1985] (by the Eilenberg swindle/Mazur trick introduced
in Section 2.2). Thus, R* — Q' would be diffeomorphic to two copies of R*. But then each copy would
have smooth 3-spheres near infinity, contradicting the fact that U has no such 3-spheres.

To realize the data of the last sentence of the proposition, instead remove a point of S* — U to obtain
S C U C R*. Suppose there were an almost-smooth 3-sphere S’ in U as in that sentence. We could
assume its singularity agreed with p from the previous paragraph (after a smooth, compactly supported
isotopy of U sending one point to the other). Then removing p from (S*, S’) would give a Q’ forbidden
by the first paragraph. m|

4 Exotic branched coverings

Having realized all nonzero values of k*° (and thereby g°) by exotic planes for Theorem 1.3, we probe
deeper by studying exotic planes for which the corresponding double branched covers can be recognized
as exotic smoothings of R*, allowing us to harness the powerful theory of such smoothings. The first
such example, due to Freedman, was later incorporated into a peculiar Z,®Z,-action [Gompf 1993].
We now analyze this action in detail. (We reverse the orientations of [Gompf 1993, Sections 3 and 4] to
obtain the more “natural” orientations of subsequent papers that are stable under connected sum with
CP2 but not CP2. Signs of the double points of the Casson handles were unspecified in that paper,
with one exception discussed below. We will ultimately see in Remark 5.5(c) that both conventions can
produce the same exotic R*, but with different Z,@®Z,-actions.) The action generates two different
uncountable collections of exotic planes, corresponding to the two types of exotic R*-homeomorphs
(small and large). One type is generated by unknots (proof of Theorem 1.5 in Section 5.2 starting on
page 114), so has g®° = 0, and can be drawn explicitly without local maxima (Section 5.2). The other has
g%° > 0 (Proposition 4.8), realizing each of infinitely many values of g® by uncountably many exotic
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R*
S4#S5%2x S?
—R)

N

Figure 7: A Z,@®Z,-invariant decomposition of S? x S? with U an exotic S* x R at the end of
two exotic R*-homeomorphs R and R* in the (noninvariant) S*-summand.

planes (Corollary 4.9), and requires infinitely many local maxima in any diagrams (Corollary 4.11). These
seem intractable to draw explicitly. (A more detailed comparison of the two types of exotic planes appears
at the beginning of Section 6.) As applications, we show that many embedded surfaces, including all those
arising from compact surfaces embedded in the 4-ball rel nonempty boundary, have infinitely many exotic
cousins (Section 4.3), and that the singularities of almost-smooth surfaces arising from Freedman theory
as in Corollary 2.8 typically require infinitely many local minima (Theorem 1.7, proved in Section 4.4).
We also exhibit exotic planes with uncountable groups of symmetries that are not pairwise isotopic to the
identity (Section 4.5).

4.1 An exotic Z,@®Z,-action

In [Gompf 1993], the 4-sphere is exhibited as the union of two open subsets R and R* (the former
denoted by R’ in [loc. cit.]). Their intersection U = R N R* is homeomorphic to S 3 X R, but has no
smoothly embedded S3 separating its ends. In particular, each of R and R* is a small exotic R*. Let
N = R#S?x S2,s0 R* UN is identified with S2 x S? (Figure 7). There is a standard action of
G =7, ®Z, on S? x S? given in holomorphic affine coordinates for S> = CP! by the three involutions
ry(u,v) = (i, 0), rz(u,v) = (v,u) and ry(u,v) = (v, it). By construction, U, N and R* are invariant
under the action, although the connected sum decomposition of N is not. Figure 8(a) shows N with the
involutions given by mr-rotation about the corresponding coordinate axes (so 7y is w-rotation in the plane
of the paper). To understand the figure, first interpret the fine circles as 2-handles. These equivariantly
cancel the 1-handles, resulting in a diagram of S? x S?2 with its G-action. Now imagine each fine
2-handle decomposed as a 1-handle and two 2-handles that are interchanged by r,. (This could be drawn
explicitly by adding a pair of balls to each fine circle where it intersects the z-axis.) For a fixed Casson
handle CH, we can G-equivariantly embed a copy of CH into each of the four resulting 2-handles. (Use
the standard embedding of Section 2.4, so each CH is topologically (nonambiently) isotopic to the open
2-handle containing it.) Equivalently, we are r-equivariantly embedding a Casson handle 2 CH (made
by gluing together two copies of CH) into each of the two fine 2-handles in the figure. The manifold N
is obtained by replacing the fine 2-handles with these r,-invariant Casson handles and removing the
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Q/ branch locus
@ 0 2CH (b)

Figure 8: The 4-manifold N with its G-action (a) and its quotient N, (b). Putting a dot on one
large 0-framed curve in (a) gives R, a small exotic R* with a G-action of its end.

remaining boundary, so it is topologically (nonambiently) equivariantly isotopic to S2 x S2 minus the
4-handle. Its complement in S? x S2, together with the topological open collar U of N, is R*. The
G-actions on N and R* are topologically standard. That is, up to homeomorphism, the action on N
is given by the standard action on S? x S2 minus a fixed point, and the action on R* is obtained by
rotating about the three coordinate axes of R? in R x R. To see R, surger the S?x.S2-summand out
of N (nonequivariantly) by replacing the 0-framing on one of the large curves by a dot. Note that since N
and R are each made from a compact manifold by attaching Casson handles, they can be drawn explicitly
(sometimes modulo the issue of the required complexity of CH). The manifolds and planes constructed
from these can also be drawn (Section 5). In contrast, R* is obtained by removing topological core disks
or closed neighborhoods of these, obtained by infinitely iterated Freedman reembedding (Section 2.5), so
it seems an intractable problem to explicitly draw it or any derived exotic objects.

Exoticness of R and R* follows from the original construction of N. For suitably chosen CH, N embeds
in the middle level of an h-cobordism between two nondiffeomorphic closed 4-manifolds X, and X;
that are distinguished by gauge-theoretic invariants. (This construction goes back to [Casson 1973-76]
with a more complicated version of /V; see also [Gompf and Stipsicz 1999, Section 9.3].) The two large
0-framed curves represent the unique ascending and descending 2-sphere of the h-cobordism, with one
extra pair of intersection points. Adding a dot to one curve surgers the corresponding sphere out of N,
exhibiting copies of R in Xy and X7, respectively. Each copy of R contains a compact set K (obtained
from Figure 8 by removing the fine curves and dotting one 0-framed curve) such that the manifolds
X; —int K are diffeomorphic. Then R — K has no smooth S? separating its ends, for otherwise X, and
X1 would only differ by homotopy 4-sphere summands, so their invariants would agree. Thus, U C R— K
has no S3 separating its ends, so R and R* are exotic. Neither of the diffeomorphisms 7 or r, can extend
over R, since we could otherwise construct a diffeomorphism between X, and X;. However, the diagram
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shows that r, does extend. By [BiZaca and Gompf 1996], we can take CH to be the Casson handle CH
with a single positive double point in each kinky handle, or any refinement of it. (We will need to pass to
an arbitrarily large compact subset of N to obtain the embedding in an h-cobordism, but the rest of the
discussion still applies.) We can then obtain uncountably many diffeomorphism types of R by embedding
suitable, highly ramified refinements into CH as in the proof of Theorem 2.7, varying the thickness of U.
These R*-homeomorphs are distinguished by the end-periodic h-cobordism argument of [Demichelis and
Freedman 1992], applied as in [Gompf 1993, Section 1] to the h-cobordism realizing the simple version
of N in Figure 8. (One can similarly vary R*, but distinguishing the resulting diffeomorphism types may
require new tricks.)

The various quotients of the G-action are determined in [Gompf 1993]. We denote by Ny and Ng
the quotients of N by rx and by G, respectively, and similarly for the other quotients. The quotients
other than for ry are standard: R} ~ R} ~ R ~ Ny ~ Ng ~ R* and N, ~ CP? —{p}. The induced
involutions on the Z5-quotients, and hence their induced maps to Ry, and N, are also standard (complex
conjugation in the case of N;). The involution r, on N = R#S 2 x 82 restricts to a topologically standard
involution on R, yielding a topologically standard branched covering R — R* of the standard R* by a
small exotic R#, as first observed by Freedman. (Surgering N to R does not change the quotient, but
surgers the branch locus from a punctured torus to an exotic plane; see Section 5.2.) The quotient Ny
is shown in Figure 8(b) (where the —1-framing is the blackboard framing), and its complement in the
quotient CP2of S2x S 2, extended by the topological collar Uy, is R%. The figure exhibits Ny as a
Casson handle attached to B* along a —1-framed unknot. (The first stage is explicitly drawn and isotopic
to the mirror image of Figure 2(a) by symmetry of the Whitehead link, so it has a negative double point.
The higher stages are given by 2 CH.) For CH sufficiently ramified, Ny embeds in X = CP2#kCP?
representing the class « as in the proof of Theorem 3.2 (with reversed orientation). Then N, is an
exotic open Hopf bundle with no smoothly embedded sphere generating its homology. As in Section 3.2,
R then has the same end as a nondiagonalizable, positive-definite 4-manifold (made from X by deleting
a compact subset of Ny), so it is a large exotic R* with a compact subset that cannot embed in any
closed, positive-definite 4-manifold, and Uy = Nx N R} has no 3-sphere separating its ends. Furthermore,
R lies in an uncountable family of pairwise nondiffeomorphic R*-homeomorphs obtained by varying
the thickness of its topological collar Uyx. The map R} — R, is a topologically standard branched
covering map from a large exotic R* to the standard R*. (In addition, the map R* — R is a topologically
standard branched covering from a small exotic R* to a large R*, showing that the large/small dichotomy
does not have a simple relationship with such branched covers. It is still an open question whether the
standard R* has such a map to an exotic one.)

4.2 Families of exotic planes

We now have a supply of exotic but topologically standard double branched coverings of R*, whose
branch loci in R* must then be exotic planes. Recall from the end of Section 2.2 that double branched
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covering induces a monoid homomorphism from isotopy classes of topologically standard planes to
R#-homeomorphs, which descends to their partially ordered quotient monoids (where the equivalence and
partial order for planes are defined preceding Theorem 1.6). This immediately allows us to apply exotic
R# theory to exotic planes. We first prove Theorem 1.6, constructing uncountable families of exotic
planes that are well behaved under the partial order, then consider the end sum operation. Subsequent
subsections expand these ideas to more general knotted surfaces and to exotic planes with group actions.

Proof of Theorem 1.6 When we vary CH in Section 4.1, the resulting small R#-homeomorphs R range
over uncountably many diffeomorphism types. These realize uncountably many diffeomorphism types of
ends since only countably many manifolds can have a given end. The branch loci of the corresponding
involutions 7, on R must then realize uncountably many isotopy classes of exotic planes P in R* (which
we call simple), determining uncountably many classes of exotic annuli. In Section 5.2, we will see that
these planes are all generated by unknots, which will complete the proof of Theorem 1.5(a). Embedding
each CH in a 2-handle r-equivariantly embeds R in R* without enlarging the branch locus, showing that
P <RZ2. Since (R* R?) embeds in every (X, F) with F ~ R?, restricting to a diffeomorphism R? — F,
P is equivalent to the standard plane, as required to prove Theorem 1.6(a).

While the large exotic R} lies in a pairwise nondiffeomorphic family parametrized by an interval, it
requires more care to construct an uncountable family with quotients R identified as R*. We expand the
argument identifying Ry, in [Gompf 1993]. Let C C CH be a compactum as in the proof of Theorem 2.7,
so that C is cellular in any 4-manifold X" whose interior contains CH. We can now locate R in Figure 8(b)
as the complement in CP2ofa compactum obtained from a thinner version H of the given handlebody
(ignoring the fine circle) by attaching a copy of C inside each copy of CH. (The proof in [loc. cit.] used an
almost-smooth core disk in place of C but was otherwise the same.) The remaining involution is given in
Figure 8(b) by m-rotation about the z-axis and preserves R}. Its branched covering map sends CP2to S*
and each pictured handle of H to a 4-ball attached to a previous 4-ball along a 3-ball in its boundary. (For
example, the attaching region of the 2-handle is a solid torus covering a 3-ball branched along a trivial pair
of arcs.) The two copies of CH are identified to a single copy, attached along half of its attaching region to
the 4-ball B comprising the image of H, so Ry, = S*—(BUC)~ S*—C ~ §*—{p} ~R*. Varying the
parameter over X as in Section 3.2 now gives a Z,-invariant nested family of pairwise nondiffeomorphic,
large exotic R*-homeomorphs R whose quotients under the topologically standard involution are R4.

Theorem 1.6(b)—(c) now follow from the exotic R* theory discussed in Section 3.2. For ¢ € X, let R;
be the corresponding large exotic R*, and let P, C R* be the corresponding branch locus. For ¢ < ¢/, the
inclusion R; C Ry was constructed to have compact closure (for the periodic end argument). However,
the fixed set of the involution on R} avoids the Casson handles CH (although it intersects the 1-handle
separating them in 2 CH) so after an equivariant isotopy we can assume the inclusion sends the fixed set
of R; onto that of R}. This shows P; < Py . If also s <" in X, we then have P P, <Py f P, where
the bar denotes reversed ambient orientation. If s > s" or z > ¢/, Rl R; cannot embed in Ry f Ry, so the
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map from X x X to equivalence classes of exotic planes is an order-preserving injection, proving (b). If we
replace the exotic planes P; in this family by those coming from (a), the second summand no longer affects
the resulting equivalence classes, which are then bijectively parametrized by s € X, preserving order. For
fixed s, the corresponding R#-homeomorphs still realize uncountably many diffeomorphism types [Gompf

1993, Section 1] (since Rg embeds in CP2, so the end-periodic h-cobordism argument still applies; see
Section 3.2). Thus, we obtain uncountably many exotic planes in each equivalence class, proving (c). O

Sharpening our techniques, we now exhibit exotic planes with infinite order under end sum. While this is
not surprising, it provides uncountable families that we will subsequently show have arbitrarily large g*°
(Corollary 4.9). The same proof shows that some exotic planes have a certain rigidity, and shows in
Section 4.3 that many proper 2-knots have infinitely many exotic cousins.

Theorem 4.1 There is an exotic plane P whose n-fold sums P, = t]n P formaset{P,|n=0,1,2,...,00}
of the same order type as its index set. In particular, the sums P, are all distinct. For every n € 7%, there
is a compact subset K of R* such that no pairwise self-diffeomorphism of (R*, P,) sends K into R* — K.
(This clearly fails for n = 0, 00.) There is an uncountable family of such planes P indexed by X such that,
for each fixed n € 7", the resulting planes P, are all distinct, with order type given by X.

Proof This follows from the analogous results for R*-homeomorphs. First we construct a variation
of RY. Let X' = CP2#16CP2. By Freedman’s classification [1982], X splits topologically as CP2#Y,
where Y is a topological manifold with an even, positive-definite intersection form of rank 16. (Note
that the intersection form of the latter sum is isomorphic to that of X’ since both forms are odd and
indefinite with the same b4..) The latter splitting exhibits a topological CP! whose tubular neighborhood
can be smoothly exhibited in X’ as a Casson handle attached to a 4-ball (as in the proof of Corollary 2.8).
After refinement, we may assume this neighborhood is diffeomorphic to N, from Section 4.1. The only
complication is that the first stage of the Casson handle, as exhibited in Figure 8(b), may require additional
double points. We may assume, after further refinement, that these occur in pairs of opposite sign as in
Figure 9 (whose first stage is isotopic to the mirror image of Figure 2(c)). This similarly extends the
diagram of the double branched cover in Figure 8(a), which is in turn realized by making finger moves
in the middle level of the h-cobordism. The discussion in Section 4.1 then applies as before (for CH
sufficiently ramified) with the end of R} agreeing with that of an even, positive-definite, simply connected
4-manifold. Since R} is embedded with compact closure in a larger exotic R* in C_P2, it lies in a
compact submanifold Q of CP2 whose double Z = 0 Uig, O is a closed, spin 4-manifold containing R3.
It follows that the manifolds R, = ﬂn R} forn =0,1,2,...,00 are ordered like their index set: If
R, embeds in R, with m > n, then R, contains disjoint copies of R, and R;. Iterating, we can find
arbitrarily many disjoint copies of R; in R, C #, Z. Since the (simply connected) end of R; = R}
agrees with that of a positive-definite spin manifold, cutting and pasting gives a closed, spin 4-manifold
with b— = nb_(Z) fixed and b arbitrarily large, contradicting a theorem of Furuta [2001]. By the
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branch locus

Figure 9: A more complicated version of Ny.

previous proof, R} varies over a Z,-invariant, X-indexed family whose quotients are diffeomorphic
to R*. (Replace B U C by a boundary sum Cx = B fj kC, where Figure 9 has k copies of 2 CH. This is
still cellular.) For each n € Z™, the corresponding family of manifolds R,, is nested with the order type
of 3. (Otherwise we could put a periodic end on a nondiagonalizable, definite manifold constructed as an
n-fold end sum).

The theorem now follows easily. Set P equal to the branch locus in R, ~ R* generating R%.Form <n
we have R2 < Py_m, SO0 Py &~ Py, th < Py} Py—pm = Py. For m > n this inequality cannot hold since
double branched covering preserves order. The 3-ordered families follow similarly. (As in the previous
proof, the branch locus of R} avoids the copies of CH.) To construct K of the theorem, note the previous
paragraph shows that for fixed n € Z™T, there is a finite upper bound on the number of disjoint copies
of Ry that can be simultaneously embedded in R,. Let K’ C R be a compact submanifold containing a
slightly smaller exotic R* whose end still agrees with the end of an even, definite manifold. Then the
same argument bounds the number of disjoint copies of K’ in R,,. Let K be a compact submanifold
of R, containing the maximal number of copies of K’. Then K cannot embed in R, — K. Let K C R*
be the image of K under the branched covering. Then no diffeomorphism of (R*, P,) can send K
into R* — K. m

4.3 Knotted surfaces

The proof of Theorem 4.1 also shows that many other surfaces in 4-manifolds are topologically isotopic
to infinitely many distinct embeddings. In fact, we will see (Corollary 4.4) that this holds for the interior
of any compact surface embedded rel nonempty boundary in B*. Recall from Section 2.2 that an end
sum (X, F1)f (R*, F,) can naturally be written as (X, F; fj F»), uniquely up to smooth isotopy if each
F; has a unique end and finite genus. If F; has several ends, we may need to choose one to specify the
isotopy (or diffeomorphism) type, and if it has infinitely many ends or infinite genus, we may need to
specify the defining ray in F;.
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Theorem 4.2 Let F' C X be a noncompact surface embedded in a 4-manifold, with a double branched
cover X embedding in a compact 4-manifold W (possibly with boundary).

(a) If W is spin, then, for any family { P, |n = 0,1,2,...,00} as constructed in Theorem 4.1, the
pairs (X, F,) = (X, F) | (R*, P,) (using fixed auxiliary data for F if needed) are all topologically
isotopic to (X, F), but no two pairs are diffeomorphic.

(b) If W is instead closed, simply connected and definite, then (X, F) is topologically isotopic to
uncountably many nondiffeomorphic pairs of the form (X, F;) = (X, F) ij (R*, P), where P
(up to orientation) varies over simple exotic planes as constructed in the previous sections for
Theorem 1.6(a).

Proof For (a), assume after doubling if necessary that W is closed. The proof of Theorem 4.1 (with
an extra X -summand) shows that for m > n, there is no embedding (X, Fy,) — (X, F,) sending Fj,
onto Fy, so the pairs are pairwise nondiffeomorphic. (If the original embedding X CWhasa sufficiently
complicated set-theoretic boundary, we may have to improve the embedding by deleting a tubular
neighborhood of a ray from X. This creates a new embedding of X with some smooth 3-manifold
boundary, so we may construct the end sum X i R, inside the spin manifold W #nZ.) For (b), reverse
orientation on X if necessary so that W is negative-definite and orient the planes P as usual. Then the
double branched covers (for any choices of auxiliary data) have the form X i R with X C W and R asmall
exotic R* as in Section 4.1. These represent uncountably many diffeomorphism types by [Gompf 2017a,
Lemma 7.3]. (That lemma followed from the end-periodic h-cobordism method with a negative-definite
end; see Section 3.2. It used a slightly different version of R, but the difference does not affect its proof.) O

Remarks 4.3 The above proof actually shows that (b) remains true under the weaker hypothesis that each
compact, codimension-0 submanifold of X lies in some W as given. However, the simple connectivity
hypothesis is essential for the proof since a nontrivial 71 (W) would show up in the end of the associated
end-periodic manifold, obstructing the required theorem from gauge theory. (To see a typical difficulty, note
that the interior of the E'g-plumbing violates the periodic end theorem if we drop simple connectivity of the
end.) Note that (a) only requires enough auxiliary data to determine X i R,. For example, no such data is
needed if X is simply connected at infinity (or its unique end is Mittag-Leffler [Calcut and Gompf 2019]).

Corollary 4.4 Suppose F is a compact (orientable) surface embedded (smoothly) in the 4-ball with
FN03B* = 0dF # @. Then there are infinitely many surfaces in int B* ~ R* topologically but not smoothly
isotopic to int F.

Proof It suffices to show that the double cover of B* branched along F is spin, for then (a) of the
theorem applies. The spin structure on B* lifts to the double cover E of E = B*— F. This spin structure
does not extend over the lifted branch locus F. However, H 1(E) is Z (since F is orientable) with 7 (E )
mapping onto 27, so there is an element of H! (E ; Z:») pairing nontrivially with the meridian of F. This
modifies the spin structure on E so that it does extend. O
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There are also nontrivial slice disks in B* whose interiors are topologically isotopic to uncountably many
embeddings R? < R* by (b), for example with W the double of a contractible branched double cover.
These results suggest the utility of separating the study of smooth proper 2-knots in general from that of
exotic planes. Recall that the topologically standard proper 2-knots constitute a submonoid of all proper
2-knots (as well as of various other monoids of embedded surfaces). Thus, the submonoid has an “action”
whose orbit space is obtained by calling two proper 2-knots equivalent if they become isotopic after end
sum with suitable exotic planes. The orbit space has a well-defined forgetful map into the monoid of

topological proper 2-knots up to topological isotopy. This is surjective by Proposition 3.7.
Question 4.5 How far is this forgetful map from being injective?

See also Questions 6.7. The question can similarly be formulated for all noncompact pairs (X, F).
4.4 Genus at infinity and the Taylor invariant

The proof of Theorem 4.1 allows us to more deeply understand exotic annuli and singularities of surfaces,
including the structure of their radial functions, using g and the Taylor invariant [1997]. For simplicity,
we use the following variant of the latter:

Definition 4.6 For a spin 4-manifold V, define y* (V) € Z=° U {oo} to be the smallest b such that every
compact, codimension-0 submanifold Q of ¥V embeds in a closed, spin 4-manifold with b = b_ < b.

We will not need the actual Taylor invariant y(V'), whose definition is more technical but applies to all 4-
manifolds. (It focuses on those compact subsets Q that lie in suitable 4-balls topologically embedded in V.)
But it is immediate from the definitions that y (V) < y*(V') with equality whenever V is homeomorphic
to R*, so we will use the two interchangeably in the latter case. We immediately obtain some useful

properties:

Proposition 4.7  (a) The invariant y* is nondecreasing under inclusion and subadditive under end
sum.
(b) When y*(V) is finite, there is a compact Q C V such that every open U with Q C U C V has
y*U) =y*(V).
(¢) For the double branched covers R;, of the exotic planes P, of Theorem 4.1, y(Ro) is infinite,
while the other values y (Ry) are finite and nonzero for n # 0 but become arbitrarily large as n
increases.

Note that (c) again distinguishes infinitely many diffeomorphism types in { R,} and hence in { P, }.

Proof (a) Nondecreasing behavior is clear. For subadditivity, note that an end sum is exhausted by
boundary sums of compact subsets of the summands.

(b) Since y*(V) is finite, there is a Q that admits no embedding as in the above definition with b < y* (V).
Any such Q works by (a).
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(¢) We return to the proof of Theorem 4.1, which exhibits R, as ﬂ n R%, with R} embedded in a closed,
spin manifold Z with b4 = b_. The embedding shows that y (R}) < b (Z) is finite, as is y (R,) (by
subadditivity). To see that y(Rj) takes arbitrarily large values, choose Q C R’ large enough to contain
an exotic R* with the same end as an even, definite 4-manifold. Then, for any finite b, Furuta’s theorem
gives an upper bound on the number of disjoint copies of Q that can be found in a spin manifold as
in Definition 4.6, forcing y(R,) to increase without bound. Now y(R,) > 0 for all finite n > 0 by
subadditivity, and y(Ro) is infinite since y* is nondecreasing under inclusion. O

We can now analyze g®°(Py) via the following:

Proposition 4.8 Let I C R* be a surface whose end is annular, and let V be the double branched cover.
Theny (V) = y*(V) < g(F) + g (F).

Proof Since V is spin (as in the proof of Corollary 4.4), y*(V') is defined and satisfies the first inequality.
It now suffices to assume g (F) is finite. Given a compact submanifold Q of V, we can modify (R*, F)
outside of the image of Q to get a closed surface F in S$* with genus g(ﬁ) = g(F)+ g*(F). The
double branched cover Y of S* along F is the required closed, spin manifold containing Q and with
by =b_ = g(ﬁ ): Since Fis orientable, it has a Seifert hypersurface. Pushing its interior into the
5-ball and double covering shows that ¥ bounds so has signature 0. The equalities for b4 then follow
immediately from [Hsiang and Szczarba 1971, Theorem 3.2]. O

Corollary 4.9 The exotic planes P, = H o P of Theorem 4.1 (with P fixed) realize infinitely many values
of g®°. Varying P realizes each of infinitely many values of g°° by uncountably many exotic planes.

This again shows that no two of the exotic planes Py are isotopic (for each fixed P), since otherwise the
monoid structure would show that there were only finitely many isotopy classes.

Proof We show below that g®°(P) is finite. It follows that g°°(Py) is finite for all n < co. (More
generally, g*° is subadditive on end sums.) Since y(Rj) takes arbitrarily large values, the proposition
then shows that g (P,) takes infinitely many values. Fixing n € Z™ and varying P as in Theorem 4.1,
we obtain uncountably many diffeomorphism types of the form R,,. For sufficiently large parameter values
in X, these all have the same value y of y(R,) (Proposition 4.7(b)). The corresponding uncountable
family of exotic planes P, all have g®°(P,) > y, so at least one value of g > y is realized by uncountably
many such planes. Since increasing » makes y arbitrarily large, the last sentence of the corollary follows.

To verify finiteness of g (P), recall that the fixed set RP? of our involution on CP?2 (rotation about
the y-axis in Figure 9) is disjoint from the Casson handles CH (although it intersects the 1-handles
between them inside each 2 CH), and that the image Ry, of R} in the quotient S 4 is a standard R*
complementary to a cellular set Cy, = B fj kC and intersecting RP? in P. Then P is the interior of a
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compact disk D* in RP2, with dD* lying in the manifold part of dC. Since int Cy, is simply connected,
we can cap off D* with a compact surface F' C Cy of some genus g. By cellularity, R, = S e
is diffeomorphic to S* — {p} with p € int Cy — F, fixing a preassigned compact subset of the domain.
Pulling back D* U F to R, gives a genus-g surface in R# agreeing with P on a preassigned compact
subset, showing g*°(P) < g. |

The Taylor invariant gives yet another way to analyze the complexity of annuli in R*, by considering
local maxima and superlevel sets r~![a, 0o) of a radius function.

Theorem 4.10 Let F C R* be a surface whose end is annular, with 7t (R* — F) finitely generated, and
with double branched cover V. If y*(V) > 2g(F), then the distance function to a generic point of R*
must have infinitely many local maxima on F.

It is unclear to the author whether the 71-hypothesis is necessary. However, it is automatically satisfied
in our case of interest, when the annulus at infinity is topologically standard (so compactifying gives a
locally flat surface in S*).

Corollary 4.11 Any level diagram (using the radius function) of an exotic plane from Theorem 1.6(b)—(c)
or 4.1 requires infinitely many local maxima.

Proof The double branched cover V' of any of these has a compact submanifold Q (in some R%-
summand) that does not embed in a closed 4-manifold with b— = 0, so y*(V') > 0. O

Scholium 4.12 below gives exotic planes satisfying the even stronger condition that the number of
components of the regular superlevel sets must become arbitrarily large with increasing radius. In contrast,
we show in Section 5 that the simple exotic planes from Theorem 1.6(a) have diagrams with no local
maxima, so their superlevel sets must be connected.

Proof of Theorem 4.10 The level diagram of F determined by the distance function can be used to
construct a handlebody whose interior is V. One approach is to first construct the complement of F. This
is obtained from a 0-handle by adding a (k+1)-handle for each k-handle of F (eg [Gompf and Stipsicz
1999, Section 6.2]). If F has only finitely many local maxima, then its complement will have only finitely
many 3-handles. Since V' is made by double covering and adding a 2-handle and 2g(F) 3-handles, it
will also have only finitely many 3-handles. Suppose Q is a compact subhandlebody in V' containing all
of the 3-handles. Since Q embeds in its double DQ, which is closed and spin with signature 0, it suffices
to show

1bs(DQ) = b2(Q) < by (V) = 2g(F).

The first two relations are essentially Taylor’s proof [1997, Theorem 4.3] that (V') < b, (V') for any
4-manifold with finitely many 3-handles. We simplify the details by avoiding the delicate nonspin case.
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The inequality follows immediately since V is built from Q without 3-handles. The obvious retraction
DQ — Q splits the long exact sequence of the pair to give

Hi(DQ) = Hi(Q) ® Hi(DQ. Q)
for each k. For k = 2, the last term is isomorphic to H,(Q, dQ) = H?*(Q), giving the first equality.

The last equality was essentially proved by Hsiang and Szczarba [1971] in the case of a topologically
standard end (equivalently for closed manifolds). The general case follows the same method: we wish to
show b (V) = 0 = b3(V), for then an easy Euler characteristic computation completes the proof. The
second of these equalities follows from the first— immediately from duality in the closed case of [Hsiang
and Szczarba 1971], and with a bit more work in our setting: If b3(V') # 0, then there is some compact
Q' C V with connected boundary, carrying a class « € H3(Q’) that maps nontrivially into V. This
group injects into H3(DQ’) by the above splitting. Thus, some B € H;(DQ') intersects « nontrivially.
Since dQ’ is connected, we can assume B € H{(Q’). Since B -« # 0, it follows that B has infinite order
in Hy(V), so by (V) # 0. To show that b; (V) vanishes, let Y be obtained from the exterior of F in R*
by adding a 2-cell along a curve wrapping twice around the meridian. Then 771 (Y') is finitely generated by
hypothesis, and H;(Y) = Z,. The double cover of Y has 7; ()7) =~ 71(V') an index-2 subgroup of 7 (Y).
Apply [Hsiang and Szczarba 1971, Lemma 4.1]: since 71 (Y) is finitely generated with finite cyclic Hy,
and 7r1 (V') has prime-power index in 7r1(Y) with abelian quotient, we conclude that Hy (V) is finite. O

We now exhibit exotic planes for which the number of components of the superlevel sets must become
arbitrarily large:

Scholium 4.12 There are uncountably many exotic planes P C R* with g>°(P) = oo such that, for
eachm € 7%, there is a compact K C R* for which every P-transverse integral homology ball B C R*
containing K has complement intersecting P in at least m components. Any annulus (or surface with
annular end) in R* inherits these same properties after end sum with P.

Proof Let P be any exotic plane whose double branched cover V' has infinite Taylor invariant, so
g°%°(P) = oo by Proposition 4.8. For example, we can obtain uncountably many of these starting with
some P, from Theorem 4.1 (so V = Reo) and applying Theorem 4.2(b) with (X, F) = (R*, Ps),
augmented by the first sentence of Remarks 4.3. Given m, we can choose K so that any B containing K
has double branched cover B C V that cannot embed in any closed, spin 4-manifold with b4+ = b_ < m.
Since P is a plane, the number of components of P — B equals b1 (P N B) + 1. To understand B, create
a connected surface (F, dF) C (B, dB) from P N B by connecting its components near dB using the
minimal number of 1-handles. Then b (F) = b1 (P N B). Applying [Hsiang and Szczarba 1971] as in
the proof of Theorem 4.10, we see that the double cover Q of the integral ball B branched along F has
b,(Q) = by (F) (the right side replacing 2g (F') in the previous argument) and contains a copy of B, so
m=<by(DQ)=>b,(Q)=b(F)=>b1(PnN B). The first sentence of the scholium follows immediately.
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A similar argument (with m shifted) applies to Af P for any annulus A C R*, once we fill 4 by a compact
surface F that we choose K to contain. We also have g°°(A ] P) = oo since a genus-g surface capping
A ] P near infinity gives a cap for P of genus g + g(Fy). |

Remark 4.13 Other results from exotic R* theory descend similarly to exotic planes. For example, if R
is an exotic R* containing some R as in Section 4.1, it has a compact subset that cannot be enclosed by
a rational homology sphere. (It has the same end as a nondiagonalizable definite manifold. Capping the
latter by the rational ball cut out in R would contradict Donaldson’s theorem.) Thus, any exotic plane from
Theorem 1.6(b)—(c) or 4.1 has an associated compact subset of R* that is not enclosed by any 3-manifold
with corresponding double branched cover a rational homology sphere. This shows yet again that such
planes cannot be standard near infinity, for otherwise there would be large 3-spheres covered by S>.

We can now complete the discussion, begun preceding Theorem 1.7, of almost-smoothing topologically
embedded surfaces. As we have seen (Corollary 2.8), a compact, locally flat F C X is always topologically
ambiently isotopic to a surface that is smooth except at a unique point p, and [Gompf 2017a] allows
control of g and « of the singularity. We wish to understand the possible local level diagrams centered
at p (up to almost-smooth isotopy as defined before Theorem 1.7).

Proof of Theorem 1.7 First we dispense with the exceptional case of obtaining a singularity with g =0,
where F is initially smooth by hypothesis. Theorem 1.5(a) exhibits exotic planes in R* determining exotic
annuli with g% = 0. Explicit diagrams of these planes without local maxima are given by Theorem 5.2.
One-point compactifying any of these gives a topologically unknotted, almost-smooth sphere in S*
whose singularity has g = 0 and lacks local minima but is not smoothable by almost-smooth isotopy.
Connected-summing F with such a sphere gives the required almost-smooth surface.

For the remaining cases, a smooth F can be topologically isotoped to have a unique singularity, with
any nonzero (finite or infinite) ¥ and g = max{x4 }, using the one-point compactifications of the exotic
planes of Theorem 1.3. If F is not smooth we almost-smooth it as in Corollary 2.8, with the proof of
Theorem 1.3 (Section 3.1) realizing any x and g as before with « sufficiently large. Either way, the
singularity comes from a core of some Casson handle CHg. By construction, the numbers of first-stage
double points of CHf with each sign cannot exceed the desired x4, but the higher stages of CHg can be
chosen with arbitrarily large ramification. It now suffices to show that, in such a sufficiently ramified
Casson handle CHF, every almost-smooth core obtained by Freedman’s construction (Theorem 2.7)
requires infinitely many local minima, and to arrange our desired intersection condition of (b) of the
theorem. For the latter, after almost-smoothing F; delete its singular point p from a 4-ball neighborhood
of p, then invert to obtain an exotic annulus in R*. End-sum this with P from Scholium 4.12 and fill
p back in. The resulting surface is still topologically isotopic to F, but has g = oo, and the number of
components of its intersection with small homology balls increases without bound, as required. (The
complement of a homology ball in S* is again a homology ball.)
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To show that every Freedman core disk D of CHF requires infinitely many local minima, we (indirectly)
compare with an exotic plane P requiring infinitely many local maxima. We arrange the latter property as
for Corollary 4.11, by choosing P with double branched cover R} as in Section 4.1. We wish to arrange
CHF to be the same Casson handle CH that appears (twice) in Figure 8(b). We are not allowed to refine
the first stage of CH, but the topological Hopf bundle N, embeds as required in the almost-definite X
from the proof of Theorem 3.2 as long as the first stage of CH (in the second stage of Ny) has a negative
double point and the higher stages are sufficiently ramified [Gompf 1986]. As in Section 3.2, this shows
the corresponding R} has y > 0, as required, so we can assume CH = CHF after possibly reversing
orientation and refining both. (If CH has no positive first-stage double point, we lose the proof that the
double branched cover R* of R} is exotic, but this is not presently needed.) The core disk D C CHF = CH
is constructed as in the proof of Theorem 2.7 by shrinking a suitable cellular subset C. As in the proof of
Theorem 1.6 (Section 4.2), the quotient of R is given by Rf, = S4—(BUC)~ S*—{p}~R* Asin
the proof of Corollary 4.9, the branch locus RP? intersects R, in P and intersects d(B U C) transversely
in a knot K (bounding P) in its 3-manifold region. (This can be constructed explicitly by taking the
quotient of Figure 8(b). The branch locus in Ny intersects 2 CH only in a 2-dimensional 1-handle, with
the same core as the 4-dimensional 1-handle attached to H that separates the two copies of CH. In the
quotient N, this contributes a pair of arcs to K, running along the free half of the attaching region
of CH.) The knot X lies in the attaching region of the Casson handle whose closure is B U C, so after we
extend the core D across B, K lies in an S! x D? tubular neighborhood of 9D in d(B U C). Thus, the
diffeomorphism S* — (B U C) — S* — {p}, which created D, also sends the exotic plane P C R toa
surface that near p is given by a satellite on D — { p} with pattern [0, 00) x K C [0,00) x S! x D?. If
D had only finitely many local minima in its radial function, then some subdisk D’ C D containing p
would have none. Then D' — {p} in S* —{p} = R* would have no local maxima, and hence P would
have only finitely many, contradicting our choice of the latter. |

Scholium 4.14 The exotic planes of Theorem 1.3 with nonzero g and k*° require infinitely many local
maxima (assuming sufficient ramification in the construction).

Proof This follows immediately from the previous proof, since the ends of these planes are constructed
by puncturing Freedman core disks with arbitrarily large ramification above the first stage. a

4.5 Group actions

We now investigate symmetries of exotic planes. The main theme continues to be that we can extract
information from exotic R* theory. In this case, we consider [Gompf 2018], which constructed exotic
R*-homeomorphs admitting uncountable group actions that inject into the mapping class group, and
similar inextendible group actions at infinity. By expanding the theory to manifold pairs, we will obtain
similar actions on exotic planes. For a pair (X, F), let D(X, F) = no(Diff+ (X, F)) denote the group of
pairwise isotopy classes of pairwise self-diffeomorphisms preserving both orientations. We write D(X)
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if F is empty and D(F) if X = R*. Similarly, we consider pairwise group actions at infinity through
“germs” of pairwise diffeomorphisms:

Definition 4.15 A diffeomorphism at infinity of (X, F) is a pairwise proper embedding into (X, F)) of
the closed complement of a compact subset of X, up to enlarging the latter. Two such diffeomorphisms
are isotopic if they are pairwise properly isotopic after a sufficiently large compact subset is removed
from their domains.

Diffeomorphisms at infinity form a group under the obvious notion of composition. An action at infinity of
a group G is a homomorphism from G into this group. Let D*°(X, F') denote the group of isotopy classes
of diffeomorphisms at infinity. There is an obvious forgetful homomorphism D(X, F) — D°°(X, F).
It can be shown as in [Gompf 2018] that its kernel and cokernel must be countable. While D(R*)
is trivial, D*®°(R*) is unknown. (It is the group of invertible elements in the monoid of homotopy
4-spheres under connected sum [Gompf 2018], so countable and abelian, but its triviality is equivalent
to the 4-dimensional smooth Schoenflies conjecture.) Thus, we let D°°(F) denote the kernel of the
homomorphism D®(R*, F) — D> (R*). We obtain a homomorphism D(F) — D®(F).

Theorem 4.16  (a) There is an exotic plane P, on which the uncountable group Q% acts, as well
as all countable subgroups of R and S, and the free group G, on countably infinitely many
generators (where we use the discrete topology on each of these groups). These actions can be
chosen to inject into D(Poo) and D*°(Pso).

(b) There is an exotic plane P/ such that G, and all countable subgroups of R and S ! each act at
infinity, injecting into the cokernel D*°(P.,)/ Im D(PL,).

Both P, and P/ can be chosen to have g*° = 0 or oo (and be simple in the former case) and can be
chosen from among uncountably many isotopy classes in each case.

Note that R and S! have many countable subgroups. For example, (Q/Z) @ oo Q embeds in S! =R/Z,
rationally generated by Q /Z and the square roots of all primes. The group Q® cannot appear in (b) since
the given cokernel is countable. In the case g° = 0, the actions in the theorem are described explicitly
by level diagrams in R* in Section 5.4.

Proof We first construct the exotic plane P, and its actions. Let P be any of the exotic planes arising
in the proof of Theorem 1.6(a) or (c) in Section 4.2. By construction, P = P_ ] P4, where P_ is double
branch-covered by a small exotic (R, ry) from Section 4.1, and P is the standard plane in (a) of that
theorem, but double covered in (c) by a large R}, which we assume is constructed as for Theorem 4.1.
Let Py = ﬂ oo P- Then g°°(P) is 0 or oo in the two respective cases, by subadditivity of g> and
Proposition 4.8, respectively. (In the former case, the infinite end sum should still be considered simple;
see Section 6.) In either case, Pso can be chosen from uncountably many isotopy classes obtained by
varying R and applying [Gompf 2017a, Lemma 7.3] as in the proof of Theorem 4.2(b) (where X consists
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of all summands but one copy of R). For fixed P, Proposition 2.3 allows us to construct this infinite end
sum using any choice of countably infinitely many disjoint rays in R> C R*, and the resulting plane is
independent of the choice. To realize an action by a countable subgroup G of R, take the rays to be
[0,00) x G C R x R = R2. Then translation by any element of G determines a self-diffeomorphism
of (R*, Pso). (Truncating the rays as in the proof of Proposition 2.3 does not change the resulting exotic
plane. For a careful check that the action extends, see the proof of [Gompf 2018, Theorem 4.4].) For
subgroups of S!, do the same construction in polar coordinates. (Finite subgroups can be embedded in
infinite subgroups, or used for actions on finite end sums.) For Q% (or any countable direct product of
countable subgroups of R), realize each factor using a separate copy of (R*, R?) so that (—oo, —1] x R3
is held fixed, then end sum these together using another copy of (R*, R?) (fixed by the action). For G,
let F be a plane minus an infinite discrete set, consider a single ray in F x {0} C F x R?, and lift to the

universal cover R2 C R4,

The proof of (a) is completed by comparing with the proof of [Gompf 2018, Theorem 4.4], the cor-
responding theorem for R*-homeomorphs. By construction, the double branched cover of P can be
identified with the corresponding exotic R* in that proof. (The latter is denoted by Rg or Rg ] Ry
therein, depending on whether we are in the case g°° = 0 or co. We should use R from Section 4.1 in
place of the small exotic Rg that appears in that proof and in Remark 5.5(d) below, which causes no
difficulties since we presently have no need of Stein structures.) The double branched cover R, of P
is then an infinite end sum of these, and, by construction, the actions of the previous paragraph lift to
actions on R that were shown in that proof to inject into D(Roo) and D*°(R ). If any group element
y is isotopic to the identity in (R*, Pso), then its lift  to Ry is isotopic to either the identity or the
covering involution r. In the first case, y must be the identity by [Gompf 2018]. Otherwise, the same
proof applies to ¥ o r since r preserves the summands and commutes with the relevant involution r, at
the end of each R-summand. More strongly, any y # id cannot even be isotopic to the identity after
removing a compact subset, completing (a).

For (b), recall that the summand P_ of P is double branch-covered by (R, r,) (Figure 8(a)). We have
seen that the other involution r, on the end of R cannot be diffeomorphically extended over all of R.
Thus, it descends to an involution of the end of P_ that cannot extend to a self-diffeomorphism of
(R*, P_). (For an explicit description of this in R*, see Scholium 5.4.) The involution is standard on
the end of R* (ignoring P_) since it extends standardly over Ny . It preserves the orientation of R#
but reverses it on P_. Construct P, as in the previous paragraphs, except with the orientation on one
copy of P_ reversed. Then P/ is the same as Po, outside a compact set. In particular, the previous
group actions still inject into D*°(PL ) = D*°(Pwo). The double branched covers of P, and Py can
be diffeomorphically identified, but their group actions at infinity are then conjugate by an r,-twist on
one summand. According to [Gompf 2018, Theorem 4.6], nontrivial elements of the new group actions
can no longer extend over Roo. The same then applies to P. . The last sentence of the theorem follows
for Péo just as for P, since their double branched covers agree. O
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(a)

Figure 10: Exhibiting 7,,—1 C B, C int T, for n > 2. The tower T,_; is given by the thick curve,
whose (n—1)*" double is the attaching circle of 7,,—; and (in (a) before thinning) also of the large
solid torus 7, and CH4.. The 4-ball B, surrounds 7;—; and the 0-handle in (b).

S Level diagrams

We now explicitly describe some exotically embedded surfaces by drawing their successive levels with
respect to the radius function on R*, which we can take to be a Morse function on the surfaces. The
key step will be to understand the first stage core c¢; of a Casson handle, whose interior we have already
seen to be diffeomorphic to R* (Proposition 2.5). Once we can draw such immersed planes intc; in R*
explicitly, their ends will typically be explicit exotic annuli as in Theorem 1.5(b). We can then use the
satellite construction to obtain explicit diagrams of the simple exotic planes from Section 4 that prove
Theorem 1.5(a), the simplest being Figure 1 in the introduction. We focus on using the simplest Casson
handle CH ., whose kinky handles each have a single positive double point, then indicate how to generate
uncountably many isotopy classes by using more general Casson handles. We exhibit the inextendible
involutions of the ends of exotic planes used in the proof of Theorem 4.16(b), and indicate how to draw
group actions as in that theorem.

5.1 Annuli from Casson handle cores

First recall that the proof of Proposition 2.5 provides inclusions 7,1 C By C int T, for each n > 2, where
B, is the 4-ball mapped onto the ball of radius 7 by the diffeomorphism int CH;. ~ R*, and 7}, C int CH
is a suitably thinned version of the initial n-stage subtower of CH4.. The same proof shows that each 7}
in CH, is diffeomorphic to its top stage kinky handle, which can be identified with S! x D3. This is
pictured (as in Figure 3) by the large solid torus in Figure 10(a), extended by product with the interval
1 =0, 1]. Before thinning, 7,_; can then be identified with a neighborhood of the attaching circle of the
kinky handle, so it is represented by the thick Whitehead curve extended over the subinterval [% 1] clL
It follows by induction that the attaching circle dc; of T}, appears at ¢ = 1 as the n-fold Whitehead double
of the core circle of the solid torus. (By symmetry of the Whitehead link, this matches the description in
Section 2.4.) After the thinning operation, 7,,_; appears as the same solid torus given by the thick curve,
but only extended over [%, %] The core of this solid torus extends over [% 1] as an annulus A,. We see
inductively that intc¢y C | J 7, = int CH is obtained from the core immersed disk of the thinned 7' by
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Figure 11: The first stage core intc; of int CHy ~ R* as an infinite level diagram. For n > 1,
the tower T}, is embedded (with —2 twists) in B, 41 as the ball of radius n + % with a 1-handle
attached, extended to level r = n + 1 as the solid torus in the lower left diagram containing the
upper circle and o, box but disjoint from the lower circle.

its union with each of the annuli D"*~!4,, C T,, —int T),_; for n > 2. (Thus, it intersects the boundary of

each of the thinned copies of 7}, in its attaching circle, as required.)

To see int ¢y as a level diagram in R*, we must intersperse this description with the balls B, and interpret
these as round balls in R*. First we isotope Tj,_; vertically in T}, fixing the concave-left strand of
the clasp but moving the concave-right strand down to the interval [%, %] This vertically stretches the
annulus A, connecting 7,1 to 07}, but the projection to Figure 10(a) is unchanged. Next we move
T,,—1 along T}, preserving the coordinate ¢ in /, again fixing the concave-left strand, so that 7,_; projects
into a small ball as in (b). (This is an isotopy since the two strands of the clasp lie in disjoint intervals
of 1) This move preserves the blackboard framing, but lowers the writhe by 2, so we must put two left
twists into the embedding of 7}, in (b) to recover the O-framing in (a). The isotopy drags along the part
of A, witht < % but leaves the part with ¢ > % fixed, so that A4, is stretched across a horizontal disk at
t = % This is shown in (b), with the disk interpreted as a canceling 0-1 handle pair. Finally, we raise all
of T,,_ back to [%, %] This pushes the 1-handle of A4, to some level above %, but the 0-handle stays at
t= % since it is blocked above by 7,_. In this final configuration, viewed as levels with increasing ¢,
we first see a 0-handle of A, appear at f = % Its boundary persists until 7;,_; appears as a meridian
solid torus for % <t=< %. Att = %, that meridian becomes one boundary component of 4,, and then
persists until the 1-handle connects it to the boundary of the 0-handle. After this, the remaining boundary
is a Whitehead curve that persists until at # = 1 it becomes the other boundary component of A, the
attaching circle of the top kinky handle of 7,. We take Bj, to be a small 4-ball in 7}, containing 7,
and the 0-handle of A4, but not the 1-handle.

Combining the descriptions of intc; and A4, from the last two paragraphs, we can exhibit intc; € R*
recursively as Figure 11. At r = 1 we see a Hopf link, which we interpret as the boundary of a pair of
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Figure 12: Drawing the first stage core int ¢; of the Casson handle with the given signed graph.

intersecting 0-handles in the unit 4-ball, realizing the double point of ¢;. (The twist box on the single
strand of o is a reminder that the —2-framing on this component becomes the canonical 0-framing of
Definition 2.2 at subsequent stages.) As the radius function on R* increases to 2, a 1-handle connects these
disks while threading through another pair of 0-handle boundaries. The resulting twisted Whitehead curve
has now been exhibited bounding a disk with one double point, the core of 77, where 77 is embedded
with two left twists, along with a pair of 0-handles for DA, as in Figure 10(b) (n = 2). The next iteration
produces the 1-handles completing DA, as in that figure, along with the four 0-handles of D?A43 in Tj.
Iterating Figure 11 for all n € Z=° exhibits intc; in R*.

For an arbitrary Casson handle, the first stage core int ¢; can be drawn similarly. The main complication is
that we must use boundary sums of solid tori at each stage as in Figure 3. For example, the corresponding
diagram for CH,, , from Section 3.1 is made by drawing m + n copies of Figure 11 in separate regions,
n of these with reversed ambient orientation, and connected-summing them at each copy of «gy. (Note that
o lies in a left half-space whose intersection with the diagram is independent of » > 1.) The beginning
of a more typical int ¢y is shown in Figure 12. The core of the thinned first stage 77 is shown by the top
three disks connected with two bands. (This exhibits a disk with two positive double points whose regular
neighborhood is 77.) Each dashed arc represents a pair of parallel ribbons connecting the boundary of a
band to a pair of 0-handle boundaries. Then 75 is a ball containing these 0-handles and 77, with three
1-handles added along the dashed arcs. Each 1-handle of the surface has —20 twists, where o is the sum
of the signs of the double points at the next stage. For example, the upper left band is untwisted since
the set of disks it threads through corresponds to a pair of double points of opposite sign (as seen in the
second level of edges of the corresponding graph).

To draw an exotic annulus as in Corollary 3.3, it now suffices to delete an open disk from int ¢ containing
at least one sheet of each double point. (Note that dc; C dCH also bounds any almost-smooth topological
core, so the corresponding annuli are smoothly isotopic.) We could delete an arbitrarily large disk, so that
the diagram starts at some large radius r. However, it is easiest to see the pattern if we delete a small
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disk, namely the disk with boundary at » = 1 made from ¢ in Figure 11 or the disk bounded by the top
circle in Figure 12. Corollary 3.3 and its proof now imply:

Proposition 5.1 Figure 11 represents an exotic annulus, with boundary given by the circle containing o
atr =1, and with g = k4 = 1 and k_— = 0. We realize all nonzero values of k, with g = max{k4,k_},
by connected sums of copies of this diagram (suitably oriented), and uncountably many realizing each
value as in Figure 12. O

While we have explicitly described annuli realizing all nonzero g and « as sums of g or k4 + x_ suitably
oriented copies of Figure 11, the ramification required for uncountable families is harder to describe. In
principle, it can be described explicitly by applying Bizaca’s algorithm [1994] to Freedman’s uncountable
nesting of Casson handles. However, for the first Casson handle distinguished from a given CH,, , by this
method, the number of disks at the k*” stage increases highly superexponentially with k, and subsequent
Casson handles grow successively faster. On the other hand, it seems likely that Casson handles are
classified up to diffeomorphism by their signed trees, in which case the corresponding annuli are also.

5.2 Exotic planes

We now wish to draw a simple exotic plane P with double branched cover R a small exotic R* as in
Section 4.1. Recall that R is obtained from Figure 8(a) of N, the exotic punctured S? x S2, by a surgery
that changes one large curve from 0-framed to dotted. (We remove boundary as needed to get open
manifolds.) The involution r) is rotation about a horizontal line in the paper. Since we do not presently
need the other involutions of N, we can replace 2 CH by any sufficiently complicated Casson handle CH'.
In fact, R is exotic if we use CH or any refinement of it [Bizaca and Gompf 1996]. These refinements
range R over uncountably many diffeomorphism types (Section 4.1), realizing uncountably many ends
(since only countably many manifolds can have a given end), yielding uncountably many exotic planes P
and annuli.

The branch locus in N is the fixed set of ry, given in Figure 8(a) as an unknotted disk in the 0-handle,
bounded by the y-axis, together with a 2-dimensional 1-handle D! x D! inside each 2-handle D? x D2,
In the quotient, these 2-handles become 4-balls attached to the 0-handle along 3-balls, so they do not
contribute to the topology. However, the 1-handles inside them appear as in Figure 13(a) (which is
essentially [Gompf 1993, Figure 8], reflected as discussed at the beginning of Section 4 above). The
dashed arcs in the figure are ribbon moves exhibiting a level diagram of the obvious punctured-torus
Seifert surface pushed into the interior of the 4-manifold. (We have essentially inverted the Akbulut—Kirby
algorithm [1980] for drawing branched covers of pushed-in Seifert surfaces.) Surgering N to R replaces
an S? x D? by D? x S, where ry reflects both factors of each. This does not change the quotient
manifold, but surgers the branch locus along an unknotted disk. The resulting exotic plane P is obtained
in the figure by deleting one of the dashed arcs, breaking the previously visible r,-symmetry when
CH’ = 2 CH. Removing the Casson handle exhibits P as the interior of a ribbon disk D C I x S x D2,
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(a) 0 G CH’
/(_

<)

Branch locus

©

Figure 13: (a) Exotic punctured torus (with two ribbon moves) and plane P (with one ribbon
move) respectively branch-covered by N and R. (b)—(c) The corresponding pattern P = int D.

This is also shown after isotopy in (b) and (c). (The isotopy to (b) is r,-equivariant if the second ribbon
is shown symmetrically in (b), with the Casson handle 2 CH attaching to a meridian at the upper fixed
point of the dotted circle.) Replacing the Casson handle by a 2-handle in any of these diagrams cancels
the 1-handle, exhibiting D as an unknotted disk in the 4-ball. Thus, in the topological category, P is an
unknotted plane in R* as expected (and N is the branched cover of a topologically standard punctured
torus). In the smooth category, the pictured I x S! x D? is essentially a boundary collar of CH’, so we
get diffeomorphisms R, a int CH’ & R4, showing directly that P is smoothly a plane in R* (necessarily
exotic since it is branch-covered by R). We can identify [0, 1) x S! x {0} C I x S! x D? as the annulus
A =10,00) x S I Cintey of Proposition 5.1. (Think of CH’ as attached at level 0 € 1.) Thus, in
int CH' ~ R*, P is made from A by a satellite construction whose pattern begins with D near dA4 and
extends as [0, c0) x dD along the rest of A. This can be drawn by quadrupling all strands in the diagram
of A and inserting the generalized clasp of D shown in (c), using the canonical 0-framing of 4. We
conclude:

Theorem 5.2 Figure 1 shows a simple exotic plane double covered by an exotic R made as in Section 4.1
with CH replacing each 2 CH. The corresponding diagram with an arbitrary Casson handle CH’ in place
of CH is made from the diagram for CH’ as in Figure 12 by inserting o from Figure 1 (with the number
of twists in its box chosen suitably) and quadrupling the other strands. In particular, this includes an
uncountable family of distinct simple exotic planes whose ends determine distinct annuli. O

To use Figure 12 as drawn, for example, we would change the twist box in oy from —2 to —4. Unlike
for annuli, there is no known way to extract an explicit pairwise nonisotopic family of these planes, since
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we only obtain an uncountable family in which each isotopy class occurs at most countably often. (See
Section 3.2.) However, we do know there is an uncountable distinct family made from Casson handles
with only positive double points, by the method of [Gompf 2018, Proof of Lemma 3.2(b), end of Section 6].
As with annuli, we are free to conjecture that distinct signed trees determine different exotic planes.

Proof of Theorem 1.5 The main remaining step is to understand the behavior of the ends of our surfaces.
We first show that every Casson handle interior has g®(int¢;) = 0. For this, we one-point compactify
R* to S* and look at an arbitrarily small neighborhood of co. After further reducing this neighborhood,
we may assume its closure Z is the complement of some (thinned) int 7}, as in Section 5.1. Since the
latter is a neighborhood of a wedge of circles in S*, Z is a boundary sum of copies of S? x D?, made
from a dotted unlink diagram of 7}, by changing dots to zeroes. In the case of CH.., int ¢ intersects
0Z =0T, ~ S?x S!in D"~ D* i, where u is a meridian of the 0-framed unknot describing Z, and
the first double D* is taken using the —2-framing of u (Figure 10(b) with n replaced by n + 1). Since
the framing of 1 can be changed by any even number by sliding over the 2-handle of Z, we may instead
describe intcy NdZ as D" . After we reduce Z further by removing the 2-handle, this curve is exhibited
as an unknot in S3, so it obviously bounds an embedded disk in Z. This proves g*°(intc;) = 0 for CH..
The proof for an arbitrary Casson handle is similar, except that Z will be given by a 0-framed unlink and
other even framings of the meridians may arise (see Figure 12).

Theorem 1.5 now follows immediately. Corollary 3.3 already exhibited uncountably many annuli realizing
each nonzero value of k or g. These were the ends of surfaces intcy (for refinements of the Casson
handles CH, ), so had g* = 0, as required for (b) of the theorem. Each exotic plane P constructed for
Theorem 5.2 is a satellite on such an annulus A with pattern D U ([0, 0o) x dD). After we cap A4 by a disk
in Z as in the previous paragraph, we can also cap P since dD is unknotted in S3. The resulting 2-sphere
can be pulled entirely into Z along A, where it is seen to be unknotted since D is an unknotted disk in
the 4-ball. Thus, P is generated by unknots, so g°°(P) = 0. This proves (a), and the annuli determined
by these planes give the missing case of (b) with ky =k_ =g =0. a

Remarks 5.3 (a) Similar reasoning shows that a surface F in R* is generated by 2-knots whenever it
is a satellite on an annulus with pattern given by a slice disk D C I x S! x D2. If D is also unknotted
in B*, then F is generated by unknots (since the resulting sphere can be pulled into a neighborhood of
a circle near infinity, and this circle is necessarily unknotted, with the correct framing in Z,). It seems
harder in general to recognize when F is an exotic plane.

(b) Arguably, the most surprising point of this section is that the planes and annuli we have drawn with
level diagrams are topologically standard, so we check this directly in Figures 1 and 11. (The other
cases are similar.) Each pictured surface F (a plane or intc;) is exhibited without local maxima, so
any nullhomologous loop in its complement can be retracted to the spine of a nullhomotopy and then
pushed outward to a product of commutators in some 07}, — F. It now suffices to show that the image
of 71 (0T, — F) — m((R* —int T,,) — F) is abelian, for then 7; (R* — F) 2 Z, and the complement of
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an open tubular neighborhood of F has a system of neighborhoods of infinity (complementary to the
subsets 7},) with fundamental group Z. The neighborhood system guarantees that the pictured annulus is
topologically standard (equivalently, its compactification is locally flat) by Venema [1997], and the knot
group Z then implies that the plane in Figure 1 is standard (since its compactification is a topologically
unknotted sphere by Freedman, eg [Freedman and Quinn 1990, 11.7A]).

To prove the 1 -condition, recall that either diagram shows 7}, in the lower left picture as a solid torus T’
in the boundary of B, 41, extended by a collar into int B, 1, where 7" contains the upper component of
the thick Hopf link and avoids the lower one. Then 97, N F is the curve in T generated by the recursion.
The meridian p of 7" bounds a disk along a7} — F, parallel to the 0-handles whose boundaries are also
meridians. The longitude A of 7 is isotopic in R* —int 7}, — F to a meridian of the solid torus containing
these 0-handle boundaries. If we push p and A up to level n + 2, they become isotopic disjointly from F.
Thus, both are nullhomotopic in (R* —int 7},) — F. (The nullhomotopy of A, when taken to lie in R* — T},
except for A C 07, is a disk immersed with one double point; this is the core ¢, of the top stage
of Ty41.) It follows that the desired image of 71 (97, — F) is also that of 7 (T — F)/(m1(dT)). To
compute this group, we can remove the —2-twist box from o, erase the thick lower curve from the left
picture and work in S3. But we can recheck by induction that the resulting circle is unknotted. (The
twist box in each remaining oy disappears when we unwrap the Whitehead curve determined by o 41.)
Thus, this latter group and its image are abelian (in fact, Z), as required. A similar discussion applies to
surfaces generated by more general Casson handles as in Figure 12. The main difference is that each A
bounds an immersed disk with multiple double points (the core of the attached kinky handle).

5.3 The inextendible involution of the end

Recall that the inextendible actions of Theorem 4.16(b) were constructed using an involution of the end
of an exotic plane (R*, P) that could not be diffeomorphically extended over the pair. This involution
descends from either of the involutions r, or r, on N (Figure 8(a)), so is pictured as r, in Figure 13(a) of
Ny =~ R*. As we have seen, the pictured invariant punctured torus is the branch locus of the branched
covering N — N, and deleting one ribbon move yields P with the inextendible involution of its end. To
draw a level diagram of this, we must perform the satellite operation of Theorem 5.2 r,-equivariantly.
The pattern is seen in Figure 13(b), where we attach 2 CH to a meridian of the upper fixed point of the
dotted circle, with CH any refinement of CH (to guarantee that R is exotic). The level diagram of 2 CH
can be drawn by connected-summing two diagrams for CH so that they are interchanged by a m-rotation
that reverses the string orientation on the sum. The equivariant satellite operation then quadruples all
strands of 2 CH and at one fixed point inserts the generalized clasp exhibited at the center of Figure 13(b).
(This is awkward to draw in two dimensions, but can be visualized 3-dimensionally.) We conclude:

Scholium 5.4 For any refinement CH of CH, Figure 13(b) is the pattern for an r,-equivariant satellite
operation on the annulus obtained from 2 CH, exhibiting a simple exotic plane P whose end is symmetric
under a m-rotation of R*, but for which the involution cannot extend to any self-diffeomorphism of
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Figure 14: Ribbon disks for the (-3, 3, —3, 3)-pretzel link. Adding a Casson handle to each
meridian of the complement gives R with its involution r), and Z,@®Z,-action of its end (with ry
given by rotation about the vertical axis).

(R*, P). Symmetrically adding a second ribbon move to the figure gives an invariant, topologically
trivial punctured torus with the same exotic end as P. This is the branch locus of the branched covering
N — Ny ~R%. m

Remarks 5.5 (a) In the literature [Demichelis and Freedman 1992; Gompf 1993; BiZaca and Gompf
1996], R is often described by deleting a pair of ribbon disks of the (-3, 3, —3, 3)-pretzel link from B*
and attaching a Casson handle to a meridian of each component. These disks are shown in Figure 14
(ignoring the widely dashed circle). The two finely dashed arcs, one of which contains the point at infinity,
are the required ribbon moves. (One of these arcs immediately cancels, but we retain both to display
a symmetry.) Our current methods easily recover this pretzel link description of R, while exhibiting
the action by G = Z, & Z, on its end displayed in Figure 8(a): There is an isotopy of Figure 13(b)
interchanging the ribbon disks, after we isotope the disk bounded by the dotted circle to add a cancelable
ribbon move. This isotopy restricts equivariantly (under rotation about the z-axis) to the link (ignoring
the ribbon moves), so it preserves the inextendible involution of the end of P. We can now interchange
the roles of the two circles, so that P is given by the obvious disk bounded by the dotted circle and the
ambient R* is the complement of the other disk with a Casson handle added to its meridian. The double
branched cover R of P is now easily seen to be Figure 14, with branch locus given by the obvious disk
in B* bounded by the widely dashed circle. The involution ry is the pictured covering involution. If
the Casson handles 2 CH are attached to meridians at points projecting to the top of the dashed circle
in Figure 14, the full G-action of the end is generated by r, and rotation about the vertical axis, which
turns out to be ry in Figure 8(a). (This approach does not distinguish r, from r,. However, we can reach
this same conclusion directly from Figure 8(a) by considering the small dotted circles to represent disks
in B* and equivariantly canceling the large 1-2 handle pair of R. The required equivariant isotopies to
reach Figure 14, via [Gompf 1993, Figure 12], are difficult.)

(b) The pretzel link of Figure 14 actually exhibits a Z;—action extending the G-action above. This only
seems to contribute one additional G'-action to our current discussion (see (c) below), but the full Z;—action
may be useful for cork theory. This action can naturally be seen in the figure by one-point compactifying R3
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and identifying the page as the equatorial S? of S3 C R*. Then the three standard coordinate axes and
the three coordinate circles containing center points of the twisted bands become the intersections with S3
of the six coordinate 2-planes of R*, so are natural axes of rotation, generating the orientation-preserving
subgroup of the Z‘2t of coordinate reflections of R*. The antipodal map can be extended over R but fixes
only 0 € R* with quotient homeomorphic to a cone on RP3. Rotation in the plane of the paper extends over
the ribbon complement but cannot be further extended over R as an involution with branch locus R?, since
it sends each component K; of L to itself without fixed points. Such a rotation of K; would correspond to
arotation in d(2 CH) fixing the attaching circle. The resulting fixed set in 2 CH would then be a forbidden
smooth disk spanning the attaching circle. There are only two subgroups of order greater than 2 avoiding
these two elements. However, if we replace the Casson handles by 2-handles with a given framing n,
the full Z ;—action action extends over the resulting 3-manifold, and for 7 < —4 (and maybe larger) these
diffeomorphisms do not all extend over the resulting cork (see [Gompf 2018, Theorem 6.4(d)]).

(c) Recall from the beginning of Section 4 that our diagrams are oriented as in [BiZaca and Gompf
1996], so oppositely to [Gompf 1993]. We can now see that both conventions produce the same R*-
homeomorphs. This is because Figures 13(b) and 14 admit reflectional symmetries (diagonally). Thus,
there is an orientation-preserving diffeomorphism between Figure 8(a) and its mirror image (after surgering
the O-framed curve to a dotted circle, but before attaching the Casson handles). This preserves (up to
isotopy) the meridians where the Casson handles attach. Replacing both copies of 2CH by CH+ in
both diagrams now gives diffeomorphic smoothings R of R*, so the version from [Gompf 1993] is also
exotic without ramification via [BiZaca and Gompf 1996]. We similarly obtain a diffeomorphism for any
fixed choice of CH, and the involutions r) (but not r) correspond. The main difference between the
two conventions is that the quotients of r, (and similarly r,) have opposite orientations. Thus, Ny in
[Gompf 1993] is an exotic CP? — { p} with a positive double point while N, is standard, and R has
the end of a negative-definite, nondiagonalizable 4-manifold but lives in CP? and cannot embed in a
negative-definite, closed 4-manifold. For a suitably ramified CH, we obtain R as an exotic R* admitting
both G-actions, sharing the involution 7y, and with the corresponding large exotic R*-homeomorphs R¥
from the two actions mirror images of each other. The origin of this symmetry is that S x S2 has an
orientation-reversing diffeomorphism reflecting (say) the first factor. In holomorphic affine coordinates,
this conjugates the group action of Section 4.1 by complex conjugation in the first factor, interchanging
rx and r,. In diagrams, this reverses the clasp of the Hopf link and the orientation of one circle (so
the linking number is still 4-1). Equivalently, we isotopically flip over one circle fixing the other. The
symmetry is broken when we pass to the subset N by adding clasps and Casson handles, resulting in the
exotic quotient of NV lying in oppositely oriented Hopf bundles.

(d) There is also a simpler exotic R* appearing in [BiZaca and Gompf 1996] (see [Gompf and Stipsicz
1999] for a simpler construction) but it does not appear to admit an involution or generate an exotic plane.
(It does admit a Stein structure, while R does not appear to.) This arises since the middle level of the
h-cobordism has a 2-handle canceling the sum of the 1-handles in Figure 8(a). The resulting diagram has
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a single dotted circle, surrounding the central clasp, with a single meridian Casson handle that can be
any refinement of CH_y. The analogue of Figure 14 is the (=3, 3, —3)-pretzel knot K, also known as 94,
obtained from the figure by removing a right-twisted band (eg [Gompf 2018, Lemma 7.1]). This time
there is no symmetry cyclically permuting the bands, so the relevant symmetry group replacing Z g in (b)
above is Z%. Now the analogue of r), sends K to itself without fixed points (rather than interchanging the
components of L), so the reasoning in (b) shows it cannot extend over the Casson handle. Thus, we do
not obtain an involution of the exotic R4, only involutions rx and r, of its ends that no longer commute.
(The analogue of Figure 8(a) has no common fixed point on the central dotted circle for locating a Casson
handle compatible with both.) Either of these can be chosen as Casson’s involution that cannot extend
over the exotic R*. The latter is realized as rotation in the plane of the paper if the knot is drawn with
parallel bands [Gompf 2018, Lemma 7.1]. Since the analogue of Figure 14 has no reflectional symmetry,
there is no discussion analogous to (c) above. In particular, it is not known if adding CH_ to the mirror
image of the pretzel-knot ribbon-disk complement gives an exotic R*.

5.4 Group actions

To draw the more general group actions of Section 4.5 on simple exotic planes, we only need to understand
end sums. The finite (cyclic) case consists of equivariantly connected-summing copies of a given diagram
to a 0-handle with its obvious action, using a band at each copy of «. For infinite sums, we also need to
add constants to the radial coordinates of the summands so that the intersection with each 4-ball has a
finite handle structure. For example, a Z-invariant exotic plane is obtained from a collection { Py, | m € Z}
of copies of P, where P, is obtained from P by translating by m units in a fixed direction (and P is drawn
in a 3-ball of diameter 1) and adding |m| to its radial coordinate r. The generator sends Py, to P41
by translation and adding +1 to r (and suitably adjusting » on the bands connecting to the 0-handle).
Realizing a Q-action is similar but more subtle, since small elements of QQ require large shifts of 7. This
is allowable since we assume the discrete topology on Q. (Each group element is continuous since the
summands lie in disjoint closed regions in R* whose union has no extraneous limit points. The algebraic
structure fits together by the equivalent description in Section 4.5.) For Q%, start infinitely many such
Q-clusters on separate intervals of the 0-handle, staggered in r to retain local finiteness of the handle
structure. For free groups, tessellate the plane with fundamental domains and start a copy of P in each
domain as the 0-handle boundary expands. (It may be simplest to consider each free group as a subgroup
of the free group on two generators.) For the inextendible actions of the end in Theorem 4.16(b), construct
these actions as for (a), but then switch the ribbon move of Figure 13(b) to the other diagonal in one copy
of P.

6 Open questions

We have now constructed and studied two main types of exotic planes. The simple examples from
Theorem 1.5(a) are constructed so that their double branched covers are made from a simple 4-manifold
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by adding Casson handles (Figure 8(a)). Thus, we could draw the embeddings explicitly (Theorem 5.2).
The resulting radial functions have no local maxima and connected superlevel sets. These planes are
generated by unknots (Definition 1.4), so have g°° = k$° = 0. Each is double branch-covered by a small
exotic R* that embeds in R*, and the planes are all equivalent, in the sense of Theorem 1.6, to the standard
plane. These properties are retained by infinite end sums of such examples, which we still consider simple.
The other type of exotic plane is more complicated. We constructed such planes in two different ways:
by deleting a singular point from an almost-smooth 2-sphere in S* realized by an infinite intersection
of Casson handles (Theorem 1.3), or by exhibiting the double branched cover as the complement of a
similarly complicated intersection (Theorems 1.6(b)—(c) and 4.1). Either way, the construction seems too
complicated to draw explicitly. Each level diagram requires infinitely many local maxima (Scholium 4.14
and Corollary 4.11, respectively), and sometimes the number of components of the superlevel sets must
become arbitrarily large (Scholium 4.12). Planes of this second type have nonzero g°°. In fact, the exotic
planes of Theorem 1.3 realize all nonzero values of k*° and g°° = max{«$°}, and those of Theorem 4.1
realize each of infinitely many nonzero values of g°° by uncountably many exotic planes (Corollary 4.9).
In both Theorems 1.6(b)—(c) and 4.1, each plane is double branch-covered by a large exotic R* with
nonzero Taylor invariant.

Question 6.1 Are the above properties of simple exotic planes all equivalent?

One candidate for a counterexample is the branch locus Py* of the map R* — R; ~ R* generated by
the involution r), (Section 4.1). Like our simple examples, this is generated by unknots, so g°°(PJ’," ) =0.
(Figure 13(a) shows the embedding N, C S 4 where we thicken the Casson handle to a 2-handle and
add a 4-handle, with R; the open complement of a smaller version of N). The full branch locus is the
pictured punctured torus, capped by an unknotted disk in the 4-handle. Surgering this gives a disk in the
end of R; capping PJ’,|< to an unknotted sphere in the 4-handle.) This contrasts with any plane double
covered by R¥, which has g* > 0 (and for which the corresponding full branch locus is RP?). However,
R* is made by removing from S2 x S? a subset (with cellular quotient) built with nested intersections
of Casson handles, so in that respect it resembles R} more than R. Do level diagrams of Py* require
infinitely many local maxima? This would follow if R* requires infinitely many 3-handles (proof of
Theorem 4.10). However, R* has vanishing Taylor invariant, so our argument used on R} breaks down.
The author has not analyzed the analogous plane P} in R} ~ R* C CP? generated by r,. What is its
behavior at infinity? The branch locus in CP? is homologically essential (a quadric curve), so doesn’t
immediately show g = 0. We can ask, more generally:

Questions 6.2 Does every exotic plane with small double cover have g = 0? Is every exotic plane with
g%° = 0 (so generated by 2-knots) generated by unknots? Is there a relation between these conditions and
having a diagram with no local maxima? Is there an exotic plane requiring local maxima but only finitely
many?
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Another possible source of counterexamples is the exotic planes of Theorem 1.3 with g°° > 0, which
have unknown double branched covers.

Questions 6.3 Must these covers be large? Is there an exotic plane whose double cover is the standard R*?
Do distinct exotic planes ever have diffeomorphic double covers? For example, are P;‘ and P} distinct?
What about Pw, and Pl from Theorem 4.16? (More generally, consider end sums with different choices
of surface orientation.) What can be said about higher-degree branched covers?

Sections 4 and 5 raise other questions:

Questions 6.4 What else can be extracted from the 7., ®7Z.,-action of Section 4.17 What about the
simpler exotic R* of Remark 5.5(d)? Are there other interesting exotic group actions that we can study in
this manner?

In addition to the above discussion of P and P}, we can consider other quotients from Section 4.1.
Since the action is topologically standard, the branch loci of the maps N — N, ~ CP? — {p} and
Ny — Ng ~ R* are, respectively, an exotic punctured quadric curve and Mébius band. It should be
possible to draw these with explicit level diagrams in R* or its blowup. It should also be possible to
describe the whole Z,@Z,-action on N via explicit surfaces in Rg ~ R* and perhaps use this to shed
some light on the action on the end of R*. Does this action, or the Zg—action of Remark 5.5(b), provide
new insight on corks? A large R* can be constructed in S2 x S? rather than CP2 [Gompf and Stipsicz
1999, Section 9.4] — or in many other manifolds as in [Gompf 2023, Theorem 6.6(a)]. In particular, a
large R* can be embedded in Figure 7, containing the S4-summand. Can this (or more general examples)
be assumed equivariant? What new phenomena result?

Question 6.5 Is there a family of pairwise nonisotopic exotic planes that is naturally parametrized by an
interval (perhaps preserving the order defined for Theorem 1.6)?

The double branched cover R} of an exotic plane constructed for Theorem 1.6(b)—(c) lies in a pairwise
nondiffeomorphic family parametrized by an interval (Section 3.2). This can be assumed to extend our
Z»-invariant family parametrized by 3, provided that the construction uses towers with enough embedded
surface stages (as in [Freedman and Quinn 1990]) in place of Casson handles (see [Demichelis and
Freedman 1992, Theorem 3.2]). However, it isn’t clear whether the quotients RE are the standard R* for
parameter values outside the Cantor set.

Question 6.6 Does every compact surface in B* generate an uncountable family of topologically isotopic
surfaces in R* as in Corollary 4.47 How generally do noncompact surfaces in R* lie in such families
(countable or uncountable)?

Theorem 4.2(b) gives uncountable families for certain slice disks, but fails for higher-genus surfaces. An
infinite end sum F, of standard punctured tori is a candidate for a surface that cannot be changed by
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summing with exotic planes; see Questions 6.11 and below. However, an exotic F can be made by
attaching copies of 2 CH to (—oo, 0] x R? along an infinite union of Hopf links so that a fixed 7-rotation
flips each Casson handle. This # .o S2x.S2-homeomorph can be chosen to be Stein and hence exotic by
the adjunction inequality. Furthermore it, and hence the exotic Fs branch locus, comes in uncountably
many diffeomorphism types distinguished by the genus function [Gompf 2017a, Theorem 3.5].

Questions 6.7 How different is topological proper 2-knot theory from the smooth theory modulo exotic
planes? (See Question 4.5.) We can ask this for embeddings of R? or for higher-genus punctured surfaces,
or consider infinite-genus surfaces such as Fo. Is there a “universal” plane analogous to (and maybe
branch-covered by) the Freedman—Taylor universal R* [1986]?

The defining property of the universal R* (that is, the interior of the universal half-space of [Freedman and
Taylor 1986]) is that end-summing with it (at each end) turns homeomorphic 4-manifolds diffeomorphic
whenever the corresponding Kirby—Siebenmann uniqueness obstruction vanishes. One might hope for
an exotic plane that similarly implies the map of Question 4.5 is a bijection, but this is probably too
optimistic.

Problems 6.8 (a) Prove that every positive integer is g% (P) for uncountably many distinct exotic
planes P (see Corollary 4.9 and Scholium 4.12), and the same for k™ in (Z=°U{oo})x (ZZ°U{o0}).

(b) Find exotic planes (or annuli) with g°° # max{k$}. Find exotic annuli with g # max{x}.

One approach to (a) would be to apply Theorem 4.2(b) (and maybe Remarks 4.3) to the exotic planes of
Theorem 1.3. However, it is not clear whether the definiteness hypothesis can be applied; see Questions 6.3.
This may depend on signs of double points, so may work better if one component of «¥°° vanishes. If the
surface in (b) is allowed to be topologically knotted, examples can be constructed from knots in S3. (The
annulus made from the figure-eight knot has g = g¢>° =1 but k+ =«3° =0.)

Problem 6.9 Draw a level diagram describing an exotic plane (or annulus) with g > 0.

Section 4.5 presented exotic planes with large discrete group actions whose nontrivial elements were not
pairwise isotopic to the identity, as well as planes with similar inextendible actions of their ends. It is
natural to ask what other sorts of actions can occur. Since R-actions (flows) can always be constructed,
we restrict to actions with torsion. For comparison, torus knots in S 3 admit circle actions, and hence
finite cyclic actions whose elements are pairwise isotopic to the identity. These knots can then be coned
to PL (or holomorphic) almost-smooth (but not locally flat) embeddings R? — R* with circle actions.

Questions 6.10 Are there exotic planes with finite cyclic actions whose elements are pairwise isotopic to
the identity? Circle actions? Are all torsion group actions on exotic planes discrete? What about actions
on exotic (topologically standard) annuli?
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We conclude with several more general questions. To begin, note that connected-summing a pair (X, F)
with S*# containing a standardly embedded 72, or RP? with normal Euler number —2 or +2, sums any
double branched cover with S x S2, CP? or (C_P2 respectively. Thus, the double branched cover of any
exotic plane becomes diffeomorphic to that of the standard plane after summing with infinitely many
standard tori along a discrete set. According to [Bizaca and Gompf 1996, Proposition 5.4], any R as
in Section 4.1 with only positive double points in CH becomes standard after such a sum with copies

of CP? but not with a sum of copies of CP2. Thus, the corresponding planes remain exotic after infinite
connected sums with standard positive projective planes.

Questions 6.11 Do these planes become standard after infinite connected sums with negative projective
planes? With tori? Do sums with tori make all planes standard?

In a compact setting with suitably controlled knot groups, the corresponding question for finite sums with
standard tori has been answered affirmatively [Baykur and Sunukjian 2016]. Studying sums with standard
copies of RP? of a fixed sign may also be interesting in the compact setting.

Questions 6.12 Applying Proposition 2.1(a) to any exotic plane determining an exotic annulus gives an
exotic open 2-handle with standard interior and (unlike possibly all Casson handles) a smooth core. Is this
useful? What does Proposition 2.1(b) give us?

Problem 6.13 Find a more direct way to distinguish exotic planes. Are there combinatorial invariants?
Such invariants could not be determined by underlying topology such as the knot group.

Questions 6.14 Are there exotic planes in C? (or in the open unit ball or other Stein structure on R*)
that are holomorphic? Symplectic? Lagrangian? What about almost-smooth (topologically standard)
planes (eg Corollary 3.3) that are symplectic (or Lagrangian) at nonsingular points?

There are Lagrangian disks in B* [Chantraine 2015], and holomorphic embeddings of a complex open
disk into C? [Baader et al. 2010], that are topologically knotted, but there is no smoothly knotted algebraic
embedding C < C?2. (See [Rudolph 1982] for a topological proof of the latter.) Every exotic plane P
is holomorphic in some complex (Kihler but not Stein) structure on R*. (Perturb P C C? so that it
contains some holomorphic open disk D, then note that (C2 — (P — D), D) is diffeomorphic to the pair
(R*, P).) Our diagrams from Section 5 seem hard to make symplectic since they are constructed with
many antiparallel sheets. Our other exotic planes cannot be holomorphic, by the maximum modulus
principle, since their diagrams require local maxima. Similarly, any holomorphic exotic plane must have
double branched cover with vanishing Taylor invariant by Theorem 4.10.
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Questions 6.15 Are there embeddings of one-ended surfaces in R* whose end sum in R* depends on a
choice of rays? What about sums of the form (X, F;) | (R*, F,) = (X, F; | F»)? Does the answer to the
latter depend on whether we distinguish these up to pairwise diffeomorphism or isotopy? Can an end sum
as in Proposition 2.3 fail to commute?

By Proposition 2.3, any examples would involve infinite genus. Recall that pairwise diffeomorphism
implies isotopy for surfaces in R*. Compare with ray dependence of sums of 4-manifolds, eg [Calcut and
Gompf 2019; Calcut et al. 2022].
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The stable Adams operations on Hermitian K -theory
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OLIVIER HAUTION

We prove that exterior powers of (skew-)symmetric bundles induce a A-ring structure on the ring
GW°(X) @ GW?(X), when X is a scheme where 2 is invertible. Using this structure, we define
stable Adams operations on Hermitian K-theory. As a byproduct of our methods, we also compute the
ternary laws associated to Hermitian K-theory.
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Introduction

From their introduction by Adams [1962] in his study of vector fields on spheres, Adams operations have
been extremely useful in solving various problems in topology, algebra and beyond. One may mention for
instance the proof of Serre vanishing conjecture by Gillet and Soulé [1987], or their use in intersection
theory. In algebraic geometry, the work of several authors allowed the extension of these operations
(initially defined at the level of the Grothendieck group Kj) to the whole world of K-theory; the most
recent and probably most natural extension being due to Riou [2010] using (stable) motivic homotopy
theory.
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128 Jean Fasel and Olivier Haution

Over a scheme X, it is often useful to study vector bundles endowed with some extra decoration, such
as a symmetric or a symplectic form. The analogues of the Grothendieck group Ky(X) in this context
are the so-called Grothendieck—Witt groups (or Hermitian K-theory groups) GW'(X) for i € Z/4
(see eg [Schlichting 2017]), which classify symmetric and symplectic bundles [Walter 2003]. Very often,
the constructions and questions pertaining to algebraic K-theory can be generalized to the context of
Grothendieck—Witt groups. For instance, Serre’s Vanishing Conjecture makes sense in this broader context
[Fasel and Srinivas 2008].

As for the Adams operations, Zibrowius [2015; 2018] has proved that the exterior power operations on
symmetric bundles yield a A-ring structure on the Grothendieck—Witt group GW?(X) of any smooth
variety X over a field of characteristic not two. This provides in particular Adams operations on these
groups. It is not very difficult to construct A-operations in GW?(X), and a significant portion of the
papers [Zibrowius 2015; 2018] consists in showing that this pre-A-ring is actually a A-ring, which means
that the A-operations verify certain additional relations pertaining to their multiplicative and iterative
behavior. In particular, it is not so difficult to construct the Adams operations ¥, but much harder to
show that they are multiplicative and verify the relations ¥" = ¥ o y". To prove that GW°(X) is a
A-ring, Zibrowius followed the strategy used in [SGA 6 1971] for the analogous problem in K-theory, and
reduced the question to proving that the symmetric representation ring GW°(G) of an affine algebraic
group G (over a field of characteristic not two) is a A-ring. This is done by further reducing to the case
when G is the split orthogonal group, and using explicit descriptions of the representations of certain
subgroups in that case.

A first purpose of this paper is to extend the construction of Zibrowius in two directions:

(1) Allow X to be an arbitrary quasicompact quasiseparated Z[%]—scheme admitting an ample family
of line bundles.

(2) Replace GW®(X) with GW*(X), the ring of symmetric and symplectic forms.

The objective is achieved in Theorem 4.2.5:

Theorem 1 For every quasicompact and quasiseparated scheme X over Z [%], the pre-A-ring GW* (X)
is a A-ring.

The proof is obtained by first showing that the map GW°(G) — GW° (Gg) is injective, when G is a
split reductive algebraic group over Z[%] Since the target is a A-ring by the result of Zibrowius, so is
GW?(G), and thus also GW°(X) when X is as in (1).

For (2), a natural strategy is to mimic Zibrowius’s proof, by considering not just symmetric representations
of algebraic groups, but also skew-symmetric ones. Although we believe that this idea might work, we
were not able to implement it satisfyingly. Instead we observe that we may pass from GW™ (X) to
GW™(X) using the quaternionic projective bundle theorem [Panin and Walter 2021].
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The stable Adams operations on Hermitian K-theory 129

The Witt groups are natural companions of the Grothendieck—Witt groups, obtained from them by modding
out the hyperbolic classes. Their behavior is somewhat easier to understand, and they keep track of an
important part of the quadratic information, while forgetting some of the K-theoretic information. Our
A-ring structure on the Grothendieck—Witt groups does not descend to one on the Witt groups. There
is a good reason for this: the Witt ring cannot admit a (functorial) A-ring structure, because it takes the
value [F, on every algebraically closed field, and [F, has no such structure. Nonetheless, we prove that
the odd Adams operations (as well as the even ones when additionally —1 is a square) do descend to
operations on the Witt ring. It would be interesting to find algebraic axioms describing a weak form of
the structure of A-ring (including odd Adams operations) that applies to the Witt ring, but we will not
investigate this question further in this paper.

The next natural step consists in considering the groups GW!(X) for i odd, as well as the higher
Grothendieck—Witt groups GW; (X) for j € Z. To do so, we focus on Adams operations, and follow the
approach pioneered by Riou [2010] to construct stable versions of those. The fact that GWE(X)is a
A-ring ends up being a crucial input, allowing us to understand the behavior of the Adams operations
with respect to stabilization. This approach is carried out in Section 5, where we obtain the following
result (Theorem 5.5.8 and Proposition 5.5.9).

Theorem 2 Let X be a (quasicompact and quasiseparated) scheme over Z[%] and let GW in SH(X)
be the spectrum representing Hermitian K -theory. Then, there exists for any integer n € N a morphism of
motivic ring spectra, the so-called n Adams operation,

1
Ut GW — GW|:—i|
n*
satisfying W™[1/n*] o W" = W™M" for any integer m € N. These operations extend the classical Adams
operations in K-theory in the sense that there is a commutative diagram of motivic ring spectra

. |
ew 2, GW[—}
n*

|

pn 1
BGL —— BGL[—}
n

in which the vertical morphisms are the forgetful maps and the bottom horizontal morphism is the Adams

operation on K -theory defined by Riou [2010, Definition 5.3.2].

In the statement the right-hand side is the spectrum obtained out of GW after inversion of the class
n* € GW™T (X)), which equals n when 7 is odd, and the class of the hyperbolic n-dimensional symmetric
form when 7 is even.

When 7 is even, inverting #n* in GW™ (X) seems to be a fairly destructive procedure, so in practice
the stable even Adams operations are unlikely to be very valuable improvements of their K-theoretic
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130 Jean Fasel and Olivier Haution

counterparts. By contrast, we expect that the odd operations will be useful in many situations. For instance,
Bachmann and Hopkins [2020] recently used them to compute the n-inverted homotopy sheaves of the
algebraic symplectic and special linear cobordism spaces. Their construction of Adams operations is
quite different in spirit to the one presented here but satisfy (almost) the same properties; see Remark 3.2
of [loc. cit.].

In the last section of this paper, we offer an application under the form of the computation of the ternary
laws associated to Hermitian K-theory. These laws are the analogue, in the context of Sp-oriented ring
spectra, of the formal group laws associated to any oriented ring spectrum. In short, they express the
characteristic classes of a threefold product of symplectic bundles of rank 2, and are expected to play an
important role in the classification of Sp-oriented cohomology theories. We refer the interested reader to
[Déglise and Fasel 2023] for more information on these laws.

To conclude this introduction, let us comment on the assumption that 2 is invertible, needed in our proofs
of the main theorems stated above. We made this assumption mainly since it appears in results that we
heavily need, such as the representability result of Schlichting and Tripathi [2015] and the article of
Panin and Walter [2021] in which the Borel classes associated to symplectic bundles are constructed.
There is currently work in progress by several authors [Calmes et al. 2023; 2020a; 2020b], aiming at
setting Hermitian K-theory in the context of co-categories (with extra structures). This would allow us,
as a byproduct, to lift the necessity for 2 to be invertible in all constructions in Hermitian K-theory. At
the moment, there is however no publicly available analogue either of the representability result, or of
the construction of the Borel classes. Less seriously, we also used the assumption that 2 is invertible in
Section 2, mostly while computing the exterior powers of a tensor product of rank 2 bundles. We believe
that the same results hold in a broader context, but don’t know how to do it at the moment. Altogether,
the main theorems of the paper should hold without this somewhat embarrassing hypothesis, provided the
required tools are made available.

Acknowledgements Haution was supported by the DFG grant HA 7702/5-1 and Heisenberg fellowship
HA 7702/4-1, and was affiliated with the Ludwig-Maximilians-Universitdt Miinchen during the preparation
of this paper. Fasel is grateful to Aravind Asok, Baptiste Calmes and Frédéric Déglise for useful discussions.
Both authors warmly thank Alexey Ananyevskiy for sharing a preprint on Adams operations which has
been a source of inspiration for the results of the present paper, and Tom Bachmann for very useful
suggestions. They also heartily thank the referee for a careful reading and useful comments that helped
correct mistakes and improve the exposition.

1 Grothendieck—Witt groups and spectra

All schemes will be assumed to be quasicompact and quasiseparated, and to admit an ample family of
line bundles.
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The stable Adams operations on Hermitian K-theory 131

Let X be a scheme. In this paper, we will denote by GW™ (X)) (resp. GW™ (X)) the Grothendieck—Witt
group of symmetric forms (resp. skew-symmetric forms), defined eg in [Walter 2003, Section 6] using
the exact category of vector bundles over X. The product of two skew-symmetric forms being symmetric,
we have a pairing

GW ™ (X)x GW™(X) - GWT (X)),

turning GWE (X ) =GW1(X)®GW ™ (X) into a (commutative) Z /2-graded ring.

Assume now that X is a scheme over Z [%] Following Schlichting [2017, Definition 9.1], we can consider
the Grothendieck—Witt groups GW} (X) for any i, j € Z which are 4-periodic in 7, in the sense that there
are natural isomorphisms GW;- (X) ~ GW§+4(X ) for any i € Z. For X affine and i = 0, the groups
GW}) (X) are (naturally isomorphic to) the orthogonal K-theory groups KO; (X) as defined by Karoubi,
while for i = 2 (and X still affine) the groups GWj2~ (X) are (naturally isomorphic to) the symplectic
K-theory groups KSp; (X) by [Schlichting 2017, Corollary A.2]. Also by [Walter 2003, Theorem 6.1]
and [Schlichting 2017, Proposition 5.6], we have natural isomorphisms GW ™ (X) ~ GW8 (X) and
GW™(X) =~ GW5(X).

Notation 1.1 We will denote by 7 € GWJ(Spec(Z[1])) and T € GW3(Spec(Z[1]))) the classes of the
hyperbolic symmetric and skew-symmetric bilinear forms, respectively. When u € (Z[%])X, we will
denote by (1) € GW{(Spec(Z[1])) the class of the symmetric bilinear form (x, y) — uxy, and write
€=—(—1). Thush=1—e.

The collection of groups GW; (X) fits into a well-behaved cohomology theory, which is SL¢-oriented
by [Panin and Walter 2018, Theorem 5.1], and in particular Sp-oriented [Panin and Walter 2021]. The
functors X — GW; (X) are actually representable by explicit (geometric) spaces GW! inthe A -homotopy
category H(Z[%]) of Morel-Voevodsky (see [Schlichting and Tripathi 2015, Theorem 1.3]),

(24 X+, GW’]H(Z[%]) = GW; (X).

Further, one can express the aforementioned periodicity under the following form: there exists an element
y € GWg (Spec(Z[%])) such that multiplication by y induces the periodicity isomorphisms

(1.a) GW! ~ GWit4 |

When X is a Z[%]—seheme, the Z-graded ring

(1.b) GW(X) := P GWe’ (X)
JE€Z

can be identified with the Z-graded subring GW= (X)) of GW= (X)[x*!] defined in Appendix B (where
y corresponds to x2), and we have a canonical isomorphism of Z /2-graded rings

GW§"(X)/(y — 1) ~ GW*(X).
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132 Jean Fasel and Olivier Haution

The P !-projective bundle theorem of Schlichting [2017, Theorem 9.10] allows us to build a ring spec-
trum GW in SH (Z [%]) representing Hermitian K-theory. A convenient construction is recalled in [Panin
and Walter 2018, Theorem 12.2], and we explain the relevant facts in the next few lines in order to fix
notation.

Recall first that Panin and Walter [2021] defined a smooth affine Z [%]—scheme HPP” for any n € N, called
the quaternionic projective space. On HP”, there is a canonical bundle U of rank 2 endowed with a
symplectic form ¢, yielding a canonical element u = (U, ¢) € GW~ (HP"). For any n € N, there are

morphisms
(1.0) in: HP" — HP"*!

such that iy u = u, whose colimit (say in the category of sheaves of sets) is denoted by HP*°. It is a
geometric model of the classifying space BSp, of rank 2 symplectic bundles. As HP? = Spec(Z[%]),
we consider all these schemes as pointed by i and note that i 5“ (u) = 7. Recall moreover from [Panin and
Walter 2018, Theorem 9.8] that HP ! is A!-weak equivalent to (P1)"2. In fact HP! = Q,, where the
latter is the affine scheme considered for instance in [Asok et al. 2017].

The quaternionic projective bundle theorem (for trivial bundles) [Panin and Walter 2021, Theorem 8.1]
asserts that, when X is a regular Z[%]—scheme, the (left or right) GW(X)-module GW}(HP” x X)
is free on the basis 1, (u — 1), ..., (u —1)". (Here, for a Z[%]—soheme Y we have written GW3(Y) =
Dijez GW; ¥).)

Notation 1.2 We set 7 := HP!, that we consider as pointed by /. We also denote by Q7 the right
adjoint of the endofunctor 7 A (—) of H(Z[%])

The spectrum GW is defined as the 7 -spectrum whose component in degree 7 is GW2” and bonding

maps
(1.d) o: T AGW?" — GW2+2

induced by multiplication by the class u — 7 in GW(Z, (7). This T-spectrum determines uniquely a P!-
spectrum in view of [Riou 2007, Proposition 2.22] or [Panin and Walter 2018, Theorem 12.1], which has

the property that . o
GW; (X) = [Z30 X4, = Zp, GWlsy(z[L])

for a smooth Z[%]—scheme X.

If now X is a regular Z[%]—seheme with structural morphism py : X — Spec (Z[%]), we can consider

the functor p%: SH(Z[1]) = SH(X) and the spectrum p% GW. On the other hand, one can consider
the IP’AI,—spectrum GWy representing Grothendieck—Witt groups in the stable category SH(X). It follows
from [Panin and Walter 2018, discussion before Theorem 13.5] that the natural map p)*( GW — GWy is
in fact an isomorphism. Consequently,

GW!(X) =[S0 X+, =31 551 Px GWlsy(x),
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The stable Adams operations on Hermitian K-theory 133

and we say that GW is an absolute P -spectrum over Z[%] It is in fact an absolute ring spectrum by
[Panin and Walter 2018, Theorem 13.4].

In contrast with the spectrum representing K -theory, the spectrum GW is not oriented, in the sense that it
doesn’t admit a well-behaved theory of Chern classes of vector bundles. Instead, as mentioned above,
this spectrum is Sp-oriented, and thus each vector bundle V' over a regular Z[%]—soheme X equipped
with a nondegenerate skew-symmetric form v: E — EY admits Borel classes b?W(V, V) € GW%i (X) for
i € N; see [Panin and Walter 2021, Definition 8.3]. When E has rank two, we have

1 ifi =0,
bYWy = [(Vov)]—1 ifi=1,
0 otherwise.

See [Panin and Walter 2018, Theorem 9.9].

2 Exterior powers and rank-two symplectic bundles

When V is a vector bundle on a scheme X, we denote its dual by VY. A bilinear form on V' is a morphism
of vector bundles v: V — VY. When x, y € H°(X, V), we will sometimes write v(x, y) instead of
v(x)(y). We will abuse notation, and for n € N denote by /\"v the bilinear form on A"V given by
the composite /\"V N, NY(VY) — (/\” V)V. We will also denote the pair (/\" Vv, /\”v) by N*(V,v).
Similar conventions will be used for the symmetric or tensor powers of bilinear forms, or their tensor

products.

Explicit formulas for symmetric and exterior powers are given as follows. Let n be an integer, and denote
by &, the symmetric group on 7 letters, and by €: &,, — {—1, 1} the signature homomorphism. Then for
any open subscheme U of X and x¢,...,Xp, ¥1,..., Y0 € HO(U, V), we have

(2.2) (Sym” v)(xX1 = Xn. Y1+ Yn) = D V(X1 Vo) V(Xns Ya(m):
0ES,

(2.b) (N'V)XL A AX yr Ao A ) = D €@)V(X1, Vo) -+ V(Xns Vo),
(A5G

or more succinctly
(2.0) (AN"W) (X1 A= AXp, y1 Ao A p) = det(v(xi, ).

If V and W are vector bundles equipped with bilinear forms v and p, then for any i and j the bilinear
form A"t/ (v L p) restricts to (A'v) ® (A ) on (NV)® (NW) C Nt/ (V & W). This yields an
isometry, for any n € N,

2.d) NVeWvew~ | NV N (W.p.
i=0
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134 Jean Fasel and Olivier Haution

Lemma 2.1 Let (E,¢) and (F, ¢) be vector bundles over a scheme X equipped with bilinear forms, of
respective ranks e and f. Then we have an isometry

(N(E. ) & (N (F.0)* = N (E@ F.e® ).
Proof Let us first assume that £ and F are free and that X = Spec R is affine. Let (xq,...,X.)
(resp. (¥1....,yy)) be an R-basis of H°(X, E) (resp. H°(X, F)). Then the element
2.€) = A Ax)® @ (A Ay ®
is a basis of H%(X, (/\"’E)®f ® (/\fF)®e), and the element
2.1 U=X1 QYDA AX1®Y)A(X2@ y1) A+ AlXe ® yr)
is a basis of H*(X, A/ (E ® F)). The mapping z + u then defines an isomorphism of line bundles
2.9 (NE)® & (N F)® = NS (EQ F).
Consider now the matrices

A = (e(xi, xj)) € Me(R), B = (¢(yi,yj)) € Mg(R).
By (2.c) we have
((Aeg)®f ® (/\fF)®e)(z,Z) = (det A)7 - (det B)®,
and N\¢/ (¢ ® ) (u, u) is the determinant of the block matrix
e(x1,x1)B ... e(x1,x¢)B
C = IS Mef(R).
e(xe,x1)B ... &(Xxe,Xxe)B

It then follows from [Bourbaki 1970, III, Section 9, Lemme 1, page 112] that
det C = det(det(e(x;, xj)B)) = det(det(A4) B¢) = (det A) - (det B)®.

Therefore

(A0)® & (N F)*)z.2) = A e @) (. w),
which shows that (2.g) is the required isometry.

Next, assume given R-linear automorphisms : H°(X, E) — H°(X, E) and 8: H°(X, F) > H°(X, F).
Replacing the basis (x1,...,xe) and (y1...., yr) by their images under « and B multiplies the element
(2.¢) by the quantity (det) - (det 8)/, and the element (2.f) by the same quantity (this is a similar
determinant computation as above, based on [Bourbaki 1970, III, Section 9, Lemme 1, page 112]). We
deduce that the isometry (2.g) glues when E and F are only (locally free) vector bundles, and X is
possibly nonaffine. |
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The stable Adams operations on Hermitian K-theory 135

Lemma 2.2 LetV be a vector bundle of constant rank n over a scheme X, equipped with a nondegenerate
bilinear form v. Then we have an isometry

NV ) = (Vo) @ N'(V,v).

Proof The natural morphism (/\”_1 V) ® V — A'V induces a morphism A"~V — Hom(V, \"V). As
V is a vector bundle (of finite rank) the natural morphism V'V ® A"V — Hom(V, /A" V) is an isomorphism.
Composing with the inverse of v ® idny-, we obtain a morphism

s NV S v N

To verify that it induces the required isometry, we may argue locally and assume that V' is free and
X = Spec R is affine. Pick an R-basis (vy,...,v,) of H°(X, V). Then (wy,...,w,) is an R-basis of
HO(X, N*1V), where w; = (—1)" vy A=+~ AT; Avp. Let z=vy A--- AV, € HO(X, N'V), and note
that w; Av; =z foralli € {1,...,n}. Consider the unique elements vi“, RN S H° (X, V) satistying
v(v},vj) = d;j (Kronecker symbol) for all i, j € {1,...,n}. Then we have

(2.h) s(w)=vi®z fori=1,...,n.

Consider the matrix 4 = (v(v;,vj)) € My(R). Observe that the j coordinate of v/ in the basis
(vi,...,vy) is the (i, j)™ coefficient of the matrix A~!, from which it follows that

(2.1) “(A7Y) = (. v))) € Mu(R).

Letk,l €{1,...,n}. It follows from (2.c) that (/\"_1 v)(wk, wy) is the (k, )™ cofactor of the matrix A,
and thus coincides with the (k, /)™ coefficient of the matrix (det A) “(A~1). In view of (2.i), we deduce
that (using (2.c) for the last equality)

(N71) (wi, wy) = v(vg, v)) -det 4 = v}, v]) - (N')(z, 2).
By the formula (2.h), this proves that s is the required isometry. |
In the rest of the section, we fix a Z[%]—scheme X. By a symplectic bundle on X, we will mean a
vector bundle on X equipped with a nondegenerate skew-symmetric form. For an invertible element

L € H°(X,Ox), we denote by (1) the trivial line bundle on X equipped with the nondegenerate bilinear
form given by (x, y) — Axy.

Lemma 2.3 Let (V,v) be a symplectic bundle of constant rank n over X . Then there exists an isometry

NY(V,v) ~(1).

Proof We may assume that X # & and n > 1. Then we may write n = 2m for some integer m — the
form induced by (V, v) over the residue field of a closed point of X is skew-symmetric, hence symplectic
as 2 is invertible, and such forms over fields have even dimension [Milnor and Husemoller 1973, I, (3.5)].
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The morphism
YO~ yOm g y®m _, Nmy @ Nmy NVE Ay )Y o AmY s 0y

descends to a morphism A(y,): /\"V — Ox. If (V;,v;) for i = 1,2 are symplectic bundles over X of
ranks n; = 2m; such that (V,v) = (V1,v{) L (V3,v,), we have a commutative diagram

NV A (Nmv)Y

| T

(/\ml Vl) ® (/\sz2) NV @N"2v, (/\ml Vl)v ® (/\mz VZ)V

Therefore the identification /\"V = A"V} @ "2V, yields an identification Ay, = A, v,) @ A(7y,,)-

In order to prove that Ay, induces the claimed isometry, we may assume that X is the spectrum of
a local ring. In this case the nondegenerate skew-symmetric form (V, v) is hyperbolic [Milnor and
Husemoller 1973, 1, (3.5)]. Given the behavior of A(y,,,) with respect to orthogonal sums, we may assume
that n = 2 and that (V, v) is the hyperbolic plane. So there exists a basis (v, v;) of H°(X, V) such that

v(v,v1) =0, v(vp,v2)=0 and v(vy,vp)=1.

By (2.b), we have
(/\ZU)(Ul A V3, Vg /\U2) =1.

Since
Ay (V1 Av2) = v(vy,v2) = 1 € H(X, Ox),

it follows that A(y,,) induces an isometry N2 (V,v) >~ (1). |
Let V be a vector bundle over X. Consider the involution o of ¥ ®? exchanging the two factors. Set

Vf’z = ker(o —id) and V.®? = ker(c + id). Since 2 is invertible we have a direct sum decomposition
Ve =V g V2

Let now v be a bilinear form on V. There are induced bilinear forms vfz on sz and v®% on V&2,
Writing (V, v)f2 (resp. (V,v)®?) instead of (V.22 vfz) (resp. (V®2,1®2)), we have an orthogonal
decomposition

24) (V.0)® = (V.v)$ L (V.v)®%
Lemma 2.4 There are isometries
(V% ~(2)®@Sym*(V,v) and (V.1)®* >~ (2) ®@ A*(V.v).
Proof It is easy to see that the morphism
PNV > V82 y AV 0] ®Ur— Uy @ U1,
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induces an isomorphism A?V ~ V®2_If U is an open subscheme of X and vy, vy, wi, w, € HO(U, V),
we have, using (2.b),
v®2(i (v) Ava).i (w1 Awy))
=12 (1 @V — vV ® V1, Wy @ Wy — Wy @ W)
=v(vr, w)v(va, wz) —v(v2, w)v(vy, wa) —v(V1, W)V (V2, W) + v(v2, w2)v(vy, w1)
= 20(vy, w)v(V2, w2) — 2v(va, W)V (V1. wa) = 2(APV) (V1 A vz, Wi Awy),

proving the second statement. The first is obtained in a similar fashion, using the morphism
Sysz—>V®2, ViU > V1 @ Uy + Uy ® vy O
Lemma 2.5 There is an isometry
(V,1)®% =~ (2) ® (Sym*(V,v) L A*(V,v)).
Proof This follows from Lemma 2.4 and (2.j). O

Lemma 2.6 Let E and F be vector bundles over X, respectively equipped with bilinear forms ¢ and ¢.

Then there is an isometry
NE®F,e®¢) >~ ((2) ®Sym*(E. &) ® N*(F,¢)) L ({2) ® A*(E, ) ® Sym*(F, 9)).
Proof It is easy to see that there is an isometry
(EQF.c®¢)® ~((E.9)$*® (F.0)%%) L ((E.9)%* & (F.0)%?).

so that the statement follows by five applications of Lemma 2.4 (and tensoring by the form (271)). O

Proposition 2.7 Let E and F be rank-two vector bundles over a Z[%]—scheme X, equipped with
nondegenerate skew-symmetric forms ¢ and ¢. Then we have, in GW ™ (X),

[(E, &) ® (F,9)] if n € {1, 3},
n _JUE. P+ [(F.9)®%] -2 ifn=2,
IN(E® F,e®¢)]= : ifnet0.4),
0 otherwise.

Proof The cases n = 0,1 and n > 5 are clear. The case n = 4 follows from Lemmas 2.1 and 2.3. The
case n = 3 then follows from the case n» = 4 and Lemma 2.2. We now consider the case n = 2. We have,
in GW™T (X)),
[N2(E® F,e® )] = (2)[Sym?(E, &)] + (2)[Sym?(F, ¢)] (by Lemmas 2.6 and 2.3)
=[(E,&)®*— (2) +[(F,¢)®?]—(2) (by Lemmas 2.5 and 2.3)

and (2) + (2) =2 e GWT (Spec (Z[%])), as evidenced by the computation

()6DE)-62) D
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3 Grothendieck—Witt groups of representations

Let B be a commutative ring with 2 € B* and G be a flat affine group scheme over B. Let Rp be the
abelian category of representations of G over B, which are of finite type as B-modules. We let Pp be the
full subcategory of Rp whose objects are projective as B-modules. The latter category is exact. If P is
an object of Pp, then its dual P¥ := Hompg (P, B) is naturally endowed with an action of G and thus can
be seen as an object of Pg. The morphism of functors @ : 1 ~ vV is easily seen to be an isomorphism of
functors Pp — Pp, and it follows that Pp is an exact category with duality.

Let D°(Rp) (resp. DP(Pp)) be the derived category of bounded complexes of objects of Rp (resp. Pp).
The category D®(Pp) is a triangulated category with duality in the sense of Balmer [2005, Definition 1.4.1]
and therefore one can consider its (derived) Witt groups W’ (DP(Pp)) [loc. cit., Definition 1.4.5] that we
denote by W (B; G) for simplicity. We can also consider the Grothendieck—Witt groups GW* (D( Pp))
(as defined in [Walter 2003, Section 2]), that we similarly denote by GW! (B; G).

Lemma 3.1 Suppose that B is a field of characteristic not two. For any i € 7, we have

w2+1(B. G) = 0.

Proof Since Pp = Rp, the category D°(Rp) is the derived category of an abelian category. We can
thus apply [Balmer and Walter 2002, Proposition 5.2]. |

We now suppose that A is a Dedekind domain with quotient field K (we assume that A # K). We assume
that 2 € A*, and let G be a flat affine group scheme over A. Then we may consider the full subcategory
Rill of R4 consisting of those representations of G over A, which as A-modules are of finite length, or
equivalently are torsion.

Any object of DP(P4) has a well-defined support, and we can consider the (full) subcategory DE(PA)
of D°(P4) whose objects are supported on a finite number of closed points of Spec(A4). This is a thick
subcategory stable under the duality. As a consequence of [Balmer 2005, Theorem 73], we obtain a
12-term periodic long exact sequence

(Ba) o= W(Dj(Pg)) = W (DP(Py)) — W (D"(Py)/ D§(P4)) — W TH(DR(P4)) — - .

We now identify the quotient category DP(Py4)/ DE(PA). Note that the extension of scalars induces a
duality-preserving, triangulated functor D®(P4) — DP(Pg), which is trivial on the subcategory DE(PA).
(The category DP( Pk ) is constructed by setting B = K above, for the group scheme Gx over K obtained
by base-change from G'.) We thus obtain a duality-preserving, triangulated functor

D(P,)/ Dj(P4) — D°(Px).

Lemma 3.2 The functor D°(Py4)/ DE(PA) — DP(Pg) is an equivalence of triangulated categories with
duality.
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Proof We have a commutative diagram of functors

D°(P4) — D°(Pk)

Il

D°(R4) — D*(Rg)

in which the vertical arrows are equivalences (use [Serre 1968, Section 2.2, Corollaire]). The composite
D (P4) — DP(P,4) — DP(R4) has essential image the subcategory D (R 4) of objects of DP(R 4) whose
homology is of finite length. As observed in [Serre 1968, Remarque, page 43], the functor R4 — Rk
induces an equivalence R4/ R% ~ Ry . Then it follows from [Keller 1999, Section 1.15, Lemma] that
the induced functor DP(R4)/ DE (R4) — DP(Rg) is an equivalence (the argument given in Section 1.15,
Example (b), works in the equivariant setting). The statement follows. |

As a consequence, the exact sequence (3.a) becomes
(3.b) o= WI(DJ(Pg)) = W (4; G) - W (K; Gg) — W T (DY(Pg)) — - .

Now, suppose that M is a representation of G over A that is of finite length. By [Serre 1968, Section 2.2,
Corollaire], we have an exact sequence of representations

(3.0) 0— P —Py—>M—0,

where Py, P; € P4. Note that the A-module M is torsion, hence MY = Homy (M, A) vanishes. We
obtain an exact sequence, by dualizing

0— Py — P — Exty(M, A4) — 0,
and it follows that M ¥ := Ext}‘1 (M, A) is naturally endowed with a structure of a representation of G
over A. The isomorphisms Py — (Py')" and Py — (P")" induce an isomorphism M — (M #)% which
does not depend on the choice of the resolution (3.c). The association M +— M # in fact defines a duality
on the category Rfl.

Lemma 3.3 Forevery i € Z, there exists an isomorphism
WHH(DR(P4)) = W (DP(R)).

Proof This follows from the existence of an equivalence of triangulated categories DE(PA) — Db(REl),
which is compatible with the duality § of Db(REI), and the duality Vv of DE(PA) shifted by 1. This
equivalence is constructed using word for word the proof of [Balmer and Walter 2002, Lemma 6.4],
where the categories VBp, O-mod and O-fl-mod are replaced by P4, R4 and REI. a

Lemma 3.4 Forevery i € Z, we have W2i(Dg(PA)) =0.

Proof In view of Lemma 3.3, this follows from [Balmer and Walter 2002, Proposition 5.2], as the
category Rfl is abelian. =]
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Proposition 3.5 Let A be a Dedekind domain with quotient field K, such that 2 € A, and let G be a flat
affine group scheme over A. Then for every i € Z, the morphism W?'(A; G) — W2 (K; G) is injective.

Proof This follows from Lemma 3.4 and the sequence (3.b). O

Theorem 3.6 Let A be a Dedekind domain with quotient field K, such that 2 € A, and let G be a split
reductive group scheme over A. Then for every i € 7., the morphism GW?! (A4; G) - GW? (K; Gg) is
injective.

Proof We have a commutative diagram where rows are exact sequences (constructed in [Walter 2003,
Theorem 2.6])

Ko(4; G) —— GW?71(4; G) —— W2~ 1(4;G) —— 0

| | |

Ko(K:Gg) — GWX1(K;Gg) — W2 UY(K:Gg) —— 0

in which the vertical arrows are induced by the extension of scalars, and Ko(4; G) (resp. Ko(K; Gg))
denotes the Grothendieck group of the triangulated category DP(Py4) (resp. D°(Pk)). Denoting by
Ko(R4) (resp. Ko(Rg)) the Grothendieck group of the category R4 (resp. Rg), the natural morphisms
Ko(R4) — Ko(A4;G) and Ko(Rg) — Ko(K; G) are isomorphisms (their inverses are constructed using
the Euler characteristic). Since the morphism Kq(R4) — Ko(Rg) is an isomorphism by [Serre 1968,
Théoreme 5], so is Ko(A;G) — Ko(K;Gg). On the other hand, we have W2 ~1(K;Gg) = 0 by
Lemma 3.1. We deduce that the morphism GW? =1 (4; G) - GW?~1(K: Gg) is surjective.

Next consider the commutative diagram

GW?71(4: G) —— Ko(4; G) ——— GW?(4; G) —— W (4:G) —— 0

GW? 1(K:Gg) — Ko(K:Gg) — GWH(K:Gg) — WH(K:Gg) —— 0
where rows are exact sequences; see again [Walter 2003, Theorem 2.6]. The indicated surjectivity and

bijectivity have been obtained above, and the injectivity in Proposition 3.5. The statement then follows
from a diagram chase. a

4 The A-operations

Let X be a scheme, and G a flat affine group scheme over X'. We denote by GW ™ (X; G) and GW ™ (X; G)
the Grothendieck—Witt groups of the exact category of G-equivariant vector bundles over X. We set
GW* (X:G)=GWT(X:G)®GW (X;G). When 4 is a commutative noetherian Z[%]—algebra and
X = Spec(A4), by [Walter 2003, Theorem 6.1] we have natural isomorphisms GW™ (Spec(A4); G) ~
GW°(4; G) and GW™(Spec(4); G) ~ GW?(4; G) (in the notation of Section 3).
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4.1 Exterior powers of metabolic forms

Let X be a scheme and G be a flat affine group scheme over X. Let E — X be a G-equivariant vector
bundle. For ¢ € {1, —1}, the associated hyperbolic e-symmetric G-equivariant bundle over X is

v 0 1
o= (e (., )

where wg: E — (EV)VY is the canonical isomorphism. These constructions induce morphisms of abelian
groups

(4.1.a) hi:Ko(X;G)—GWT(X:G), h_:Ko(X;G)—GW (X:G)

(see eg [Walter 2003, Proposition 2.2(c), Theorem 6.1]), where Kq(X; G) denotes the Grothendieck
group of G-equivariant vector bundles on X.

Lemma 4.1.1 Let M be a G-equivariant vector bundle over X equipped with a G-equivariant non-
degenerate e-symmetric bilinear form i, for some ¢ € {1, —1}. Assume (M, ) admits a (G -invariant)
Lagrangian L, and let n € N.

(i) The class [N'(M, )] € GWE(X; G) depends only on n, ¢ and the G -equivariant vector bundle L
over X (but not on (M, )).

(ii) If n is odd, the G -equivariant nondegenerate £"-symmetric bilinear form /\'(M, 1) is metabolic.

Proof We may assume that X is connected. Let Q = M/ L, and recall that u induces an isomorphism
@: Q = LY. The vector bundle /\" M is equipped with a decreasing filtration by G'-invariant subsheaves

(N'M) =im(NLON"M — N'M),
fitting into commutative squares

NL& NTIM ———— (N'M)’
(4.1.b) l l

/\iL R /\n—iQ N (/\nM)i/(/\nM)H'l

where the bottom horizontal arrow is an isomorphism; see eg [Berthelot 1971a, Lemme 2.2.1]. Since
QO ~ LY, this yields exact sequences of G-equivariant sheaves

(4.1.0) 0— (N'M) ™' > (NM) > NLNTILY -0,

from which we deduce by induction on i that (/\”M )i is a subbundle of /"M, ie the quotient
N'M/ (/\”M )l is a vector bundle. Assuming that L has rank r, then
i n—irvy_ (T r
rank(/\L@/\ L )_()(n )

I —i
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By induction on i, using the sequences (4.1.c), we obtain

(000 =), )

j=i
An elementary computation with binomial coefficients then yields:

n+1—i

(4.1.d) rank (/" M) + rank (/" M) = rank \" M.

Leti and j be integers. We have a commutative diagram

NLNTM ——» (M) N'M

R

NL& N M)’ ——((NM)) «— (N'M)”

where « is defined by setting, for every open subscheme U of X and xq,...,x;, y1,...,)j € H°(U, L)
and Xj41, ..., Xn, Yj41s---. Yn € HO(U, M) (see (2.0)),

(4le)  alxy A AXi @ Xigp1 A AXn) (V1A AYj @ Pyt Ase- A yn) = det(u(xi, yj)).

If i 4+ j > n, then for each 0 € &, there exists e € {1, ..., n} such that x, € HO(.U, L)and yo () € HO(U, L),
so that ((Xe, Vg (e)) = 0, which by (4.1.e) implies that & = 0. Thus (N'M)' ((/\”M)J)L in this case.
In particular, (/\”M )l is a sub-Lagrangian of /\"(M, i) when 2i > n.

If n = 2k — 1 with k € N, then 2 rank(/\" M )* = rank A" M by (4.1.d), hence the subbundle (/"M )"
is a Lagrangian in /\"(M, ). This proves (ii). Moreover, it follows that the class of /\N*(M, i) in
GW* (X; G) coincides with the class of the hyperbolic form Hg((/\”M )k), hence depends only on the
class in Ko(X; G) of the G-equivariant vector bundle (/\”M )k; see (4.1.a). In view of the sequences
(4.1.c), the latter depends only on the classes of N'L ® N**LV in Ko(X; G) for i > k, from which (i)
follows when 7 is odd.

Assume now that n = 2k with k € N. Then the inclusion of the subbundle (/\" M )k c (\N'M )kH)J'
is an equality by rank reasons; see (4.1.d). By [Walter 2003, Proposition 2.2 (d), Theorem 6.1], we have

@D (M) = [H (N M)+ (VM) /(N ) p)] e GWH (X 6),

where p is the bilinear form induced by 1 on (A"M)*/(N"M)**", which in view of (4.1.b) is G-
equivariantly isometric to the form g fitting into the commutative diagram

NLONM ——» NLRNQ —=— NL®NLY

| l |

(NL®NM) —(NLNQ) «= (NL N L)Y
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where the horizontal isomorphisms are induced by ¢: Q@ —> LV. The formula (4.1.¢) (and the fact that
¢ is induced by p) yields the formula, for every open subscheme U of X and xy,...,Xg, V1,..., VK €
H°(U,L)and fi,..., fx.&1,.., 8k € H(U, LY),

0 (egj (Xi)))
(fiyi) 0 ’

where i, j run over 1,...,k, and so the indicated determinant is n x n, which shows that the bilinear

ﬂ(xl/\"'/\xk@’fl/\"'/\fk,yl/\"'/\yk®g1/\"'Agk)=det(

form B depends only on the G-equivariant vector bundle L (and not on ). It follows that the isometry
class of that G-equivariant form ((/\" M )k J(N'M )kle , p) depends only on L. As above, the class of
the hyperbolic form H; ((/\”M )k+1) in GW™ (X; G) also depends only on L, so that (i) follows from
(4.1.f) when n is even. O

4.2 The A-ring structure
We will use the notion of (pre-)A-rings, recalled in Appendix A.

Proposition 4.2.1 Let X be a scheme and G a flat affine group scheme over X . Then the exterior power
operations

A GWE(X: G) > GWE(X; G),
defined by (P, ¢) — (/\i P, /\i<p), endow the ring GW™(X; G) with the structure of a pre-A-ring.

Proof The structure of the proof is the same as that of [Zibrowius 2015, Proposition 2.1], and is based
on the description of GW* (X; G) in terms of generators and relations; see eg [Walter 2003, page 20].
It is clear that the exterior power operations descend to the set of isometry classes, and moreover the
total exterior power operation is additive in the sense of (2.d). Finally, let M be a G-equivariant vector
bundle over X equipped with a G-equivariant nondegenerate -symmetric bilinear form p for some
g€ {l,—1}. If (M, ) admits a G-equivariant Lagrangian L, then L is also a G-equivariant Lagrangian
in the hyperbolic form Hg(L), so that by Lemma 4.1.1 (i) the forms /N"(M, 1) and /\*(H(L)) have the
same class in GWE(X; G). |

Proposition 4.2.2 Suppose that G is a split reductive group scheme over Z[%] Then the pre-A-ring
GW™ (Spec(Z[1]): G) is a A-ring.

Proof By [Zibrowius 2015, Proposition 2.1] the pre-A-ring GW ™ (Spec(Q); Gq) is a A-ring. It follows
from Theorem 3.6 that GW ™ (Spec(Z[%]); G) is a pre-A-subring of GW™ (Spec(Q); Gg), and hence a
A-ring. |

Corollary 4.2.3 For every Z[%]—scheme X, the pre-A-ring GW™ (X)) is a A-ring.

Proof This follows from Proposition 4.2.2 (applied to the split reductive groups O, and Oy, x Oy), using
the arguments of [Berthelot 1971b, Théoreme 3.3]; see [Zibrowius 2015, Section 3.2] for details. O
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When x € GW™ (X)) is the class of a rank-two symplectic bundle, it follows from Lemma 2.3 that
Ar(x)=14+1tx+ t%; see (A.a). In other words, in the notation of (C.1.b), we have

(4.2.2) A (x) =Li(x) e GWE(X) forall i € N\ {0}.
Lemma 4.2.4 The relations (A.b) and (A.c) are satisfied for all x, y,z € GW™ (X).

Proof By the symplectic splitting principle [Panin and Walter 2021, Section 10], we may assume that
X, y and z are each represented by a rank-two symplectic bundle. In view of (4.2.a), the relation (A.c)
follows from Lemma C.2.1. The relation (A.b) has been verified in Proposition 2.7; see Lemma C.1.1. O

Theorem 4.2.5 For every Z[%]—scheme X, the pre-A-ring GW*(X) is a A-ring.

Proof Taking Proposition 4.2.2 and Lemma 4.2.4 into account, it only remains to verify (A.b) when
x € GWT(X) and y € GW™(X). Let i > n, and consider the scheme X x HP?. It is endowed with a
universal symplectic bundle of rank two, whose class we denote by u € GW™ (X x HP?). Denote again
by x, y € GWE(X x HP?) the pullbacks of x, y € GWT(X). Then using successively Proposition 4.2.2
and Lemma 4.2.4,

Ai(xyu) = Ae()he(yu) = Ay (x)As (¥)As (u).

On the other hand, by Lemma 4.2.4,
Ae(xyu) = Ae(xy)ae(u).

The quaternionic projective bundle theorem recalled in Section 1 implies that the GW"*" (X')-module
GWg (X x HP?) is free on the basis 1, u, ..., u'. Modding out ¥ — 1, we obtain a decomposition

GWE(X xHP') = GWE(X) 8 GWE(X)u @ --- & GWE(X)u'.

In view of (4.2.a), it follows from Lemma C.1.2 that the u”-component of the #"-coefficient of A;(xy)As(u)
is A" (xy), and that the u"-component of the " -coefficient of A;(x)A;(y)A; (1) is

PaAN(x), .. AT AN (), L A ()).
This proves (A.b). O

Let X be a Z[%]—scheme. In view of Lemma B.1, the A-ring structure on GW*(X) induces a A-ring
structure on

GWE(X) ~ GWEn(X).
Explicitly, denoting by p: GW* (X) — GW"(X) the canonical homomorphism of abelian groups (see
Appendix B), we have fori € Z andn € N,
P (r)) - y™ if r e GW(X),
(4.2.b) M (p(r)-yh) = 2 p(A(r)) - y"2itD/2 if r € GW™(X) and n is even,
p(W1(r)) - y@RIFD=D/2 if p ¢ GW™(X) and 7 is odd.
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5 The Adams operations

5.1 The unstable Adams operations

The A-operations constructed in Section 4 are not additive (with the exception of A1), and there is a
standard procedure to obtain additive operations from the A-operations, which is valid in any pre-A-ring,
see eg [Atiyah and Tall 1969, Section 5]. Indeed, for any Z[%]-scheme X, we define the (unstable)
Adams operations

Y": GWH(X) — GW2™ (X) for ne N\ {0} andi € Z
through the inductive formula (see eg [Atiyah and Tall 1969, Proof of Proposition 5.4])
(51a) wn _)\lwn—l +)\2wn—2 et (_l)n—l)\n—lwl + (_l)nn)kn =0.

For instance, this yields
v!'=id and v?=(id)®>—2A2.

We also define ¥© as the composite
(5.1.b) ¥ GWE (x) 2, 7m0, GwI(x).

Assume now that (E, v) is a rank-two symplectic bundle on X, and let x =[(E,v)] € GW% (X) beits
class. Then, by Lemma 2.3, we have for n € N \ {0},

x ifn=1,
Mx)=1qy ifn=2,
0 ifnd{l, 2}
Thus, (5.1.a) yields the inductive formula for x as above (the class of a rank-two symplectic bundle)
(5.1.c) Yr(x) = xy" N (x) —py" 3 (x) for n>2.

Proposition 5.1.1 The operations " : GW{'*" (X)) — GW{*"(X) are ring morphisms for n € N, and
satisty the relation Y™ o " = " for m,n € N.

Proof This follows from Theorem 4.2.5; see eg [Atiyah and Tall 1969, Propositions 5.1 and 5.2]. O

Remark 5.1.2 The operations {" for n < 0 are classically defined using duality; since by definition a
nondegenerate symmetric (resp. skew-symmetric) form is isomorphic to its dual (resp. the opposite of its
dual), in our situation we could set, for n < 0,

Y~ "(x) whenx € Gng(X) fori € Z,
—y¥"(x) whenx € Gng+2(X) fori € Z,

making Proposition 5.1.1 valid for m,n € Z.

() = {
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5.2 Adams Operations on hyperbolic forms

Let X be a Z[%]—seheme, and consider its Grothendieck group of vector bundles K(X). The exterior
power operations yield a A-ring structure on Ko(X)—and in particular Adams operations " for
n € N\ {0}, using the formula (5.1.a) — such that the forgetful morphism

(5.2.2) F1GWE(X) — Ko(X)

mapping y to 1 is a morphism of A-rings. In this section, we consider the hyperbolic morphisms
hai: Ko(X) — GW{"(X), defined just below. Those are of course not morphisms of A-rings (not even
ring morphisms), but as we will see in Proposition 5.2.4, they do satisfy some form of compatibility with
the Adams operations.

We define morphisms
(5.2.b) hai: Ko(X) — GW3(X) forieZ

by the requirements that 1o = A+ and &, = h_ (see (4.1.a)) under the identifications GW8 (X)~GWT(X)
and GW% (X) ~ GW (X)), and for any vector bundle £ — X

(5.2.¢) Y -hai(E) = hyit2)(E) fori€lZ.

Lemma 5.2.1 Leta € Ko(X) and b € Gng (X). Then, in the notation of (5.2.a) and (5.2.b), we have
foranyi € Z,

hai(@)-b = hyGiy jy(a- f(b)).

Proof Lete, & €{l,—1}. Letus consider vector bundles 4 and B on X, and a nondegenerate e-symmetric
bilinear form v on B. The isomorphism

1 0
(A®B)@(AV@B)M(AM)@(AV@BV):(A@B)@(A@B)V

induces an isometry

((A@B)@(AV@B),( 0 1%”)):((/1@3)@@@8)%( 0 1))

gwya@v e’ waeB 0

as evidenced by the computation

1 0 0 N/l O _ 0 1®@v) _ 0 I®v

0 1®vY ) \edwmy@wp 0/J\0 1®v) \edmy@0WVowp) 0 ) \doy®v 0 )
The lemma follows. O
Lemma 5.2.2 Forany i, j € Z we have hy;(1)h2;(1) = 2hy 4 j)(1).

Proof Takea =1¢€ Ko(X)and b =hy;(1) € GWéj(X) in Lemma 5.2.1. O
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Observe that the classes / and t (see Notation 1.1) coincide respectively with /1¢(1) and /,(1). Thus
Lemma 5.2.2 implies that

(5.2.d) h®>=2h, ht=2t, 1*=2yh.
Combining the relations 47 = 2t and & = 1 4 (—1) yields
(5.2.e) (-t =1.

Lemma 5.2.3 For n € N, we have in GW}" (Spec(Z[1])) (see Notation 1.1) that

ry=1/2 if n is odd,
2(=1)"2yn/2  f p s even.

() = {

Proof We prove the lemma by induction on 7, the cases n = 0, 1 being clear. If n > 2, we have by (5.1.c)
(5.2.) Yo =" O -y (o).
Assume that 7 is odd. Using the induction hypothesis together with (5.2.e) we obtain
_L,wn—l (T) — 2(_1)(”—1)/21,)/(}1—1)/2 — 2_[)/(}1—1)/2'
On the other hand, by induction we have

(n—3)/2 (n—l)/Z‘

YY" (1) = yy =1y

Combining these two computations with (5.2.f) proves the statement when 7 is odd.
Assume now that 7 is even. Using the induction hypothesis we have
‘Hﬂn_l(l’) — _L,2y(n—2)/2 — 2h)/n/2 — 2((_1>n/2 + (_1>(n—2)/2)yn/2

as well as
an_z(f) — 2(_1>(n—2)/2yn/2’

and the result follows as above from (5.2.f) when 7 is even. O

Proposition 5.2.4 Let E — X be a vector bundle, and n € N,i € Z. For j € 7, let us denote by I; the
image of hyj: Ko(X) — GWéj (X).
(1) Ifmisodd, then A" o hy;(E) lies in Iy,.
(i) If nisodd, then ¥ o hy; (E) lies in I;p.
(iii) If n is even, then Y" o h,;(F) lies in 2GW§”’(X) + Iin.

Proof Statement (i) follows from Lemma 4.1.1(ii) with G = 1 (observe that by construction of the
Grothendieck—Witt group, the classes of metabolic forms belong to the subgroup /;, C GW%i "(X)). Let
us prove (ii) by induction on #. This is clear when n = 1. Assume that # is odd. When j € {1,...,n—1}
is even, the element ¥~/ o h,;(E) belongs to I;(4—j) by induction. When j € {1,...,n} is odd, the
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element A/ o /1,; (E) belongs to I;j by (i). Since I -GWSi("_k) (X) C Iiy forall k € Z by Lemma 5.2.1,
it follows from the inductive formula (5.1.a) that " o si,; (E) belongs to I;;. The proof of (iii) is similar,
noting that nA” o /15;(E) is divisible by 2 (the starting case n = 0 being clear from (5.1.b)). O

Recall the exact sequence of [Walter 2003, Theorem 2.6], for i € Z,
Ko(X) 225 GW2i (X) — W (X) — 0.

When X # @, the A-ring structure on GW'"(X') does not descend to its quotient ;5 W2 (X), for
instance because A%(/1o(1)) = (—1) has nonzero image in the Witt ring. However, Proposition 5.2.4
implies the following:

Corollary 5.2.5 Let n € N be odd. Then the operations ", A" GW%i (X)— GW%”’(X ) descend to

operations
YW (X)) > W),

Remark 5.2.6 If —1 is a square in H%(X, Oy), then 2 = ho(1) € GW8(X). Thus Proposition 5.2.4(iii)
implies that the operation ¥" does descend to the Witt groups when 7 is even (even though A" does not).

5.3 Adams operations on the universal rank-two bundle

In this section, we consider the universal symplectic bundle (U, ¢) over HP !, and denote by u its class in
GW3(HPY).
Proposition—-Definition 5.3.1 Let n € N. There exists a unique element
w(n) e GWg" 2 (Spec(Z[%])) such that Yy"(u—t)=whn) - (u—r1) € GW%” (HP).
Proof The GW{" (Spec(Z[%]))—module GWSVCH(H]P’I) is free on the basis 1,u — t, as recalled in
Section 1. This implies the uniqueness part of the statement. Let us write
Y'u—t)=a+bu-—r1),

with a € GW%” (Spec (Z[%])) and b € GW%”_2 (Spec (Z[%])) Consider the morphism of Z[%]—schemcs
io: Spec(Z[5]) = HP® — HP! of (1.c). Since i (u) = 7, we have

a=ija+bu—1))=ijoy"(u—1)=y"oij(u—1)=y"0)=0.
So we may set w(n) = b. |

Lemma 5.3.2 Letm,n € N. Then w(mn) = w(n) - ¥y (w(m)).

Proof Indeed by Proposition 5.1.1, we have in GW%’””(HIP’ 1
Y™ u—1) =y oy (u—1) =y " (0m) - (u—1)) =y " (@0(m)) - ¥"(u—r1)
= o(n)-y"(0(m)) - (u—1). m
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From the inductive definition of the Adams operations, we deduce an inductive formula for the classes w(n):

Lemma 5.3.3 We have w(0) =0, w(1) =1, and if n > 2,
wmn) =t0n—1)—yon—2)+ " (7).
Proof The computations of w(0) and w(1) are clear. Assume that n > 2. Then by (5.1.c) we have, in
GW2"(HPY),
V=) =" ) =" () = uy" T @) -y "2 ) = oy (@) +y " (D)
=uy" -0+ @—0)Y" @) -y U —1).
By the quaternionic projective bundle theorem [Panin and Walter 2021, Theorem 8.1] we have (z—1)% =0,
hence u(u — t) = t(u — 1), so that
Y u—1)= -1 (tom—1) + 9" (1) —yon -2)),
from which the result follows. O

We are now in position to find an explicit expression for the elements w(n). For this, recall from
Notation 1.1 that 7 = 1 —e.

Proposition 5.3.4 We have
") n(%(n—l)h—i—(—1)("_1)/2))/(”_1)/2 if n is odd,
w =
%nzry(”_z)/z if n is even.
Proof We proceed by induction on 7, the cases n = 0, 1 being clear. Let n > 2. Assume that 7 is even.

Recall that 2t = 27 by (5.2.d) and that 7(—1) = 7 by (5.2.e). Combining these observations with the
explicit formula for w(n — 1) (known by induction) yields
to(n—1)= (n—1)>ry®2/2,
hence, using the inductive hypothesis and Lemma 5.2.3,
ton—1)—yomn—=2)+y" 1(2)=@m— l)zry(”_2)/2 — %(n — 2)2[l]1y(”_2)/2 + ry(”_z)/z
= 3y "2,
which coincides with w(n) by Lemma 5.3.3, as required.
Assume that 7 is odd. Observe that 4 = (—1)*=1/2 1 (_1)(#=3)/2 54 that we have by induction
wn—2)=n—-2)(Lmn—1)h—(=1)=1/2), (1=3)/2
Therefore, using Lemmas 5.3.3 and 5.2.3 and (5.2.d) (and the inductive hypothesis),
o) =ton—1)—yomn—2)+y" (1)

=1 1272y @=3/2 _ (L —1)h— (_1>(n—1)/2)y(n—1)/2 4 2(—1)=D/2) =D/

=((n—1)2h—@m—-2)-Ln—Dh+ n—2)(=1)""D/2 L 2(—1)(1=D/2)), (1=D)/2

=n(3(n—Dh+ (—1)7D/2))(1=D/2, O
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5.4 Inverting w(n)

To define the stable Adams operations, we will be led to invert the elements (1) € GWZ" 2 (Spec(Z[1])).
Let us first observe that it is equivalent to invert somewhat simpler elements.
Definition 5.4.1 For n € N, we define an element n* € GWJ(Spec(Z[1])) by
. n if n is odd,
n =
%nh if n is even.
(Recall from Notation 1.1 that # = 1 —e € GW{(Spec(Z[1])) is the hyperbolic class.)

Lemma 5.4.2 Suppose that R = GW{'" (Spec(Z[%])). Then the R-algebras R[1/n*] and R[1/w(n)]
are isomorphic.

Proof We use the explicit formulas of Proposition 5.3.4. Assume that 7 is odd. Since n =n* divides w(n),
itis invertible in R[1/w(n)]. Conversely, writing n = 2m+ 1 we have (recall that e = —(—1), so that €2 = 1)
won)-m(1+e)+e™) =y"n(m(l—e€)+ (—€)™) - (m(1 +€) +€™)
=y"n(m(1 —e)e™ + m(l + €)(—e)™ + (=1)"™)
=y"n(me™(1—e+ (=D (1 +¢€)) + (—=1D)™)
=y"n@2m+ D) (=1)" = y"n? ()",
where the penultimate equality is seen for instance by distinguishing cases according to the parity of m.
It follows that w(n) is invertible in R[1/n*] = R[1/n].

Now assume that # is even. Then, by (5.2.d),
(5.4.2) w(n)? = (%nzr)zy”_z = %n4hy”_1 =n3n*y" 1,
so that n* is invertible in R[1/w(n)]. On the other hand, using (5.2.d), we have
n*)? = %nzh =n- %nh.
Hence 7 is invertible in R[1/n*]. Thus (5.4.a) implies that w(#n) is invertible in R[1/n*]. ad
We want now to formally invert the action of #n* on the spectrum GW.

Definition 5.4.3 We consider the ring
(5.4.b) B =Z[e]/(e* ~ 1),

and for n € N, we define an element n* € B by
N {n if n is odd,

1 . .
sn(l—e) ifniseven.
For any m,n € N, we have

(5.4.c) (mn)* =m*n* € B.
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Remark 5.4.4 The ring morphism B — GW§'"(Spec(Z[3])) given by e > € maps n* to n*. The

ring B may be identified with GW ™ (Spec Z), but we will not use this observation.

Denote by S € SH (Z[%]) the sphere spectrum. Recall that each invertible element u € (Z[%])X defines
an endomorphism (u) € Endsy(z[1])(S); see eg [Déglise and Fasel 2023, 2.2.8]. Thus we may define a
ring homomorphism

(5.4.d) B — Endsu(z[4])(S), e —(-1),

which allows us to see n* as an endomorphism of the sphere spectrum and perform the formal inversion
of n* in an efficient way, as explained in [Bachmann 2018, Section 6]. In short, we consider the diagram

n* n*
st,gr, ...

and define S[1/n*] to be its homotopy colimit in S’H(Z[%]). Further, we set

1 1
n n
This is naturally a motivic ring spectrum.

The B-algebra structure on GWE'*" (Spec(Z[1])) induced by (5.4.d) is given by e > € (the argument is
detailed in the last paragraph of the proof of [Panin and Walter 2018, Theorem 11.1.5]), and in particular
maps n* to n*. It thus follows from Lemma 5.4.2 that, for any i € N, the morphism GW[1/n*] —
E?"_l) GW/1/n*] induced by multiplication by w(n)’ € GWSI(”_I) (Spec (Z[%])) admits an inverse in
su(z[)).

S 1 1
(5.4.€) o)~ 2 I)GW[—*:|—>GW[—*].
n n

For any 7, j € Z and any smooth Z[%]-seheme X, the spectrum Eél prl Ei’,ﬂ X+ is a compact object in
SH(Z[3]) by [Jardine 2000, Section 2.2, Lemma 2.2], and it follows from [Stacks 2005—, Tag 094A]
that we have a canonical isomorphism

5.4. $X Xy, T xl I(GW[LD} = GWi(X [i}
( f) |: pLat+ g1 <p n* SH(Z[%]) ]( ) n*

When X is merely a regular Z[%]—scheme, the same property holds using the spectrum py (GW[1/n*]),

where py: X — Spec(Z[31]) is the structural morphism.

5.5 The stable Adams operations

Recall from [Panin and Walter 2018, Section 8] and [Schlichting and Tripathi 2015, Theorem 1.3] that
GW? is naturally isomorphic to the object Z x HGr in the homotopy category H(Z[%]), where HGr

denotes the infinite quaternionic Grassmannian. Thus, by [Déglise and Fasel 2023, Theorem 4.1.4],
where GW(Z) (X) is denoted by KSp,(X), the Adams operations " : GW% (X)— GW%” (X) constructed
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in Section 5.1, where X runs over the smooth Z[%]—sohemes, are induced by a unique morphism
" :GW? - GW" in ’H(Z[%]) Using the periodicity isomorphisms (1.a), we obtain Adams operations:

(5.5.2) Y GW2 > GW2™M  for i odd.

We will need the following complement to [Déglise and Fasel 2023, Theorem 4.1.4]:

Lemma 5.5.1 Consider an Sp-oriented ring spectrum E € SH(Z[1]), and consider for a,b € Z the

pointed motivic space £ = Q]‘}’f’l Easl E?P,l YOS ”H(Z[%]) Letiy,...,i, € Z be odd integers. Then each
map GW*! A--- AGW?r — & in H(Z[1]) is determined by the induced maps

(5.5.b) GWg' (X1) %+ x G (Xp) = [(X1 %+ % Xp) 4. El(z[4])

where X1, ..., X, run over the smooth Z[%]-schemes.

Proof By [Panin and Walter 2018, Section 8], for j =1, ..., r, the pointed motivic space GW?32ii can
be expressed as a (homotopy) colimit of pointed smooth Z[%]-sohemes Yim,j ={—m,...,m} xHGry, ;

over m € N, where HGry,, ; denotes an appropriate symplectic Grassmannian. Set Yy, = Yy A+ <A Yy »
and G = GW21 A ... AGW?2r_ Then by [loc. cit., Theorem 10.1], we have an exact sequence

0~ 1im'[S" A Yon. Elu(z[3]) = 9. Eu(z[4]) — lmlYom. Ehu(z[4]) — 0.

The lim!-term vanishes by [loc. cit., Theorems 9.4, 13.2 and 13.3]; see [loc. cit., Proof of Theorem 13.1].
Thus amap G — £ in H(Z[%]) is determined by its restrictions to [Y7,, 5]?{(2[%]), for m € N, each of
which is determined by its restriction to [(Yy,,1 X+ -+ X Yy r) ., S]H(Z[%]), in view of [loc. cit., Lemma 7.6].
The latter is the image of the tuple of canonical maps

Y1 = GWH L Yoy — GWr) € GWE (Y1) X -+ - X GWE (Yy,r )

under the map (5.5.b). O

We are now in position to follow the procedure described in [Déglise and Fasel 2023, Section 4] to
construct the n'" stable Adams operation, for n € N. For any integer i € Z, consider the motivic space

1 . 1
2 1
GW ’{n—*} = Q;’?E’TGWL—*] e H(Z[5]).
The composite X GW? — =7 GW — =5 GW[1/n*]in SH (Z[%]) yields, by adjunction, a morphism

D).

D=

. (1
(5.5.0) Gw2’—>Gw2'{—*} in H(Z[
n
while the morphism in SH (Z[%])
oo 21 1 ) 2i ) 1| Sr(counit) i 1 i+1 1
ET T AGW n—* :ETET GW n—* —)ETETGW n—* :ET GW n—*
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yields a morphism

(5.5.d) T/\GWZi{nL*} — GWZ("“){L} in H(Z[3]).

n*
Using the morphism (1)~ of (5.4.¢), we define a morphism in H(Z[%]), for i odd,

) . . 1 Qoo —i . 1
(5.5.€) o GW2 L gwni 829, gwy2ni {—*} EFEOW T G2 {—*}
n n

Proposition 5.5.2 Let i € Z be odd and let n € N. Then the diagram

TA2 A GW2E Gw2@+2)

id a2 /\a)(n)zllf”l IW"

TA2Z A GwZn(i+2)—4 Gw2n(i+2)

commutes in H(Z[3]), where the horizontal arrows are induced by the bonding map o of (1.d).

Proof Let X be a smooth Z[%]—soheme, and denote by p: HP! x HP! x X — X the projection. Let
ur,us € GW5(HP! x HP! x X) be the pullbacks of u € GW3(HP!) under the two projections. Consider
the diagram

GW2(X) = GWIIHD(TA2 A Xy ) —— GWIITDHP! x HP! x X)

] | 1

GWHD4 = Gw2 D (7A2 A x ) GWI D (P! X HP! x X)

where the horizontal composites are given by x + p*(x)-(u; — t)(u, — t). Then, for x € GW%i (X) we
have, by Proposition 5.1.1 and Proposition—Definition 5.3.1,
Y (p*(x) - (U =)z — 1)) = p*(Y"(x) - Y" (ur — 1) - Y" (2 — 7)
= wm)?- p*(Y" () (U1 — ) (U2 — 1),
showing that the exterior square in the above diagram commutes. Since the lower-right horizontal arrow

is injective (eg by [Panin and Walter 2018, Lemma 7.6]), it follows that the interior left square commutes.
By Lemma 5.5.1, this implies that the diagram

2i 2 2(i+2
GW2 Q2 GW20+2)
w(n)zrlf”l lﬂ%—l/fn
2n(i+2)—4 2 2n(i+2
GW2itD=4 @2 gw2ni+2)
commutes, which implies the statement by adjunction. O
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Corollary 5.5.3 Leti € Z be odd and let n € N. Then the diagram
TA2 A GW2E Gw2@+2)

idrA2 AW l lq’ﬁz
7'/\2 /\GWzt{i} GWZ(H—Z){L}
n* n*

commutes in ’H(Z[%]) where the upper horizontal arrow is induced by the map (1.d), and the lower one
by (5.5.d).

Proof We have a commutative diagram

. . 1) idrA2 AQPY w(n)—i—2 1
2 2n(i+2)—4 2 2n(i+2)—4 T T 2 2
T2 AGWANU — 5 TA2 AGW21U {—} T /\GW’{n—*}

‘ '
oni . 1 Qs 2om)—i2 , 1
GW n(i+2) Gw2n(l+2) _ Gwz(1+2) _
n* n*
Combining this diagram with Proposition 5.5.2 yields the corollary, in view of (5.5.e). |

Proposition 5.5.4 For any r,n € N, the natural morphism
1
[GWA’ GW[ H — lim [(GWZ’)“ wz”{ }]
n* Jsu(z[L]) Podd ) In(z[3])

Proof We use (the proof of) [Panin and Walter 2018, Theorem 13.1]— which applies to .S = Spec (Z [%])
by [loc. cit., Theorems 13.2 and 13.3] —with the difference that BO = GW should be replaced by
GW][1/n*], which does not affect any of the arguments appearing in its proof, by (5.4.f). This yields the

is bijective.

natural isomorphism
1

owaw ]LH(Z[ D - fip| oW ow| }]Hw[ )

and the proposition follows using a cofinality argument. a

The transition maps in the limit appearing in Proposition 5.5.4 are given by the composite

|:(GW2(1+2))/\r W2(1+2)r{ 1 }L(Z[ 0 |:(7-/\2/\GW21)/\Y W2(1+2)r{ ! }L(Z[ 0
1

= (2222 W) 2(’+2)’GW[ H
(TT S n* Uswz13))

nl st(z[ 1)

B (GWZI)M szr{ 1 }]H(Z[ 1)

— (27_ GWZI)/\r er GW[
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where the first map is given by composition with the map 72 A GW? — GW?2U+2) induced by (5.5.d).
It thus follows from Corollary 5.5.3 that the family W7 of (5.5.e), for i odd, defines an element of the
limit appearing in Proposition 5.5.4 (with r = 1).

Definition 5.5.5 For n € N, we denote by

lI‘”:GW—>GW|: ]

1
n*
the morphism of spectra corresponding to the family W} of (5.5.e), for i odd, under the bijection of
Proposition 5.5.4 (with » = 1). We call it the stable n™ Adams operation.

Remark 5.5.6 If X is a regular Z[%]—scheme with structural morphism py: X — Spec(Z[%])), we
obtain a morphism of spectra
" s " 1 . 1] 1
V" GWy = py GW — py | GW - = (py GW) - =GWy pell |

Fori € Z, let us define |

U = QPRL (") GW — GW {n—*}
Note that, by construction, we have \IJI” = @;’ when 7 is odd. Let us mention that the stable Adams
operation has the expected relation to the unstable one, also in even degrees:

Lemma 5.5.7 When X is a smooth Z[%]-scheme, the morphism GW§' (X) — GW¢' (X)[1/n*] induced
by ‘Ifl” equals w(n)~'y" forany i € Z.

Proof This is true when 7 is odd, since W = Cﬂ? in this case. Assume that i is even. Let p: X xHP! — X
be the projection. We have a commutative diagram

GW2/(X) ———— GWH (T A X)) ————— GWZ'T2(HP! x X)

‘I’?l l‘l’?ﬂ l‘l’?ﬂ

. 17 -~ . 1 ‘ 1
GW32/(X) [n—*] —5 GWI (T A Xy) [n—*} —— GW2T2(HP! x X) [n—*]

where the horizontal composites are given by x — p*(x) - (u — 7). Now, by the odd case treated above,
we have for x € GW3/ (HP! x X),

‘If?_i_l (p*x)-u—1)) = a)(n)_i_l v (p*(x)- (u—r1)) (by the odd case)
=wm) L p*y™(x)-¥"(u—1) (by Proposition 5.1.1)
= p* (o) Y (x)) - (u—1) (by Proposition—Definition 5.3.1).
The statement then follows from the injectivity of the lower horizontal composite; see for example [Panin

and Walter 2018, Lemma 7.6]. O
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Theorem 5.5.8 For any integer n € N, the stable Adams operation " : GW — GW/[1/n*] is a morphism
of ring spectra.
Proof We first have to check that the diagram
n n 1 1
GWAGW 2%, GW[—*] A GW[—*}
n n

(5.5.0) l |

s o]

n*

in SH (Z[%]) commutes, where the vertical arrows are the multiplications. In view of Proposition 5.5.4,
we have to check that the following diagram, in which the vertical maps are induced by the multiplication
in the ring spectrum GW, commutes in H(Z[3]), for any i € Z odd:

. R ON (1 1
GW* AGWY ——— GW? {—*} AGW? {—*}
J/ n n
. wn, 1
4 2i 4
GW* GW ’{n—*}

By Lemmas 5.5.1 and 5.5.7 (taking into account [Panin and Walter 2018, Theorem 11.4]), when X, Y are
smooth Z[1]-schemes and x € GW}'(X), y € GW5' (Y), this reduces to the formula

559 pi@mTY" ) py@m Y (X)) = o) Y (p](x) - p3 (1) € GW (X X Y),
where p1: X XY — X and py: X XY — Y are the projections. But the formula (5.5.g) readily follows
from Proposition 5.1.1.

Next, we need to prove the commutativity of the diagram

S —— GW

x l\pn
1
GW p
in SH (Z[%]) By adjunction, this reduces to the fact that
(1) =1 € GW)(Spec Z[1]).
a consequence of Lemma 5.5.7 and of the fact that " (1) = 1. |
Proposition 5.5.9 For any integers m,n € N, the composite
n 1 m * 1 1 1
WL gw|— | U gw| — || = | = GW
n* m* |[ n* (mn)*

in SH (Z[%]) is equal to W™". (Here W™[1/n*] denotes the image of the morphism W™ under the
localization functor, and the last equality follows from (5.4.c).)
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Proof For every i € Z, applying the functor Q¥4 SH(Z[3]) = H(Z[3]) to the morphism
U1 /n*]: GW[1/n*] - GW[1/(mn)*] yields a morphism

KA R
Wiy — i GWH  — & - GW § ——— 1.
n* n* (mn)

In view of Proposition 5.5.4, it will suffice to show that, for i € N odd, the composite
g (1) O . 1
GW? - GW? | — 1 - GW> ] ——
n* (mn)
equals \i;”” in H(Z[%]) By Lemmas 5.5.1 and 5.5.7, it will then suffice to show that, for each odd
i € N and each smooth Z[%]-seheme X, the composite

. —i 0 . 1 —i . m .
GW2i (x) L0V, GW%’(X)[n—*} ) VT ng’(X)[

(mn)*]

equals w(mn)~" - ™" But this follows from Proposition 5.1.1 and Lemma 5.3.2. |

6 Ternary laws for Hermitian K -theory

Recall from [Déglise and Fasel 2023, Section 2.3] that ternary laws are the analogues for Sp-oriented
cohomology theories (or spectra) of formal group laws for oriented cohomology theories. For an Sp-
1

oriented theory A over Spec (Z[E]), with Borel classes denoted by blf‘l, those are power series

F; € A%*(Spec(Z[1]))[v1. va, v3] for i =1,2,3,4,

characterized by the fact that, for any triple of rank-two symplectic bundles E{, E,, E3, the Borel classes
of their tensor product (which is again a symplectic bundle) are given by

b (E\ ® E2 ® E3) = Fi(b{{(E1), b{L(E2), b{l(E;)) for i =1,2,3,4.

At present, there are few computations of such laws, including MW-motivic cohomology and motivic
cohomology, which are examples of the so-called additive ternary laws; see [Déglise and Fasel 2023,
Definition 3.3.3]. In this section, we compute the ternary laws of Hermitian K-theory (and thus also of
K-theory as a corollary), which are not additive.

Our first task is to express the Borel classes in Hermitian K-theory in terms of the A-operations. We
will denote by o;(X1,..., X4) € Z[X1,..., X4] the elementary symmetric polynomials. Recall that
y € GWé (Spec Z[%]) denotes the periodicity element; see (1.a).

Lemma 6.1 Let X beaZ [%] -scheme and leteq, ..., e4 € GW% (X) be the classes of rank-two symplectic
bundles over X. Then
0’1(61,...,84) ifiZI,
i oz(ey,...,eq) +4 ifi =2,
eyt + eq) = 2(eq 4) +4y i
os(eq,....es) +301(eq,....eq)y ifi =3,

04(6’1,...,84)+202(61,...,€4))/+6]/2 ifi =4.
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Proof In view of (4.2.a), it suffices to expand the product

(1 +te; +yt)(A +tey +yt®) (1 +tes + y12)(1 +teg + y12). O

Lemma 6.2 In the ring Z[x1, X5, X3, X4, V], we have the equalities

o1 —4y ifi =1,
( ) oy —3y0; + 62 ifi =2,
0i(X1— Y, ..., Xq4—y) = o
By a7y 03 — 20,y + 301y% —4y? ifi =3,
os—03y+oayt—o1yd +y* ifi =4,
where 0; = 0i(x1,...,x4) forany i € {1,...,4}.
Proof Direct computation. a

Proposition 6.3 Let X be a Z[%]—scbeme. Let E be a symplectic bundle of rank 8 on X, and let
ee€ GW(Z) (X) be its class. Then we have

e—4t ifi =1,
A2(e) —3te +4(2—3¢)y ifi =2,
A3(e) —2tA2%(e) + 3(1 —2¢)ye — 8ty ifi =3,
Ae)—1A3(e) —2eyr?(e) —tye +2y?% ifi =4.

bi™(E) =

Proof Using the symplectic splitting principle [Panin and Walter 2021, Section 10], we may assume that
E splits as an orthogonal sum of rank-two symplectic bundles, whose classes in GW% (X) we denote by
e1,...,eq. The Borel classes blGW(E ) are then given by the elementary symmetric polynomials in the
elements ey — 1, ..., e4 — T, which can be computed using Lemma 6.2. For i = 1, the result is immediate.
For i = 2, we have

o2(e1—1,....e4—1) =0a(eq,...,e4) = 3101 (eq, ..., e4) + 67>
and o3 (eq,...,e4) = A%(e) —4y by Lemma 6.1. As 12 = 2(1 —¢€)y, we find
o2(e1—1,...,e4—1) =A%(e) —4y —3te + 12(1 —€)y,
proving the case i = 2. We now pass to the case i = 3. Using Lemma 6.2, we find
b?W(E) =o3(eq,...,eq) —2t05(eq, ..., e4) + 372 —47°
=A3(e) =3ye—2t(A%(e) —4y) + 6(1 —€)ye — 16Ty
= A3(e) +3(1 —2€)ye — 2112 (e) — 81y.
In the case i = 4, we have

bfW(E) =o4(eq,....es) —103(eq1, ..., e4) +1202(e1, ..., e4) — T3+ 1%
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Using Lemma 6.1, we obtain
oaler,....eq) =A4e) —=20a(eq, ... e5)y —6y% = A4 (e) —2A%(e)y + 292,
to3(eq,....es) = t(A3(e) —3ye) = A3 (e) — 3rye,
205(eq,....e5) =2(1—€)yoa(er,....e5) =2(1 —€)yr2(e) —8(1 —€)y?

Since t3e = 4rye and 14 = 8(1 — €)y2, we conclude summing up the previous expressions. a

Our next task is to obtain an explicit formula for the A-operations on products of three classes of rank-two
symplectic bundles, providing a different proof of [Ananyevskiy 2017, Lemma 8.2]. It will be useful to
have a basis for the symmetric polynomials in three variables w1, u#5, u3. Following [Déglise and Fasel
2023, Section 2.3.3], we set, for i, j,k € N,
(6.) o(uu uk) = Z u“ubug,

(a,b,c)

ab

2 3mtheorbltofu u’l

where the sum runs over the monomials © u under the action of the permutation

2
of the variables w1, u,, us.

Lemma 6.4 Let X be a Z[%]—scheme, and let uq,us,us3 € GW(Z) (X) be the classes of rank-two sym-
plectic bundles on X . Then

Ujuaus ifi =1,
2,2 2y,,2 3 s
. -2 4 fi=2
Wuyauy) = { TR 200D 4y =2
o(uyuuz)y” —Sujususy ifi =3,
0(u4)y +u2 2 2 y3 40(u2)y +6y° ifi =4.
Proof In view of (A.d) and (4.2.a), this follows from Lemma C.3.2. O

Finally, we are in position to compute the ternary laws of Hermitian K-theory. The computation is
obtained by combining Proposition 6.3 and Lemma 6.4 (applied to y ~lu usu3).

Proposition 6.5 Let E;, E,, E5 be symplectic bundles of rank 2 on a Z[%]—scheme X. Letuq,uy,u;
be their respective classes in GW% (X). Then the Borel class biGW(E 1 E,® E3) € GW%i (X) equals

u1u2u3)/_1—4r ifi =1,
o(u%ué)y_l —20(u%) —3tugususy t +12(1 —€)y ifi =2,
a(u3u2u3)y_1 —2(1 4+ 3€)ujurus — 2ry_lo(u%u§) + 4‘[0’(1/1%) — 16ty ifi =3,
0(u4) + uzugugy 401 —e)yo*(u%) —2eo(ufu§ — ro(u?u2u3)y_1 +4tu uyu;

+8(1—e)y? ifi =4.

Here we have used the notation of (6.a). As a consequence of this proposition, we obtain the explicit
expression of the ternary laws Fy, F», F3, F4 associated to Hermitian K-theory.
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Theorem 6.6 The ternary laws F; = F;(v1, v, v3) of Hermitian K -theory, over the base Spec(Z[3]).
are
Fi=2(1—€)o(v) + ¢ o (v1v2) + ¥~ vgvp0s,
F, =2(1 —26)0’(1)%) +2(1 —€)a(vivy) + 2ty_lo(va2) =3ty lvvavy + y_la(v%vg),
F;=2(1 —e)cr(vf) —-2(1 —e)a(v%vz) 4+ 8(2—3¢)vivvz + r)/_la(vaz) — 21)/_10(1)%1)%)

+ 31)/_10(1}%1)21)3) + y_la(vazvg),
Fy= a(vf) —-2(1 —e)a(vaz) +2(1— 26)0(1)%1)%) +2(1 —e)a(va2v3) — ry_la(vf’vzv3)

+ 2‘[)/_10(U%U§U3) + y_la(vagvi).
Proof We use the notation of the previous proposition. We will also write b; = biGW(E 1® Ey,® E3)
fori =1,2,3,4, and v; = bSV(E;) = uj — 7 for j =1,2,3. For by, we find

Uiz = v1Vv3 + 10 (V1V2) + ‘L’ZG(UI) + 73,

and the result follows quite easily from 2 = 2(1 —¢€)y and > = 4ry. For i = 2, we first compute
a(ufug) = a(va%) + Zra(vaz) +4(1 —e)ya(vf) +8(1 —€)yo(vivy) + 16Ty0(vy) 4+ 24(1 —€)y2.

Next,
—20(u%) = —20(v1)? —4t0(vy) — 12(1 — €)y.

As by = a(u%ug)y_l — 2o(u%) —3tujususzy~' 4+ 12(1 —€), we finally obtain the result for b,.
We next treat the case i = 3, for which we have
by = a(ufu2u3)y_1 4+ (=2 —=6€)ujuruz — 2ry_la(u%u§) + 4ra(u%) —167y.
Now,
o(u?u2u3) = U(va2v3) + to(vaz) +2(1 —e)ya(vf) + 3to(v12v2v3) +6(1 —e)yo(vlzvz)
+ 12r)/o(vf) + 18(1 — €)yv1v2v3 4 287y 0 (v1v2) +40(1 —€)y 20 (v1) + 487y 2,
and we deduce that
bz =2(1— e)a(vf) —-2(1 —e)a(vaz) + 8(2 —3€)vivv; + t)/_la(vaz) —2‘()/_10’(1)%1)%)
+ 3ry_la(v12v2v3) + )/_la(vazvg).
We conclude with the case i = 4. The Borel class reads
by = a(u?) + y_lo(u%ugug) — 20(u%u§ — ry_lo(u%uzu;;) +druurus + 2(1 —e)a(u%u%
—4(1 —e)yo*(u%) +8(1 —e))/z.
First, we note that
a(u‘f) = a(v;‘) + 4ra(vf) +12(1 - e)ya(vf) + 161y0(v1) + 24(1 —€)y 2,
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u%u% = (r(va%vg) + 210(1}%1}%1}3) +2(1 —e)ya(v%v%) + 8(1 —e)ya(vfu2v3) + SIyG(vaz)

4+ 32tyvivvs 4+ 8(1 — e)yza(vf) +32(1 —€)y?o(v1v2) + 32120 (v1) + 32(1 —€)y 3.
Using the above, we finally find
by = G(vf) -2 —e)a(vi’vz) +2(1 —26)0’(0%1)%) +2(1— e)a(v%v2v3) — ry_la(va2v3)

+ Zry_la(va§v3) + )/_la(vagvg). a

Remark 6.7 The ternary laws of the spectrum W representing (Balmer) Witt groups have been computed
by Ananyevskiy [2017, Lemma 8.2]. In view of the morphism of ring spectra GW — W, we may recover
this result by setting 1 —e = 0 and 7 = 0 in the above expression.

The above theorem yields an expression of the ternary laws of K-theory (those can of course be computed
more directly). As above, we want to write the Borel classes of threefold products of symplectic bundles
in terms of the first Borel classes of the bundles, and we may use the forgetful functor from Hermitian
K-theory to ordinary K-theory. Regarding periodicity, the forgetful functor maps t to 282 and y to B4,
where f§ is the Bott element (of bidegree (2, 1)).

Theorem 6.8 The ternary laws F; = F;(vy, vy, v3, v4) of K-theory are
Fi =40 (v1)+2B 20 (viv2)+ B *v1va03,
F, = 60(vf)+40(v1v2)+4ﬂ_20(va2)—6,3_2v1v2v3 +,8_40(va§ ,
F3 = 40(v13)—40(v%v2)+40v1v2v3 +2,3_20(v?v2)—4ﬂ_20(va§)+6,3_20(v%v2v3)
+B 7 o (vivav3),

F,= o(v‘l‘)—4o(va2)+60(v%v§)+40(va2v3)—2,3_20(vfv2v3)+4,B_20(va§v3)+,3_4va§1)§.

Appendix A A-rings

Here we recall a construction from [Berthelot 1971a, Section 2.3]; a more accessible exposition can be
found in [Atiyah and Tall 1969, Section 1], where the terminology “A-ring/special A-ring” is used instead
of “pre-A-ring/A-ring”. Let R be a commutative ring. One defines a ring A (R), whose underlying set is
1 4+t R[¢]. The addition in A(R) is given by multiplication of power series, while multiplication in A(R)
is given by the formula

(antn)(zgnln) = Z Po(fi..oo fn 81 gn)t",
neN neN

neN
where P, are certain universal polynomials defined in (C.1.a) below. In this ring the neutral element for
the addition is the constant power series 1, and the multiplicative identity is the power series 1 + ¢.
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A structure of pre-A-ring on R is a morphism of abelian groups

(A.a) h=Af:R—>A(R). re> Y ("

neN
When R and S are pre-A-rings, a ring morphism f: R — S is called a morphism of pre-A-rings if it
commutes with the operations A", ie if the diagram

AR) 29 A(s)

xzﬁ Pf
f

R——S

commutes. When R is a ring, a pre-A-ring structure on A(R) is defined by setting, for j € N \ {0},

V(X ") = 3 Qs i

neN ieN
where Q; ; are certain universal polynomials defined in (C.2.a). Then R — A(R) defines a functor from
the category of rings to that of pre-A-rings.

A pre-A-ring R is called a A-ring if A; is a morphism of pre-A-rings. This amounts to the following
relations, for all n, i, j € N\ {0}:

(A.b) A(xy) = Pa(M (%), .. A" (x), A (p), ..., A"(p)) for x,y € R,
(A.c) M (2) = Qi (A (z), ..., AU (2)) for z € R.

Note that if E is a subset of R such that (A.b) and (A.c) are satisfied for all x, y, z € E, then (A.b) and
(A.c) are satisfied for all x, y, z lying in the subgroup generated by E in R.

Note also that if R is a A-ring, and x, y, z € R, it follows from Lemma C.3.1 that
(A.d) A(xyz) = RyAL(X), .. A" (X)), AL (0), . AR (), AN 2), L A (2)),

where Rj is a polynomial defined in Section C.3.

Lemma A.1 Let R be a commutative ring and x € R. Then in A(R) we have

MA+4+xt)=14xt and M (1+xt)=0fori> 1.

Proof This amounts to verifying that Q;;(x,0,...) = x wheni = j =1, and that Q;;(x,0,...) =0
when i > 1 or j > 1, which follows at once from (C.2.a) under Uy — x and Us — 0 for s > 0.

Lemma A.2 Let R be a commutative ring and x € R. Let f; € R fori € N be such that fo = 1. Then

(Z f,,z") A(L4x0) =Y fux"t" € A(R).

neN neN
Moreover, if x € R, then 1 + xt is invertible in A(R), and (1 + xt)! =1+ x't forall i € Z.
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Proof The first formula amounts to verifying that P,( fi,..., f4,X,0,...) = f,x", which follows from
(C.1.a) (and (C.0.2)) under V7 — x and V; — 0 for j > 1. O

Lemma A.3 Let R be a A-ring, and consider the ring of Laurent polynomials R[x*!] with coefficients

in R. Then there exists a unique structure of A-ring on R[x*'] such that R — R[x*!] is a morphism of

pre-A-rings and A;(x) = 1 + xt. In addition,

A(rx') = A"(r)x™ forany r € R,i € Z,n € N.

Proof Let S = R[x*!]. By Lemma A.2, the element 1 + x¢ € A(S) is invertible and there exists then
a unique pre-A-ring structure A;: S — A(S) such that A;(x) = 1 + xt and R — S is a morphism of
pre-A-rings. Consider the diagram

AQY)
A(S) A(A(S))

\ (AR)

A
A(R) — A(A(R))

)“IS )“IRT T}L;\(R) )\‘;\(S)
R

A(R)
/ s

S A(S)

Using the fact that A(R) and A(S) are A-rings [Atiyah and Tall 1969, Theorem 1.4], we see that all maps
are ring morphisms. The interior middle square is commutative because R is a A-ring, and the right one
because A(R) — A(S) is a morphism of pre-A-rings. Commutativity of each of the other three interior
squares follows from the fact that R — S is a morphism of pre-A-rings. We conclude that the exterior
square is a diagram of R-algebras. To verify its commutativity it thus suffices to observe its effect on
x € S, which is done using Lemma A.1. We have proved that S is A-ring. The last statement follows
from Lemma A.2. O

Appendix B Graded rings

Let S = So @ S1 be a commutative Z/2-graded ring. There is a general procedure to construct a
commutative Z-graded ring out of S, which we now explain. We may consider the ring of Laurent
polynomials S[x*!] as a graded ring by setting |x| = 1 and |s| = 0 for any s € S. We consider the
Z-graded subgroup Scs [x*!1] defined by

S’,— = 5 mod 2) x! forielZ.
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It is straightforward to check that S is in fact a Z-graded subring of S[x*!], and that the canonical
homomorphism of abelian groups S — S defined by u — ux’ foru € S; and i = 0, 1 has the property
that the composite with the projection

S—>8 5 8/(x2=1)
is an isomorphism of Z /2-graded rings.

Suppose next that G is an abelian group, and that S is a G-graded ring having the structure of a A-ring.
We will say that S is a G-graded A-ring if A’(r) € Sig forany i e N,any g € G and any r € Sg. Asa
corollary of Lemma A.3, we obtain the following result.

Lemma B.1 Let S be a commutative 7 /2-graded A-ring. Then, the structure of a A-ring on S[x*1]
defined in Lemma A.3 induces a \-ring structure on S which turns it into a Z-graded A-ring. If r € S; for
some i € 7, there exists a unique s € S(; mod 2) Such that r = sx*, and we have

M) = A (s)x™ € Spi.

Appendix C Some polynomial identities

When Uy, ..., Uy, is a series of variables, we denote by 0,,(U) € Z[Uy, . . ., Uy, the elementary symmetric
functions, defined by the formula, valid in Z[Uy, ..., Uy]t],
(C.0.2) [ G+ =) t"0u(U).

1<i<m neN

C.1 The polynomials P,

By the theory of symmetric polynomials, there are polynomials P, € Z[X1,..., X, Y1,..., Yy] such
that
(C.1.2) [[ a+Uvp) =" 1"Pu(o1(U).....0nU).01(V).....00(V))

1<i,j<m neN

holds in Z[Uy, ..., U, Vi, ..., Vi][t] for every m.

Let R be a commutative ring. For every x € R, let us define elements £;(x) € R for each integer i > 1
by the formula

x ifi=1,
(C.1.b) Lilx) =431 ifi =2,
0 ifi>2.
For elements ay,...,a, € R*, we consider the polynomial
(C.1.c) Taya, =[]  (+1a]'---df) e R[L.

£1,...,6r€{1,—1}
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These polynomials can be expressed inductively as

(C.1.d) Tay,...,ar (t) = Tlay,..., a,n_l(tar)'nal ..... a,-_l(lapjl)~

Note that for any a € R,
wa(t) =1+ (a+a Y +12,

and for any a,b € RX, settingx =a+a ' and y=b+ b1,

— 2(,2 2 _ 3 4
1. ; .
(C.l.e) Tap()=1+1txy+1°(x"+y"=2)+1t7xy +1

Lemma C.1.1 Let R be a commutative ring and x, y € R. Then

1 if n € {0, 4},
Xy if n € {1, 3},
P,(L R4 A Lol =
n(£1(x) n(x), €1(y) n(»)) x2+y2_2 ifn=2.
0 if n > 4.

Proof Consider the ring S = R[a,a~!,b,b7']/(x —a—a~',y —b —b~"1). Then S contains R. We
have o;(a,a™') = £;(x) and 0; (b, b~1) = £;(y) for all i, so that, by (C.1.a) and (C.1.c),

Tap(@) =Y Puly(x), ... . Ln(x). L1(). ... La(Y)I".
n
Thus the statement follows from (C.1.e). O

Lemma C.1.2 Let R be a commutative ring and n € N \ {0}. Then for every ry,...,r, € R, the element
Pn(rl,...,rn,zl(B),...,En(B))—Bnrn (S R[B]

is a polynomial in B of degree <n — 1.

Proof We may assume that R = Z[ X1, ..., X] and that r; = X; foralli = 1,...,n. By algebraic inde-
pendence of the elementary symmetric polynomials, the ring R is then a subring of R' = Z[Uy, ..., Uy],
via X; — 0;(U). Thering S = R'[B, A, A~']/(B— A — A~!) then contains R'[B], and thus also R[B].
Since 0;(A, A~') = £;(B) for all i, we have in S[¢] that

> Pi(01(U).....on(U). £1(B).... . La(B) = [[(1 +1U; A)(1 +1U; A7),

and thus, in R'[B][t],

n n
Y P01 (U).....on(U).£1(B).....ta(B)' = [ [(1 +1Ui B+ 2UP).
i=1 i=1
Expanding the last product and looking at the ¢"-coefficients of both sides of the equation, we see that
P,(o1(U),...,on(U),L1(B),...,Ly(B)) has leading term B"c,(U) as a polynomial in B, in view of
(C.0.a). O
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C.2 The polynomials Q; ;

By the theory of symmetric polynomials, there are polynomials Q; ; € Z[Xy,..., X;j] withi, j € N
such that
(C2.) [l (+UsUyt)=) 10ij01(U).....05(U))

1S <-<aj<m ieN

holds in Z[Uy, . .., Uy][t] for every m. For instance, we have Q ; = Xj forany j € N\ {0}.

Lemma C.2.1 Let R be a commutative ring and x € R. Then
Li(x) if j=1landi #0,
Qi,jl1(x),....Lij(x) =11 ifi=1andj=2,orifi =0,
0 otherwise.

Proof LetS = R[a,a”']/(x —a—a~"). Then S contains R. Setting w; = a, w, =a~ ! and wy =0
in S for k > 2, we have o3 (w) = £ (x) for all k. Thus for all j € N,
l+tx+12 ifj=1,
S0 b)) BT T (A way e we )= {141 if j =2,

ieN 1<q|<-<a;<m 1 otherwise. O
C.3 The polynomials R,

By the theory of symmetric polynomials, there are polynomials
RyeZXy,....,Xn.Y1,....Y0n. Zy,..., Zy]
such that

[[ +tUiviw) = 1"Ru(01(U).....00(U).01(V).....0n(V).01(W).....00n(W))

1<i,j,k<m neN

holds in Z[Uy, ..., Umn, Vi, ..., Vin, Wi, ..., Wy][t] for every m.

Lemma C.3.1 Forn <m, we have, in Z[X1,....Xm. Y1.....Ym,. Z1,...,. Z ],
Rn:Pn(Xl,...,Xn,PI(YI,ZI),...,Pn(Yl,...,Yn,Zl,...,Zn)).

Proof Observe that, in Z[U1, ..., Uy, Vi...., Vi,

[T a+wivp=[][]a+wwivy) =" 1‘[( 3 a,,(V)U,."z”).

1<i,j<m i=1j=1 i=1 “neN
Since the elements Y, = o, (V) for r = 1,...,m are algebraically independent, in view of (C.1.a) it
follows that we have, in Z[Uy, ..., Uy, Y1,..., Yu]t], and writing Y = 0 for s > m,
m
(C.3.a) > Pu(01(U).....on(U). Y1.... . Yp)t" = ]_[( > YnU,."z").
neN i=1 “neN
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Now in Z[V1, ..., Vi, Wi, ..., Wy, set for any n € N,
pn=Pu(o1(V),....om(V),00(W),....,om(W)),

so that, in Z[Uy, ..., Un, Vi, ..., Vi, Wi, ..., Wz,

m
C.1. C.3.
[T «a+wvwy = ]_[( 3 p,,U,.”z”) 2V Puo1(U).....on(U). pr..... pa)".

1<i,j,k<m i=1 “neN neN
Since the elements X, =0, (U), Y, =0,(V), Z, =0,(W) forr =1,..., m are algebraically independent,
this yields the statement. O

Lemma C.3.2 Let R be a commutative ring and x, y,z € R. Then

Ru(€1(x), ... €n(x), £1(3), - €n (), £1(2), . . .. £n(2)

1 if n € {0, 8},

xXyz ifne{l,7},
XXy 2+ yP %) 44 if ne{2,6},
) x3yz+xpdzFxpzd —5xyz it n € {3,5},

x4yt 2t 4 x2y222 AP+ Y2420 +6 ifn=4,

0 it n> 8.

Proof Consider the ring S = R[a,a',b,b7 ", ¢c,c7/(x—a—a ', y—b—b"1',z—c—c71). Then
S contains R. We have o;(a,a ') = £;(x),0;(b,b™ 1) = £;(y),0i(c,c™') = £;(z) for all i. Writing
= Ru(€1(x),....£n(x),£1(»),.... Ln(¥),€1(2),...,€,(2)), we have by definition of R, and (C.1.c),

Tap,c(t) = Z rpt™ € S[t].

neN

Since 74 p (1) = 7q p(tC) - na,b(tc_l) by (C.1.d), it follows from (C.1.e) that 7, 5 .(f) equals
(A +txye+12(x2+ 2 =22 +3xyp3 + 14 eH U +ixye L+ 122 (2 + y2 =2 2+ B3xpe P 144,

To conclude, we compute the coefficients r,, by expanding the above product. We have ro =rg =1 and
ry = 0 for n > 8§, as well as
r=r7= X_y(C + C_l) =Xxyz.

Using the fact that ¢2 + ¢72 = z2 — 2, we have
ra=rg=24+12=2)(*+c ) +x2y? =x2p? + x222 4 p22 —2(x2 + yr + 22) +- 4.
Now ¢3 4 ¢73 =23 — 3z, hence
rn=rs=xp(+cH+ P+ =xplc+ec H=xPyz+xpdz +xyzd —Sxyz
Finally c¢* +¢=* =z — 422 4 2, hence
ra=ct et x0T+ (241222 = x4 x 222 —A(x P+ y 42 46, O
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On Borel Anosov subgroups of SL(d, R)

SUBHADIP DEY

We study the antipodal subsets of the full flag manifolds .% (R). As a consequence, for natural numbers
d > 2 such that d # 5 and d # 0, 1 mod 8, we show that Borel Anosov subgroups of SL(d, R) are
virtually isomorphic to either a free group or the fundamental group of a closed hyperbolic surface. This
gives a partial answer to a question asked by Andrés Sambarino. Furthermore, we show restrictions on
the hyperbolic spaces admitting uniformly regular quasi-isometric embeddings into the symmetric space
X4 of SL(d, R).

14M15, 20F65, 22E40

Dedicated to Misha Kapovich on the occasion of his 60th birthday

1 Introduction

In the past decade, Anosov subgroups of higher-rank Lie groups have emerged as a well-regarded higher-
rank extension of the classical convex-cocompact Kleinian groups. The notion of Anosov representations
was introduced by Labourie [16] from a dynamical perspective in his pioneering work on Hitchin repre-
sentations of surface groups, and then extended by Guichard and Wienhard [10] for any hyperbolic groups.
Afterward, Kapovich, Leeb and Porti [14] gave several geometrical and dynamical characterizations of
Anosov subgroups; see the article by Kapovich and Leeb [13] giving an overview of their characterizations.
A main feature of Anosov subgroups is that they have a well-defined limit set in suitable generalized flag
varieties, and any two distinct points in these limit sets are in general position.

We are motivated by a question asked by Andrés Sambarino, namely whether Borel Anosov subgroups of
SL(d, R) are necessarily virtually free or surface groups. Combined works of Canary and Tsouvalas [4]
and Tsouvalas [22] have affirmatively answered this question for d = 3,4 and d = 2 mod 4 (note that
d =2 case is classical). Using a different approach, we give an affirmative answer to this question for all
d € N satistying

(D) d#5 and d=2,3,4,50r6 mod 8.
See Corollary D.
We summarize our main objectives:

(i) We study the subsets of full flag manifolds .% (R?) where all pairs points are antipodal, ie are
in general position. As noted above, the limit sets of Anosov subgroups share this property. We are

© 2025 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution License 4.0 (CC BY).
Open Access made possible by subscribing institutions via Subscribe to Open.
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specifically interested in understanding when antipodal subsets of .% (R?) are maximally antipodal; see
Section 1.1 for discussions related to this matter.

(ii)) We aim to understand which hyperbolic groups can be realized as Borel Anosov subgroups of
SL(d, R); see Section 1.2 for the discussion related to this.

(iii) Finally, we aim to understand which geodesic metric spaces may admit coarsely uniformly regular
quasi-isometric embeddings, a notion introduced by Kapovich, Leeb and Porti [13] strengthening the
classical notion of quasi-isometric embeddings, into the symmetric space Xy of SL(d, R). Notably, the
orbit maps of Anosov subgroups are such embeddings; see Section 1.3 for further discussions.

1.1 Antipodal subsets

For d > 2, let Z; := .7 (R%) denote the manifold consisting of all complete flags in RY. A pair of points
o+ € F4 is called antipodal (or transverse) if

o®) _l’_o'_("_d_k) —R? forall k e {1,....d —1}.

Here, for o € %, we use the notation o %) to denote the k-dimensional vector subspace of R4 appearing in
the complete flag 0. We denote by &, 0 € %, the set of all points in .%; which are not antipodal to . The
complementary subset of &5 in .%4, which we denote by %, is an open dense subset of .%,; homeomorphic
to a cell. The subset 4, is called a maximal Schubert cell or big cell, whereas & is the closure of the
union of all codimension-1 Schubert cells in the Schubert cell decomposition of .%; corresponding to o.

Theorem A Let d be any natural number satisfying (1). Let 04 € %, be any pair of antipodal points,
and let Q2 be any connected component of .74 \ (65_ U by, ) = Co_ NGy, . If c: [—1, 1] — F4 is any

continuous map such that
c(£l)=04 and c((—1,1)) C,

then, for all o € 2, the image of c intersects &.

Although the following example is not covered in the setting of the theorem, we believe that it would
still serve as a simple illustration of the statement: In the case corresponding to SL(2, R) x SL(2, R) and
its minimal parabolic subgroup, the “full flag manifold” is realized as a torus. Let D denote the unit
square in R? from which we obtained the torus by identifying the opposite edges. We identify the four
corners of D with o_, and &,_ with its edges. Given any point & in the interior of D, the subset &5 can
be realized as the union of the horizontal and vertical line segments passing through 6. Therefore, for any
04+ € Go_ = int D, the intersection ¢5_ N %5, can be seen as the disjoint union of four open rectangles.
For any path ¢ connecting o+ lying in (except for the endpoints) one such rectangles €2, and for any point
o € 2, it can be checked that & intersects c.

We prove Theorem A in Section 3. The main technical ingredient in the proof is Theorem 2.4, which
states that, for natural numbers d satisfying (1), an involution ¢ defined on ¢5_ N %5, does not leave
invariant any connected components; see Section 2.

Geometry & Topology, Volume 29 (2025)
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Remark 1.1 Theorem A and the other key results below have the restriction (1) on d because Theorem 2.4
may fail when d is of the form 8k — 1, 8k or 8k + 1, for k € N. Specifically, we show that Theorem 2.4
indeed fails when d = 8k £ 1, yet the status of its validity remains unclear for d = 8k. However, with
help from Su Ji Hong, we could computationally verify the validity of Theorem 2.4 when d = 5. Further
discussions on this matter are detailed in Remark 2.5. Consequently, for d = 5, Theorems A, C and F,
and Corollaries D and G (as well as Corollary E(i) for n = 2), remain valid.

Nevertheless, it is an intriguing prospect to investigate whether Theorem A holds true for these remaining
natural numbers d, provided the hypothesis is strengthened by requiring the map c: [—1, 1] = .%; to also
be antipodal.

We apply Theorem A to get information about (locally) maximally antipodal subsets of %#;, defined as
follows:

Definition 1.2 (antipodal subsets and maps)

(1) A subset A C %, is called antipodal if all distinct pairs of points in A are antipodal.

(i) An antipodal subset A C .%#,; is called maximally antipodal if it is not contained in a strictly larger
antipodal subset of .%;.

(iii) We call an antipodal subset A C .%; locally maximally antipodal if there exists an open neighborhood
N of A in #; such that A is not contained in any strictly larger antipodal subset of N; equivalently,
every point of N is not antipodal to some point of A.

(iv) A continuous map ¢: Z — %, is called antipodal if, for all distinct points zy € Z, ¢(z4+) and
¢ (z—) are antipodal.

Note that antipodal subsets of .#; form a poset, partially ordered by inclusions, and the maximally
antipodal subsets are precisely the maximal elements.

As an application of Theorem A, we get the following result:

Corollary B Let d be any natural number satisfying (1). If ¢: S' — .#; is an antipodal embedding,
then A := c¢(S1) is a locally maximally antipodal subset of .%.

Proof Let x1,x2,x3 € S! be any distinct triple. For distinct indices i, j, k € {1,2,3}, let Q;;x denote
the connected component of .74 \ (& (x;) U ¢(x;)) containing ¢ (x;). Then ¥ = Q123 U Q2231 U Q312 is
an open neighborhood of A. Applying Theorem A, one can verify that every point in Y is nonantipodal
to some point in A. O

It is unclear whether one can omit the word “locally” in the conclusion of the above result. However, if
the image of ¢: S1 — .Z; is the limit set of a Borel Anosov subgroup of SL(d,R), then A :=c(S!)is a
maximally antipodal subset of .%;; see Proposition 5.1.

Geometry & Topology, Volume 29 (2025)



174 Subhadip Dey

1.2 Borel Anosov subgroups

First, let us recall the notion of boundary embedded subgroups of SL(d, R) introduced by Kapovich,
Leeb and Porti [14].

Definition 1.3 (boundary embedded subgroups) A subgroup I' of SL(d,R) is called B-boundary
embedded if T', as an abstract group, is hyperbolic and there exists a I'-equivariant antipodal embedding
£: 000 = #4 of the Gromov boundary dooI" of T" to the complete flag manifold .%#,;.

Due to the fact that nonelementary hyperbolic groups act as convergence groups on their Gromov
boundaries, it can be inferred that nonelementary B-boundary embedded subgroups of SL(d, R) are
discrete. The following result shows that the group-theoretic structures of the B-boundary embedded
subgroups of SL(d, R) are highly restricted:

Theorem C Let d be any natural number satisfying (1). If a subgroup I" of SL(d, R) is B-boundary
embedded, then I' is virtually isomorphic to either a free group or the fundamental group of a closed
hyperbolic surface.

This result, which we prove in Section 4, directly applies to the class of Borel Anosov subgroups introduced
by Labourie [16], who proved the seminal result that the images of the Hitchin representations of surface
groups into SL(d, R) are Borel Anosov subgroups. While Labourie’s original definition of Borel Anosov
subgroups was intricate, a more straightforward definition has since emerged thanks to the work of
Kapovich, Leeb and Porti [14; 15] and Bochi, Potrie and Sambarino [2].

For g € SL(d, R), let
o1(g) =-->04(g)

denote the singular values of g. For a finitely generated group T, let |- |: ' = N U {0} denote the
word-length function with respect to some symmetric finite generating set of I'. The following definition
does not depend on the choice of such a generating set, although the implied constants may vary.

Definition 1.4 (Borel Anosov subgroups) A finitely generated subgroup " of SL(d, R) is called Borel
Anosov if there exist constants L > 1 and A > 0 such that, forall k € {1,...,d — 1} and forall y € T,

o () -1
(2) 10g(m) > L7 |y|—A.

The main features of the Borel Anosov subgroups I' of SL(d, R) include: I', as an abstract group, is
hyperbolic, and there exists a I'-equivariant antipodal embedding, called the limit map,

from the Gromov boundary dooI" of I to the complete flag manifold .%;; see [2; 16]. In particular, Borel
Anosov subgroups of SL(d, R) are B-boundary embedded (Definition 1.3). Therefore, Theorem C has
the following direct implication:

Geometry & Topology, Volume 29 (2025)



On Borel Anosov subgroups of SL(d, R) 175

Corollary D Let d be any natural number satistying (1). If I" is a Borel Anosov subgroup of SL(d, R),
then I' is virtually isomorphic to either a free group or the fundamental group of a closed hyperbolic
surface.

Remark 1.5 This result partially answers a question asked by Sambarino (see Canary and Tsouvalas
[4, Section 7]), who asked if the statement is true for all d > 2. As mentioned above, this question
previously has been affirmatively answered for d = 3 and d = 4 by Canary and Tsouvalas [4], and
for all d of the form 4k + 2 by Tsouvalas [22]. In fact, we give a new (and possibly simpler) proof
for the previously known cases from [4; 22]. However, for the remaining integers d > 2 not covered
by Corollary D (except for d = 5), we are unable to provide a conclusive answer to this question; see
Remark 1.1. We emphasize a connection between the maximal antipodality of limit sets and Sambarino’s
question, which could be beneficial for further exploration in these remaining cases: Suppose there exists
d € N and a Borel Anosov subgroup I' < SL(d, R), isomorphic to a surface group, such that the limit
set of I" in .%; is not maximally antipodal. In this case, by applying the combination theorem for Anosov
subgroups by Dey, Kapovich and Leeb [7] (see also Dey and Kapovich [6]), one can construct a Borel
Anosov subgroup of SL(d, R) isomorphic to I'' x Z, where I'” is a finite-index subgroup (and thus a
surface subgroup) of I'. Such a construction could produce a counterexample.

More generally, given a connected noncompact real semisimple Lie group G with finite center and a
parabolic subgroup P of G, there is a distinguished class of discrete subgroups of G called P-Anosov
subgroups; see Guichard and Wienhard [10] and also Kapovich, Leeb and Porti [14]. By a B-Anosov
subgroup of G, we are referring to a P-Anosov subgroup, where P is assumed to be a minimal parabolic
subgroup of G.!

In the special case G = SOg(n,n + 1) (resp. G = Sp(2n, R)), the Borel Anosov subgroups of G map
to Borel Anosov subgroups of SL(2n + 1, R) (resp. SL(2n, R)) under the inclusion SOg(n,n 4+ 1) —
SL(2n 4+ 1, R) (resp. Sp(2n, R) < SL(2n,R)). Thus Corollary D also yields the following:

Corollary E Let G be one of
(1) SOg(n,n + 1), wheren # 2 and n = 1 or 2 mod 4,
(i) Sp(2n,R), wheren = 1,2 or 3 mod 4.

If T is a Borel Anosov subgroup of G, then I is virtually isomorphic to either a free group or the
fundamental group of a closed hyperbolic surface.

Finally, it is worth remarking that restrictions on Anosov subgroups of the symplectic groups are explored
further in the subsequent papers of Dey, Greenberg and Riestenberg [5] and Pozzetti and Tsouvalas [18].

IWhen dealing with a connected algebraic group G defined over an algebraically closed field, the minimal parabolic subgroups
are Borel subgroups. This is why we refer this class of subgroups as “B-Anosov”. For the same reason, we referred to the class
of subgroups defined in Definition 1.3 as “B-boundary embedded”. When the minimal parabolic subgroups of G are Borel
(eg if G is split), we may also refer to B-Anosov subgroups as Borel Anosov subgroups as done in Definition 1.4 for the case
G =SL(d,R).
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1.3 Uniformly regular quasi-isometric embeddings

The notion of uniformly regular quasi-isometric embeddings, introduced by Kapovich, Leeb and Porti, of
geodesic metric spaces into the symmetric space

X, :=SL(d,R)/SO(d, R)

is a strengthening of quasi-isometric embeddings. Since the definition of uniformly regular quasi-isometric
embeddings requires a lengthier discussion, we refer our reader to Kapovich and Leeb [13, Definition 2.26].
This notion is especially interesting in the context of Anosov subgroups since, by [13, Theorem 3.41], a
subgroup I' < SL(d, R) is Borel Anosov if and only if I is finitely generated and the orbit map

3) I'—=Xg. yr=vy-Xo.

is a uniformly regular quasi-isometric embedding where I' is equipped with any word metric and xo € X4
is any basepoint; see (2).

Theorem F Consider any locally compact geodesic Gromov hyperbolic space Z with 0o Z denoting its
Gromov boundary. Suppose there exists a topological embedding c: S' — 0o, Z such that the image of ¢
is not an open set. Then Z does not admit any uniformly regular quasi-isometric embeddings into X 4,
given d satisfies (1).

Theorem F is proved in Section 4. This result obstructs uniformly regular quasi-isometric embeddings
of certain simply connected complete Riemannian manifolds of nonpositive sectional curvature (also
called Cartan—-Hadamard manifolds) into X ;5. More precisely, if Y is a Cartan—Hadamard manifold with
sectional curvature bounded below and Y admits a uniformly regular quasi-isometric embedding into X,
then Y is Gromov hyperbolic as a metric space (by Kapovich, Leeb and Porti [15, Theorem 1.2]), whereas
the Gromov boundary of Y is homeomorphic to the sphere of dimension dim Y — 1 (by Kaimanovich
[11, Theorem 2.10]). Thus if d satisfies (1), then Theorem F implies that dim Y < 2. A special case of
this is as follows:

Corollary G The hyperbolic plane is the only symmetric space of noncompact type that admits uniformly
regular quasi-isometric embeddings into X ; with d satisfying (1).

In a similar vein, applying Theorem F, a stronger conclusion than Corollary D can be obtained: finitely
generated groups I, unless I is virtually a free group or a surface group, do not even admit uniformly
regular quasi-isometric embeddings? into X; when d satisfies (1), since in such cases, if I" admits a
uniformly regular quasi-isometric embedding into X4, then I" is a hyperbolic group [15, Theorem 1.2]
and there exist such nonisolated circles in dooI" (see Bonk and Kleiner [3, Corollary 2]) as required by
the hypothesis of Theorem F to get a contradiction.

2These need not arise from a group homomorphism I' — SL(d, R) as in (3).
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QOutline In Section 2, we present and prove our main technical result, Theorem 2.4. Using this, we
establish Theorem A in Section 3. Subsequently, we apply Corollary B, an immediate consequence of
Theorem A, to prove Theorems C and F in Section 4. Finally, in Section 5, we explore some additional
applications of the methods we introduce.

Acknowledgements I extend my sincere thanks to Misha Kapovich and Yair Minsky for their suggestions
and encouragement. I am grateful to Richard Canary, Su Ji Hong, Or Landesberg and Max Riestenberg
for the engaging discussions related to this work. Special thanks to Hee Oh for her insightful question
(referenced in Proposition 5.2) and the discussions stemming from it, and to Misha Shapiro for very
helpful discussions related to Theorem 2.4. I express my gratitude to the referee for their careful review
of this article and for suggesting Corollary E.

2 An involution on the intersection of two opposite maximal Schubert cells

The goal of this section is to state and prove the main technical result behind the results discussed in the
introduction; see Theorem 2.4.

We recall that SL(d, R) acts transitively on the set consisting of all antipodal pairs of points in .%;. From
now on, we reserve the notation o for the descending/ascending flags defined as follows: Let R4 be
equipped with the standard basis {eq, ..., ez }. Define

o4+ as {0} Cspan{e;} C span{eg,eq_1} C--- C span{eg,...,e1} = R,
o_— as {0} C span{e1} C span{eq,ex} C--- C span{eq,...,eq} = R,
It can be seen easily that o4+ are antipodal.

We also reserve the notation U, to denote the subgroup of SL(d, R) consisting of all upper-triangular
unipotent matrices. It is easy to check that U, fixes o_, and hence preserves the big cell é,_. Moreover,
Uy acts on 6,_ simply transitively, so we have a diffeomorphism

Fo :Ug—>C_, F(u)=uoy.
For notational convenience, for all o € %5_, let us write
Ug = Fy +1 (0).
We identify Uy with ¢5_ under the diffeomorphism Fy | .

Furthermore, we identify U; (and hence %,_) with R() by sending a matrix u € Uy to the vector

(#ij)1<i<j<a- Under this identification, o € €5_ lies in & = .74 \ 65 if and only if there exists some

ke{l,...,d —1} such that o ® + af,_d_k) is a proper subspace of R or, equivalently,

(Uged k1) NN (Ugea) Negp1 A= Neq
e1 N Ney

0.

Pi(ug) =
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Thus we can describe the set &5, N %_ algebraically as a subset of R(g) by

d—1
oy NUg =) &5,
k=1
where £§+ ={ueUy| pr(u) =0}
Example 2.1 If d = 3, then
1 x vy 1 xy
P1 1z =y, p2 1z =Xxz—).
1 1

Therefore &5, NUs can be written as the union of the hypersurfaces &) L ={xy. )| pilx.y,2) =y =0}
and é"é ={(x,y.2) | pa(x,y,z) =xz—y =0} in R3; see Figure 1.

The following lemma can be verified by linear algebra. We omit the details.
Lemma 2.2 The polynomial py(u) can be expressed as py(u) = detu®, where u® denotes the

upper-right k x k block submatrix of u. In particular,
éir ={uely| detu® = 0}.

We define an involution

:U; - Uz, u—u b,

This simple involution plays a key role here. Note that ¢ is a diffeomorphism, Fix(t) = {I}, where I
denotes the identity matrix, and d|7,y, = —id.

Figure 1: The part of the set &, lying in R3 =~ %,_ C .#3. The six components of €,_ N E, v
are visible in the complement of this algebraic surface.
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Proposition 2.3 Forall k € {1,...,d — 1},

—1) — (_1)k(d+1)

Pr(u Pd—k(u).

In particular, L(é"éc +) = é‘f +_k , L preserves &5, N Uy, and hence preserves Uy \ &, .

Proof We apply Jacobi’s complementary minor formula: if A is an invertible d x d matrix, then for any
subsets I, J C {1,...,d} of size k,

det Ay = (—=D)ZTT27 (det A) det((A™Y) jege).

Here we use the notation A7y to denote the submatrix of A obtained by its /™ rows and J™ columns.
Since in our case detu = 1, the above formula reduces to

det((u_l)l.]) = (—1)21+2J detujcje.

Fix k € {1,...,d — 1}. Notice that when I = {1,...,k} and J = {d —k +1,...,d}, we have
pr() = detiiyy, pa—r() =detiijere and > I + ) J = k(d + 1). Hence, by the formula in the
previous paragraph, px(u™') = (=D¥@+D p, 1 (u). |

By the above result, we thus have a well-defined involution ¢ on Uy \ &_,.. Our main result of this section
is as follows:

Theorem 2.4 Suppose that d is any natural number such that d # 5 and d =2,3,4,5 or 6 mod 8. Then
the involution t: Uy — Uy does not leave invariant any connected components of Ug \ &5 .

The proof of Theorem 2.4 is split into several cases and occupies the rest of this section. Here is our
plan: The proof for d = 3 is discussed in Section 2.1; see Section 2.2 for the case when d is of the
form 4k + 2. These initial cases are approached in an elementary manner. However, as our elementary
approach appears to be insufficient for the remaining cases, we rely upon some sophisticated invariants
developed by Shapiro, Shapiro and Vainshtein [19; 20], which characterize the connected components of
%o_ N %o, in a combinatorial manner. In Section 2.3, we recall some necessary background on these
papers. Subsequently, the proof for d = 4 is discussed in Section 2.4. Following that, we prove the
theorem in the rest of the odd cases of d in Section 2.5 and in the remaining even cases of d in Section 2.6.

Remark 2.5 When d is of the form 8m =+ 1, then the ¢: U; — U, leaves invariant some components
of Uy \ &5 ; see below. Therefore Theorem 2.4 is false in those cases of d; see Proposition 2.10(ii).
When d is of the form 8m, we are unable to make the conclusion because we could not study some
“exceptional” connected components; see Remark 2.12. However, in all these cases, the total number of
these components is quite “‘small” compared to the total number of connected components of Uy \ &g .

With help from Su Ji Hong, we managed to computationally verify Theorem 2.4 for d = 5. Despite this
effort, we decided to exclude the d = 5 case because we couldn’t find a way to present a proof for it.
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2.1 Proof of Theorem 2.4 whend =3

When d = 3, the connected components of U3 \ &5, in R3 = U; are
Qi ={(x,y,2)|x>0,y>0,z>0, xz—y >0}, ﬁl={(x,y,z)|x<0,y>0,z<0,x2—y>0},
Qo ={(x,y,2)|x<0,y<0,z>0, xz2—y <0}, sz{(x,y,z)|x>0,y<(),z<0,xz—y<0},
Q3={(x,y,2)|y>0,xz—y <0}, Q3={(x,y,z)|y<0,xz—y>0}.

See Figure 1. By picking a representative in each component and applying ¢ to the representative, it can
be checked that (2 = Qk for k = 1,2, 3. We omit the details.

2.2 Proof of Theorem 2.4 when d = 2 mod 4

Suppose that d =2 mod 4. Let u € Uy \ 65, be any point. By Proposition 2.3, tu € Uy \ 65, . Let
c:[—1,1] = Uy for ¢(£1) = u®! be any path. We show that such a path ¢ must intersect b0y NUg. In
this case, since %d is odd, by Proposition 2.3

papp ") =—pasu).

Thus, by continuity, the image of ¢ must intersect éi;i 12. Therefore u and tu lie in different connected

components of U; \ é(f J{z, and hence of Uy \ &5, .

2.3 Some preparation before the proof of Theorem 2.4 in the remaining cases

We recall some notions of Shapiro, Shapiro and Vainshtein [19; 20]. Throughout, we try to be consistent
with their papers so that we can freely refer to those for more details.

Let n :=d — 1. Denote by T" = T"(IF;) the vector space of all n x n upper-triangular matrices with [F5-
valued entries, where [F» = {0, 1} is the finite field of order 2. There is a certain subgroup &, < GL(T")
acting linearly on T". This action is called the first &,-action; see the introduction of [20]. There is
also another &, -action defined in that paper, which is called the second &,-action. However we do not
need to discuss the second action, and hence will simply call the first &, -action the &, -action. For the
reader’s convenience, we recall this action. For 1 <i < j <n —1, let g;; € GL(T") be the element
acting linearly on 7" as follows: Let M/ be the 2 x 2 submatrix of M formed by the rows i and i + 1,
and the columns j and j + 1 (or its upper triangle when i = j). Then g;; - M is the matrix obtained by
adding to each entry of M/ its trace, and keeping the rest of the entries of M unchanged. The subgroup
&, < GL(T") is generated by all these g;;.

Example 2.6 We revisit the case d =n + 1 = 3, where

O k3 B A R i e R e

and &, is the group of order 2, with gq; as its nontrivial generating element. We note that &, has
precisely four fixed points in T2, represented by the initial four elements in (4). The remaining four
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elements in 72 form two distinct ®,-orbits. Consequently, there are six ¢,-orbits in total. Remarkably,
each of these orbits corresponds to a unique connected component of Uz \ &5 4+ (see Section 2.1). We
elaborate this further in our discussion below.

When d = n + 1 = 4, the &3-orbits in 73 can be found in Table 1.

By [19], the connected components of 65_ N 65, are in one-to-one correspondence with the &, -orbits
in T". The correspondence can be realized as follows (see [19, Sections 2 and 3] for more details): Let
S, +1 denote the group of all permutations of {1,...,n + 1}, let wo denote the longest element in Sy, 1,
and let s for k = 1,...,n denote the transposition which swaps k and k + 1 in {1,...,n + 1}. The
element wo can be written as

) Wo = (5152 Sn)(S152+++Sn—1) =+ - (515253)(5152) (51).

Corresponding to this (fixed) reduced decomposition of wq, by [1; 17], a generic matrix u € Uy = Uy, 41
can be uniquely factorized as

©) u=U+t1,Es)UI +1tr0-1)Esy) - (I +tm1 Es,,) ) +t1(4—1)Es;) -+ (I +t(n—1)1Es,_,)

e (I + tlZEsl)(I + ZZIEsz)(I + tllEsl )7
where 7;; represents the coefficient of E;; when E;; appears the j * time from right to left in the above
expression, the #;; are nonzero real numbers, and Ej; denotes the (n+1) x (n+1) matrix with only

nonzero entry 1 at the place (i,i + 1). Using this unique factorization of u, we assign to it the matrix
M, € T" given by

(€11 €21 - €mn—-1)1 €nl
€12 -, ) €(n—1)2
(7 M, = T : ,
. €2(n—1)
L €1n

where €;; =01if 7;; > 01in (6), and €;; = 1 if ;; < 0; see [19, Section 2.8].
Lemma 2.7 For a generic matrix u € Uy, the matrices M, and M,,— are related by
(My—1)ij = My)(nt1-j)in+1—i) +1 forall 1 <i < j <n.

Proof Suppose that the factorization of u is given by (6) and the corresponding M, has the expression
given by (7). To obtain an expression for M,,—1, we first notice

u ' = —t11Es))(I —t21Es,)(I —t12Eg) - (I —tu—1y1 Es,_,) -+ (I — tyiu—1)Es, ) (I — tn1 Ey;,)
(I —ty(u—1)Es,) (I — 1, Es,).
This is not in the order required by the chosen reduced form of wg in (5); see (6). However, using the

fact that E5; and E;; commute if |i — j| > 2, we can easily put this expression in the desired form (6):
If 1] ; denote the coefficients involved in this expression for ™!, then

/
lij = —lin+1-))-
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Table 1: All the ®3-orbits (see Section 2.4). Each table entry represents a single &3-orbit, which

is a collection of upper-triangular matrices comprising only 0’s or 1’s.
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Hence the matrix M,,—: is derived from M, through a two-step process: first reflecting it across its
antidiagonal to adjust the indices, and then adding 1 to each entry in the upper-triangular region to
accommodate the sign changes. a

To each connected component €2 of ¢;_ N %5, we associate the set
Sq :={M, |u € Q is generic} C T".
The vector space 7" can be partitioned into subsets of the form Sg, and the correspondence Q2 <> Sq
is one-to-one. Moreover, by the main theorem of [19], the subsets Sq are precisely the orbits of the
&, -action. Let us define an involution ¢: T" — T" by
®) tM)ij :=Myui1—j)(nt1—+1 forall 1 <i <j=<n.
A consequence of Lemma 2.7 is that
©) 1Sq = Si.

Thus €2 is t-invariant if and only if Sgq is. The first part of the following lemma records this discussion:

Lemma 2.8 Let n € N. The involution t: Uy4+1 — U,41 preserves a connected component 2 of
Go_ N €s, if and only if the map 1: T" — T" leaves Sq invariant.

Further, the involution ¢ has no fixed points in T™. In particular, no singleton &, -orbits are preserved by t.

The “further” part of the lemma above is verified by noticing that the entries in upper-right corner of
M € T" and (M) are different.

We identify the dual space (T™)* with the space of n x n upper-triangular matrices with F»-entries so
that, for M € T" and M* € (T")*,
10 (4.31%) = 3 i .
i<j
We recall the elements E; € T" and Ry € (T")* fork = 1,...,n from [20, Section 2.1],
Er = Z E,s and Ry = Z Eys,
s—r=k—1 1<r<k<s<n
where E,s denotes the matrix whose only nontrivial entry is at the position (r,s). The subspace of

(T™)* (resp. T™) spanned by the matrices Ry (resp. Ey) is denoted by 2, (resp. .#,). One checks that
tEg =) ;4 Ei, and hence

(11) LIy = In.

Moreover, note that the matrices £ are symmetric with respect to the antidiagonal; therefore any element
I € %, =span{Eq,..., E,} is also symmetric with respect to the antidiagonal. Hence

12) tI+M)y=1+1t(M) forall M € T" and I € .7,.
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Let .@,ﬂ- C T" denote the subspace orthogonal to 7, with respect to the standard pairing (-, -) in (10). A
translation of Z;- by a matrix M € T" is called a slice. If S C T" is a slice, then its height h" is defined

to be the vector
hS =%, . hS) eFL,

where h,‘f ;= (M, Ry) € F, and M € S is an arbitrary matrix. A straightforward computation using (8)
shows that for any M € T",
(((M), Rpy1-k) = (M, Ri) +k(n+1—k) mod 2.
In particular, ¢ sends slices to slices. The following lemma relates the height vectors of S and ¢S, and
follows from the formula above:
Lemma 2.9 For every slice S CT" and k € {1,...,n},
h,f = h;‘i_l_k +k(n+1—k) mod 2.

Note that in is the slice at height zero. Moreover, the correspondence S <> h5 is one-to-one. A slice S

is called symmetric if its height vector #5 is symmetric with respect to its middle, ie h,‘f =hS for

n+1—k
all k € {1,...,n}. By the &,-orbit structure theorem [20, Theorem 2.2], every orbit of &, ~, T" lies in

some slice S C T".
With the help of Lemmata 2.8 and 2.9, our strategy now is to apply [20, Theorem 2.2] to check if any
&, -orbit is preserved under the involution ¢.

2.4 Proof of Theorem 2.4 when d =4

This case is illustrative, and also does not fit into the discussion of the more general cases below. Here 73
has 64 elements, and there are twenty &3-orbits, each corresponding to one connected component of
Ua \ &5 . The orbits are listed in Table 1; the theorem can be verified directly from the table.

2.5 Proof of Theorem 2.4 when d isodd and d > 7
More precisely, we prove the following:

Proposition 2.10 Let d > 7 be an odd integer.

(1) If d =3 or 5 mod 8, then the involution ¢: Uy — U, does not preserve any connected component
of Ug \ é5, .
(ii) Ifd =1 or 7 mod 8, then  preserves 2(4+1/2 connected components of Uy \ &y 4
Note that there are 3-29~! connected components of Uy \ &5 + [20].
Let d > 7 be any odd integer. Equivalently, we assume that » = d — 1 > 6 is even. Applying Lemma 2.9,

h,‘j = hilS-i-l—k forall k € {1,...,n}. Thus, if § C T" is a nonsymmetric slice, then h*S % hS. Hence

does not preserve any orbits lying in the nonsymmetric slices.
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However, for every symmetric slice S,
(13) hS = ps

or, equivalently, ¢S = S. Using [20, Theorem 2.2(ii)], every symmetric slice S decomposes into a number
of singleton &,-orbits and two nonsingleton &,-orbits of equal sizes. By Lemma 2.8, no singleton
&, -orbit is preserved under ¢. So it remains only to check how ¢ acts on the pair of nonsingleton &,,-orbits
in each symmetric slice.

Any symmetric slice can be sent to any other by the action .#, ~, T" by translations. It has been noted in
the proof of [20, Lemma 6.7] that .%, ~, T" maps &,-orbits to &,-orbits.

Claim 1 If « swaps (resp. preserves) the pair of nonsingleton &, -orbits in one symmetric slice, then it
swaps (resp. preserves) those for all symmetric slices.

Proof Let S; and S> be any two symmetric slices, and let I € .#, be a matrix such that I + §; = S55.
Let S li C S1 denote the distinct nonsingleton &,-orbits. Then S2lL =1+4+S f: C S5 are the distinct
nonsingleton &, -orbits in Sy. If t(S1+) = §, . then by (12),

W(SH = +SH=1+u(S)=1+S7=5;. o

Thus it is enough to understand how ¢ acts on the pair of nonsingleton &, -orbits in .@,ﬂ', the symmetric
slice at zero height. Consider the matrix M, € T" whose only nontrivial entries are the ones contained
in the 2 x 2 submatrix at the upper-right corner, and let M, := ((M,). We note that M, € Z;-, and
hence so is M. Using the description of the ,-action above, it is easy to observe that the &,-orbits
S*:=®, - M are both nonsingleton. Finally, since M, = ((M,"), we get S;} = ¢(S;).

Claim 2 For all even numbers n > 6, S, N S,” = & precisely whenn = 2 or 4 mod 8.

Proof Let ®,:(T")* — T"~! denote the linear map given by sending a matrix M € (T")* to N € T"~1
such that
Nij = Mij +Miq1,; + M j11+Mit1,j+1.

It is proven in [20, Lemma 6.6] that the dual map ®*: (T"~!)* — T" maps (T"~!)* isomorphically
onto @,{-. The dual map ®* can be computed by
(14) OYEN Y =El+E! +EN +HEN

where El’j denotes the k x k matrix with only nontrivial entry at the position (i, j), if i < j, or the zero
k x k matrix, otherwise. Let N, € (T"~1)* be the matrix whose only nontrivial entry is contained in
the upper-right corner. Let Nn+_ 1 = N,_{+ Py—1, where P,_1 denotes the (n—1) x (n—1) matrix whose
nontrivial entries are precisely located at the (i, j) such thati < j, and i and j are both odd numbers.
By the description of ®* above, it is easy to check that

OH(NE ) = MFE.
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There is a quadratic function
(15) Q:(T" H* 5T,

defined in [20, Section 5.1] which distinguishes the two nonsingleton orbits. Applying [20, Lemma 5.1],
we get
Q(N,_)=1 and Q(N,f)=3-3n(3n+1)—1 mod 2.

Note that the quantity %%n (%n + 1) counts the number of 1’s in the matrix P,—_;. Therefore Q(Nnt D F

O(N,_,) exactly in the cases when n = 2 or 4 mod 8. Applying [20, Lemmata 4.3, 5.5 and 6.6], the
claim follows. o

Proof of Proposition 2.10 Letn =d — 1.

(i) By the second claim above, for all even integers n > 6 satisfying n = 2 or 4 mod 8, ¢ swaps the pair
of nonsingleton &,,-orbits in @,{-. Following the discussion before that claim, we conclude that no orbit
of &, ~ T" is preserved by t.

(ii) Ifn>6andn =0 or 6 mod 8, then by the above claim it follows that (S, = S, = S,}'. Hence
preserves the nonsingleton orbits of &, ~, 7" lying in the symmetric slices. Finally, by the first item of
[20, Theorem 2.2(ii)], there are exactly 2/2F1 such orbits. O

2.6 Proof of Theorem 2.4 whend =4 mod 8 and d > 12

The only remaining case of Theorem 2.4 is as follows:

Proposition 2.11 Let d > 12 be an integer such that d = 4 mod 8. The involution t: U; — U, does not
preserve any connected components of Ug \ &5, .

Proof Suppose that n = d — 1 > 11 is an odd integer such that » = 3 mod 8. Applying Lemma 2.9, we
observe that the &,-orbits in the symmetric slices are not preserved, since, for every symmetric slice S,
h‘f =1+ h‘ls . Furthermore, by a similar application of Lemma 2.9 to the nonsymmetric slices S, we
observe that 15 £ h'S unless h¥ satisfies

(16) hg = h5+1—k for all even k and h,f = hrf+1—k + 1 for all odd k.

Therefore our discussion reduces to the case of &,-orbits contained in the nonsymmetric slices whose
height vectors 45 satisfy (16); we call such nonsymmetric slices special. By definition, it follows that a
slice § is special if and only if ¢«(S) = S. By [20, Theorem 2.2(i)], every nonsymmetric (in particular,
special) slice decomposes into a pair of orbits of equal sizes.

Claim Any special slice can be brought to any other by the action .%, ~, T" by translations.

Proof If S and S’ are any two special slices, then the difference vector iS5 — hS "is symmetric with
respect to the middle. We only need to remark that the image of the map &: .#, — 7 which sends a
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matrix M € ., to the vector (hM | ..., h,ﬁ”) € FZ, where hgl := (M, Ry) € F,, consists of all vectors
h € F} which are symmetric with respect to the middle. m|

Since ¢ preserves the orbit structure of the action .%, ~ T" (by (12)), and the action .%, ~, T" preserves
the &, -orbit structure of the slices, by the above claim, it is enough to understand the involution ¢: S — S
on only one special slice S. Let S, denote the special slice at height

hp =(1,0,1,0,...,1,0,...,0) e F}.
\—,—/
first (n—1)/2 entries

Note that ﬁn satisfies (16). Let M . € S, C T" denote the diagonal matrix whose diagonal entries are
given by the vector /1, and let M7 := ((M;,). Let ST :=&,-M* c §,,.
Define amap f: 7" — T"*! by sending a matrix M to the matrix f(M) € T"*! obtained by appending
the transpose of the vector
(1,...,1,0,...,0) e F3*1

—_—

(n+1)/2
to M as the last column. By a direct calculation of the height, we observe that f(S,) C .@j‘_i_l. Moreover,
by definition of the &,-action, it follows that £(S) (and similarly f(S"))are contained in a nonsingleton
B, 41-orbit in @,ﬁrl. Therefore it is enough to show that £(S;) and f(S;}) lie in two different &4 1-
orbits. Recall that Q o (P} +1)_1, where Q: (T")* — FJ is the quadratic function in (15), distinguishes
between the pair of nonsingleton &, 4 -orbits in 9,{;1. Let Nif € (T")* denote the nxn matrices given by
1 i<jiisoddandi <(n+1),
0 otherwise,
1 i<j,iandj are both odd and i < %(n + 1),

(N,J{)ij =41 i<j,iisodd, jisevenandi > %(n—l— 1),
0 otherwise.

Using the description of the dual map @} in (14), one checks that f (M ,jf) = oy (N ,jf). With the help of
[20, Lemma 5.1], we obtain that (modulo 2) the quantity Q (N ,,) counts the number of nontrivial rows in
N;,;, whereas Q(N;}) counts the number of 1’s in Q(N;I); since n is of the form 8m + 3,

Q(N,)=1 and Q(N})=0. o

(N,)ij =

Remark 2.12 Most of the discussion in the above proof applies to the case when d is divisible by 8,
except that in this case Q(N ;lt—l) are both zero.

3 Proof of Theorem A

We first need the following lemma:

Lemma 3.1 Let d be any natural number satisfying (1), and let Q2 be any connected component of
Go_NCs,. Thenoy ¢ usQ2 forevery o € Q.
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Proof The equivalent statement that u;10+ ¢ Q for every o € Q2 follows directly from Theorem 2.4. O

Proof of Theorem A Suppose that d € N is any number satisfying (1), and let 2 be a connected
component of .74 \ (65 U &y_). Let o € 2 be any point. Pick a continuous path u,, for z € [0, 1], in Uy
from the identity element to ug. The set & = U, eo,1) Uto = U, e[0,1] Gu,o4 is compact and does not
contain o_. Let B, (0—) denote the closed ball in .%; centered at o— (with respect to some background
metric on .#; compatible with the manifold topology) of radius » > 0 small enough that it does not
intersect &. We show that

17) (Br(o—)N Q) Cusf2.

By our choice of the radius r, any point & € B,(0—) N Q is antipodal to 6— and u;o4, for all ¢ € [0, 1].
Equivalently, for all # € [0, 1], u; 16, is antipodal to o_ and 0. Therefore we obtain a path u; 16, for
0<t <1, fromé to u1_16 which lies completely in a single connected component of 65_ N %5, . Since,
by assumption, & € 2, we must have u7'6 € Q. Hence 6 € u1Q = us Q.

Now we can complete the proof of the theorem. Let ¢: [—1, 1] — .%; be a continuous path such that
c(£l)=0+ and c¢((—1,1)) C Q.

Then, by (17), there exists tg € (—1, 1) such that

(18) c(t) eug2 whenever —1 <t <ty.

However, by Lemma 3.1, o4 ¢ u,Q. Since o is antipodal to both o_ and o, 04 ¢ u,Q, where Q
denotes the closure of 2 in .#;. Therefore there exists #; € (¢9, 1) such that

(19) c(t) ¢ us2 whenever t1 <t <1.

By (18) and (19), c([to, ¢1]) must intersect the boundary d(u42) of the subset us 2 in .%4. Note that the
boundary of u4 €2 is contained in &5_ U &, because

(ug) = ug(0R2) Cus(&e_ Uy, ) =65 Ubp.
Furthermore, under our hypothesis, c¢((—1, 1)) N &;_ = &, and so

c([to.n]) N és # 2. 0

4 Proofs of Theorems C and F

We first prove Theorem C. The proof of Theorem F is similar and given afterwards.

Proof of Theorem C Suppose that d € N is as in the hypothesis. By definition, since I is a B-boundary
embedded subgroup of SL(d, R), I is a hyperbolic group. Furthermore, since I is finitely generated,
appealing to the Selberg lemma, we know that I" is virtually torsion-free. After passing to a subgroup
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of finite index, we may (and will) assume that I" is torsion-free. Then, by the Stallings decomposition
theorem, I is isomorphic to a free product

(20) F=F*xTyx---x 1y,

where Fy is a free group of rank k > 0, and the I'; are one-ended hyperbolic groups for n > 0. Supposing
I" is not free gives n > 1. We show that for k = 0 and n = 1, I'; is a surface group.

The subgroup I'y is naturally B-boundary embedded in SL(d,R): Let £: 0" — #; denote a (fixed)
I'-equivariant antipodal embedding, and let &; denote the composition

dooT1 <> dooT 5> 7.

Then £;: doo'1 — F#4 is a I'1-equivariant antipodal embedding.
Lemmad4.l If G isaone-ended hyperbolic group then there exists a topological embedding i : S' — 300G

Proof Such embedded circles can be constructed either by a direct topological argument, by using the
fact that boundaries of one-ended groups are locally connected and without any global cut points (see
Swarup [21]) or by using Bonk and Kleiner’s [3, Corollary 2]. O

Leti: S! — 95,1 be a topological embedding, and define
ci=¢Fo0i:S' > 7.

Then c is an antipodal map. Define

e 1= U Se(x) C F4q.
x€eS!
We show that o1 = i(S1), ie doo'1 is homeomorphic to a circle: Suppose to the contrary that
d0oT'1 2i(S1). Consider a sequence of points () in deo'1 \ i (S') which converges to some point

y €i(S'). Then &1 (yn) — £(») as n — oo. Since & is antipodal, £1(y,) ¢ &.. However, by Corollary B,
the image of ¢ is contained in the interior of &, giving a contradiction.

Since doo "1 is homeomorphic to a circle, I'y is isomorphic to a surface group due to the deep work by
Tukia, Gabai, Freden, Casson and Jungreis; see the survey by Kapovich and Benakli [12, Theorem 5.4].

Finally, we show that I' =T'; in (20): Suppose, to the contrary, that '\ T'; is nonempty. Then doo '\ 0001
is also nonempty (for example, the fixed points in doo[" of any element y € ' \ I'; lie outside 0poI'1).
Let z € dooI" \ 00oI'1 be an arbitrary point, and let y; € I'y be a nontrivial element. Then (y7z),eN
is a sequence in dooI" \ dooI'1 accumulating in 0o’y = S'. By a similar argument as in the previous
paragraph, we obtain a contradiction. |
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Proof of Theorem F If the image of ¢: S' — 04,7 is not open, then there exists a sequence (z,)
in 000 Z outside ¢(S') converging to a point z € c(S!). Suppose, to the contrary, that there exists a
uniformly regular quasi-isometric embedding f: Z — X , where d satisfies (1). Since Z is locally
compact, by [15, Theorem 1.2], f admits a continuous extension

fiZ—> X UZy,,

where Z is the compactification of Z by attaching the Gromov boundary 9. Z, such that the restriction
f_ |900Z 000 Z — F4 is an antipodal map. As a consequence of continuity, the sequence ( f_ (zn)) converges
to f(z). However, due to the antipodality of the map f 1900z ( £ (zx)) must remain antipodal to f (c(S1)).
This is a contradiction since Corollary B asserts that f (c(S1)) is locally maximally antipodal. |

5 Some further remarks

Suppose that d is any natural number satisfying (1). Recall that, by Corollary B, antipodal circles A in
Z4 are locally maximally antipodal. The following result shows that, if such a circle A is the limit set of
some Borel Anosov subgroup of SL(d, R), then A is maximally antipodal, ie

U go— - ﬁd.

oeA
Proposition 5.1 Let d be any natural number satisfying (1). If I' < SL(d, R) is a Borel Anosov subgroup
which is isomorphic to a surface group, then its flag limit set A is a maximally antipodal subset of % ;.

Proof Suppose, to the contrary, that there exists a point & € .#; antipodal to every point in A. Let
y € T be any hyperbolic element with attracting/repelling points o4+ € A. Then y*¥6 — o as k — oc.
However, since y preserves A, yk ¢ remains antipodal to A for all k € N. Since A is homeomorphic to a
circle, by Corollary B, A is locally maximally antipodal in .%;, and so we get a contradiction with the
preceding two sentences. |

We prove the following statement, answering a question asked by Hee Oh, which was motivated Oh and
Edwards [8, Theorem 5.2], where the authors mention knowing the result for d = 3 or when d is even;
see Remark 5.4(4) in that paper.

Proposition 5.2 Let d > 2 be any natural number. The image in .%; of the equivariant limit maps
corresponding to the Hitchin representations of surface groups into PSL(d,R) for d > 2 are maximally
antipodal subsets.

Proof By Proposition 5.1, this result is true for all d covered under the hypothesis of Proposition 5.1.

In any case, for all d > 2 it is enough to verify that A is locally maximally antipodal in .%; (see the
proof of Proposition 5.1): By Fock and Goncharov [9], the Hitchin representations are characterized
by I'-equivariant positive limit maps £: doo ' — F4. Let x_, x, x4 € 0o be any distinct points, and
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let o4 :=&(x+) and o := £(x). Then the configuration of flags (0—, 0,04+) in %, is positive, ie with
an appropriate identification of U; with the unipotent radical in the stabilizer of o_ in PSL(d, R) there
exists a totally positive matrix u € U, such that 0 = uo4. Such a matrix u corresponds to the zero matrix
0791 (IF3); see (6) and (7). By Lemma 2.8, the involution ¢ does not preserve the connected component
SZ;; of ¢5_ N s, corresponding to 0, since 0 is a &;_1-fixed point for the action &4_1 ~, T9-1; see
Section 2 for these notions. Therefore, for all d > 2, Lemma 3.1, and hence Theorem A, hold for the
specific component Q; Following the proof of Corollary B, one verifies that A is a locally maximally
antipodal subset of .#;. a
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Global Brill-Noether theory over the Hurwitz space

ERIC LARSON
HANNAH LARSON
ISABEL VOGT

Let C be a curve of genus g. A fundamental problem in the theory of algebraic curves is to understand
maps C — P" of specified degree d. When C is general, the moduli space of such maps is well understood
by the main theorems of Brill-Noether theory. Despite much study over the past three decades, a similarly
complete picture has proved elusive for curves of fixed gonality. Here we complete such a picture, by
proving analogs of all of the main theorems of Brill-Noether theory in this setting. As a corollary, we
prove a conjecture of Eisenbud and Schreyer regarding versal deformation spaces of vector bundles on P!
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1 Introduction

The notion of a (complex) algebraic curve without reference to an embedding in projective space was
developed in the 19th century. Ever since, a fundamental problem in algebraic geometry — whose study
goes back at least to [Riemann 1851]— has been:

Question Given an algebraic curve C, what is the geometry of the space of maps C — P” of given
degree d?
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The data of such a map is equivalent to a line bundle &£ on C of degree d, equipped with an (r+1)-
dimensional basepoint-free space of sections V C H%(C,¥). A central object of study is therefore the
Brill-Noether locus W} (C) defined by

W; (C) := {line bundles £ on C with e, $=r+13c Pic? (C).
When C is a general curve of genus g, the fundamental results of Brill-Noether theory from the 1970s
and 1980s give a good description of the geometry of W (C). Namely, W7 (C) is
(1) of the expected dimension p = g — (r + 1)(g +r — d) and nonempty if and only if p > 0 [Griffiths
and Harris 1980];
(2) normal and Cohen—Macaulay, and is smooth away from W; *T1(C) [Gieseker 1982];
(3) of class

r

ol
Wr(C)] = .pUr+D(g—d+r)
[Wa (C)] al:[o(g—d+r+oe)!

(independently by [Kempf 1971; Kleiman and Laksov 1972]);

(4) irreducible if p > O [Fulton and Lazarsfeld 1981];

(5) reducible if p = 0, by (3), except if (d,r) = (0,0) or (d,r) = (2g — 2, g — 1); nonetheless,
when p > 0, the universal ‘W, has a unique irreducible component dominating the moduli space of
curves [Eisenbud and Harris 1987].

The local results (1) and (2) are substantially simpler; in fact, there are even short proofs of them that
do not use degeneration [Lazarsfeld 1986]. While the original proofs assume that the base field has
characteristic zero, parts (1)—(4) have subsequently been established in positive characteristic [Osserman
2014; 2019; Castorena et al. 2018; Jensen and Payne 2014]. By contrast, the only known proof of the
most subtle global result, part (5), uses degeneration and is valid only in characteristic zero. Part (5) in
positive characteristic will be a consequence of our main theorem (see Remark 1).

However, in nature, curves C are often encountered already equipped with a map C — "0, It is thus
natural to ask how the presence of a given map C — P"° — which may force C to not be general —
affects the moduli spaces of other maps C — IP”. The simplest case of this problem is when ro = 1, ie
when C is general among curves of fixed gonality k. Unsurprisingly, therefore, the following question
has received much attention from the 1990s to the present day:

Question 1.1 Given a general degree k genus g cover f: C — P!, what is the geometry of W;(C)?

For k = 2,3, classical results answer this question (in fact for every curve of genus g): the case of
hyperelliptic curves is a famous result of [Clifford 1878]; the case of trigonal curves was answered
by [Maroni 1946] (for further interpretations see also [Martens and Schreyer 1986; Larson 2021a]).
Partial progress has been made when k = 4 [Coppens and Martens 2000], and when k = 5 [Park 2002].
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Upper bounds on the dimension of W (C) were given for odd k by [Martens 1996] and for arbitrary k
by [Ballico and Keem 1996]. Moreover, for arbitrary k, the dimension of all components of Wd1 ()
were determined by Coppens, Keem and Martens [Coppens et al. 1994]. Later, Coppens and Martens
[1999] showed that W7 (C) has a component of the expected dimension p when d —g <r <k —2, and
then [2002] that W (C) has components of the “wrong dimension” p(g,a —1,d) — (r —a + 1)k for o
dividing r or r 4 1. Pflueger [2017] proved that a maximum over formulas of this type provides an upper
bound

(1 dimW;(C) < px(g.r.d) = max p(g,r—4{,d)—Lk,

Lef0,...,r"}
where ' := min{r, g —d + r — 1}. The value where the above maximum is attained need not satisfy the
divisibility conditions of Coppens and Martens. Nevertheless, Jensen and Ranganathan [2021] proved
that equality holds in (1), determining the dimension of the largest component.

Subsequently, H Larson [2021b] and Cook-Powell and Jensen [2022a, Conjecture 1.2] independently
conjectured that these multiple components of varying dimensions are explained by splitting loci. Indeed,
if £:C — P! is a k-gonal curve, the condition 2°(C, £) > r + 1 is equivalent to h°(P!, fif) > r + 1.
The Brill-Noether locus W} (C) therefore splits into a union of Brill-Noether splitting loci WE(C )
corresponding to the possible splitting types ¢ of the pushforward. Namely, if € = (eq,...,e) is a
splitting type, then write O(€) := Opi(e1) @ --- D Op1(ex), and define

WE(C ) = {line bundles &£ on C with f,& ~ 0(¢€) or a specialization thereof} C Pic? (C).

In this language,
wio)y= | wio.
ho(0(€)=>r+1
It thus natural to ask whether the splitting type is the only discrete invariant, or more specifically whether
the Brill-Noether splitting loci wé (C) satisfy analogs of (1)—(5). So far, there has been substantial
progress towards the simpler local aspects: An analog of (1) is known, and there has been progress
towards analogs of (2) and (3). Namely, it is known that WE(C ) is

(1) of the expected dimension p’ := g —u(é), where u(é) := h'(End(0(¢))) = Des <e; € —€i— 1,
and nonempty if and only if p’ > 0 (independently by Larson [2021b] and Cook-Powell and Jensen
[2022a; 2022b]);

(2.) smooth away from the union of W¢ (C) for & a specialization of & [Larson 2021b];

(3%) of class

_ N(@@ _
e = 0@

for some unknown integer N(¢) depending on ¢ but not on g [Larson 2021b].
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With the exception of (3,,) above — which follows from a structure theorem on the Chow ring of the moduli
stack of vector bundles on P! obtained in [Larson 2021c]— the principal tool in the study of WE(C )
thus far has been degeneration: given an element of WE(C ) on a general smooth k-gonal curve, one can
study the limiting behavior as the curve C is specialized. The central difficulty with this approach has
been the lack of a “regeneration theorem”: Given the sort of object that looks like it might be a limit,
we had no way of showing that it was indeed a limit. Thus, “local” information about the loci WE(C )
(smoothness, dimension, etc) was accessible via degeneration, but the more subtle “global” information
(irreducibility, class, etc) remained inaccessible.

The central innovation of the present paper is to establish such a regeneration theorem, thus enabling
a degenerative study of global information about W¢(C). As a consequence, we obtain the following
results, which provide the first complete answer to Question 1.1:

Theorem 1.2 Suppose that the characteristic of the ground field is zero or greater thank. Let f: C — P!
be a general degree k cover of genus g, and let ¢ be any splitting type.

2" WE(C ) is normal and Cohen—Macaulay, and is smooth away from the union of the splitting loci
Weé' (C)c WE(C) having codimension 2 or more.

(3') The integers N(¢€) can be described in terms of a well-studied problem in the theory of Coxeter
groups (see Theorem 1.4 below for a more precise statement).

4"y WE(C) is irreducible when p’ > 0.

(5’) When p’ > 0, the universal We has a unique component dominating the Hurwitz space ¥ o of
degree k genus g covers of P1.

See Remark 1 for more details on the characteristic assumptions.

In particular, this theorem establishes that the splitting type is the only discrete invariant in the Brill-
Noether theory of k-gonal curves and resolves [Cook-Powell and Jensen 2022a, Conjecture 1.2; 2022b,
Conjecture 1.6].

Theorem 1.2(2") also implies a conjecture of Eisenbud and Schreyer regarding the equations of splitting loci
on versal deformation spaces. Suppose &’ < ¢; let % on P! x Def(0(¢’)) be the versal deformation of O (é’).
The subscheme ¥; C Def(0(¢’)), defined by the Fitting support for rk R F(m) > h' (P!, 0(¢)(m)),
is clearly supported on the splitting locus for splitting type ¢ or worse. Eisenbud and Schreyer [2008,
Conjecture 5.1] conjecture that X3 is reduced.

Corollary 1.3 The splitting locus X is normal and Cohen—Macaulay (and hence reduced).

Proof Let f:C — P! be a general cover of genus g > u(é’) and let L € WE/(C). By [Larson 2021b],
the induced map from Pic? (C) near L to Def( f« L) = Def(0(¢’)) is smooth. Thus, the fact that WE(C )
(whose scheme structure shall be defined by the appropriate Fitting supports) is normal and Cohen—
Macaulay implies X is normal and Cohen—Macaulay. |
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1.1 Further explanation of (3’)

Let W be a Coxeter group with generating set S, and let w € W be an element. Define
R(w) := number of reduced words for (W, S) equal to w.

Determination of the integers R(w) is a well-studied problem in combinatorics, starting with Stanley’s
computation [1984] of R(w) for Coxeter groups of type A (ie the symmetric groups), and his proposal
for a systematic study of R(w) for other Coxeter groups. This problem has since been solved completely
for other finite Coxeter groups — including of type B by [Haiman 1992], and of type D by [Billey and
Haiman 1995] — and partial progress has been made for some infinite Coxeter groups [Eriksson 1996;
Fan 1998; Fan and Stembridge 1997; Stembridge 1996; 1997; 1998].

Of particular relevance to us are the Coxeter systems of type A, known as affine symmetric groups.
Explicitly, these are groups generated by elements s; with j € Z/kZ, subject to relations

s7=1, sjpsjr=sjrs; if j—j' # £1, and  (sj5541)° = L.

Alternatively, elements of the affine symmetric group can be realized as permutations f : Z — Z such that

k k
fx+k)=fx)+k and Y f(x)=> x=3k(k+1);
x=1

x=1

here s; corresponds to the simple transposition defined by

x+1 ifx=j modk,
f(x)=3x—1 ifx=j+1modk,
X otherwise.

For the affine symmetric group, Eriksson [1996] gave recursive formulas for R(w) and showed that, for
fixed k, the generating function for R(w) is rational.

We relate the components of the Brill-Noether splitting locus on the central fiber to reduced words in
the affine symmetric group. As a consequence of our regeneration theorem, the count of points (when
© = 0) on the general fiber is equal to the count on the central fiber. Therefore we obtain:

Theorem 1.4 Given a splitting type €, define w(€) to be the affine symmetric group element that sends
(forl1 <€ <k)
Ui X (O@)(~epr1-0) —#{ s ep = i} + 4 0 =k +1—Cand ey = epp1_g).

Then
N(é) = R(w(é)).
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In particular, the integers N(¢) grow rapidly, and may be easily computed in any desired case using
Eriksson’s recursions mentioned above. For example, N(2, 7, 18, 18,28, 28) is the integer

25867977167969459670048709047628541850991022718608668059259099938720 ~ 2.6- 1067,

One can also check that the description of N(€) in Theorem 1.4 agrees with the conjectural value of N(€)
proposed by Cook-Powell and Jensen [2022b, Conjecture 1.6], and hence proves this conjecture.

1.2 Overview of techniques

The degeneration we will use is to a chain of elliptic curves, as described in Section 2. In Section 3, we
identify the sorts of objects that look like they might be a limit of line bundles in WE(C ); we call these
é-positive limit line bundles.

This locus of e-positive limit line bundles has an intricate combinatorial structure: In Section 4, we show
that its components are in bijection with certain fillings of a certain Young diagram I"(¢). In Section 5,
we relate these fillings to the reduced word problem for the affine symmetric group. As a preview, for
example, the splitting type ¢ = (-2, 0, 0, 2) corresponds to the Young diagram

hO(Op1(€))
2 jhl(o:—vl(é)) e
1 ccomesponds ) ). |22
El [Pom@cn) 33
5 49
=

When g = u(¢) = 7, there are six é-positive limit line bundles on the central fiber, corresponding to six
fillings, one of which is shown below:

3[4]6]7]

corresponds >
7 o W(€) = 54535152515354

S[ele]e]=

We then prove our regeneration theorem, which is the heart of the paper since it provides the bridge
between the combinatorics of the central fiber and the geometry of the general fiber. Because the
components of W have the “wrong” dimension, naively applying the techniques used by Eisenbud and
Harris [1986] to prove their regeneration theorem necessarily produces too many equations. Our key
insight is that the combinatorial structure coming from the affine symmetric group forces the limit linear
series associated to a general é-positive limit line bundle to “break up” into minimally interacting pieces
that can be regenerated almost independently. This allows us to avoid overcounting equations, and prove
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a regeneration theorem in Section 6. However, this “breaking up” happens a priori only set-theoretically.
We then upgrade this to a scheme-theoretic regeneration theorem in Section 7 by showing that the locus
of e-positive limit line bundles on the central fiber is reduced.

Having established the regeneration theorem, we then deduce the fundamental global geometric properties
of Brill-Noether splitting loci in Sections 8§-10.

Remark 1 (on our ground field) Since the conclusion of Theorem 1.2 is geometric, we suppose for the
remainder of the paper that our ground field K is algebraically closed.

The assumption that the characteristic of K is zero or greater than k is used only to guarantee the
irreducibility of ¥y , (as proved by Fulton [1969]), and hence to be able to state Theorem 1.2 in terms of
a “general” degree k cover. However, in any characteristic, the conclusions of Theorem 1.2(2")—(4") hold
for some component of ¥ .. In particular, Corollary 1.3 requires no hypotheses on the characteristic.

Moreover, in any characteristic not dividing k, the conclusion of Theorem 1.2(5") holds for some component
of ¥y . In particular, taking k large relative to g and not divisible by the characteristic, Theorem 1.2(5")
implies part (5) of the classical Brill-Noether theorem in positive characteristic.

The paper is organized so that characteristic assumptions are made as late as possible. All of Sections 2-9
make no assumptions on the characteristic of the ground field. Section 10 assumes that the ground field
has characteristic not dividing k.

Remark 2 (on Hurwitz spaces) Our arguments show the a priori stronger statement that there exists a
smooth degree k cover f: C — P with two points of total ramification satisfying (2')—(4"). Moreover,
in (5"), the Hurwitz space can be replaced with a component of the stack ¥y , , parametrizing degree k
genus g covers of P! with two marked points of total ramification (see Definition 10.2).
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2 Our degeneration

We will prove Theorem 1.2 via degeneration to a chain X = E' Uyt E 2 Up2 -++Upg—1 E€ of g elliptic

0 1 2 \\_><\//

D gt P gz P £3 Eg—lpg_ E® P

curves:

Let f': E' — P! be degree k maps. Pasting these maps together, we get a map f: X — P, where P
denotes a chain of g rational curves, attached at points ¢’ = f(p'):

|

0 1 P W

q Pl q Pl q Pl Ip)l qg_ Pl q

Ifall the ' are totally ramified at p'~' and p', then the theory of admissible covers implies that f is a
limit of smooth k-gonal curves. (The theory of admissible covers was developed by Harris and Mumford
[1982] in characteristic zero; see also [Liu 2003, Section 5] for a characteristic-independent proof of this
fact.) In other words, there is a map f: X — P between families of curves of genus g and 0, respectively,
over the base B = Spec K[[t]] such that the general fiber of f is a smooth k-gonal curve and the special
fiber of f is f. Moreover, we may suppose that the total space ¥ is smooth, that % — B is the base change
of a family ¢ — Bp with smooth total space via a map f: B — By, and that § is totally ramified along
sections p° and p& of € — B whose special fibers are p® and p#, respectively.

Amap f: E' — P! of degree k and totally ramified at p' ~! and p’ exists if and only if p! — p'~! € Pic E!
is k-torsion. To keep things as generic as possible, we therefore suppose for the remainder of the paper
that p’ — p'~1 has order exactly k in Pic E*.

Remark 3 (on “general” degree k covers) By a general degree k cover, we mean one in a component
of 3 ¢ containing the above deformation of X. When the characteristic of the ground field is zero or
greater than k, ¥y ¢ is irreducible [Fulton 1969], so such a component is the entire Hurwitz space.

3 Limits of line bundles

In this section, let f: € — P — B be a family of degree k genus g covers, over a smooth irreducible
base B, which is smooth over the generic point B*, and has smooth total space 6. (Prior to Section 10,
the only case of interest will be when B is the spectrum of a DVR.) We suppose that all fibers (including
over nonclosed points) of 6 — B are chain curves, ie of the form C'! Upt U+ Upn—1 C", with all C i
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smooth. (The integer n will depend on which fiber we consider.) Equivalently, all geometric fibers of
€ — B are chain curves, and these chain curves can be oriented (ie the two ends can be distinguished)
in a way which is consistent over B. This second condition holds, in particular, if ‘¢ — B has a section
whose value at any geometric point C'! Upt U-+-U,u—1 C" is supported in C L {p!'} (which allows us
to consistently pick which end of the chain is “left” and “right”).

Similarly, we suppose that all fibers of ? — B are chain curves with all components P ~ P! and that
the map §: € — P respects this structure. Finally, we suppose that, for each fiber the maps f': C! — P!

1

are totally ramified at the nodes p'~! and p’ (note that this condition is vacuous if C is smooth).

Note that such covers include our degeneration ¥ — % — B from the previous section as the special case
where B is the spectrum of a DVR and all C? have genus 1. Similarly, this includes Py = %o — By as
the special case where all C’ have genus 0.

In this section, we address the following two fundamental questions:

(1) Suppose £* is a line bundle of degree d on the generic fiber €* = 6 xp B*. What data do we
obtain on a special fiber over b € B?

(2) If §+&* has splitting type €, what conditions must this data on a special fiber satisfy?

These questions are local on B. Shrinking B if necessary, we may suppose that every component of the
singular locus A of f meets the fiber over b € B. In other words, writing

C Z(GXBbZCIUpl U--Upn—1 c",
every component of A contains some p'.

We now turn to Question (1) above. Since € is smooth, we may extend £* to a line bundle ¥ on 6.
However, this extension is only unique up to twisting by divisors on % that do not meet the generic fiber,
ie which do not dominate B. We now describe a basis for such divisors.

Since € — B is a family of chain curves, each component of A contains at most one p’. Because ¢ — B
is a family of nodal curves, f: A — B is unramified. Moreover, because the versal deformation space of a
node is Spec K [[x, y,t]]/(xy —t) — Spec K[[¢], and the total space % is smooth, the image under § of
any component of A is a smooth divisor in B. Consequently, A is smooth of codimension 2 in ‘6. Thus,
each p’ is contained in a unique component A‘.

Putting this together, there are exactly n — 1 components of A, one containing each node of C. Label
these components A, A% .. A"l g0 that A’ contains pi.

Consider any component S of f(A), and let {i1,i2,...,i,(s)} denote the set of i such that f(A) = 8.
(As we range through all components of f(A), these sets form a partition of {1, 2, ...,n}.) Then, because
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% — B is a family of chain curves, f~1(S) =S, US,U---U Sm(s)+1 has exactly m(S) + 1 components,
meeting pairwise along the A% :

Sm(S)-H

Alm(s)
Sm(s) >

DI

S b

As shown in the above diagram, these components are indexed so that
Clu...uch if j =1,
SiNC=qCmFtly...uC™ if j =m(S)+1, and S;NS; =
Cli—1Tly...uC% otherwise.

A if j =41,
g ifj > 1
For 1 < j <m(S), we define

¥ =8, +8,4---4S;, whichsatisfies T/ NC=C'4+C2+..-+C¥,

By construction, every divisor on % supported on f~1(S) is a unique linear combination of the %%/
and §~1(S). Repeating this construction for every component S of f(A), we will have defined divisors
T forall1<i<n-—1.

Example 3.1 When B is the spectrum of a DVR and b is the special fiber, ' = C! +C2+---+ C'.

Now suppose that D is any irreducible divisor such that f(D) is a divisor on B not contained in f(A).
Then the generic fiber of € over (D) is irreducible, so D is a multiple of f~! (§(D)). Putting this together,
we learn that any divisor on 6 that does not dominate B can be written uniquely as a linear combination
of the X/ and the pullback of a divisor on B.
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Note that twisting by the pullback of a divisor on B does not change ¥|¢, and that twisting by the %
changes the &|., as follows:
Llei(=p) ifj =i,

) LE) s =1 Llei(p) i j=i+1,
flcJ otherwise.
In particular, for any degree distribution d= (d',d?,...,d") withd = >d ! there is an extension & P

of £* to % such that &£ (;lc has degree d (ie has degree d’ on C'), which is unique up to twisting by
the pullback of a divisor on B. Moreover, any one extension & p determines all other extensions (up to
pullbacks of divisors on B) via the above relation.

Restricting to the fiber C over b, we conclude that for each such degree distribution d , there is a unique
limit L i £ d |c of degree 6? . Moreover, any one limit L J determines all other limits via repeatedly
applying the relation

Lt a2,..anlci ()  if j =i,
@ L@ a,..di+1aiti-1,.anlcr =\ L@t ar,..anlei (=p) if j=i+1,

L a2, as)lci otherwise.

The following definition thus encapsulates the data we obtain on any fiber:

Definition 3.2 Let
Pic? C := |_| Pic? C/N,
d:yYdi=d

where ~ denotes the equivalence relation generated by (3). We call elements L of Pic? C limit line
bundles of degree d, and write L J for the corresponding line bundle on C of degree d.

If D=C'uCi*tluU...UC/ c C is any connected curve, we write L for the “restriction of L to D
as a limit line bundle of degree d”. More formally, for any degree distribution (d?,d'*!,...,d’) on D
withd! +d't1 ...+ d/ =d, we have

................

For ease of notation when C = X (respectively C = P) is our chain of g elliptic (respectively rational)
curves, we set L! = LE" (respectively L = LT"). These are limit line bundles on smooth curves, which
are just ordinary line bundles.

In other words, if we fix a degree distribution d with 3" d! = d, then we have a natural isomorphism
Pic? C ~ Pic? C; but Pic? C exists without fixing a degree distribution (although its elements do not
then yet correspond naturally to line bundles on C). Note that Pic? C is a torsor for Pic® C ~ I1 Pic® C?,
and that there are natural tensor product maps Pic?! C x Pic?2 C — Pic?1t42 C.
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Example 3.3 Consider the family appearing in Section 2. When £* = O (m) := §*0g= (m), we obtain
limit line bundles O¢ (m). These can be described in terms of the geometry of the central fiber alone: for
instance, if we fix the degree distribution (mk, 0, ..., 0), we have

Oci(m) := (fH)*Opi(m) ifi=1,

OCc(m =
c( )(mk,O,...,O)lCl Oci otherwise.

By slight abuse of notation, we write Og(m)’ := E*@gpo (m)’, where ,8~: %P — Py is the base change of
B: B — By appearing in Section 2.

This then provides an answer to the first question posed at the beginning of the section: To a line bundle
£* on €* on the generic fiber, we can associate a limit line bundle L of degree d on C.

We now turn to the second question: Suppose that f«£* has splitting type e. What can we say about the
associated limit line bundle L? First of all,

X(L) = x(£*) = x(P',0p1(2)),

and so
(@Y) d=g—1+)((IP’1,@P1(5)).

Moreover, since £* has splitting type ¢,

k
5) ho(@*, £*(m)) = h°(P!, 0p1 (€)(m)) = Z max(0,e; +m + 1) for any m.
{=1

By semicontinuity, the limit line bundle L therefore satisfies

k n
©6) h(C, L(m)(—i) > Z max (0, ey +m + 1) for any degree distribution d with Z d' =d +mk.
(=1 i=1

The following definition thus encapsulates the conditions our data on the central fiber must satisfy:
Definition 3.4 We say that a limit line bundle L € Pic? (C) is é-positive if it satisfies (4) and (6).

This then provides an answer to the second question posed at the beginning of the section: if f+<£* has
splitting type ¢, then the associated limit line bundle L must be é-positive.

In fact, there is a proper scheme WE((@) over B whose fibers over every point parametrize e-positive line
bundles on the corresponding fiber of ‘6 — B. This scheme will be an intersection of determinantal loci
(over all degree distributions). To construct this scheme, work locally on the base near b € B as above,
and write 7 : Pic? (¢/B) xp € — Pic? (¢/B) for the projection map. For any degree distribution d on
C ;=% xp b of d + mk, we obtain a universal bundle £(m) ;- For each m and d , there is a natural
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scheme structure on
{L e Pic? (¢/B) : F°(r™ (L), L(m)) = h°(P", 0(&)(m))}

= {L € Pic? (6/B) : tk(R'm%(m) 7)|1. = h' (P!, 0()(m))},
defined by the Fitting support for where rk R 7, % (m) iz h'(P!,0(é)(m)), as we now recall. The Fitting

supports of a coherent sheaf are defined by the appropriately sized determinantal loci of a resolution by
vector bundles and are independent of the resolution (see for example [Eisenbud 1995, Section 20.2]).

An often-used resolution of R! 7, (m) ; 1s constructed as follows. Let D 5 C € be a sufficiently relatively

ample divisor (relative to d ), so that 7« [£(m) (}(D 3)] and m«[£(m) J(D j)| D(;] are vector bundles on
Pic? (¢/B). Pushing forward the exact sequence

0 — %£(m) ; — £(m);(D ) - £(m) (D 3)|p; — 0
by m, we see that the restriction map
7 [(m) 5(D )] = 72[£(m) (D 7))

provides a resolution of R, (m) ;- Using the scheme structure defined by the appropriate minors, we
define .
We(®6) := ﬂ{L € Pic? (¢/B) k(R L(m) 5)| = h' (P, 0(@)(m))}.
m,d
Since hf (P',0(&)(m)) =0 for m large, only finitely many terms in the intersection are proper subschemes
of Pic? (¢/B).

4 Classification of €-positive limit line bundles

Returning to notation of Section 2, in this section we classify e-positive line bundles on the central fiber X.
The following description in terms of k-staircase tableaux is an observation due to Cook-Powell and
Jensen [2022b] in the tropical setting. Here, we provide a self-contained proof in the classical setting.

For any 0 <i < g and any degree distribution d , write
XS =E'UE?U---UE" and d=' =d'+d*+---+d".
Definition 4.1 For a limit line bundle L, and 1 <i < g —1, and n > 1, define
al (L) = min{a : HO(X =1, L;lx=i) > n for any degree distribution d with d=! = ).
We extend this to i = g via
at(L)= min{a : for some m and € with d + mk = a+¢ and € > 0, we have
no(x, L(m)g,,,) = n+e for any degree distribution d(m) with d(m)=8 =d +mk},

and toi = 0 via
ag(L) =n-—1.
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For 1 <i < g —1, unwinding the definition of ai there exists a degree distribution d with d=i =
a — 1 satisfying h®(X =, L - | x<i) <n— 1. Furthermore, since vanlshlng at a single p01nt imposes at
most one condition on global sections, there exists a degree distribution d with = = = a}, witnessing
hO(X=t, L; |y<i) = n such that not every section of L; |x<i vanishes at p'.

Proposition 4.2 We have a’, > a! _,.

Proof The case i = 0 is clear by definition.

When 1 <i < g~ 1, let d be a degree distribution with d =/ = aﬁl_l witnessing A (X =, L; ly<i)=n—1.

This implies aj, > at as desired.

n—1°

Finally, when i = g, we claim that, for any m and € with d + mk = an | + €, there is some degree
distribution d(m) with d(m)=& = d + mk such that h°(X, L(m)d( )) < (n—1)+ €. Indeed, if not, then
ho(X, L(m) - iom ) > (n—1) 4+ (e + 1) for every such degree distribution, which would contradict the
definition of a | because d +mk = (an 1 — 1) + (e + 1). This implies ab >a®

n—1» as desired. O

Proposition 4.3 We have a!, > a!!. If equality holds, then L' ~ O (a; ' p'™' + (d —al V) p').

Remark 4 Our proof will show that if equality holds when i = 1 (respectively i = g) then a =0
(respectively a5 = = d mod k). Thus the formula given for L’ is independent of choice of p° and p&.

Proof We separately consider the following cases:

i =1 For any degree distribution c?, the line bundle L2|E1 ~ LY (—(d —d')p')is of degree d! on a
genus 1 curve and hence by Riemann—Roch has a max (0, d !)-dimensional space of global sections unless
d!' =0and L'(—dp') ~ Of1. Hence, there is no degree distribution d such that d! < al—1=n-2

and h°(E', L i =|g1) > n. Furthermore, there is no such degree distribution with d! = a9 =n — 1 and
hO(Lg|E1) > n unless a?l =0and L! =0g1(dp') =0 (agpO +(d —ag)pl).

2<i=<g-—1 Let c? be a degree distribution such that dsi-1 = ai,_l —1 and
ROX=7Y Ll <io1) <n.
We may further assume that d/ = 0. Then
hO(X=', Lily=i) = hO(X =1, Ljlx<i-1)+ h(E", Lilgi (—=p'~") <n.
Therefore a’, > al 1.
Furthermore, there exists a degree distribution d with dsi—1 = afl_l and d' = 0 witnessing

ROX="Y Lalg<i-)=n and hO(X='"1 Lly<imi(—=p' ™)) =n—1.
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Thus
WO(X=', Lsly<i) =h(E', L3|gi)+n—1.
If af, = af,‘l, then, to ensure this degree distribution has enough sections, hO(E i L J| gi) > 0. Since
L3|Ei has degree zero, this implies L2|Ei ~ Ofi. Applying (3),
Lilgi ~ L' (—ay ' p'™ = (d —ayHph),
so this implies the desired condition.
i =g Let d be a degree distribution such that d=8~! = g8 ! _1and
hO(X=871 Lly<e1) <n.
Let m and € > 0 be any integers such that d + mk = aﬁ_l — 1+ €. Define
d(m):=(d",d?, ...,d*"" d& + mk).
Then d& + mk = €. Thus
RO(X. L(m) ,) < hO(XZETL L(m) 5, Ix=e-1) +hO(ES L(m) 3, |E<(=p* 1) <n +e.
Therefore a5 > a,‘%_l.
Furthermore, there exists a degree distribution d with d=8=1 = as -1 witnessing
hO(X=871 Lily<e-1)=n and AO(XZ871 Ls|y<em1(—p8~ 1) =n—1.
Let m and € > 0 be any integers such that d + mk = af ! 4 ¢. Define d (m) as above; as before,
d8 + mk = €. We have
ho (X, L(M) ) = hO(EE, L(m)g,nE2) +n—1.
If af = af ™", then for some such choice of m and €, we must have h°(E¢, L(m)j,|E2) > €. Since
deg L(m)i(m)|Eg = d& + mk = €, this implies € = 0 and L(m)g(m)|Eg ~ Ogz. Applying (3),
L(m) | B2 = LE () (—af "' p& ™) = LE ((mk —af 1) p# 1) = LE (=af ™' p ™1 = (d —af ™) p¥),
so this is exactly the desired condition. a

We now repackage this information as follows:

Definition 4.4 For n > 1, write _
fa)=i+n—1—a,,

and define
h(n) := hz(n) = max{h! (P, 0(¢)(m)) : m satisfies h°(P1, 0(¢)(m)) > n}
k k
= max{ > max(0,—eg —m — 1) : m satisfies Y max(0,eg +m + 1) > n}.
=1 =1

Note that s(n) is nonincreasing and is zero for n large.
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Proposition 4.5 If L is e-positive, then f,(g) > h(n).

Proof Suppose that m satisfies 1°(P1, 0(¢)(m)) > n; let € = h°(P, 0(¢)(m)) —n > 0. By (6),
HOX, L0M) ) 2 WP 0@) () =1 + €
for any degree distribution d (m) with d(m)=8 = d + mk. Therefore, by Definition 4.1,

af <d +mk —e=d+mk—h"(P',0E)(m))+n.
Thus,
fa(®) = g+n—1-[d +mk—h°(P',0@)(m)) +n]=h'(P' 0E)(m)).

Therefore f,,(g) > h(n). |

The inequality of Proposition 4.5 forces equality to hold in Proposition 4.3 for many values of i and n. To
keep track of when equality holds, we use a combinatorial object that we will term a k-staircase tableau.

Definition 4.6 A Young diagram is a finite collection of boxes arranged in left-justified rows such that
the number of boxes in each row is nonincreasing. We index the boxes by their row and column (7, ¢),
beginning with (1, 1), and we define the diagonal index of a box to be ¢ —r.

The boundary of a Young diagram is the sequence of line segments formed by the right-most edges of the
last box in every row and the bottom-most edge of the last box in every column. For convenience, we
extend this to infinity below and to the right of the diagram. We index the boundary segments by the
diagonal index of the box above (if the segment is horizontal), or to the right (if the segment is vertical):

Cc

14
r
14
-2
Vel /'/boundary

ENAN

Because A(n) is nonincreasing and zero for n large, the data of the function A (n) (which is defined for
positive integers 1) is thus the same as the data of a Young diagram, where we put /(1) boxes in the n™

column.

Definition 4.7 For a splitting type €, we write I'(€) for the Young diagram determined by A;(n) in the
above manner. We call a Young diagram of the form I'(¢) for some ¢ a k-staircase.
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For example, here is I'(€) for ¢ = (—4, 2,0, 0):

h(n)=0forn>8
h(5) =h(6)=h(7) =1
h(3)=h(4)=2

h(l) = h(2) = 4

For each é-positive line bundle L, we will use the functions fy (i) to build a filling 7 of I'(¢). Namely,
fn(0) =0 and f,(g) = h(n), and, by Proposition 4.3, f,(i) < f.(i — 1) + 1. Therefore, f, assumes
every value between 0 and /(n) inclusive. Our filling 7' of I'(€) is obtained by placing min{i : f. (i) =r}
in the ' row of the ¢ column.

Proposition 4.8 If i is in the r™ row of the ¢ column of T, then
L :@Ei((c—r+i —Dp' M d—(c—r+i —1))pi).

In particular, if i appears in multiple boxes of T, then all such boxes have the same value of ¢ — r modulo
k. Moreover, this filling is increasing along rows and columns.

Proof Given r and ¢, suppose i is the first time for which f.(i) = r. Because this is a new maximum,

-1

we must have f.(i — 1) = r — 1, which implies a’~! = a’. = ¢ —r +i — 1. By Proposition 4.3,

L' =0gi @ p '+ d—aip)y=0gi((c—r+i—Dp 4 (d—(c—r+i-1)p'),

1

as desired. In particular, if i appears in multiple boxes of T, then since p'~! — p' is exactly k-torsion

in Pic® E I all such boxes have the same value of ¢ — r modulo k.

We now show that the filling is increasing along rows and columns. Since f.(i) < f.(i — 1)+ 1,
the function f, must attain the value r before it attains r 4+ 1. This shows the filling is increasing
down column ¢. Meanwhile, by Proposition 4.2, aé_l < ai and so fe—1(i) > fc(i). Tt follows that
min{i : fe—1({) =r} <min{i : f,(i) = r} (the larger function must attain r at an earlier or the same time).
However, if equality holds, the first part of this proposition says that ¢ —r = (¢ — 1) —r mod k, which is
impossible. Thus, min{i : f,—1 (i) = r} <min{i : f.(i) = r}, which shows the filling is increasing along

row r. O

Definition 4.9 A filling T of a Young diagram is called k-regular if it is increasing along rows and
columns, and all boxes containing the same symbol i have the same value of ¢ —r modulo k. We write
T[ileZ/kZ U{x} ={1,2,...,k,*} for this common value of ¢ —r modulo k if i appears in T; if i
does not appear in T then we set T'[i] = *. We call a k-regularly filled k-staircase a k-staircase tableau.

For the remainder of the paper, all fillings of any Young diagram will be assumed to be k-regular.

Geometry & Topology, Volume 29 (2025)



210 Eric Larson, Hannah Larson and Isabel Vogt

Definition 4.10 Given a tableau 7, we define a corresponding reduced subscheme of Pic? (X) by
WT(X):={LePic! (X): L' ~Ogi (T[i] +i = D)p' ' +(d — (T[i] +i — 1) p') if T[i] # *}.
Similarly, given a diagram I", we define

wrxy= | wlhw.
T filling of "

In this language, Proposition 4.8 states that WE(X Jred C WF(E)(X ). In fact, we will see later that
weé(x)=wre ).

5 Combinatorics

In the previous section, we classified limit é-positive line bundles in terms of k-staircase tableaux. Such
tableaux are special cases of a more general class of tableaux known as k-core tableaux, which are well
studied due to their relationship with the affine symmetric group (see [Lapointe and Morse 2005; Lascoux
2001], or for an overview see [Lam et al. 2014, Section 1.2]). To make the paper self-contained, we recall
the basic facts about this relationship here (without proof) in the next two subsections, and use them
to deduce the structure results for k-staircase tableaux that are needed for the proof of the regeneration
theorem. This explicit description of WT (X) will also be used directly in the proofs of all of our main
theorems.

5.1 k-cores and the affine symmetric group

Recall that the affine symmetric group S, & is the group of permutations f:7Z — Z such that

k k
fx+k)=fx)+k and Y fx)=) x=%k(k+1).

x=1 x=1

Such permutations automatically satisfy

(M f(x) # f(y) (modk) for x # y (mod k).

The affine symmetric group is generated by transpositions s; (for j € Z/kZ) satisfying

x+1 ifx=j modk,
six)=3x—1 ifx=j+1 modk,
X otherwise,
with relations

s]2 =1, sjsjr=sjrs; if j—j # £1, and (Sij+1)3 =1.

For ease of notation, we include the identity e = s4 as a generator (so generators are indexed by
Z]kZ U {x}).
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Figure 1: Left: a 4-staircase is 4-core. Center: another 4-core that is not a 4-staircase. Right: a
diagram that is not a 4-core.

Each line segment making up the boundary of a Young diagram is either vertical or horizontal. The
following key definition generalizes the notion of a k-staircase:

Definition 5.1 A sequence {y;} of vertical and horizontal line segments is called k-convex if y; is
vertical only when y;_ is also vertical. A Young diagram is called a k-core if its boundary is k-convex.
A (k-regular) filling of a k-core will be called a k-core tableau.

In the literature, k-cores are also frequently defined in terms of their hook lengths, which are the number
of boxes to the right or bottom of a given box (including the given box). Namely, a Young diagram is a
k-core if and only if no hook lengths are divisible by k, or equivalently if and only if no hook lengths are
equal to k. See Figure 1.

A sequence {y;} is k-convex if each residue class of segments is composed of an infinite sequence of
vertical segments followed by an infinite sequence of horizontal segments. Thus, to specify a k-core,
it suffices to give a collection {f1, ..., #x} of integers (distinct mod k), representing the first horizontal
segment in each residue class. Such data is a priori determined up to addition of an overall constant
(ie {tj} — {t; + &}); the indexing of boundary segments in Definition 4.6 corresponds to the unique
normalization such that

k k
Y= "j=%k(k+1).
ji=1 j=1

Therefore, k-cores are in bijection with elements of S, %/ Sk — by sending {z; } to the coset of permutations
sending {1,2,...,k} to {t1,t2, ..., }. There is a distinguished coset representative f satisfying (1) <

f@) << flk).

Definition 5.2 If I is a k-core and x € Z, we define I' (x) to be the value of this distinguished permutation
applied to x; if T is a k-core tableau of shape I', we define 7'(x) = I'(x).
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Figure 2: A 3-core diagram I" (left) and the action of §3 on it (right).

In the definition of a k-convex sequence {y; }, we could equivalently have considered pairs of adjacent
line segments (y;, ¥;+1). Then the mod k residue class of pairs of boundary segments

{’()/J’ J/j+1)’(yj+k’ J/j-l-k-l-l)v"'}

is composed of a sequence of (vertical, vertical) segments, followed by a (possibly empty) sequence
of either (vertical, horizontal) or (horizontal, vertical) corners, followed by a sequence of (horizontal,
horizontal) segments. In other words, the mod k residue classes of pair of boundary segments in a k-core
always progress along one of the following trajectories:

removable
]
\ /'
[
addable

The configuration of a vertical and then horizontal segment is called an addable corner, and the configu-
ration of a horizontal and then vertical segment is called a removable corner.

This gives a natural (left) action of the affine symmetric group S,  on the set of k-cores. Namely, s; - I is
the k-core obtained from I' by adding a box in all addable corners whose diagonal index has residue
class j (if such addable corners exist), or removing a box from all removable corners whose diagonal
index has residue class j (if such removable corners exist), or doing nothing (if no such addable or
removable corners exist). See, for example, Figure 2.
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Figure 3: The two efficient fillings of this 3-staircase diagram.

One easily checks that this respects the relations for the affine symmetric group, and that, under this
action,
{k-core diagrams} <> Sy / Sk

is an S, k-equivariant bijection of sets.

5.2 k-core tableaux and the word problem

Given a k-core T, let w € Sk be the representative of the corresponding coset with w(1) < w(2) <
ce<w(k). Ifw=sj,5j,_, ---s; is a word for w in Sk, then we obtain a filling of I': Indeed, we build
I" from the empty k-core by consecutively applying the s;, ; this determines a k-core tableau of shape I’
where any box added in the i™ step contains the symbol i.

See an example in Figure 3. Lapointe and Morse [2005] showed that this completely describes efficiently
filled k-core tableaux. Namely:

(1) Any efficient filling (ie with the fewest possible symbols) arises in this way from a unique reduced
word for w (ie a word with the fewest possible nonidentity generators). Conversely, any reduced
word gives an efficient filling (and if the word is reduced then no boxes are ever removed). See
[Lapointe and Morse 2005, Section 8].

(2) The minimal number of symbols needed to fill I', which we will denote u(T"), is exactly the number

of boxes in I' whose hook length is less than k. See [Lapointe and Morse 2005, Lemma 31].

(3) Efficient fillings can be constructed inductively: Suppose I' has a removable corner whose diagonal
index has residue class j, so that s; - I is strictly contained in I". Then u(s; -I') = u(I') — 1. See
[Lapointe and Morse 2005, Proposition 22]. In particular:

(a) An efficient filling of I" whose largest symbol appears in a box with diagonal index of residue j
restricts to an efficient filling of s; - I".

(b) An efficient filling of s; - I' can be completed to an efficient filling of I' whose largest symbol
appears in a box with diagonal index of residue j.
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5.3 Reduction to efficient tableaux

One consequence of this final property (b) is that we need only consider efficient tableaux for our geometric
problem.

Proposition 5.3 Let T be a k-core tableau of shape I". Then there is an efficiently filled k-core tableau
T’ of shape T with WT (X) € WT/(X). In particular,
wl(x) = g wT(X).
T an efficient filling of I"

Proof We argue by induction on u(I"); the base case u(I") = 0 is tautological. For the inductive step, let
t be the largest symbol appearing in 7, and j = T'[t] (see Definition 4.9). Let 75 be the restriction of T
to s; - I'. By our inductive hypothesis, there is an efficient filling 7 of s; - I' with wTo(X)c wTe (X).
If T’ is the completion of T/ to a filling of I" using the additional symbol 7, then W7 (X) C wT'(X), as
desired. |

5.4 Truncations

The following will be a convenient way of packaging the data of an efficient filling as necessary for our
regeneration theorem:

Definition 5.4 Let T be an efficiently filled k-core tableau, corresponding to a reduced word s, -+ 5,5}, .
Define T=! to be the tableau formed by the boxes of T" with symbols up to 7, ie corresponding to the
reduced word s, - -+ 5,5, .

In particular, for each ¢ and £, we obtain an integer, which we refer to as the £™ truncation at time ¢,
T=H) = (s), * -+ 5,55, (D).

We now summarize several properties of the 7=’ ({). First of all, by construction,

(®) T=%) =¢.

Moreover, by (7),

) T='(€1) £ T='(¢3) (mod k) for £1 % ¢, (mod k).

If 5;, is the identity (equivalently if 7[t] = %), then T='(£) = T='"1(¢) for all £. Otherwise, s;, is a
simple transposition, and there are exactly two values of £ € {1,2,...,k}, say £_ and {4, for which
T='({) changes:

T==1() if £ # Ly,

Tl +£1 ifb=44.

In this case, we say that ¢ is increasing for £ and decreasing for £_. Combining (9) and (10),

(11) TS ) —TS () =T ) —T=""1t,) =1 (mod k).

(10) T='(t) =
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Figure 4 illustrates the behavior of the 7=’ ({) at fixed time 7, and the relation between times 7 — 1 and 7.
As can be seen, we have the relation

(12) T[t]=T="({—) (mod k).

As can be seen in Figure 4, right, T='~1({_) is an edge of the leftmost addable corner whose diagonal
index has residue class T'[¢], while T='~1(£.) lies to the right of the rightmost addable corner whose
diagonal index has residue class 7'[¢]. Thus,

13) Tl <17 —(k—1) <T71y) and TI'(D) <T'(0y)—(k+1) < T (Ly).
Proposition 5.5 If {1 > {5, then
(14)

[Tst(ﬁl) - T5’(£2)J
k

is a nondecreasing function of t. In particular, the truncations are “sorted”, ie

T<'(0y) > T=' (L) if {1 > L.

Proof We will prove this by induction on ¢. From (9) and (10), we have

< _ < <t—10p \_ p<t—1 1 if (b, €)= (€4, L),
LT ") -T t(fz)leT ) T (52)J+ =1 if (€1, €2) = (b—. L),

k k )
0 otherwise.

It thus remains to see that £_ < . But this follows from (13), given our inductive hypothesis that the
truncations are sorted. d

5.5 k-staircases

Let ¢ be a splitting type; write d; > dp > -++ > d for the distinct parts of €, and my,m», ..., mg for
the corresponding multiplicities. (Note that ey <ep <--- < ey but d; > dp > --- > ds!) The integers
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1 <{ <k are then naturally in bijection with pairs (j,n) with 1 < j <s and 1 <n <m; (via lexicographic
order). We will use this implicit bijection to write expressions such as T=8(j, n) := T=8({).

Proposition 5.6 Every k-staircase is a k-core, and u(I'(€)) = u(é).

Proof Write n(m) := #{{ : ¢y > —m}. The k-staircase I'(¢) has the form

hO(0(€)(m + 1))

RO (0(8)(m))

h>k h<k k—n(m+2)
n(m+1)
h<k k—n(m+1)

' (0(€)(m))

n(m)

h'(0@)(m —1))

h<k |k—n(m)

/m)

Since n(m) is a nondecreasing function of m, the boxes in the shaded regions have hook length / < k,
and the remaining boxes have & > k. In particular, no box has & = k, so I'(€) is a k-core. Counting up

the number of boxes with & < k, we obtain

u(C@) =Y n(m)-(k—n(m+1))

Y Y Y

m e¢ =—m e52<—(m+1)
= Z#{m:egz—i-l <-m=<ey}
£1,4>

- Z (P, Opi(eg, —eq,))

L1,6
=pl (IP’ 1 End(Op1 (5)))

=u(e). O

Remark 5 The fact that u(I"(¢)) = u(€) already establishes that, for C — P! a general degree k genus g
cover, dim W¢(C) < dim W@ (X) = g —u(@).

Proposition 5.7 T=8(j,n) = x(0(e)(=d;)) — (m1 +---+m;) +n.
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Proof We use the lengths labeled in the diagram

h(0@)(=d;))

h'(0@E)(=d;))

h©(@€)(—d; — 1))
my+---+mj

to calculate the diagonal index of the first horizontal segment in every residue class along the boundary

of I'(é):
T=8({) = (horizontal position) — (vertical position)

=h°(P',0@)(—d; — 1)) +n—h' (P!, 0@)(—d)))
= x(0()(—=d;))—(my +---+mj) +n,

as desired. O

We conclude the section with two results on the relationship between the truncations with either the same

value of j or distinct values of j.
Corollary 5.8 Ifny > ny, then T<'(j,ny)—T="(j,np) <k —1.

Proof By Propositions 5.5 and 5.7,
{Tﬁt(j,nl)—TS’(j,nz)J - LTSg(j,nl)—TSg(j,nz)J _ Vl —an _0

k k k

Corollary 5.9 If t is decreasing for (j—,n—) and increasing for (jy,n+), then j— < jy.

Proof By (13), T<'(j_,n_) < T='(j;+.n4+) — (k + 1). Therefore, by Proposition 5.5, j_ < ji.
Moreover, by Corollary 5.8, j— # j+. |

Corollary 5.10 Ifj' > j, then T=8(j',n')—T='(j',n") > T=8(j,n)—T='(j,n).

Proof It suffices to consider the case j’ = j + 1. Because the truncations remain sorted (Proposition 5.5),
(A5) TG +1Lmjp) =T +1Ln) Zmjpy —n'=T=E( + Lmj11) =T=E(j + 1.n),
(16) T='(j.m)=T=(j.1) 2n—1=T=5(j.n)=T=E(j.1).

Moreover, by Proposition 5.5,
Lng(j +1,mjp1) —T=5(j, I)J - LTS’(J‘ +1,mjp1) =T=(J, l)J

k k
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By Proposition 5.7, T=8(j 4+ 1,m;+1) — T=8(j,1) = —1 mod k, so this implies
(17) T=8(j +1.mjy1)=T=8(, ) =T='(j + Lomjp1) —T=(j. 1).
Adding (15), (16) and (17), we obtain

T='(j,n) =TS (j + 1,n") > T=E(j,n) = T=E(j +1,n"). O
5.6 Alternative construction of truncations: paths on the tableau

The truncations can alternatively be described directly in terms of the tableau, without going through the
affine symmetric group. In this subsection, we give a brief exposition of this. We omit proofs since the
construction of the truncations given above is logically sufficient for the remainder of the paper.

We call a box in a tableau decreasing if it is filled with the first instance of a number, reading from the
left. Dually, we call a box increasing if it is filled with the first instance of a number, reading from the
top. See Figure 5.

For an efficient filling, one can show that the number of decreasing boxes in a row is a nonincreasing
function of the row, and is always at most k — 1. For 0 <i < k, we call the collection of boxes which
are the i™ decreasing box in each row the i decreasing cascade of the tableau. Dually, we define the
increasing cascades. (The k'™ cascade is always empty.) One then shows that the translation of the
(k+1—i)™ increasing cascade of a tableau up k + 1 —i and over i “meshes” with the i"" decreasing
cascade to form a “walking path” and consists of symbols in increasing order.

We think of these walking paths as giving instructions to a collection of k ants starting at (0, £) for
1 <€ <k. At time ¢, if the symbol ¢ appears as the next box in the £ walking path, the £ ant steps
onto the corresponding box. The diagonal index of the £ ant at time ¢ recovers T=* (£); the symbol ¢
is decreasing (respectively increasing) for £ if ¢ is a decreasing (respectively increasing) box in the £
walking path. See Figure 6.
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Figure 6: The first through fourth walking paths (in lexicographic order).

6 Set-theoretic regeneration

In this section, we show that every point of WF(E)(X ) arises as a limit of line bundles with splitting
type €. In particular, the fiber over 0 of the closure of We(x* /B*) coincides set-theoretically with
wT@ (X), and therefore also with W‘?(X )red. For this task, we will use the language of limit linear
series, as developed by Eisenbud and Harris [1986].

Then, in the following section, we will show that WE(X ) is reduced. Since the closure of WE(%* /B*)
is a priori contained scheme-theoretically in WE(X ), this will upgrade our set-theoretic regeneration
theorem to a scheme-theoretic regeneration theorem. In other words, this will show that the fiber over 0
of the closure of WE(%*/B*) is equal to wT@ (X) as schemes.

Recall that, for a splitting type €, we write dy > --- > d; for the distinct entries of ¢, and my, ..., mg for
the corresponding multiplicities. (Note that ey <ep <---<erbutd; >dp >--->d; ) If f:C — P!
is a smooth degree k cover, the locus WE(C ) can be described (set-theoretically) as follows. A line
bundle L is in WE(C) if and only if L possesses a collection for j = 1,...,5 — 1 of linear series
V; € H°(C, L(—d;)) with dim V; = h®(P!, 0(¢)(—d,)). Moreover, the V; may be chosen so that the
image of the natural map

(18) V1@ HO(P',0(dj—1—d;)) > H*(C. L(—=d; 1)) ® H*(P', 0(dj—1 —d;)) - H’(C. L(~d}))

is contained in V;. We call such a collection {V1, ..., Vy} satisfying (18) an é-nested linear series and V;
the linear series at layer j. By convention, we set Vg := {0}.
Now suppose that p € C is a point of total ramification for f, and let Im;(V;_1) denote the image

of (18). Recall that the vanishing indices of V; at p are the distinct orders of vanishing of elements
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of Vj at p. Call the vanishing indices of V; at p that are not vanishing indices of Im;(V;_1) at p the
new vanishing indices for layer j at p. An é-nested linear series will be called noncolliding at p if the
new vanishing indices at p are distinct from each other, and from all vanishing indices at lower layers,
modulo k. For j’ < j, if V;s has a section vanishing to order a at p, then there are sections vanishing to
orders a,a +k,...,a+(d;s—d;)k in Im; (V;—1).

Lemma 6.1 If {Vy,...,Vs} is an é-nested linear series that is noncolliding at some p € C, then
dimIm; (Vi—1) = h°(P', Op1 (€)(—d;)) —m;.
Hence, the number of new vanishing indices at layer j is exactly m;.

Proof We induct on j. When j = 1, we have dimIm; (Vp) = 0 by definition. Suppose that, for all
Jj' < j, there are m - new sections at layer j ' say Oj/ s 0j im0 of distinct vanishing orders mod k.
Then Im; (V;—1) is spanned by the image of

BDioja.....05m,) @ H'(P'.0(d; —d;)) > HO(C. L(—d))).

J'<j
Considering orders of vanishing at p, we see that the map above is injective, so
dimIm; (V;_;) = Z mjh® (P, 0(d; —d;)) = h°(P',0()(~d;)) —m;. o

J'<j
The above notions extend readily to limit linear series on our chain curve X: we call a collection of
limit linear series {V'1, ...,V s} an é-nested limit linear series if, for each component E I 5 PL the
collection of aspects {V'1 (E?), ..., Vs(E")} form an é-nested linear series; we say this limit linear series
is noncolliding if {V'1(E"), ...,V s(E")} is noncolliding at p'~! and p’.
i
) ) Jn .
vanishing indices in layer j at p’ on the component E‘*1. In terms of the a’j ,,» the vanishing indices of
Vi(Ei*1) at p' are

In what follows, new vanishing indices will be denoted in bold: a’;  forn =1,...,m; will be the new

(19) {a , +6k:8=0,....dj—dp.n=1,....my j =1..j}

We define bj. a=d—djk — a; > these represent the new vanishing indices in layer j at p' on the
component E I (if our limit linear series is refined):

i—1 i

14 )4
i—1! i1 E' DT,
b 4n b @n

|
i
For ease of notation, we will sometimes replace (j, 7) by its corresponding lexicographic order
C:=L(j.n)=m1+---+mj_1+n,
and so write ai-’n = a% and b’Jn = bz.
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Let T be any efficient tableau of shape I'(¢). Our argument for the regeneration theorem will proceed
in two basic steps. First we show that a general é-positive line bundle in W7 (X) arises from a refined,
noncolliding ¢-nested limit linear series. Then we prove a regeneration theorem for refined, noncolliding
e-nested limit linear series.

6.1 From tableaux to limit linear series

We explain how to construct nested limit linear series from tableaux. We will need to know our proposed
new vanishing indices increase across layers, as established in the following lemma:

Lemma 6.2 Let T be an efficient tableau of shape T'(¢). Define
20) ), =T<(jn)+i—1 (sob’,=d—djk—a’, =d—dik—i+1-T(j.n)).

! : i i i i
Ifj" < j, thena', ., <a’; , and b’ ,, <b'; .

Js

Proof For each i, Proposition 5.5 says @} < a), < a’, <---. To obtain the statement for the bé’n, we
first apply Proposition 5.7 to obtain

b8, =d—dik—g+1=[(0@)(=dj))—(mi+---+mj)+n]=my+---+m; —n.
In particular,
21 b‘?,,n,=m1+~--+mj/—n/<m1+-~-+mj—n=b§,n.
We then rewrite Corollary 5.10 in terms of the b’s to obtain
(22) 3”,11’ - bg’,n’ = b;,n o b?,n‘
The claim now follows from adding (21) and (22). O

Remark 6 Although b;,’n, < b’Jn for j’ < j (increasing across layers), we have b;’l > b;’z >.> b;,mj
(decreasing within a layer).

Given a tableau T of shape I"(¢), we now show that a general line bundle in W7 (X) possesses a unique
e-nested limit linear series with the proposed vanishing indices.

Lemma 6.3 Let T be a tableau of shape I"(¢€), and let a% and b2 be as defined in the previous lemma.
A general line bundle L in WT (X)) possesses a unique é-nested limit linear series whose new vanishing
indices at p' are (exactly) az for the E*t1-aspects and b% for the E' -aspects. This é-nested limit linear
series is refined and noncolliding.
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Proof Equation (9) ensures that the proposed vanishing indices are noncolliding. Equation (20) ensures
the limit linear series is refined (see (19)).

Fix i; we will build an é-nested linear series on E’, which will be the E’ -aspect of our desired e-nested
limit linear series. If T[i] = %, then L' is a general degree d line bundle. Moreover, for any (j,n), we
have T=/=1(j,n) = T='(j,n), so

a b =a +d—dik—d’ , =(T=7"(j.n)+i=2)+d—dik—(T= (j.n)+i—1)=d—djk—1.

Thus, L(fd j)i has a unique (up to rescal?ng) section 0, , vanishing to orders exactly a;;zl at p'~1 and
b’j’n at p'. The unique linear series on E* at layer j having the prescribed vanishing is therefore

Vi(EY) = @ HOpi(dy —d)))-0j -
(/')
J =J

We now suppose that i appears in 7. Let £1 be the indices such that i is decreasing for £_ and increasing
for £, and write £+ = (ji,n4+). By Corollary 5.9, j_ < j4. The az_l and a2 are related via

(23) a;: =T W) +i—2=T5Us)+i-2F 1= a@i —1F1,
(24) a7 ' =TSO +i-2=TS)+i-2=a},—1 for {#{s.
Equivalently,

KRR VN P P

Furthermore, by (11),

(26) atl = aZl +1 and a2+ = aé_ +1 mod k.

By definition of W7 (X),

@7 L' =0gi(dj ) ' p' T by ph) = 0pi(dj)(agt + Dp' T+ by, + DY),

We now build the layers inductively (starting with the tautological case Vo(E') = {0}). After we have
built layer I/j_l(Ei), write £ = (j,n), and let

Se:=HO(E', L' (~d))(—ay~' p'™! = byp")) € HO(E' L' (=d)))

be the subspace of sections having vanishing order at least a%‘l at p'~1 and bz at p'. We must show
that Sy possesses a section vanishing to order exactly aé_l at p'~1 and b;& at p’, and that this section is
essentially unique, in the sense that, along with Im; (V; 1 (E 1)) N Sy, it generates Sy.

For £ # £, the line bundle L"(—dj)(—az_lpi_1 — b@p") has degree 1. Equation (9) implies az_l e
a[l mod k, so this line bundle is not equal to Og; (p'). Similarly, since a%_l e azl mod k, this line
bundle is not equal to Oz (p'~1). Thus dim S; = 1 and Sy consists of sections of the exact vanishing
order desired.
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8
1 =1
ayer j )
E™ . § 11 12 (13} 18
= « layer j =2 P
. 8 11 12 13 16 17 18 19 21 22 23 28
layer j =3
2 6 7 g 10 11 12 13 16 17 18 22

Table 1

When £ = {_, we have L’.(—afj;)(—atlpi_1 —bz_pi) = Ofi. Thus dim Sy_ =1, and the section with
the required vanishing orders corresponds to the constant section of L’ (—d ).

Finally, when £ = £, we have L"(—a,’jJr)(—ale"_1 — 2+pi) =0gi(p"~! + p') and dim S¢, =2.

However, we shall show that Im; (V(; )1 (E 7)) contains the 1-dimensional subspace of sections

H%Ogi) C HOOgi (p' + p')) =S¢, C HUE' L (—d},))

1

that vanish to order azl +1at p'~1 and b2+ + 1 at p'. By (19), this follows in turn from

azl +1= a[l and bh +1= b;_ (mod k),
azl +1> a[l and b2+ +1> bL.

The first line follows from (26). The second line follows from Lemma 6.2 because j_ < j4. a

Example 6.4 (g =20,¢é = (—6,—4,—2,—2,0)) Let T be the tableau in Figure 7. The locus W7 (X)
is 1-dimensional, corresponding to the fact that 13 does not appear in 7, and so L '3 may be any degree 10
line bundle on E'3. We assume L!3 is not a linear combination of the nodes. Table 2 lists the new
vanishing indices a}, and b}. Table 1 lists all vanishing indices for V; (E1#) at each layer j. The vanishing
indices at p!3 are in the top row of each layer and those for p!# are on the bottom. The new vanishing
indices are bold, and images of a section in higher layers are given the same color.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

layer 1
t=1 010\0 10\0 9\1 8‘2 7\3 6‘4 6‘4 5\5 5\5 4‘6 4‘6 3\7 2‘8 2‘8 2‘8 2‘8 1\9 1\9 0\100
layer 2
=2 118\2 17\3 17\3 17\3 16\4 15\5 14\6 14\6 13\7 12\8 11\9 10\10 9\11 8\12 6\14 5\15 5\15 4\16 3\172

=3 2 17\3 16‘4 15\5 14‘6 14‘6 14‘6 13‘7 12‘8 11‘9 11‘9 10\10 9‘11 8‘12 6‘14 5\15 4‘16 3\17 2‘18 2‘18 1

layer 3
Zaiei 3 26‘4 24‘6 23\7 21\9 20\10 18‘12 17\13 16‘14 14‘16 13\17 12‘18 12‘18 11\19 10\20 9\21 8‘22 7\23 5\25 4‘26 3

Table 2
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*i *é *% ~7 8 r10 11 *1N2 16 17 -19 20
*i *21 *% -9 | 1617|1920

7‘ é 1‘0 11 18

9‘ 16 1‘7 lb 20

1‘1 18

*1N4 20

*1[5

1‘6

1‘8

20

Figure 7

The number 14 is decreasing for the first truncation ({— = 1 = (1, 1)), so L'* = 0z14(8p'3 +2p'%).

There are two new sections in layer 2, drawn in red (£ = 2 = (2, 1)) and purple (¢ = 3 = (2,2)). The
number 14 is increasing for the third truncation ({4 = 3 = (2, 2)), and the old vanishing indices that are
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one more than the new vanishing indices are
a4 1=12+1=131=8+5=ald +k, bL+1=6+1=T=2+5=bl" +k

There is one new section in layer 3 (£ = 4 = (3, 1)), colored blue.

6.2 Regeneration for refined, noncolliding nested limit linear series

Theorem 6.5 (regeneration) Suppose “5{ and bz are the new vanishing indices at p' for a refined,
noncolliding é-nested limit linear series. Let ¥ — % — B be the family of curves constructed in Section 2.
There is a quasiprojective scheme W over B whose general fiber is contained in the space of ¢-nested
linear series on ¥* and whose special fiber is the space of é¢-nested limit linear series on X with the
(strictly) specified vanishing. Every component of W has dimension at least dim Pic? (¥/B) —u(e).

Proof We will construct a variety W' which parametrizes compatible framings of nested linear series
and surjects onto the desired W. Set x :=deg(0(é)) + k =d — g + 1. We retain notation as above, so
dy > --- > dj are the distinct degrees appearing in € and m1, ..., my are the corresponding multiplicities.
Let Pic := Pic? (%/B) and label maps as in

X xpPic — &
i
P
l#

PiCT>B

Let & be the universal limit line bundle on ¥ x g Pic > Pic. Recall that ¥’ = £....,0,d,0,...,0) has
degree d on component E’ and degree 0 on all other components. In addition, recall that Og(n)’ =
Og(n)(o,...,0,n,0,...,0) 18 isomorphic to Op1(n) on the smooth fibers of  — B; on the central fiber, it has
degree n on P’ and degree 0 on all other components. (See Example 3.3.)

Let D be an effective divisor of relative degree N on & — B such that D meets each component of the
central fiber with sufficiently large degree. By slight abuse of notation we denote by D the pullback
of this divisor to ¥ xg Pic. By cohomology and base change, m+«¥(—d j)i (D) is a vector bundle on
Picd—4ik+N (%/B), which we identify with Pic via tensoring with Oy (—d;)(D); itsrank is N + y —d,k.
For each component E’ of the central fiber, we are going to build a tower

Gi_ Longi B i N Gl = pic,

N

where each G]i' is a Grassmann bundle Gr(m;, 92;) for 92} a vector bundle over an open U }_1 C G]"._l. We
will write Ef’j- for the tautological subbundle on sz This tower of Grassmann bundles will parametrize
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é-nested linear series on E’. The bundle Ef’j. will correspond to the space of “new sections at layer j” (ie
sections at layer j modulo those coming from lower layers).

We build the tower by constructing the Q; inductively. By convention, set Gf) := Pic and Ué := Pic. We
begin by defining Qlll as the pushforward 92’1 := m+P(—d,)' (D), which we have seen above is a vector
bundle.

Now suppose, by induction, that we have defined 82;_1 as a quotient
(Wi ooy o) med(~dj-1) (D) > 2j_;.

defined on some open U }_2 C G]i- _,- Let (Efj._l)/ be the pullback of the tautological bundle, ie the bundle
such that the diagram below is a fiber square:

(Yj ooyl ) med(=dj-1)' (D) — (Yj_)*2

] T

() » I

The bundle (Efj._l)/ will correspond to the full linear series at layer j — 1 (not just the new sections).

The layer j comparison maps of (18) fit together in our family as the map
(F._ )Y ® (ol o-opl_)*¢u0p(dj—1 —d;)

|

Wi ooyl ) m(~dj—1) (D) ® (ol o0yl _ ) *¢u0p(dj—1 —d;)’

|

(Wio--oyi_ ) mP(~d;) (D)

As in the proof of Lemma 6.1, the above composition has rank at most #°(0(€)(—d;)) — m;. Define
U }_1 C G]"._1 to be the open where the composition has exactly this rank. On U }_1, define Q; to be the
cokernel of the composition. Its rank ¢g; :=r1k Sl; is

(28) qj = tk(mx£(~d;) (D)) — (h°(0(@)(~d;)) —m;)

= N + 1(0@)(=d))) — (°(0(€)(=d;)) —m;)

= N +mj;—h'(0(€)(—d))).
Now we introduce a space parametrizing “lifted projective frames” over our tower of Grassmann bundles.
Recalling that Qj. is a quotient of (wi 0--+0 w}_l)*n*iﬁ(—dj)i(D), let GJ’ — G; be the space of lifts of
mj -dimensional subspaces of Q; to m; —dimensional subsp.aces of (Y} 0::0 wj’._l)*ﬂ*if(—dj)’ (D) (so
G} Ls.an open insiig Gr(ml', (Yjo---0 glf;_l)*n*iif(—dj)’ (D))). th'et Ef; denote the tautological bundle
on Gjl-, and let Fr(ﬂ)}) — GJ’. be the space of projective frames of 9’;
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For p a node on a component E, we inductively define
Lp . Lp ._ pip . i
Fro = Fr(y ) and Fooi=F7 ij;l Fr(4}),

which encodes framing information for component i of all sections up to layer j. Note that F ;’p does
not depend on p —however, we include the p to highlight that we will be imposing conditions on these
frames at the node p. We define a “master frame space”

Fim FOR ) FRR SRR X F  FRR o FEOP T R REDT
where all products are over Pic. This maps to
G =Gl xGX, xG2 xG3 xG x---xG | xG¥7 ' xG&_,
Next we compute dim F. The relative dimension of Fr(g’;) over G ]’ is
(29) mj - (tkwab(=d;) (D) = 1) = m; - [°(0@)(~d))) —1].

. l . . . . . .
Since each ¥} has relative dimension m; (q; —m;),

s—1
dim Ff) = dimPic+ Y m; - [1°(0@)(—d))) — 1]+ m; (q; —m;).
j=1
Altogether, we find that
s—1

(30) dimF=dimPic+(2g—2)( m; - [h°(0@)(~d;)) — 1]+ m;(q; — mj))

Jj=1
s—1

= dim Pic + (2g —2)( > mj - [h°(0@)(~d}) = 1]+ m; (N —hl(@(é)(—dj))))

ji=1
s—1
= dim Pic + (2g —2)( Z mj(N + x(0(€)(—d})) — 1)).

Jj=1

We now construct a subvariety W' C F that parametrizes compatlble projective frames of é-nested limit
linear series. The image of W in G will be the desired variety W.

We will impose three types of conditions on frames; the first two will be pullbacks of conditions on G:

(1) We require that the spaces of sections corresponding to the same component are equal.
(2) We require that the space of sections vanish along D.

(3) We impose compatibility conditions for the two frames labeled with the same node.
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6.3 Compatibility along components

The first of these conditions is represented by restricting to a diagonal. This imposes

(31) codim(G!_| x G2_| x---x GE_| = G) =dimGZ_; +--- +dim G5~}

s—1
=(g—2) Y _mjlgj—mj)
j=1

s—1
=(g-2) ) _mj(N—h'(0@)(—d))))
j=1
conditions.

6.4 Vanishing along D

After étale base change, we may assume that each component of D meets only one E’. Let D' be the
union of components of D meeting E?, and let Z J’ C G} be the locus where the nested linear series
vanishes on D' (up to layer j). To determine an upper bound on the codimension of Z!_; C G;_,, we
count the number of equations needed to describe Z j’ C (w})_l z ;_1) at each layer:

Zi

s—1

{

(W§_1)_1 (Zé_z) —_—

cee ——————— % Zé
Wi N Zh) —— Z}
WH Nz — Z}

! [ I

Gi . \ Gi \ Gi \ Gi
s—1 3 3 7 3 3 7 2 N 7 1
s—1 Vi (E V3

~

We start with the locus Z ‘1 C G, which is defined by the vanishing of the composition
P = WD = W) m(=d1) (D) » (Y1) *m(E(=d1) (D) ® Op).
This represents n1; deg(D') equations.
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On (y))~'Z}_ |, the evaluation

(Yio o) ) me(L(=d;) (D)) = (Y o+~ 0 Y1) *mu(L(~d;) (D) ® Opi)
factors through Slj Therefore, Z j’ C (wjl:_l)_l V4 ]i._l) is the locus where the composition
S = (P))*2 — (Yj o0y *mu(L(—d;) (D) ® Opi)
vanishes. This represents m; deg(D") equations.
Totaling over the layers, we see that every component of Z é_l has codimension at most
codim(Z!_; C Gi_}) < (my +---+ms_1)deg(D').

Taking the product over all components, every component of Z sl_l Xpic * * * Xpic Z f_l has codimension at
most

(32)  codim(Z}_; Xpic+ -+ Xpic Z5_| C Gl x G2 x+--x GE_ ) < (my+---+ms_1)N.

6.5 Compatibility at nodes

. ) i i
For each node p’ we describe equations on F.”" x F! "' that impose vanishing conditions on both
frames at p in the central fiber, and say the two frames are equal up to translation by old sections on the

general fiber.

. ~. CR ~.
Let oj’.’l, .. .,q?,mj be coordina'tes on thg Fr(g’;) component of Fsl’_g. (the universal framing ?f 9’}
associated to p'). SinEllarly, let /\},1, e, k}’mj be cgordinates on the Fr(ff}“) comp0n§nt of F Sl:rll’p (the
universal framing of SJ}H associated to p'). Let t’ be the constant section of Oy (X =") (that vanishes to

the left of p’), and let 1 be the constant section of O (X >') (that vanishes to the right of p’):

Rjn
oj’i,n
Aj’.z
P ALy
ol

p
El Ei+1
e —
p =0
—
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i i i
AR IR A

(desired vanishing of the )Lj’n) and that the new vanishing indices at p’ on E' are the b’]n =d—djk —a;,n

Suppose that, for layer j, the specified new vanishing indices at p’ on Ei*! are a’. |, a

(desired vanishing of the aj,n).

We define a closed subvariety Yl C Fsi’_pll X Fsijll’p l by the conditions (for j = 1,...,s — 1 and
n=1,...,mj)
(33) G},n ® (‘[i)aj.n = Aj,n ® (Mi)bj,n ,

viewed as elements of the projectivization of
mad(—dj) (D +a’ , X=) = o S(—d;) (D + b, X7).
The isomorphism above comes from the fact that
(—dy)’ = L(~d;) T (~(d — djk) X =)
and O(X =) = 0(—X>") and a’, , + b’ =d —d;k.

Away from the central fiber, 7/ and u are nonzero, so (33) says the new sections 0},;1 and )Ljn are equal
(up to scaling).

In the central fiber, t/|y>; is not a zero divisor and vanishes only at p’, while u|y<i is not a zero
a divisor and vanishes only at p’. Thus condition (33) says that GJZ: , and )Lj. , are determined by the

restrictions GJ‘:’" |y<i and kjn |x>i, which can be anything of the desired vanishing order at Pl

(34) 0]’:’,, |y<i vanishes to order at least ba,n at p',
(35) )Ljn |x>i vanishes to order at least a;,n at p',
: : |2 : - Wi 20
(36) A;’n |X§i = G;’n |X§i . . };;l and O';’n |X>i = A,;,n |X>i . ﬁ
W<t L3

Since 7' vanishes on X=/, and u/ vanishes on X >, in most cases (36) simplifies to )Lj. alx=i =0 (unless
as-’n =0), and 0},n |X>f' = 0 (unless bljn = 0). In particular, when j > 1, both a;’n and b’jn are positive,
50 (36) simplifies to A’ [y<i =0 and 0}, |x>i = 0.

For each (j, n), equation (33) represents
ke $(—d;) (D +a’ , X=') = 1 =1tk £(~d;) (D) — 1 = N + x(P',0()(~d;)) — 1

conditions. Thus, every component of ¥ has codimension at most
_ o ) . s—1
codim(Y! € Ffl x Fy507) <> “my (N + x(P'.0@)(—d))) - 1),
ji=1
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and so every component of Y1 x Y2 x - x Y&~1 has codimension at most

s—1
(37) codim(Y! x Y2 x---x Y8 C F) <(g—1) Y _m;(N + x(P'.0@)(—d)))—1).

Jj=1
Imposing all the conditions of Sections 6.3—6.5 defines a closed subvariety of F. Let us additionally
remove the locus over the central fiber where any vanishing index of the frame is larger than the specified
vanishing index. We call the resulting quasiprojective variety W' The image of Wt — G is the
desired W.

6.6 Fiber dimensions

Finally, let us count the dimension of fibers W — G. At each layer j, the master frame space F
parametrizes 2g — 2 lifted projective frames of dimension m;.

On the general fiber, our equations specify that these frames are equal in g — 1 pairs. The fiber dimension
W — G is thus (see (29)) equal to

s—1
(38) (=1 ) m;(h°©@)(=dj) —1).
j=1

On the special fiber, let {oj‘: )Lj. s denote a point of W', The other points in the same fiber are then

n’

obtained by applying linear transformations X! and A’ to the ojl.’n and /\;n of a particular form we

will now explain. Let x’ and y’ be sections of Op (1)’ that vanish at g ~! = f(p'~1) and ¢' = f(p'),

respectively; via pullback, we think of them as sections of Ox (1)’ on X vanishing at p'~! and p’,

respectively. Then, to ¢/ , the linear transformation %/ may add any section from a previous layer

J?n ’ .
whose image in layer j has higher vanishing order; explicitly, we may add oj’./,n, times any monomial

(x')? - (y")%'=4=% (with 0 < § < d; — d;) such that
(39) b+ (dy—d;j —8)k > b .

Similarly, to /\;,n, the linear transformation A’ may add /\;,,n, times any monomial (x?)% - (y?)4/—4; =8

(with 0 <8 < dj» —d;) such that

(40) a’, +8k >d’,.

The fiber dimension is therefore the number of monomials satisfying (39) plus the number satisfying (40).
Recall that bi-,’n/ + az.,,n, =d —dj'k and b’]n + aé.,n =d —djk, and aj-,’n, £ ai.,n (mod k) unless
(j’,n")y = (j,n). Therefore, every monomial satisfies exactly one of (39) or (40), except when (j’,n’) =
(j,n). The fiber dimension is therefore

s—1 s—1
@n (-0 m; (—1 + Y mp(dy—d; + 1)) = (=1 Y _m;(h°0@)(=d;j)) —1).
j=1 J'=J Jj=1

Note that this is the same as the fiber dimension on the general fiber.
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6.7 Final dimension estimate

Recalling the dimension of F' and totaling the equations imposed in Sections 6.3-6.5, we find that every
component W' of W has dimension

dim W’ > dim F — number of defining equations — fiber dimension

s—1
= dimPic+(2g—2) ( Z mj (N + x(0(e)(—d;))— 1)) (dim F'; see (30))
ji=1
s—1
—(g—-2) Z m; (N —h'(0@)(—d}))) (diagonal condition; see (31))
j=1
s—1
—N Z m; (vanishing along D; see (32))
ji=1
s—1
—(g-D Z m;j (N + x(0(e)(—d,)) — 1) (compatibility at nodes; see (37))
=1
s—1
—(g—-1 Z mj (h0(©(§)(—dj)) — 1) (fiber dimension; see (38) and (41))
ji=1

s—1
= dimPic— Y _m;h' (0(@)(~d,))

Jj=1

= dim Pic —u(e). |

The regeneration theorem allows us to show that the é-nested limit linear series built from tableaux as in
Lemma 6.3 arise as limits from smooth curves, implying that W1 (X) is contained in the closure of
We(&*/B*).

Corollary 6.6 Let T be an efficiently filled tableau of shape I'(¢). Then WT (X) is contained in the
closure of WE(%*/B*).

Proof Let W be the quasiprojective scheme with vanishing corresponding to 7' as constructed in
Theorem 6.5. By Lemma 6.3, a generic line bundle in W7 (X) is in the image of W in Pic? (X). Moreover,
the uniqueness statement in Lemma 6.3 together with the fact that dim WT(X) = g—u(é) shows that the
restriction of W to the central fiber has an irreducible component Y of dimension g —u(¢é) that dominates
WT (X). By Theorem 6.5, the dimension of Y is less than the dimension of any component of W. Let
Y’ be an irreducible component of w containing Y, which necessarily dominates the base. The closure
of the image of Y’ in Pic? (%/B) contains W7 (X) and is contained in the closure of W¢(%¥*/B*). O
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7 Reducedness and Cohen—Macaulayness

7.1 Reducedness

At the central fiber X = E!' U 1 - Upe—1 E¥, the schemes we (X) are defined as intersections of
determinantal loci of the form

WI(X)={Le Picd (X) : HOX. L) > r + 1}

for various degree distributions d = (d!,...,d#) and integers r.

We will first show that any such determinantal locus is a union of preimages of reduced points under
various projection maps PlCd (X) = [lies Picd’ (E") (for S ©{1,2,...,g}). Then we will show that the
class of such varieties is closed under intersection, thus establishing that WE(X ) is reduced. Combined
with Corollary 6.6, this will show that

WeéXx)=wr(x).
Let m: X x PlCd (X)) —> PlCd (X) be the projection and let & := 5!3 be a universal line bundle on
X X PlCd (X). Additionally, let D be a divisor on X, contained in the smooth locus, and such that
D' := D N E' is of sufficiently high degree. Recall that, in terms of the natural map
¢: 1xE(D) — 7(£(D)|p),

the loci of interest are .

WiX)={Le Pic? (X) : dimker |z > r + 1}.
The scheme structure is given by the (n 4 1) x (n + 1) minors of ¢, where

n=rkn«*(D)—(r+1)=d—g—r+deg(D).

We will descnbe the rank loci of ¢ in terms of evaluation maps on the normahzatlon Vi E1 ‘UES > X
of X. Let o' : E' x Pic? (E) > Pic? "(E') be the projection. In addmon let pr : PlCd (X) — Pic? "(EY)
be the prOJectlon and let #; be a universal line bundle on E’ x Pic? (E ') such that &| Eixpicd (X) =
(Id x pr' )*&;. These maps fit into the diagram

z—1 E! xP1cd(X)
/ w
E' x Pic? (X) S > X x Pic? (X)
Idxpr’i lﬂ
E! x Pic?' (E') Picd (X)
Picd’ (EY)
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There is a commuting diagram of vector bundles on Pic? (X)

?,:1 Pri)*(”i)*gi(Di)

0 —— TE(D) ——— (v x 1d)s (v X 1) *E(D) —— BE_ 7u(L(D)] i) — 0

0| I

Te(E(D)|p) — wa(v X 1d)a (v X Id)*L(D) ], -1 ()

=1 (pr)* (7))L (D) pi

The top row is exact by our assumption that D is sufficiently positive. Since sequences of vector bundles
split locally, the rank loci of ¢ are corresponding rank loci of { & n:

(42) (L ePic?(X):tk¢ <n}={LePic?(X):tk(y ®n) <n—+(g— 1)}
The restriction of i @ 1 to each summand (prf)* (%)« %; (D?) is (pr')*ev!, where
ev': (1')+%£i (D) — (1')#(£: (D) pi-10 piup?)

-1

is the map that evaluates a section on E' at the points of D’ and the nodes p'~! and p (or just p! on E!

or just p&~1 on E#). The matrix for ¥ @ n is almost block diagonal:

(A%

(A%

(%

e 0

evs

The following lemma helps us describe the rank loci of such almost block diagonal matrices scheme-
theoretically:
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Lemma 7.1 Let Mat(x, y) denote the affine space of x X y matrices. Suppose that S and T are
given schemes, and A: S — Mat(x1, y1) and B: T — Mat(x,, y,) are two families of matrices. Let
M: S xT — Mat(xy + x2, y1 + y2 — 1) be the family of matrices where the upper left entries are given
by A, the lower right entries are given by B, and the rest of the entries are 0:

Let A_: S — Mat(x; — 1, y1) be the composition of A with the map that removes the bottom row.
Similarly, let B~ : T — Mat(x,, y» — 1) be the composition of B with the map that removes the top row.
Let

Sq={s€S:1kA(s) <a}, Ty, ={t €T :1k B(t) < b},

S, ={s€S:tkA_(s)<a}, T, ={teT:tkB (t)<b}

be defined scheme-theoretically by the vanishing of appropriately sized minors. Then

(43) {(s.0)0eSxT:kM@s.)<n}= | ) SaxTp)U | ) S;xTy)

a+b=n a+b=n—1
as schemes. In particular, if all rank loci of A, A_, B and B~ are reduced, then all rank loci of M are
reduced.

Proof The scheme structure on the left-hand side of (43) is defined by the (n + 1) x (n 4+ 1) minors
of M. Any such minor contains @ columns meeting A and b columns meeting B for some a +b =n + 1.

First consider a square submatrix of M that uses the common row (colored violet in the diagram). If its
determinant is nonzero, then the submatrix contains at least ¢ — 1 rows meeting A_ and at least » — 1
rows meeting B~ . Either there are a rows meeting A_, and its determinant is an @ X @ minor of A_ times
a b x b minor of B; or there are b rows meeting B~ and its determinant is an @ X @ minor of A times a
b x b minor of B~. Now consider a square submatrix of M that does not use the common row. If its
determinant is nonzero, then it is a product of an a x a minor of A— and a b x b minor of B~. Ranging
over all minors with this distribution of columns, we obtain elements that generate

I(S,_1) - I(Tp—1) + 1(Sa—1) - 1(T,_ ) = I((Su_y xTUS XTp_1) N (Sg—1 xTUS xT,_,)),
where S_1 = §Z, = T—y = TZ, = & by convention.
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We therefore find that

{(s.0)eSXT :ckM(s,t) <n}= (| (S;uyxTUSXTp_)N(Sam1 xTUS X Ty ).
a+b=n+1
Because A_ is obtained from A by removing a single row, the rank loci of A and A_ are nested:

G=8,S850CS8) CS51CS85 ©€85HC8, €+ C8H-1S5,1SSCS.
And similarly, for B and B™:
®=T__1ETOETO_ETl§T1_§T2§T2_§"'§Tn—1ETn__lngET-

The claim now follows from the following general fact regarding such intersections. |

Lemma 7.2 Given nested sequences of schemes

@=YyCY S CYuCY and @=Z9CZ1 S CZnCZ,

we have

(| Gix2yuwxzp= |J Yixz
i+j=m i+j=m+1
as schemes.

Proof In general, intersection does not distribute across unions scheme-theoretically. However, we first
show that, if A; C A, and B are subschemes of any scheme, then
A, N (A1 UB) =AU (42N B).

as schemes. That is, intersection distributes across union if appropriate containments are satisfied. It
suffices to prove the statement in the affine case, where this becomes a statement about ideals. Suppose
I1:=1(A1) D I :=I(A3) and J := I(B). Then we must show

L+hnJ)=hLn{z2+ ).
Ifael,and b eIy NJ, thenit’s clear thata +b € I1 and a + b € I, + J. Now suppose we have a € I
and b € J such thata + b € 1. Since I, C I, it follows that b € I1. Hencea +b e I, + 11 N J.

To prove the lemma, we induct on m. The case m = 0 is immediate (& = &). Suppose we know the
result for chains of length one less. We want to study

(| ix2DHUE xZ)=F xZn) N[V1x Z)U(Y X Zn-1)]N [ FixZ)U(Y xZ))

i+j=m i+j=m
i>2
=[(Y X Zn-DUM1 xZw)]N () XixZ)U( xZ))
i+j=m
i>2
=(Y1me)U[(Yme_1)ﬂ N (Y,-xZ)U(YXZj):|.
i+j=m
i>2
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Now the term in large square brackets is the intersection of complementary unions of the chains
B=Y0CCY3C--CYpCY and =20CZ1C-CZpn1<Z,
which have length one less. The result now follows by induction. |
We now study the rank loci of evaluation maps on elliptic curves.
Lemma 7.3 Let E be an elliptic curve and & a universal line bundle on 7w : E X Pic? (E) —> Pic? (E)
with d > 1. Suppose D is an effective divisor and
ev: T L = Tu (Ll pupicd (£))
is the evaluation map. For any n, the scheme
Sy ={L € Picd(E) :rkev|y <n}
is either empty, all of Pic? (E), or a single reduced point. In particular, it is reduced.
Proof We have that S, is empty or all of Pic? (E) unless degD=dandn=d—1. Whendeg D =d,
the evaluation map is between vector bundles that both have rank d. The locus where the map drops rank
is cut out by the determinant, which is a section of det(7«%)" ® det(« (L] py yp;.a ( E)))- Set-theoretically,

the vanishing of this section is supported on L = O(D) € Pic? (E). To see it is reduced, we compute its
degree

0:= deg(det(n*iﬁ)v ® det (7 ($|Dxpicd(E)))) = —degcy(m«&) + degcy (7« (§£|Dxpicd(E))).

Using Grothendieck—Riemann—Roch (noting that the relative Todd class is trivial since E is an elliptic
curve),
0 = —degchy(¥) + deg ch2(§£|DXpicd(E)).

Using the additivity of Chern characters in exact sequences,
9 = —deg chy (£(=D x Pic? (E))) = —1 dege1 (£(—D x Pic? (E)))*.

Given an identification E x Pic? (E) = E x E, the line bundle £(—D x Pic? (E)) can be represented by
the diagonal A minus a fiber f. Since A% = 0 (by adjunction) and 2 = 0, we obtain (A — f)? = —2.
Thus,

0=1. O

Lemma 7.4 Let & be the collection of subvarieties of Pic? (X) that are unions of reduced preimages
of points via projections (]_[ies pri): Pic? (X) = [lies Pic?' (E') forsome S € {1,...,g}. Then ¥ is
closed under union and intersection.

Proof It is clear that & is closed under union. The intersection statement is clear set-theoretically, so it
suffices to show that the intersection of two elements of ¥ is reduced.
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Suppose A, B € ¥ and p € AN B. Choose étale coordinates x; on Picd’ (E") near pr' (p). Then, étale-
locally, A and B are reduced unions of coordinate linear spaces. Equivalently, /(A) and I(B) are reduced
monomial ideals (ie generated by monomials in the x; whose exponents are 0 or 1). The class of such
ideals is closed under addition. |

Putting together Lemmas 7.1, 7.3 and 7.4, we deduce the desired reducedness property.

Theorem 7.5 For any r > 0 and degree distribution d , the scheme W (X) is a union of preimages of
reduced points via projections Pic? (X) = [ljes Pic% (E;) for subsets S C {1,...,g}. It follows that
we (X) is reduced.

Proof By (42),

WI(X)=(Le Pic? (X) : tk(n @ )L, < d +deg(D) — (r + )},

Lor Di), we

Applying Lemma 7.3 with D = D’ U p’ U p'~! (respectively D = D U p’ or D' U p'~
see that the rank loci of the maps ev’ (respectively ev’ with top row or bottom row or top and bottom
row removed) are all in &. Repeated application of Lemma 7.1 then shows that the rank loci of n @ v
are all in &. Thus, W¢ (X) is an intersection of subschemes in &, so WE(X ) is in &, and in particular is

reduced. O

Corollary 7.6 WE(X ) = WF(E)(X ) is reduced, and equal scheme-theoretically to the closure of
W (%* /B*) in the central fiber.

Proof We have shown the containments
W@ /B*)lo € WE(X) = W¥(X)wea € WO (X) C WE(@*/B¥)o.
(In order: by construction— see Definition 3.4 and the following discussion; by Theorem 7.5; by

Proposition 4.8; and by Corollary 6.6.) Therefore all containments are equalities. |

7.2 Cohen-Macaulayness

For any k-convex diagram T, we will prove that W (X) is Cohen—Macaulay by inducting on g. The key
to running our induction is the following standard fact:

Lemma 7.7 (see for example [Hochster 2016, Proposition 4.1]) Suppose A and B are Cohen—Macaulay
and AN B has codimension 1 in both A and B. Then AU B is Cohen—Macaulay if and only if AN B is
Cohen—Macaulay.

Theorem 7.8 Given any k-convex shape ', the scheme WT (X) is Cohen—Macaulay. In particular,
we (X) is Cohen—Macaulay, and therefore WE(C ) is Cohen—Macaulay for a general degree k genus g
cover f:C — Pl
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Proof We will induct on g. For the base case g = 1, we know W (X) is either all of Pic? (EY), ora
single reduced point. For the inductive step, suppose we are given L € WT (X). Let

g
w:Pic? (X) = [ Pic?(E") — Pic? (X =871) = [ [ Pic? (E)
i=1 i<g
be the projection map, ie (M',...,M&)— (MY, ..., M&~1). Let iz : Pic? (X=8~1) - Pic? (X) be the
section which sends (M',... , M& O (M, ... M8~1 L8). Define

A= J wI'x) and B:= [J Wi (X).
T:geT T:g¢T
If L € A, then L8 is a linear combination of p&~! and p#, and I" has a removable corner in the
corresponding residue j. Recall that u(s; - I") = u(I") — 1 (see Section 5.2, item (3)).

Then A =7 (WS T (X=871)) in a neighborhood of L, so A is Cohen—Macaulay by induction. Meanwhile,
B =Y (WT'(X=2-1)), so B is Cohen—Macaulay by induction. Moreover, AN B =z (WT (X=8~1))
in a neighborhood of L, so is Cohen—Macaulay by induction. Since A N B has codimension 1 in both 4
and B, Lemma 7.7 implies that WT'(X) = 4 U B is Cohen—Macaulay.

Since Cohen—Macaulayness is an open condition, WE(C ) is Cohen—Macaulay for a general degree k
cover f:C — P, m|

Remark 7 As explained in the introduction, this also establishes Cohen—Macaulayness, and hence
reducedness of universal splitting loci (Corollary 1.3). The authors suspect that a more direct argument
may be given by just degenerating the P! (without considering another curve). Reducedness confirms
that the scheme structure on splitting loci obtained from Fitting supports — ie nontransverse intersections
of determinantal loci —is the “correct” scheme structure. Cohen—Macaulayness supports the perspective
that, despite this failure of transversality, splitting loci ought to behave like determinantal loci (see eg
[Larson 2021c], where analogs of the Porteous formula were given).

8 Connectedness

In this section, we show WE(C ) is connected when g > u(é), where f: C — P! is a general degree k
cover. For comparison, in the classical Brill-Noether theorem, a proof of connectedness via degeneration
to a general chain of elliptic curves was given by Osserman [2019].

Since “geometrically connected and geometrically reduced” is an open condition in flat proper families
[EGATIV3 1966, théoreme 12.2.4(vi)] and we have already shown wé (X) is reduced (see Theorem 7.5),
it suffices to see that WE(X )= WF(E)(X ) is connected. In other words, we want to show the transitivity
of the following equivalence relation:
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Definition 8.1 We say two k-core tableau 7 and T’ with the same shape T" meet if W7T (X) and WT/(X )
intersect. We say that 7 and T’ are connected if WT (X) and WT'(X) are in the same connected
component of WT (X).

By definition, “connected” is the equivalence relation generated by “meet.” Unwinding Definition 4.10,
T and T’ meet if and only if, for every 7, either

T[t]=%, T'[t]=%, or T[t]=T'[t] (modk).

The simplest example of two tableaux that are connected is the following:

Example 8.2 Suppose that T is a tableau filled with a subset of the symbols {1, ..., g} that does not
include the symbol N. Let N’ be the smallest symbol greater than (respectively largest symbol less
than) N appearing in 7. Then T meets the tableau obtained from T by replacing the symbol N’ with N.
Applying this repeatedly, every tableau is connected to the tableau obtained by relabeling symbols via an
order-preserving map from the subset of symbols used to any other subset of u symbols.

By Example 8.2, it suffices to show that all efficiently filled tableau filled with symbols {1, ...,u} are
connected when g > u. To do this, we use the relations in the affine symmetric group

. ./
sjsjr=sjrs;  (for j —j # £1) and SjSj418) = Sj+15;8j+1-

These relations give rise to two basic moves, known as the braid moves for the affine symmetric group,
between reduced words:

(F') Sju iy <> Syt S a8 Sji 1Sy S (for Ji — jia # £1),

i P P . . . - cee Q- oo— ] — 7
(S S Sjt < Sj S a3Sjip1Sji S Sy - Sh (for ji = jiv1 £ 1= jita).

Given our identification of reduced words with efficient k-core tableaux, this is equivalent to the following
moves on tableaux:

Definition 8.3 Let T be an efficiently filled k-core tableau. We define the two braid moves as follows:
(F) If T[i]—TJi + 1] # %1 mod k, define the flip F'T by
Ti+1] ift=i,

(FIT)[t] =3 T[i] ift=i+1,
Tt] otherwise.
(S) Similarly, if T[i]=T[i +2] and T[i + 1] = T[i] & 1 mod k, define the shuffle S'T by
T[i] ift=i+1,
S'TH[t]=1T[i +1] iftefi,i+?2},
T[t] otherwise.
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Note that both braid moves are involutions, ie F! FIT = T and S'S!T = T. It is known that we can
get from any reduced word to any other reduced word — or equivalently from any efficient tableau to
any other efficient tableau — by applying a sequence of braid moves (see [Bjorner and Brenti 2005,
Theorem 3.3.1(ii)]). Therefore, it suffices to prove that 7 and F T (when defined) or 7 and ST (when
defined), are connected.

Lemma 8.4 Suppose that T is an efficient filling of a k-core ' with symbols {1, ..., u}, and that F' T
is defined. If g > u(T"), then T and F'T are connected.

Proof Start with 7" and relabel symbols according to {1, ..., u}+—{1,...,i —1,i +1,...,u+ 1} (see
Example 8.2). In this filling, each i 4+-2 may be replaced with i because no i 4-1 appears to the upper-left of
ani +2. After this replacement, we further relabel symbols according to {1,...,i+1,i+3,...,u+1}—~

{1,...,u}:

start with 7" ... relabel symbols ... replace i +2 with i ...relabel symbols

[+

N

)

[+

i+1

X

\

i+1

NP

i+1

&
c_ﬁ&

i+2

O
%ﬁ@

i+1

i+1

)

i+1

i+1

S
gﬁ&

)

8
N

‘__ﬁ&

The resulting tableau is F? 7. Each tableau in this sequence is connected to the previous, so 7 and F'T
are connected. |

Lemma 8.5 Suppose that T is an efficient filling of a k-core ' with symbols {1, ... ,u}, and that ST is
defined. If g > u(T"), then T and S'T are connected.

Proof Because S is an involution, after possibly replacing T with ST, it suffices to treat the case
Tli +1]—=T[i]=1 (modk). Let j = T[i] = T[i +2]. Note that T=/~1 has addable corners with
diagonal indices of residues j and j + 1 (because S’ T is defined). In other words, the boundary segments
of T=' neighboring boxes with diagonal index of residue class j or j + 1 must proceed through

SR

To see that 7 and S’ T are connected when g > u, consider the sequence of tableaux in Figure 8. First
relabel T according to {1,...,u}—{1,...,i —1,i +1,...,u + 1} to get filling (b). Then place i in the
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(a) start with 7" ... (b) relabel ...
i |i+1 i+1[i+2
i+1 i+2
—
i+2 i+3
(c) placei ... (d) remove i +3
i+1[i+2 i+1{i+2
i i
i+3 i+1
Figure 8

positions of T=/~1"s addable corners with diagonal index of residue j + 1 to get filling (c). Now all
instances of i + 3 may be replaced with i + 1 to give filling (d). Tableau (d) is a relabeling of S’ T by
{L..oouy={1,...,i+2,i+4,...,u+1}

Each tableau above is connected to the previous, so this shows that 7 and S?7T are connected. O

This establishes that WE(X ) is connected. Since it is also reduced (Theorem 7.5) and “geometrically
connected and geometrically reduced” is an open condition in flat proper families, we have proven:

Theorem 8.6 If f: C — P! is a general degree k cover and g > u(é), then WE(C ) is connected.

9 Normality and irreducibility

Let : C — P! be a general degree k cover. In this section, we show that WE(C ) is smooth away from
more unbalanced splitting loci of codimension 2 or more. Since we have already established that WE(C )
is Cohen—Macaulay (Theorem 7.8), this implies that wé (C) is normal by Serre’s criterion (R; + S»).
Combining this with connectedness (Theorem 8.6), this establishes that WE(C ) is irreducible when
g >u(e).

To do this, we will prove the following general result regarding splitting stratifications. Suppose € is a
family of vector bundles on 77 : B x P! — B. For any splitting type €, the scheme structure on the closed
splitting locus Xz C B is defined as an intersection of determinantal loci. More precisely, the locus X3 is
the intersection over all m of the Fitting support for rk R'.€(m) > h' (P, 0(¢)(m)). We use Zg C;
to denote the open where the splitting type is exactly é.
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Proposition 9.1 Suppose ¢ is a family of vector bundles on 7w : B x P! — B such that all open splitting
loci Eg. are smooth of the expected codimension u(¢). Then X is smooth away from all splitting loci of
codimension > 2 inside X 3.

Proof Since the statement is local on B, we may assume that B is affine.

Suppose Xz C X; has codimension 1 for some €’ < €. Let Z C X; be the union of all other splitting
loci properly contained in X;:

We will show that E; C Xz~ Z is a Cartier divisor. It will follow that X3 is smooth along X7, as we
now explain. If ¥z were singular at some b € X7, then dim 75 X3 > dim Xz = dim X%, + 1. Assuming
Eg/ C Xz~ Z is Cartier, we would find dim 7} ZZ’/ >dim 7 2; —1 > dim Eg/, forcing EZ,, to be singular
at b, which contradicts the assumption that all open splitting loci are smooth. Repeating the argument for
each divisorial Xz C X; shows that X is smooth away from all codimension 2 subsplitting loci.

First we show that, to have ¢’ < ¢ with u(é’) = u(¢€) + 1, the splitting types must have a special shape.
Let r be the smallest index such that e]. < e, and let s be the largest index such that e}, > e;. (The fact
that ¢/ < € means r < s.) Then
(44) ¢ <érgi=(e1,....er_1,6r—1,€r11,...,65-1,65+1,€511,...,e) <@,
from which we see
1 =u(e)—u(e)

> u(érs) —u(e)

= 3 (0" OCer—er + 1) + 71 (Oer — e — 1)) + BL(O(e — 1 —e0)) + k1 (Oes + 1 —ep))]

e — (1 (O(ec — er)) + 1 (O(e; =€) + h (Oer —e0)) + b1 (O(es — e0)))

+ [hl(G(er — €y —2)) + h1(©(es —er + 2))] — [h1(©(€r _ es)) + hl(@(es . er))]
e, —lZerSe— L AHlie +1se et ] =
2 otherwise.

It follows that the nonnegative quantities #{{ : e, — 1 <ey <es— 1} =#{l :e, + 1 < ey < esg+ 1}
are zero, and e, = ey, and €’ = é,;. In other words, after twisting (down by e, = e5), we may assume

0(é) = N @ 0®™ @ P, where all parts of N have degree at most —2, all parts of P have degree at least 2,
and 0(&') = N ® 0(—1) ® 02"~ g 0(1) @ P.
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Away from Z, we will show that the vector bundle € on 7: P! x (2;~Z) = (X; ~ Z) splits as
€=NDT @ P where, forany b € Xz~ Z,

_joom ith¢ Xz,

T |o(-1) 092D go() ifbexy.

To construct N and &, let 2(—2) be the cokernel of 7*7,€(—2) — €(—2), which is locally free. Define
% by the exact sequence

45 N|p~N, @~P, and

«

13

0 — P(=2) — €(=2) — 2(—2) — 0.

This sequence splits if the induced map H°(%om(2(—2),€(—2))) = H°(9om(2(-2). 2(—2))) is surjec-
tive, which follows if we show H ! (%om(Q(—Z), 9’(—2))) =0. Now, (—2) is globally generated on each
fiber, and 9.(—2) has negative summands on each fiber, so Hom(2(—2), P?(—2)) has positive summands
on every fiber. Thus, by the theorem on cohomology and base change, R! 7% om(2(—2), P(—2)) =0
and so H'! (%0m(£€2(—2), 9]’(—2))) = (0 because B is affine.

Next, define N so that N'(1) is the cokernel of 7*m2(1) — 2(1), and define T by the sequence
0T —->92—->N-—>0.

The same argument as before shows that this sequence splits too. Thus, € =2 P =N S T & P. By
construction, this splitting satisfies (45).

On X; ~ Z, the fibers of R'7,7 (—1) have rank at most 1. Also, 7+ and 7, J (1) are locally free on
Y; ~ Z. The equations that cut out X3 C B are the same as the equations that cut out X; C B except at

one twist, namely when we ask for the rank of R!7.é(—1). To cut out X3, we ask that rk R, &(—1) >
Y (P!, 0(é)(—1)) =: n, whereas, to cut out X/, we ask that tk R!7,€(—1) > h1(0(&') (1)) =n + 1.

To study these equations, we must build a resolution of R!7.%(—1) by vector bundles. On X ~ Z, the
theorem on cohomology and base change shows R4 N(—1) is a vector bundle, and R!7,P(—1) = 0.
We also have a resolution by vector bundles

Up = 1T @ HOPL,0(1)) L5 Us := 7T (1) = R4 T (=1) — 0,
where Uy and U, have the same rank 2m. Therefore,
0y 1 1 1 or _ pl
00U —= R mN(=1)® Uz - R 1 N(—1) ® R 71T (—1) = R m€(—1)

is a resolution of R!7,€(—1) by vector bundles. Now, Ez, is cut out inside X3 ~ Z by the condition that
dim coker(0 & ) > n + 1, or equivalently that dim coker ¢ > 1. This locus is cut by the vanishing of its
determinant, which we can view as a section of the line bundle

N (T @ HO(PL,0(1)))” @ N (2.7 (1)).
Hence, X7 C Xz ~ Z is Cartier, as desired. |
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Larson [2021b, Theorem 1.2] established that, for f: C — P! a general degree k cover, the open
Brill-Noether splitting loci are smooth of the expected dimension. The above proposition thus implies
we (C) is smooth away from all splitting loci of codimension 2 or more. Together with Theorem 7.8, we
have thus shown:

Theorem 9.2 Let f: C — P! be a general genus g, degree k cover. Then we (C) is smooth away trom
all codimension 2 splitting loci. Thus we (C) is normal.

Combined with Theorem 8.6, we have therefore proven:

Theorem 9.3 If f: C — P! is a general degree k cover and g > u(¢), then WE(C ) is irreducible.

10 Monodromy

For the remainder of the paper, we suppose that the characteristic of our ground field does not divide k. Our
final task is to show that the universal W< has a unique irreducible component dominating a component
of the unparametrized Hurwitz stack #y o when g > u(¢). When g > u(¢) —or when k = 2, in which
case N(¢) =1 forall ¢ — WE(C ) is irreducible for C general. So, for the remainder of this section, we

suppose g = u(¢) and k > 2.

When g = u(¢), we have shown that WE(X ) is a reduced finite set of line bundles. Using this, we obtain:

Lemma 10.1 Let f*: %* — ®* be a deformation of f: X — P to a smooth cover, with smooth total
space (see Section 2). If ¢ — P’ — B is a family of smooth covers containing {*, over a reduced base B,
then Wé(€/B) — B is étale near *.

Proof Because u(¢) = g, every component of WE(CG /B) has dimension at least dim B. Moreover,
we (6/B) — B is proper, and the fiber over {* is a finite set of reduced points. Since B is reduced, we
conclude that the map is étale near *. |

Since f: X — P is separable, f* is also separable. In particular, its cotangent complex is punctual, so
¥, is smooth at f*. We can therefore apply this lemma to the universal family over a component B
of ¥y .

In greater generality, suppose that B is any irreducible base, and 7: W — B is étale near b € B. Then any
irreducible component of W dominating B meets 7! (b), and every point of 7~ (b) is contained in a
unique irreducible component of W, which dominates B. To show W has a unique irreducible component
dominating B, it thus suffices to show that any two points of 7z 1 (b) are contained in the same irreducible
component of W. In particular, suppose that B’ is irreducible and the image of B’ — B meets b. If
W xp B’ — B’ has a unique irreducible component dominating B’, then W has a unique irreducible

component dominating B.
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Therefore, if there is some family 6/B’ over a reduced irreducible base B’, containing f*, such that
we (6/B’) — B’ has a unique component dominating B’, then the universal WE has a unique component
dominating our component of ¥ .. The argument will proceed in the following steps:

(1) In Section 101, we define the stack # 2 of degree k genus g COvers with total ramification at two
k.g, g g
pOiI’ltS, and partial and total compactiﬁcations thereof:

%kgzg%smch C%ch

k,g,2 ,gZC%ng

The universal curve €™ gver %Smgcg

therefore construct the universal e-positive locus We((ésm M) as in Section 3. We will also observe that:

will be a family of chain curves with smooth total space. We may

(a) X liesin 3T€Sm‘°h, and ¥y ¢ » contains a deformation of X as in Lemma 10.1,

gpch gpsm-ch,0 sm-ch
(b) ¥ 2.2 is smooth, so X lies in a unique component ¥ k.2 of %k 2.2

©) We(<6gm chy %Sm Ch is étale near X.

We may therefore reduce to studying we (€™M, (The reason for this first reduction is to sidestep
questions related to the existence of a nice compactification of the Hurwitz space in positive characteristic,
given that we will need these compactifications of ¥ o » anyways later in our argument.) In light of (1)(c),
our problem is now to show that every two points of WE(X ) lie in the same irreducible component
of Wé(gsm-ch),

Recall that WE(X ) is the reduced finite set of line bundles L7 indexed by the efficient fillings T of T'(€)
(see Definition 4.10). Therefore, it suffices to see that for any two tableaux 7" and T of shape I'(¢),
the irreducible components of Wg(césm":h) containing 7 and 7’ coincide. Because any two tableaux
can be connected via a sequence of braid moves (see Section 8), it suffices to show that L7 and L i
(respectively L7 and L gi7), when defined, lie in the same irreducible component.

sm-ch,o
k.g.2
whose closures contain X ; these families arise by smoothing nodes of X and are themselves parametrized

(2) In Section 10.2 (respectively Section 10.3), we restrict WE(%Sm'Ch) to certain families in
by %Z,z,z (respectively %]‘253’2).

The restriction of W¥¢ (€5™<h) to these families is not irreducible. Nonetheless, for each T such that FI T
(respectively S?T') is defined, we describe substacks Y (i, T') (respectively Y (i, T)) of the restriction
of WE(%Sm‘Ch) to these families; the fiber over X of the closure of Y (i, T) (respectively Ys(i, T)) in
WE (€™ consists of L7 and L piT (respectively L7 and Lgip).

(3) Finally, in Section 10.4, we prove that Yr (i, T) and Yg (i, T) are irreducible, thereby establishing
that L7 and L gip (respectively L7 and L gi7) lie in the same irreducible component of WE(@3m<h), as
desired.

We do this by observing that Y (i, T') (respectively Ys (i, 7)) extends naturally over the entirety of %k,z,z
(respectively ?76;(,3,2). Moreover, they remain generically étale over a certain boundary stratum R
(respectively R3), where we can write down explicit equations and check irreducibility.

Geometry & Topology, Volume 29 (2025)



Global Brill-Noether theory over the Hurwitz space 247
10.1 Covers with two points of total ramification

Definition 10.2 Let .Ilg > denote the moduli stack of curves of genus g with two marked points, and ,/l_/tg,Z
denote its Deligne-Mumford compactification by stable curves. Write #x o » C g > for the substack
of (C, p,q) € Mg with Oc (kp) ~ Oc (kq). (In other words, for a scheme B, the B-points of ¥y ¢ >
parametrize relative smooth curves C — B equipped with a pair of sections {p, ¢} such that B can be
covered by opens U with O¢),, (kp) ~ Oc),, (kq).)

Write ¥y g2 C Mg > for the closure of ¥y g . Let ?C;cmgc}zl C Hk,g,2 (respectively %g:g,Z C Hk,g.2)

denote the open substack parametrizing chains of smooth (respectively irreducible) curves where the

sm-ch

marked points are on opposite ends. Let €™ denote the universal curve over %T(fk 22

Any (C, p,q) € Mg > lies in ¥y ¢ , if and only if C admits a map C — P! of degree k, totally ramified at
p and ¢. Such a map is unique up to Aut P!, so there is a natural map Hi,g,2 —> Hy, g. The boundary can
be understood explicitly in a similar fashion. Suppose C = C'! Upt Up2 - Upn—1 C™ with p = plecC!
and g = p" € C" is a chain of irreducible curves where the marked points are on opposite ends. By the
theory of admissible covers (see [Liu 2003, Section 5]), (C, p,q) € %;ﬁg’z if and only if C admits a map
of degree k to a chain of n copies of P! totally ramified over the p’. Such a map exists if and only if
p' — pi~lis k-torsion in Pic®(C?) for i =1, ..., n, in which case it is unique.

sm-ch

kg2 and the deformation constructed in Section 2 lies

Note that, by construction, (X, po, p?) lies in %
iIl %k,g,Z'

cg_gsm-ch

gpch
Lemma 10.3 % kg2

kg2 is smooth, as is the total space €*™" of the universal curve over

Proof Let C =C! Upi C? Up2 -+ Upn—1 C™ be a point of %zhg ,» With marked points p = plec!
and g = p" € C". Let f’: C — P be the unique map of degree k to a chain of n copies of P! totally
ramified at the p’. Because the characteristic does not divide k by assumption, f” is separable.

By formal patching (see [Liu 2003, Lemma 5.6]), a deformation of f’ is uniquely determined by
deformations in formal neighborhoods of every branch point b of f’, and every node ¢’ of P. Near a
branch point b, the deformation space is smooth since the relative cotangent complex is punctual. Above a
node ¢’, write x and y for local coordinates on C’ and C'*! at p’. Since the map is totally ramified and
k is not a multiple of the characteristic, a = x¥ and b = yk give local coordinates on the two copies of P!
meeting at ¢’. A local versal deformation space is then smooth of dimension 1: a versal deformation

with coordinate 7 is Spec K[[x, y,t]/(xy —t) — Spec K [[a, b, ]/ (ab — t*). Thus ?76%&2 is smooth.

Finally, along the fiber C, the map €s™<" — 3_‘62‘";2 is smooth away from the p’. Therefore the only
possible singularities of the total space €*™" along C occur at the p’. In a formal neighborhood of p?,

<€sm-ch

the total space is a pullback under a smooth map of the total space Spec K [[x, y,t]/(xy —t) of

the universal source over the versal deformation space appearing above, which is smooth. |
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In particular, X lies in a unlque irreducible component %gm 0}21 ° of %“m Ch . The work in Section 3 defines
a universal e-positive locus we (€5™M), which is proper over %bm Ch , and whose fiber over X is W¢ (X),
which we have shown is a reduced finite set. By regeneration (Corollary 6.6), every point of we (X)
lies in a component of W ¢(4¥™<") dominating %;Cmgcg °. Since %irf‘gfgp is reduced by Lemma 10.3, we
conclude, as in the proof of Lemma 10.1, that Wé(%sm'Ch) — ‘3762mgd2‘° is étale near X.

10.2 Flips in monodromy

Suppose that the flip F' T is defined. Our deformation of X will be obtained by smoothing the node p'.

k220f%k22 The map ¢: %kzz %“mc}z‘
(C, p. q) to the chain curve obtained by attaching E! U pt o Upia E i=1 to C so that p'~! is identified
with p, and attaching E‘t2 U ..U E€ so that p't! is identified with ¢:

Such curves are parametrized by a component ¥ sends

> i—1 i+ :
g2 P e Py C Py g rT s
p q

Our original chain curve X is in the closure of L(?}ﬁz’z’z).

Lemma 10.4 Let L be a limit line bundle on ((C, p, q), with LE' = LY fort ¢ {i,i + 1}, such that
there exist points x, y € C with

¢ ~O0(Tli)+i—-Dp+@—-Tli]—i)g+x)~O0(T[i+1]+i—Dp+d—-T[i +1]—-i)g+y)

(which forces Oc (x — y) ~Oc((T[i +1]=T[i])(p —q))). Then L is limit é-positive.

Proof Because L7 is e-positive, and LE — L’T for ¢ ¢ {i,i + 1}, it suffices to show that, for alla, b € Z
(with the notation of Definition 3.2),

0 C L . 0 EiUEi+1 . .
(46) h*(L™ (=ap —bq)) = f(a,b) := d,-+fﬁ‘f1:dh (LT) i gi+1y(=ap —=bq)).

If a + b > d, then straightforward casework (using our assumption that T'[i + 1] # T[i] — 1 mod k)
implies
0 UEIT!
fla,b) <h ((LT)(d b.b) (—ap—bgq))=0

and so (46) holds. Otherwise, if a + b < d — 1, then straightforward casework (using our assumption that
T[i +1]# T[i]+ 1 mod k) implies

1 if (a,b)=(T[i]+i—1,d-Tli]-i),

i+1 . . . . .

flab) <hO(Lp)EYET, 1 (—ap—bg) = {1 if (a.b) = (T[i+1]+i— 1, d=T[i+1]-i),

d—a—b—1 otherwise.
This immediately implies (46) in the “otherwise” case by Riemann—Roch. In the first two cases, this
implies (46) by our assumption that LE (—ap — bgq) is effective for these values of a and b. |
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On a smooth curve of genus 2, the map C x C — Pic® C defined by (x, y) > Oc (x — y) is finite of
degree 2 away from the diagonal (which is contracted to the identity in Pic® C). Lemma 10.4 thus
produces two limit é-positive line bundles on the general curve in L(%Z’Zyz), ie a substack Yr (i, T') of the
restriction of WE(CGSm‘Ch) to ¢(3€;, , ,). Limiting to X, we obtain two e-positive line bundles (which must
be distinct because WE(%Sm'Ch) N ‘?76;?;3 is étale near X). By construction, these correspond to tableaux
T and T> satisfying T;[t] = T[t] for t # {i,i + 1}. But there are only two such tableaux: 7 itself

and F'T. Therefore the fiber of the closure of Y (i, T) over X consists of L7 and L i, as desired.

Note that, although the map Yr(i,7T) — WE(CGSm‘Ch) depends on i and T, the stack Yz (i, T) and the
map Yr(i,T) — ¥} , , depend only on n := T'[i + 1] —T'i], up to sign and modulo k. We therefore
write Yr(n) =Yr(i,T) — %z 20"
10.3 Shuffles in monodromy

Suppose that the shuffle S'T is defined, ie T'[i] = T'[i +2] and T[i + 1] = T[i] & 1. Without loss of
generality, suppose that 7'[i + 1] = T'[i] + 1. Our deformation of X will be obtained by simultaneously
i+1

smoothing the nodes p’ and p’*!. Such curves are parametrized by a component ¥ , . of #k,3,2- The

k3.2 :
map ¢: #;  , — %;‘Cm;g sends (C, p, q) to the chain curve obtained by attaching E'! Upt - Upi—2 E-1

to C so that p’~! is identified with p, and attaching E/ T3 U-.. U E# so that p' T2 is identified with ¢:

El—2 pi_ Ei—l I C I Ei+3
p q

Our original chain curve X is in the closure of L(%ZJ’Z).

Lemma 10.5 Suppose that C is a nonhyperelliptic curve of genus 3. Let L be a limit line bundle on
«(C, p,q) with LE" = LY fort ¢ {i,i +1,i + 2} such that

LC ~0c(z+ (T[il+i)p+(d —T[i]—i —1)q)

for z € {x,y}, where x,y € C is the pair of points such that p + q + x + y ~ K¢ (ie the two points
collinear with p and q in the canonical model of C as a plane quartic):

Then L is limit é-positive.
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Proof Because L7 is e-positive, and LE = LY fort ¢ {i,i + 1,i + 2}, it suffices to show that, for all
a,bel?,

0 C o . 0 EiUEiItIyEi+2 _ _
@n R Cap-b) = fabyi= min RLECES D (Cap—ba).

If a + b > d — 1, then straightforward casework implies

1 if (a,b) = (T[i]+i.d —T[i]—i—1),

b)Y < hO((Lp)EVETIVET2 o hay) =
Sfla,b) =h™(( T)(a,d—a—b,b) (—ap q)) 0 otherwise.

This immediately implies (47) in the “otherwise” case, and shows that, in the first case, (47) follows from
the condition

(48) RO(LE (—(T[i]+i)p—(d —T[i]—i —1)q)) > 1.
Otherwise, if a + b < d — 2, then straightforward casework implies

i i+1 i+2
fla,b) <h°(Lr) Gy g o % s pry(—ap —bq))

2 if (a,b) =(T[i]+i—1.d—TI[i]—i—2),
1 if (a,b) =(T[i]+i—1.d—TI[i]—i—1),
)1 if (a,b) = (T[i|+i.d —Tli]—i—2),

d—a—b—2 otherwise.

This immediately implies (47) in the “otherwise” case by Riemann—Roch. Since vanishing at p or ¢
imposes at most one condition on sections of any line bundle, in the first three cases, (47) follows from
the single condition

(49) RO(LE (—(T[i]+i—1)p—(d —T[i]—i —2)q)) > 2.

We conclude by observing that LC satisfies (48) and (49) by its definition. a

Lemma 10.5 thus produces two limit é-positive line bundles on the general curve in L(Fg 5 ,), e a
substack Yg (i, T') of the restriction of Wé(%sm'Ch) to L(J;, 5 ,). As in the previous “flip” case, the fiber
of the closure of Yg (i, T) over X consists of L7 and L i as desired. Moreover, Y5 (i, T) — %}

independent of i and 7. We therefore write Ys = Ys(i,T) — % 5 ,.

’3218

10.4 Irreducibility of Yy (n) and Yy

Our final task is to show that the following two double covers have a unique irreducible component
dominating the desired component of the base:

Yp(n) The double cover of ¥ 5 5 parametrizing points x and y with O(x —y) >~ O(n(p —q)) (where
n is an integer not equal to 0, =1 mod k);
Y5 The double cover of the complement of the hyperelliptic locus in ¥ 3 », parametrizing points x

and y with O(x 4+ y) >~ w(—p —q) (where k > 2).
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Notice that the definition of Y (n) (respectively Yg) extends naturally to the entire closure ?761(,2,2
(respectively %k,S,z), although it is not a priori finite flat of degree 2.

Proposition 10.6 (1) Yr(n) is finite flat of degree 2 over the open substack of %76;}:2’2 defined by
(C, p, q) satisfying the following conditions:
(a) C isirreducible.
(b) p—gq is exactly k-torsion on C.

(¢) p —q is exactly k-torsion on the partial normalization of C at any node (this condition is
vacuous if C is smooth and implies the previous one if C is singular).

(2) Yg is finite flat of degree 2 over the open substack of H<"

k3.2 defined by (C, p, q) satistying the

following conditions:

(a) C isirreducible.

(b) p and q are not conjugate under the hyperelliptic involution if C is hyperelliptic (this condition
is vacuous if C is not hyperelliptic).

(c) p and g are not conjugate under the hyperelliptic involution on the partial normalization of
C at any node (this condition is vacuous if C is smooth and implies the previous one if C is
singular).

Proof Write U C ?762}:2’2 (respectively Uz C ?762133’2) for the open substacks defined by the above
conditions.

Yr(n) Consider any (C, p,q) € U,. Since C is irreducible, the condition O(x — y) >~ O(n(p —q))
is equivalent to O(x + y) >~ w(n(p —q)), where y denotes the conjugate of y under the hyperelliptic
involution. The line bundle w(n(p — q)) is of degree 2, and not isomorphic to w because p — ¢ is exactly
k-torsion and n # 0 mod k. Therefore, since C is irreducible, w(n(p —q)) has a unique section (up to
scaling), vanishing on a Cartier divisor D C C of degree 2. If D were supported at a node of C, consider
the partial normalization C" of C at this node, and write s and ¢ for the points on C” above this node.
Then wc (n(p —¢q)) >~ O(s + ¢t) as line bundles on C”. Since wc >~ wcv (s +1t) >~ O(s + ¢), we would
have Ocv (n(p —q)) >~ Ocv. But this is impossible since p — g is exactly k-torsion on C” by assumption.
Thus D C Cgp.

It thus remains to see that these divisors D fit together to form a Cartier divisor % on the universal
curve 1 : € — U, of relative degree 2 (which will then be supported in the smooth locus and identified
with YF (n)). Write p, q: Uz — 6 for the universal sections. Observe that w7, (n(p—q)) is a line bundle
on %, with a unique section up to scaling on every geometric fiber. Moreover, by Lemma 10.3, the base U,
is smooth, and in particular reduced. Cohomology and base change thus implies that 7w, g, (n(p —q))
is a line bundle on U,. Working locally on U,, we may trivialize it by picking a section, which gives a
section of w¢ /g, (n(p —q)), vanishing along a Cartier divisor %.
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Ys Consider any (C, p,q) € Us. Since C is irreducible, and p and ¢ are not conjugate under the
hyperelliptic involution if C is hyperelliptic, we have 7°(C, 0(p + q)) = 1. By Serre duality, w(—p —q)
has a unique section (up to scaling), vanishing on a Cartier divisor D C C of degree 2. If D were
supported at a node of C, consider the partial normalization CV of C at this node, and write s and ¢
for the points on C" above this node. Then wc(—p — ¢) >~ O(s + ¢) as line bundles on C". Since
wc >~ wcv (s +t), we would have Ocv(p + q) >~ wcv. But this is impossible since p and ¢ are not
conjugate under the hyperelliptic involution on C" by assumption. Thus D C Cgp,.

As in the previous case, these divisors D fit together to form a Cartier divisor % on the universal curve
.6 — Us of relative degree 2. |
We now show that Yr (n) (respectively Yg) has a unique irreducible component dominating %7621’202
(respectively ?762}1302) To do this, we will restrict these double covers to certain schemes Ry — %7_6;th2 (with
h =2 and h = 3, respectively), where we can write down the equations of Yr (n) and Yg explicitly and
see that they are irreducible. The scheme R5 is an open in {ry, 2} € Sym? P! (respectively R3 is an open
in {r1,r2,r3} € Sym> P1). Let ¢ denote a primitive k™ root of unity (which exists by our assumption
that the characteristic does not divide k). Our schemes Rj, will parametrize stable curves of geometric
genus 0 of the following forms:

ri<ril 12><r2¢

On such curves (and their normalizations at any one node), p — g = 0 — oo has order exactly k; the
function ¢* gives the linear equivalence between kp and kq. Moreover, any involution of P! exchanging
0 and oo has the form ¢ > ¢/¢. Such an involution exchanges r; and r; ¢ only if ¢ = rl-2§ . Therefore, if the
ri2§ are distinct, the points p and g are not conjugate under the hyperelliptic involution on the normalization
of Rz at any node. The general curves over Rj, therefore satisfy the conditions of Proposition 10.6. A

. . 5pch,0
priori, however, R; may not map to the desired component %k, ho

Proposition 10.7 The image of Ry, lies in the component %ihhoz

Remark 8 The authors conjecture ?76;(, h.2 1s irreducible (when the characteristic does not divide k), which
would immediately imply Proposition 10.7. Indeed, in characteristic zero, one can establish this using
transcendental techniques. Moreover, techniques developed by Fulton [1969] show that irreducibility
in characteristic zero implies irreducibility when the characteristic is greater than k. However, it seems
difficult to extend this argument to small characteristics. Instead, we give here a direct algebraic proof of
Proposition 10.7, which requires only our less strict hypothesis that the characteristic does not divide k.

Proof By definition, ?762}1;2 is the component of ?’ngjh,z containing the locus of chains of elliptic curves.
(Note that the locus of chains of elliptic curves is itself irreducible, as it is isomorphic to a g-fold product
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X1(k) x -+ x X1(k) of the classical modular curve X;(k), which is irreducible in characteristic not
dividing k.) Consider the following points of %ihh 5

By smoothing the top (blue) nodes, these curves are visibly in the closure of the image of Rj. Similarly,
by smoothing the bottom (violet) nodes, these curves are visibly in the closure of the locus of chains of
elliptic curves. Finally, by Lemma 10.3, these curves lie in a unique component. |

We finally compute explicitly the restriction of the covers Yr(n) and Ys to R, and Rj3, respectively. In
particular, we will see that these covers are generically étale of degree 2 and have a unique irreducible
component dominating R, and Rj, respectively. Therefore Y (n) and Yg have a unique irreducible

component dominating %Zh’; , and %Zh’;z, respectively (see the discussion after the proof of Lemma 10.1).

For YF (n), we have O(x — y) >~ O(n(0 — 00)), so there is a function vanishing along n -0 + y, with a
pole along 7 - 0o 4+ x. The only such function on the normalization is ¢" (¢ — y)/(¢t — x); this function
must therefore descend to the nodal curve, ie

He1=y) (0" rE=y) =) 020" (a8—y)
r—x r—x r—x nt—x

The first of these equations is linear in y; we may thus solve for y and substitute into the second equation.
Clearing denominators, we obtain a quadratic equation for x, whose coefficients are symmetric in rg
and r,. Written in terms of the elementary symmetric functions e; = ry + 13 and e; = ryr on Sym2 PL,
this equation is

(50) =D+ (=" Der-x + (" = P)er = 0.

This is linear in e; and e, so can only be reducible if it has a root x € P! which is constant (ie independent
of e1 and e,). But upon setting e; = 00, this quadratic has a double root at x = oo (note that n # 1 mod k,
so {12 =£0). Similarly, upon setting e; = e, = 0, this quadratic has a double root at x = 0 (note that
n # —1 modk, so {"1 —1 £ 0). Thus no such constant root exists, and (50) is irreducible as desired.

For Yg, we have O(x + y) >~ w(—p —q), so there is a section of the dualizing sheaf vanishing at x, y, 0
and co. When pulled back to the normalization, this gives a meromorphic 1-form with poles at the points
lying above the nodes (r1, 71, 12, 12, r3, r3¢) that vanishes at x, y, 0 and co. The only such 1-form is

oy tt—x)(t—y)-dt
(=)= —r)(t —r0)(t —r3)(t —r30)’

This 1-form must therefore descend to a section of the dualizing sheaf on the nodal curve, ie

Resi=r @ + Res;—p c¢ = ReSy=p, ¢ + Res;—,, ;00 = Resy=r;a + Res;—pcx = 0.
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Since the sum of all residues (Res;=,, & +Res;—, ¢ +Res;=r,a + Res;—,, ;& + Res;=r;a +Res; = e )
automatically vanishes, this is really just two conditions:

ri(ri—=x)(ri—y) n (r19)(ri—x)(ri¢—y)
(r1=r1Q)(r1—r2)(r1—r28)(ri—r3)(ri—r3f)  (r§—r1)(rif—r2)(ri{—ra)(rif—r3)(ri¢{—r3f)
= Rest=r, 0 +Res;—, ¢ =0,
ra(ra—x)(r2—y) n (r28) (r28—x)(r28—y)
(ra—r28)(ra—r1)(r2—r18)(ra—r3)(r2—r3f) ~ (ral—r2)(r28—r1)(r2§—r18)(r2§ —r3)(r2{ —r3f)

= Rest=r,a +Res;—p,ca¢ = 0.

The first of these equations is linear in y; we may thus solve for y and substitute into the second equation.
Clearing denominators, we obtain a quadratic equation for x, whose coefficients are symmetric in r1, 7 and
r3. Written in terms of the elementary symmetric functions ey =ry +rp +r3 and e; =riry +rar3 +rarg
and e3 = ryrar3 on Sym3 P, this equation is

(£ + Dez-x? —[terer + (£ + L+ Des] - x + (£ + {)eres = 0.

To see this is irreducible, it suffices to check irreducibility after specializing e; = 1, which yields the
equation

(51) €+ Dez-x*—[tea+ (2 + L+ Des]-x + ({2 +0)e3 = 0.

This is linear in e; and e3, so can only be reducible if it has a root x € P! which is constant. But, upon
setting e5/e3 = 0, the roots are x = oo and x = ({2 4¢)/(E%2 +¢4+1) #0 (note that 2 +¢ =C(E4+1) #0
because ¢ is a primitive k™ root of unity with k > 2). Similarly, upon setting e, /e3 = 0o, the roots are x =0

and x = /(+1) # oo (again £+ 1 # 0). It thus remains to observe that ((240)/(£24+C4+1) £/ (C+1)
because ¢ # 0.
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Hyperbolic hyperbolic-by-cyclic groups are cubulable

FRANCOIS DAHMANI
SURAJ KRISHNA MEDA SATISH
JEAN PIERRE MUTANGUHA

We show that the mapping torus of a hyperbolic group by a hyperbolic automorphism is cubulable. Along
the way, we give an alternate proof of Hagen and Wise’s theorem that hyperbolic free-by-cyclic groups are
cubulable, and extend to the case with torsion Brinkmann’s thesis that a torsion-free hyperbolic-by-cyclic
group is hyperbolic if and only if it does not contain Z2-subgroups.

20E08, 20E36, 20F65, 20F67

1 Introduction

We prove the following:
Corollary 5.4 Hyperbolic hyperbolic-by-cyclic groups are cubulable.

A hyperbolic-by-cyclic group is a semidirect product G x Z of a hyperbolic group G with the integers Z.
A group is cubulable if it admits an isometric action on a CAT(0) cube complex that is cubical, proper, and
cocompact. The repetition in the statement is intended: we assume that both G and G % Z are hyperbolic
(equivalently, G is hyperbolic and G x Z does not contain Z?; see Corollary 5.3). This restricts what G
can be.

Emblematic cases of our theorem are known by outstanding works. First and foremost, if G is a closed
surface group, then any hyperbolic extension G x Z is a closed hyperbolic 3-manifold group [Thurston
1982]. Its cubulation is due to independent works of Bergeron and Wise [2012] —using Kahn and
Markovic’s [2012] surface subgroup theorem — and Dufour [2012] — using the immersed quasiconvex
surfaces of Cooper, Long, and Reid [Cooper et al. 1994]. Second, when G is free, Hagen and Wise [2016]
cubulated the mapping torus G' x Z of a fully irreducible hyperbolic automorphism.

Hagen and Wise [2015] also treat extensions of free groups by arbitrary hyperbolic automorphisms, a
notoriously difficult analysis. We do not rely on, nor follow, that work. Instead, our proof uses the
emblematic cases above in a telescopic argument that encompasses the case when G is a torsion-free
hyperbolic group (see Theorem 4.2). It provides a hopefully appreciated alternative.

We adopt a relative viewpoint and bootstrap the relative cubulation of certain free-product-by-cyclic
groups of [Dahmani and Meda Satish 2022]; this uses recent work of Groves and Manning [2023] on

© 2025 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution License 4.0 (CC BY).
Open Access made possible by subscribing institutions via Subscribe to Open.


http://msp.org
http://dx.doi.org/10.2140/gt.2025.29.259
http://www.ams.org/mathscinet/search/mscdoc.html?code=20E08, 20E36, 20F65, 20F67
https://creativecommons.org/licenses/by/4.0/
https://msp.org/s2o/

260 Frangois Dahmani, Suraj Krishna Meda Satish and Jean Pierre Mutanguha

improper actions on CAT(0) cube complexes along with the malnormal combination theorem of Hsu
and Wise [2015]. The need for the theory of train tracks (of free groups or free product automorphisms;
see [Bestvina and Handel 1992; Francaviglia and Martino 2015]) is limited to absolute train tracks for
the fully irreducible case; it is encapsulated in the relative cubulation of free-product-by-cyclic groups
[Dahmani and Meda Satish 2022].

For a hyperbolic group G possibly with torsion, if there exists a hyperbolic extension G % Z, then G is
virtually torsion-free (and residually finite) by Proposition 5.2. In particular, G x Z is virtually cubulable
hyperbolic, and hence cubulable [Wise 2021, Lemma 7.14]. As a consequence, we have:

Corollary If a hyperbolic-by-cyclic group I' is hyperbolic, then
(1) T is virtually (compact) special [Agol 2013],
(2) T is Z-linear and its quasiconvex subgroups are separable [Haglund and Wise 2008],
(3) T virtually surjects onto I, [Antolin and Minasyan 2015],
(4) T is conjugacy separable [Minasyan and Zalesskii 2016], and
(5) T admits Anosov representations [Douba et al. 2023].

We end this introduction with a question. Proposition 5.2 states that a hyperbolic group is virtually a
free product of free and surface groups whenever it admits a hyperbolic automorphism. However, the
converse is false as can be seen from a hyperbolic triangle group or the free product of two finite groups —
these have finite outer automorphism groups.

Question Can one algebraically characterise hyperbolic groups that admit hyperbolic automorphisms?
Note that Pettet [1997] characterised virtually free groups with finite outer automorphism groups.
Acknowledgements
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2 Free factor systems

A free decomposition of a group G is an isomorphism G = A *---* Ay * F,, where k > 0, r > 0, each
peripheral free factor A; is not trivial, and F; is free with rank . We call A= (Aq, ..., Ag) a free factor
system of G'; it is proper unless k < 1 and r = 0. The integer k + r is the Kurosh corank of the free factor
system A. A nontrivial group is freely indecomposable if its free factor systems have Kurosh corank 1.
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Assume G is finitely generated for the rest of this section. A Grushko decomposition of G is a free
decomposition whose free factor system .4 has maximal Kurosh corank and peripheral free factors A; are
not Z; here we call A a Grushko free factor system and its Kurosh corank is the Kurosh—Grushko rank of G.

Recall the preorder of free factor systems of G: a free factor system 5 = (By, ..., Bj) is lower than A if
each Bj is conjugate in G to a subgroup of some A;. In this case, a free decomposition with peripherals
A refines to one with peripherals B (as seen by the actions of 4; on T3, a Serre tree whose nontrivial
vertex stabilisers are exactly the conjugates of all Bj), and the Kurosh corank of B is at least that of A (see
[Dahmani and Li 2022, Lemma 1.1] for a similar argument); if it is equal, then 4 is also lower than B.

Let B = (Bq,..., B;) be a free factor system of G. A proper (G, B)-free factor is a nontrivial point
stabiliser of a nontrivial action of G on a tree, for which edge stabilisers are trivial, and in which each B;
is elliptic. In other words, it is a peripheral free factor 4; in a free factor system .4 that is higher than B
in the preorder.

A minimal free factor system in this preorder is a Grushko free factor system,; it is unique up to the pre-
order’s equivalence relation. So any automorphism preserves the Grushko free factor system (41, ..., Ag),
ie it sends each A4; to a conjugate of some A;. A free factor system is periodic with respect to ¢ € Aut(G)
if some (positive) power of ¢ preserves it.

Lemma 2.1 Suppose G is a finitely generated group. If B = (B, ..., Bj) is a proper free factor system,
then each B; has Kurosh—Grushko rank strictly lower than the Kurosh—Grushko rank of G.

If G has Kurosh—Grushko rank > 2, then any automorphism ¢: G — G has a free factor system that is
maximal among ¢-periodic proper free factor systems.

Proof Since B is proper, G = B; * H for some nontrivial group H. By uniqueness of the Grushko
decomposition, the Kurosh—Grushko rank of G is the sum of those of B; and H.

For the second assertion, as the Kurosh—Grushko rank is at least 2, the Grushko free factor system is
proper and ¢-periodic. Restricting to ¢-periodic proper free factor systems, any one with the lowest
Kurosh corank is maximal in the preorder. a

3 Ingredients

Let G be a torsion-free group. For this section, we assume
e a free factor system 5 = (Bq,..., B;) has Kurosh corank > 3,
e an automorphism ¥: G — G preserves B, denoted by ¢ € Aut(G, B),
e Y € Aut(G, B) is relatively fully irreducible, ie any r-periodic (up to conjugacy) proper (G, B)-free
factor must be conjugate to some B;, and

e Y € Aut(G, B) is relatively atoroidal, ie any vr-periodic conjugacy class of nontrivial elements in
G intersects some B;.
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Here is an equivalent definition of relatively fully irreducible:

Lemma 3.1 An automorphism ¥ € Aut(G, B) is relatively fully irreducible if and only if B is a maximal
Y -periodic proper free factor system.

Proof If some y-periodic proper free factor system (A1, ..., Ay) is strictly higher than B= (B, ..., Bj)
in the preorder, then some A; is a y-periodic proper (G, B)-free factor that is not conjugate to any B;.

Conversely, if some -periodic proper (G, B)-free factor A; is not conjugate to any B;, then the /-
periodic free factor system (A4;) can be extended to a y-periodic proper free factor system (A, ..., Ag)
that is strictly higher than B by including some (conjugates of) B;. a

For h € G, ady: G — G denotes the inner automorphism g + sgh~!. For a peripheral free factor B;, let
ki > 1 be the smallest integer such that \/fki (Bi)=g; ! B; g; for some g; € G. The peripheral suspension
B; xZ is the suspension of B; by adg, oyrki| B;- Bi — Bj; this group naturally embeds in G Xy, Z —one
can verify using normal forms that the natural homomorphism B; x (s) — G xy, (¢) given by s > gitki
is injective.

The first two authors recently gave a relative cubulation (introduced in [Einstein and Groves 2020]) of the
mapping torus of a relatively fully irreducible relatively atoroidal automorphism. Their proof is adapted
from Hagen and Wise’s [2016] cubulation of hyperbolic irreducible free-by-cyclic groups.

Theorem 3.2 (see [Dahmani and Meda Satish 2022, Theorem 1.1]) Under this section’s assumptions,
the mapping torus G xy, Z acts cocompactly on a CAT(0) cube complex, where each cell stabiliser is
either trivial or conjugate to a finite-index subgroup of some peripheral suspension B; X Z..

The cited theorem has an additional assumption: absence of twinned subgroups. Two subgroups Hy # H;
of G are twinned in B if they are conjugates of some B; and By, and adg oy” (H;) = H; (fori =1, 2) for
some n > 1 and g € G. This assumption ensures the family of peripheral suspensions is malnormal (for
relative hyperbolicity [Dahmani and Li 2022, Theorem 0.1]), but Guirardel remarked that it is redundant:

Lemma 3.3 (Guirardel) As B has Kurosh corank > 3 and ¥ € Aut(G, B) is relatively fully irreducible,

there are no twinned subgroups in B.

Our proof of the lemma uses objects (expanding train tracks, limit trees, and geometric trees of surface
type) that we do not define here for the sake of brevity; we refer the reader to the cited literature for each.

Proof The automorphism 1 is represented by an expanding irreducible train track; see [Dahmani
and Li 2022, Section 1.3]. Projectively iterating the train track produces the limit (G, B)-tree T and a
Y-equivariant expanding homothety /: T — T'; see [Bestvina et al. 1997, page 232]. Note that nontrivial
point stabilisers of T" are 1 -periodic (up to conjugacy) by the finiteness of G-orbits of branch points in T’
[Horbez 2017, Corollary 5.5] and the yr-equivariance of 4.

Geometry & Topology, Volume 29 (2025)



Hyperbolic hyperbolic-by-cyclic groups are cubulable 263

Let H < G be a nontrivial nonperipheral point stabiliser of 7"— nonperipheral means the subgroup is
not conjugate to some B;. Then no proper (G, B)-free factor contains H — otherwise, the smallest such
factor would be nonperipheral and ¥ -periodic, yet ¢ € Aut(G, B) is relatively fully irreducible. Thus
T is geometric of surface type [Horbez 2017, Section 6.2 and Lemma 6.8] and the point stabiliser H
is cyclic [Horbez 2017, Proposition 6.10]. As H was arbitrary, all nonperipheral point stabilisers of
T are cyclic; therefore there are no twinned subgroups in B because they would generate a noncyclic
nonperipheral T -elliptic subgroup by the ¥ -equivariance of /. O

We use the following theorem of Groves and Manning to upgrade relative cubulations in the next section.

Theorem 3.4 (see [Groves and Manning 2023, Theorem D]) If a hyperbolic group I' acts cocompactly
on a CAT(0) cube complex so that cell stabilisers are quasiconvex and cubulable, then I" is cubulable.

The cited theorem has “virtually special” in place of “cubulable”. Since virtually cubulable hyperbolic
groups are cubulable [Wise 2021, Lemma 7.14], the properties “virtually special” and “cubulable” are
equivalent for hyperbolic groups by Agol’s theorem [2013]. In particular, for hyperbolic groups, being
cubulable is a commensurability invariant.

Finally, for sporadic cases when the Kurosh corank is 2, we will need a specialisation of Hsu and Wise’s
malnormal combination theorem:

Theorem 3.5 (see [Hsu and Wise 2015, Corollary C]) Suppose I" = I'y *(¢) I’z or 'y ) is hyperbolic
and (c) is an infinite cyclic malnormal subgroup of T'. If each T'; is cubulable, then T is cubulable.

The two decompositions can be stated together as “I" splits over {c)”.

4 The bootstrap

The following proposition is due to Sela (see Proposition 5.1 for a proof):

Proposition 4.1 (see [Sela 1997, Corollary 1.10]) Assume G is a torsion-free hyperbolic group and
some extension G Xy Z does not contain a copy of Z2. If G is freely indecomposable, then it is the
fundamental group of a closed surface.

We now prove our central result:

Theorem 4.2 Let G be a torsion-free hyperbolic group. If G x4 Z is hyperbolic, then it is cubulable.

Proof We proceed by induction on the Kurosh—Grushko rank.
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If the Kurosh—Grushko rank of G is 1, then G is freely indecomposable. By Proposition 4.1, G is a
closed surface group and, by the classification of its automorphisms, ¢ is pseudo-Anosov [Thurston
1982, Theorem 5.5]. Then G Xy Z is famously the fundamental group of a closed hyperbolic 3-manifold
[Thurston 1982, Theorem 5.6] and cubulable, as already mentioned in Section 1. Assume # > 2 and the
theorem holds for torsion-free hyperbolic groups of Kurosh—Grushko rank < n.

Let the Kurosh—Grushko rank of G be n. Lemma 2.1 provides a maximal ¢-periodic proper free factor
system B = (By, ..., B;), and each B; has Kurosh—Grushko rank < n. As each peripheral free factor B;
is quasiconvex in the hyperbolic group G, a closest point projection G — B; is Lipschitz and extends
(cosetwise) to a peripheral retraction G Xg 7 — Bj; x 7 to the peripheral suspension. Since ¢ is a
quasi-isometry, the peripheral retractions are Lipschitz by the Morse lemma (in G) —a variation of this
idea appears in [Mitra 1998, Section 3]. Thus the peripheral suspensions are quasiconvex and hyperbolic.
By the induction hypothesis, each B; x Z is cubulable.

We distinguish two cases. The first is when the Kurosh corank of B is at least 3. Some positive power
¥ of ¢ preserves B and, by Lemma 3.1, ¥ € Aut(G, B) is relatively fully irreducible. Since G xy, Z is
hyperbolic, it has no Z?-subgroups and there are no v -periodic conjugacy classes of nontrivial elements
in G. In particular, ¥ € Aut(G, B) is relatively atoroidal. By Theorem 3.2, G x, Z acts cocompactly on
a CAT(0) cube complex, where each cell stabiliser is either trivial or conjugate to a finite-index subgroup
of some quasiconvex cubulable B; x Z. Groves and Manning’s Theorem 3.4 thus implies G %y, Z is
cubulable. It naturally embeds in G x4 Z with finite index, so the latter is also cubulable by [Wise 2021,
Lemma 7.14].

The last case is when the Kurosh corank of 5 is 2. There are three possibilities: G is By * By, By * Fq,
or F>. We rule out the third possibility as F» x Z is never hyperbolic —it is a classical theorem of
Nielsen [1917] that any automorphism of F, maps the commutator of a basis to a conjugate of itself or
its inverse. To conclude, we will prove that I' = G x4 (f) (virtually) satisfies the hypotheses of Hsu and
Wise’s Theorem 3.5, and hence is cubulable. Note that (¢) is a maximal cyclic subgroup of I', and hence
malnormal. It remains to show that I splits over (¢) as needed.

In the first possibility, up to taking the square of ¢, we may assume that ¢ preserves the conjugacy classes
of both B; and B,. After conjugation (which does not change the mapping torus), we may assume it
fixes B; (setwise) and, being an automorphism, it sends B, to a conjugate by an element of B;. After
further conjugation, it fixes both By and B,. Then the mapping torus I' is

(B1 % By) Xy (t) = (By x (1)) *(ry (B2 x (1)).

In the second possibility, we write G = Bj * (s). Up to taking the square of ¢ and composing with a
conjugation, we may assume that ¢(B1) = B; and ¢ (s) = sb for some b € By. Consider G x4 (¢), where
tst~! = sb, or written differently s~!zs = bt. Then, rewriting the presentation, one has that

[ = (By  (s) ¥g (1) = (By X (1)) *(1)s=(b1),
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where the last operation is an HNN extension with a stable letter s that (right) conjugates (¢) to (bt) (and
actually ¢ to bt). m|

5 Once more, with torsion

Now G is a finitely presented group (possibly with torsion). It has a maximal decomposition as the
fundamental group of a finite graph of groups with finite edge groups [Dunwoody 1985]. The infinite
vertex groups are thus one-ended [Stallings 1971]. We call this a Dunwoody—Stallings decomposition. It
is not unique, but the conjugacy classes of infinite vertex groups are uniquely defined: they are conjugacy
classes of the maximal one-ended subgroups of G. The following is a generalisation of Proposition 4.1:

Proposition 5.1 Assume G is a hyperbolic group (possibly with torsion) and some extension G Xy Z.
does not contain a copy of Z?. Then every maximal one-ended subgroup of G is virtually a closed
surface group.

Proof Let H be a maximal one-ended subgroup of G. Since there are only finitely many conjugacy
classes of such subgroups, ¥ = (adg o¢k)| g is an automorphism of H for some integer k£ > 1 and
element g € G.

Similar to the discussion in Section 3, the suspension H X, Z naturally embeds in G Xy Z. As H is
one-ended, its JSJ decomposition is preserved by ¥ [Bowditch 1998, Theorem 0.1]. The lack of Z? in
G x4 Z imposes that the JSJ is trivial but not a rigid vertex [Bestvina and Feighn 1995, Corollary 1.3]. It
is therefore a vertex of surface type. In particular, H is virtually a closed surface group; see, for instance,
[Martino 2007, Section 4]. O

We are now ready to state the main observation of this section:

Proposition 5.2 If G is a hyperbolic group (possibly with torsion) and some extension G Xy Z does not
contain a copy of Z?, then G has a characteristic finite-index subgroup that is a free product of closed
surface groups and free groups. In particular, G is residually finite.

Proof Let X be a Dunwoody—Stallings decomposition of G. We need notation for the decomposition:
the underlying finite graph is X, for each vertex v in X its vertex group is X, and for each edge e in X
its finite edge group is X,. For each vertex v, denote by H, a normal finite-index subgroup of X, that is
either trivial or a closed surface group, as guaranteed by Proposition 5.1.

As the subgroups H, are torsion-free, the surjections ¢,: X, — X,/ H, are injective on finite subgroups.
Thus we define a graph of finite groups Y with underlying graph X, vertex groups X, /H,, and edge
groups X,; the surjections ¢, induce a surjection ¢: G — 1 (Y) with a torsion-free kernel. The quo-
tient 7r1 (Y) is virtually free by Karrass, Pietrowski, and Solitar’s characterisation [Karrass et al. 1973,
Theorem 1].
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Let J < 71 (Y) be a free finite-index subgroup. Since J and the kernel of ¢ are torsion-free, the preimage
¢~ 1(J) < G is a torsion-free finite-index subgroup. The intersection H of subgroups of G with index
[G : ¢~ 1(J)]is a characteristic torsion-free finite-index subgroup. The decomposition X of G induces a
Grushko decomposition of H whose freely indecomposable free factors are closed surface groups. O

We may extend Brinkmann’s thesis [2000] to the case with torsion:

Corollary 5.3 Suppose G is a hyperbolic group. Then G Xy Z is hyperbolic if and only if it does not
contain a copy of Z.2.

The forward implication is standard. Conversely, if G Xy Z does not contain a copy of 72, then the
same holds for the finite-index subgroup G Xglc, Z, where Gy is the torsion-free subgroup given by
Proposition 5.2. As G x| Go Z. is hyperbolic [Brinkmann 2000], so is G x4 Z.

Corollary 5.4 If G and G x4 Z are hyperbolic groups, then G x4 Z is cubulable.

Again, consider the finite-index subgroup G Xy, Go 7 of G Xy Z, where Gy is given by Proposition 5.2.
Gy Xglc, Z is cubulable by Theorem 4.2, and hence, by [Wise 2021, Lemma 7.14], so is G Xg L.
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The smooth classification of 4-dimensional complete intersections

DIARMUID CROWLEY
CSABA NAGY

We prove the “Sullivan conjecture” on the classification of 4-dimensional complete intersections up to
diffeomorphism. Here an n-dimensional complete intersection is a smooth complex variety formed by the
transverse intersection of k hypersurfaces in CP" %,

Previously Kreck and Traving proved the 4-dimensional Sullivan conjecture when 64 divides the total
degree (the product of the degrees of the defining hypersurfaces) and Fang and Klaus proved that the
conjecture holds up to the action of the group of homotopy 8-spheres ®g =~ Z /2.

Our proof involves several new ideas, including the use of the Hambleton—Madsen theory of degree-d
normal maps, which provide a fresh perspective on the Sullivan conjecture in all dimensions. This leads
to an unexpected connection between the Segal conjecture for S! and the Sullivan conjecture.

57R55; 32118

1 Introduction

1.1 Complete intersections and the Sullivan conjecture

A complete intersection X,(d) C CP"K is the transverse intersection of k complex hypersurfaces of
degrees d = {d,...,d;}. We regard X, (d) as an oriented smooth manifold of real dimension 2% and
consider the problem of classifying complete intersections up to orientation-preserving diffeomorphism.
Hence throughout this paper, all manifolds are oriented and all diffeomorphisms and homeomorphisms
are assumed to preserve orientations. By an observation of Thom, the diffeomorphism type of X (d)

depends only on the multidegree d.

The main conjecture organising the classification of complete intersections for n > 3 is the “Sullivan
conjecture”. The statement of the conjecture relies on the following fact (see Remark 2.6): There are
integers p;(n, d) such that the Pontryagin classes of X,(d) satisfy p;(Xn(d)) = pi(n, d)x?, where
x € H*(X,(d)) is the pullback of a generator of H2(CP"tk). Letd := d, - - - d denote the total degree
of Xn(d), which is the product of the individual degrees.

Definition 1.1 The Sullivan data associated to the complete intersection Xy (d) is the tuple

SDu(d) 1= (d. (pi(n. AN x(Xu(d))) e ZF x 2"/ x .,

i=1
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270 Diarmuid Crowley and Csaba Nagy

which consists of the total degree d, the Pontryagin classes of X, (d) regarded as integers and the Euler
characteristic of X (d). For a fixed n, each of these integers is a polynomial function of the individual
degrees; see Section 2.2.

Conjecture 1.2 (the Sullivan conjecture) Suppose that n > 3 and X,(d) and X, (d’) are complete
intersections. If SDy,(d) = SD,(d’), then X}, (d) is diffeomorphic to X, (d’).

The main result of this paper is that the Sullivan conjecture holds in complex dimension 4.

Theorem 1.3 Suppose that X4(d) and X4(d") are complete intersections with SD4(d) = SD4(d’). Then
X4(d) is diffeomorphic to X4(d’).

1.2 Background and an application

We first list some existing results about the Sullivan conjecture, its analogue in dimensions # < 3 and its
converse.

When n = 1, X;(d) is an oriented surface and the classification is classical (in particular the Sullivan
conjecture holds but its converse does not).

When n =2, X,(d) is a simply connected smooth manifold and smooth classification results are currently
out of reach. However, the topological classification can be deduced from results of Freedman [1982]:
Two complete intersections are homeomorphic if and only if they have the same Pontryagin class p; and
the same Euler characteristic. The converse fails, because the total degree is not even a diffeomorphism
invariant (eg X»(4), X»(3,2) and X;,(2,2,2) are all K3-surfaces.)

When n > 3, the converse of the Sullivan conjecture holds; see Proposition 2.10.
If n = 3, the Sullivan conjecture follows from classification theorems of Wall [1966] or Jupp [1973].
If n = 4, Fang and Klaus [1996, Remark 2] proved that the Sullivan conjecture holds up to connected

sum with homotopy 8-spheres:

Theorem 1.4 [Fang and Klaus 1996] Suppose that X4(d) and X4(d’) are complete intersections
with SD4(d) = SD4(d’). Then there is a homotopy 8-sphere ¥ such that X4(d’) and X4(d) ff ¥ are
diffeomorphic.

If 5 <n <7, then Fang and Wang [2010] proved that the Sullivan conjecture holds up to homeomorphism.

For n > 3, Kreck and Traving proved the following general statement. Let v, (d) be the largest integer
such that p*»@|d. If SD,(d) = SD,(d’) and vp(d) = (2n+1)/2(p—1) + 1 for every prime p with
p(p—1) <n+1, then X, (d) and X, (d’) are diffeomorphic [Kreck 1999, Theorem A]. If n = 4, then the
condition says that 64 |d.
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The smooth classification of 4-dimensional complete intersections 271

A motivation for the diffeomorphism classification of complete intersections is [Libgober and Wood
1982, Corollary 8.3], which says that if # > 3 and diffeomorphic complete intersections have different
multidegrees, then their complex structures lie in different connected components of the moduli space of
complex structures on the underlying smooth manifold. Here and in general, multidegrees are regarded as
equal if one can be obtained from the other by adding or removing 1s, because then the corresponding
complete intersections have a common representative. Libgober and Wood used this result to show that
for all odd n > 3 there are complete intersections having a complex moduli space with arbitrarily many
connected components. Their proof relied on a counting argument, valid in all dimensions, which shows
that the sets {d’ | SD,(d") = SDy,(d)} of multidegrees with the same Sullivan data can be arbitrarily large.
In future work we give an effective algorithm for finding pairs of multidegrees with the same Sullivan data.
The Sullivan conjecture then allows us to construct explicit examples of complete intersections in different
components of the complex moduli space and we obtain the following application of Theorem 1.3.

Example 1.5 The complete intersections X, (3(139), 7(89) 9(65) 15 25(130)) anq x, (5(261), 21(89) 27(64))
(where 3(159) stands for 150 copies of 3, etc) are diffeomorphic by Theorem 1.3 and the formulae in
Section 2.2. Hence the corresponding complex structures lie in different components of the complex
moduli space.

1.3 The outline of the proof of Theorem 1.3

If SD4(d) = SD4(d’), then by Theorem 1.4 of Fang and Klaus there is a diffeomorphism X4(d) —
X4(d") ## T for some homotopy sphere X. The group of homotopy 8-spheres, @g = Z/2, is known from
[Kervaire and Milnor 1963] and so we let 8 denote the unique diffeomorphism class of the exotic
8-sphere and introduce the following terminology.

Definition 1.6 ¢ An §8-manifold M is ®-rigid if M { ng is diffeomorphic to M.
* An 8-manifold M is @-flexible if M # £3,. is not diffeomorphic to M.

e A complete intersection X4 (d) is strongly O-flexible if X4(d)ft ng is not diffeomorphic to a complete
intersection.

As our proof of Theorem 1.3 involves treating several cases separately, we shall say that the Sullivan conjec-
ture holds for a fixed complete intersection X, (d) if, for every d’, SD,,(d) = SD,(d’) implies that X, (d")
is diffeomorphic to X, (d). By Theorem 1.4 and Remark 2.11, the Sullivan conjecture holds for X4 (d) if
and only if X4(d) is either ®-rigid or strongly ®-flexible. To prove the 4-dimensional Sullivan conjecture
we consider four cases, which are indexed by the Wu classes of X4(d) and the parity of the total degree:

V2(X34(d)) | va(X4(d)) | d mod?2 O-rigidity treated in
0 — — strongly ®-flexible Theorem 1.7
1 0 — O-rigid Theorem 1.12
1 1 0 unknown in general | Theorem 1.14 (a)
1 1 1 unknown in general | Theorem 1.14 (b)
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272 Diarmuid Crowley and Csaba Nagy

Here v; (X4(d)) € H (X4(d);Z/2) is the i™ Wu class of X,(d), which can be regarded as an element
of Z/2 by Remark 2.6, a “—" indicates the value of the invariant is not relevant in that case, and in the
cases when the ®@-rigidity of X4(d) is unknown, we conjecture that it depends on p;(4, d) mod 8; see
Conjecture 1.15.

Now we discuss the proof in each of the four cases.

For a spin complete intersection X4(d) (equivalently, by Proposition 2.8, when v, (X4(d)) = 0) we find

a diffeomorphism invariant property of complete intersections not shared by X4 (d) ff £8..; see Section 3.
Namely, if S(X, «) denotes the total space of the circle bundle over a space X with first Chern class «,
then S(X,(d), £x) admits a framing, making it a null-cobordant framed (2n+1)-manifold (for any

Xn(d)), whereas S(X4(d) § XS..; £x) does not (for a spin X4(d)). Hence (see Theorem 3.10), we have:

8 .
ex’
Theorem 1.7 If X4(d) is spin, then X4(d) is strongly ®-flexible. In particular, the Sullivan conjecture
holds for X4(d).

Remark 1.8 For the 5-dimensional Sullivan conjecture, the group of homotopy 10-spheres ®1¢ =
7,/2 x 7./3 will play a central role. We believe that “transfer” arguments similar to those we use in the
4-dimensional spin case will control the (Z /3)-factor of ®¢. The (Z/2)-factor of ®1y is detected by the
a-invariant, and Baraglia [2020] has recently computed the a-invariant of spin complete intersections,
verifying its values are consistent with the Sullivan conjecture. We anticipate that these ideas will lead to
a proof of the 5-dimensional Sullivan conjecture in future work.

In the nonspin cases we apply Kreck’s modified surgery theory [1999]. Consider B, := CP*°x BO(n+1),
with the stable bundle &,(d) X YBo(n+1) over it; for the notation see Definition 2.4 and Section 2.3.
Recall from [Kreck 1999, Section 8] that a normal (n—1)-smoothing in (By.£,(d) X YBo(n+1)) 18
a pair (f, /), where f: M — B, is an n-connected map from a closed smooth manifold M and
f :vm — &n(d) X YBO(n+1) is a map of stable bundles from the normal bundle of M, which covers f.
Recall also that the normal (n—1)-type of X, (d) is (Bu.&x(d) X YBO(n+1)); in particular X (d) admits a
normal (n—1)-smoothing in (By, £4(d) X YBO (n+1))- In this setting [Kreck 1999, Proposition 10] reduces
the Sullivan conjecture to a statement about bordism classes over (By,&,(d) X YBo(n+1))- For our
purposes, it is useful to state an altered version of [loc. cit., Proposition 10], which compares a complete
intersection X (d) to a somewhat more general closed 2n-manifold X”. The proof of Proposition 1.9 is
identical to the proof of the sufficient condition of [loc. cit., Proposition 10].

Proposition 1.9 Letn >3, X,,(d) be a complete intersection and X' be a closed 2n-manifold such that
X(Xn(d))=x(X"), and X,(d) and X' admit bordant normal (n—1)-smoothings over (B, £, (d)XV B0 (n+1))-
Ifd #{1},{2} or{2,2}, then X, (d) and X' are diffeomorphic. |

Remark 1.10 In fact, the assumption that d # {1} can be removed by applying [Kreck 1999, Proposition
8 (1)]. We do not know the situation for d = {2}, {2, 2}. However, for all three of these exceptional
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multidegrees d, it is elementary that SD,(d) = SD,(d’) implies d = d’ and so the Sullivan conjecture
holds for these complete intersections.

The main challenge when applying Proposition 1.9 is showing that the bordism condition holds; see
the discussion in Section 2.3. Note that the bordism group of 8-manifolds over (By, £4(d) X ¥Bo(s))
is canonically isomorphic to the twisted string bordism group Q;) (7)(CP°°; £4(d)), since BO(5) =
BO(8) = B(O(7)).

In the case of a nonspin complete intersection X4 (d) with v4(X4(d)) = 0, we will use Proposition 1.9 to
compare X4(d) with X’ = X, (d) t 3. They admit normal 3-smoothings over (Bj, £4(d) x YBO(8))
whose bordism classes differ by the image of ng under the canonical homomorphism iy: ®g —
8280(7)((CP°°; £4(d)). The map iq factors through Tors 980(7) (CP';£4(d)|cp1), and (see Lemma 4.2)

we prove:
Proposition 1.11 If X4(d) is nonspin, then Tors 5280(7) (CPY:&64(d)|cpr) = Z/4.

When v4(X4(d)) = 0, we combine Proposition 1.11 with the computations of [Fang and Klaus 1996,
Section 2.2] to show that the map ®g — 5280(7)((CP°°; £4(d)) vanishes (Proposition 4.3), which gives
(see Theorem 4.4):

Theorem 1.12 Suppose that X4(d) is a nonspin complete intersection with v4(X4(d)) =0. If d # {2, 2},
then X4(d) is ®-rigid and so the Sullivan conjecture holds for X4(d).

Remark 1.13 In fact X4(2,2) is ®-rigid too. This follows from results in Nagy’s PhD thesis [2021,
Theorem 4.6.1] but will not be proven here.

If X4(d) is nonspin, v4(X4(d)) = 1 and the total degree d is even, then 16|d (see Remark 2.9). We add
Proposition 1.11 to the Adams filtration argument of Kreck and Traving [Kreck 1999, Section 8] and the
calculations of [Fang and Klaus 1996, Section 2.4] to prove (see Proposition 4.6) part (a) of the following
theorem.

Theorem 1.14 Let X4(d) and X4(d’) be nonspin complete intersections with SD4(d) = SD4(d") and
suppose that either

(a) v4(X4(d)) # 0 and the total degree d is even, or
(b) the total degree d is odd.

Then X4(d) and X4(d") admit bordant normal 3-smoothings over (By, £4(d) X ypo(s)). Consequently,
X4(d) and X4(d') are diffeomorphic and the Sullivan conjecture holds for X4(d).

Note that the cases discussed so far (ie those prior to Theorem 1.14 (b)) have a significant overlap with,
but are not implied by, the theorem of Kreck and Traving [Kreck 1999, Theorem A]. However, the case
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of odd total degree covered in Theorem 1.14 (b) is completely new. Note also that the total degree can be
odd only if v, (X4(d)) # 0 and v4(X4(d)) # 0; see Proposition 2.8.

To prove Theorem 1.14 (b) we use the Hambleton—-Madsen theory of degree-d normal maps [1986]. A
complete intersection X (d) (with a canonical choice of normal data) represents an element in the set
N d+ (CP") of normal bordism classes of degree-d normal maps over CP™. As explained in Section 5.1,
an oriented version of the Hambleton—Madsen theory gives a bijective normal invariant map

n: N (CP") = [CP", (QS%/S0)l.

which is the usual normal invariant in the familiar case when d = 1 and where (QS%/SO), is the oriented
version of the classifying space for isomorphism classes of stable fibrewise degree-d maps between
sphere bundles of vector bundles, which was identified by Brumfiel and Madsen [1976, Section 4]. We
establish a relationship between certain “relative divisors” of a vector bundle and degree-d normal maps
over the vector bundle (Lemma 5.17) and then use this to give a formula for the canonical degree-d
normal invariant of X} (d) (Theorem 5.19).

The surgery argument of Proposition 1.9 also works if we have bordant representatives in N, j (cph
(Lemma 5.18). This and the formula of Theorem 5.19 leads to a new perspective on the stable homotopy-
theoretic input needed to prove the Sullivan conjecture (see Theorem 5.20). This new perspective allows
us to prove the 4-dimensional Sullivan conjecture when the total degree is odd and we anticipate that it
will lead to other new results in higher dimensions; eg see Remark 5.34.

Notice that Fang and Klaus (Theorem 1.4) reduced the 4-dimensional Sullivan conjecture to a 2-local prob-
lem. When d is odd, [Brumfiel and Madsen 1976] showed that there is an equivalence of 2-localisations
((QsY%/s0) 4)2) = (G/0)(2), where G/ O is the familiar classifying space from classical surgery theory
[Browder 1972; Wall 1970]. We can then exploit Sullivan’s 2-local splitting (see [Madsen and Milgram
1979, Theorem 5.18]),

(G/0)(2) = (BSO)(2) x coker J(,),

where coker J(3) is a 2-local space whose homotopy groups are certain large summands of the 2-primary
component of the cokernel of the J-homomorphism (see [Madsen and Milgram 1979, Definition 5.16]).
It follows that we have a sequence of maps

[CP™, (QS/S0)4] — [CP", ((QSY/SO)a)2)]
—> [CP",(G/0)(2)] = [CP", (BSO)(z)] x [CP", coker J()].

The formula for the degree-d normal invariant of X, (d) shows that it is the restriction of a map CP*° —
(QS%/S0),. Now the proof of [Feshbach 1986, Theorem 6], which is based on the Segal conjecture
for the Lie group S, implies that any map CP> — coker J (2) is null-homotopic and this is enough to
prove that the [CP", coker J()]-factor of the 2-localised normal invariant is trivial (Corollary 5.29). The
[CP", (BSO)(y)l-factor is controlled by the Sullivan data; hence in dimension 4 the degree-d normal
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invariant is completely determined by the Sullivan data (Theorem 5.30). The 4-dimensional Sullivan
conjecture for complete intersections with odd total degree follows (Theorem 5.31).

1.4 Inertia groups of 4-dimensional complete intersections

Recall that the inertia group of a closed connected m2-manifold M is the subgroup
I(M):={X €0, | M and M § X are diffeomorphic} C @,

of the group of homotopy m-spheres ®,, [Kervaire and Milnor 1963]. For example, an 8-manifold M
is ©-rigid if and only if /(M) = ®g. The results in Section 1.3 determine the inertia groups of a
4-dimensional complete intersection when X4 (d) is spin, or when X4(d) is nonspin and v4(X4(d)) = 0.
When X4(d) is nonspin and v4(X4(d)) # 0, we have p(4,d) = 1 mod 4 (see Proposition 2.8 and the
calculations in Section 2.2) and we offer the third and fourth rows of the table in the following conjecture.

Conjecture 1.15 The inertia groups I(X4(d)) € Og = Z /2 of 4-dimensional complete intersections are
given by the table below:

v2(X4(d)) | va(X4(d)) | p1(4.d) mod8 | I(X4(d))
0 — — 0
1 0 — Og
1 1 5 0
1 1 1 Og
Here a “—" indicates the value of the invariant is not relevant for 1(X4(d)) in that case.

Remark 1.16 The first the line of the table follows from Theorem 1.7 and the second line follows
from Theorem 1.12 and Remark 1.13. By [Kasilingam 2016, Remark 2.6 (1)], I(X4(1)) = I(CP*) =0,
which is consistent with the third line of the table. The conjecture is based on analysing the homotopy
type of the Thom spectrum of £4(d)|cps and using this to determine the map ®g = Tors QSO

Q" (CP>:£4(d)).

.

In the spin case, we identified a diffeomorphism invariant property which distinguishes the manifolds
X4(d) and X4(d)4Z8,.. In the ®-flexible nonspin cases, besides the bordism class in 2 80(7) (CP*®;&4(d)),
we do not know of such a property.

The rest of this paper is organised as follows. Section 2 covers necessary preliminaries. Section 3 treats
the spin case. Section 4 treats the two nonspin cases whose solutions rely on Proposition 1.11, which is
the case with vy = 0 and the case with v4 # 0 and even total degree (together comprising all nonspin
complete intersections with even total degree). Section 5 treats the case of odd total degree. Finally, we
have an appendix about Toda brackets and extensions, which are needed in Section 4 and specifically for
the proof of Proposition 1.11.
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2 Preliminaries

In this section we recall and establish some basic facts about complete intersections and Sullivan data.
We then recall Kreck’s modified surgery setting for the classification of complete intersections.

2.1 Complete intersections

Given a finite multiset d = {d, d>, ..., d;} of positive integers, consider homogeneous polynomials
fis foreoos fu €Clxo. X1, . .., Xptk] With these degrees. If the zero set {[x] € CP"TK | f;(x) =0} of f; is
a smooth submanifold of CP" ¥ for every i and these submanifolds are transverse, then their intersection
is a representative of the complete intersection X, (d). Any two representatives are diffeomorphic, due to
an argument generally attributed to Thom (see eg [Browder 1979]), which we outline below.

Let P,(d) denote the space of tuples ( f1, f2,..., fi) of homogeneous polynomials in n+k+1 variables
of degrees dy,d>,...,d;, and let P,(d)™ < P,(d) be the subspace of tuples that define complete
intersections. The restriction of the tautological map

WX (1 far s fi) € PP X Py(d) | fi(x) = 0 for all i} — Py(d)

to P, (d)™ is alocally trivial bundle, and its fibres are the representatives of Xy (d). Since P,(d)\ Pn(d)™C
P, (d) is a subvariety of positive complex codimension, P,(d)™ is a generic (ie open and everywhere
dense) subset in P,(d) and it is path-connected.

This implies that every tuple in P,(d) can be approximated by one in P,(d)™. We also get that any
two tuples in P,(d)™ can be joined by a path in P, (d)™, which determines a diffeomorphism (up to
isotopy) between the fibres over them. So if we take X (d) to mean any of its representatives, then it is
well-defined up to diffeomorphism. Moreover, if two representatives are identified via a path as above,
then their natural embeddings in CP"k are isotopic; hence X (d) comes equipped with an embedding
i: Xp(d) — CP"k well-defined up to isotopy. The embedding i is n-connected (this follows from the
Lefschetz hyperplane theorem, or see [Dimca 1992, Chapter 5 (2.6)]).

2.2 Computation of Sullivan data and the converse of the Sullivan conjecture

Definition 2.1 Let x € H*(CP) denote the standard generator (satisfying (x,[CP!']) = 1). The
pullbacks of x (by the standard embeddings) in H*(CP™) and H?(X,(d)) will also be denoted by x.
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Definition 2.2 For a (complex) bundle & and a positive integer r let r§ = £ @ -- - @ & denote the r-fold
Whitney sum of & with itself and let —r& denote the stable bundle which is the inverse of r&. Let
£ =£®---®E& be the r-fold tensor product (over C) of & with itself. For a tuple r = (ry,72,...,7%) let
gl :%'rl @Srz@...@é:rk.

Definition 2.3 Let y be the conjugate of the tautological complex line bundle over C P,

With this notation, the tautological bundle is ¥, and since c¢; () = —x, we have ¢1(y) = x. It is well
known that the normal bundle of CP™ in CP™*+! is vy(CP™ — CP™*!) = y|cpm and that the stable
normal bundle of CP™ is vepm = —(m+1)y|cpm (see eg [Milnor and Stasheff 1974, Section 14]).

Definition 2.4 The stable vector bundle &, (d) over CP is defined to be

En(d) = —(n+k+1)y &y @ - @ y9.

Since the normal bundle of a degree-r hypersurface in C P is the restriction of " (cf Construction 5.22
and Remark 5.16), we have:

Proposition 2.5 The stable normal bundle vy, 4y of X, (d) is isomorphic to i* (§,(d)|c pn+x). m|

Remark 2.6 Since vy, (g) is the pullback of a bundle over CP, all of the stable characteristic classes
of X, (d) lie in the subring i *(H*(CP>)) € H*(X,(d)), which is generated by x € H?(X,(d)). In
particular, p; (X, (d)) € (x¥)=7Z, cj(Xn(d)) e (x/) =7 andif 2j <n, then W2 (Xn(d)), v2j(Xn(d)) €
(02(x%)) = Z/2, where 02: H*(Xy(d)) — H*(Xn(d); Z/2) is reduction mod 2. (If 2 > n and d is
even, then 05 (x/) = 0.)

Proposition 2.5 allows us to compute the characteristic classes of X, (d) in terms of the degrees d1, . . . , dj.
Since ¢(y") = 1+rx, the total Chern class of £(d) is ¢(&n(d)) = (1+x)~ @4+ [T (1+d;x). The
same formula holds for the normal bundle vy, 4), because it is the pullback of &,(d). This implies that
c(Xn(d)) = (1 4 x)rtk+1 ]_[5;1 (14 d;x)~L. For the Pontryagin classes we have p(y”) = 1 4 r2x?;
hence p(X,(d)) = (1 +x2)" K+ i, (1 + d2x?) 7

The Euler characteristic of X5 (d) can also be determined, namely
X(Xn(d)) = {cn(Xn(d)). [Xn(d)]) = (cn(—vx, @) [Xn(d)])
= (en(=i" En(d))). [Xn(d)]) = (cn(=En(d)). i+ ([(Xn(d)]).
where is([Xn(d)]) € Hap(CP" k) is d times the generator.
It will be useful to explicitly compute the Stiefel-Whitney classes w, and w4 and Wu classes v, and vy

of a 4-dimensional complete intersection Xy (d).

Definition 2.7 For a multidegree d let p(d) denote the number of even degrees in d.
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Proposition 2.8 The Stiefel-Whitney classes w, and w4 of vy, gy and X4(d) and Wu classes v, and v4
of X4(d) are determined by p(d) mod 4 as follows (by Remark 2.6 these Stiefel-Whitney classes and
Wau classes can be regarded as elements of Z./2):

p(d) mod 4 \0 123

w2 (Vy, (@) = wa(Xa(d)) = v2(X4(d)) |1 0 1 0
wa(Vx,(d)) = v4(X4(d)) 1100
wq(X4(d)) 0110

Proof The total Chern class of &,(d) is given by the formula

k
c(En(d)) = (14x) "D TT(1+dix)

c e ‘
:1+(—(n+1)+2(di—1))x+(( 5 ) Y@=+ Y (d,-—l)(dj—l))x2+---.
i=1 i=1 1<i<j<k

We have wj; = 02(c;). Therefore

k
wa(ee(@) = ox((~5+ Y0t~ D)x) =ext1-+ s

i=1

w4($4(6_l'))=Q2((15—62k:(di—1)+ > @0 -n)e) =ea(1+(75))2).

i=1 1<i<j<k
We have the same formulas for the Stiefel-Whitney classes of vy, (4), because vy, ) is the pullback
of £4(d). Since H'(X4(d);Z/2) = H3(X4(d);Z/2) = 0, the Stiefel-Whitney classes w,(X4(d))
and w4(X4(d)) are determined by w>(vy,(4)) and w4(vy,()) via the Cartan formula. We get that

w2 (X4(d)) = wa(vx,(q)) and wa(X4(d)) = wz(vX4(4))2 + w4 (vy,(q))- By applying the Wu formula
we get that v3(X4(d)) = w2 (X4(d)) and v4(X4(d)) = w2(X4(d))* + wa(X4(d)) = wa(vy, @) O

Remark 2.9 Notice that if v5(X4(d)) # 0 and v4(X4(d)) # 0, then p(d) is divisible by 4. This means
that either p(d) = 0, and hence all degrees are odd, so the total degree is odd; or p(d) > 4, so there are
at least four even degrees and then the total degree is divisible by 16.

The following proposition implies that the converse of the Sullivan conjecture holds.

Proposition 2.10 Letn >3 and let d and d’ be two multidegrees. If there is a homotopy equivalence
S Xn(d)—Xn(d') such that f*(vx, ) = Vx,(a) (egif [ is a diffeomorphism), then SD,, (d)=SD,(d").

Proof If n >3, then H*(X,(d)) = H*(X,(d")) = Z, so any homotopy equivalence X,(d) — X, (d’)
preserves x up to sign. If f sends x to —x, then we can replace it with another homotopy equivalence
that preserves x, by composing it with a self-diffeomorphism of X,(d) (or X,(d’)) that changes the
sign of x. (Consider the conjugation map of the ambient CP"*X it sends x to —x. If a representative
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of X,(d) is given by polynomials fi, f,..., fk, then its image is another representative of the same
complete intersection, given by the conjugate polynomials fis foreois Jro By Thom’s argument there is
a diffeomorphism between the two representatives such that after identifying them their embeddings into
CP"k are isotopic. By composing this diffeomorphism with the restriction of the conjugation map, we
get a self-diffeomorphism of either representative that changes the sign of x.) Since (x",[X,(d)]) =d
and (x",[X,(d")]) = d’, this means that d = d’. The Euler characteristic is a homotopy invariant. The
Pontryagin classes are preserved by f because of the assumption on the normal bundles, and since the
elements x2’ are preserved, the Pontryagin classes are also invariant when regarded as integers. a

Remark 2.11 If ¥ € ®,, is a homotopy sphere, then there is a homeomorphism between X, (d) and
Xn(d) § ¥ which preserves normal bundles. Thus if n > 3 and X, (d) § ¥ is diffeomorphic to a complete
intersection X, (d’), then SD,(d) = SD,(d’).

2.3 The setting for modified surgery

We recall the setup for the modified surgery arguments of [Kreck 1999, Section 8; Fang and Klaus 1996],
which will be used in Sections 4 and 5.

Recall that the inclusion i : X, (d) — C P is n-connected. It is covered by a bundle map 7 : v X, (d) = En(d)
(Proposition 2.5) and therefore (i, i) is a normal (n—1)-smoothing over (CP>, &,(d)).

Let ypo denote the universal stable vector bundle over BO and yggy;) its pullback to BO(), the
(j—1)-connected cover of BO. Let B, := CP*™ x BO(n+1). Then (i, ) can be regarded as a normal
map over (By, &n(d) X YBO(n+1)) (and it is still n-connected). Moreover, the map B, — BO inducing
€n(d) X YBO(n+1) from ygo is n-coconnected; therefore (By,n(d) X YBo(n+1)) is the normal (n—1)-
type of X,(d). When n = 4, we have that BO(5) = BO(8) = BString by Bott periodicity, and
thus (i,7) represents an element in the bordism group of closed 8-manifolds with normal maps to
(Bs,£4(d) x ypo(sy)- We denote this bordism group by 92(34;54(5_1) X YBo(s)); it is canonically
isomorphic to the twisted string bordism group ngm (CP®;&4(d)).

First we will want to apply Proposition 1.9 when X’ = X4(d) ff 8, . There is a canonical homeomorphism
h: Xq(d) ft Eegx — X4(d), and since homotopy spheres are stably parallelisable [Kervaire and Milnor
1963, Theorem 3.1], & is covered by a bundle map h of stable normal bundles. Then (ioh, io };) is
also a normal 3-smoothing over (B4, £4(d) X ¥Bo(s)), and in the bordism group QSOU)(CPO"; £4(d)) it
represents [i, 7]+ [Z2.], where [£8,] is the image of ©2 under the canonical homomorphism iy: Og —
8280(7) (CP°;&4(d)). So to apply Proposition 1.9 in this setting we need to show that this homomorphism
is trivial and we do this in the nonspin case with v4(X4(d)) = 0; see Proposition 4.3.

Now suppose that X4(d’) is another complete intersection with an analogous normal 3-smoothing
(i’,i") over (CP®,£4(d")). If the Pontryagin classes of X4(d) and X4(d’) agree, in particular if
SD4(d) = SD4(d’), then the Pontryagin classes p; and p, of £4(d) and £4(d’) also agree. This implies

Geometry & Topology, Volume 29 (2025)



280 Diarmuid Crowley and Csaba Nagy

that £4(d)|cps = £4(d")|cps (by [Sanderson 1964, Theorem (3.9)] every stable bundle over CP* is
isomorphic to &,  := ay ® b(y ®r y) for some a, b € Z, and the function (a,b) = (p1(£a.). P2(a,5))
is injective). Thus £4(d”) © £4(d) is trivial over CP*, so it has an O(7)-structure. Therefore Idc peo has a
lift g: CP*° — B, which induces £4(d”) from £4(d) X ypo(s)- Hence if g: £4(d’) — £4(d) X yBoys) is
a bundle map over g, then (g oi’, g oi’) is a normal 3-smoothing of X4(d’) over (Bs.&4(d) X yBo(s))-
If SD4(d) = SD4(d’), then the discussion in the paragraph above shows that X4(d) and X4(d’)
admit normal 3-smoothings over (By, £4(d) X ypoysy) and x(X4(d)) = x(X4(d")); therefore to apply
Proposition 1.9 it is enough to prove that these normal 3-smoothings represent the same bordism class
in 980(7) (CP>°;&4(d)). Fang and Klaus obtained Theorem 1.4 by showing that the difference of these
bordism classes is in the image of the canonical homomorphism iy: ®g — ngm (CP®;&4(d)). In the
nonspin cases with v4(X4(d)) # 0, we are able to show in Sections 4.3 and 5 that the bordism classes agree.

3 The spin case

In this section we prove that 4-dimensional spin complete intersections are strongly ®-flexible; hence the
Sullivan conjecture holds for them.

Definition 3.1 For a smooth manifold X and a cohomology class & € H?(X), let E(X,a) denote the
total space of the complex line bundle over X with first Chern class «. Let D(X, o) denote its disc bundle
and S (X, ) denote its sphere bundle.

Recall that x € H?(X,,(d)) is the pullback of the standard generator of H?(CP). First we will prove
that for every complete intersection Xy (d) the total space S(X,(d), x) admits a framing such that it is
framed null-cobordant (where by a framing of a manifold we mean a trivialisation of its stable normal
bundle, equivalently, of its stable tangent bundle); see Theorem 3.4.

Recall that (a representative of) the complete intersection X,4+1(d) C CP"Hk+1 i the set of com-
mon zeros of some homogeneous polynomials f1, f5,..., fr € C[xo,X1,..., Xptk+1)- If fra1 €
Clxo, X1, ..., Xp+k+1] is linear and its zero set L is transverse to X, 41(d), then X, (d) = X,+1(d)N L.

Proposition 3.2 The complement X,11(d) \ X,(d) is stably parallelisable.

Proof We have the following commutative diagram of embeddings:
Cprtk+1 \ L — Cprtk+1
iT Ti
S Xn+1(d)\ Xn(d) — Xp+1(d)
0

VX1 (@\Xn(d) = VX1 (@) X1 @\ X @) Z 1 Ent1 (@) X1 @\ X (@) =17 Enr1(d)|cprtiriyg)
(using Proposition 2.5), and this is trivial, because cprtk+l \ L is contractible (recall that L is a
hyperplane). |
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Proposition 3.3 We have v(X,(d) = X,1+1(d)) = i*(y) (see Definition 2.3).

Proof Since L is transverse to X, +1(d) and X, (d) = X,+1(d) N L, the normal bundle v(X,(d) —
X,11(d)) is the restriction of v(L — CP"tk+1): hence

V(Xn(d) = Xnt1(d)) = v(L — CP" KN iy 2= vlx, @) O

Theorem 3.4 For any complete intersection X, (d), (the total space of) the S'-bundle S(X,(d), x)

admits a framing Fy such that [S(X,(d), x), Fo] =0¢€ Qgrn_H.

Proof Let U be a tubular neighbourhood of X;,(d) in X, +1(d). By Proposition 3.3 it is diffeomorphic
to the disc bundle of i *(y), whose first Chern class is x, therefore 0U ~ S(X,(d), x). Its complement,
Xn+1(d)\int U, is a codimension-0 submanifold in X, 41(d) \ X»(d). The latter is stably parallelisable
by Proposition 3.2, so X, +1(d) \ int U is stably parallelisable too. If we choose Fj to be the restriction
of a framing of X,+1(d) \ intU to the boundary 9(X,+1(d) \ intU) ~ dU =~ S(X,(d), x), then
(S(X,(d), x), Fy) is framed null-cobordant. a

The goal of the rest of this section is to prove that S(X4(d) # 2%, x) is not framed nullcobordant (with
any framing) if X4(d) is spin; see Theorem 3.9. First we show that, when an m-manifold X is replaced
by X # T for a homotopy m-sphere X, the framed cobordism class of S(X, ) changes by £ x S! (with
a certain choice of framings); see Lemma 3.5. In Lemma 3.6 we give a formula to compute the framing
of the S! component. By applying this formula we prove that if X4(d) is spin, then S(X4(d) #t %, x)
has a framing such that it is not framed nullcobordant (Theorem 3.8). Finally we show that we cannot

make the framed cobordism class vanish by changing the framing.

Lemma 3.5 Suppose that m > 3, X is an m-manifold, « € H*(X) and F is a framing of S(X, ).
Then there exists a framing F, of S such that for every ¥ € ®,, and framing F of ¥ there is a framing
F of S(X #t X, «) such that

[S(X.a), Fol +[Ex S'. Fi x Fy] = [S(X 1 5.,0). F]e QfF .

Proof Fix an embedding D™ — X where the connected sum is done. There is a homotopically
unique homeomorphism between X and X ff ¥ that is the identity on X \ int D™, so there is a canonical
isomorphism H?(X) = H?(X #fX). Thus « can be regarded as an element of H2(X #X), and S(X X, o)
makes sense. The homomorphisms H?(X) — H?*(X \int D) < H?*(X #f X) are injective (in fact they
are isomorphisms); therefore S(X # =, «) is (the total space of) the unique S'-bundle over X # ¥ whose
restriction to X\ int D™ is isomorphic to that of S(X, «).

Let W =(S(X,0) UZ xSy x [ Ur (D™ x S1 x I), where the gluing map
D" xS %0l - (S(X,a) UZ x Sy x {1}
is the disjoint union of the (homotopically unique) local trivialisation f5: D™ x S! x {0} — S(X, ) x {1}

of S(X,a) over the fixed D and the product map f;: D" x S! x {1} - X x S! x {1}, where D" — &
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is the embedding used to construct the connected sum X ff . Then 0W = d_W L d4 W, where 0_W =
(S(X,a)UExS1)x{0} and 8+W=(S(X,oz)\(intD”’)(SI)I_I(E\intDm)><S1)x{1}Ume_1 xStxI.
Thus 9+ W is an S!-bundle over (X \int D)US™ 1 x I U(Z \int D) ~ X # ¥ and it coincides with
S(X,a) over X \ int D™, therefore 0+ W ~ S(X ## X, «).

The inclusion S(X, o) x {0} — S(X,a) x I Uy, D™ x S 1'% I is a homotopy equivalence, covered by a
bundle map between the stable normal bundles; therefore the framing Fjy can be extended to a framing
of S(X,a) x I Ugy D™ x S x I. The restriction of this framing to D™ x S! x {1} is E,, x F,, where
E is the homotopically unique framing of D™ and F, is some framing of S! (because every framing
of D™ x S! is of this form). Similarly, we can take the framing F; x Fp of ¥ x § I and extend it to
¥ x S1x I. The restriction of this framing to D" x S x {1} is again E, x F, (up to homotopy); therefore
the framings of S(X, &) x I Uy, D™ x St x I and ¥ x S x I together determine a framing of W. Let
F denote its restriction to 0+ W &~ S(X #f ¥, ). Then W is a framed cobordism between the framed
manifolds (S(X,a), Fo) U(E xS, Fy x F,) and (S(X # 2, a), F). a

Lemma 3.6 Suppose that, in addition to the assumptions of Lemma 3.5, there is an [a] € ,(X) such
that (o, p([a])) = 1, where p: (X)) — H,(X) is the Hurewicz homomorphism. Then for any such
[a] € m2(X) and the framing F, constructed in the proof of Lemma 3.5 we have

(ST, Fa] = (wa (X)), p(la])) + 1,

where both sides are regarded as elements of 7. /2 (using that Qflr ~7/2).

Proof Fix a local trivialisation fo: D™ x S1 — S(X, a), as in the proof of Lemma 3.5. The framing F,
is defined by the property that the restriction of Fy to fo(D™ x S1) is Ep, x F, (throughout this proof
we will identify the framings of fo(D™ x S!) with the framings of D™ x S! via (the derivative of) fy).
First we will give another characterisation of E,;, x F5.

If 3: m5(X) — m(S') = Z denotes the boundary map in the homotopy long exact sequence of the
fibration S' — S(X,a) — X, then 3([a]) = (a, p([a])) (this holds if X = S? and a = Idg>, because
a is the Euler class of E(S?, ), and in general a: S? — X induces a commutative diagram between
the exact sequences). Moreover, 0 is the composition of the isomorphism 7, (X) = 7, (S(X, ), S')
and the boundary map 7, (S(X, ), S!) — 7,(S!). Therefore for any [a] with («, p([a])) = 1 there is
amap a: D?> — S(X,a) (well-defined up to homotopy) such that d| g1 is the inclusion of a fibre and
(a,a|g1) represents the element in 7, (S(X, «), S!) corresponding to [a] € w5(X). We can lift @ to a
map a: D* — S(X,a) x R(J)r (where R(J)r denotes [0, 00)) such that a is an embedding, it is transverse
to S(X,a) x {0}, a1 (S(X,a) x {0}) = S, a|g1: S! — S(X,a) x {0} is the inclusion of a fibre and
[a.alg1]=[a.dlg1] € a(S(X, ) x R, ST xRE) = mp(S(X, @), ST).

Let U be a tubular neighbourhood of @(D?) in S(X, ) x ]R(J)r. We can assume that U N S(X, ) x {0} =
fo(D™ x S1). (Note that U is the total space of a D" -bundle over D2, so it has a homotopically unique
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trivialisation D? x D™ — U, but the restriction of this trivialisation to S may differ from f;, the
difference is given by an element of 71 (SO,,;) = Z/2.) The framing Fj can be extended to a framing
of S(X, o) x Rg‘ and then restricted to a framing of U. As mentioned above, if we further restrict this
framing to fo(D™ x S1), we get E,, x F,. Since U is contractible, it has a homotopically unique framing,
so this means that E,, x F5 is the restriction of the homotopically unique framing of U.

The local trivialisation f; is the restriction of a local trivialisation fo: D™ x D? — D(X,«). The
homotopically unique framing of fo (D™ x D?) is E,,x E; its restriction to fo(D™xS1)is Epx (E,]| s1).
Since (S', Ez|g1) is the framed boundary of (D?, E3), we have [S!, E>|gi1]=0€ QF = Z/2. So if
g € 71(SO) = Z /2 denotes the difference of the framings F, and E,|g1 of S, then [S!, F;] =g € Z/2.

We have D(X,a) Us(x,q) S(X. o) x Rf ~ E(X,@) (in each fibre D> Ugi S! x R{ ~ R?) and
fo(D™xD?)UU is a tubular neighbourhood of f,({0}x D?)Ua(D?)~ S?in E(X,a). Asa D™-bundle
over S? it is classified by an element of 7,(BSO,,) = Z/2. Under the isomorphism 75(BSO,,;) =
75 (BSO) = 71 (SO) this element corresponds to g (because it is equal to the difference of the restrictions
of the unique framings of fo(D™ x D?) and U, which are E,, x (E,| s1) and E,, x F, respectively).

So we need to determine the normal bundle of the embedding S? — E (X, «) as an element of 7, (BSO).
Since S? is stably parallelisable, it is the same as the restriction of the stable tangent bundle TE(X,«)
to S2. The embedding S? — E(X,«) is homotopic to its projection to the zero section (X). Since
fo({0} x D?) is a fibre of D(X, ), its projection to X is one point. The map a@: D? — S(X, o) x R(’)L is
alift of @: D?> — S(X, ), which is a lift of a map a: S? — X representing [a] € 7, (X). Therefore the
composition of the embedding S? — E(X, «) and the projection to X is a. The restriction of t E(X,)
to X is E(X,a) @ tx. So the bundle we are interested in is the pullback of E(X, ) @ tx by a.

The second Stiefel-Whitney class detects 7, (BS0O), so
g = (wa(a"(E(X.0) ® x)). [S*]) = (w2 (E(X. ) ® 7). ax ([S?))
= (w2 (E(X, @) + wa(zx), p([a]) = (e2(a), p([a])) + (w2(X), p(la])) = 1 + (w2 (X), p([a])).

where 0,: H*(X) — H?(X;Z/2) denotes reduction mod 2 and we used that E (X, «) is a complex line
bundle, so w(E(X,a)) =0 and wy(E(X,®)) = 02(c1(E(X,®))) = 02(a) and that {(«, p([a])) = 1.

We already saw that g corresponds to [S!, F], so the statement follows. O

Proposition 3.7 If F, is the (homotopically unique) framing of S such that [S!, F,] is the nontrivial
element in Qﬁr >~ 7,/2, and F; is any framing of %, then [28, x S!, F| x F;] #0 € Qfgr. Moreover,

ex?
(28, x ST, F| x F,] is not contained in the image of the J -homomorphism Jg: 79(SO) — Qf;.

Proof It follows from [Kervaire and Milnor 1963, Section 4 and Theorem 5.1] that [£8_, F;]&Im Js. Un-

ex’
der the Pontryagin—-Thom isomorphism the map x[S!, F]: Qg — Qg corresponds to -n: w3 — g, which
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is injective by [Toda 1962, page 189 and Theorem 14.11)]. By [Adams 1966, Proof of Example 12.15],
we have Im J9 = (Im Jg)n. Therefore

(25, Fi]x[S'. F2] € (Q§ \Im Jg) x [S", F,] = (Qf x[S. )\ (Im Jg x [S", F])
= (QF x[S', )\ Im Jy € Q§ \ Im Jy.
Fi]x[S', Fp] #0. O

ex’

In particular [£8,,

Theorem 3.8 If X,(d) is spin, then there is a framing F such that [S(X4(d)# £8.,x), F]#0 ¢ Qfgr.

ex’

Proof Let Fj be a framing of S(X4(d), x) such that [S(X4(d), x), Fo] = 0 (see Theorem 3.4). Let F;
be any framing of 28 . By Lemma 3.5 there are framings F, and F such that

[S(Xa(d) 5y, %), F1=[S(Xa(d), %), Fol +[Z5, x S', Fi x Fy] = [£5, x S', Fy x Fa]

ex’

Since x is a generator of H?(X4(d)), there is a generator [a] of 5 (X4(d)) such that (x, p([a])) = 1,
so we can apply Lemma 3.6, and since X4(d) is spin, we get that [S', F»] = 1. By Proposition 3.7
[28.x S1, F| x F5] # 0 and this implies that [S(X4(d) ff =8,, x), F] # 0. m|

Theorem 3.9 If X4(d) is spin, then, for every framing F, [S(X4(d)$ 28..x), F]#0 ¢ Qg.

ex’

Proof First we show that S(X4(d)#t 23 x> X) is 3-connected. Recall that the embedding X4(d) — Cp4tk
is 4-connected. Therefore we have 71 (X4(d)) = m3(X4(d)) = 0 and 7m5(X4(d)) = Z. From the
homotopy long exact sequence of the fibration S! — S(X4(d), x) — X4(d), we obtain that S(X4(d), x)
is 3-connected. Since S(X4(d) i =
9-manifold. This implies that S(X,(d) f £8,, x) is homotopy equivalent to a CW-complex with cells
only in dimensions 0, 4, 5 and 9 (see [Smale 1962, Theorem 6.1]).

Any two framings of S(X4(d) ft 8, x) differ by a map S(X4(d) § X3 ,x) — SO. Since 74(SO) =
75(S0O) = 0, this difference is in fact an element of 779(SO). Changing the framing of the 9-cell by an

8., X) is homeomorphic to S(X4(d), x), it is also a 3-connected

ex’ ex’

element of 79(SO) has the same effect on the framed cobordism class as taking connected sum with S°
with the corresponding framing, which is given by the J-homomorphism Jg: 79(SO) — Qg. Therefore
the set of cobordism classes in fo represented by S(X4(d) f 2
Im Jy. By Proposition 3.7 and the proof of Theorem 3.8 this coset has an element which is not in Im Jo;

ox» X) (with any framing) is a coset of

therefore it is not the trivial coset. So it does not contain 0; therefore 0 € Qf; is not represented by

S(X4(d) 1t 28, x) with any framing. |

Now we can conclude that 4-dimensional spin complete intersections are strongly ®-flexible.
Theorem 3.10 If X4(d) is spin, then X4(d) t £8, is not diffeomorphic to a complete intersection.

Proof Suppose that X, (d) t 3 is diffeomorphic to some complete intersection X4 (d’). The diffeo-
morphism induces an isomorphism between H?(X4(d")) and H?(X4(d) ff 8,). We may assume that
the generator x € H?(X4(d’)) goes into the generator of H?(X4(d) Z ) corresponding to x under the
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isomorphism H?(X,4(d) ng) ~ H?(X4(d)\int D) = H?(X4(d)) (see the proof of Lemma 3.5). This
is because X4(d’) has a self-diffeomorphism which sends x to —x (see the proof of Proposition 2.10).
This implies that S(X4(d) # 8, , x) is diffeomorphic to S(X4(d’), x).

ex’

By Theorem 3.4, S(X4(d’), x) has a framing F such that (S(X4(d’), x), Fy) is framed nullcobordant,
but by Theorem 3.9 S(X4(d) ff =8, x) does not have such a framing, so they are not diffeomorphic. This

ex?’
contradiction shows that X4(d) #f 3. is not diffeomorphic to any complete intersection X4(d”). |

4 The nonspin cases with even total degree

In this section we prove Theorems 1.12 and 1.14 (a). Both of these results rely on the computation of
Tors QSO (CP;g') ~ 7 /4 in Lemma 4.2 below, where £! denotes the (unique up to isomorphism)
nontrivial stable bundle over CP! = S2. Note that if £ is a stable bundle over CP> with w,(£) # 0,
then its restriction to CP! is isomorphic to £1.

4.1 The computation of Tors 2 g 7 (CPL;gY

We first establish the necessary background to state and prove Lemma 4.2. Let S° denote the sphere
spectrum and write Sk for the k-fold suspension of S® We let n: S — S denote the generator of
the 1-stem 7§ = Z /2, and Cy the cofibre of 7. Since & I is the nontrivial stable bundle over CP!, the
Thom spectrum of ! is given by Th(¢!) ~ C,, and the Pontryagin-Thom map for Q*O 7 (CPL;EY)is
an isomorphism

PT: Q27N (CP': ") - 7 (MO(8) ATh(E")) = 7 (MO(8) A Cy).

where A denotes the smash product. Smashing the cofibration S® — C,, — S? with MO(8) and taking
homotopy groups, we obtain the long exact sequence

(1) -+ = m7(MO(8)) > g (MO(8)) — mg(MO(8) A Cp) — mg(MO(8)) > 17(MO(8)) — - -- .

We shall need some basic facts about the low-dimensional string bordism groups Qf (7 7 (MO(8))

(

and the natural forgetful map F: QI — Qf 7) These facts can be deduced from results of [Giambalvo

1971], and we also give a direct proof below.

Lemma 4.1 (cf [Giambalvo 1971]) The natural map F': Qf,f — Q*O 7) satisfies:

(a) ng >~ 7/2 and F: Qg — Q6O<7) is an isomorphism.

b 27 ~o.

© ng ~7/2®7Z and F: Qg — 5280(7) has image 7 /2 and kernel the image of J -homomorphism
Jg: m3(SO) — mg = Qg ~ (Z/2)%

(7)

Proof Under the Pontryagin-Thom isomorphism, the map F: Qf — Q*O corresponds to the map on

homotopy groups induced by the inclusion of the Thom cell S® — MO(8). To compute this map, we first
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replace MO (8) with a simpler spectrum. Let fz: S8 — BO(8) represent a generator of 73 (BO(8)) =~ Z
and let {7 be the stable vector bundle over S® classified by f.

The Thom spectrum of any vector bundle over an m-sphere is the cofibre of a map S~ 1 — S°
and it was Milnor [1958, Lemma 1] who first observed that this map is obtained by applying the
stable J-homomorphism to the clutching function of the bundle. Hence the Thom spectrum of {g is
Th(¢g) ~ Cz, where 5: S” — S° is given by applying the J-homomorphism to the clutching function
of {g, which generates 77(SO(7)) = 77(SO).

By construction, f induces an isomorphism on 7rg. We have ¢(S®) mi =7, and mT10(S%) = w5 = Lo,
generated by n and 12 respectively, so by Bott periodicity and [Adams 1966, Proof of Example 12.5],
S also induces isomorphisms on ¢ and 71g9. Hence fp is 10-connected, and so the induced map of
Thom spectra

Th(é’H) ~ C& —> M0(8>
is also 10-connected. Hence in dimensions * <9 the map F: QI — Q*O 7 45 isomorphic to the map on
homotopy groups induced by the inclusion S° — Cj.

The cofibration S°® — C5 — S® leads to a long exact sequence

= T s — m3(Co) =y T s — w5 (C) = 0 — i — m6(Ca) = 00— -

We see immediately that 7r{ — 76(Cz) is an isomorphism, and so F': Qfg — 5260(7)

is an isomorphism.
Since Qg =~ ¢ = 7Z/2 (where the last isomorphism is given in [Toda 1962, Chapter XIV]), this proves
part (a). For part (b), we use that J7: 77(SO) — 7'[; is onto by [Adams 1966, Example 7.17], and so o

enerates 3. Hence 64 : w5 — 73
7 0

7
5 is finite, Ker(0x: 7§ — 73) = Z. We also have Im(6«: 7] — 7g) = (n6) = Im(Jg) (using [Adams

1966, Proof of Example 12.15]). By Toda’s calculations [1962, Chapter XIV], 7y = (Z/ 2)? with n& # 0,
and this finishes the proof of part (c). a

is surjective, which proves part (b). For part (c), since 7§y = Z and

From the exact sequence (1) and Lemma 4.1 (b) we deduce that there is a short exact sequence
@ 00+ 20 Crgh 20 0

Noting that Qfg = 960(7) =~ 7./2 is detected by the Arf invariant, it is easy to see that the homomorphism
8280(7) (CPL; g - 8260(7) can be identified with the codimension-2 Arf invariant

Acpr: 207 P - 72,

which is defined by making a normal map (g, g): M — S? transverse to a point * € S? and taking the
Arf invariant of the resulting 6-manifold g~!(x), which is canonically framed.

Lemma 4.2 There is a nonsplit short exact sequence of abelian groups
A
0— 05 — Tors Q2 (CPl; 6" 225 7.2 0.
In particular Tors ngm((:P1 £ = 7/4.
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Proof There is a natural forgetful map F!: Ql;r((CP1 ED — QSO <7)((CPI :£1) and the exact sequence
of (2) forms part of the following commutative diagram:

fr
RS cpl /RS

Qff Qff Qff(CP';g") Z/2 " Qf
©) B | H
A
o o 1
0—— 7 — @ cpe) Lz 0

Here Afé pt' Qfgr((CP1 :£1) — 7Z/2 is a codimension-2 Arf invariant, which is defined analogously to the

codimension-2 Arf invariant on ng (CP';£"). We shall first compute Qg((CP1 :£1) and we do this
via the Pontryagin—Thom isomorphism

QY (CPYEY) = 73 (Cp).

The cofibration S® — Cy— S? leads to the following long exact sequence (showing in particular that the
top row of diagram (3) is also exact):

-~-—>n§"—*>ng—>n8(C,,)—>7zg"—*>n§—>---.

From Toda’s calculations [1962, Chapter XIV], we have 7] =~ Z/ 2(v?), m5 = 7./240(0), 7y =
Z/2(no) @ Z/2(€), where v € 73 is a generator and nv € my = {0}. It follows that n«: n{ — 73
is the zero map and that there is a short exact sequence

4 0—Z/2([e]) = ng(Cy) = Z/2 — 0,

where [€] € 75 /0« (1) denotes the equivalence class of €. By Lemma A.1 from the appendix, the
extension (4) is determined by the Toda bracket

(n,v%,2) C Tg.
By [loc. cit., Proposition 3.4 ii], there is a Jacobi identity for Toda brackets,
0€ (1% 2)+ (2,707 + (v2,2,7),

where we have ignored signs since all the Toda brackets consist of elements of order 2 or 1. Now by
[loc. cit., Proposition 1.2], (2,1, v2) € (2,5, v)v. Since (2,7, v) C m¢ =1{0}, we have (2,7, v)v ={0} and
50 (2,1, v2) ={0}. By [loc. cit., page 189], (12,2, n) = {€, e+no}. It follows that (1, v2,2) = {e,e+no}
is nontrivial and maps to the generator [¢] € 73 /n«(73). Applying Lemma A.1, we deduce that the
extension (4) is nontrivial and hence is isomorphic to the extension

0—>2Z/2—>7/4—7Z/2—0.
The above shows that Qg(CPl;El) ~7/4.

In diagram (3) we can replace the top row with the short exact sequence (4) (noting that, as we saw in the
proof of Lemma 4.1, Im(Jg) = 1«(7r3) and coker(Jg) = ®g) and restrict the bottom row to the torsion
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subgroups, to get the following commutative diagram:
fr

0 Og Qffcple)y — 5 7/20 0
s L |
A
0 — Tors Q0" —— Tors @27 (CP; 1) =25 7/2 —— 0

We check that the bottom row is exact. The map A¢ p1 is surjective by the commutativity of the diagram,

(") and Tors Qsom((CP L. £1) follows from the exactness of the original

sequence. Now by Lemma 4.1 (c) the map F: ®g — Tors 8280 n

while exactness at Tors Qg
is an isomorphism. So, by the five
lemma, the homomorphism F!: Qg((CP1 :£1) — Tors ngm((CP1 :£1) is also an isomorphism, which
completes the proof. a

4.2 The nonspin case with v4(X4(d)) =0

Let X4(d) be a nonspin complete intersection with v4(X4(d)) = 0. We will prove that X4(d) is
O-rigid. As explained in Section 2.3, it is enough to show that the canonical homomorphism iy : ®g =
Tors QSO N QSO (7)(CP°°;§4(4_1)) is trivial. We will exploit the fact that iy factors through the
group Tors 20 (CPY 1 &4(d)|cp).

Proposition 4.3 Let & be a stable bundle over CP* such that w,(£) # 0 and w4(§) = 0. Then the
natural map iy: ©g — QSOM(CPOO; &) is trivial.

Proof By [Fang and Klaus 1996, Section 2.2] we have ng (CP®°, ;&) =~ Z. From the exactness of
the sequence _
N 980(7) Jog QSOU)((CPOO;S) N 980<7)(CP°°, * ) —> e

we deduce that the image of j, contains the torsion subgroup of 980(7)(<CP°°;§). The signature
defines nontrivial homomorphisms 8280(7) — 7 and QSO (7)((CP°°;§) — 7Z which commute with jj.
By Lemma 4.1 (c), Qg N~z @ Z/2 and so jg is rationally injective. Therefore its restriction to
Tors 8280(7) =~ Og is surjective onto Tors ng((CPoo;s). Thus if 8280(7)(CP°°;§) has a nontrivial
torsion element, then it has order 2.

Let icp1y: Tors QSO<7)((CP1;§1) — Tors 5280(7)((CP°°; £) denote the homomorphism induced by the

inclusion CP! — CP>. By Lemma 4.2, Tors S280(7>((CP1 :£1) = 7Z /4 and if a denotes a generator, then
»38 . represents 2a. Therefore io(X2,) = icp1,(2a) = 2icpi,(a) = 0. O

Theorem 4.4 If X4(d) is a nonspin complete intersection with v4(X4(d)) = 0 and d # {2, 2}, then
X4(d) and X4(d) tt £8 . are diffeomorphic.

Proof In this case w,(£4(d)) # 0 and w4(£4(d)) = 0 (see Proposition 2.8), so by Proposition 4.3 the
canonical homomorphism iy: ®g — ngm (CP;&4(d)) is trivial. Therefore X4(d) and X4(d) tf 28,
admit bordant normal 3-smoothings over (B4, £4(d)XyBo(s))- By Proposition 1.9, X4(d) and X4(d)ff 8,
are diffeomorphic. |
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4.3 The nonspin case with v4(X4(d)) # 0 and even total degree

Now we suppose that v4(X4(d)) # 0 and the total degree d is even. By Remark 2.9 this implies that
V5 (d) > 4 (where v, (d) denotes the exponent of 2 in the prime factorisation of d). We will apply the Adams
filtration argument of Kreck and Traving [Kreck 1999, Section 8]. If £ is a stable vector bundle over CP°,
we use the Pontryagin—Thom isomorphism to identify the groups QSO 7 (CP®;&) =n3(MO(8) ATh(§))
and hence their torsion subgroups. In this way we obtain an Adams filtration on Tors 980(7) (CP>;¢).
Recall that a map S — E representing a torsion class in 7; (E), the i "™ homotopy group of a spectrum E,
has Adams filtration > k if it can be factored as a composition of k& maps, each of which is trivial on
homology with Z /2 coefficients.

We will need the following improvement of Kreck and Traving’s vanishing result in dimension 8.

Lemma 4.5 Let £ be a stable bundle over C P such that w,(£) # 0, w4(§) # 0 and the homomorphism
ip: Og — QSOW)((CPO"; &) is injective. Then the only element of Tors QSOW)((CPO"; &) with Adams
filtration 4 or higher is the trivial element.

Proof Consider the exact sequence
o j o 0o o 0o
= Qg <7>j—°>528(7>(((fP ;S)—>528(7>((P K E) = e

Fang and Klaus [1996, Section 2.4] proved that 5280(7) (CP®,%;6) = Z @ 7Z/2, where the Z /2 summand
is detected by the codimension-2 Arf invariant. Hence we have the following commutative diagram
between exact sequences (the bottom sequence is exact, because jj is rationally injective, as in the proof

of Proposition 4.3): Acpi
®g — > Tors 92;0(7)(CP1;‘§1) —517/2

- e |-

Tors 980(7) ", Tors ngm((CPoo;é) A, Z]2

Moreover, the top sequence is short exact by Lemma 4.2. The bottom sequence is also short exact (the
surjectivity of A follows from the commutativity of the diagram and the injectivity of iy was assumed). It
follows that i p1, : Tors 8280(7)((CP1 : €1y — Tors 980(7) (CP°;£) is an isomorphism.

Now we choose a generator ¢ € Tors 980(7) (CP®;&)=7Z/4and let [ f] € mg (MO (8) ATh(§)) represent
the image of a under the Pontryagin—Thom isomorphism. By [Fang and Klaus 1996, page 144], the image
of [ f] in the group wg(MO(8) A (Th(£)/S?)) has Adams filtration 2. Since the Adams filtration cannot
decrease under composition, [ f;] has Adams filtration < 2. Therefore 24, corresponding to 2[ f;] under the
Pontryagin—-Thom isomorphism, has Adams filtration < 3. Since 2« is a multiple of every nonzero element
of Tors €2 80 n (CP°; &)= 7Z/4, the only element with Adams filtration 4 or higher is the trivial element. O

Proposition 4.6 Let X4(d) and X4(d’) be nonspin complete intersections with SD,(d) = SD, (d’) and
v4(X4(d)) # 0. If the total degree d is even, then X4(d) and X4(d’) are diffeomorphic.
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Proof By Theorem 1.4 there is a homotopy sphere ¥ € ©g such that X4(d) ~ X4(d') #f . By
Proposition 2.8 we have w,(£4(d)) # 0 and wy4(£4(d)) # 0. Again we consider the natural map
io: @ > Q¢ 7 (CP®:£4(d)).

If i is zero, then X4(d’) and X4(d’) ff ¥ are diffeomorphic by the same argument as in the proof of
Theorem 4.4. Hence X4(d) and X4(d’) are diffeomorphic.

Now suppose that iy: @y — 980(7) (CP=°;£4(d)) is nonzero (hence injective). The arguments of Kreck
and Traving [Kreck 1999, Section 8] show that X4(d) and X4(d’) admit normal 3-smoothings over
(B4.64(d) x yBo(s)) whose bordism classes differ by a torsion element of Adams filtration v(d) or
higher. Since d is even, we have v, (d) > 4 (see Remark 2.9), so by Lemma 4.5 any such torsion element
is trivial. Hence X4(d) and X4(d’) admit bordant normal 3-smoothings over (B4, £4(d) X ypo(s)) and
so by Proposition 1.9, X4(d) and X,4(d’) are diffeomorphic. |

5 The case of odd total degree

It remains then to consider the case where the total degree d is odd. Note that in general this case is not
®-rigid as the following theorem of Kasilingam shows.

Theorem 5.1 [Kasilingam 2016, Remark 2.6 (1)] CP* is not diffeomorphic to CP* %8, .

To prove the Sullivan conjecture for X4(d) when d is odd, we find a new way to compare normal bordism
classes for X4(d) and X4(d’), which is one of the main achievements of this paper. In particular, we
believe that introducing the Hambleton—-Madsen theory [1986] of degree-d normal invariants will provide
a new perspective on the Sullivan conjecture in all dimensions.

5.1 Degree-r normal maps and their normal invariants

In this subsection we review the surgery classification of bordism classes of degree-r normal maps for
any integer r. Our treatment follows [Hambleton and Madsen 1986] but with minor modifications to suit
our setting. We will assume that all manifolds and all bundles are oriented and that all bundle maps are
orientation-preserving. We also choose to work with stable normal bundles in the source of normal maps,
as opposed to stable tangent bundles, and for simplicity, we only formulate the statements in the special
case when the target space of a degree-r normal map is a closed smooth connected oriented m-manifold P.

Definition 5.2 Let M and P be closed smooth oriented m-manifolds and assume that P is connected.

For r € Z, a degree-r normal map (f, /): M — P is a map of stable vector bundles

va—>§

[l

M — P

from the stable normal bundle of M to some stable vector bundle over P such that f: M — P has
degree r.
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When r = +1, then £ is a vector bundle reduction of the Spivak normal fibration of P, but in general this
only holds away from r. Normal bordism of degree-r normal maps is defined analogously to normal bor-
dism of degree-1 normal maps [Wall 1970, Proposition 10.2]: the normal maps ( f, f): (M, vps) — (P, &)
and (f7, f'): (M’,vpp) — (P, &) are normally bordant if there is an isomorphism «: £ — & and a
bordism between (f, ) and (', o f”) over (P, &).

Definition 5.3 We denote the set of normal bordism classes of degree-r normal maps to P by N, " (P),
where the superscript “+4” indicates that we are working in the oriented setting.

For a fixed &, let QI (P; £), denote the subset of Qff (P;&) consisting of bordism classes whose repre-
sentatives have degree r. The group of stable bundle automorphisms of &, Aut(£), acts on QI (P; &),
by postcomposition. Let N, (P, &) € N, (P) denote the subset of normal bordism classes that are
representable by normal maps to (P, £). Then we have a canonical bijection
N (P.§) = @y (P:6)r [ Aut(®).
Moreover,
NP =] | NP 8),
(€]
where we take the union over the isomorphism classes of stable bundles over P which admit degree-r
normal maps. To distinguish degree-r normal bordism classes from usual bordism classes we use

Notation 5.4 We denote the bordism class of (£, f) in QI (P; &), by [f, f]¢ and in N;F (P) by [f, f].

As in the degree-1 case, the computation of N, (P) proceeds via fibrewise degree-r maps between vector
bundles. Recall that for a bundle ¢, the total space is denoted by E¢, the disc bundle is D¢, the sphere
bundle is S¢ and the projection is 7¢. For a space ¥ with oriented vector bundles ¢ and ¢ of the same
rank over Y, we consider fibrewise maps

sc—=5 50

N

between the associated sphere bundles, where the restriction of g to each fibre has degree . Given a
fibrewise degree-r; map g: S¢; — S6; and a fibrewise degree-r, map g,: S¢, — S6,, their fibrewise
join is a fibrewise degree-rir, map g * g2: S(&1 & &) — S(61 P 6,) between the spheres bundles
of the Whitney sums of the original bundles. An isomorphism between two fibrewise degree-r maps,
gi: St — S6;, i =0,1, is a pair of vector bundle isomorphisms «: ¢y — ¢; and B: 6y — 6; such that
the following diagram commutes up to fibre homotopy over Y:

Sto 22 S6,
Sal lSﬂ
g1
Sé‘l — SQ]

where So and SB are the induced maps of sphere bundles.
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Definition 5.5 Two fibrewise degree-r maps are equivalent if they become isomorphic after fibrewise
join with the restriction of a vector bundle isomorphism (ie stabilisation), and we define

FAY) = {g: St — S0} /~

to be the set of equivalence classes of fibrewise degree-r maps of vector bundles over Y. The equivalence
class of g is denoted by [g].

We now review how taking the transverse inverse image of the zero section is used to define a map
T:FT(P)— N (P). If g: S¢ — SO represents an element [g] € 7, (P), then we can extend it to a
fibre-preserving map f: D¢ — D@ that is transverse to the zero section P C Df. We set M := f~1(P)
and fps := f|p. Since g has degree r, the map fpr: M — P has degree r too. The map f determines
a bundle map fo: v(M — D¢) — v(P — D) == 0 over fjr. We have

vm = v(M — DE) @ vpelm = v(M — DE) & (mgm)*(vp ©8) =v(M — DO @ fr(vp ©Y).
By adding the canonical map fy;(vp ©¢) — vp ©{ to fo, we get a bundle map
Sarivm > 0®vp oY

over fyr. Then we define T'([g]) := [far. far]. For the case when P is a smooth manifold (which we
have assumed for simplicity), the following theorem is the oriented version of a foundational result of
Hambleton and Madsen on degree-r normal maps (their proof applies verbatim in the oriented setting).

Theorem 5.6 (cf [Hambleton and Madsen 1986, Theorem 2.2]) The map T : 7,7 (P) — N7 (P) is a
well-defined bijection. =]

Remark 5.7 In [Hambleton and Madsen 1986] the source manifold M is defined as the inverse image
under g of a section of S6. The construction above can be seen as a special case of this via stabilisation,
as we now explain. Let R := (R x P — P) denote the trivial rank-1 bundle over P and let S® := S R.
f{=0OR, 0 =0@®@Rand g = g’ *Idgo: S¢ = S x S° — S0 = SO’ x SO for some ¢, 0’
and g': S¢' — SO, then S¢ = D¢ Ugys D:C/ (where D¢’ are two copies of the disc bundle D{’),
S8 = D+0'Ugg D0, [ :=g|p, ¢: D+ — D10’ is an extension of g’, and the zero section of
D 0’ coincides with the section I x P C SO x P = S% C S0/ % S° = S0 of S6.

In order to apply Theorem 5.6 we need to be able to compute F,* (P). The assignment ¥ + FF(Y) is a
homotopy functor from the category of spaces to the category of sets. By Brown representability [1962],
this functor (restricted to CW-complexes) is represented by a classifying space.

Definition 5.8 The classifying space of the functor F, is denoted by (QS%S0),, and the canonical
bijection from F, ¥ (Y) to [Y, (QS%/SO),] is denoted by

Br: 7,7 (Y) — [, (QSY/S0),].
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Remark 5.9 Hambleton and Madsen [1986, Section 1] and Brumfiel and Madsen [1976, Section 4] allow
orientation-reversing bundle isomorphisms when they define the equivalence relation on fibrewise degree-r
maps. They denote the corresponding classifying space by (QS°/0), for r > 0. The forgetful map
induces a map (QS%/SO), — (QS°/ 0))r| of classifying spaces, which is a homotopy equivalence when
r # 0 and a nontrivial (Z/2)-covering when r = 0 (see [Brumfiel and Madsen 1976, Proposition 4.3]).

When r = 1, we may identify (QS%/SO); = G/O, where G/ O is the homotopy fibre of the canonical
map BSO — BSG, the forgetful map from the classifying space of stable vector bundles to the classifying
space of stable spherical fibrations.

The equivalence Br and Theorem 5.6 combine to give the following important definition.

Definition 5.10 Let n: N,;T(P) — [P, (QS%/S0),] denote the composition Bro7 ~L. For a degree-r
normal map (f, f): M — P, the homotopy class n([f, f]) €[P, (QS%/SO),] s called the normal invariant

of (f. ).

We shall need two classes of examples of fibrewise degree-r maps. The trivial degree-r map of rank k (well-
defined up to fibre homotopy) is 4 xIdy : SK~1 x ¥ — Sk~ x ¥ for some degree-r map h: SK—1 — §k=1
For the second class of degree-r maps, ¢ has real rank 2, and we regard ¢ as a complex line bundle over Y.
Setting 6 := ¢ to be the r-fold complex tensor product of ¢ with itself, we have the canonical degree-r map

4(): S-S, vV =vRVR---Qu.

For the classification of complete intersections the universal examples of such maps, where Y = CP” or
CP® and ¢ = y|cpn or y, will play a central role.

Definition 5.11 For a k-tuple of integers r = (ry,...,rr) with r =ryry--- 1y set
Nn(r) 1= Br((tr, (y|cpn) % -+ % 1 (¥ |cpn)]) € [CP", (QS%/SO), ],
Noo(r) 1= Br([tr, (y) * -+ % 1, (y)]) € [CP™, (QSY/SO),].

The notation in Definition 5.11 is designed to match Theorem 5.19, which states that the com-
plete intersection X,(d) admits a degree-d normal map (fy(d), fn(d)): Xn(d) — CP" such that

(), fu(d))) = 1a(d).
5.2 The space (QS%SO0), and connected sums

In order to apply Theorem 5.6 we will need to make computations with the set of normal invariants
[P, (QS%S0),]. For this we need information about the space (QS%/SO),, and we first adapt the
discussion of the related space (QS0 /0), from [Brumfiel and Madsen 1976, Section 4] to the oriented
setting. When r = 1, the space (QS%/SO); = G/O has been extensively studied. In general, Brumfiel
and Madsen [1976, Proposition 4.3] showed that there is a fibration sequence

(5) QS? -5 (QsY/50), 2> BSO,
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where the map §, : (QS%/SO), — BSO classifies taking the formal difference of the source and target
vector bundles of a fibrewise degree-r map, QS(,) is the space of stable degree-r self maps of the sphere,
which classifies fibrewise degree-r self-maps of trivialised vector bundles and i, : QS(r) — (QSY/S0),
classifies forgetting that the bundles are trivialised. The space QS? is often denoted by SG. There is also
amap -r: G/O — (QS%S0),, which classifies taking fibrewise join with the trivial degree-r map and
which fits into the following map of fibration sequences:

sG—"' .G/0—2 . Bso

©6) -rl -rl lldaso

iy Sr
QS? — (QSY/S0), —~ BSO

where - r: SG = QS(I) — QS(,) is the map obtained by composition with a fixed map of degree r and § := §;
is the canonical map.

Since QS°:= Lz QS?, the space of stable self maps of the sphere is a grouplike H-space (with the “loop
sum” operation, which induces the addition on 7)), its connected components are all homotopy equivalent.
So 7 (QS?) = 7;(SG) = x{ for all r and 7, and under this identification ; (- ): 7; (SG) — 7;(QS?) is
multiplication by r. Therefore when we invert the primes dividing r, the map - r becomes a weak homotopy
equivalence and hence a homotopy equivalence (see [Brumfiel and Madsen 1976, Proposition 4.6]).
Combining this with the commutative diagram of (6), we get:

Proposition 5.12 (cf [Brumfiel and Madsen 1976, Proposition 4.6]) Ifr # 0, the map -r: G/O —
(QS%/S0), induces a homotopy equivalence

(-N[1/r1:(G/O)[1/r] = (QSY/SO)[1/r]
such that §,[1/r]o (-r)[1/r] = §[1/r]. m|

Here X[1/r] denotes the localisation of a space X obtained by inverting the primes dividing r (see
[Sullivan 1970, Chapter 2]), and foramap f: X — Y, f[1/r]: X[1/r] — Y[1/r] denotes the induced
map.

We now consider the effect of taking the connected sum with a framed manifold in the source of a normal
map. For this, we will tacitly assume that all manifolds have basepoints, the bundles considered over
these basepoints have been trivialised (and for a fibrewise degree-r map, the map over the basepoint is
identified with some fixed degree-r map between spheres) and that the connected sum operation is carried
out at discs which have the basepoints on their boundaries so that the connected sum is itself based.

Suppose that ( f, f): M — P is an m-dimensional degree-r normal map and [N, F]e QI Let fy:N—P
be the constant map and f_ n be the bundle map over fn corresponding to the framing F. We can assume
that (f, f) is constant over a small m-disc D™ C M, and by taking connected sum in the source and

Geometry & Topology, Volume 29 (2025)



The smooth classification of 4-dimensional complete intersections 295

extending with the constant map, we obtain a degree-r normal map (f ff fv. f# fv): M4 N — P.
Connected sum defines a natural operation

BN (PYx Q> NF(P). (S SLINF) = [f 8 v S )
and we will explain how to determine n([ £ f fi, / f /n]) in terms of ([ £, f]) and [N, F]. To do this,
we need to define an appropriate normal invariant of [N, F]. Define the homomorphism
n: Q= 7w (QS))

to be the composition Qf{l LN T, N TTm (ng) LN TTm (QS(,)), where PT denotes the Pontryagin—-Thom
isomorphism, ad is defined via the adjoint map, ls, is given by taking the loop sum with a fixed degree-r

map and Is;« is the induced map on 7.

For any connected, oriented m-manifold P and topological space X, connected sum of maps defines an
action §f: [P, X| X mp(X) — [P, X] of 7, (X) on [P, X], where we can and do assume that maps are
constant at the same value in a neighbourhood of the basepoints. This action is natural in X, ie a map
f: X — Y determines a commutative diagram

[P, X]x 7tm(X) —— [P. X]

@) f*Xf{ lf*
[P.Y]X 7 (Y) —— [P, ¥]

Lemma 5.13 Let (f, /): M — P be an m-dimensional degree-r normal map and [N, F] € QI . The
normal invariant of (f # fx. [ fx): M # N — P is given by

n(f 8 Sn. S8 SND =0 /D irsGE(N, FD) € [P, (QS%/SO),],
where i, QS(r) — (QS%/S0), is the inclusion of the fibre appearing in (5).

Proof We will prove that there is a commutative diagram

TxpT—1 Idxa Brx Br

NHP) x Qg FH(P) x 7y —— FH(P) x FF (™) —— [P, (QS%/S0),] x 1 ((QS%/SO),)

| J | |

N;F(P) d FH(P) === FH(P) = [P.(QS%/50),]

where « is the composition of ad: ;, = 7, (ng), ISy4: Tm (ng) ~ Ty, (QS?) and the canonical map
Tm (QS(,)) — F;7(S™) which sends a homotopy class to the adjoint fibrewise degree-r map between trivi-
alised bundles over S”. The second and third vertical maps will be defined in the course of the proof below.

The commutativity of the diagram above suffices to prove the lemma, because i, 4 is the composition
of the canonical map 7, (QS?) — F;7(S™) and Br (recall that QS(r) is the classifying space of fibrewise
degree-r maps between trivialised bundles and i, classifies forgetting that the bundles are trivialised).
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First we define the map F,* (P)x 5, — F,* (P) and show that the first square commutes. Let g: S¢ — S0
represent an element of F, 7 (P), where ¢ and 6 are bundles of rank k +1 > m of the form ¢{ = ¢’ ® R and
0 =60’ ®R. We define the sections s+ : P — SO by s (x) = (£1,x) € SO x P C S(#’ ®R), and assume
that g is transverse to s (P), so that T'([g]) is represented by g~ ! (s (P)) — 5+ (P) ~ P (covered by
the appropriate bundle map); see Remark 5.7.

Let D™ C P be a small embedded disc, then &|pm = R¥T1 x D™ and pm = R¥+1 x D™ are uniquely
trivialised (up to homotopy). After a fibre homotopy of g we may assume that g|g¢|,,, is trivial,
ie g|s¢|pm = h xIdpm for some degree-r map h: Sk — Sk and that for some small disc DK c S¥
the map h|p« is constant with value —1 € S° € S¥=1 % §O ~ Sk, Then g(DF x D™) = 5_(D™), so
(&l phxpm) " (s5+(P)) is empty.

The adjoint of g|pk pm is the constant map in Map((D™, Sm=1) (Map((D*, Sk=1), (Sk, —1)), c-1)),
where ¢_; denotes the constant map with value —1. Identifying Map((D¥, Sk~ 1), (Sk, —1)) = Qk Sk
we have the isomorphism

®: 7r(Map((D™, S™ 1), Map((D¥, S*71), (8%, =1)), c21)) = 7m (R S¥) 2= 7014 () = 75,

Fora € m),, let ug: Dk x D™ — Sk x D™ be the adjoint of a representative of ! (). We define the
fibrewise degree-r map g,: S¢ — S0 by

() = {ua(v) if ve DKk x D™,
8 = N gv)  ifve S¢\int(D* x D™),

The map g, is well-defined and continuous, because g and u, agree on B(Dk x D™). We define the map
FH(P) x iy — FF(P) by ([gl.a) = [gal.

We may assume that u, is transverse to 1 x D™, Then u;l (1x D™) is the image of @ under the Pontryagin
construction. Moreover, g is transverse to s+ (P) and g, ' (s+(P)) = g~ ' (s4+ (P)) Uu, ' (1 x D™). This
is bordant to g~ (s1 (P)) fu; (1 x D™), showing that T ([g,]) = T ([g]) #PT~!(a). Thus the first square
commutes.

Next we define the map fi: 5,7 (P) x F7 (S™) — F (P) and consider the second square. Given fibrewise
degree-r maps over P and S™, we fix embeddings D™ — P and D™ — S at the basepoints and identify
the restrictions of both maps with /2 X Idpm. Then we can take their connected sum over P ff S = P.

Now let [¢] € F(P) and a € 75, as before. We let g% := h x Idgm : S¥ x §™ — S x ™ be a trivial
degree-r map and construct g2: S k% sm — Sk % §™ from u, and g° analogously to g4. Then [g4] =
[g]#[22] (the connected sum P f S™ is formed using the embedding D™ — P that was previously used to
construct g, and an embedding D" — S™ whose image is the complement of the one used to construct gg).
We can extend u, with the projection D¥ x (S™\ D™) — {—1} x (S™ \ D™) C Sk x (S™\ D™) to
get ig: Dk x 8™ — Sk x §™_ This is again the adjoint of a, and also of the corresponding element
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a e nm(ng). Since g%(y, x) = (h(y), x) for every (y, x) € Sk x S™ and h(y) = —1 if y € D¥, we have
ug(v) ifve D¥x D™,

go(v) ifve Sk xS™\ int(DK x D™)

_ {ﬁa(v) if ve Dk x 5™,

~ lgo() = (h(»).x) if v =(y.x) € (S \int D¥) x §™.

gd() = {

Since Is, : QS° — QS? is defined by taking loop sum with /, the map g2 is the adjoint of Is,(a’).
Therefore [g4] = [g]§f «(a), proving that the second square commutes.

Finally we consider the third square. For any space X, the action §: [P, X| X 7, (X) — [P, X] is equal
to the composition
[P, X]x mm(X) - [PV S™, X] 2> [P, X],

where p: P — P/S™"1 ~ P\ S™ is the pinch map, collapsing the boundary of a small embedded m-disc
D™ C P. Similarly, fi: 7*(P) x FT(S™) — F(P) is the composition of V: F¥(P) x FT(S™) —
FF(Pv S™)and p*: FH (P v S™) — FT(P). So the commutativity of the third square follows from
the naturality of Br. |

5.3 Relative divisors

In this subsection we give another description of the bijection 7': F,* (P) — N, (P) from Theorem 5.6
in terms of sections and divisors. In order to relate fibre-preserving maps to sections we introduce the
following notation.

Definition 5.14 Suppose that ¢ and 6 are vector bundles over some base space Y.

(a) For a fibre-preserving map g: S¢ — S8 we define a section sg: S¢ — (7¢|s¢)*(S0) € S¢ x S0
of the sphere bundle (¢|s¢)*(S0), the pull-back of S8 via the projection 7¢|s¢: S¢ — Y, by s¢(x) =
(x, g(x)). The assignment g — sg is a bijection between fibre-preserving maps S¢ — S¢ and sections
of (7¢|s¢)*(S0).

(b) For a fibre-preserving map f: D¢ — D6 we define a section s7: D — (1¢|pe)*(D8) € D¢ x DO
by sr(x) = (x, f(x)). The assignment f > 57 is a bijection between fibre-preserving maps D¢ — D0
and sections of (7r¢|p¢)* (D0). Moreover, [ is transverse to the zero section of D@ if and only if sy is
transverse to the zero section of (7z|p¢)* (D6).

These two bijections are compatible in the sense that if g is the restriction of some f, then s, is the
restriction of sz.
Now suppose that 6 is a rank-k smooth vector bundle over a smooth manifold V with boundary 0V and

Sy: 0V — S§|3V is a section of S§|3V (hence a nowhere-zero section of EélaV).
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Definition 5.15 If s: V — Ef is a smooth section of é, which extends sj, and which is transverse to the
zero section, Sg, then we call
Z(s):=s(V)Nsg(V)Cso(V)=V

a divisor ofé relative to sy.

Remark 5.16 We have vz = (é @ vy)| z(s), because the normal bundle of the embedding Z(s) < V
is given by v(Z(s) - V) =~ é|Z(s) (in a tubular neighbourhood U =~ Dv(Z(s) — V) of Z(s) the
section s|g corresponds to a fibre-preserving map Dv(Z(s) > V) - E 6 | z(s)> and by transversality the
restriction of its derivative is an isomorphism v(Z(s) — V) = 0~| Z(s))-

Since the fibre of E6 is contractible, sy can always be extended to a (transverse) section s and the
extension is unique up to homotopy (rel dV'). This also implies that the normal bordism class of the
normal map

VZz(s) — 6 D vy

|

Z(s)——V

is independent of the choice of s (and it only depends on the homotopy class of sy as a nowhere-zero
section).

Suppose in addition that V' = D¢ itself is the disc bundle of a rank-k smooth vector bundle ¢ over a closed
smooth manifold P. Let 6 = §| p be the restriction of 6. Then 6§ can be identified with (melpe)*(0).

Let g: S¢ — S0 be a fibrewise degree-r map and s, the corresponding section (see Definition 5.14).
There exists a section s: D¢ — (m¢|pe)* (D0) that extends s, and is transverse to the zero section. Let
P =mn¢lze): Z(s) = P.

Lemma 5.17 The map p: Z(s)— P has degree r and it is covered by a bundle map p:v z(;) — 0 ®vpOSE
such that
T(g) = [p. Pl € N;"(P).

Proof Using the bijection from Definition 5.14 (b) there is a fibre-preserving map f: D{ — D6 such
that s = s¢. This f extends g and it is transverse to the zero section, so it satisfies the conditions in
the definition of 7" (given before Theorem 5.6). The manifold M = f~!(P) is then equal to Z(s) and
f|a = p (and it has degree r). We can choose p = fys and then T'([g]) = [p. p). a

5.4 The canonical degree-d normal invariant of a complete intersection

Consider a complete intersection Xy (d). By cellular approximation the canonical embedding i : X5 (d) —
CP"k is homotopic to a map f,(d): Xu(d) — CP" and since CP" 1% has no (2n+1)-cells, f,(d) is
well-defined up to homotopy. Since i ([ Xy (d)]) is d times the preferred generator of H,,(CP™), fu(d)
is a degree-d map.
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The main result of this section is the computation of the normal invariant of a certain degree-d normal map
covering f,(d) in Theorem 5.19 below. The importance of this calculation comes from the next lemma
(which can be regarded as a variation of [Kreck 1999, Proposition 10]) and its application, Theorem 5.20.

Lemma 5.18 Let X, (d) and X,(d') be complete intersections with x(X,(d)) = x(Xn(d’)) and
the same total degree d. Suppose that there are degree-d normal maps (f, f): (Xn(d), VX, (d)) —
(CP". &u(d)|cpn) and (f', f7): (Xn(d'), vx, a)) = (CP",En(d")|cPn) such that

L f1=11" [T e Nj(CP™).
Ifn > 3, then X,(d) and X, (d') are diffeomorphic.

Proof Leté = £,(d)|cpn and recall (see Notation 5.4) that [g, g]¢ € Qgrn (CP™;£)4 denotes the element
represented by a degree-d normal map (g, ) and the image of [g, g]¢ in V/ d+ (CP™)is[g, g]. By definition,
the condition [f, f] = [f’, /'] means that there is an isomorphism «: &,(d’)|cpr — &n(d)|cpr = &
(which in particular implies that SD,(d) = SD,(d’)) such that

L fle =1f" a0 f1ls € Q5,(CP":£)4.
Now consider the composition
QF (CP";&,(d)|cpn)a — QF (CP";&y(d)|cpn) — QF (CP®;&,(d)) — Q2™ (CP™; £,(d)).

We see that X, (d) and X, (d") admit bordant normal (n—1)-smoothings over (By:&,(d) X YBo(n+1))
and if d # {1}, {2} or {2, 2}, then the lemma follows from Proposition 1.9. If d = {1}, {2} or {2, 2}, then
SD,(d) = SD,(d’) implies that d’ = d. O

Theorem 5.19 There is a bundle map f,,(c_l): VX, (d) — &n(d)|cpr over fn(d) such that

N(fn(d), fu(d)]) = na(d) € [CP", (QS%/SO)4].
(For the definitions of n and 1, (d) see Definitions 5.10 and 5.11.)

An immediate consequence of Theorem 5.19, the fact that 7 is a bijection and Lemma 5.18 is the following:

Theorem 5.20 Let X, (d) and X, (d’) be complete intersections with the same total degree d and the
same Euler characteristic. If n > 3 and n,(d) = nn(d’) € [CP", (QS%/S0) ], then X, (d) and X,,(d’) are
diffeomorphic. |

Proof of Theorem 5.19 Let f°: D(ky|cpn) — D(yd |c pn) denote the Whitney sum of the tensor power
maps D(y|cpn) = D(y% |cpn) and let g°: S(ky|cpr) — S(y%|cpn) be its restriction to the sphere
bundle. Hence, in the notation of Definition 5.11, g® = tg,(ylcpr)*---*tq, (v|cpn), so Br([g°]) = nn(d)
and we must prove the following: there is a map of stable vector bundles f_,',(c_l ):Vx,(d) — én(d)|cpn
over f,(d) such that

T(8") = [fa(d). fa(d)] € NS (CP").
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First we describe a way of constructing a representative of the complete intersection X, (d) in an arbitrarily

small neighbourhood of the subspace CP" C CP"k Let [X0,X1,...,X,+k] be homogeneous coordinates

on the ambient CP" K Fori = 1,2, ...k, define p? € Clxo,X1,...,Xptk] BY p?()_c) = x,ﬁi, where

x = (x0,X1,...,Xp+%)- Then

] e CP ) () = pi(@) == pp(x) =0} = {[x] € CP"** |y = xpia =+ =Xy =0}
=CP".

Note that if d; > 1, then p? is singular at its zeros, so CP” is not a representative of X,(d) unless
d=1{1,1,...,1}. However, by applying an arbitrarily small perturbation to the p? we can obtain new
polynomials p; such that

(X1 € CP™™ | pi(x) = pa(x) = = pr(x) = 0} = X,(d)

is a complete intersection and it is contained in the interior of a closed tubular neighbourhood U of CP"
(we will fix a U in Lemma 5.23 below).

By Construction 5.22 the polynomials p? and p; define sections of y% |cpn+x. Therefore the tu-
ples (p(l),pg, .. .,pg) and (pi, pa. ..., px) define some sections s° and s of y4|CPn+k (so the zero
sets of s° and s are CP" and X,(d) respectively). Then we can assume that there is a homotopy
CP"tk x 1 — ydl(CPn—i-k of sections between s° and s that is nonzero on (CP"t% \ intU) x I. In
particular, the restrictions of s° and s are homotopic as nonzero sections over dU.

The normal bundle of CP" in CP"*k is ky|cpn,so U can be identified with D(ky|cpn). Moreover, the
projection 77y : U — CP" of U is a deformation retraction; hence the bundle 7, (y4|cpn) is isomorphic
to )/4 |- We will fix an identification and an isomorphism in Lemma 5.23. With these identifications,
the sections s°| and s|y correspond to fibre-preserving maps D(ky|cpr) — D(y%|cpn) under the
bijection of Definition 5.14. Let f: D(ky|cpn) — D(y%|cpr) be the map such that sp=s|y. In
Lemma 5.23 we prove that sc0 = sOy. Let g: S(ky|cprn) = S(y2|cpn) be the restriction of f (we
can assume that it has values in the sphere bundle, because f/|s(ky|cpn) 1S NOWhere zero since s|ay
is nowhere zero). Then sg = s|yy. The restriction of 0 is g% so Sg0 = s%5p. Since Sg0 = s
and sg = 5|3y are homotopic as nonzero sections, 2% and g are fibre homotopic. The bijection T is
well-defined on fibre homotopy classes, so T ([g°]) = T ([g]).

By construction X, (d) = Z(s) is a divisor of ydl(c pn+k Trelative to |y = Sg. Since gy is homotopic
to the identity, we have f,(d) = 7y |x, ) (up to homotopy). By Lemma 5.17 there is a bundle map
Ju(d):vx, @) = vE @ —(n+1)y ©kylcpn 2 &n(d)|cpn such that T((g]) = [fu(d). fu(d)] € N (CP™).
Therefore 7'([g°]) = [ fu(d). fu(d)]. O

Remark 5.21 There is a canonical bundle map vy, (7) —> &1 (d)|cpn+x over i, and hence over f,(d)
(cf Proposition 2.5), because there is a canonical isomorphism vy, (4) = v(Xn(d) — CP"thy g Ve prtik
and the normal bundle of a degree-r hypersurface in C P"** is canonically isomorphic to the restriction
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of y” (see Construction 5.22 and Remark 5.16). By following the definitions, we can see that the bundle
map fn(d) constructed in the proof of Theorem 5.19 is equal to this canonical map (up to homotopy).

We used the following (well-known) construction and the lemma below.

Construction 5.22 A homogeneous polynomial ¢ of degree r in variables xg, X1, ..., X;; determines a
section of the bundle y”|cpm as follows.

If r = 1, then the assignment [xg, X1, . .., Xm]|—[X0, X1, - - -, Xm, ¢(X0, X1, . . . , Xm)] is a well-defined map
CP™ —CP™+1\[0,0,...,0, 1]. Since the map CP*T1\[0,0,...,0,1]— CP™ [X0.X1...., Xme1]—>
[X0, X1, ..., Xm], can be identified with the projection of the normal bundle of CP" in CP™+1 which
is isomorphic to y|cpm, we get that ¢ determines a section of y|cpm. So every linear monomial Xx;
determines a section of y|cpm. If we have sections s, 53, ...,s of some vector bundle &, then their
symmetric product 5155 - - -5, is a section of the symmetric power Sym” (£€) and if £ is a line bundle, then
Sym” (§) = £”. Therefore every degree-r monomial, and hence every degree-r homogeneous polynomial,
determines a section of y”|cpm.

Lemma 5.23 We can identify D(ky|cpn) with a tubular neighbourhood U of CP" in CP"*k and the
bundle r}; (v2|cpn) with y2|y such that after these identifications the section s ro corresponding to f 0
under the bijection of Definition 5.14 (b) is equal to s°| .

Proof First we will introduce “coordinates” on the total space of y” |cpm. Then we will define U and
describe the necessary identifications. Finally we will show that s¢o (regarded as a section of )/4|U) is
equal to s°|y.

By Construction 5.22 a pair ([a],q) (where [a] = [ag,ay,...,am] € CP™ and ¢ is a homogeneous
polynomial of degree r in variables xg, X1, ..., X, ) determines a point in E(y" |cpm) (namely, the value
of the section determined by ¢ over the point [¢]). Every point in E(y”|cpm) can be described by such a
pair and two pairs, ([¢], ¢) and ([a], ¢’), determine the same point if and only if ¢(a) = ¢’(a). Similarly,
if g; is a homogeneous polynomial of degree d;, then a pair ([¢], (41,92, ..., qx)) determines a point in
E(y?cpm).

To simplify notation we use the abbreviations a = (aq, a1, . . . , an) € C"TIN\{0}, b= (b1, b3, ..., by) €CK
and ¢ = (¢, €1, ..., Cyqr) € CPTRFIN {0} Also, ¢; and r; will always denote some homogeneous
polynomials in variables xg, X1, ..., X5 such that g; has degree d; and r; is linear.

The map ([¢], (r1, 72, ..., 1)) = [a,r1(a), r2(a), ..., rr(a)] is a homeomorphism between E(ky|cpn)
and an open tubular neighbourhood of CP" in CP"+k (which is diffeomorphic to CP"+k\ CPk—1),
We define U to be the image of the disc bundle D(ky|cpn) under this map. Then this map identifies
D(ky|cpn) with U.

Points of the subspace E (i, (y4|cpn)) CU x E(y2|cpn) are of the form ([a, b], ([, (¢1.¢2. - - - . qx)))-
The map ([a, 5], ([a]. (41,92, - - - qx))) = ((@.b). (1. G2, - - - Gx)) € E(y?|cpntr) (Where §; is equal
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to g;, but is regarded as a polynomial in the variables xq, X1, ..., X;4%) is an isomorphism between the
bundles 7} (y¥4|cpn) and 94|y = (y¥|cpnti)lu.

By definition the section s° is the map [c] — ([c], (p?, pg, cees pg)).

The map £ is given by the formula ([a], (1,72, ...,7%)) ([a] (r1 , rg 2. dk)) After identifying
D(ky|cprn) with U the formula becomes [a, b] — ([ 1, (r1 , 2 r,f")) where r; is chosen such
that r; (a) bi. Therefore sgo([a, b]) = ([a, b], ([d], (r d rk"))) and this point is identified with
(@, b), F 72, .. 7)), We have

i (a.b) = r" (@) = b = pP(a.b),

so ([a, b], (r1 ' '512, .. _d")) = ([a, b]. (p1 pz, .. .,pg)). Therefore 570 = s0y. O

We conclude this section with a discussion of the bundle data f,,(d ) in the canonical normal invariant
of X,(d). Although the degree-d normal map ( f;1(d), fu(d)): Xn(d) — CP" is canonically constructed,
so far we have not been able to characterise its homotopy class amongst all such degree-d normal maps.
In particular, if there is a diffeomorphism /: X}, (d) — X, (d’), then up to homotopy it induces a unique
bundle map hiv X, (d) — VX, (d") covering h and in general we do not know whether f_,'1(c_1 "Yoh and j_,',(c_i )
are homotopic stable bundle maps. In this paper, we shall only need to address this question when n = 4
and X4(d) is nonspin. In this case, the problem is solved via the following:

Lemma 5.24 Let X be a closed, connected nonspin 8-manifold which is homotopy equivalent to
a CW-complex with only even-dimensional cells, & a stable vector bundle over X and g: £ — & an
orientation-preserving stable bundle automorphism. Then g is fibre homotopic to the identity.

Proof By standard K-theoretic arguments (given for automorphisms of stable spherical fibrations in
[Browder 1972, Lemma 1.4.6]), it is sufficient to prove that [X, SO] = 0. By [Hatcher 2002, Proposi-
tion 4C.1], we may assume that there is a homotopy equivalence X ~ KUy D8 where K is a 6-dimensional
CW-complex with only even-dimensional cells and f: S7 — K attaches a single 8-cell. Consider the
Puppe sequence of the cofibration K — K Uy D? — §3:

[ZK,SO]— 75(SO) — [K Uy D®,SO] — [K, SO].

Obstruction theory [Hatcher 2002, Corollary 4.73] gives that [ K, SO] = 0, since 775; (SO) =0 for 0 <2i <6.
So to prove that [X, SO] = [K U, D8, S0] s trivial, it is enough to show that the map [Z K, SO] — 75(SO)
is surjective.

The map [ K, SO] — 75(SO) sends a homotopy class [g] € [Z K, SO] to [go = f], where =1 : S8 - =K
is the suspension of f* [Whitehead 1978, 6.18 Chapter III]. Since K Uy D? has no odd-dimensional cells,
H'(X;Z/2) =0, and so X is orientable. Since X is nonspin, v,(X) = w,(X) # 0 by [Milnor and
Stasheff 1974, Theorem 11.15], and so Sq?: H®(X;Z/2) — H8(X:;Z/2) is nonzero. Let K®* c K
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denote the 4-skeleton of K, and let ¢: K — K/K® be the collapse map; then K/K® = \/ﬁ’:1 SO is
a wedge of 6-spheres. Since H%(S7) =~ H>(S7) =~ H?® (\/?=1 S6) ~H’ (\/?=1 S6) =~ (0, we deduce
that the functional Steenrod square of Sq? applied to co f: S7 — \/f’=1 S® is unambiguously defined
and nonzero on H8(K/K™®;7Z/2); cf [Mosher and Tangora 1968, Chapter 16]. Since Sq? is a stable
operation, the functional Steenrod square of Sq? applied to the suspension Xco Xf: S8 — \/f’=1 S7
is also nonzero on H’ (\/5’:1 S’z 2), showing that Xc o X f is essential (see [Mosher and Tangora
1968, Chapter 16, Proposition 1]). By Hilton’s theorem [1955, Theorem A] and the computation of
the 1-stem [Toda 1962, Chapter XIV], g (\/?=1 S7) = @Ll 7s(S7) = (Z/2)®, and it follows that
prjo(ZcoXf): S® — S7 is essential for some j € {1,...,b}, where prj: \/5’:1 S7 — S7 splits off
the j sphere in the wedge. Using [Adams 1966, Example 12.15], we see that precomposition with
n7: S® — S7 induces a surjection 77(SO) — 7g(SO), and so the composition

%

71(S0) 25 [ (K /K@), 0] 25 [£K, $0] ZL5 74(S0)

is onto. It follows that [X K, SO] — 7g(SO) is onto, completing the proof. |

Corollary 5.25 Let (fo. fo). (fi. f1): X4(d) = (CP*,£4(d)|cp+) be a pair of normal maps from a non-
spin complete intersection X4(d) such that f;'(x) = f*(x). Then ( fo. fo) and (f1. f1) are homotopic.

Proof It follows from the assumption f(x) = f{*(x) that fo and f; are homotopic as maps into
CP>® ~ K(Z,?2). By cellular approximation they are also homotopic as maps into CP*, so we may
assume that fo = f1. Then the bundle maps fo, fl :Vx,(d) —> &4(d)|c ps differ by precomposition with
a bundle automorphism g: vy, 4) — Vx,(4)- By Lemma 5.24, g is homotopic to the identity and so fo
and f_l are homotopic. a

5.5 The Sullivan conjecture in the case of odd total degree

Let X, (d) be a complete intersection. By Theorem 5.19 there is a degree-d normal map ( fy(d), fu(d)):
Xn(d) — CP" such that

n(fu(d). fu(d)) = nn(d) € [CP", (QS?Y/SO)4].

Our goal is to show that if d is odd and SD4(d) = SD4(d’), then n4(d) = n4(d’). Then Theorem 5.20
allows us to deduce the Sullivan conjecture when n = 4 and d is odd. To compare the normal invariants
n4(d) and n4(d’), we will apply results of Feshbach on the Segal conjecture, using the fact that 1,,(d) is
the restriction of oo (d): CP*® — (QS%/S0),.

Due to a combination of Theorem 1.4 of Fang and Klaus and Proposition 5.12 of Brumfiel and Madsen,
localising at the prime 2 will prove to be an effective strategy when the total degree d is odd. For a simple
space Z and a prime p we shall write Z(,) (and even (Z),) where necessary) for the p-localisation
of Z. Similarly, we write A4(,) for the p-localisation of an abelian group A. If ¢ € [Y, Z] is a homotopy
class of maps from some other space Y to Z, we write ¢(,) € [Y, Z(,)] for the homotopy class of the
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composition ¥ 4> Z — Z(p)» where Z — Z,) is the natural map. Similarly, for Z[1/ p], the space
obtained from Z by inverting p, we write ¢[;/ ] € [Y, Z[1/ p]] for the homotopy class of the composition
Y %5 Z — Z[1/p], where Z — Z[1/p] is the natural map.

Lemma 5.26 Letn and d be positive integers. Suppose that ¢, ¥ € [CP", (QS%/S0),] are homotopy
classes such that ¢y = V() and ¢[1/p] = Y1/ p] for some prime p. Then ¢ = .

Proof We partition the set of all primes into the sets / := {p} and /" := {q | ¢ # p}. By [Sullivan 1970,
(4), page 41], for any simple space Z the natural maps Z — Z[1/p] and Z — Z,) fit into a fibre square

Z — Z[1/p]

|

Zip) — Zao

where Zg denotes the rationalisation of Z. Hence there is a homotopy fibration sequence Z —
Zpyx Z[1/p]l— Zg, and for Z = (QS%S0), we have a homotopy fibration sequence

(QSY/S0)g 2> ((QSY/S0)4) () x ((QSY/SO))[1/p] = ((QSY/SO)y)0.-

The Puppe sequence for homotopy classes of maps from CP” into this fibration contains the exact
sequence

[CP". 2((QS%/S0)4)0] = [CP". (QS%/S0) 4] -5 [CP". (QSY/SO) ) (IX[CP". ((QS%/SO)0)1/ ]l

where £y (¢) = (¢(p). ¢[1/p)) and [CP", Q((QSO/SO)d)Q] acts transitively on the fibres of £,.. We will
show that [CP", Q((QSY/ SO)4)@] = 0, which implies that £, is injective and proves the lemma.

Since QS?Z is connected with finite homotopy groups (see Section 5.2), its rationalisation is contractible. So,
by the rationalisation of the fibration sequence (5), ((QS%/SO) 4)Q =~ (BSO)q. Itis well known that there
is an equivalence (BSO)q =~ [[i2; K(Q, 4i) (see eg [Sullivan 1970, (12), pages 42-43]), and so we have
a chain of isomorphisms [CP", 2((QS%/S0)4)q] = [ECP", ((QSY/S0)4)p] = [ECP", (BSO)q] =
@2, H¥(ZCP™;Q) 0. o

Lemma 5.27 Let X4(d) and X4(d’) be nonspin complete intersections such that SD4(d) = SD4(d’). If
na(d) ) = na(d) 2y € [CP*. ((QSY/SO)a) 2], then na(d) = na(d").

Proof By Theorem 1.4, there is a homotopy 8-sphere ¥ and a diffeomorphism /1: X4(d) ~ X4(d') § Z.
We may assume that /2 preserves the cohomology class x (see the proof of Proposition 2.10) and hence the
maps f4(d) and f4(d’) o h are homotopic (as in the proof of Corollary 5.25). Let VX, (d) —> VX (d)HE
be the stable bundle map covering /4, which is uniquely determined up to homotopy by the derivative
of /. By Theorem 5.19, there are bundle maps f4(d) and f4(d’) such that n4(d) = n([f4(d), f4(d)])
and 14(d") = n([fa(d’), f4(d")]). As in Section 5.2, let f5: ¥ — CP* be the constant map. Then the
choice of an arbitrary framing of ¥ determines a bundle map f):; over fy and we get a normal map
(f4(d) 1 fx. f4(d) 1 fx): X4(d')§ = — CP* As explained in Section 2.3, since SD4(d) = SD4(d’),
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there is a stable bundle isomorphism o : £4(d’)|cps — E4(d)|cps. We have the following diagram of
stable bundle maps, which commutes by Corollary 5.25:

fa(d)
Vx,d) ——— &a(d)|cps

,;l E
fa@)4f
VX s ————— Ea(d')| e pa
It follows that the degree-d normal maps
(fa(d), fa(d)): Xa(d) > CP* and (fa(d) 1 fz, fa(d) 1 fz): Xa(d) = — CP*

represent the same element in Nd+ (CP*), so n([f4(d), fa()]) =n(f+(d) 1t fx. f4(d) 1 f]). Therefore
by Lemma 5.13 we have

na(d) = na(d") §[v]

for some [/] € (i¢)« (78 (QSY)). By the naturality of f (see (7)) we have 14(d)1/21 = n4(d )1 /218 [¥11/21)-
Since JTg(QSg:) >~ g and g = Z/2 & Z/2 by [Toda 1962, Theorem 7.1], [¢] € 73((QS%/S0),)
is 2-torsion. This implies that [y;/2]] = 0, and hence 14(d)[1/2] = n4(d’)[1/2). We assumed that
n4(d)(2) = na(d’)(2) and so by Lemma 5.26, n4(d) = n4(d"). O

From now on we assume that d is odd. Then (Z[1/d])z) >~ Z,) for any simple space Z, so from
the Brumfiel-Madsen equivalence (G/O0)[1/d] ~ (QS%/SO)4[1/d] of Proposition 5.12, we deduce the
existence of a homotopy equivalence

x: ((QS%/S0) ) (2) ~ (G/0)2)

such that §2) o x = (84)(2), Where §(2) and (84)(2) are the 2-localisations the canonical maps § and §,4
from (6). Moreover, by Sullivan’s 2-primary splitting theorem for G/O [Madsen and Milgram 1979,
Theorem 5.18], there is a homotopy equivalence

®) ¢:(G/0)(2) — (BSO)(2) x coker J(3),

where the space coker J(3) is defined in [loc. cit., Definition 5.16] and the map ¢ is constructed in the
proof of [loc. cit., Theorem 5.18]. From the splitting of (G/O)(y) in (8) we obtain a projection map

7:(G/0)(2) — coker J().

The following result is contained in the proof of [Feshbach 1986, Theorem 6], where the arguments rely
on work of Feshbach [1987] and Ravenel [1984] on the Segal conjecture.

Theorem 5.28 (cf [Feshbach 1986, Proof of Theorem 6]) For any prime p, [CP°°, coker J( )] = 0.

Proof The proof of [Feshbach 1986, Theorem 6] states that the stable cohomotopy group 72 (CP) is
trivial, where 72(CP%®) = [CP®, ng]. The natural map ng — ]_[p (ng)(p) from QS(O) to the product
of its p-localisations, taken over all primes p, is a weak equivalence, because ng is connected with
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finite homotopy groups 7; (ng = 7} (hence m; (ng) >~ ]_[p T (ng)( p))- Now by Sullivan’s splitting
of QS(I) ~ ng [Madsen and Milgram 1979, Theorem 5.18], (ng)( p) = 1mJ () X coker J( ) for a certain
p-local space imJ (). Therefore

02 [CP>,QSJ] = [ [([CP™.imJ(,)] x [CP*, coker J(,)])
p

and the theorem follows. |
As a consequence of Theorem 5.28 we have:
Corollary 5.29 Ifd is odd, then (X« (1n(d)(2))) = 0 € [CP", coker J(y)] for all n.

Proof Leti: CP" — CP be the inclusion and consider the following commutative diagram:

[CP>, (QS%/S0)q] —— [CP™, ((QSY/S0) ) 2)] = [CP™, (G/ 0)(2)] —— [C P>, coker J ()]
T T
[CP", (QS/S0)4] —— [CP", ((QS%/S0)a) 2)] ——— [CP", (G/ 0) ()] ——— [CP", coker J ]
Now 71, (d) =i*(neo(d)) by Definition 5.11 and [C P, coker J(2)] = 0 by Theorem 5.28, so the corollary

follows from the commutativity of the diagram. |

Theorem 5.30 Let X4(d) and X4(d’) be complete intersections with SD4(d) = SD4(d’) and odd total
degree. Then n4(d) = n4(d’) € [CP*, (QS%/SO)4].

The Sullivan conjecture for n = 4 and odd total degree follows directly from Theorems 5.20 and 5.30.

Theorem 5.31 Let X4(d) and X4(d’) be complete intersections with SD4(d) = SD4(d’) and odd total
degree. Then X4(d) is diffeomorphic to X4(d'). |

Proof of Theorem 5.30 By Lemma 5.27, it is enough to prove that 1n4(d) ) = 14(d’)(2). Since the
map x: ((QSY/ SO)4)2) — (G/O)(2) is a homotopy equivalence, it suffices to show that y«(14(d)(2)) =
xx(a(d)2)) € [CP4, (G/0)(2)]- To simplify the notation we set

(d) := xx(na(d)2)) and A(d") := x+(4(d")(2)).

Let iu: (G/O) 2y — BSO(z) and a3y : (BSO)(2) — (G/O)(2) be the projection and inclusion defined by
the Sullivan splitting of (G/ O) () in (8) respectively, so that ¢ = ux 7 : (G/O)2) — (BSO) 2y xcoker J(2),
and consider the bijection

fix X 052 [CP*,(G/0) (2)] = [CP*, (BSO) )] x [CP*, coker J(y)].
Corollary 5.29 states that 7w« (7(d)) = m«(7(d")) = 0, hence
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(a) it remains to show that u«(7(d)) = u«(7(d")), and

(b) we have
N(d) = (@) o )« (A(d)) and 7(d") = (e() o w«(1(d).
It follows from Lemma 5.32 that §(2)«(7(d)) = 8(2)«(7(d")); hence

(82) 0 t2) 0 W)+ (1(d)) = (82) 0 2y © )+ (7(d")).

By Lemma 5.33 (§(2)00t(2)) «: [CP*, (BSO)(2)]— [CP*, (BSO)(2)]is injective, so px (7(d)) = p«(7(d")),
which completes the proof. |

Lemma 5.32 Suppose that n # 1 mod 4. If X,,(d) and X, (d’) are complete intersections such that
SDy(d) = SDy(d"), then (3(2) © X)« (M (d) (2)) = (8(2) © )« (M (d") 2))-

Proof By the assumption SD,(d) = SD,(d’), the complete intersections X3 (d) and X (d’), and hence
their normal bundles vy, z) and vy, (4), have the same Pontryagin classes (regarded as integers). This
implies that p;j(§,(d)) = pj(£.(d’)) for 2j < n (see Section 2.2). By [Sanderson 1964, Theorem 3.9], if
n# 1 mod 4, then [CP", BSO] = Z!"/2] detected by the total Pontryagin class. Therefore &, (d)|cpn =
En(d")|cpn, and hence (n+1)y @ &n(d)|cpr = (n+1)y ® &n(d")|cpn.

Since 8,4 classifies taking the formal difference of the source and target vector bundles of a fibrewise
degree-d map (see Section 5.2), (87)«(1n(d)) € [CP", BSO] is the classifying map of —ky & ' &
@y U |cpn = (n+1)y @ £n(d)|cpn. Therefore we have (84)x(12(d)) = (84)+(1n(d)).

By localising at 2 we get that (64) 2)x (1:(d)(2)) = (64) (2)x (M1 (d") (2)). We saw that x satisfies §(2)0 x =
(84)(2) (see Proposition 5.12), so this means that (8¢2) © )« (1 (d)2)) = (6(2) © X)+ (M (d’) (2))- |

Lemma 5.33 Suppose n # 1 mod 4. Then the map (8(2) 0 ct(2))«: [CP", (BSO)(2)] — [CP", (BSO)(2)]
is injective.

Proof The proof of [Madsen and Milgram 1979, Theorem 5.18] shows that there is a commutative
diagram
(G/0)2)

a)
/ J5<2>
2

¥3-1d
(BSO)(z) —_— (BSO)(Z)

where /3 is the map induced by the third-power Adams operation; see [loc. cit., 5.13 and Theorem 5.18].

The map > —Id is a rational homotopy equivalence (to see this, we note that the homotopy fibre of y> —Id

is connected and has finite homotopy groups by the second Sullivan splitting in [loc. cit., Theorem 5.18]);

hence () o @(2) is a rational homotopy equivalence.
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Now let jg: (BSO)(2) — ((BSO)(2))@ = BSOq be the natural map to the rationalisation of BSO. There
is a commutative square

[CP", (BSO) ()] 2 [CP", BSOg)]
1(5(2>°a<2))* l(&@oa@)*

[CP", (BSO) )] 25 [CP", BSOg]

where 8¢ and o are the rationalisations of §(5) and o,y respectively. In particular, g oo is a homotopy
equivalence; hence (dg o a@)« is a bijection.

Since there are isomorphisms [CP", BSOq] = [CP", (BSO) )] ® Q = (Z(z))L”/zJ QQ = Q21 it
follows that jg« is injective. Therefore (8g o)« © jo+ = Jj@« © (8(2) 0 (2))« is injective, which implies
that (8(2) o (2))« is injective. |

Remark 5.34 The arguments of this section can be generalised to prove the Sullivan conjecture “prime
to the total degree”. We plan to take this up in future work.

Appendix. Extensions and Toda brackets

Appendix Extensions and Toda brackets

Recall that S° denotes the sphere spectrum and that the i stable stem, 7;(S°), is denoted by n}. The
k-fold suspension of S° is denoted by S¥, and if f: SK — S is a map, then C s denotes the cofibre of f.
The aim of this appendix is to prove Lemma A.1, which concerns the role of Toda brackets in computing
extensions for homotopy groups of Cy. Lemma A.1 is presumably well known, but we did not find a
proof for it in the literature so far.
The stable homotopy groups of Cy lie in the following fragment of the long exact Puppe sequence:

f .

s s I« . Cx s “ee
STy T —>7rJ(Cf)—>7rj_k_1 — e

Here fx,ix and c4 are respectively the homomorphisms induced by composition with f, the inclusion
i:S%c Cy, and the collapse map c¢: Cr — Sk+1. We shall be interested in describing the extension

©) 0 — im(ix) — 7;(Cr) — im(cx) — 0.

To do this we take an element g € JT;_ x—1 Of order a for some positive integer a, which lifts to g € 7; (Cr).
Then ag € im(ix) = coker( fx). The element ag € 71; will of course depend on the choice of g in general.

To describe ag we consider the sequence of maps
si—1 L, gi—k=1 8,0 a, g0
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Since g o f and a o g are both null-homotopic, the Toda bracket

(a.g.f) S}
is defined. Representatives for the elements of (a, g, /) are defined as unions
(ao H)) U(C(f)oHy): C(STHucC(s/™!) —s°,

where H; is a null-homotopy of g o f, H, is a null-homotopy of a o g and C(—) denotes the cone of a
spectrum or a map. The indeterminacy of (@, g, /) arises from the choice of null-homotopies H; and H,
and is given by

I(a.g. /) = fu(i_p) +anf S .

We now relate the restriction of the extension (9) to the cyclic subgroup {(g) C 71;_ % generated by g to
the Toda bracket (a, g, f).

Lemma A.1 Suppose that g € ”;—k—l has order a and that g: ST — Cy is amap such thatco g = g.
Then

ag €ix({a. g, [)) Cm;j(Cy).

In particular, the extension

0 — im(ix) = () ™' ({g)) = (g) =0

is trivial if and only if0 € {a, g, ).

Proof Given H;:C(S/~!)— S° anull-homotopy of go f:S/~! — S° we define a choice of g € i (Cr)
by
§=H UC(g):C(ST™HuCE’ ™, - ¢y,

where the subscripts label two copies of C(S/~1). There is an a-fold fold map ac,: (Cy, S%) —
(Cr, S9), which extends a: S® — S°, and we have ag = ac, © g. On the first copy of C(S/~1) we have
(ac,08)|¢(si—1), = ao Hy. On the second copy of C(S/71), the map (acy08)|¢c(si—1y, defines the zero
element of nj(Cf, S9) ~ 71;_1. It follows that (ac, © §)[¢(si-1), is homotopic rel S to Hy o C(f),
where H,: C(S/7%=1) - S° is a null-homotopy of ag. It follows that ag = acy o g is homotopic to
io ((a oHy)U(Hyo0 C(f))) and so ag € ix({a, g, f)) as required.

Finally, the extension 0 — im(ix) — (cx)~!({g)) — (g) — 0 is trivial if and only if there is g € ; (Cr)
such that ag = 0. Given such a g, we have 0 € i« ({(a, g, f)) by the previous paragraph and so (a, g, /)
contains an element of ker(iyx) = f*(nj_k). Hence (a, g, f)NI({a,g, f)) #0andso 0 € (a, g, f).
Conversely, 0 € (a, g, ) ifand only if {(a, g, f) = f« (n;_k)+a7r; andthenag €i«({a, g, )= ai*(nj).
Hence we can modify our choice of g to achieve ag = 0. O
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An embedding of skein algebras of surfaces
into localized quantum tori from Dehn-Thurston coordinates

RENAUD DETCHERRY
RAMANUJAN SANTHAROUBANE

We construct embeddings of Kauffman bracket skein algebras of surfaces (either closed or with boundary)
into localized quantum tori using the action of the skein algebra on the skein module of the handlebody.
We use those embeddings to study representations of Kauffman skein algebras at roots of unity and get a
new proof of Bonahon and Wong’s unicity conjecture. Our method allows one to explicitly reconstruct
the unique representation with fixed classical shadow, as long as the classical shadow is irreducible with
image not conjugate to the quaternion group.

57K31

1 Introduction

For ¥ a compact connected oriented surface and G an algebraic group, its character variety is
XZ,6)={p:m((X)—>G}/G,

where G acts by conjugation. One of the simplest and most intriguing character varieties is obtained
when G = SL,(C), as it is then well-understood algebraically while being connected to hyperbolic
geometry, knot theory and 3-dimensional topology, with many beautiful applications. Concretely speaking,
X(X,SL,(C)) is just an algebraic variety of dimension 6g — 6 + 3n when X is a surface with negative
Euler characteristic of genus g with n boundary components, and the ring of regular functions on the
character variety C[X (X, SL,(C))] is just a commutative algebra.

Skein algebras and skein modules, introduced independently by Przytycki [1991] and by Turaev [1988],
give a quantization of character varieties. The skein module S(M) of a compact oriented 3-manifold M
is a Z[A*!]-module which is the quotient of the free module spanned by isotopy classes of framed links
in the interior of M, modulo the famous Kauffman relations

// ’ ) R // \ 7 A ,'//\_)\\
(\/‘;=A(> <‘;+A—1; I and LUU = (-A*—-A7?)L,

where the first relates three framed links in M that are identical except in a small ball, and in the second
U is the unframed unknot. When M = X x [0, 1], with ¥ a compact oriented surface, the skein module
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314 Renaud Detcherry and Ramanujan Santharoubane

has a natural structure of an algebra given by the stacking operation. We will write S(X) for the skein
algebra of a surface (ie the skein module of X x [0, 1], with its natural algebra structure). We recall also
that when M is a compact oriented surface, the skein module S(M) is a module over the skein algebra
S(0M), again for the natural stacking operation.

A result of Bullock [1997] and Przytycki and Sikora [2000] asserts that, setting the parameter A to —1,
the skein algebra S(X) ® 4=—1 C is isomorphic to the commutative algebra C[X (X, SL,(C))], and a
further result of Turaev [1991] states that S(X) is actually a deformation quantization of that algebra in
the direction of the Atiyah—Bott—Goldman Poisson bracket.

The skein algebras of surfaces have deep ties with much of quantum topology, in particular with the Jones
polynomials, the Witten—Reshetikhin—Turaev invariants of 3-manifolds and their associated TQFTs. A
better understanding of skein algebras (or their 3-dimensional counterparts skein modules) seems to be
key for working on many of the open conjectures in quantum topology [Lé& and Zhang 2017; Marché and
Santharoubane 2021; Bonahon et al. 2021]. Contrary to functions on the SL;(C)-character variety, skein
algebras are a difficult object to tackle, in part due to being noncommutative algebras. For instance, except
for a few small surfaces, there is at the moment no known presentations of S(X) besides the definition.

However, pioneering work of Bonahon and Wong [2011; 2016; 2017; 2019] led to a breakthrough in our
understanding of skein algebras. They constructed an embedding, the quantum trace map, from the skein
algebras of a surface ¥ with n > 1 punctures to a quantum torus. A quantum torus is a noncommutative
algebra of the form Z[AT'(X; |i € I)/{X; X; = A% X; X;}; in a way, quantum tori are the simplest
possible noncommutative algebras. Bonahon and Wong used the Chekhov—Fock quantization of the
Teichmiiller space as their target space to define their quantum trace map, then they managed to quantize
the map from character variety to shear coordinates. Some difficult computations are required to check
that their formulas indeed yield an algebra morphism. Their method of defining a quantum trace map has
since been simplified by L& [2019], and recently extended by L& and Yu to SL,, character variety.

Our first result is to propose an alternative way of defining an embedding of the skein algebra into a
quantum torus, or rather in our case a localized quantum torus. Let P be a pants decomposition of X
consisting of n curves nonparallel to the boundary and b curves parallel to the boundary. We write )
for the closed surface obtained from X by filling the boundary components by disks. We consider the
quantum torus 7 (P) over Z[Ail] with 2n + b variables Eq,..., Ey, O1,...,0,,Cq,...,Cp, where
all variables commute except Q; and E; (for alli € {1,...,n}) that satisfy Q; E; = AE; Q;. Viewed as
a ring, the quantum torus 7 (P) is an integral domain, so we can define A(P) to be a Z[A*1]-algebra
containing 7(P) where A¥Q? — 478 02 is invertible for all 1 <i <n and k € Z. The algebra A(P)
will be called a localized quantum torus.

Theorem 1.1 There is an injective Z[A*']-algebra homomorphism
0:5(2)— A(P)
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that factors through the natural action S(X) — End(S(H,Q(A))), where H is a handlebody with
boundary S, such that curves in P bound a disk in H. Moreover for any curve o € P there exists

0€{01,...,04,C1,...,Cp} such that
o) =—(A*Q%+A47207?).

We remark that when X has boundary, S(H, Q(A)) is the sum of relative skein modules of H where we
add a colored point in each filling disk of s

Note that in particular, we recover a theorem of L& [2022] about the faithfulness of the natural action of
S(X) on S(H). The precise definition of the embedding will be given in Definition 2.5; it is based on the
study of coefficients of curve operators on S(H, Q(A)) where H is a handlebody with boundary X, in
some basis given by trivalent colored graphs (see Lemma 2.1), which are the skein module version of the
basis of WRT-TQFTSs given by Blanchet, Habegger, Masbaum and Vogel [Blanchet et al. 1995].

Morally speaking our embedding could be thought as the quantization of Fenchel-Nielsen coordinates
associated to a pair of pants decomposition, while Bonahon and Wong’s quantum trace map is based on a
quantization of shear coordinates on the Teichmiiller space.

Compared with Bonahon and Wong’s result, our embedding has the drawback of landing in a localized
quantum torus instead of just a quantum torus, but in exchange we get several nice features. First,
our result applies to closed surfaces as well as surfaces with boundary, whereas Bonahon and Wong’s
embedding needs punctures to be defined, since they have to start with ideal triangulations of the surface 3.
Second, our embedding arises in a more natural way, by studying the action of S(X) on the skein module
S(H) of a handlebody with boundary ¥, in the graph basis of S(H) associated to the pair of pants
decomposition P. The proof that we get an embedding does not require checking difficult formulas, and
will be a simple byproduct of the fact that S(H) is a module over S(X).

Finally, a nice feature of this new embedding is that it is in a way almost surjective. Indeed we see
in Theorem 1.1 that the elements Q1,..., O,, C1,..., Cy satisfy a degree-4 polynomial equation with
coefficients in 0 (S(X)). A similar property holds for the elements Eq, ..., E,:

Proposition 1.2 There exists a finite-index subgroup A of Z" such that for all k = (k1,...,k,) € A,
k
Ey'--Ep =3 a(y))Gj,
jel
where {y; | j € I} is a finite set of multicurves on X and {G; | j € I} are rational fractions in
Ql""’QnaCI,-..,Cb.

Another important aspect of Bonahon and Wong’s work is the study of irreducible finite-dimensional
complex representations of Sg(X) = S(X) ®4—¢ C when £ is root of unity. More precisely, when
& is root of unity of order twice an odd number, Bonahon and Wong [2016] associate to any such
representation p of Sg(X) a canonical point r, € X(Z,SL»(C)) called the classical shadow of p. A
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natural and important question is whether points in X(X, SL,(C)) completely classify irreducible finite-
dimensional representations of Sg(X). Bonahon and Wong [2017] proved that if X has at least one
boundary component, any point in X (X, SL,(C)) satisfying a geometric condition is the classical shadow
of an irreducible representation of Sg(X). When ¥ has no boundary component they removed this
geometric condition to prove that p — r, is surjective in [Bonahon and Wong 2019]. The surjectivity for
any surface also follows from [Frohman et al. 2019], where it is derived from the theory of Azumaya
algebras. They asked which points in X(X, SL>(C)) have a single preimage by the map r,; the unicity
conjecture that they formulated was that for an open dense subset of X (X, SL,(C)). The classical shadow
determines the representation. We prove:

Theorem 1.3 Let ¥ be a closed compact oriented surface of genus g > 2, let £ be a 2p™ primitive
root of unity with p > 3 an odd number and p: Sg(X) — End(V') be an irreducible representation with
classical shadow r. Assume that r is an irreducible representation whose image is not isomorphic to the
quaternion group with 8 elements. Then there exists a unique irreducible representation of Sg(X) with
classical shadow r, up to isomorphism.

Remark 1.4 While we restrict to £ a 2p'™ root of unity with p odd, our methods should apply for
other roots of unity with minimal changes. The restriction to closed surfaces is more fundamental and
comes from our use of a certain pants decompositions of surfaces to simplify the computations (see
Section 3), Theorem 1.1 of [Santharoubane 2024] that gives generators of skein algebras Sg(X), and the
main theorem of [Detcherry et al. 2024].

Theorem 1.3 is a consequence of the following stronger statement:

Theorem 1.5 Suppose that ¥ has at most one boundary component. Let & be a 2p'" primitive root of
unity with p > 3 an odd number and p: Sg(X) — End(V') be an irreducible representation with classical
shadow r. Let ‘P be a pants decomposition of X in the same orbit, under the action of the mapping class
group of X, as the one shown in Figure 4. Suppose that for o1, a2, o3 € P bounding a pair of pants

3 3
(1) 24 ) Tr(r(e) = [ [ Tr(r(e)) #0,
k=1 k=1
and for all « € P

) Tr(r (o)) # £2.
Then there is a representation p: Ag (T")° — End(V) such that fo og = p.

In this theorem A(T")? is a Z[A*!]-subalgebra of A(P) containing o(S(X)). The definition of A(I")°
is given in Definition 3.1; it is isomorphic to a localized quantum torus (see Lemma 3.2). The notation
Ag (T")? stands for A(T")° ®4=¢ C and o¢ is the induced map Sg(X) — Ag (T")°. As representations of
AE(F)O are well understood, we have the following corollary:
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Corollary 1.6 Let p1 and p> be two irreducible complex finite-dimensional representations of Sg (%)
with the same classical shadow r satisfying the hypothesis of Theorem 1.5. Moreover if X has a boundary

component, we suppose that p; and p, have the same scalar value on any simple closed curve parallel to

the boundary. Then p; and p, are isomorphic with dimension p38~2

3g—-3

when ¥ has a boundary component

and p when ¥ has no boundary (here g is the genus of ).

Note that the dimensions of representations of Sg(X) in the Azumaya locus have been computed in
[Frohman et al. 2021], but our proof is independent.

The connection between conditions (1) and (2) in Theorem 1.5 and nonquaternionic representations is
established by the two authors and Thomas Le Fils in [Detcherry et al. 2024], where we prove:

Theorem 1.7 [Detcherry et al. 2024] Let X be a closed compact oriented surface. The set of conjugacy
classes of representations r : w1 (X) — SL,(C) satistying the hypothesis of Theorem 1.5 is equal to the set
of irreducible representations minus representations whose image is isomorphic to the quaternion group
with 8 elements.

The fact that we have to exclude the representations with quaternionic image is due to the specific type of
pair of pants decomposition we use in Theorem 1.5. Indeed a representation with quaternionic image has
trace £2 on any separating closed curve on .

Notice that the conditions satisfied by the classical shadow r in Theorem 1.5 defined a Zariski open dense
subset of X(X, SL(C)). Therefore Corollary 1.6 recovers a theorem of Frohman, Kania-Bartoszynska
and Lé [Frohman et al. 2019] that showed that there is a Zariski open dense subset of X (X, SL,(C))
on which classical shadows have a single preimage. Our proof thus gives an alternative proof of the
unicity conjecture of Bonahon and Wong. We note that the proof in [Frohman et al. 2019] used abstract
arguments about Azumaya algebras and facts about the center of skein algebras at roots of unity, and
produced a nonexplicit Zariski open subset of X (3, SL,(C)) where the unicity conjecture holds.

An alternative (and more constructive) approach to the unicity conjecture was initiated by Takenov [2015]
when ¥ is the one-holed torus and the 4-holed sphere. It involved explicitly extending the representations of
Sg(X) to a quantum torus in which it embeds. We take advantage of the embedding defined by Theorem 1.1
to extend Takenov’s strategy for compact oriented surfaces that are closed or have one boundary component.
We show that a representation of classical shadow r can be extended to a representation of a localized
quantum torus and use an argument of Bonahon and Liu about the uniqueness of representations of quantum
tori to deduce the unicity of the representation of Sg(X) with classical shadow r. This construction also
allows one to explicitly reconstruct the representation from the classical shadow, recovering the surjectivity
proved in [Bonahon and Wong 2019], on the open dense subset of X (X, SL»(C)) described above.

The theorem of [Frohman et al. 2019] has since been improved by Ganev, Jordan and Safronov [Ganev
et al. 2024]: building upon Frohman, Kania-Bartoszynska and L&’s result, they prove that the unicity
conjecture actually holds over the set of all irreducible representations.
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We end this introduction with the following question:

Question 1.8 Can one define an embedding similar to that of Theorem 1.1, but with values in a quantum
torus instead of a localized quantum torus?

A possible approach towards this question would be to use a basis for the skein module modeled on the
integral basis of SO(3)-TQFTs given by Gilmer and Masbaum [2007]. Note that it is however unlikely that
one could both get an integral version of the embedding of Theorem 1.1, while keeping the nice “almost
surjectivity” feature described in Proposition 1.2. This last property is key for lifting representations as in
Theorem 1.5.

The paper is organized in two largely independent parts. Section 2 is devoted to the definition of the
map o of Theorem 1.1, and the proof that it is an embedding. The short Section 3 introduces a special
kind of pair of pants decompositions that are used in the next section, and serves as a transition between
the two parts of the paper. Section 4 is devoted to the proof of Theorem 1.5 and Corollary 1.6, and could
in principle be read independently of Section 2, although some formulas are deeply inspired by it.

Acknowledgements Over the course of this work, Detcherry was partially supported by the project
“AlMaRe” (ANR-19-CE40-0001-01) and by the EIPHI graduate school (ANR-17-EURE-0002). The
authors thank Thang L&, Thomas Le Fils, Julien Marché and Maxime Wolff for helpful conversations.

2 Embeddings of skein algebras of surfaces into localized quantum tori

2.1 Localized quantum tori
Consider the Z[A*1]-module
Anp = ZIAFNET, . E M @gp4011 QAN Q1. On. C1. .., Cp).

For convenience, we write an element of A, j as

> EY'--Epr Ry
kezn

where Ry € Q(A)(Q1....,0n.C1....,Cp) for all k € Z", all but finitely many R}, are zero, and E¥
denotes EX' ... Efn,

For P e Q(A)(Q1,...,0n,C1,...,Cp) and k € Z", we define
P® = pAk104,..., 4% 0, C1,....Cp).
Now we set the following multiplication on Zn,b:
()2 ris)= 3 ials,
kezZn leZn k,lezZn

This multiplication makes ﬁn, » a noncommutative algebra over the ring Z[A%1].
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Let R be the subring of Q(A)(Q1, ..., On, C1, ..., Cp) consisting of all elements of the form U/ V where
U e Z[ATY] fcl, ., 0F Cf—Ll, e, CI;JEI] and V is a finite product (possibly empty) of elements of
the form A” Q% — A" Q7> form e Z and 1 < j <n.

Let A, 5 be the submodule of A, b generated by elements of the form £ kR where k € Z" and R € R.
It is clear from the multiplicative structure of Xn,b that A, p is a Z[A*1]-subalgebra of -Zn,b- The
noncommutative algebra A, 5 will be called the localized quantum torus.

2.2 An embedding of skein algebras through curve operators

We call a graph unitrivalent if all its vertices have degree 1 or 3. We call an edge of such a graph univalent
if at least one of its vertices has degree 1.

Let I' C S® be a planar banded unitrivalent graph; we denote by & its set of edges. Let U C & be the
set of univalent edges of £ and & = £\U. Let n be the total number of edges of I joining two trivalent
vertices and b be the number of univalent edges of I'. We number edges in £ from 1 to n and edges in U
from n + 1 to n + b. We will also write A(I") for the localized quantum torus .A,, 5.

Finally, let P be the set of triples (e, f,g) € £3 such that the corresponding edges are adjacent to the
same trivalent vertex.

Let H C S3 be a tubular neighborhood of T". We denote by S the boundary of H and suppose that the
genus of 3 is at least 1. The univalent vertices of I define banded points (that is, embedded intervals) on by
X1,...,Xp. Let X be the surface obtained from ) by removing small open disks around each x;. We
suppose that % has negative Euler characteristic.

A coloring of a banded point x will be a choice of an integer ¢ > 0. For ¢y, ..., ¢p a coloring of the banded
points x1, ..., xp, the relative skein module S(H, Q(A), ¢) will be the module generated by tangles with
¢; boundary points on the banded point x; and with the Jones—Wenzl idempotent f., inserted, modulo
the Kauffman relations. For the definition of Jones—Wenzl idempotents, which are specific elements of
the Temperley—Lieb algebra, we refer for instance to [Masbaum and Vogel 1994].

The relative skein module S(H, Q(A4)) will be the direct sum of all S(H, Q(A), c¢) over all possible
colorings ¢ of the banded points x1, ..., x;. We denote by S(X) the skein algebra of X over Z[AT!].
The algebra S(X) acts on S(H, Q(A)) by the stacking operation. For y a multicurve, we denote by 77
the action of y on S(H, Q(A)).

A map c: £ — N is called an admissible coloring if, for all (e, f, g) € P, we have triangular inequalities
c(e) <c(f)+c(g) and c(e) +c(f) + c(g) is even. We also introduce a lattice A C Z¢ by

A ={k eZ¢ |forall (e, f,g) € P, k(e) + k(f) +k(g) € 27Z}.

Given an admissible coloring ¢: &€ — N of I', we denote by ¢, € S(H,Q(A)) the vector obtained by
cabling each edge e of I' using the Jones—Wenzl idempotents f (), and at trivalent vertices joining
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the strands in the unique way that avoids crossing. (Note that the conditions c¢(e) < ¢(f) + ¢(g) and
c(e) +c(f) + c(g) even imply that this is possible.) It is well known that:

Lemma 2.1 The set {¢. | c: £ — N is admissible} is a basis of S(H, Q(A)).

Proof The handlebody H with banded points x1, ..., X is homeomorphic to the thickened surface
I" x [0, 1], with banded points corresponding to univalent vertices. Fix a coloring ¢ of the banded points.
For thickened surfaces, the skein module is generated by disjoint unions of arcs and nontrivial simple
closed curves with boundary ¢ points on the i™ banded point and the cAth Jones—Wenzl idempotent
inserted at that banded point. Such tangles are completely determined by their intersection number with
the cocore of each internal edge of I'. Let ¥, be the basis element which has c, intersections with the
cocore of the edge e. Now consider the vectors ¢, corresponding to admissible colorings of I" that
coincide with ¢; on the boundary. The recursive formula for the Jones—Wenzl idempotents shows that ¢,
is a linear combination of the vectors ¥4 with d, < ¢, for all e € £’. Moreover, ¢, has nonzero coefficient
along .. This implies that the ¢, are linearly independent, and moreover an easy induction shows that
any V. is a linear combination of the ¢.. Therefore the ¢, are also a basis of S(X, Q(A)). |

The action of curve operators T in the basis ¢, can be computed using the so-called fusion rules derived
in [Masbaum and Vogel 1994]. A complete set of fusion rules is described in Figure 1, where coefficients
are expressed in terms of 4 and quantum integers {n} = 42" — A=2",

Before studying the form of curve operators in the basis ¢., we need the following lemma and definition:

Lemma 2.2 Let A be the set of admissible colorings of I". Then for all vy, ...,v, € A we have

n
mA—i—vj;é@.
1

j =
We call any subset of N containing a subset of the form ﬂ;’=1 A+v;, where v; € A, alarge subset of N¢,

Proof For any w € Z¢ and r € N let B(w, r) be the ball around w for || - ||eo. Notice that for any k € N,

the set A contains B((2k. ..., 2k),2| 3k |)NA. Letting r > 1,if 2| 2k | > max(|villoo. - - -, [Vnlloo) + 7.
then ﬂ7=1 A +v; contains B((2k,...,2k),r) N A. As r can be chosen arbitrarily large, this shows
ﬂ;?:l A+ vj 75 . O

We will define a pants decomposition of X to be a collection of simple closed curves on X that cuts 3 into
a union of pairs of pants. This decomposition is dual to the graph I' if each curve of the decomposition
bounds a disk in H that intersects an edge of I' transversely in a single interval.

For y and § simple closed curves on X, we denote by i (y, §) the geometric intersection number of y and é.

We can now describe the structure of curve operators 77 associated to multicurves on X:
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— n+1_ {n} n—1
n {n+1}
AN
n n
— _A—(n+2)
n+1 n—1 n—
a
La— b+c)}
i E i E g /\
b+1 c—
a a
b c L @rero+rif{Lore-a)}
b1 c—1 b—1 c—1
n+1 n—1
n—+1 n_1
{n+2} =
n BEESY n
n—+1 n—1

Figure 1: Fusion rules for computing curve operators in the basis ¢.. Thick edges represent edges
of the trivalent graph I', which are colored by integers, while slim black arcs are colored by 1. We
let {n} = A?" — 472",

Proposition 2.3 Let y be a multicurve on X. There exists a large subset V), C N¢ and F,;’ € R (for
k: & — 7Z) such that for all ¢ € V,,,

TVpe= Y FJ(AWD . AW g0t gcttby, 4.
k:&—7Z
Moreover if P ={«1,...,a,} is a pants decomposition of ¥ dual to I" (with numbering corresponding
to that of &) then
6] F,g’ =0 when |k(j)| >i(y,a;) ork(j) #i(y,a;) mod?2 for somel < j <n,
(il) if k = (£i(y.c1),.... xi(y,ap)) then F} #0.

The proof of Proposition 2.3 involves fusion calculations to compute coefficients of curve operators and

will be done in Section 2.4.
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Lemma 2.4 Assume that for some multicurve y on ¥ there exist two large subsets V and V' of N¢
and coefficients Fy and Gy in R such that for any ¢ in V or V', T ¢, admits a decomposition as in
Proposition 2.3 with coefficients F}, or Gy, respectively. Then Fy, = Gy, forall k: & — 7.

Proof Indeed, the intersection V NV’ will be also be a large subset of N¢ and thus will contain, by
the proof of Lemma 2.2, subsets of the form B(v,r) N A where v € N¢ and r can be arbitrarily large.
Notice that A contains the lattice 2Z¢. Assume that r is strictly larger than d, the maximum of the
degrees of the rational fractions Fj — G (which we define as the maximum of the degrees of their
numerator and denominator). By Proposition 2.3 the rational fractions Fj and Gj coincide on the set of
all (AW, A°+D)y where ¢ € B(v, r) N 2Z¢, which is a product of sets that contains more than d
elements. By an easy induction on the number of variables n of Fj and Gy, we deduce that Fj, = G. O

Thanks to Lemma 2.4, we can make the following definition:

Definition 2.5 For y a multicurve,

o(y)= ¥ E*F/(Q1.....0s.C1.....Cp) € A(D),
k:&—>7Z

and we linearly extend this definition to a Z[A*!]-module morphism
0:5(2)— A).
Lemma 2.6 The mapo: S(X) — A(T) is a Z[A*1]-algebra morphism.

Proof Note that the map y € S(Z,Z[A%!]) > T € End(S(H, Q(A))) is a morphism of algebras. The
lemma will follow from the fact that o (y) encodes the action of 77 € End(S(H, Q(A))) in the basis ¢,
and that the multiplication in .A(I") corresponds to the composition of operators.

Indeed, let y and & be two multicurves, and assume that

TVge= Y FJAWD . 4wthyy
k:&—7Z
for any ¢ € V), and
Thge= Y FHAW . A0 4
k:&—7Z
forany c € V5. Let V = mkeA,|k,-|5i(y,a,-) Vs + k. Then V is a large subset of N¢" and for anyceV
and any k € A such that FIZ # 0, we have ¢ + k € V. Hence

T‘S'y(/)c
— Ts(k > FY(A“D, a0t )g )
(&>
— Z F[8 (AC(I)-Fk(l)’ o Ac(n)+k(n)’ Ac(n-ﬁ-l)’ o Ac(n—i—b))FkV(Ac(l)’ o AC(n+b))(pc+k+l-
kl:&—7

Therefore, comparing with the formula for the product in A(T") in Section 2.1, 6(8-y) = a(8)a (y).
The general case of y,§ € S(Z, Z[A*!]) follows by linearity. |
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2.3 Injectivity of o

Let y be a multicurve. From now on, for any k: £’ — Z, the element F,Z(Ql, s 00,C1,...,Cp ER
will be simply denoted by F IZ .

For « and B two curves on X, the positive fractional Dehn twist of « along B is the simple closed curve
obtained in the following way: isotope « and B so that they are in minimally intersecting position, then
in a neighborhood of 8 we change the curve « by

C

Ve [ ~

The negative fractional Dehn twist of o along B is obtained in a similar way.

Lemma 2.7 Let y be a multicurve, and let k: &' — 7Z. We assume that |k;| = ek; =i(y, ;) # 0 with
e = x1. Let y4 be the curve obtained from y by applying a positive fractional twist along ;. We have

Y+ _ _ p2e+lkji| n2e gV
LA

Proof We will treat only the case ¢ = +1, the case ¢ = —1 being completely similar. Let y_
be the curves obtained from y by applying a negative fractional twist along «;. We have «;y =
Akiy, 4+ A7%iy_ + lower order curves, where by lower order we mean less geometric intersection
with ;. Hence by identifying the terms in E* in o(ajy), we have — (A2 sz + A2 Q]._Z)Ek FIZ =
AR EXFYe 4 A7 EX )~ Using Q2 EX = 4?% E¥ 9% and simplify by E¥, we get
—(A2+2kj QJZ + A—Z—ij QJ—Z)FV — Ak_/ F]z’-i— 4 A—k_/ F]Z_
Similarly, if we expand y«a;, we get
—(A2Q}+ AT2Q7HF] =AM T + AN Fl-
We conclude by solving the system of two equations. a

Proposition 2.8 The map o: S(X) — A(I') is injective.

Proof We recall that the set of multicurves is a basis of S(X). In this proof we will use Dehn-Thurston
coordinates for multicurves; we use the convention of [Charles and Marché 2012, Section 2]. This same
convention will be used whenever these coordinates are needed.

Let C be a finite set of multicurves and x = ) Ayy € S(X) such that o(x) = 0.

yeC
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Let us consider an element k of the set of n-tuples of the form (i (y,ay),...,i(y, o)) where y € C
which is maximal for the lexicographical order. Notice that by Proposition 2.3, only the multicurves y
such that (i (y, 1), ...,i(y.an)) = k contribute to the coefficient in EX. Let C’ be the subset of C of
those maximal multicurves, and let us prove that A,, = 0 for all y € C’. Note that in the Dehn—Thurston
coordinates associated to the pair of pants decomposition (1, ..., &y), the multicurves in C’ differ only
by their twist coordinates. If we identify the terms in E Kin o(x), we get
> A FY =0.
yeC’
Let § be a multicurve satisfying
(i) i(8,0j) =kj;forall 1 <j <n,
(ii) if k; = O then the j th twist coordinate of § is trivial.

By Lemma 2.7, for each y € C there exists Ry, € Q(A)[Q;H] such that Fky = RyFkS. We claim that the
{R, | y € C'} are linearly independent. Indeed, if the ;™ intersection coordinate does not vanish, by
Lemma 2.7, shifting the j ™ twist coordinates up by 1 multiplies R, by — A2tk 0 Jz If the j ™ intersection
coordinate vanishes, shifting the j twist coordinate up by 1 multiplies R, by (—AZQ]? —AT207?)
instead. In all cases, Ry, is a Laurent polynomial in the variables Q;, whose monomial of highest degree
has degree in Q; equal to twice the j ™ twist coordinate of y.

Now, from the equality

> Ay RyF =0,

yeC’
we can conclude that A, = 0 for all y € C’. An easy induction then proves that A, = 0 forall y € C.
Therefore x = 0. |

We note that the embedding o is not surjective onto .A(I"). Indeed, as a consequence of Proposition 2.3(i),
the image of the morphism o is included in the Q(A4)(Q1,..., Oxn) [Clil, cee, Cbil]-subalgebra generated
by elements of the form E k where k € A. In the following proposition, we show that the image of o is a
kind of lattice in this subalgebra. The next proposition implies Proposition 1.2 in the introduction:

Proposition 2.9 Let F = Q(A)(Q1...., Qn)[Cit!.....CE"]. Then the Q(A)-subalgebra of A,
generated by F and Im(o) is
P FE-.

keA

Proof For k € A let |k| = (|k1],. .., |kn|). We will prove, by induction on |k| in the lexicographical
order, that E¥ is a linear combination over F of symbols o (y) of multicurves. The image of the empty
multicurve settles the case |k| = 0. Next we note that since k € A, there is a multicurve y on X such that
i(y,a;) = |ki| forany 1 <i <n. For ¢ € {0, 1}", let y, be the multicurve obtained from y by shifting
its ' twist coordinate by &; if y has nonzero intersection with «;. The curves y; all have |k| geometric
intersections with the curve {1, ...,a,}.
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For any u € {£1}", and any ¢ € {0, 1}", the coefficient Flfm is nonzero by Proposition 2.3(ii). Let us

assume for simplicity that y has nonzero intersection with the curves oy, ..., oz and is disjoint from the
Curves g 41, ..., 0. By Lemma 2.7, we have
Ye _ _ A2uitlkil n20kiNer Y
Fiw=T1 =4 Q™) Fyy
1<i<d

for any u and &. The matrix

M = ( l_[ (_A2ﬂi+|ki|Qi2Mi)8i
1<i<d

)ge{o,l}d Jue{E1}yd

is the tensor product of matrices

1 1
(_A2+k,-|Qi2 _A—2+|k,-|Ql_—2) ;
and therefore is invertible. Hence for any u, there is an F-linear combination of the multicurves y,
such that its image by o has coefficient 1 along E 1kl and zero coefficient along each other E Wikl
where 1/ # € {£1}9. As a result, we get an F-linear combination of multicurves x = > AgVe such
that o (x) = EXk] up to lower-order terms, and by the induction hypothesis we can add another linear
combination of multicurves to eliminate those lower-order terms. |

Remark 2.10 In some sense, the embedding is analogous to the Frohman—Gelca embedding [2000] of
the skein algebra of the closed torus into the quantum torus Z[A*1)(Q, E)/gr=ago. The image of
the Frohman—Gelca embedding is the symmetric part of the quantum torus, that is, elements invariant
under the action of the Z[A*!]-algebra automorphism 6: Q, E +— Q~!, E~1. Here, since o(ae) =
—A? Qg — A2 Qe_z, we have that the localized quantum torus is a kind of “finite extension” of the skein
algebra by Proposition 2.9.

2.4 Proof of Proposition 2.3

In this section, we will prove Proposition 2.3. Let ¥ be a compact oriented surface of genus g and with
b boundary components with negative Euler characteristic, P = {a1,...,®34_345} be a pair of pants
decomposition of ¥, and I' be a trivalent banded graph dual to P. We also view X as the boundary of a
handlebody H , and thus vectors ¢, associated to colorings of I' give a basis of S(H, Q(A4)) by Lemma 2.1.

Taking two parallel copies of each curve in P, we get a decomposition of 3 into pairs of pants and annuli.
We will call the two parallel copies «; and e, with no particular convention for the choice of ;. Note
that the pairs of pants in the decomposition have boundary either the curves «; and o, or the boundary
curves of X.

If y is a multicurve on X, then up to isotopy y can be put into Dehn—Thurston position. By this we
mean that the geometric intersection number i (), ;) of y with each curve in P is exactly the number
of intersection points of y with «; and also with e, and that in each pair of pants or annulus of the
decomposition, the curve y looks like one of the patterns described in Figure 2.
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Figure 2: A multicurve in Dehn—-Thurston position follows one of the above patterns in the pants
and annuli of the decomposition.

The computation of the coefficients of the operator TV in the basis ¢, can be done as follows. First we
can remove any component 8 in y that is parallel to a curve in P or a boundary curve, at the price of
multiplying ¢, by the scalar —A2¢e T2 A=2¢"2 = _ 4202 4=2 (2 where e is the edge encircled by B.

Second we apply the first fusion rule for each intersection point of y with a curve «; or «;. Each fusion
shifts the color of the corresponding edge by +1. After fusion, it only remains to simplify one of the
patterns described in Figure 3 to express the coefficients of 7Y ¢, on the basis {¢.}. Note that as the skein
module of the sphere with two colored points is 1-dimensional if the two colors agree and zero otherwise,
to obtain a nonzero vector we need that the sums of shifts at intersection points with ; and o coincide.
Furthermore, the skein module of a sphere with three points colored by ¢y, ¢ and c¢3 is 1-dimensional if
the colors satisfy the admissibility conditions ¢; < ¢; + ¢k and ¢1 + ¢ + ¢3 even, and zero-dimensional

n+4
Figure 3: Top: the different patterns of the intersection of a multicurve (in black) with an annulus

or pants piece of the decomposition. The trivalent graph I' is shown in red. Bottom: the remaining
patterns after fusion.
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otherwise. By the assumption that ¢ is in the set V), that is always the case after fusion. Therefore each
of the terms we obtain after fusion at the intersection points of y with o; and o] is just a scalar multiple
of a vector ¢.4x. The color shift k. at edge e is the common sum of the %1 shifts at either intersection
points in y Ne; or at intersection points in y Ne;. This shows that 77 ¢, has nonzero coefficient along
@c+k only when k € A and |ke| <i(y,ce) for each edge e.

Next we claim that the coefficients are in the ring R. Notice that the remaining patterns after fusion at
intersection points y N («e U &) shown in Figure 3 can be reduced to remove all black arcs using the
fusion rules in Figure 1. Furthermore, all of the fusion rules in Figure 1 involve only rational functions of
A and A, where c, are the colors of edges e € £. Moreover, the denominators appearing in the fusion
rules are all of the form {c, + k} = A2¢et2k _ g=2¢e=2k where k € 7. (We remark that the first fusion
rules will shift colors of I', but only by a fixed amount.) We also claim that if e is an external edge, we
will never need to use any rule involving a denominator {c, + k}, since the geometric intersection of y
and o, is zero. Those rules correspond to the rules that create or erase a black arc with an endpoint on
the edge e. Therefore the coefficients are in the ring R.

It remains to be seen that the extremal coefficients are nonzero. This is a consequence of [Detcherry
2016, Theorem 1.3; Charles and Marché 2012, Lemma 4.3]. The former studies the matrix coefficients
of the action of curve operators on SU,-TQFT spaces of surfaces. A subset of the basis ¢, of the
skein module of the handlebody, corresponding to colors ¢ satisfying the additional “r-admissibility
conditions”, gives a basis of the SU>-TQFT space of the surface (X, ¢;) with colored points. The curve
operators on S induce curve operators 7Y on the TQFT spaces at level r, and their matrix coefficients
F ]g/ SU2 (¢/r,1/r) are obtained from the coefficients of 77 in the EX by sending 4 to a 2r" root of unity
and applying some renormalization. Theorem 1.3 of [Detcherry 2016] then shows that F,g/ SU2 (x,0)
is the k™ Fourier coefficient of the trace function fy: p > [;c; (=Tr(p(y;)) defined on the subset
{e € &' | Tr(p(ae)) = 2 cos(mxe))} of the SU(2) moduli space of X. Lemma 4.3 of [Charles and Marché
2012] shows that the extremal Fourier coefficients are nonzero as long as x is taken in the interior of the
image of the momentum map p — (arccos(% Tr(p(oze))))e cer- This implies that the coefficients F, ,Z SU2
are nonzero when k, = +i(y, a,) for all e € £’, and the same is true for the coefficients F, ,Z .

3 Localized quantum torus associated to a sausage graph

In this section, as well as the remainder of the paper, we write U(x) = x — x~! when x is an invertible
element in a ring. Let ¥ be a surface with at most one boundary component with negative Euler
characteristic. Consider the pants decomposition of X as in Figure 4. Let I" be the graph dual to this

al dg
ao
by by
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Figure 4: When 0X = &, the two rightmost curves coincide.

When 0X = &, ag—1 = bg—1 and ¢, does not exist. Finally let B1,...,Bg,Y1,...,Yg—1 be the curves

shown in Figure 5.

For k: & — 7, we define E* to be [lees Ef(e) and A to be the set of maps k: &’ — Z such that if

e1,e3,e3 € E(I') meet at a vertex then k(e1) + k(ez) + k(e3) is even.

Definition 3.1 Let R be the set of Laurent polynomial with coefficients in Z[A%!] in the variables

Q(zzo, Qa1 le ’ Qa1 Q;ll, “eey Qag—l ng—l s Qag—l Ql:gl_l ) ch g e e ey ch. We deﬁne A(F)O tO be the
subalgebra of A(I") defined by the set of
> EFFy,

keA
where F, = V/W with V € R? and W a finite (possibly empty) product of A”Q2 — A" Q% forn € Z
and o € P.

We define also the nonlocalized version A(T")°:
T(I)° = { > EXFi | Fie RO} C AT
keA
Lemma 3.2 7(I')° is generated by the sets
X =103, a1 Qb+ Qar Cp) -+ Qa1 Obyys Qa1 Op) 1+ Qeyoevvs Qe )y
Y =1{Eao. EayEp,. Ea\ Ey'..... Eay \Ep,_, Ea, \Ep' E%.....E%_}
Z={0c,}

and the inverses of the elements of these sets.

Convention From now on we will use the same symbol for an edge of I" and the unique curve in P
encircling it.

Recall that o: S(X) — A(I") is an embedding. We see that for e € P,
o(e) = —(A2Q7 + 4720,7).

Figure 5: The B and y curves.
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e b d; Y d>

c
Figure 6: Three configurations for the curve y: the one-cycle (left), two-cycle (center) and
separating edge curve (right).
Let us give an explicit expression of o(y) for y € {B1.....B¢.¥1,...,Yg—1}. There are three local
configurations for y as shown in Figure 6.
Suppose that y is a one-cycle as in Figure 6, left. The fusion rules say that

3) o(y)=E.+E,'F,

where
F=UA*Q;07)U(Q; 07U 0) ' U0D) ™,

and we recall the notation U(x) = x —x L.

Suppose that y is a two-cycle as in Figure 6, center. A straightforward computation using fusion rules

gives that
@ o(y)=EpEp+ EyE.'Fr 1+ Ey ' EcF oy + EyECVFoy -y,
where
F _ _U(Qa’Qb Qc_l)U(Qa Op Q;l) F _ _U(Qa’Qc Q;l)U(Qa Oc Q;l)
T vA2Q)UQy T UA20U(02)
F_ = U(AzQa/Qc Qb)U(AzQa 0c0p)U(Qp0c Q;l)U(Qb Oc Q;l).

U(A20D)U(Q)U(A20)U(0F)

Finally suppose that y is a separating edge curve as in Figure 6, right. We have

(5) o(y) = EZG2+ Go+ E. G,
where
Go = (dids + dadas)c + (A% + A7) (d1d> + d3d4)’
U(QHU(A*Q2)
- _U(AZle 04,9)U(Q4,0c Q241)U(Qd4 Oc Q;ll)

U(A202)U(Q2)2U(A%2Q32)
U(A?Q4,04,0)U(Q4, 0c Q7 U(Q4;, 0 07)),
G2 =-U(Q4,04,0:)U(Q4, 04,071,
with dj = —Afolj —A—ZQ;j? for j € {1,2,3,4}.
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Proposition 3.3 If £ is a nonzero complex number such that £* # 1, then the image 0g: Sg(X) — Ag(I)
lies in Ag(T")°.

Proof Let o € P. Then og(a) = —(82Q2 + £720.2) for some edge e € E(I'), and therefore
og(a) € AE(I‘)O. Also og(y) € AE(I‘)O for any y € {B1,....Bg,¥1....,Yg—1} according to (3)—(5).
Since the set of Dehn twists associated to the curves in P U {B1,...,Bg,¥1....,Vg—1} generates the
mapping class group of X, the set PU{B1,...,Bg.V1....,Yg—1} generates Sg(X) by [Santharoubane
2024, Theorem 1.1]. O

We give an explicit version of Proposition 1.2:

Proposition 3.4 Let y € {B1.....Bg.V1,....Vg—1}. If y is a one-cycle as in Figure 6, left, then
©) Ee=—(te(y) + A7 yQ AT U0 ™" E;' = (Y07 +1.(y) AT U QD) FT1,
where F was defined in (3). If y is a two-cycle as in Figure 6, center, then

©) EpEc=(0(1)A20,2 02 +0 (ty(y)A™ Q2 +0 (te () A Q) > 40 (tpte () D',
®)  EpE;'Fi1=—(0(y)A%Q0,2 02 +0(tp(y) A’ Q2 +0(tc(y) A~ Q2+ (tptc(y) D",

) Ey'EcFo1=—(c(n)A%030 2 +0(ty(y) A O 2 +0 (te () A* Q3 +0 (1t (y)) D1,
(10) By E; Foy 1 =(0(n) A Q202 +0 (15 (1) A Q2 +0 (te(y) A* Q40 (tyte (1)) D1,

where D = A2U(A?Q?)U(A?Q7) and where F_y,1, F1,—1 and F_y | were defined in (4). Finally if y
is a separating edge curve as in Figure 6, right, then

_ A_281 Qc_2 — A282 _ _

(11) E3G2=—[VQ(;2+T— UA02) ]A 2z,
-2 _ 212 -2 81Q2_52 2 ~2\—1
(12) E; G—z—[VA 02+ 4720+ MR a0

where 81 = d1ds + dady, 82 = di1d> + d3dy and t is as in Figure 7.

Figure 7: The curve t.
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Proof Suppose that y is a one-cycle. Recall that o'(¢) = —(A4202+ A™2Q,2) and Q. E, = AE, Q..
Moreover, in the skein algebra of X, we have Aey — A~ 'ye = (42 — A=?)t.(y). Using (3) we obtain
o(te(y)) = —A3E, Q%2 — A"YE;1 Q2 F, and therefore

o(y)=Ec+E;'F and o(te(y) = —A’E.Q} - AT E; Q7 F.
Solving this system gives (6).

In the case where y is a two-cycle, the strategy is very similar. We apply p, 7, and 757, to the curve y to
get a system of four equations whose resolution gives (7)—(10).

Suppose now that y is a separating edge curve. In the skein algebra of ¥ we have
A2cy —A2yc = (A* — A1 + (A% — A7 2)(d1d3 + dady).

Applying this to (5), one gets
_ o(dids + drds) — Goo (¢ _ _
0(0)=Go= E2Ga+ E;2Goa, o(n)+ TR BB 26, 440252650,

Solving this system gives (11) and (12). O

We finish this section by analyzing irreducible representations of A(I")? at roots of unity. Let £ be a
2 p™ primitive root of unity with p odd, and let p: Ag (I")°? — End(V) be a complex irreducible finite-
dimensional representation. Let x € X U ), and notice that x? is a central element of Ag (I")°. Hence
p(x?) is a scalar times the identity of V' (because p is irreducible). Let us denote this scalar by Ay .
Note that Q, is also central, so p(Q¢,) = A, Idy for some A, € C.

Proposition 3.5 Let py and p> be two complex irreducible finite-dimensional representations of Ag (N)°.
If Aoy, = Ap, and Ax p, = Ay p, forall x € X UY then py and p, are isomorphic. Any irreducible

3g—2 3g—3

representation of Ag (I")° has dimension p when I' has a univalent vertex and p otherwise.

Proof It is enough to prove that the restrictions of p; and p; to Tg(F)O are isomorphic. Let W be the
complex algebra defined by the generators U*! and V*!, and by the relation UV = 2V U. From the
generators of Lemma 3.2 it is easy to see that TS(F)O is isomorphic to WW®38~3 when I" does not have a
univalent vertex (which is when 9% = @) and to W®3872 @ C[Z*1] (where Z is a formal independent
variable) when I' has one univalent vertex. The result follows directly from [Bonahon and Liu 2007,
Lemmas 17 and 18]. O

4 Representation of the skein algebra

In this section X is still a surface with at most one boundary component with negative Euler characteristic.
The goal of this section is to prove Theorem 1.5 and Corollary 1.6.
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Let p > 3 be an odd number; we warn the reader that from now on A will not be a formal variable but a
2 p™ primitive root of unity. We recall the Bonahon—-Wong theory. Let

0:S4(X) — End(V)

be a finite-dimensional irreducible representation. By the work of Bonahon and Wong, there exists
r:m1(X) — SL,(C) such that for any simple close curve y we have

(13) Tp(p(y)) = —Tr(r(y)) Idy.

Here Ty is the k™ Chebyshev polynomial of the first kind; the important thing to remember is that
Tr(u+ut) = uk +u* forall ueC— {0}.

Moreover r is called the classical shadow of p.

The proof of Theorem 1.5 requires several steps; it starts at Section 4.1 and ends at Section 4.7. The goal
is to define f on the generators of A4 (I")° (given in Lemma 3.2), prove the relations satisfied by these
generators are preserved by p, and show that p agrees with p on 04(24(X)).

The proof of Corollary 1.6 is done in Section 4.8. From now on, we fix a irreducible representation

p:S4(¥) — End(V') with classical shadow r satisfying the hypothesis of Theorem 1.5.

4.1 Action of the Q operators

For o € P, let us chose xo # 0 such that Tr(r(«)) = xép + x(;zl’. A known fact is that (1) implies that
o(a) is diagonalizable with eigenvalues

k —2  —2k—
_(ngz +2+xa2A 2k—=2y

fork =0,..., p—1. We define, for k € Z,

Vo = Ker(p(ar) + (x24%+2 4 x 24722y 1dy).
We also define p(Q,) € GL(V) by

0(0y)v = xa(—A)kv forall v eV, x

so that
(14) p(@) = —(425(Qa)® + A725(Qa) ).

As the matrices {p(«) | @ € P} pairwise commute, it is clear that {p(Qy) | @ € P} pairwise commute.
Hence the set {5(Qq) | @ € P} defines a morphism p: C[Q;':1 | e € £(T')] = End(V) —here we use
that P is canonically in bijection with £(T").

The following lemma will help us extend /5 further. Recall that U(W) = W — W~! for an invertible
element W.
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Lemma 4.1 Forall a € P, we have U(A*5(Q¢4)?) € GL(V) forany k € Z.

Proof Letting k € Z and « € P, the eigenvalues of U(AX5(Q4)?) are U(Ak+21x§) for [ € Z. Suppose
that one of these is zero, which is to say that U(A*5(Q4)?) ¢ GL(V). This would imply A¥*+2/x2 =
A~k=2 x,,2 for some [ € Z. Taking the p™ power of this equality gives xé” = 1, which implies
r(a) = xép + Xo 2P — 42 This would contradict 2). |

From this we see that p is defined for elements in A4 (I") of the form X /Y where X, Y e C| ;tl lee&()]
and Y is a finite product of elements in the set {U(AkQ,,) |y eP,kelZ}.

Lemma 4.2 Let eq,e3,e3 € E(I') meet at a vertex. Forall k € Z and €1, €3, €3 € {—1, 1} we have
PUAR 051 08 022) € GL(V).

Proof Let a;,02,03 € P be dual to e, e and es, respectively. Suppose there exists k € Z and

€1,€2,€3 € {—1, 1} such that S(U(AX Q¢! Q2 083)) is not invertible. This would mean that for some

I € Z we have U(£A' x5! x§2x53) = 0. This implies A x5} x§2x53 = A7 xg xgs > xgs . Taking the p™

power of this equality (and remembering that A? = A™7), one gets
€ € €3 __ _—DpE€] ..—pE> .—PE
xgl lx(]x722x£33 — xalp lxazp 2xa317 3.
Let A1 = xé’f‘, Ay = xé’;z, Az = xé’? and remember that A1AsA3 —Al_lkglkgl = 0. Now notice that

3 3
[T uaad 27252455 =24 Y (f + 2 - [ 4F + 20D,
82,63€{—1,1} k=1 k=1

with the left hand side being zero by assumption and the right hand side being

3 3
2+ Z Tr(r(a,%)) — 1_[ Tr(r (ag)).
k=1 k=1
This would contradict (1). O

4.2 Action of a one-cycle edge shift

Recall that the set of curves {B1,...,Bg. V1,...,Vg—1} Was defined in Figure 5, and let y be one of these
curves. Suppose that y is a one-cycle as in Figure 6, left. In light of (6), let us define

p(Ee) = —pllte(y) + A7y QAT U4 0971,
PEY) = pl(A%y Q% + 1e() AT U0 F ],
where F is defined in (3). Notice that p(F) is invertible by Lemma 4.2, and hence the second formula

makes sense.

Convention In the coming proofs, we sometimes drop the symbol p when the notation is too cluttered.
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Lemma 4.3 The following statements hold:

(@) p(Qe)p(Ee) = —Ap(Ee)p(Qe) and p(Qe)p(E; ") = —AT'B(E;")p(Qe).

(b) A(E)A(EST) = 1dy.

© p(y) =p(Ee) + p(E;HA(F).
Proof (a) Recall that V, ; = Ker(p(e)+ (xZAZk 24 x; 2 4=2k=2) 1dy,) for k € Z. Moreover, it follows
from ey = A7 2ye + A7 (A% — A7)t (y) and eto(y) = A%t.(y)e — A(A% — A~?)y that

p(e)p(Ee) = p(Ee)p(—A* Q2 — A4 0.2),

which implies that p(E¢)V, x € Ve x+1 and in particular p(Q¢)p(Ee) = —Ap(E.)p(Qe). The second
part of (a) can be proved with the exact same strategy.

(b) From (a), U(A2Q2) ™' 6(E; ") = p(E;H)U(Q2), s0

PE)B(ES") = —(te(y) + AT B3N (A%Y 0F + 1 () AT2U(Q) ' U(A? Q) F1
Note that —A2U(Q2)U(A2Q2)F = —A%(A%2Q% + A72Q_* + f). Thus it is enough to prove
(15) (te(y) + AT BQIAPY Q7 + te(y)) = —AX(A*QF + AT2Q* + ).
Still from (a),

(te(Y)+ AT Y0 APy 07 +1e(y) = A1e()y Q2 + 1 (1)* + A*y? + Ay (y) 0,2
Now we use fo(y)y = A~ 'e + At,%(e) to get

(te(y) + ATy QT(APY 07 + () = A%(QF + 07 )e +1e(y)” + Aty? — 4712 (e)e
=—A2(A2Q; + 4770 + /).
The last equality follows by ty_z(e)e =A%y2+ f—A2— A2+ A %1, (y)? and e = —(A2 Q2+ A72Q?).

(c) This follows from direct computation. O

4.3 Action of a two-cycle edge shift

Lety €e{B1....,Bg.V1,...,Vg—1} be atwo-cycle as in Figure 6, center. In light of (7)—(10), let us define
P(EpEc) = pl(yA™> 0,202 + (1A' Q7 + 1e(1)A™ Q)% + 1yt (y)) D],
PELE;Y) = pl—(yA? Q2 02 + 15 () A Q7 + 1 (1) AT Q)% + 1yt () DT F L],
P(Ey ' Ec) = pl=(yA? Q0% + 15(n) AT Q72 +1c()A* Qf + 11 () D™ F 4],
PE, EZY) = plyA° Q302 + 15 (1) A* QF + 1 () A> Qf + tytc () D™ FZ 4],
where D = A2U(A?Q2)U(A*Q3), and where Fy,—1, F_1,; and F_j | were defined in (4).
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Lemma 4.4 The following statements hold:
@) P(Op)A(EL EE2) = (—A) p(ES EE)p(Qp) forall €1, €3 € {—1, 1},
(b) A(Qe)P(Ey ES) = (—A)2(E5! EE)p(Qe) forall €1, e2 € {—1,1}.
© A(EpEc)p(E, " EZY) =1dy and p(Ep E;)p(Ey ' Ec) = 1dy.
@) PES ES)P(ES EE) = p(E EE)P(ES! ES) forall 1,6, €3, €4 € {=1, 1},
@ p(y) =p(EpEc) + p(EpEc)p(F1,—1) + p(Ey " Ec)p(F-1,1) + p(Ey ' EZ)p(F-1,-1).

Proof For this proof let us define, for €1, ¢, € {—1, 1},
Xejeo = ﬁ(Elil EZ)p(DFe, e»).
where we set F1,; = 1.

(a) This is very similar to the proof of Lemma 4.3(a). This time
by = A7 yb + ATH A = A7) p(y). bte(y) = A 1e()b + ATHA? = A7) (e (1)),
biy(y) = Aty (y)b — A(A> — A7%)y, bipte(y) = A2tpte(y)b — A(A> = A7 2)ic(y),

imply that 5(b)p(E}' E¢?) = p(E;! E?)p(—A>T2€1 Q2 — A272€10°2) for €, €5 = £ 1. The proof of (b)
is exactly the same as (a).

(c) Note that
PEpESB(E; 'EZ€) = X1,eX—1—(A*F1 ¢ F_1 —eDD)™,
with

A4ﬁ1,€F_1’_EDAD — A4(A2€ QZQ?G + A—2€ Q;ZQ;ZG + Cl)(A2€ QZQ?G + A—ZE Q;ZQ;ZG + a/).

Let us prove that
X1,eX_1,-¢=A*F1F_1_DD.

We fix € € {—1,1}. Let x = A_l)/Q[:2 +1t,(y)and y = A3yQ§ +t(y). Then

Xie=e(xAT207% +1:(x),  Xo1,-e = e(yA' 20 +1(y)),
XieXo1,—e = A*xy +1c(xy) + A2(A> 1 () y 02 + A7 xte(v) 07%).

Notice that the computations done in Lemma 4.3 (and more precisely, for (15)) can be repeated and give

(16) xy=—A*(A*Qp + A720,* +8p),
(17) te(xy) = —A*(A2Q} + A2 05 * +1c(8p)).
We compute

Aze_llC(X)nge+A_2€+1XZC(y)Q;2€ :A4Z+lb(2)+A22/,
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where z = A2¢7 1. (y)y Q%€ + A2 y1.(y) 0 %€ and

2= A%ty ()Y Qp Q7 + A7 Y1ty (1) Q5 2 0% + 15 (Ve (VA 20,202 + AT>T2 0707,
Hence
(18) X1 eXo1,-e = A*xy +1c(xy) + A2 (A%2 + 1, (2) + A%2).
We compute using skein relations:
(19)  z=—A%Y? = A2 (te())? —8c + (A2 + A72) + c(A¥2 Q2 + A7212€ 0 2),
(20) tp(z) = —A%(tp (1)) — A2 (tpte(¥))* — tp(c) + (A% + A72) + ¢ (A>3 Q2 + A72T2€ 0 %),
QD 2 =1(tp(y)ch + (a+a') (A Q702 + A3 0,2 0.%)
+ cb(A26—2 Q%Q?E + AZ—ZE Q[;Z Q;2€)-
The computation of . (y)t;(y)ch gives
A2+ A28y +8c) + (B2 + P — (A% + A7) +ad + (tp(y)) + (te(¥))?)
+ATZ(tp(8¢) + 1 (8p)) + A (tptc ().
Combining (16), (17) and (19)—(21) in (18) we get
X1,€X_1’_E — A4(A2€ QZZ)QgE + A—2€ Q;ZQ;ZG + a)(AZG Q%Q?E + A—2€ Q;ZQ;ZG + a/)‘
(d) By (c) it is enough to prove that
P(EpE)P(EpE; ") = p(EpE;)p(EpEe).
We have
B(EpEc)P(EpE;") = X1,1X1,-1(A*U(A2 Q) U(A2 QD U(A* Q) U(Q2) Fi,—1) ",
PELE;NA(EpEe) = X1,-1X1,1(A*U(A2 QP U(A* Q2)U(A* Q) U(Q2) Fr—1) .

Thus it is enough to prove X1,1X1,—1 = X1,—1X1,1. This reduces to
A*x? 4 1o (x2) + Axte(x) 0.2 + A31.(x)x 02 = A*x? + 1. (x?) + Axt.(x) Q2 + A7 1. (x)x 02

= Axte(x) 077 + A1 (x)x Q2 = Axt1c(x) Q7 + A 1.(x)x 0

= Axtc()(A*Q2— A0 = A7 1. (x)x (A2 Q2 — A720.?)

= Axte(x) = A . (X)x.

The last equivalence is obtained because U(A4%Q?2) is invertible. Let us expand Axz.(x) — A~ 1z (x)x
remembering that Qpx = Ax Qp and prove it is zero:

Axte(x) — A e (x)x
= A" Ayte(y) = A7 e (0)y105* + A7 [yte(y) — te(0)y + (A% = A7)t (1)t (1)) 052
+ip(Ayte(y) — A e (y)y).
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Expanding yt.(y) and . (y)y using skein relations, this expression reduces to
(A=A (A0  + A72bc Q2 +¢) = (A* — A7 H)[c(A*QF + A0, ) + bc] QA2
= (A% — A7 ?)[—ch + bc]Q,* A% =0. O

4.4 Action of the square of a separating edge shift

Let y be a separating edge curve as shown in Figure 6, right. Again inspired by (11) and (12), let
A_281 Q;z — A252
U(4%02)
§102 -6

PES?) = ﬁ[(yA2Q§ +A 20+ W)U(A@%)*G:%]

P(ED) = —ﬁ[(ch_z T )A—ZU(AZQEYIGZ‘I}

Lemma 4.5 The following statements hold:
@ A(Qe)P(EZ) = A*H(EZ)P(Qc) and p(Qe)H(ES?) = AT2H(EZ?)H(Qc)-
(b) A(E2H(E;2) =1dy.
© p(y) =p(EDP(G2) + p(Go) + H(E?)p(G-2).
Proof (a) Using skein relations we have
cy=A"yc 4+ ATHAY — AH T + A72(A% — A7) (d1d3 + dady),
et = A*te — A?2(A* — A% e — A2(A% — A72)(d1dn + d3ds).
Then a computation implies
cEciz _ Eciz(—AZi“ Qg _ A_(2i4)Qc_2),
which implies the desired equalities.

(b) Let Y> = p(E2)A2U(A%0%)'G) and Y_, = p(E;2)U(A?Q2)G_,. Using (a), p(E2)p(E;?) =
Y2V 2(A2U(A72Q2)GoU(A2Q2)G—2) ", where

G2 = ~U(4%Qq,0a, 07 HU (4?04, 04, 0.
Let us prove that Y,Y_» = A2U(A™2 Qg)(A}zU(A2 02)G_,. A brute force computation gives
A2U(A7202)GLU(A20%)G -,
= —A*(~T*+ 83T+ (8 — A)T? + (6162 — 483)T + (4A — 16— 83 — 83)U(Q2) 2,

where A =d} +d? +d? +d} + didadsds and T = Q2 + Q2. (Note that this equality is equivalent
to an equality of two Laurent polynomials in A and the variables Q., and hence can be checked using
Sage, for example.) Therefore it is enough to prove that

—YoV_p = A?(~T* +83T3 4+ (8 — A)T? + (6182 — 483)T + (4A — 16— 67 —82))U(Q>) 2.
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Let us prove this:

—Y2Y >

_ A728,0;2 — A%5, _ §102 -6,
— 2 _ c 212 2 c
_(VQC VR )(VA Qe AT 0z )

= A% + A2y1 Q2 + A*y$ 1002 — A*y6,072U(0H) ™!
+ A%ty Q2 + A2 + 18, Q2U(Q2) T — 18U (Q2) !
— A*1yU(Q2) ™ = 6110,2U(QH) ™ — A%57U(QH) ™2 + 42616, 02U 2

+ A%y 02 + 8,1 U(Q2) 7! + 42618, 02U(02) 72 — A252U(Q2) 2
= A%y +181+[A%8162(Q7+ 0 ) — A (T +8)NU(Q2) >+ A%+ A2 (y1O 2 +1y Q2)+ A 212,

The term y 7 can reduced using skein relations to A%c¢ + 83 + A=2¢, where §3 = dd4 + dad3z and ¢ is

Hence y10,2 +1yQ02 = (A720% + 420 ?%)c + 83(Q2 + 0, 2) — ¢c. The expansion of ¢ gives
pe=A—(A2+A72)2 4 A%2 + A28y + A 2810+ A2
We recall that A = d? +d3 +d? + d} + did2dsds. Now plugging this back into the expression for

—Y,Y_», we get, after simplifications,

_ A725,0;2— A%, _ 81026,
—Y,Y 5= 24— ¢ A20%2 4 A 2p 4 L= "2
2= (VQC T has02) )(V QoA et U(Q%))

= A2(6182(Q2 + 07 HU(QH) 2= (87 +8)U(Q2) 2 +83(Q2+ 0.2 —A-U(02)?)
= A%(6182(Q2+ 07— (81 +83)+83(Q2+ 0 HU(Q2)*—AU(Q2)*~U(QHHU(Q2) 2
= A2 (=T*+83T> +(8—A)T? 4+ (818, —483)T +(4A—16—82—83))U(Q2) "2,

where we recall that T = Q2 + Q2. The last equality is obtained from the identity U(Q?)? = T? — 4

(c) This is derived from a direct computation. O
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4.5 Commutation between the square of an edge and a one-cycle

Consider the following portion of the graph

e d
‘. |
\_/

d3

Recall that p(E?) = ﬁ[YzA_zU(Ang)_le_l] where G, = —U(QgQC_l)U(Qd2 OFA 0:1), and where
A28, 072 — A28,

-Y, = —2 _
TYOS T T (v
with 81 = eds + ed», 8> = eds + ed3 and 1 being the following curve:
€ T d>
C
d3

Recall also that p(E.) = —p[(te(B) + A~ Q) A~1U(A202)~1].
Lemma 4.6 PEe)B(EZ) = p(EZ)B(Ee).
Proof Let us first simplify the expression of 5(E£2). A computation shows that
PED) =—[(r—te(n) + E =D Q AU 0T U402 Gy ],

where 7 = 1 1(7) is the following curve:

e _ d2

d3

Let us define Y, = y —tc(y) + (T — )02, ¢ =y —t.(y) and ¥ = 7 — 7. Using A-commutation,
B(E)P(E2) = p(E2)B(E,) is equivalent to

(22) X1Y3(A%020;1 = A720,%0.) = V3 X1(0207" — 0,%00).

where X1 = t,(8) + A~ BQ,2. For two elements x and y we define [x, y]4 = Axy — A~ !yx. Proving
(22) is equivalent to proving that

(A[X1, Y3407 + A7 (Y5, X114 0.2 020! = 0.
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Now let us expand the expression & = A[X1, Y5]402 + A71[Y;, X114 0,202 using the fact that X;
commutes with Q. and Y, commutes with Q,:
A[X1, V31407 + A7 Y5, X114 0.7 02
= A([te(B). @4 + [1e(B). 1402 + ATV [B.0la 077 + A7 [B. Y14 020, 02
+ A7 (@, te(Ba + A 9. Bla02 + [V te(BAQ 2 + A Y. Bla0:2 0.2 0,202
= A([te(B), 914 Q% + [te(B), V14 02 Q2 + A7 (B, ¢la + A7 [B,¥]4 0
+ A7 (@ 1 (B0 07 + A7 [0, BlaQ* 02 + [V, 1 (B)a 07 + A7 [¥, Bla 0.
Using that ;2 = —A%e — 402, 072 = —A%c— A*Q? and Q% = A%e? + A% Q2 — A*, we get

E=C1020%+C,02+C30% +Cy,

where
C1 =—A[te(B). ¥1a — A[@. 1e(B)la + A*[¢, Blae.

Cz = Alte(B), pla — A>[te(B), ¥lac — A[y, te(B)]a + A*[¥, Blae,
C3 = —A*B. Y14 — Alp. te(B)lae + A*[p. Blae* — A?[p. Bla.
Cs = [B.¢la — A%[B. ¥]ac — A[Y. te(B)|ae + A%[y, Blae® — A% [y, Bla.

The elements Cq, C, C3 and Cy4 are skein elements that can be computed using skein relations. After a
straightforward computation we get C; = C; = C3 = C4 = 0, which shows that £ = 0. More details on
those computations are given in the appendix. |

4.6 Commutation between the square of an edge and a two-cycle

Consider the following portion of the graph

Yy d>
\/
4 d3

Using the proof of Lemma 4.6, we have
P(ES) = —plY;A2U(A* 0D U2 0D ™! Gy ],

with Y5 =y —tc(y) + (T — 1) Q2. Recall also that we set ¢ = y —t.(y) and = T — 7. For the
two-cycle B we have

F(EayEa,) = BlBAT2 077077 + 14, (BIAT" 022 +14,(B) A7 0% + tay1a,(B) D],
F(Eay EZNB(F1-1) = Bl—(BA* Q2 03, + ta, (YA 02, +14,(B)AT" 057 + 1414, (B)) D7),
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where D = A>U(A?Q7 )U(A%Q7 ) and

_ U(Qa’ Qd4 Q;ll)U(QC Qd4 Q;ll)
U203)0(0%)

1,—-1 =

Lemma 4.7 The following statements hold:
@ P(Eq Ea,)P(EZ) = p(ED)P(Ea, Ea,)-
(b) F(Ea, E;DAE2) = BED(Ea E7)).
Proof To make the notation less cluttered, we write Q4 for Q4, and Q for Qg .
(a) Firstlet us set X = A_I,BQI_2 +t4,(B) so that
p(Eq Ea,) = (A7 X052 +14,(X))D™".
Using known commutation relations, p(E4, Ed4),5(ECZ) = ,5(E3),5(Ed1 E,4,) is equivalent to
£=ATNAX. V1407 0% + A7 [Y3. X]02) 047 + 14, (AIX. Y314 07 0% + A7'[Y3. X]02) = 0.
If we set U = A[X,Y;]a0303 + A7'[Y;, X]Q2, the expression of € is simply A™1UQ 2 + 14, (U).
Let us first compute U by expanding the expression and remembering that 072 = —A*Q? — 42d; and
Q72 =-4%Q2 — A%c:
U=A[X. Y1407 05+ A7'[Y;. X102
= —A[1q,(B). V1402 07 0% — (A3[14, (B). V1ac + Alta, (B). ¢1) 07 0% — A*[B. V1402 03
— A2[¢. Bla 0T 0Z + ([B. ¢la — A[B. V]ac) OF — A°[v. B4 OF
+ (A_l [(pa tdl (ﬁ)]A - [(109 ﬁ]Adl)ch‘ + (A_l [Ws tdl (IB)]A - [w’ IB]Adl)

Using the same technique we get

_ _ 2 2
ATUQ +1g,U) = Y. Ceene; 01105702,

€1,€2,63=0,1

where
Cri=—A[tgta, (B). ¥14+A%[¢. Bla.
Ci1.0=A[Y. Bla—A [t ta, (B). V]ac+Alta,ta, (B). ¢la.
Cr01=—A%[¢.14,(B)la+A[@. Blada—A[14,(B). V4.
Coa,1=—A[g. 14, (B)la+A7[9. Bladi—A*[ta,(B). ¥la.
Co.0,1=—A[B. ¥]a—l0. 14, (B)lada+Alp, Bladida+ A" [¢. 14,ta,(B)la—[0. ta,(B)]ad:.
Co.1.0=A[Y. Bladi+ta, (B). pla—A*[ta, (B). Y1ac—A>[Y. 14, (B)]a.
Cr00=—A%lta, (B). V]ac+[ta, (B). ¢la—A*[V. ta, (B)la+A[V, Blada,
Co.0,0=—[V.1a,(B)lad1+A" V. 14,14, (B)la+ A" [B. 0la—A[B. ¥]ac+A[Y. Blad1ds
—[¥. 14, (B))ada.
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Here again, these elements are in the skein algebra of the surface, and hence can be computed using skein
relations. A long but straightforward computation shows that Ce, ¢,,e; = 0 for all €1, €2, €3 € {0, 1}. We
refer to the appendix for more details. Thus & = A~/ QZZ +1tq4,(U) =0.

(b) The proof goes as in (a) and we use the same notation. Here p(E4, E;:)ﬁ(Eg) = ,6(E62)5(Ed1 E;:)
is equivalent to
€= A3 (A[Y;. X]a Q2 Q4 + A7 [X. V3]01) 0F + 14, (A[Y3. X]a 02 03 + A [X. Y;]07) = 0.
Expanding this using 072 =—A4*03—A%d;, 0;2=—A*Q?—A%c and Qf =—A"2Q%ds—A~* we get
&€= Z D€1562,€3 %61 Qiez Q?Q’

€1,€2,63=0,1
where

Di1,1=A[p. Blada—A%(ta, (B). v14—A%[0. 14,(B)la.

Di1,0=A[Y, Blada+A[ta, (B). pla—A%[ta, (B), W]ac— A1 14,(B)]a,

Di0,1=A[¢, Bla—A (14, 14,(B). V14,

Do1,1=—A[¢. 14, (B)lads+A[p. Bladida—A°[B. Y4+ Alg. ta,ta, (B)la—A%[p.1a,(B)lad\.
Do,o,1=—lp,ta, (B)la+Alp, Bladi—A*[ta,(B), ¥a.

Do,1,0=—A[Y.ta, (B)lada—A>[B, Ylac+AIB, pla+ A (Y, Bladida+ ALY, ta,ta,(B)]a

— A% 14,(B)ladn,
D100 =AW Bla+A" " [tg,1a,(B). 0la—Alta,ta,(B). ¥lac,
Do,o,0=A[Y. Bladi—[V.ta, (Bla—lta,(B). ¥1ac+A (14, (B). ¢l
Notice that Dy,1,1 = A%Cy,0,1, D1,1,0 = A*C1,0,0, D1,0,1 = A72C1,1,1, Do,1,1 = A%>Co,0,1, Do,o,1 =
A_2C0,1,1, DO,I,O = AZCO’O,O, DI,O,O = A_2C1,1,0, and D0,0’O = A_ZC(),LO. Hence these elements
are again all vanishing. a

4.7 Proof of Theorem 1.5

Lemma 3.2 gives us a list of generators for A4 (I")°. Subsections 4.1-4.4 define § on these generators.
Lemmas 4.3(a)—(b), 4.4(a)—(d), 4.5(a)—(b), 4.6 and 4.7 insure that p preserve the relations between the
generators and therefore defines a representation p: A4 (I')? — End(V). Now Lemmas 4.3(c), 4.4(e) and
4.5(c) and (14) tell us that p o o4 coincides with p on P U{B1,...,Bg,V1s...,Vg—1}. As Ais a 2ph
primitive root of unity with p >3, PU{B1,...,Bg.V1,...,Yg—1} generates S4(X) by [Santharoubane
2024, Theorem 1.1], and hence po oy = p.

4.8 Classical shadow

We still work with an irreducible representation p: S4 (%) — End(V') with classical shadow r satisfying
the hypothesis of Theorem 1.5. Let p: A4 (I')° — End(V') be the lift of p built in the previous subsections.
For y a simple a closed curve on X, let r, = =Tr(r(y)).
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Proposition 4.8 Let y € {B1.....B¢.V1,--.,Yg—1}-
(a) If y is a one-cycle as in Figure 6, left, then ,5(Q§1’) = xfp Idy and

—2p
TyXe ™ +Tt,(y)

2 —2
xet —x. P

AED) = Idy .

(b) If y is a two-cycle as in Figure 6, center, then p((Qp Q(f,':l)p) = xll;xétp Idy,

—2p_—2p —2p —2p
ryX X —r X —r X +r
S((EpEc)P) = Lb < (y)te (1) Xp ipte(y) |

2 -2 2 -2
(xbp—xb p)(xcp_xc p)

dy

2 D 2 )4 2 -2
r p r X 4 r
b

2 -2 2 -2
(xbp_xb p)(xcp_xc p)w

B(EpESH?) = 2%

Idy,

where et . ) . 1
_ — U((=A) xa/xcxb_ YU((—=A) xaxcxb_)
v kl:[o U((—AYx2)? |

(c) If y is a separating edge curve as in Figure 6, right, then 5(Qf) = xZ Idy and
rtc_l(y)xc_zp tryre + ”tc(y)xczp

7 r

P(EZP) = Idy,

_1 _ _
where @’ = £=0 U((—A)*xq,x4,x; DU((=A)*xg,xa,x71).

343

Proof Before starting the proof, let us recall some important facts from Lemma 4.3. Given e an edge, we
can decompose V' as the direct sum of the subspaces V, x = Ker(p(e) + (erAZk 24 X, 2 472k=2) 1qy,).

Moreover, each V, i is stable by all operators p(Q.) and p(Ey), p(Qr) with f # e, and finally
P(Ee)(Ve k) C Ve k+1- When computing T, (y) for y a curve on X and where T}, is the p™ Chebyshev

polynomial, since we know that 7, (y) is a multiple of Idy, it is sufficient to compute the “diagonal part” of

Ty (y), ie the contribution that corresponds to maps V, x — V, k., since the nondiagonal parts will vanish.

(a) ﬁ(Qgp )= x? P 1dy is immediate from the definition of 5(Q.). To compute 5(EZ), notice that taking

the p" Chebyshev in the equality p(y) = p(Ee) + p(E;1)p(F) we have
Tp(p(y) = B(EL) + p(E; ' F)P).
Similarly p(te(y)) = —A*p(Ee)p(Q2) — A G(E; F)p(Q,?) gives

Tp(p(te(y))) = —B(ED)B(Q27) — BU(E; F)P)p(Q,2P).
We thus have

ry Wy = B(ED) + B(E;VF)P) and 1y, Wy = —p(ED)x2? — G((E;  F)?)x; 2P
The conclusion is obtained by solving this system.
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(b) p(Qp Qcil) = xlf xét P1dy is immediate. The other part is very similar to (a). This time we start
from the system
o(y)=X11+X1,-1+ X110+ X1 -1,
o(tp(y)) = —A>X1,105 — A3X1,1 05 — AT X110, — A7 X110,
o(te(y) = —A*X1107 = A7 X1 1072 — APX 1102~ A" X 1,1 027,
o(tpte(y)) = A°X1107 02+ A*X1 10202 + A*X_110,% 02+ A72X_1,10;%0. 2,
where X, ¢, = E}' EG Fe, e, with F1,; = 1. Applying § and taking the p™ Chebyshev polynomial for
these four equalities, one gets
ry =X+ X7+ X2+ X2
Tty (y) ZXf)lep‘i‘Xp 12,p+Xfl,1xb_2p+Xfl,—1x;2pv
Tee) = XPaxe? + X0 _x2P + X2, x3P + X2 x 7P,
Fipte(y) = XTixpPx2P + XD x)Px 720 + X2 () 2Px2P + X2, x Px 20,

In this system, X+1,4+1 has to be understood as p(X+1,41). As Xf:l = p((EpE:)P), the desired

expression is immediate by solving the system. For 5((Ep E;!)?), the resolution of the system gives
—2p 2 2 -2
—ryXp X Ty X! F ey =) |
V.

p _ = -1 D\ —
Xl,—l - p((EbEc Fl,—l) ) - (xip _xb—ZP)(XCZP _xc—zp)

Now from Lemma 4.4(a)—(b) and the fact that p(Q,) and p(Q,) commute with p(Ep E _1), we get

U400 00, HUA* 0400,
U(A2 ZkQZ)U(A 2kQ2)

PUEyE;' Fi1)P) = —p((EpE; 1)1’)1'[
k=0

Letting v be an eigenvector common to Q,, Q4 , Qp and Q., we see that

U404 0. 0;HU(A™2 040,051 :ﬁ V(A xxexy YU AV xaxey )
U(A2-2k 2)U(A=2 02) A U((—A)kx2)? ‘

Thus p((Ep E; 1 F1,-1)?) = p((Ep E;1)P)w and we can conclude.

(c) The equality 5(QF) = xZ 1dy is clear. Let us prove the other one. Applying the p" Chebyshev
polynomial to p(y) = (E2)5(G2) + A(Go) + HE;2)F(G-2) we get

Tp(p(y)) = HU(EZG2)?) + H + p((E*G2)).
where H is the degree-zero term in E.. We recall that
o(te(y)) = EZG2A® Q7 + Go + E;2G 207",

To compute T, (p(tc(y))), let us introduce an algebra automorphism z, on A4(I") by the formulas
1(Qf) = Qy forall f €&, 1.(Ef) = Ey for f # c and tc(E.) = (—A)*>E. Q2. This indeed defines
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an automorphism of A4 (I"). Note that 7, (EX) = (—A)*TD*~1EX (for k € Z) and 0 (1 (7)) = 1 (0 (y)).
We deduce that

Tp(p(tc (1)) = p(re(0(y)) = PUEZG2A30)P) + H + p((E;2G207H)7).
Similarly
Tp(p(t. (1) = p(z; (0 (1) = F(EZG, A2 Q7HP) + H + F(E;2G209)7).
Now we have
(E2G2A™BQ7h? = (E2G2)Px* and  (E;2G207 %) = (E;2G_o)Px .
We deduce the system
Tp (ot () = PUEZG2)P)x*P + H + p(E;>G—2)Px2P),
Tp(p(y) = PUEZG2)P) + H + p((E;2G—-2)?),
Tp(pltc(y) = PUEZG2)P)x? + H + p(E; 2 G—2)P)x;*P.
Solving this system gives

Tp(t7 (Y)xz 2P = Ty () (x2? 4 x22P) + Tp(te(y))x2?

PU(EZG)?) = = Idy
‘ (xe? —x722)2(x3? + x. 2P)
On the other hand,
p—1
PU(EZG2)P) = —p(EZP) [ [ U(=A)¥ x4, xa,x7 YU (A xayxa,x71). 0
k=0

Proof of Corollary 1.6 Let p; and p; be two irreducible representations of S4 (%) with the same classical
shadow r satisfying the hypothesis of Theorem 1.5. Let 5; and 5 be the lifts of p; and p to A4 (I")°
built from the previous subsections. We build the lifts p; and p, from the same quantities {xy | @ € P}.
Proposition 4.8 shows that 51 and p, have the same scalar values on the p™ powers of the noncentral
generators given in Lemma 3.2. Finally Proposition 3.5 allows us to conclude. O

Appendix Skein computations

In this section, we will give more details on some of the skein computations skipped in Sections 4.5
and 4.6, showing that the skein elements C; in the proof of Lemma 4.6 and Co,9,0 in the proof of
Lemma 4.7 both vanish.

Recall that for x, y € S(X), we write [x, y]4 for Axy — A" yx.

Lemma A.1 Let a and b be two simple closed curves on X, viewed as elements of S(X), that intersect
once geometrically. Let t, and t; be the associated Dehn twists. Then

ab = Ata(b) + A7 171 (b), [a,bla = (A2 — A7 )ita(b) and ta(b) =1} ().
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Proof The first two are a direct consequence of Kauffman relations, and the third is a simple isotopy. O

Lemma A.2 Lety, t, T, B, ¢ and e be the curves described in Section 4.5, let ¢ = y —t.(y) and
YV =T—1=7—1.(1), and let

C1 = —A[te(B), ¥]a — A[@, te(B)]a + A*[p, Blae.
Then C; = 0.

Proof One can check that C; = x1 —fc(x1), where x; = —A°[t.(B), T]a — A3[y. te (B)]a + A*[y. Bla.
We compute x; using Lemma A.1:
X1 = (A% = A7) (= Atetgr (1) — A1 5y (v) + A5 (v)e)
= (A2 = A7) (—Atetgr; (1) — A1, (5 () + A%t 15 () + Ate15 ().
To conclude, let us remark that t;%ﬂ)()/) = zetﬂ_lte_ ly)= tetﬂ_l (v), and that a simple isotopy shows that
te_ltﬂ_l(y) ~ l‘etﬂl‘c_l(‘f). Hence x; = 0 and therefore C; = 0. m]

Lemma A3 Lety, T, B, ¢, dy and dy4 be the curves described in Section 4.6, let ¢ =y —t.(y) and
Y =1T—1.(7) and let

Co,0,0=—[V: ta, Ba+ A7 [, ta,ta, (B)la+ A" (B, 0la—A[B, V]ac+ A, Bladida—[y, 14, (B)]ads.
Then C(),(),() =0.

Proof Again, Co,o,o = X0,0,0 — I¢c (XO,O,O) where

x0,0,0 = —[T. ta,(B)la+ A7 [T tayta, (B)la+ AT [B. y]a— AlB. Tlac + A[Z. Bladida— [T, 14, (B)lada.

Using Lemma A.1, we get
1
g0
= —tg,tg (D)1 + A g 1q,15" (D) + A1 (y) + Atg(D)e + Atg ' (D)dida —tg, 15 (T)da.
Notice that 7g(T)c = tg(7c). The curves 7 and ¢ have geometric intersection 2, and an easy skein
computation shows that ¢ = 4217 1(y) + 82 + A~2y, where 8, = dids + d3ds. Using this and the
second equation in Lemma A.1, we get
o= Ayt Y@ — At g 12 V@) + A ey g0 (B + AT g ()
12 _ 42 0,0,0 = ditds'p dy ‘da'p ditdstp :AV4
— Argi (y) — A1g(82) — A7 g (y) + A 1z g (@) + Arg 1) 151 (7)
+ Aty 1 (@) + A g a5 (7)) — Atg iy} 151 (D) — A g a5 (B)
= —Atg(82) — A1gt N (y) + Az iyl (@),
A drawing shows that the simple closed curves t;llt;: tﬁ_l (7) and g1, 1(y) are actually isotopic. Hence
x0,00 = —A(A% - A_z)tﬁ (82). But 7g(82) is a linear combination of multicurves that are disjoint from c,
and hence xg,9,¢ is ¢, invariant and Co 9,0 = 0. O
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