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Hierarchies for relatively hyperbolic virtually special groups

EDUARD EINSTEIN

Wise’s quasiconvex hierarchy theorem classifying hyperbolic virtually compact special groups in terms
of quasiconvex hierarchies played an essential role in Agol’s proof of the virtual Haken conjecture.
Answering a question of Wise, we construct a new virtual quasiconvex hierarchy for relatively hyperbolic
virtually compact special groups. We use this hierarchy to prove a generalization of Wise’s malnor-
mal special quotient theorem for relatively hyperbolic virtually compact special groups with arbitrary
peripheral subgroups.

20F65, 20F67

1 Introduction

1.1 Background, history and motivation

One of the main goals of cube complex theory is to use the geometry and combinatorial structure of
cube complexes to better understand groups. The study of cubical groups has played an important role in
recent developments in the theory of hyperbolic 3-manifold groups, particularly in Agol’s proof of the
virtual Haken conjecture [1].

Virtually special cube complexes, developed by Wise and his collaborators, are central to the theory of
cubical groups. A group is called compact virtually special if it is the fundamental group of a compact
virtually special cube complex whose hyperplanes satisfy certain combinatorial conditions. Virtually
special cube complexes have desirable separability properties that allow certain immersions to be promoted

to embeddings using Scott’s criterion [27].

A construction in [24] due to Sageev provides a method for constructing a group action on a CAT(0)
cube complex using “codimension-1 subgroups”; however, in general, this action may not be proper,
cocompact, or have a virtually special quotient. For hyperbolic groups, the situation is much clearer:
Bergeron and Wise [5] proved that hyperbolic groups with an ample supply of quasiconvex codimension-1
subgroups have a proper and cocompact action on a CAT(0) cube complex. The key to Agol’s proof of the
virtual Haken conjecture is that any geometric action of a hyperbolic group on a CAT(0) cube complex
has virtually special quotient [1, Theorem 1.1]. In the case of closed 3-manifolds, the ample supply of
codimension-1 subgroups comes from immersed surfaces constructed by Kahn and Markovic in [20].

© 2025 The Author, under license to 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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4438 Eduard Einstein

Two key ingredients in Agol’s theorem are Wise’s quasiconvex hierarchy theorem and malnormal special
quotient theorem (MSQT). Wise’s quasiconvex hierarchy theorem [30, Theorem 13.3] characterizes the
virtually special hyperbolic groups in terms of virtual quasiconvex hierarchies.

Definition 1.1 [30, Definition 11.5] Let QV#H be the smallest class of hyperbolic groups closed under
the following operations.

(1) {1} € QVH.

(2) If G =Ax*c B and A, B € QVH and C is finitely generated and quasi-isometrically embedded
in G then G € QVH.

(3) If G =Axc, A€ QVH and C is finitely generated and quasi-isometrically embedded in G, then
G € QVH.

4) If H<Gwith |G: H| <ooand H € QVH, then G € QVH.

In other words, groups in QVH are hyperbolic groups that can be built from the trivial group by taking
finite index subgroups or taking amalgamations and HNN extensions over quasiconvex subgroups.

Theorem 1.2 ([30, Theorem 13.3], Wise’s quasiconvex hierarchy theorem) Let G be a hyperbolic
group. Then G € QV*H if and only if G is virtually compact special.

As Wise notes in [30, Section 12], the MSQT is an essential ingredient in the proof of the quasiconvex
hierarchy theorem.

Theorem 1.3 (Wise’s malnormal special quotient theorem [30, Theorem 12.2]) Let G be a hyperbolic
and virtually special group with G hyperbolic relative to a collection of subgroups { Py, ..., Py }. Then
there exist finite index subgroups P; < P; such that if G = G(Ni, ..., Ny,) is any peripherally finite
Dehn filling with N; < P;, then G is hyperbolic and virtually special.

The MSQT together with virtually special amalgamation criteria from [13; 19] are used to prove
Theorem 1.2.

For relatively hyperbolic groups, much less is known. Wise’s methods from [30] extend to more general
situations than hyperbolic groups. In particular, many of the methods for hyperbolic groups extend to
finite volume hyperbolic 3-manifolds. Hsu and Wise [19] also proved a special combination result for
relatively hyperbolic groups albeit with much more restrictive hypotheses.

The main goal of this paper is to prove relatively hyperbolic analogs of important ingredients in the proof
of Theorem 1.2. The first result answers a question posed by Wise:

Algebraic € Geometric Topology, Volume 25 (2025)
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Theorem 1 Let (G, P) be a relatively hyperbolic group pair and let G be a virtually compact special
group. Then there exists a finite index subgroup Go < G and an induced relatively hyperbolic group pair
(Go, Py) so that Gg has a quasiconvex, malnormal and fully Py-elliptic hierarchy terminating in groups
isomorphic to elements of Py.

Proving that the hierarchy is not only quasiconvex and malnormal but also fully Py-elliptic is a way
of ensuring that the hierarchy is compatible with the relatively hyperbolic structure on G and allows
for the use of relatively hyperbolic Dehn filling arguments. See Sections 3.2 and 3.3 for definitions of
quasiconvex, malnormal and fully Py-elliptic hierarchies.

Theorem 1 will be used to prove a relatively hyperbolic generalization of the MSQT using relatively
hyperbolic Dehn filling techniques similar to those used in [3]:

Theorem 2 Let (G, P) be a relatively hyperbolic group pair with P = { Py, ..., Py }. If G is virtually
compact special, then there exist subgroups {P; <t P;} where P; is finite index in P; such that if
G = G(N1i, ..., Np) is any peripherally finite filling with N; < P;, then G is hyperbolic and virtually
special.

Peripherally finite fillings are defined formally in Definition 8.2. While Wise proved a generalized
relatively hyperbolic version of the MSQT in [30, Theorem 15.6] for relatively hyperbolic groups with
virtually abelian peripherals, Theorem 2 holds for arbitrary peripheral subgroups.

1.2 Outline

Section 2 contains a brief overview of the geometry of relatively hyperbolic groups. Section 3 covers
preliminaries about graphs of groups and quasiconvex hierarchies.

Section 4 is devoted to proving a relative fellow traveling result for a CAT(0) space with a geometric
action by a relatively hyperbolic group, a generalized version of quasigeodesic stability in hyperbolic
spaces. The main result is Theorem 4.7. Similar results were proved by Hruska [14] and Hruska—Kleiner
in [17] for CAT(0) spaces with isolated flats, and this result was previously known to experts in the
field. However, it was difficult to find an exact formulation of Theorem 4.7 in the literature, so a proof is
produced here.

Section 5 contains a combination lemma for certain subspaces of CAT(0) spaces with a geometric action by
a relatively hyperbolic group. The main result, Theorem 5.6 shows that subspaces of such a CAT(0) space
that are unions of convex cores for peripheral coset orbits and convex subspaces that obey a separation
property are quasiconvex. The proof technique is inspired partly by the proof of the combination lemma
in [19].

Section 6 reviews the properties of special cube complexes. In particular, Section 6.3 will introduce
separability and explain how to pass to a finite cover so that each hyperplane’s elevations to the universal

Algebraic € Geometric Topology, Volume 25 (2025)
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cover obey a separation property. Section 6.4 recalls a result of Sageev and Wise [26] used to represent
peripheral subgroups of a relatively hyperbolic compact special group G as immersed complexes in an
NPC cube complex X with 11 X = G.

Section 7 follows the outline of [3, Section 5] and uses Wise’s double dot hierarchy construction to prove
Theorem 1. While the general strategy is the same, the hyperbolic geometry used in [3] to prove the
edge groups of the hierarchy are m-injective and quasi-isometrically embedded needs to be replaced by
relatively hyperbolic geometric results from the preceding sections.

Section 8 uses Theorem 1 along with a relatively hyperbolic Dehn filling argument similar to the one
used in a new proof of Wise’s MSQT from [3] to prove Theorem 2, a relatively hyperbolic analog of
Wise’s MSQT.

Acknowledgements

The author would like to thank Jason Manning and Daniel Groves for their invaluable guidance and
suggestions. Specifically, the author would like to thank Groves for explaining the proof of Proposition 7.29.
The author also thanks Lucien Clavier, Yen Duong, Chris Hruska, Michael Hull and Daniel Wise for
useful conversations that helped shape this work. Finally, the author thanks the anonymous referee for
careful readings and suggestions that greatly helped improve the structure of this paper.

2 Relatively hyperbolic geometry

2.1 The geometry of CAT(0) spaces being acted on by relatively hyperbolic groups

In the situation where a relatively hyperbolic group acts properly and cocompactly on a CAT(0) space,
it is reasonable to hope to partially recover the geometric features of a hyperbolic space. There are many
equivalent definitions of a relatively hyperbolic group, see [16] for several examples; one definition,
originally due to Farb [10], is produced here:

Definition 2.1 [16, Definition 3.6] Let G be finitely generated relative to P with each P € P finitely
generated. The pair (G, P) is a relatively hyperbolic group pair if for some finite relative generating set S,
the coned-off Cayley graph f(G, P, S) is hyperbolic and (G, P, S) has Farb’s bounded coset penetration
property (see [10, Section 3.3]).

The elements of P and their conjugates are called peripheral subgroups and the cosets {gP :g € G, P € P}
are called peripheral cosets.
Definition 2.1 establishes useful notation to refer to a relatively hyperbolic group pair, but the technical

details will be less useful. Instead, most of the arguments involving relatively hyperbolic groups will be

Algebraic € Geometric Topology, Volume 25 (2025)
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made using two key properties: that coarse intersections of peripheral cosets are uniformly bounded and
that triangles are relatively thin in a sense defined in Section 2.2.

The following fact is well known:

Proposition 2.2 Let (G, P) be a relatively hyperbolic group pair. Let S be a finite generating set
for G. For all R = 0, there exists Mg = 0 such if gP, g’ P’ is a pair of distinct peripheral cosets, then
diam Ng(gP) NNgr(g'P’) < Mg in the word metric on T'(G, S).

The uniform bounds on coarse intersections of peripheral cosets transfers nicely to the case where a
relatively hyperbolic group acts properly and cocompactly on a geodesic space by isometries:

Corollary 2.3 Let G be a finitely generated group acting properly and cocompactly by isometries on a
geodesic metric space X, and let x € X be a base point. If (G, P) is a relatively hyperbolic group pair,
then for all R = 0, there exists Mg x x = 0 such that if P, P’ € P, g, g’ € G with gP # g'P’, then
diam Nr(gPx) NNR(g'P'x) < MR x .

2.2 Relatively thin triangles

Comparison tripods help compare geodesic triangles in X with tripods:

Definition 2.4 Leta,b,c € X and let Aabc be a geodesic triangle. There exists a map h: Aabc —
T(a,b,c) where T'(a, b, c) is a unique tripod (up to isometry) with center point x such that /4 is isometric
on each side of the triangle and the three legs of the tripod are [i(a), x], [k(), x] and [h(c), x]. The
tripod T'(a, b, c) is called a comparison tripod for Aabc. The map h is the comparison map.

A geodesic metric space X is hyperbolic if there exists a § > 0 so that for every geodesic triangle in X,
the preimage of every point in the comparison map has diameter less than 8.
Definition 2.5 Let X be a geodesic metric space, and let ' € X be a subset of X.

Let Aabc be a geodesic triangle in X and let § > 0. Let T (a, b, ¢) be the comparison tripod, and let
h: Aabc — T(a, b, c) be the comparison map. If, for all p € T(a, b, ¢),

(1) diamh~(p) <§or
@) h~1(p) S N5(F),
then Aabc is §-thin relative to F.
Definition 2.6 Let X be a geodesic metric space, § > 0 and let B be a collection of subspaces. The

space X has the §-relatively thin triangle property relative to B if each geodesic triangle A is §-thin
relative to some F € B.

Algebraic € Geometric Topology, Volume 25 (2025)
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P \_
X . C_l ¢

Figure 1: An example of a triangle which is §-thin relative to some F with its comparison tripod.
Points in the blue part of the tripod have preimages in the triangle which lie in the blue shaded
region. All other points have preimages in the triangle with diameter § like the point p whose
preimages x, y have d(x, y) < §. The fat part (see Definition 2.10) of each side is the subsegment
that intersects the blue shaded region.

See Figure 1 for an illustration of Definition 2.6.

The space X may contain triangles that are 6-thin. By definition, these triangles are §-thin relative to every
element of /3. In the applications, X will usually be a CAT(0) space with a geometric action by a relatively
hyperbolic group G where the elements of 5 are convex subspaces of X that lie in uniformly bounded
neighborhoods of peripheral coset orbits. If (G, P) is a relatively hyperbolic group pair, a CAT(0) space
with a geometric action by G has the relatively thin triangle property relative to B={gPx |ge G, P € P}:

Proposition 2.7 ([26, Theorem 4.1, Proposition 4.2], see also [8, Section 8.1.3]) Let (G,P) be a
relatively hyperbolic group pair and let G act properly and cocompactly on a CAT(0) space X by
isometries. Let x € X be a base point and set

B={gPx|geG, PeP}
Then for some § > 0, X has the §-relatively thin triangle property relative to B.
When X has the relatively thin triangle property relative to B, R = 0 and B’ = {Ng(F) : F € B}, then X
still has the relatively thin triangle property relative to 3.
The notion of fellow traveling will be useful for describing behavior of geodesics that issue from the

same point. Definitions of fellow traveling may vary, so the one that will be used is recorded here:

Definition 2.8 Leto:[ay,a2] — X and B:[b1, b2] — X be geodesics, and let k = 0. The geodesics « and
B k-fellow travel for distance D if d(a(a1 +1),B(b1+1t)) <k forall0<t < D.If x :=a(ay) = p(b1)
and « and B k-fellow travel for distance D, then « and B k-fellow travel distance D from x.

Algebraic € Geometric Topology, Volume 25 (2025)
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We also introduce tails of a geodesic to help us make geometric arguments:

Definition 2.9 Let y be a geodesic in X, let p be an endpoint of y, and let k = 0. The k-tail of y at p is
the geodesic subsegment of 7' consisting of all x € y so that d(x, p) <k.

Definition 2.10 Let X be a CAT(0) geodesic metric space with triangles that are §-thin relative to .
Let A C X with vertices a, b, ¢ with comparison map h: Aabc — T(a, b, c). Let L, be the closure of
the leg of the tripod 7' (a, b, ¢) that contains /(a). Let Thin, := {x € h~1(L,) : diam A~ (h(x)) < §}.
The corner segments of A at a are the two closures of the parts of Thin, in each side and the corner
length is the length of a corner segment at a.

The fat part of the side ab C A in A is ab \ (Thin, U Thiny).

The corner segments at a are subsegments of the sides issuing from a that §-fellow travel. Each of these
segments have the same length, which is defined to be the corner length. If A is §-thin relative to Ba € B,
the fat part of each side of A is the maximal subsegment that does not lie in any of the corner segments
and hence lies in Ns(Ba). Note that the fat part of a side may be empty. Since X is CAT(0), each corner
segment or fat part of a side is connected.

A (A, €)-quasigeodesic in X is a (A, €)-quasi-isometric embedding of a (possibly unbounded) interval in
the real line in X, see [7, Definition 1.8.22] for details.

Quasigeodesic triangles in the Cayley graph of a relatively hyperbolic group also satisfy a thinness
condition which is used to obtain Proposition 2.7:

Theorem 2.11 ([26, Theorem 4.1], originally due to [8]) Let (G, P) be a relatively hyperbolic group
pair with Cayley graph I'. For all A = 1, € > 0 there exists a § > 0 such that if A is a (A, €)-quasigeodesic
triangle in " with sides cg, c¢1, ¢, either

(1) there exists a point p that lies within % of each side or

(2) there is a peripheral coset gP so that each side c; of A has a subpath ¢] where ¢, € N3(gP) and
the terminal endpoint of ¢] and the initial point of ¢! 41 (indices mod 3) are within distance § of
each other.

Lemma 2.12 is simple but is instrumental for working with relatively thin triangles.

Lemma 2.12 Let X be a CAT(0) space. Let Aabc be a geodesic triangle in X that is §-thin relative
to F. Letab, bc, ac denote the sides of Aabc. If the length of the fat part of ac in Aabc is bounded
above by kg = 0, then the length of the fat part of bc and the length of the fat part of ab ditfer by at
most kg + 36.

Algebraic € Geometric Topology, Volume 25 (2025)
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Figure 2: Applying the triangle inequality four times gives a bound on the difference between the
length of [pap, ppa] and the length of [ppe, pep] in terms of |[pac, peall. 3.

The proof involves four applications of the triangle inequality. See Figure 2 for a schematic. With
Lemma 2.12, a bound on the fat part of one side of a relatively thin triangle helps control the lengths of
the fat parts of the other two sides. This technique will be used repeatedly, particularly in Section 5.

Relatively hyperbolic groups interact nicely with passing to finite index subgroups:
Proposition 2.13 [3, Notation 2.9] Let G be a group and let P be a finite collection of subgroups of G.

Let H <1 G be a finite index normal subgroup. For each P € P, let §o(P) = {gPg ' N H | g € G} and
let £(P) be a set of representatives of H -conjugacy classes in Eg(P). Let P' = | |pep E(P).

The pair (G, P) is relatively hyperbolic if and only if (H,P’) is relatively hyperbolic.
There is also a generalized version of quasiconvexity for relatively hyperbolic groups.

Definition 2.14 [16, Definition 6.10] Let (G, P) be a relatively hyperbolic group pair. Let H < G.
Let S be any finite set such that S U P generates G. Suppose there exists « (.S, dg) such that for any
f(G, P, S)-geodesic y with endpoints in H, y NG lies in N (H ) with respect to ds. Then H is relatively
quasiconvex in (G, P).

There are other equivalent definitions which are discussed in [16]. The definition is also independent of
the choice of finite relative generating set (see [16, Theorem 7.10]). Relative quasiconvexity will only be
needed for the peripheral subgroups:

Proposition 2.15 Let (G, P) be a relatively hyperbolic group pair. Then every element of P is relatively
quasiconvex in G.

Proof In f(G, P, S) every P € P has diameter 1. O

Algebraic € Geometric Topology, Volume 25 (2025)
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3 Graphs of groups and hierarchies

3.1 Graphs of groups

A graph of groups (together with an isomorphism from the fundamental group) is a way of decomposing
a group along a finite number of splittings and HNN extensions. Further decomposing the vertex groups
as graphs of groups, decomposing the resulting vertex groups as a graph of groups again and continuing
this process a finite number of times yields a kind of “multilevel graph of groups” called a hierarchy
which will be defined in Definition 3.6.

Definition 3.1 A graph of groups (I, y) consists of the following data:
(1) a connected finite graph I' = T'(V, E) where V is the vertex set of I" and E is the oriented edge
set of I' with an involution e — e that switches the orientation of each edge,
(2) an assignment map x:V U E — Grp that assigns a group to each vertex and edge,
(3) foralle € E, y(e) = yx(e),

(4) attachment homomorphisms V. : y(e) — x(t(e)) where ¢ (e) is the terminal vertex of the edge e.

I' is a faithful graph of groups if the attachment homomorphisms 1, are injective.

A graph of spaces is constructed like a graph of groups, except that the assignment map y assigns a (path
connected) topological space instead of a group to each edge and vertex. The attachment homomorphisms
are replaced by continuous attachment maps, and a faithful graph of spaces has my-injective attachment
maps. A graph of spaces realization of a space X for a graph of spaces (I', y) is a triple (I, y, g) where ¢ is
a homotopy equivalence from X to the mapping cylinders of the attachment maps glued along vertex spaces.

Some authors, for example Wise and Serre, take faithfulness to be a part of the definition of a graph of
groups. Not requiring faithfulness makes it easier to define graphs of groups in terms of graphs of spaces.
For the applications in Section 7, graphs of groups will be constructed first without showing that they are
faithful, but these graphs of groups will turn out to be faithful.

If (T, y) is a graph of groups, and 7 is a maximal tree in I", then 71 (I, T') will denote the fundamental
group of the graph of groups T" with respect to the tree T. See [28] for further details about graphs of

groups.

A graph of groups structure is the group-theoretic analog of a graph of spaces realization:

Definition 3.2 Let G be a group, let (T, y) be a graph of groups where T is a maximal tree and let
¢: G — 71 ([, T) be an isomorphism. The triple (I, ¢, T') is a graph of groups structure on G.

The structure (I', ¢, T') is degenerate if T is a single vertex labeled with G and ¢ is the identity.

Algebraic € Geometric Topology, Volume 25 (2025)
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Figure 3: A graph of spaces realization of a genus-2 surface where X ; is a punctured torus,
together with the corresponding graph of groups obtained by applying the m; functor.

While a graph of groups structure determines a splitting of G, the choice of isomorphism and maximal
tree affects the precise splitting. In many cases, it suffices to give a splitting of G up to conjugacy which
will be the case in the examples below. When the splitting is given up to conjugacy, the choice of maximal
tree also becomes unnecessary.

Example 3.3 Figure 3 shows a graph of spaces decomposition of a genus-2 surface and a graph of
groups splitting of the fundamental group induced by the graph of spaces decomposition.

Example 3.4 If X, is a closed surface of genus g, then a pants decomposition of X induces a splitting
of w1 X, as a graph of groups where the vertex groups are isomorphic to a free group of rank 2 and the
edge groups are infinite cyclic groups.

Graph of groups structures interact naturally with finite index normal subgroups. The following is
[3, Proposition 3.18] but is originally due to Bass [4].

Proposition 3.5 Suppose G has a graph of groups structure (I', ¢, T), H <1 G and H is finite index in G.
Then H has an induced graph of groups structure (f‘, 5, T') so that:

(1) Every vertex group of (F, T') has the form (K8 N H) < K& and is finite index in K& for some
vertex group K of (I', T') and some g € G.

(2) Every edge group of (T', T') has the form (K& N H) <1 K¢ and is finite index in K& for some edge
group K of (I', T') and some g € G.

Algebraic € Geometric Topology, Volume 25 (2025)
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3.2 Hierarchies
Hierarchies of groups are inductively defined multilevel graphs of groups:

Definition 3.6 A hierarchy of groups of length 0 is a single vertex labeled by a group.

A hierarchy of groups of length n is a graph of groups (I',, y») together with hierarchies of length n — 1
on each vertex of I',.

If H is a length-n hierarchy of groups, the n™ level of H is the graph of groups I',. For 1 <k < n, the
(n—k)™ level of # is the disjoint union of the (n—k)™ levels of the hierarchies on the vertices of T'.

The terminal groups are the groups labeling the vertices at level 0.

It will be useful to think of graphs of groups as length-1 hierarchies. Realizing a group as a hierarchy is
similar to finding a graph of groups structure for that group:

Definition 3.7 Let G be a group, H be a hierarchy of length n. Let (I',, y») be the level-n graph of
groups. When n = 0, a hierarchy for G is a single vertex labeled by G. If n = 1, a hierarchy for G is H
together with a graph of groups structure (I',, ¢, T') for G so that for every vertex v of I';,, the hierarchy
on length n — 1 on v is a hierarchy for the vertex group y,(v). Let P be a collection of subgroups of G.
The hierarchy structure terminates in P if every terminal group of H is conjugate to ¢ (P) for some P € P.

It will often be convenient to forget the choice of maximal tree and only give a hierarchy structure for a
group up to conjugacy. In general, hierarchies will be allowed to contain degenerate splittings, but in
order to obtain nontrivial results, it will be necessary to ensure that at least one of the splittings in the
hierarchy is nondegenerate.

Wise’s hierarchies in [30] permit only one-edge splittings rather than allowing a graph of groups splitting
for each vertex group in the hierarchy. The hierarchies in Definition 3.7 can be converted to hierarchies with
one-edge splittings for each vertex group at the expense of increasing the length of the hierarchy. Wise’s
hierarchies also terminate in the trivial group while Definition 3.7 allows arbitrary terminal groups. In prac-
tice, the goal in Section 7 will be to (virtually) find a hierarchy for a relatively hyperbolic group (G, P)
that terminates in groups isomorphic to those in the induced peripheral structure. Section 8 will explore
what happens to the hierarchy after quotienting out finite index subgroups of the peripheral subgroups.

A hierarchy of spaces and a hierarchy realization for a space X can be defined analogously by replacing
groups in Definition 3.6 with topological spaces and replacing graph of groups structures by realizations
in Definition 3.7.

Malnormality is an important group property which will play a role in Section 8 and is useful for
amalgamating virtually special groups to make new virtually special groups (see [19]).

Definition 3.8 Let G be a group and let H < G. The subgroup H is malnormal in G if forall g€ G\ H,
g 'Hg N H = {1}. Similarly, H is almost malnormal in G if forall g e G\ H, |g"'Hg N H| < o0.
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Malnormality also extends to collections of subgroups. Let P be a collection of subgroups of G. The
collection P is (almost) malnormal in G if for all g € G and P, P’ € P either g~ Pg N P’ is trivial
(finite) or P = P’ and g € P.

For example, if (G, P) is arelatively hyperbolic group pair and G is finitely generated, then the collection P
is almost malnormal in G by Proposition 2.2.

Definition 3.1 (graphs of groups) and Definition 3.6 (hierarchies) are very flexible, but in practice, some
further restrictions will be needed to ensure that graphs of groups and hierarchies produce useful splittings:

Definition 3.9 Let (I, y) be a faithful graph of groups and let (I', ¢) be a graph of groups structure
(up to conjugacy) for a group G.
(1) T is quasiconvex if every edge attachment map is a quasi-isometric embedding into 77 (T").
(2) T is (almost) malnormal if for every e € E, the image of the attachment homomorphism ¥, in
1(T") is (almost) malnormal in 71 (T").

Let ‘H be a hierarchy for G.
(1) H is faithful if every graph of groups at every level of H is faithful.

(2) H is quasiconvex if every edge group of every graph of groups at every level of H quasi-isometrically

embeds in G.

(3) H is (almost) malnormal if every edge group of every graph of groups at every level of H is
(almost) malnormal in G.

It may be possible to give a reasonable weaker definition of quasiconvex (or malnormal) hierarchy by only
requiring an edge group G, of a graph of groups H in ‘H to be quasi-isometrically embedded (malnormal)
in each adjacent vertex group, but the stronger definition given here will be needed in Section 8.

Here are some examples to help illustrate the definition of a hierarchy:
Example 3.10 A splitting of the fundamental group of a hyperbolic surface group can be realized along
quasiconvex infinite cyclic subgroups by using a pants decomposition. The splitting can be achieved

either as a sequence of 1-edge splittings to create a hierarchy or can be achieved a single multiedge graph
of groups splitting.

There are iterated hierarchy splittings that cannot be realized by a single graph of groups splitting:

Example 3.11 Figure 4 shows a length-2 hierarchy for the fundamental group of a genus-2 surface, 3.
Cuts are made along the both the blue and green simple closed curves which intersect, so the iterated
splitting of the fundamental group cannot be accomplished by a graph of groups (length-1 hierarchy).

Other notable examples of hierarchies are the Haken hierarchy for Haken 3-manifolds, see [22, Section 9.4],
and the Magnus—Moldvanskii hierarchy for one-relator groups, see [30, Chapter 19].
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F, F

Figure 4: A hierarchy for 71 (2;), the fundamental group of a genus-2 surface X,, where the iterated
splitting of 7r1(X7) cannot be realized by a graph of groups. The first splitting is over the infinite
cyclic subgroup of 7 (2,) corresponding to one of the blue copies of S!. The resulting vertex spaces
are punctured tori whose fundamental groups are rank-2 free groups. Cutting along the green arc in
each punctured torus makes an annulus. Then the fundamental group of a punctured torus splits as
an HNN extension of the fundamental group of an annulus (Z) over the trivial group (corresponding
to the green arcs in each annulus which are glued together to make a punctured torus).

Proposition 3.5 extends to hierarchies by induction on the length of the hierarchy.
Corollary 3.12 Suppose G has a hierarchy H and H is a finite index normal subgroup of G. Then H has
an induced hierarchy H' such that the length of H is the length of H' and:

(1) Every vertex group at level i of the hierarchy H' is of the form K& N H which is finite index and
normal in K& for some vertex group K of H at level i and some g € G.

(2) Every edge group at level i of the hierarchy H' is of the form K& N H which is finite index and
normal in K¢ for some edge group K of H at level i and some g € G.

Lemma 3.13 follows from Corollary 3.12:

Lemma 3.13 IfH is a quasiconvex hierarchy for G and Gy is a finite index normal subgroup of G, then
the induced hierarchy on Ho on Gy is quasiconvex.

The definition of a quasiconvex hierarchy for a group G only requires that the edge groups are quasi-
isometrically embedded in G; when a graph of groups (I, ¢, T') structure for G is quasiconvex, the vertex
groups are quasi-isometrically embedded as well.
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Lemma 3.14 Let (I, T) be a graph of groups structure for G. If the edge groups of I' are quasi-
isometrically embedded in G, then the vertex groups of I" are quasi-isometrically embedded in G.

Here is a rough sketch of the proof of Lemma 3.14. A Cayley graph A(G, S) of G coarsely looks
like a “tree of spaces” whose underlying (infinite) graph is the covering tree of (I', ') where the edge
spaces are Cayley graphs of edge groups and the vertex spaces are Cayley graphs of vertex groups.
If Ay := A(Gy, Sy) is one of the vertex spaces, the coarse tree structure ensures that if a A(G, S)-
geodesic shortcut y between two points in A, exits A, through an edge space A., it must return
through A.. If y enters and exits A, at points pe,, pél seeesDems pém, let y; be the image (in A(G, S)) of
a A-geodesic between p,; and péi. There exist A = 1 and € > 0 so that every y; is (A, €)-quasigeodesic
in A(G, S). We can build a new path p from y by replacing the subsegment of y from p,; to p;i with y;.
Then p lies entirely in the image of A, and hence p is at least as long as the A,-distance between its
endpoints. Now the length of p is at most A|y| + €, or equivalently, |y| = %| po| — €. Thus y cannot be
much shorter than the shortest path in A, between the endpoints of y.

3.3 Fully P-elliptic hierarchies

Given a relatively hyperbolic group pair (G, P) and a hierarchy H for G, the goal in Section 8 will be to
strategically find a quotient of G that has a hierarchy induced by # and inherits a relatively hyperbolic
structure from (G, P) that is also compatible with the induced hierarchy structure. Theorem 1.2 can then
be used to show the resulting quotient is virtually special. To ensure that this happens, some additional
restrictions must be imposed on the interactions between the edge and vertex groups of the hierarchy and
the peripheral subgroups of G.

Definition 3.15 Let H be a hierarchy for a group G and let P be a collection of subgroups of G. Let V
be the vertex groups of H. For each H € V, let m1(I'y, ¢ g, Th) be the graph of groups structure for H
induced by the hierarchy H. The hierarchy # is P-elliptic if whenever there exists a g € G such that P& :=
gPg~! C H €V, then there exists an 1 € H such that hP&h~! is contained in some vertex group of I'z;.

A P-elliptic hierarchy is fully P elliptic if whenever E is an edge group in H, then for all g € G, either
P& N E is finite or P& < E.

When H is a fully P-elliptic hierarchy for G and Gy is a finite index normal subgroup of G, the induced
hierarchy from Corollary 3.12 for H is also fully P-elliptic in the induced peripheral structure provided
by Proposition 2.13:

Proposition 3.16 Suppose that Gy is finite index normal in G and let (G, Po) be the peripheral structure
induced on G by Proposition 2.13. If G has a fully P-elliptic hierarchy, then the induced hierarchy H¢
of Gy is fully Py-elliptic.

Proposition 3.16 follows immediately from the explicit characterizations of the edge and vertex groups of
the induced hierarchies in Corollary 3.12 and from the explicit description of the induced peripheral structure.
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4 The relative fellow traveling property

4.1 CAT(0) relatively hyperbolic pairs

The main result of the section is Theorem 4.7. In [14], Hruska proved that piecewise Euclidean 2-
complexes satisfy a relative form of quasigeodesic stability called the relative fellow traveling property.
In [17, Proposition 4.1.6], Hruska and Kleiner showed that CAT(0) spaces with isolated flats have the
relative fellow traveling property relative to the isolated flats. Earlier, Epstein proved a version of relative
fellow traveling for truncated hyperbolic spaces associated to finite volume cusped hyperbolic manifolds
[9, Theorem 11.3.1]. Theorem 4.7 is a version of relative fellow traveling for CAT(0) spaces with a proper
cocompact action by a relatively hyperbolic group. Theorem 4.7 is presumed to be known to experts
based on the works of [8; 14; 15; 17] and others, but the exact formulation used here proved difficult to
find in the literature. Therefore, a proof is provided here.

Definition 4.1 Let X be a CAT(0) space, let § = 0, let f: R*® — R>? be a function and let B be a
collection of subsets of X. The pair (X, B) is a (8§, f)-CAT(0) relatively hyperbolic pair if

(1) every geodesic triangle in X is §-thin relative to some F € B,

(2) forall r =0 and Fy, F> € B with Fy # F,, diam N, (Fy) NNy (F2) < f(r).
We say that a (8, f)-CAT(0) relatively hyperbolic pair has the L-quasiconvexity property if there exists

L = 0 so that each F € B is L-quasiconvex in the sense that any X -geodesic with endpoints in F' lies
in Nz (F). The subspaces B are called peripheral spaces.

An immediate consequence of CAT(0) geometry is the following useful fact that we will use repeatedly:

Observation4.2 If Y is an L-quasiconvex subspace of a CAT(0) space X, then for any R =0, N (7) is
also L-quasiconvex. In other words, if x, y € Mg (?), then any geodesic between x, y lies in Ng+ L(?).

Definition 4.3 Let ()7 ,Bo) bea (8, fo)-CAT(0) relatively hyperbolic pair, and let R > 0. An R-thickening
of Bp is a collection, B, of subspaces of X so that there exists a bijection By € By <> B € B where
By C B, and B € Ngr(By).

Proposition 4.4 Let ()7 ,Bo) be a (8, fo)-CAT(0) relatively hyperbolic pair, and let B be an R-thickening
of By. Let f(r) = fo(r + R). Then (X, B) is a (8, f)-CAT(0) relatively hyperbolic pair.

Proof Let Fy, F» € B with F| # F. Then there exist Fi o, F2,0 € Bop so that F; € Nr(F1,0) and
F> S NRr(F2,0). Then

A geodesic triangle A in X is g-relatively thin relative to some Fy in By. Since Fy is contained in
some F € Belement, A is §-relatively thin relative to F'. O
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Definition 4.5 (similar to [17, Definition 4.1.4]) Let ()7 ,B) be a (8, f)-CAT(0) relatively hyperbolic
pair. The pair ()7 , B) has the relative fellow traveling property if for all A = 1 and € = 0, there exist
U,V = 0 depending on A, € such that for any (4, €)-quasigeodesics o: [0, t5] — X and y: [0, sy] — X
with the same endpoints, there exist partitions

OZS()S.S'lS"'SSZn—i-l:Sy and 0=t <1 <H<---Zthyt1=1s

such that

(1) foralli,d(y(s;),o(t;) <U,
(2) if i is even, then duaus(y([si. si+11). 0 ([ti, ti+1])) S U or
(3) ifiisodd, y([si,si+1]),0([ti, ti+1]) S Ny (F;) for some F; € B.

For a fixed (A4, €), we say that (4, €)-quasigeodesics (U, V)-fellow travel relative to B.

All the CAT(0) relatively hyperbolic pairs we consider in later sections are of the form considered in the
next proposition:

Proposition 4.6 Let (G, P) be a relatively hyperbolic group pair so that G acts geometrically on a
CAT(0) cube complex X. Letxe X bea basepoint. Let Bp = {gPx :g € G, P € P}, and let B be
any R-thickening of Bp. There exist 8, L(R) =0 and f: R>® — R>? so that (X, B) is a (8, f)-CAT(0)
relatively hyperbolic pair that has the L(R)-quasiconvexity property.

Proof By [26, Theorem 1.1], for each P € P, the convex hull of Px lies in a bounded neighborhood
of Px. Since P is finite, there is an L = 0 so that the convex hull of gP x lies in N7 (gP x). Thus any
geodesic between points in gP x lies in N7 (gP x). By Observation 4.2, any R-thickening will have the
(L+ R)-quasiconvexity property because the R-neighborhood of each B € B is L-quasiconvex. Let Bgp
be the convex hull of gPx € Bp. Since P is finite, there is an R (independent of g, P) so that each
Bgp € NR(gPx). Hence B = {Bgp : g € G, P € P} is an R-thickening of Bp. By Proposition 4.4,
it suffices to show that there exist § > 0 and fp: R®% — R>? 50 that ()7, Bp) is a (8, fp)-CAT(0)
relatively hyperbolic pair. Proposition 2.7 implies Definition 4.1(1) holds. Corollary 2.3 ensures that
Definition 4.1(2) holds. O

Theorem 4.7 Let (G, P) be a relatively hyperbolic group pair where G acts geometncal]y on a CAT(0)
space X with basepoint x € X.IfBis any R-thickening of {gPx | g € G, P € P} then (X B) has the
relative fellow traveling property.

The remainder of this section is devoted to the proof of Theorem 4.7. The proof of Theorem 4.7 is
completely self-contained, so a reader who is not interested in the technical details may wish to skip to
the next section. We now set the following standing hypotheses for the remainder of Section 4:
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Hypotheses 4.8 Let (G, P) be a relatively hyperbolic group pair where G acts geometrically on a
CAT(0) cube complex X.Fix a basepoint x and let B be an R-thickening of {gPx | g € G, P € P}. Fix
§=0,L>=0and f:R>® — R>° g0 that (X, B) is a (8, f)-CAT(0) relatively hyperbolic pair with the
L-quasiconvexity property.

4.2 Some geometric features of (f , B) under Hypotheses 4.8.

In this section, we establish some geometric facts about the (8, f)-CAT(0) relatively hyperbolic pair (55 , B).

Definition 4.9 Let (f ,B) be a (8§, f)-CAT(0) relatively hyperbolic pair. Let y C X and let i =0. The
u-saturation of y (with respect to ) is

Sat, (y) = J{B e B:yNN,(B) # @}.

In the following, y will usually be a quasigeodesic.
The following is a consequence of [8, Lemma 8.10] and the Milnor-Svarc lemma:

Proposition 4.10 Under Hypotheses 4.8, for every A = 1 and € = 0, there exists uy ¢ so that if y, o are
(A, €)-quasigeodesics with the same endpoints, then

oSN U( U Ny ().

FESatu)he(y)

Definition 4.11 Let X be a geodesic metric space and let B be a collection of subspaces of X.Let BeB,
A=1ande>0. Let A be a (A, €)-quasigeodesic triangle. Let y1, y2, y3 be the sides of A. We say that
A is coarsely &-thin relative to F € B if

(1) there exists a point p € X so that d(p,y1),d(p,v2),d(p,y3) < % or

(2) there exist subpaths ¢; C y; so that ¢; C NE(F ) and the distance between the terminal point of ¢;
and the initial point of ¢;4+; (where indices are taken mod 3) is less than £.

Theorem 2.11 and the Milnor-Svarc lemma imply:

Proposition 4.12 With Hypotheses 4.8, for all A = 1 and € = 0, there exist §, ( so that if A is a
(A, €)-quasigeodesic triangle, then there is an Fa € B so that A is coarsely 8y, ¢-thin relative to Fa.

To simplify the proof of relative fellow traveling, we can make the following reduction:

Proposition 4.13 Assume Hypotheses 4.8. To show that ()7 , B) has the relative fellow traveling property,
it suffices to prove Definition 4.5 holds in the special case that y is geodesic.

The proof of Proposition 4.13 is essentially identical to the reduction step in [14, proof of Theorem 13.1].
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Proposition 4.10 suggests it might be possible for a quasigeodesic to remain far from a geodesic with
the same endpoints by passing from one peripheral space to another. However, Lemma 4.14 shows that
such a quasigeodesic must always come close to the geodesic with the same endpoints when transitioning
from one peripheral space to another:

Lemma 4.14 Given u = 0, A = 1 and € > 0, there exists Dn(u,A,€) =  so that if o is a (A, €)-
quasigeodesic, y is a geodesic with the same endpoints as o, and o (t) € N}, (F1) N N (F>) for some
distinct Fy, F> € Saty, (y), theno(t) € Np(u,1,e)(¥)-

Proof There exist pi, ps € y so that p; € N (F;). Let 11, 72 be geodesics so that 7; joins o(¢) to p;.
By Observation 4.2 and the L-quasiconvexity of F;, 7; € N, 41 (F;). Let A be the geodesic triangle
with sides 71, 72 and the subpath of y joining p; to p>. Then A is §-thin relative to some F € B.

Recall corner segments and fat parts of relatively thin triangles from Definition 2.10. Let t; and 7/ be the
corner segments of A at o (¢). Observe that 7] SN, 4 1. (F1) N4 1.4+5(F2), so 11| =|75| < f(u+L+9).

Up to exchanging the indices of Fi, F>, we may assume that F' # F7.

The fat part of 77 in A lies in Ng(F) NNy (F1), so it has length at most f(u + L + §). The fat part
of 71 also intersects Ng(y). Therefore, d(o(t),y) <2f(u+ L +8) + 6.

If necessary, we may enlarge Dn(u, A, €) to ensure Dn(u, A,€) = . |
4.3 Relative fellow traveling

Hypotheses 4.15 For the following subsection, we adopt the following baseline hypotheses in addition
to Hypotheses 4.8:

(1) FixA>=1lande=>=0.

(2) Leto:[0,t5] — Xbea(A, €)-quasigeodesic triangle and let y: [0, 5, ] — X bea geodesic that has
the same endpoints as o.

(3) Enlarge § from Hypotheses 4.8 so that all (A, €)-quasigeodesic triangles are coarsely §-relatively
thin relative to some F € B (recall Definition 4.11 and Proposition 4.12) and all geodesic triangles are
d-relatively thin relative to some F € B.

(4) Letu = uj ¢ as in Proposition 4.10.

(5) We abuse notation slightly and use Dy = Dn(u 4+ € + 1,1, ¢€) (see Lemma 4.14). Note that
Dhzu+e+1=>u.

(6) Lete' =€e+2Dn.

(7) Choose D > 8, ¢ + € where §) . is a constant such that all (A, €’)-quasigeodesic triangles are
coarsely &, -thin relative to some F € B (recall Proposition 4.12).

8) Letl=> f(D).
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We first obtain a stability result for (A, €)-quasigeodesics with endpoints in N (F) for some F € B:

Proposition 4.16 Letq = 0. There exists K(q) = 0 so thatif«: [ay,az] — Xisa(d,e) -quasigeodesic
witha(ay), a(az) € Ng(F) for some F € B, then a([a1, az]) € Nk ) (F).

Proof Let §8:[b1,bs2] — X bea geodesic with B(b1) = a(ay1) and B(bz) = a(az). Since Ny (F) is L-
quasiconvex by Observation 4.2, B C Ny 1 4(F). Let y = a(x) for some a1 < x <aj. Leta; = a([ay, x])
and let o = a([x, az]). The sides «;, «;, B define a (4, €)-quasigeodesic triangle that is coarsely thin
relative to some F’ € B.

If there exist p, a(a;), a(a,), and (xp) € B so that d(p. (a;)). d(p.a(ar)).d(p. B(xp)) < 5. then
|x —a;| < la;j —ar| < A6 +¢€). Then

d(B(b), y) < d(alar), y) +d(@(ar), B(xp)) < A(|x —ar]) + € +8 < A% + de + € +3.

If F = F’, then there exist a; < x < a, so that a(a;), a(a,;) € N3(F) and d(«(a;), a(ar)) < 5. Hence
laj — x| < |a; —ar| < A8 +€). Then d(a(ay), y) A28+ A% +€,50 y € Ny j25452¢e(F).

Finally, if F # F’, then there exist a;, a,, by, b, with a; < x < a, so that d(a(a;), B(b;)) <6,
(ae(ar), B(br)) <6 and B([by, br]) © Ng+1(F) N Ns(F'). Therefore

d(a(ar), a(ar)) < d(B(by), B(br)) +28 < f(g+ L +5) +25.

Following computations similar to those in the previous cases,

la; — x| <laj —ar| SAF(g+ L +8)+28) +e,
d(a(a)).y) SA(f(g+L+8)+28)+ A% +e,
d(B(y).y) A2 (f(g+ L +8)+28) + A% +e+36.

Therefore, y € Ny 1422(f(g+L+8)+28)+A2e+e+5 (F). Taking K(g) to be the maximum of the constants
generated in the three cases yields an appropriate constant. a
Here is a brief overview of our strategy for the rest of this section:

(1) We will partition [0, #5] into subintervals so that on each subinterval either ¢ is near an element of B
or o does not stay close to any element of B for long (Proposition 4.17).

(2) In Lemma 4.18, we alter our partition of [0, z5] by widening the intervals where o remains near some
element of F so that o is near y at the endpoints of these intervals. In exchange, we need to calculate
looser upper bounds (Proposition 4.19) on how close o is to an element of B on these intervals.

(3) On what remains of the subintervals where o is not near an element of 3, we prove that ¢ lies within
bounded Hausdorff distance of a part of y (Proposition 4.21).
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(4) We use this information to find subintervals of [0, s, ] that cover [0, s,,] where y is either close to
an element of B or within bounded Hausdorff distance of . However, these subintervals may overlap.
In Propositions 4.22 and 4.24, we show that overlapping can be controlled.

(5) In Propositions 4.25 and 4.26, we rearrange the interval endpoints and delete some subintervals of
[0, 5] and [0, s,] to eliminate any overlap and use the bounds found in Propositions 4.22, 4.24 and 4.25
to ultimately construct a partition that witnesses relative fellow traveling.

In the following, we will use superscripts to help track the stages of partitioning and repartitioning [0, #5]
and covering [0, s, ] by subintervals.

Proposition 4.17 There exists a partition 0 =10 <10 <19 <---<t), | =ts and Fo, Fy,..., Fy_1 €B
with the following properties:

(1) diam{r € [15;.19; ,11:0(t) e Np(F)} < { forall F € B.

(2) U(I%H)» U(tg,‘.g_z) € Np+e(Fi).

(3) Forall F € B, there do not exist t ; < t20i+1 < tgi—i-Z < t;f so thato (1), G(I;f) € Nu+e(F).

4) Fj # Fy for j #k.

It turns out the choice of £ is somewhat arbitrary, but it does affect how much the partition produced by
Proposition 4.17 will need to be altered to give partitions of [0, 75] and [0, s,,] that witness relative fellow
traveling.

Proof Letm € N so that (im — 1){ <ty < mf. We proceed by induction on m.

If |t5| < £, then setting tg =0 and t? = t, suffices.

Assume that Proposition 4.17 holds for quasigeodesics parameterized over intervals of length less than
(m—1)¢. Find 0 < 1— < t4 < tg so that |ty — 1| realize suppegila —b| : 0(a),0(b) € Np(F)}.
If |t —t—| < £, then t(()) =0 and l? = t4 suffices.

Otherwise, by the inductive hypothesis, we obtain partitions
_ 0,0 0 _ _ .0 0 0 _
0—t0st1§"'$12j+1—t_ and t+—t2j+2§t2j+3§"'$t2n+l—tg

so that diamte[tgi’tgﬂrl]{a(t) eNp(F)}<{forall FeB,|tzits—tri+1| = ¢ and 0(t§i+1)’ O'(Zgi+2) €
Npe(F;) for some F; € B. Combining these partitions into a partition of [0, 7] immediately satisfies
the first two requirements. We obtain item (3) because D = €’ = D > u + € (recall Hypotheses 4.15),
the inductive hypothesis and |4+ — 7| is determined by a supremum. However, we need to check that
if ky < j and ky = j (with k1 # k2), then Fy| # Fy,. If Fy, = Fy,, then there exist f; <t1_ <14 <t,
so that o/(7), 0 (t;) € Np(F,) with |ty —t,| > [t- —t4| = £, contradicting hypothesis (3). |

In Proposition 4.17, it is not guaranteed that the o(t](-’) are near y. To remedy this, we widen the intervals
[zgl. L1 tgl. 4] as necessary while shrinking [zgl., zgi Nk
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Lemma 4.18 For0 < j < 2n + 1, there exist tjl so that:

(1) Forall0<i <n,diam{t €[ty;.15;,,,]:0(t) e Np(F)} <L forall F €B.

1,1 1 1
(2) 0=ty <t] S-Sy, Sty =Lo.

0 1 1 0
() 13y Sty Sty;qq Slyigg-

4 Eithertzll. = t21i+1 ord(o(tzll.), y),d(o(tzli+1), y) < Dn.

—9 L.

1 0 1
) Ntgi 41 =il i =i 40l <
Proof For each i, we perform the following procedure to set tzll. . Consider p; =o(tgl. ). By Proposition 4.10,
either p; € Ny (y) or p; € Ny (F) for some F € Sat, (y) (where u is as defined in Hypotheses 4.15). In
the first case, we set tzll. = tgi noting that u < Dn.

Suppose we are in the second case: let t;{t = sup{t € [tgi,tzoiﬂ] co(t) e Ny (F)}. Then |t;§t — t§i| </
by Proposition 4.17. One of the following holds:

J t;‘(‘t = tgi+1 and a(t;ft) € Nyu1e(F) because 2t is a supremum.

ext
* U(Iej);t) € NMutet1(y).

o 0(tF) € Nyter1(F’) for some F’ € F with F' # F.

Indeed, if 7.}, # tgl. 11 then Proposition 4.10 and the fact that t;}, is a supremum ensure either the second

or third possibility must hold. In the case that £, = tgl- 41 set tzli = tzli = tgl. 41~ Otherwise, set

tzll. = z;ft. In this case, either G(l‘zll-) lies in Np, (y) directly or Lemma 4.14 with ;1 = u + € + 1 (recall

Hypotheses 4.15(5)) implies that o(tzll.) € Np,(y).

Proceeding similarly, if a(tgl.H) € Nu+tet+1(y), we set 1211.Jrl = tgi+1' Otherwise, 0(121i+1) e Nu(G)
for some G € Sat, (y). We then set [211'-4-1 = inf{r € [tzll.,tzliH] :y(t) € Ny(G)} where G € Saty, ().
As in the preceding argument, |t21i 1 tgl. 41l < £ and one of the following holds: tzll- 1= tzll. SO
that 0(t21i+1) € Np,(»), 0(t21i+1) immediately lies in Np,(y) or there exists G’ € Sat,(y) so that
U(tle_l) € Nu+e+1(G") N Ny+e(G) € Np (y). In the third case, the final containment follows from

Lemma 4.14 and Hypotheses 4.15(5).
Since [tzll. , tzll. 11l [zgl., zgl. 41, we automatically retain the property that

diam{z € [t5;,15;41]: 0(t) € Np(F)} < ¢
for all F € B. O

We now show that 0([t21i 41 tzll. 4»]) remains boundedly close to F;.

Proposition 4.19 There exists Dgepn = 0 so that for all 0 < i <n, a([tzll. 410 tzli +2]) S NDy (Fi). and
if1}; = 13;41- d(0(13).7) < f(Daep) + D
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Proof Since G(IZI_H) € Np+e(Fj) and |t21+1 t21i+1| <, G(IZIH_I) € Nptetrote(Fi). Similarly,
U(ZZH_Z) € Nptetrt+e(Fi). Set Dgepn = K(D + AL + 2¢) where K(D + AL 4 2¢) is determined (as a
function of A, €, £) as in Proposition 4.16.

Now suppose 1211. By Proposition 4.10, 1ft1 ¢ Nu(y), there exists F € B so that a(t ) ENu(F).

21+1

Suppose first that F # F;. Let tp = sup{t € [0,15] : o([¢ zll,t]) C Ny (F)}. By Lemma 4.18(3),
t2z < t21 1 < t21 1 < t2 1o+ Then Proposition 4.17(3) implies tp < t2 4+ Moreover, F # F; implies that
d(o (t2i+1), 0(tF)) < f(Ddepm). Since {f is a supremum, there existsat > g withd (o (1), 0(tF)) <e+1
so that o (¢) € Ny (y) or o(t) € Ny (F’) for some F’ # F. Hence by Lemma 4.14, d(o(tr),y) < Dn.
Therefore, d(o(tzll.), Y) < f(Dgepn) + Dn.

For the case F # Fj_y set tp = inf{t € [0, 5] : 0([t.1;;]) € Ny(F)} and then proceed using a similar
argument to the case F # Fj. O

We apply the bounds from Lemma 4.18 and Proposition 4.19 to obtain the following.
Corollary 4.20 Let Dendpoints = f (Ddeptn) + Dn = 0. Then d (o (& jl), ¥) < Dendpoints-

We now find sl-1 in [0, s,/] so that y(sl.l) is close to o(tl.l). Let0 < s} < sy be such that d(y(sl) O(ll)) is

at most Dendpoints 1f tjl = tjl 1, or Dn otherwise. If tzli ensure that 521 We may further

_ 1
=l =341

1,1 _ 1 _ 1 _
assume that s, =1, =0, lyps1 =lo and Sope1 = Sy-

Proposition 4.21 There exists Dhausdorfr SO that dhaus(a([séi,séi Jrl]), y([tzll- , s;i Jrl])) < Dhausdorts for all

0<i<n.

Proof If ¢}

241 = tzll., then Dhaysdorft = Dendpoints Suffices. Otherwise, Lemma 4.18 implies

d(o(t3;), y(53:)). d(0 (13 41). (83, 11)) < Dn.

Recall from Hypotheses 4.15 that €’ = € +2Dp. Construct o7, a (A, €’)-quasigeodesic from cr([tzli, 1211. )
by adding geodesics of length at most D connecting O(l‘zll-) and o(tzll. 4+1) o y(s%l.) and y(s%i 1)
respectively.

Let y € o;. Partition o; into 0; and o, so that o; is from y(s%i) to y and o, is from y to a(s;i 4+1)- The
triangle bounded by )/([sél. , séi +1]), 07 and oy is 8, /-coarsely thin relative to some F € B.

There are two possibilities:

Case (there exist points p; € o7, pr € 0, and py in y so that d(p;, pr).d(pr. py),d(p1, py) <8x.¢)
Since o; is quasigeodesic, d(y, p;) < A(A(8; ¢ + €)) + € (a similar computation was carried out in
more detail in the proof of Proposition 4.16). Then d(y,y) < d(y, py) <y +AA (G, +€)) + €.
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Case (there exist p;, p;,,, € 07, pr € 0y and F € B so that the interval of o between p; and p; ,, lies in
Ns, ,(F), d(pr, V([S%i,séiﬂ])) <8y and d(pr, p1) <8; ) Recall that

diam{t € [ty; ., ty; 1] :0(t) € Np(F)} < ¢

sod(py, p1,y) < AL+ 3¢’ where the additional 2¢’ is accounting for the length of the segment linking y(s% ;)
to o(tzli) and the segment linking y(s%iﬂ) to U(IZIH_I). We have that d(y, p;) S A(A(8y ¢ +€')) + €
following the computation from the previous case. Hence

d(y.y) S8 +l+e + A A0 +€)) +€.
From the two previous cases, we determine that d(y, y) is bounded as a function of A, €'.

Now consider x € y. We will bound d(x, o). Similar to the previous case, divide y|[s 15 into two
i’ I

segments y; from y(s%i) to x and y, from x to y(s;i 1) and consider the quasigeodesic triangle with

sides y;, yr,0; that is §, (/-coarsely thin relative to some F € B. There are two possibilities:

Case (there exist x;, Xr, Xo so that x; € y;, X, € yr, X5 € 0; With d(x;,0),d(x;,x;) <63 ,) Then
d(x;,x) <d(x;,xr) <8, ¢ because y is geodesic. Hence we have

d(x,0;) <d(x,xq) <d(x,x7) +d(x;,x5) <28) ¢
Thus d(x,0) <28, ¢ + Dn.

Case (there exist x;, Xy, Xy and F € B so that x; € y;, X € Vr, Po;, Po, € 0; so that pg,, ps, €
Ns, o (F) and d(x;, po;), d(xXr, po,) <8x.e) Since d(po,.0).d(ps,.0) < €', there exist 17, ¢, so that
Do, =0(11), po, =0(ty) € N(gk.e/Jre/(F). Then by Proposition 4.17 and Lemma 4.18 and the fact that
D > §; ¢ + €', we have |17 —t,| < £. It follows that d(o (;), o (t;)) < AL + €. Hence

d(x,0(1)) <d(x1, %) +d(x1, po,) +d(pe;, 0 (1)) < d(x1, %) + 83 ¢ + €
<d(o(t1).o(tr)) +2€" +38) & <A+ 3€" +35; ¢
Taking the largest constant from the four cases above yields an acceptable value for Dhaysdort- O
Unfortunately, it is possible that j < k and s ]1 > s]i, but this behavior can be controlled:

Proposition 4.22 There exists Dguiorder SO that if j < k and s} > s, then |tj — tx| < Doutorder-

Proof It suffices to consider the case where k is the largest index such that j < k and s} > s]i.

: 1 1 : : 1 1 1 1 1 :
Bly constructllon, d (a(tj ), y(s ; )) < Dendpoints- Slnccle k is largelst, S j1 € [sk, Sk +1] Vlvhere Slk SE/ARE Since
so =0 and s5,, = sy, there exists h— < j so that s liesin [s, s, ] wheres, <s, . .

Case (k is even) Then d (y(s}), U(tjl)) < Dendpoints and there exists 74 € [t,i, t,g +1] such that
d(V(S}L U(t+)) < Dhausdorff~
Hence d(o (tjl), 0(t4)) < Dhausdortt + Dendpoinis- We then obtain
|t]§ - [j1| < |tj1 - t+| < A(Dhausdorff + Dendpoints) + €.
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Case (h_iseven) Thend(y(s;),o(t})) < Denapoins and there exists t— € [r} 1] 1) so that

d(U (t ) V(Sk)) Dhausdorft-

Similar to the previous case, we conclude
1 _ .1 <1t <D D )
|th_ th_+1| = |tk tj | < ( hausdorff + endpomts) +e€.

Case (h_ and k are both odd) Set h— =2i_ + 1 and k = 2i4 + 1. Observe that y([s}l_,s,ll_ﬂ]) C
NDendpnints+Ddepth(E—) and Slmlla‘rly y([sli’ S]i+1]) g NDendpoints+Ddepth (Fl-‘r)

1 <l 1 <sl<sl<
Wehavesh_\sk<s.\sk+1 Ifsh sk\s Sh 1

J then

1
S+
y ([Sk ’ s/ ]) g NDendpoinls+Ddeplh (Fi—) m NDel]dpoinls+Ddeplh (F[+ ) °

Therefore,
d()/(s]i)» V(Sjl)) < f(Dendpoints + Ddepth) and d(O’(ljl), O—(t]i)) < 2l)endpoints + f(Dendpoints + Ddepth)-

Then
|tj1 - l‘]i| < A(2Dendpoints + f(Dendpoints + Ddepth)) +e€.

Otherwise Sp_ SSp S8y S8, S8, 50 that

')/([S]l, S]11_+1]) g NDendpoints+Ddepth(Fi—) n NDendpoinls+Ddepth(E+)'
We see d(o— (t]g)’ U(té_+1)) < 2Dendpoints + f(Dendpoints + Ddepth)- Recal]ing h- < ja then
Iljl - t]i| < |Z]/}7+1 - t]il < /\(2Dendpoints + f(Dendpoints + Ddepth)) + €.

Taking Dgytorder to be the maximum of the bounds found in each of the three cases therefore suffices. O

Definition 4.23 An augmented partition of [0, t5] is a partition
Osn<nm<--<tp=ts
together with choices 0 = sg, s1,52,...,5m = 5y Where s; € [0,s,]. We denote such an augmented
partition by
(1 (t0.50) < (t1,51) <+ < (tm—1,Sm—1) < (tm, Sm).

We call t; <tj41 < -+ <1t amaximal crossover subinterval of the augmented partition (1) if 55, < s; for
all & < j and k is the largest index so that s; < s;.

In Propositions 4.24 and 4.25, we explain how to take an augmented partition like (t(},s(l)) <. <
(tyn+1+S3p+1) and obtain an augmented partition with similar properties that has one fewer maximal
crossover interval from an augmented partition. Then, in Proposition 4.26, we work on (té , sé) <<
(t21n 1 s%n 1) from left to right using Proposition 4.25 to obtain a new augmented partition with similar
properties but no maximal crossover intervals.
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Proposition 4.24 Let t.l < t.l S0 < t,i be a maximal crossover subinterval of an augmented partition
(t0,80) < (t1,51) <+ < (tz,—l Sl,—l) =~ (t ) 1) =~ (]-4-17 }4—1) SR ([Ii’sli) SRS (t21n+1’sén+1)
of [0, ts]. Then

¢ d((f(f;i)a V(S]l)) < ADoytorder + € + Dendpoints’

° d(a(tjl), V(S]i) < ADoutorder + € + D endpoints» and

® dhaus(a([t ! ’ tl])v y([sl ’ Sl])) < ADoutorder +e+ 3Dendp0ints~

k k*"j

Proof Recall d(a(tjl), y(s})), d(a(tj.1+1), y(s}_H)), el d(a(tli), y(sll)) < Dendpoints- By Proposition 4.22,
t! =t} < Doutorder- Thend (o (t}), o(t})) < ADoutorder + €. We can conclude then that d(y(s1), y(s))) <
J k J k Jj k
ADgutorder + € + 2 Dendpoints- Therefore, for all s,l <s< s},

d()/(S), O—(Zli)) < d(y(sjl)’ )/(Sli)) + d(y(s]i)’ O—(t]i)) < Al)outorder +e+ 2Dendpoints + Dendpoims~

Similarly for all 1} <7 <1, |t —1}| < Doutorder 50

d(o (1), U(tli)) < ADoutorder + €.

Therefore,
1
d(o(1), V(Sk)) < ADoutorder + € + Dendpoints-
A similar argument will also show that d (o (t]i), )/(s})) < ADoutorder + € + Dendpoints- O
Proposition 4.25 Let tl <t jl FIPIESEEEES t,i be a maximal crossover subinterval of an augmented partition
(2)  (to.s0) < (t1.51) < (f2,52) <+ +- < (tij—1.8i;—1)
1 .1 1k 1 1

<(t,s) < (t} i1 ]-‘rl) S (e, s7) S < (g1 S2n41)

of [0, t;] so that tg, 11,12, ...,1;;—1 are not contained in any maximal crossover subintervals of (2). There

is a new augmented partition
() 0=(to.50) <+ < (ti;—1.8i,—1) < (1] .50) < (04.5]) < (B 41554 < < (g1 52041
that has the properties

* 10,11, ti—1, tj , zk are not contained in any maximal crossover subinterval of (3),

o d(a(t}), y(s])),d(0(t}), y(s;)) < ADoutorder + € + Dendpoints, and

o dnaus(@ ([t} 12]), y(Isg-5}1)) < ADoutorder + € + 3 Dendpoins-

Proof Since #g,11,12, .. ., ti;—1 are not contained in any maximal crossover subinterval, so < §1 < 52 <

1

- < 5i;,—1 < S and s < s; by hypothesis. Moreover, for all &’ > k, we have sk, =) s,i because

t jl <. < tk 18 a maximal crossover subinterval. Therefore, t] and tk cannot be contalned in a maximal
crossover subinterval of the augmented partition (3).

From Proposition 4.24, we immediately obtain d (o (t,i), y(s })) < ADoutorder + € + Dendpoints and
dhaus(a([tjl , t]i]), V([S]i, SJI])) < ADoutorder + € + 3Dendp0ints- o
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Proposition 4.26 There exist partitions

NN
<}

0=td <t} <t3<t3<---<t’ =t; and 0=s5<s}<s

sothat for0 < j <n':
(D d((f(l‘jz), )/(sz)) < ADoutorder + € + Dendpoints-
(2) For each j, one of the following holds:

o dpas(o ([t ]_H])» y([s7, ]_H])) < ADoutorder 1 € + 3 Dendpoints-
¢ G([ J ’ j+1])’ V([S 2 s]2+1]) g NK(Ddeplh+Dendp()ints)(sz) for some sz € B'

(3) Ifj # j', then F? # FJ.

Proof sketch We can obtain the desired partition by starting with the partition from Lemma 4.18
and then working left to right using Proposition 4.25 to eliminate any maximal crossover subintervals.
Immediately, sé =0, so t(} is not contained in any maximal crossover subintervals. The bound on
d(o (t-z), )/(sz)) is implied by Proposition 4.25. One of the following holds:

2_ 1 2 1 2 1 .
. t =15 t/+1 t21+1,s = s2l and Sj+1 =511 for some i.

2 _ 2 2= 1 .
* I —Z2i+1’6+1 [2i+2’ F =554, and s ]+l = 8,4, for some i.

e Proposition 4.25 implies that dpay (o ([t? s Jrl]), y([s%, 52 +1])) < ADgutorder + € + 3 Dendpoints-

In the first case, Proposition 4.21 implies that djays (o ([t? J A Jrl]) y([s? 57.5; Jrl])) is bounded appropriately.
In the second case, Proposition 4.19 implies that o ([£?, +1]) C NDypy, (Fi), s0 set F j2 = F;. Since the
endpoints of y ([s2, +1]) are within Depdpoints of the endpomts of o([tjz, tjz 1)) and y is geodesic, we have

)/([52, SJZ—Fl]) g NK(Ddepth+Dendpoints) (sz)

Since the F; are distinct, if j # j’, then F j2 # sz, O

In the partition from Proposition 4.26, we call an interval [¢ [ | a Hausdorff interval if

/+1
dhaus(a([ o j+1]) V([S/ ) SJ—I—I])) < ADoutorder + € + 3 Dendpoints-

OtherWlse lf U([J ’ j+1]) y([ J ’ ]+1]) g NK(Ddeplh+Dendpuints)(sz)’ we Call [tjz’tJ2+1] a peripheral
interval.

Theorem 4.7 Let (G, P) be a relatively hyperbolic group pair where G acts geometrically on a CAT(0)
space X with basepoint x € X.IfBis any R-thickening of {gPx | g € G, P € P} then ()7, B) has the
relative fellow traveling property.

Proof By Proposition 4.6, (Y ,B)is a (8, /)-CAT(0) relatively hyperbolic pair and there exists L(R) so
that Hypotheses 4.8 hold.

Algebraic € Geometric Topology, Volume 25 (2025)



Hierarchies for relatively hyperbolic virtually special groups 4463

Given (A, €)-quasigeodesics y, o with the same endpoints, we can reduce to the case where y is geo-
desic by Proposition 4.13. Proposition 4.26 nearly provides the partition for relative fellow traveling
except that the intervals [¢2, ¢ jz 1] as constructed in Proposition 4.26 do not alternate between Hausdorff
intervals and peripheral intervals. This can be easily remedied by turning any two adjacent Hausdorff

intervals into a single Hausdorff interval. In other words, if [t? s +1] and [t? F Jr2] are both Haus-

J+r
dorff 1ntervals we remove these two intervals from the partition and replace them with the single

]’ J+2 i j+1] and[]_H, j+2] with [S ’ j+2
dhaus(cr([ NE +2]) y([s2, +2])) < ADoytorder + € + 3 Dendpoints in this case. Repeat this process until no

adjacent Hausdorff intervals remain. |

interval [t? ]. Likewise, replace [s2 ]. Tt is easy to check that

5 A relatively hyperbolic combination lemma

The construction of hierarchies in Section 7 is quite similar to the hierarchy constructed in [3]. The goal
of this section is to prove a combination theorem for the relatively hyperbolic setting that will be used to
show the edge groups of the hierarchy are undistorted.

5.1 The attractive property in CAT(0) relatively hyperbolic pairs

The first goal is to improve a CAT(0) relatively hyperbolic pair so that geodesics that stay near a peripheral
space intersect the peripheral space.

Definition 5.1 Let X be a geodesic metric space, let Z be a subspace of X and let Ky : R>% — R>0 be
a function. The subspace Z is Kyy-attractive if for all R = § whenever y is a geodesic with endpoints in
NR(Z) and |y| = Ky (R), then y N Z # @.

We now fix hypotheses for the remainder of the Section 5.1.

Hypotheses 5.2 Suppose that (X, B') is a (8, f7)-CAT(0) relatively hyperbolic pair where every F’ € B
is convex. Let B = {N,5(F') : F’ € B'} so that for some f:R>® — R> (X, B)isa (8, f)-CAT(0)
relatively hyperbolic pair by Proposition 4.4. Fix M = f(66).

Proposition 5.3 Under Hypotheses 5.2, every B € B is (3M +6R+2145)-attractive.
The following result will be used to prove Proposition 5.3:

Proposition 5.4 Assume Hypotheses 5.2, let y be a geodesic and let F € B'. If y has endpoints in N (F),
then diamy N NLs(F) > |y| — (BM + 6R + 96).
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o1 02
Ay
P3
p o q

Figure 5: The quadrilateral constructed in the proof of Proposition 5.3.

Proof There is a quadrilateral whose sides are y, two geodesics o1, 02 of length at most R connecting
the endpoints of y to points in F and a geodesic « connecting the endpoints of o1, 03 that are in F.
By convexity, @ € F. Let p be a diagonal so that there are two triangles, A1, Ay, so that A has sides «,
p, o1 as a side and A has sides y, p, 0. Designate vertices p, ¢, r, s so that @ = [p, q], 02 = [¢, ],
y =[r,s], 01 =[p,s], and p = [q, 5] as shown in Figure 5.

Case 1 (Aj is §-thin relative to some F’ # F) Since F' # F and « C F, the length of the fat part of
o in Aq is at most M.

Let p; be the corner segment of p in A at s. Then |p1| < R. Let p, be the fat part of p in A;. The fat
part of o1 in Aj has length at most R, so by Lemma 2.12, |p2| < M + R + 35. Let p3 be the corner
segment of p in Ay at ¢. By construction, p3 € N3 (F).

Let y; be the corner segment of y at s in Ay, let Y, be the fat part of y in A, and let y3 be the corner
segment of y in Aj at r. Observe that y; N N3 (p3) € Nos(F) and

diam y; N Ns(p3) = [v1l—lp1l—lp2l = |y1] = (M + 2R + 35).

If A, is §-thin relative to F, then y, € Ng(F). If A, is §-thin relative to some other element of B,
the fat part of p in A, has length at most |p1| + |p2| + M < 2M + 2R + 3§ because p3 C Ns(F). By
Lemma 2.12,

lya| <2M +2R 438 + R+ 38

because |02| < R. Finally, |y3| < R.

In summary, at most M + 2R + 36 of y; lies outside of N5 (F), at most 2M + 3R + 66 of y; lies outside
of Nps(F), and at most R of y3 lies outside of N55(F), so

diamy N Nps(F) = |y| — (3M + 6R + 99).
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Case 2 (A is §-thin relative to F) Let p1, p2, p3 and yi1, y2, y3 be as in the previous case. Here,
lo1] < R, p2 € Ns(F) since Ay is §-thin relative to F and p3 € Ng(a) € Ng(F). Since y; §-fellow
travels a subsegment of p at s, diam y1 NNg (02U p3) = |y1]|— R because |p1| < R. Since py U p3z SN (F),
diamy; N NL5(F) = |y1| — R. If A, is §-thin relative to some F” # F, the fat part of p in A, has
length at most R + M because its intersection with po U p3 € N5 (F) has length at most M and |p1| < R.
Therefore by Lemma 2.12, |y2| < M + 2R + 3§. On the other hand, if A, is §-thin relative to F, then
y2 € N3 (F) so in both cases, all but a less than M + 2R + 35 subsegment of y, lies in Ng(F).

In summary, diam y1 N N55(F) = |y1| — R, diam y» N N5 (F) = |y2| — (M + 2R 4+ 36) and |y3| < R.
Therefore, by the convexity of N,5(F),

ly "N Nos(F)| = |y| — (M + 4R + 36). |

Proof of Proposition 5.3 Let y be a geodesic with endpoints in Ng(F). Then by convexity, y C
NRy2s(F’) for some F’ € B where F = N,5(F'). By Proposition 5.4, if |y| > 3M + 6(R + 28) + 96,
then y N Nos(F') # @. Noting that F = N,5(F’) completes the proof. O

5.2 A combination lemma for CAT(0) relatively hyperbolic pairs

Maintain the following baseline hypotheses for Section 5.2:

Hypotheses 5.5 Let (Y ,B) be a (§, f)-CAT(0) relatively hyperbolic pair and let M = f(68) as before.
Suppose that every B € B is closed, convex and (3M +6R+2 f(R)+216)-attractive.

In Section 7, we will use Proposition 5.3 to obtain attractiveness for a (8, f)-CAT(0) relatively hyperbolic
pair, and then thicken the peripheral spaces to make a new (8, f)-CAT(0) relatively hyperbolic pair. We
will then prove that the new peripheral spaces are (3M +6R+2 f(R)+214)-attractive. For this reason,
Hypotheses 5.5 are slightly weaker than what would follow from Hypotheses 5.2 and the conclusions of
Proposition 5.3.

Theorem 5.6 Assume Hypotheses 5.5. Let y = biazbzasbs . .. ayb, be a broken geodesic. Let y; be
the geodesic connecting the endpoints of the subpath byasbyasbs . ..a;b; of y. Suppose that:

(1) Foreach1 <i <n, there exists some F; € B so thatb; C F;.

(2) IfF; = Fj, theni = j.

(3) Forl<i<n-—1,]|b;j| =37M + 2506.

(4) Forall2 <i <n,diama; N N3s(F;) <5M + 398 and diama; N N3g(Fi—1) <5M + 396.

(5) Forall2 <i <n,diama; N Ngg(F;) <5M + 576 and diama; N Ngg(Fi—1) < 5M + 576.
Then y, has a length at least |b, | — (24 M +1656)-tail at the endpoint it shares with b, (recall Definition 2.9)
that lies in N»g(Fy,) and for all2 <i < n, |yi| = |yi—1| + |lan| + |bn| — 68 M — 6285.
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Figure 6: One possible configuration of A ll and Al-z in the proof of Theorem 5.6. Corner segments
of triangles at the same point are connected by dotted lines.

Proof In the case n = 1, the proof is straightforward. The proof of Theorem 5.6 is by induction on 7.

Notation 5.7 We now establish notation that will be used throughout the proof of Theorem 5.6.

)

2)
3)
“4)
&)

For each 2 <i < n, let w; be the geodesic connecting the endpoints of the broken geodesic
b1a2b2 e bi_lai.

Foreach2 <i <n, let Al.l be the triangle with sides y;_1, w; and a;.
Foreach2 <i <n, let Al-z be the triangle with sides w;, b; and y;.
Label vertices so that a; = [p;, ¢;] and b; = [q;, pi+1].

Let ¢; be the corner segment of w; in Al.z at q;.

See Figure 6 for a visual representation.

We make the additional inductive assumption that for 1 <i < n, y; has a |b;| — (24M + 1656)-tail at
Pi+1in Napg(Fp).

Proposition 5.8 Ifi > 2 and we assume the inductive hypotheses for the proof of Theorem 5.6, then
there is a point x; € y; so that d(x;, F;i—_1) < 468. Further, |c;| < 12M + 818 (recall Notation 5.7(5)).
When Al.z is 8-thin relative to F;, then the length of the fat part of w; in AL.Z is at most 12M + 816.

Proof Since 1 <i—1<n, y;—1 has alength at least 13M + 855-tail at p; in NV,5(F;—1) by our inductive

assumption.

Case (A 11 is thin relative to F # F;—1) The corner segments of A 11 at p; have length at most 5M + 39§
to avoid violating Theorem 5.6(4) because a more than 5M + 39§-tail of y;_1 at p; lies in Nog(Fi—1).
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Since A 11 is thin relative to F' # F;_1, the length of the fat part of y;_; in A 11 is at most M. Therefore,
there is a point y € y;_; and a point y’ € w; so that d(y, p;) < 6M + 395 and d(y, y’) < § so that y, y’
are endpoints of the corner segments of A 11 at ¢1 and further, there exists a subsegment o (see Figure 6)
of the corner segment [¢1, y’'] € w; with endpoint y’ so that |o| > 2M and o C N35(Fi—1).

The intersection of ¢ with the corner segment of w; in Al.z at ¢; lies in N35(F;j—1) NN3s(F;) and therefore
has length at most M. The fat part of w; in Al.z is either contained in Ng(F;—1) or intersects ¢ in a
segment of length at most M. Therefore, either there is a point in y; that is at most § from the fat part of
w; in Al.z and the fat part of w; in Al.z is contained in Ng(F;_1) or ¢ intersects the corner segment of Al.z
at ¢1. In the first case, there is a point x; € y; that lies in NV,5(F;j—1) and in the second case, there is a
point x; € y; so that d(x;,0) <6, so x; € Nys(Fi—1).

The next tasks are to bound |c; | from above and to prove that when Al.z is 8-thin relative to F;, the fat part
of w; in Al.z has length at most M. Note that ¢; € N,5(F;). The intersection of ¢; with the corner segment
of w; in Al.l at ¢; has length at most 5M + 396 because diama; N N3s(F;) <5M +395. If F # F;, the
intersection of ¢; with the fat part of w; in Al.l is a segment of length at most M. Since |c; No| < M
and |o| > 2M, |c;| < TM + 396. Further, if Al.z is §-thin relative to F;, then the fat part of w; in Al-z
intersects o in a segment of length at most M, intersects the fat part of w; in A 11 in a length at most M
segment and intersects the corner segment of w; in Ail at ¢; in a segment of length at most 5M + 396.
Hence the fat part of w; in Al.z has length at most 7M + 395 when Al.z is thin relative to F;.

If F = F;, then the fat parts of a; and y;_; in Al.l, which are contained in Ng(F;), have length at
most 5M + 398 and M, respectively. Therefore, the length of the fat part of w; in Al-l is at most
5M +395 + M + 35. Then |c;| < 12M + 815 by a computation similar to the one in the previous case.

When F' = F;, the fat part of w; in Al.z intersects ¢ in a segment of length at most M, intersects the fat
part of w; in A 11 in a segment of length at most 6 M + 42§ and intersects the corner segment of w; in A ll
at ¢; in a segment of length at most 5M + 396. Therefore, if Al.z is thin relative to F;, then the length of
the fat part of w; in A? is at most 12M + 815.

Case (A 11 is thin relative to F;_1) Recall ¢; is the corner segment of w; in Aiz at ¢;. The intersection of
¢; with the corner segment of w; in A 11 at ¢; again lies in N55(F;) N Ns(a;) and hence has length at most
5M + 395. The fat part of w; in Al.l lies in Mg (F;—1). Hence, if the length of the fat part of w; in Al.l
exceeds M, then its intersection with ¢; has length at most M so |c;| < 6M + 395. Hence for the purposes
of bounding |c;| from above, assume the fat part of w; in Al.l has length at most M. The length of the fat
part of @; in Al.l is at most 5M + 396. If the length of the fat part of w; in Al.l is at most M, then by
Lemma 2.12, the length of the fat part of y;_1 in Al.l is at most 6M +425. Now, if y € y;—1, y’ € yj—1 are
the endpoints of the corner segments of Ail at gy, then d(y, p;) <5M +395 +6M + 425 = 11 M + 814.
Therefore there is a tail at y” of the corner segment of w; in Al.l at ¢, called o so that |o| > 2M and
0 C N35(Fj—1) because y;_1 has a more than 13M + 84§-tail in N,s5(F;—1). Therefore, ¢; intersects
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[V, q1] in a segment of length at most M because ¢; € N,s(F;). Hence |c;| < 7TM + 398 because the
union of the two corner segments of w; in Al.l and the fat part of w; in A ll s w;.

In all cases, |c;| < 12M + 813.

If Al.z is §-thin relative to F;, the fat part of w; in Al.z has length at most 6 + 395 because the corner
segment of w; in Al-l at ¢; lies in Ng(a;), and both o and the fat part of Al.l lie in Ng(F;—1). In particular,
the fat part of w; in Al.z may only intersect [¢1, y'] in o because otherwise its intersection with o has
length more than M and lies in N3s(Fj—1) N Ns(F;).

The only remaining thing to prove is that there is a point x; € y; so that d(x;, Fi—1) < 48. If A? is §-thin
relative to F;_; and is not §-thin relative to any other F' € B, then there is a point on y; in Nog(Fi—1).
Hence assume Al.z is thin relative to some G € B with G # F;_;.

Let w! C Ns(Fij—1) be the fat part of w; in Al.l and let w? be the corner segment of w; in Al.z at qi.
If there exists r € w! Nw?, then d(r, y;) < §, so there exists an x; € y; such that y; € Nas(Fi_1).

Otherwise, w! intersects ¢; in a segment of length at most M because ¢; lies in N,g(F;) and intersects
the fat part of w; in Al.z in a segment of length at most M (the fat part of w; in Al.z lies in N3(G)).
Hence |o!| <2M. Let @ be the corner segment of w; in A ll at g1. Let z € w; be the point where w!
intersects w>. By Lemma 2.12, the fat part of y;_; in Al.l has length at most 2M + 5M + 396 + 35 =
TM + 426 because diama; N Nog(Fi—1) < 5M + 395. The corner length of Al.l at p; is at most
5M + 395 because any subsegment of a; in N35(F;) has length at most 5M + 395. Then at least a
13M + 848 — (5M + 398 + 7TM + 428) > M -tail of w3 at z, which will be called w’, lies in NV35(Fi_1)
because it §-fellow travels a subsegment of the tail of y;_1 at p; contained in A,5(F;—1). The union of
¢; and the fat part of Al.z lie in Mg (F;), so they collectively cannot extend past @’ in the direction of ¢;
because otherwise w’contains a length more than M subsegment in N35(F;) NN3s(F;—1). Therefore, w?,
the corner segment of Aiz at g1, must intersect o’. Since o’ lies in A35(F;_1) and w? is a corner segment

of AI.Z at ¢1, there is a point x; € y; so that x € Nys(Fi—1). O

Proposition 5.9 If b; C Ns(F;), then the geodesic y; has a |b;| — (24M + 1656)-tail at p; 41 that is
contained in Nog (F;).

Proof There are two cases:

Case 1 (Ai2 is 6-thin relative to some F' # F;) The corner length of Al.z at g; is at most 12M + 8146 by
Proposition 5.8. The length of the fat part of b; in Al-z is at most M because b; € Ns(F). Therefore, the
corner length of Al.z at p;+1 is at least |b;| — (13M + 816). Thus the corner segment of y; at p; 4+ has
length at least |b;| — (13M + 816) and lies in N5 (b;) S Nos(F;).

Case 2 (Ai2 is 6-thin relative to F;) The corner length of Al.z at ¢; is at most 12M + 816. Let s be the
length of the fat part of b; in Al.z. Then the corner length of Al.z at p;+1 is at least |b;| —s — (12M + 816).
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By Proposition 5.8, the length of the fat part of w; in Al.z is at most 12M + 815. By Lemma 2.12,
the fat part of y; in Al.z has length at least s — (12M + 818 + 36). The corner segment of y; at
pi+1 in A? and the fat part of y; in A? both lie in Ns(Fj) and their combined length is at least
s—(12M + 848) + |bj| —s — (12M + 8168) = |b;| — (24M + 1656). |

Lemma 5.10 Letn:= [p;, pi+1]. Thendiamn N Nsg(F;j—1) < 12M + 1176.
Further, d(q;,n) < 10M + 796.

Proof Let A be the geodesic triangle with sides a;, b;, . If the corner segment of 1 in A at p; lies in
Nsg5(Fj—1), then the corner length of A at p; is at most 5M + 576 because a; N Ngg(F;j—1) has diameter
at most 5M + 576.

Suppose A is §-thin relative to F;_1. The fat part of b; in A then lies in F; and therefore has length at
most M. The fat part of ¢; in A has length at most 5M + 57§ because a; N Ngg(F;—1) has diameter
at most 5M + 575. Hence by Lemma 2.12, the length of the fat part of  in A is at most 6 M + 608.
On the other hand, if 1 is §-thin relative to some F # F;_1, then the intersection of the fat part of 1 with
Nsg(F;—1) has length at most M. In all cases, the fat part of 1 in A intersects Nsg(F;—1) in a segment
of length at most 6 M + 606.

Finally, the corner segment of 7 in A at p;4+; lies in N,5(F;) and can hence intersect NVss(F;j—1) in a
segment of length at most M.

Since 7 is the union of its two corner segments and its fat part in A, its intersection with Nsg(F;—1) has
diameter at most 12M + 1176.

The corner length of A at ¢; is at most 5M + 396, because the corner segment of a; in A at g; lies
in a; N Nos(F;). If A is §-thin relative to Fj, then the length of the fat part of @; in A is at most
5M + 395. Otherwise, if A is §-thin relative to F' # F;, then the length of the fat part b; in A
is at most M. Since A is relatively 6-thin, in both cases, there exists a point on 7 that is at most
5M 4396 +5M + 395 + 8 = 10M + 796 from ¢;. ad

Lemma 5.11 Let x; be a point on y; so that x; € Ng(F;—1) and x; is the point closest to p; 4+ with this
property. Let ' = [p;, x;] and let n”" = [x;, pi+1] C yi. Let A’ be the triangle with sides n, ', n”. Then
at least one of the following holds:

(1) The length of the fat part of n in A’ is at most 12M + 1176.
(2) The length of the fat part of n’ in A’ is at most M < 12M + 1176.

Proof Suppose A’ is §-thin relative to F;—;. Then by Lemma 5.10, the fat part of 1 has length at most
12M + 11765. On the other hand if A’ is §-thin relative to some F # F;_1, then the fat part of ’ in A’
lies in N5 (F;—1) by convexity, so the length of the fat part of ’ in A’ is at most M. O

Algebraic € Geometric Topology, Volume 25 (2025)



4470 Eduard Einstein

Lemma 5.12 There exists y; € y; so thatd(p;, y;) <24M + 2356.

Proof The corner segment of 7 in A’ at p; lies in Ns5(F;—1) N7, so by Lemma 5.10, the corner length of
A’ at p; is at most 12M + 1178. By Lemma 5.11, the length of fat part of 7 in A’ or the length of the fat
part of " in A’ is at most 12M + 1178, so there is a point y; in n” C y; so that d(p;, y;) <24M + 23545
because A’ is relatively §-thin. O

The next lemma follows immediately from the triangle inequality, but is convenient to have recorded:

Lemma 5.13 Let A¢ be a geodesic triangle in X with sides abc and suppose that a and b meet at the
vertex p and d(p,c) < J. Then |c| = |a| + |b| —2J.

Proposition 5.14 We have
1Vl = [Yn_1| + |an| + |bn| —2(24M + 2358) —2(10M + 795)
= |yn_1|+ |an| + |bn| — 68 M — 6286.
Proof By Lemmas 5.12 and 5.13,
1Vl = Va1 + 1] — 2(24M + 2356).
Then by Lemmas 5.10 and 5.13,
[n] = lan| + |bn| —2(10M + 796).

Putting the two preceding inequalities together yields the desired inequality. a
Propositions 5.9 and 5.14 complete the inductive proof of Theorem 5.6. |

Definition 5.15 Let .4 be a collection of subsets of a geodesic metric space and let K = 0. Suppose that
forall Ay, A, € A with Ay # Az, d(A1, A2) = K. Then the collection A is K-separated.

The paths in Theorem 5.6 are of a special type to facilitate the inductive proof. Proposition 5.17 generalizes
Theorem 5.6 to apply to all geodesic paths coming from certain subspaces of X with some additional
assumptions:

Hypotheses 5.16 Assume Hypotheses 5.5 and assume the following:

(1) Let A :=500M + 100006.

(2) Let A be a A-separated collection of convex subspaces of X.

(3) LetBy C B.
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4) LetT = (I_lAe.A A) U (UBeBo B). Define an equivalence relation ~ on 7" by x ~ y if and only if
x =y or for some A € A and B € By, the images of x and y in X agree and lie in the images of both A
and B.

Proposition 5.17 Under Hypotheses 5.16, it T/~ is path connected, then the natural inclusion of
T/~ — Xisa(2,114M+ 15926)-quasi-isometric embedding (where the metric on T/ ~ is the induced
path metric).

Proof Let y be the image in X ofa geodesic in T/ ~ and let y’ be the X- geodesic between its endpoints.

Up to reversing the direction of y, y can be written as a piecewise geodesic of one of the piecewise
geodesic forms

(1) byrazb;...anby, and |by|, |by| = 37TM + 2504,
(2) aibyazby...bya,1 where |aq|, |an+1| # 0,
(3) aibi...anb, where |aq| # 0 and |b,| = 37M + 2508,
4) aib:...anb, where |aq| # 0 and |b,| < 37M + 2508,
(5) brazbs...anby, where both of |b1], |by,| are less than 37M + 2506,
(6) brazb;...anby,, where |by| <37M + 2506 and |b,| = 37M + 2504,
where foreach 1 <i <n,aq; CA; e A, forall 1 <i<n,b; CB;jeB,andfor2<i<n—1,|bj|=A

because A is a A-separated collection. Assume also that » is minimal and y is subdivided in a way that
maximizes the sum of the lengths of the b;.

If i # j, then B; # B; because otherwise the subsegment b; ...b; of y could be replaced by a single
geodesic segment in B; € T/ ~ contradicting minimality of n. By the maximality of the lengths of the b;
and the (3M +6R+2 f(R)+2148)-attractiveness of every B € B,

diam a; N N3g5(B;),diama; N N3s(Bi—1) < 5M + 396,
diama; N Ngg(Bi—1),diama; N Ngg(B;) <5M + 576§

because otherwise the interiors of the a; intersect either B; or B;_1 so that b; or b;_1, respectively, could
be made longer by convexity.

For the following arguments, recall the earlier convention that the endpoints of the a;, b; are labeled so
that a; = [p;,q;] and b; = [qi, pi+1]-

Case (1) (y =biazby...anby, and |by|, |by| = 37M 4 2505) By Theorem 5.6,
, n
V1= b1l + (X lal + 1bil) = 0 = 1)- (68M +6285).
i=2
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Since |b;| = 136 M + 12566, for 2 <i <n —1 then

V2 b1l + (3 lail + [Bil) = (2 = 1)(68M +6285)
2

i=

n—1
(  lail) + 1o+ ( S (1bi] — (68M + 6285))) + |bn| — (68M + 6285)
i=2

NI»—‘

n

(z

)
%( 2 la i1) +2(37M +2508) + (nilqb,- | = (68M + 6285)) ) + (68M + 6285)
i=2 i=2
1)+

(l_1|b |)—1288

> §|y| — 1288,
and hence y is a (2, 1285)-quasigeodesic in X in this case.

Case (2) (y =aibiazby...byan+1 where |ay|, |an+1| # 0) Since A is a A-separated collection, the
path yo = byazb; ... b, satisfies the hypotheses of Theorem 5.6. Let y, be the geodesic connecting the
endpoints of yo. Then |y}| = |yo| —n(68M + 6288) by Theorem 5.6. By Theorem 5.6, ¥, has a length at
least 100M + 20006-tail in N,5(By) at p,+1 and a 100M + 200065-tail at g in Nog(B1).

Let y; be the geodesic [p1, pn+1]. Let Ay be the geodesic triangle with sides a1, y; and y;. The corner
length of A; at g1 is at most 5M + 5768 because diama; N Ns55(B1) < 5M + 575 and y(/, has a long
tail at g1 in N,5(B1). Either Ay is §-thin relative to B # By so that the length of the fat part of y
in Ay has length at most M because a long tail of y| at ¢; is contained in N,5(B1), or Ay is §-thin
relative to B; in which case the length of the fat part of @1 in A has length at most 5M + 575. Hence
there is a point z1 on y; so that d(z1,q1) < 10M + 1166 because A is §-relatively thin. Therefore by
Lemma 5.13, |y1] = |ygl + lai| — (20M + 2326).

Next we want to show that y; has a long tail at p; +1 in N2g(By). If A1 is §-thin relative to By, the corner
length at ¢ is at most 5M + 576, and the fat part of y; in Ay can have an at most length-M intersection
with the at least 1000 4 20005-tail of y, at p; 1 that lies in N55(By). On the other hand, if Ay is §-thin
relative to B # Bj, then the corner length of A at ¢ is still at most 5M + 57§ and the long tail of y(’)
at ¢y that lies in N55(By) forces the length of the fat part of y) in Ay to be at most M. In both cases,
all but 6M + 576 of the 100M + 20006-tail of y; at p,1 that lies in Np5(By) must lie in the corner
segment of y, at pp41. Hence an at least 94M + 10006-tail of y; at p,41 must lie in N35(By).

Let A, be the triangle with sides y1, a,, y’. By imitating the argument for A1, there is a point z5 € y’
so that d(z2, pn+1) < 10M 4 1165. Hence by Lemma 5.13,

V| = |y1] + lan| — (20M +2326)
so that
[V = lao] + [y§| + |an| — (40M + 4648)
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and, by the computation from the previous case,
Y| = laol + 2lyol — 1288 + |an| — (40M + 4648) = L|y| — 1288 — (40M + 4645)
so that y is a (2,40M + 592§)-quasigeodesic in X.
Case 3) (y =aib1...anby, |a1| # 0 and |b,| = 37M + 2508) Since A is a A-separated collection,
the path yo = biazb; ... b, satisfies the hypotheses of Theorem 5.6. Let y,) be the geodesic connecting

the endpoints of yo. Then |yg| = |yo| — (n — 1)(68M + 6285) by Theorem 5.6. By an argument similar
to the one in the previous case,

V'] = lvol + la1| — (20M +2325)

and by arguments similar to the ones above,
Y| = Lyl — (20M + 3606)

so in this case, y is a (2,20M +3608)-quasigeodesic in X.
Case 4) (y = a1by...anb, where |ai| # 0, |by| < 37M + 2505) By a previous case, the path
arbi...ay is a (2,40M +5926)-quasigeodesic in X. Hence y is a (2,77M 4+10008)-quasigeodesic
in X.
Case (5) (y =by...anby where |b1|, |bn| <37M +2508) Applying the immediately preceding case
to azby ...anby and the fact that |b1| < 37M +2508 implies that y is a (2, 114 M +12506)-quasigeodesic
in X.
Case (6) (y = biazxbs...anby,, where |by| < 37M + 2506 and |b,| = 37M + 2505) By case (3),

azby .. .ayby, is a (2,20M +3608)-quasigeodesic. Thus y is a (2, 57M +5108)-quasigeodesic because
|b1| < 37M + 2506.

Now, assume T’/ ~ is path connected. Let Ty be the image of 7/~ in X. Let x, yeT/~.Let pr,p1y, P
be the geodesics connecting x and y in 7/ ~, Ty and X, respectively. Since 7'/~ is path connected,
pr maps to a path in Ty, |p1,| < |p7|. From the preceding, %|pT| — (114M + 15926) < |p|. Combining

these inequalities,
21o1| — (114M +15928) < |p| < |prp -

making p7, a (2, 114M 415926)-quasigeodesic. m|
Proposition 5.18 Under Hypotheses 5.16, any geodesic in T / ~ is not mapped to a loop in X.

Proof Let y be a T/~-geodesic that maps to a loop in X.If yCAeAAory C B e B, then y cannot
map to a loop in 4 or a loop in B. Then y can be written as a piecewise geodesic of the form
b1a2b2 ce Clnbn,

where b; € B e Band a; € A; C A € A, |b1], |bn| = LA and |bi| = A for all 1 <i < n. Since
A >4(114M + 159206), |y| > 2(114M + 15926). Since y maps to a (2, 114 M 41592§)-quasigeodesic
in X, the distance between the endpoints of y must be positive, so y cannot map to a loop. O
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6 The geometry of special cube complexes

6.1 Nonpositively curved cube complexes

A cube complex is a union of Euclidean cubes [0, 1] of possibly varying dimensions glued isometrically
along faces. A nonpositively curved (NPC) cube complex is a cube complex such that the link of every
vertex is a flag simplicial complex. See [29] Section 2.1 for details.

In each cube [0, 1]”, fixing one coordinate at % makes a codimension-1 midcube. A hyperplane H is a
connected union of midcubes glued isometrically along faces so that the intersection of H with any cube
is either a codimension-1 midcube or empty. See Figure 7 for an example of an NPC cube complex and
the link of a vertex.

6.2 Special cube complexes and separability

A special cube complex is a type of NPC cube complex developed by Wise and others whose hyperplanes
are embedded, are 2-sided and avoid two other pathologies, see [29, Definition 4.2]. The important
properties of special cube complexes that will be used in the following are the embeddedness and 2-
sidedness of the hyperplanes and the fact that hyperplane subgroups of special cube complexes are
separable (see Proposition 6.3).

A group is special if it is the fundamental group of a special cube complex. By work of Haglund and
Wise [12], compact special groups embed into right angled Artin groups and are hence residually finite.
Recall that if G is a group and H is a subgroup, H is separable in G if it is the intersection of the finite
index subgroups containing H .

Passing to finite index subgroups is compatible with separability:

Figure 7: An example of an NPC cube complex (including a 3-cube) with its hyperplanes as well
as the link of the blue vertex shown in orange and enlarged on the right.
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Lemma 6.1 Let G be a group, let Go be a finite index subgroup of G and let H < G. Then H is
separable in G if and only if H N G is separable in Gy.

Theorem 6.2 (Scott’s criterion, [27]) Let X be a connected complex, G = m1 X and H < G. Let
p: X — X be the cover corresponding to H. The subgroup H is separable in G if and only if for every
compact subcomplex Y C X H  there exists an intermediate finite cover X — X — X suchthatY < X.

Every finitely generated subgroup of a free group is separable. Likewise, special groups have an ample
supply of separable subgroups. For example, the hyperplane subgroups of a special cube complex are
separable:

Proposition 6.3 Let X be a virtually special compact and nonpositively curved cube complex. Let W be
a hyperplane of X. Then 71 (W) is separable in w1 (X).

Proposition 6.3 follows from Haglund and Wise’s canonical completion and retraction (see [29, Construc-
tion 4.12] or [12, Corollary 6.7]).

6.3 Elevations and R-embeddings

This subsection builds up the technical tools and terminology used to obtain finite covers whose hyperplanes
elevate to sufficiently separated images in the universal cover.

The first step is to formalize the notion of an elevation:
Definition 6.4 Let W be a connected topological space and let ¢p: W — Z be a continuous map. Let

p: Z—>Zbea covering map. There is a minimal covering p: W — W such that ¢ o p lifts to a map
$3 W — Z. The map EE is an elevation of W to Z.

Often, the map W — Z will be implied and an elevation of ¢ will instead refer to the image of some
elevation.

Elevations may not be unique: two elevations of the same map are distinct if they have different images.

When ¢: W — Z is an inclusion map, then the distinct elevations of ¢ are precisely the components
of p~L(W).

Definition 6.5 Let X be a metric space, R > 0 and let Y C X be connected. Let p: XY — X be the
covering space associated to 771 (Y) so that the inclusion ¥ < X lifts canonically to XY . The subspace Y
is R-embedded in X if p is injective on Ng(Y) € XY

The following lemma is straightforward but will be important:
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Lemma 6.6 Let p: X — X be a finite regular cover. If A is R-embedded in X, then each component of
p~1(A) is R-embedded in X.

The main application of hyperplane separability is to show that every compact virtually special cube
complex has a finite cover where every hyperplane is R-embedded.

Proposition 6.7 Let X be a compact nonpositively curved cube complex, and let V1, V,,...,V, be
hyperplanes of X so that 71 V; is separable in 71 X . Given R = 0, then there exists a finite regular cover C
such that V1, ..., V, C C are R-embedded in C.

If ﬁ/l, V~Vz are distinct elevations of a hyperplane V' of C to the universal cover X , thend )?(ﬁ/;’ VT/;) =>2R.

Proof For each hyperplane W of X, w1 (W) is separable by Proposition 6.3. By Theorem 6.2, there
exists a finite covering p: X — X such that there is an embedding iy : Nr(W) — X.

Let p: X > X, pW X" = X and p: X — X be canonical covermg maps so that p = pVop. Let
W - W1, /7N Wz be distinct elevations of W to X and let w; € W1 and W, € W2

Suppose toward a contradiction there exists a path y C X with |¥| < 2R between Wiand Wo. Let X € y
such that (%, W1) < R and d(X, W) < R.

There exists g € 7r1(X) such that g - W1 € W, and g ¢ 71(W) because otherwise g - 0 € Wi N Wa
in which case W, € W, but @} ¢ W,. Now d(g- %, W,) < R. Since g ¢ w1 (W), p(%) # p(g - ).
By definition of an elevation, p(Wz) is contained in the image of an inclusion of W into X" . Also
p(X), p(g-X) lie in an R-neighborhood of the image of W in X" . However,

Wop®) =p(E) =pg-3)=p" op(g-X)
contradicting the fact that iy : Ng(W) — X is an embedding.

Suppose X has n hyperplanes. By passing to a finite cover if necessary, assume X" is regular. The
number of hyperplane orbits under deck transformations of X" is at most 7, and every hyperplane in the
orbit of an elevation of W to X% is R-embedded. Therefore, performing this procedure at most 7 times,
will produce a finite cover C — X where every hyperplane is R-embedded. a

Proposition 6.7 will be used later in Section 7 to make the elevations of a hyperplane a 2 R-separated
family in the sense of Definition 5.15.

6.4 Convex cores

Specialness also plays a role in building a geometric representation of the peripheral structure. In the
hyperbolic case, Wise and others [11; 25] (see also [12, Proposition 7.2]) proved that quasiconvex
subgroups of virtually special groups have “convex cores” in the CAT(0) universal cover. This fact and
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canonical completion and retraction can be used to show that hyperbolic special groups are QCERF or
quasiconvex extended residually finite [12, Theorem 1.3] meaning that if G is hyperbolic and special,
then every quasiconvex subgroup of G is separable.

A similar result exists in the relatively hyperbolic case. One might imagine that replacing the quasiconvex
subgroup H by a relatively quasiconvex subgroup might yield a generalization; however, some care is
required. In particular, a subgroup may stabilize a quasiconvex subset of a CAT(0) cube complex but may
fail to stabilize a convex proper subcomplex, see Example 6.9.

Definition 6.8 If X is a CAT(0) cube complex and Y C X, the cubical convex hull of Y is the smallest
convex subcomplex of X containing Y.

Example 6.9 Take the standard action of Z? = ((1,0), (0, 1)) on R? by translation. The diagonal
D :={(r,r) : r € R} is a subspace stabilized by L := ((1,1)) < Z2. The subgroup L is (2,0)-quasi-
isometrically embedded in the given presentation of Z?2, but the cubical convex hull of D is all of R2.

Full relatively quasiconvex subgroups eliminate these pathologies:

Definition 6.10 [26, Section 4] Let (G, P) be a relatively hyperbolic group pair and let H be a relatively
quasiconvex subgroup of G. The subgroup H is a full relatively quasiconvex subgroup of G if for each

g€ G and P € P, either gPg~! N H is finite or gPg~' N H is finite index in gP g~ .

Theorem 6.11 [26, Theorem 1.1] Let X be a compact nonpositively curved cube complex with
G = m1(X) hyperbolic relative to subgroups Py, ..., P,. Let X be the CAT(0) universal cover of X .
If H is a full relatively quasiconvex subgroup of G, then for any compact U C X, then there exists an
H -cocompact convex subcomplex YCXwithUCY.

By Proposition 2.15, if (G, P) is a relatively hyperbolic group pair, the elements of P and their conjugates
are relatively quasiconvex. By Proposition 2.2, the elements of P and their conjugates are full relatively
quasiconvex. Therefore:

Lemma 6.12 Let X be a nonpositively curved cube complex with CAT(0) universal cover X and
G :=m1(X). Let (G, P) be a relatively hyperbolic pair. Let x € X be a base point in the universal cover.
For each P € P, there exists a Z' (P, x) such that Z' (P, x) is a P-cocompact convex subcomplex of X
containing Xx.

It follows immediately that there exists a O = 0 such that the cubical convex hull of Px is contained
in No (Px).
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7 A malnormal quasiconvex fully P-elliptic hierarchy

For the following section, let X be a compact nonpositively curved cube complex with CAT(0) universal
cover X and G = m; (X) hyperbolic relative to subgroups P := {Pq, ..., P,}. Fix a base point x € X.
By Lemma 6.12, there is a convex subcomplex Z . that is a P-cocompact convex subcomplex of X
containing P x. ,

Let By := {gZ}, . & € G, P eP}. By Proposition 4.6, there exists fo: R>% — R>% and § > 2 so that
(X, Bo) is a (§—2, fo)-relatively hyperbolic pair.

Let Zp . = Nas (Z},’x). Theorem 6.11 implies that the collection B’ = {gZp . :g € G, P € P} is a
thickening of By. Proposition 4.4 implies there exists f’: R>® — R>? so that (X, B) is a (§—2, f)-
CAT(0) relatively hyperbolic pair. We also define f: RZ® — R>® where f(r) = f'(r + 2). The
function f will be useful later when we carry out the augmentation construction defined in Section 7.1.

To maintain consistency with previous notation, we will use the notation M = f(68) throughout Section 7.
Proposition 5.3 implies:

Proposition 7.1 Forevery g € G, gZ P,x 1s (3M 46 R+216)-attractive in the sense of Definition 5.1.

7.1 Superconvexity, peripheral complexes and augmented complexes

Here we will prove that bi-infinite geodesics contained in a bounded neighborhood of 7 Px actually lie
in Z P,x-

Definition 7.2 Let X be a nonpositively curved cube complex and let ¢p: Z — X be a local isometry.
The map ¢ is superconvex if for any elevation ’5: Z <> X of Z to the universal cover X of X and any
bi-infinite geodesic y in X such y lies in a bounded neighborhood of (the 5 image of) ZinX , then y is
contained (in the a image of) Z.

If the immersion ¢p: Z — X is superconvex, then Z is said to be superconvex in X (with respect to ¢).

Since Z P,x 18 @ P-cocompact convex subcomplex of X, the quotient Z Px = P\Z P,x 1s a cube complex
and there is a natural local isometry ¢p  : Z p,x — X that carries 7z p,x to the image of G\Z pxin X.

Proposition 7.3 ¢p , is superconvex.

Proof Suppose y is a bi-infinite geodesic contained in N'g (Z p,x) and p € y. There exist 51,52 € y s0o
that p € [s1, s2] and d(s;, p) > 3M + 6 R 4+ 2168. Hence by Proposition 7.1 there exist points 1, f so that
t1 € [s1, pl and 1 € [p, s2] so that t1, 15 € Zp,x. Therefore by convexity p € Zp,x. Hence y C Zp,x. m|

The complexes Z P x are called peripheral complexes. There is a convenient way to upgrade the immersion
to an embedding:

Algebraic € Geometric Topology, Volume 25 (2025)



Hierarchies for relatively hyperbolic virtually special groups 4479

Definition 7.4 Let X be a nonpositively curved cube complex with CAT(0) universal cover X and
G :=m(X). Let (G, P) be a relatively hyperbolic group pair. Let Z:=| |pcp Zpx,andlet®: Z — X
be the map so that Q| Zp . = ®Px. The augmented cube complex for the pair (X, ®) is the complex

COH.®)i= X U( LI Zpax [0.11)/(Zpo x (1) ~ bpa(Zo),
€P

consisting of the mapping cylinders of the ¢p » identified along X.
1
2
are nonperipheral. Note that the nonperipheral hyperplanes of C(X, ®) are in one-to-one correspondence
with the hyperplanes of X. Since 71 X = 1 (C(X, ®)), a (virtual) hierarchy for 71 (C (X, ®)) determines
a (virtual) hierarchy of 71 X.

The hyperplanes Z P,x X 5 are called peripheral hyperplanes while the remaining hyperplanes of C(X, ®)

Proposition 7.5 Let C(X, ®) be the augmented cube complex for the pair (X, Z) as in Definition 7.4.
It X is virtually special and W is a nonperipheral hyperplane of C(X, ®), then w1y W is separable in
T CX,P) = m X.

Sketch The natural homotopy equivalence between C (X, ®) and X that induces 71 C (X, ®) = 71 (X)
brings nonperipheral hyperplanes of C(X, ®) to hyperplanes of X. Therefore, W is homotopy equivalent
to a hyperplane V of X and 71V = 71 W is separable in 11 X (recall Proposition 6.3). |

Technically, the definition of C (X, ®) depends on the base point, but since the following results are given
up to conjugacy, there is no need to keep track of base points.

Proposition 7.6 Let C(X, ®) be the augmented cube complex for (X, Z) described in Definition 7.4.
Let C be the universal cover of C (X, @). Let B be the collection of (images of) elevations of (images of)
Zpxx[0,1]in C(X,®) to C.

(1) Each B € B is closed and convex.
@) (5, B) is a (8, f)-CAT(0) relatively hyperbolic pair.
(3) Every B € Bis B3M +6R+2 f(R)+218)-attractive (recall Definition 5.1).

Proof The universal cover X of X embeds as a closed convex subset of C so that each B € B intersects
X in some Z P,x- Since B intersects X in a closed convex subspace, B is closed and convex in C.

Every geodesic triangle in C is Hausdorff distance 1 from a geodesic triangle in X. Since triangles
in X are (6—2)-thin relative to translates of Z P,x» triangles in C are § thin relative to B. For every
B1, B, in B with By # Ba, Ny (B1) N N¢(B>) is distance at most 1 from the intersection of glj\/,(Zp1 x)
and gzj\/}(sz,x) in X for some g1,82 € G and Py, P, € P, so the fact that Xisa (6—2, f7)-CAT(0)
relatively hyperbolic pair implies that (E, B) is a (8, f)-CAT(0) relatively hyperbolic pair.
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Figure 8: The figure-8 loop on the left whose two hyperplanes are the two edge midpoints and
the double dot cover of the figure-8 loop on the right.

Let y be a geodesic in C with endpoints in Ng(B) for some B € B. Since X is CAT(0) and B is convex,
y C NR(B). Then y is either contained in B’ for some B’ € B in which case |y| < f(R) or y has a
subpath o whose endpoints in X are at most f(R) from the endpoints of y. Therefore |o| = |y| —2f(R).
There is some g € G and P € P so that gZp,x = BNX. If the length of o is at least 3M 4 6R 4 2136,
then o N gZp,x # & by Proposition 7.1. Therefore, if the length of y is at least 3M +6R+2 f(R) + 216,
@#yNgZpxSyNB. O

7.2 The double dot hierarchy

The construction of a hierarchy will use a finite cover called the double dot cover whose construction is
originally due to Wise [30, Construction 9.1]. This treatment of the double dot cover is similar to the one
in [3, Section 5].

Definition 7.7 [30, Construction 9.1] Let X be a cube complex, let W C X be a hyperplane of X.
Let y be a based loop and let [y] € w1 X. Then [y] has a well-defined (mod 2) intersection number
with W. Let W be the set of embedded, 2-sided, nonseparating hyperplanes of X. For each W € W let
iw: w1 X — Z/27Z be the algebraic intersection map and define

vimX > @ z/2z. v=F iw.

Wew Wew
The double dot cover of X is the cover corresponding to the subgroup ker ¥ < 71 X.

The double dot cover of a cube complex is usually a high-degree cover. Therefore, constructing examples
can be quite difficult. Fortunately, the double dot cover of a rose with 2 petals is easy to construct:

Example 7.8 See Figure 8 for the double dot cover of the figure-8 loop.

An important feature of the double dot cover is that the cover is taken over nonseparating hyperplanes.
This serves two purposes: first, making sure that double dot cover is not trivial and second, making sure
that the double dot hierarchy constructed later has nontrivial splittings. There is a way to obtain a complex
where every hyperplane is nonseparating:
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Theorem 7.9 [6, Proposition 2.12] Let X be a compact special NPC cube complex. Then X is homotopy
equivalent to a compact special NPC cube complex whose hyperplanes are all nonseparating.

Let X be a special cube complex with finitely many hyperplanes W := {W, ..., W,} where every
hyperplane is nonseparating and let jix : X — X be the double dot cover of X . The hyperplanes of X are
elevations of hyperplanes of X, and they divide X in a natural way. Letx € X\ U jﬁ;,l (W) be a base vertex.

Each component of X \U by 1(W) contains a lift of jy (x) because the hyperplanes of X are nonseparating.
There is only one lift of jx (x) which lies in each component of X \  J p‘;l (W) because otherwise there
is path v between two points of jﬁ;l (x) that does not cross ﬁ;l (W). The path v must project to a loop
that represents a nonidentity element of 771 (X) \ ker ¥ but does not cross any W € W which is impossible.

Since ker W is normal, 771 X / ker W acts by deck transformations on X . This action induces a free and tran-
sitive action on ﬁ;l (x). Since each component of X \ U by 1 (W) contains exactly one element of 12% L(x),
we can label each of the components of X \ U iy L(W) by an element of 71 X/ ker ¥ = Dwenw Z/27.

With data specified below in Hypotheses 7.10, we will use the labels for components of X \ | ﬁ)}l W)
to construct a double dot hierarchy of spaces for the double dot cover C of C. When the data in
Hypotheses 7.10 satisfy certain criteria discussed in Section 7.3, the double dot hierarchy gives rise to
a quasiconvex and fully P-elliptic hierarchy of groups for (C) which is isomorphic to a finite index
subgroup of 71 X. Passing to a particular finite cover will produce an induced hierarchy that is also
malnormal. The next several paragraphs outline the construction of the double dot hierarchy as it is
presented in [3, Section 5].

We now establish some baseline hypotheses for the remainder of Section 7.2.

Hypotheses 7.10 Let X be a compact special NPC cube complex so that:
¢ The hyperplanes of X are nonseparating.

e There exist a disjoint union Z :=|_|!_, Z; of NPC cube complexes together with a local isometric
immersion ®: Z — X.

e Let C be the augmented cube complex C(X, ®) and let p: C — C be its double dot cover.

e Let W be the nonperipheral hyperplanes of C and choose an ordering of the elements of W so that
they are Wi, Wa, ..., W,,.

¢ Additionally, C is a mapping cylinder for the map ®, so we can view Z as an embedded subspace
of C. In the language of Definition 7.4, Z is the image of | |!_, Z; x{0}in C.

o Let Z = p~1(2) be the preimage of Z C C under the double dot covering map.
¢ Fix a base vertex.
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Each component of ¢ \p~! ( U W) is labeled (relative to the base vertex) by a vector 7 € @D’ Z/27.
For each 1 <i < n, let W; be the first i hyperplanes and let M; = EBll Z./27.. Then the complementary
components of | JW; are labeled by elements of M;. For each feM;,let K; be the closure of the part
labeled by 7.

For each f € M;, a t-vertex space at level n —i + 1 is a component of K;U Z that intersects K;. In the
construction of the double dot hierarchy, the 7-vertex spaces at level n —i + 1 specify all of the vertex
spaces at each level, but the actual graph of spaces structure at each level must be described.

If A is the closure of a component of p~ ! (W;)\ i< p1 (W;), then A is called a partly cut-up elevation
of W;. The double dot hierarchy is constructed by cutting along an elevation of a hyperplane W; to C
and any elements of Z that intersect W;, but the elevation of the hyperplane W; may have already been
cut by one of the other hyperplane elevations of W; with j <i.

By construction, any two 7-vertex spaces at level n —i + 1 are either disjoint or intersect in a union of
components of Z and disjoint partly cut-up elevations of W;.

Now it is time to construct the graph of spaces structures at each level. Let 7 € M; and let V be the
corresponding 7-vertex space at level n —i + 1. Consider the canonical projection 7w : M; 1 — M;. Let{ T
and 7~ be the preimages of 7 under 7. Let V' and V'~ be the collections of complementary components
of V\ p~! ( U Wi+1) labeled by 7 and 7, respectively. Then V = V' U V™ and the components
in VT, V™ will serve as the vertex spaces in the graph of spaces decomposition of V' in this hierarchy.

The edge spaces are components of ¥V N V™. The attaching maps are the inclusion maps of edge spaces
into vertex spaces while the realization is provided by a homotopy equivalence collapsing the mapping
cylinders of the edge spaces onto the images of the edge spaces.

Let f € M,. Then the components of the -vertex spaces are the vertex spaces of level 1 of the hierarchy,
so the terminal spaces of the hierarchy are precisely these spaces.

Definition 7.11 The hierarchy H constructed in the preceding paragraphs with vertex spaces is called
the double dot hierarchy for the pair (X, Z).

The double dot hierarchy actually depends on an ordering on the hyperplanes, but the applications that
follow only need an existence of a hierarchy given some local isometric immersion Z — X, so this
complication will be henceforth ignored.

A version of the double dot hierarchy exists for general NPC cube complexes, see [3, Section 5.2];
however, the double dot hierarchy may fail to be faithful and even if it is faithful, the hierarchy may fail to
be quasiconvex or malnormal. Also, the terminal spaces may not be useful. However, when hyperplanes
are embedded, nonseparating and two-sided, the terminal spaces are easy to understand:
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Lemma 7.12 [3, Lemma 5.5] Assume Hypotheses 7.10. If Y is a terminal space of the double dot
hierarchy for (X, Z), then Y has a graph of spaces structure (I, ) such that

(1) T is bipartite with vertex set V(Y) = V(Y)T uV(Y)™,

(2) ifveV(Y)™T, x(v) is contractible,

(3) ifveV(Y)™, x(v) is a component of Z and

(4) every edge space is contractible.

Corollary 7.13 Under Hypotheses 7.10, the fundamental group of a terminal space of the double dot
hierarchy is a free product of the form (>l<p G-) * F where F is a finitely generated free group and, for

i=1Yi
alll1 <i < p, G :=m(Z;) where Z; is a component of Z.

7.3 A fully P-elliptic malnormal quasiconvex hierarchy

Hypotheses 7.14 We set some basic hypotheses and notation for Section 7.3:
(1) Let Xo be an NPC compact special cube complex.

(2) Let X be an NPC compact special cube complex that is homotopy equivalent to X so that the
hyperplanes of X are all nonseparating (the existence of X follows from Theorem 7.9).

(3) Let X be the universal cover of X with base point x € X that does not lie in any hyperplane.
(4) Let G :=m X = m1 X and suppose that (G, P) is a relatively hyperbolic group pair.

(5) Foreach P € P,let¢p x: Zp — X be the superconvex local isometric immersions and let Z=| | Zp
that arise as a consequence of Proposition 7.3. Let ®: Z — X be the map that restricts to ¢p_x on Zp.

(6) Let C; = C(X, ®) be the augmented cube complex for (X, ®) (recall Definition 7.4), and let C be
its universal cover.

(7) Viewing C; as a mapping cylinder of ®, ® gives rise to a natural embedding Z < C;. We call the

components Zp x {0} of the image of ® peripheral spaces.

By strategically passing to finite covers and building the double dot hierarchy, we will produce a faithful,
quasiconvex and fully P-elliptic virtual hierarchy for 71 X.

Lemma 7.15 (see [3, Lemma 5.18]) Let C’ be a finite regular cover of Cy.

(1) There exists a finite cover X' of X with G’ := w1 X' and a superconvex local isometric immersion
®': 2 — X' such that (G', P’) is the induced relatively hyperbolic group pair (see Proposition 2.13)
and C’ is the augmented cube complex of the pair (X', Z"). The components of Z' have fundamental
group isomorphic to elements of P’ and for each component Z of Z’, the image of 1 Z is conjugate to
an element of P' in G'.

(2) Every nonperipheral hyperplane of C’ is nonseparating.
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Notation 7.16 (1) Let B be the collection of elevations of Zp x [0, 1] (as determined by the map-
ping ¢p x) to C. Let Z be the union of the elements of B in C.

(2) Recall from Proposition 7.6 that there exist (8, ) so that (6, B) is a (8, f)-CAT(0) relatively
hyperbolic pair.

(3) Let M = f(66), let A = 4 and € = 10000(M + & + 1).
(4) Proposition 7.6 also implies that every B € B is (3M +6R+2 f(R)+215)-attractive.

(5) Set L so that every pair of (4, €)-quasigeodesics in Cc (Lfips Lyfip)-fellow travel relative to B
(recall Definition 4.5 and Theorem 4.7).

(6) Let ertp = A(A(:sjf(lfrftp) +e+ 2ertp) + 6) + Zf(ertp)-
(7) Let Ro > max{4, Ryp. S00M + 100006}.

Observation 7.17 The constants established in items (2) and (4) of Notation 7.16 ensure that the
pair (5, B) satisfies Hypotheses 5.5.

Using Propositions 6.7 and 7.5, let C; be a finite regular cover of C; such that every nonperipheral
hyperplane of C, is Rg-embedded and nonseparating. Then C, is the augmented cube complex of a
pair (X2, Z"") where X5 is a finite cover of X by Lemma 7.15. Recall that X naturally embeds in C, which
is also the universal cover of C,. Let G, = 71(C3) and let (G2, P”) be the induced peripheral structure.

Let ¢: C, — C, be the double dot cover of C». Let (G, P”) be the induced peripheral structure
on Gz = nléz. The next few statements will show that the double dot hierarchy on (fz 1s faithful,
quasiconvex and fully P”-elliptic hierarchy for 7 C. Passing to a finite regular cover will later yield a
hierarchy which is also malnormal.

By Lemma 7.15, C, is an augmented cube complex with respect to a pair (X2, Z5) where Z, consists of
components of ¢ ~1(Z”). Let E be an edge space of the double dot hierarchy on C,. Then E is a union
of partly cut-up elevations of a hyperplane of C, and elements of Z5.

Recall that (5, B) is a (6, f)-CAT(0) relatively hyperbolic pair. Let E be an elevation of E to C. There
exist Ar and Bg so that Ag is a collection of elevations to C of convex partly cut-up hyperplane
elevations of W and BE is a collection of elevations of the peripheral spaces (recall Hypotheses 7.14(7))
to C so that E is the union of the elements of A g and BEg.

Each element Bg € Bg is an elevation of a peripheral space. While Bg is not an element of 5,
there is a unique B, € B containing Bg. In particular, B, is the 1-neighborhood of Bg in C. Let
B;_; ={B e B: Bg C B for some Bg € Bg} be the collection of elevations of the Zp x [0, 1] to C whose
intersection with X is some Bg € Bg. See Figure 9. Let £/ be the image of (L1Ag)u([UBf) in C.

By Observation 7.17, the Rg-embeddedness of the hyperplane W and the construction of E’' imply:
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BEg

Figure 9: A schematic diagram showing the relationship between Bg, B, and their attachment
to X. The closure of the shaded region is B.

Proposition 7.18 The subspace E'cCisa subspace of the form specified by Hypotheses 5.16.

Proof Observation 7.17 ensures (Y , B) satisfies Hypotheses 5.5.

Recall that C; has hyperplanes that are Rop-embedded (recall Ry from Notation 7.16(7)), and recall that
Rop-embeddedness of hyperplanes is preserved by finite covers (Lemma 6.6). Therefore, for all distinct
pairs of Ay, Ay € Ag, d(A1, A2) = 2Ry, and Ry is large enough to provide the separation between
elements of Ag required by Hypotheses 5.16.

By construction, By C B, and E'is glued together from elements of Ag and BY; as required. |

Proposition 7.19 Let E be an edge space of the double dot hierarchy on C. Then the map E — C, is
71 -injective.

Proof Suppose not toward a contradiction. Then there exists a loop y in E such that y is essential in £
but has trivial image in 7 (C"’z). Since y is my trivial in g (62), y elevates to a loop ¥ C E in C. Since
E is homotopy equivalent to £/, there is a loop 3’ in Cs that is the image of a geodesic in E’. Since E’
is the image of (| | Ag)u ([ |B%) in C, 7 cannot be a loop by Proposition 5.18. O

The next step is to prove that the double dot hierarchy on G, is quasiconvex:

Proposition 7.20 Recall A, € from Notation 7.16. If E is an edge space of the double dot hierarchy on
C, and E is the universal cover of E, then any elevation E <> C ofEtoC isa (A, €)-quasi-isometric
embedding.
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Proof Let y be a geodesic in E and let ¥’ be a geodesic with the same endpoints in E. Let y" be a
geodesic in C with the same endpoints as y. Proposition 7.18 implies we can use Proposition 5.17, which
implies that y’ is a (2, 114M +15926)-quasigeodesic in C. Let n be the smallest number so that y’ can
be written as a1 by ...byan4+1 where

(1) a;jcanbeapointifi =1lori =n+41,

(2) otherwise a; is geodesic in some A; € Ag, and

(3) b; is geodesic in some B/ € BYy.
The endpoints of each b; lie in E because every A; C E and v,y have the same endpoints. Thus each b;
can be replaced by a path of length |b;| + 2 that lies entirely in E. It is therefore possible to produce

a path in E between the endpoints of y whose length is at most |y’| + 2n, so |y| < |y’| + 2n. Further,
|bi| = Rog = 4 for 1 <i < n because the A; are Ro-separated, so we have that |y| = 4n — 8 which implies

4) 2n < 3ly| +4.

Therefore
Y"1 = 1Y/ | — (114M + 15926)

= 2(|y| 2n) — (114M + 15926)
> 1(3ly|—4) — (114M + 15926)
> Hy|— (114M + 15928 + 2),
where the third line follows from the second by the estimate in (4). Hence y is a (4, 114M 415928 +2)-

quasigeodesic in C. |
Propositions 7.19 and 7.20 together yield the following:
Corollary 7.21 The double dot hierarchy induced on 7, C'z is faithtul and quasiconvex.

The next step is to prove that the double dot hierarchy on Cy is fully 7”-elliptic. Definition 7.22 introduces
geometric terminology for the situation where a subgroup of a relatively hyperbolic group pair (G, P)
contains an element g conjugate into a peripheral subgroup P such that no positive power of g liesin ENP.

Definition 7.22 Let Y be a locally convex subspace of C,. Let E C C,. The subspace E has an
accidental Y -loop if there exists a homotopically essential loop, y, which is both freely homotopic to a
geodesic loop in Y and has no positive power homotopic in £ to a geodesic loop in Y.

The next few statements will show that the edge spaces of the double dot hierarchy for C, have no
accidental Z”-loops. This will imply the hierarchy is fully P”-elliptic. Elevations of partly cut-up
hyperplanes do not have accidental Z”-loops:
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Lemma 7.23 [3, Lemma 5.15] Let (X, Z) be a superconvex pair where each component of Z is
embedded and let C be the corresponding augmented cube complex. Forn = 1, let {Wy,..., Wy}
be a collection of embedded, 2-sided, nonseparating hyperplanes of C. Let Q be a component of
Wi\ U; <, Wi. Then Q has no accidental Z-loops.

Proposition 7.24 Let E be an edge space of the double dot hierarchy for C». Then E has no accidental
Z"_loops.

Proof Recall that E is a union of a partly cut-up hyperplane elevations and components of Z” that
intersect these elevations. Let O be one of the partly cut-up hyperplane elevations. By Lemma 7.23,
Q has no accidental Z”-loops.

Suppose there exists a C»-essential loop y in E such that y is freely homotopic in C5 into Z”. Then a
representative of the homotopy class of y lifts to a bi-infinite E -geodesic y where E is an elevation of E
to C,and a representative of the homotopy class of y lifts to a bi-infinite G-geodesic pC Z, an elevation
of a component of Z” and there exists R = 0 so that € Ng(p).

Since y is a E -geodesic, 7 is a (A, €)-quasigeodesic in Cc by Proposition 7.20.

Let Yo be a subsegment of  with |yo| = |y| (eg take Jg to be the subsegment between two consecutive
lifts of a point of y to 7). If Py € Z’ where Z' is an elevation of a component of Z”, then 7 € Z’ and
7 is geodesic in C. Then Z = Z’ because diam Ng(Z) N Ngr(Z') = oo in which case y was not an
accidental Z”-loop.

On the other hand, if yy C a where @ is some elevation of Q to C, then O has an accidental Z”-loop,
contradicting the fact that there are no such accidental Z-loops.

Therefore, there exist subsegments of p of the form ¥y, = am,16m,10m,2bm 2 - . . am k,, bm k,, such that
Ucl’o Ym =7V, |Ym| = oo and k,,, — 00 as m — 00, an,; lies in an elevation @i of O to C, bm,i C Zm,,'
where Zm,,' is an elevation of a component of Z” to 5, andifi # j, by, C Z; and bm,j < Zj % Zi
(otherwise, by convexity of Z;, v, could be written as a concatenation of fewer geodesic segments).
Recall that Q is Ro-embedded, so for all m, i, |bp. ;| = Ro.

By construction there is a unique B € B so that Z C B. Let 1, be the a—geodesic connecting the endpoints
of ypm. Since 7, S Ngr(B) and B is BM +6R+2 f(R)+96)-attractive, all but BM +6R+2 f(R)+96)-
tails of the endpoints of 7, lie in B. Therefore, there exists a subsegment t,f,f C 1, N B so that
1TB| = |tm| —2(3M +6R +2f(R) + 95).

Recall that all (4, €)-quasigeodesics with the same endpoints (L, Lyfip)-fellow travel relative to B.
There exists a unique By, ; € B containing Zm,,', SO bm,i € Bp,i. Then for B € B with B # By, ;,

diam by, ; NN, (B) < f(Liip). Since 1, and yy, relatively fellow travel, either

rftp

e there exist points p, ; and p;nF ; On by i C Yy that are at most f'(Lyfyp) from the endpoints of by,
and are distance L.fg from ty, or
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* there exist p, ., p; ; on ym so that p_ ., p;; ; are distance at most L., from points in z,, that lie
in N7, (Bm,i) and the interval of y,, between p,, . and p;n'r ; contains all of by, ; except for a length at
most 2( f(Lsp)) subsegment of by, ;.

Indeed, any subsegment by ; that lies in N, (B) for any B € B with B # B, ; has length at most f'(Lfyp).

In either case since y, is (4, €)-quasigeodesic, there exists a length % (% (Ro =2(f (ertp))) —e) —€—2L.fp

rftp

subsegment of t,, that lies in Nz, (Bm,i). As m — 00, |t,| — oo while

rftp
|tm| — T8 <2(3M + 6R +2£(R) + 95).

which does not depend on m. Therefore, for m > 0, there are at least two i such that t,g has a length

%(%(Ro — 2(f(ertp))) - 6) —€— 2ertP > 3f(LrﬁP)

subsegment lying in N, (Bm,i) N NL

rft

p(B) (recall Rog was chosen in Notation 7.16). Since the By, ;
are pairwise distinct, we obtain a contradiction. Therefore, y cannot be an accidental Z”-loop. a

Corollary 7.25 The double dot hierarchy on C, is fully P -elliptic.

Faithfulness, quasiconvexity and full P-ellipticity are preserved by taking the induced hierarchy of a
finite regular cover of C,. The final step is to show that there exists a finite cover of C, whose induced
hierarchy is also a malnormal hierarchy.

The following lemma is straightforward:

Lemma 7.26 Suppose H < G and Gy is a finite index subgroup of G and let Hy = H N Gy. If H is
malnormal in G, then H is malnormal in H .

The following is a special case of [26, Corollary 6.4]:

Proposition 7.27 Let G be the fundamental group of a relatively hyperbolic special compact NPC cube
complex, and let H < G be full relatively quasiconvex. Then H is separable in G.

Proposition 7.28 (Hruska—Wise [18, Theorem 9.3]) If G is relatively hyperbolic and H < G is relatively
quasiconvex and separable, then there exists a finite index subgroup Ko < G containing H such that for
every g € Ko\ H either gHg™' N H is finite or gHg ™' N H is parabolic in K.

Proposition 7.29 If G is relatively hyperbolic and H < G is full relatively quasiconvex, there is a finite
index subgroup K < G containing H such that H is almost malnormal in G.

Proof We first prove the following claim: If H < G is full relatively quasiconvex, then there are only
finitely many double cosets of the form HgH so that H N H¥ is infinite and parabolic.
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Let D be the induced peripheral structure on H. If H N H¢ is infinite parabolic, then fullness implies
there are 01, Q> < H that are maximal parabolic in H so that H N H¢ is finite index in Q1 N Q§ .
Then there exist Dy, D, € D and hy,hy € H so that Q1 = Di” and Q) = Délz. It is easy to verify that
if go = hl_lghz, then

(1) goec HgH,
(2) HgH = HgoH, and
(3) HNHE < DyNDS.

In other words, given a double coset HgH so that H N H# is infinite parabolic, we may assume that g
is chosen so that there are maximal parabolic D1, Do < H sothat HN HE& < D1 N D§ .

Since D is finite, it suffices to show that for any D, D, € D (D1, D, need not be distinct) there are
finitely many double cosets of the form HgH so that H N H¥ is infinite and H N H& € Dy N DS.

Now suppose Hg1 H is another double coset so that H N H 8! is an infinite subgroup of D1 N D§ . We see
that D‘lg - and D‘ffl have infinite intersection with D5 and are therefore finite index in D5 by fullness,
SO D‘lg B N Df‘_] is infinite and hence D; N D‘lggl_ is infinite. Let P be the maximal parabolic subgroup
of G containing D1. The fullness of H implies that D is finite index in P. Therefore, P N P8&1 l
is infinite, so ggl_1 € P. There are finitely many left cosets 11 D1, Dy, ...,t; Dy of D1 in P. Hence
ggl_1 =t;d for some d € D1 < H and 1 <i <{ which means 81_1 =g 14d, s0 Hgl_lH =Hg 't;H.
There are only finitely many choices for #;, proving the claim.

Proposition 7.28 implies that if we first pass to a finite index Ko < G containing H, we can ensure that if

g€ Ko\ H and H N H¥ is not finite, it is infinite parabolic. By the preceding, there is a finite collection
of double cosets Hk1H, ..., Hk,, H so that g € Hk; H for some 1 <i <m. Note all k; ¢ H. The

separability of H implies that we can choose a finite index K < K¢ containing H so thatky,...,kn, ¢ K.
Then Hk; H N K = @ because H < K. By the preceding, there exists no k € K such that H N HF is
infinite parabolic, so H N H* is finite for all k € K. a

Corollary 7.30 is based on [3, Corollary 3.29]. Corollary 7.30 follows immediately from the two preceding
statements and the fact that when G is virtually special, G is linear and hence virtually torsion free.

Corollary 7.30 If G is hyperbolic relative to P and special, and H < G is full relatively quasiconvex,
then H is virtually malnormal.

Theorem 7.31 Let G be special, virtually torsion-free and let (G, P) be a relatively hyperbolic group
pair. Let H be a fully P-elliptic quasiconvex hierarchy for G. Then there exists a finite index normal
subgroup Go < G with induced fully P-elliptic quasiconvex hierarchy Hg of Go which is malnormal and
fully P-elliptic.

The proof here is nearly the same as in [3, Theorem 3.30].
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Proof Because # is fully P-elliptic, the edge subgroups are full. Since there are finitely many edge
groups, by Corollary 7.30, there exists some Gg such that for every edge group E of H, E N Gy is
malnormal in G¢. By passing to a deeper finite index subgroup, we may insist that G¢ is normal. Since
Gy is normal, conjugation by g € G is an automorphism of Gy, so in particular, these edge groups £ N Gy
are malnormal in G. a

At last, it is time to prove Theorem 1.

Theorem 1 Let (G, P) be a relatively hyperbolic group pair and let G be a virtually compact special
group. Then there exists a finite index subgroup Go < G and an induced relatively hyperbolic group pair
(Go, Po) so that Gy has a quasiconvex, malnormal and fully Py-elliptic hierarchy terminating in groups
isomorphic to elements of Py.

Proof of Theorem 1 Let X be an NPC compact special cube complex so that 771 (X) is finite index in G.

First, pass to a finite index regular cover of X, X; that is special. By applying a homotopy equivalence,
X is homotopy equivalent to a cube complex where every hyperplane gives a nontrivial splitting of 71 X
(see [3, Lemma 5.17]).

By Corollary 7.21, there exists a special cube complex X | homotopy equivalent to X; with a finite regular
cover X, such that G, := w1 X, with induced peripheral structure (G, P2) has a faithful, quasiconvex,
fully P,-elliptic hierarchy terminating in P, * Fj where Fy is a free group.

By Theorem 7.31, there exists a finite regular cover X with G¢ := 711 X¢ and induced peripheral structure
(Go, Pp) such that the induced hierarchy on Gy is malnormal as well and terminates in free products
of free groups and elements of Py (recall Corollary 7.13). The hierarchy can then be continued to a
malnormal, quasiconvex, fully Pp-elliptic one that terminates in Py. O

8 A relatively hyperbolic version of the malnormal special quotient theorem

Recall Wise’s malnormal special quotient theorem (MSQT), see Theorem 1.3 above or [30, Theorem 12.2]
mentioned in the introduction. The purpose of this section is to apply Theorem 1 to obtain a relatively
hyperbolic version of Wise’s MSQT using techniques from [3, Sections 6-9].

Wise’s quasiconvex hierarchy theorem [30, Theorem 13.3] has the following useful consequence:

Corollary 8.1 Let G be a hyperbolic group with a quasiconvex hierarchy terminating in finite groups.
Then G is virtually special.

The technique for proving a relatively hyperbolic analog of Theorem 1.3 will be to start with the
hierarchy provided by Theorem 1 and strategically take quotients using group-theoretic Dehn fillings (see
Definition 8.2). These quotients can be constructed to be hyperbolic, and with some care, the hierarchy
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structure can be passed down to the quotient so that Corollary 8.1 can be used. In [3], the authors avoided
using Corollary 8.1 because their account aimed to give a new proof of auxiliary results used to prove
Corollary 8.1. Consequently, they needed to ensure that the hierarchy structure on the quotient is also a
malnormal hierarchy. By using Corollary 8.1, we only need a quasiconvex hierarchy for such a quotient.

8.1 Group-theoretic Dehn filling

For this section, let (G, P) be a relatively hyperbolic group pair where P = { Py, ..., Py, } unless stated
otherwise. When M is a finite volume hyperbolic 3-manifold with torus cusps, a Dehn filling of M is a
gluing of solid tori 7; = D x S! by a diffeomorphism to the boundary components. The result of the
gluing depends only on the isotopy class of the curve y; € dM that each copy of dD x {p} C T; is glued
to (see eg [22, Section 10.1]). In this situation ;r1 M is hyperbolic relative to a collection of copies of 72,
one for each boundary component of M.

The next definition is a group-theoretic analog of Dehn filling.
Definition 8.2 Let {N; < P; : 1 <i < mj}. Then there exists a group-theoretic Dehn filling of G with
filling map m defined by the quotient
7:G—>G(Ny,...,Np):= G/((U Ni)).
The subgroups N; are called filling kernels.
A filling is called peripherally finite if each filling kernel N; is finite index in P;.
For a classical filling, if every 7; is filled by gluing along the curves y; that are sufficiently long, Thurston’s
Dehn filling theorem says that the resulting manifold is hyperbolic. The group-theoretic analog of a

sufficiently long classical Dehn filling is a group-theoretic Dehn filling where the filling kernels avoid a
finite set of elements:

Definition 8.3 A statement B3 holds for all sufficiently long fillings if there exists a finite B € G \ {1}
such that whenever B N N; = @ for all 1 <i < m, the filling G(Ny, ... Ny,) has .

Osin showed that sufficiently long Dehn fillings of relatively hyperbolic groups are relatively hyperbolic,
have kernels which intersect each peripheral subgroup P; precisely in N; and can be manipulated so that
any finite set of elements are not killed by the filling map.

Theorem 8.4 [23, Theorem 1.1] Let FF C G be any finite subset of G. Then for all sufficiently long
Dehn fillings,

(1) ker(¢|p,) =N; fori =1,2,...,m,

(2) the pair (G(N1,...,Nm),{¢(P1),...,0(Pn)}) is a relatively hyperbolic group pair, and

(3) ¢|F is injective.
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The edge subgroups of the hierarchy from Theorem 1 will need to be full relatively quasiconvex subgroups
of G. The quasiconvexity of the hierarchy will ensure that these subgroups are relatively quasiconvex.

Theorem 8.5 [16, Theorem 1.5] Let H < G be a quasi-isometrically embedded subgroup. Then H is
relatively quasiconvex in G.

Theorem 8.6 [16, Theorem 1.2] Let H < G be relatively quasiconvex. Then there exists a relatively
hyperbolic structure (H, D) where D is finite and every element of D is conjugate into an element of P.

Corollary 8.7 The collection D can be chosen so that

(1) every element of D is infinite, and

(2) whenever H N P# is infinite, for some g € G, there exists h € H so that (H N P#)" is an element
of D.

Proof For the first statement, simply remove all finite elements of D. The second statement follows
from [16, Theorem 9.1]. O

When a filling of G interacts nicely with a subgroup H, it is possible to induce a filling on the subgroup H.

Definition 8.8 [21, Definition B.1] Let H < G. A filling G — G(Ny,..., Np) is an H -filling if
whenever gP; g~ N H is infinite for some P; € P, then gN;g~ ! C H.

Definition 8.9 Suppose H < G is a relatively quasiconvex subgroup and let (H, D) be the relatively
hyperbolic structure from Theorem 8.6 and Corollary 8.7. Let 7: G — G(Ny, ..., Ny) be an H -filling.
Let D; € D. Then there exists some P; € P and g € G with g_leg CPi. LetK;:= gN;g~ L. Since
m is an H-filling, K; <1 D;, so the groups K; determine a filling

nHIH—>H(K1,...,KN)
called the induced filling of H with respect to G(Ny, ..., Ny).
Since N; is normal in P;, the groups K; (and hence the filling) do not depend on the choice of g € G.

The following theorem appears as stated in [3] as Theorem 7.11 and collects results about induced Dehn
fillings from [2]:

Theorem 8.10 Let H < G be a tull relatively quasiconvex subgroup and let F C G be a finite subset.
For all sufficiently long H -fillings, ¢: G — G(N1, ..., Ny) of G,

(1) ¢(H) is a full relatively quasiconvex subgroup of G(N1, ..., Np),

(2) ¢ (H) is isomorphic to the induced filling in that if pry : H — H (K1, ..., K;,) is the induced filling
map, then ker ¢y = ker ¢ N H, and

B) ¢(F)No(H)=¢(FNH).
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8.2 The filled hierarchy

Let H be a quasiconvex fully P-elliptic hierarchy. By Lemma 3.14, Theorem 8.5 and the full P-ellipticity
of the hierarchy, the edge and vertex groups of the hierarchy are full relatively quasiconvex. Let 7: G — G
be a filling and let (G, P) be the relatively hyperbolic structure induced on the filling by Theorem 8.4.
The goal of this subsection is to build an induced hierarchy A (which may not be faithful) for G based
on H where the vertex and edge groups of 7{ are induced fillings of vertex and edge groups of . The
hierarchy 7 will be called a filled hierarchy for (G, P).

The filled hierarchy is built by starting at the top level and building the hierarchy inductively downward.

At the top level, let 7 have the degenerate graph of groups decomposition for G consisting of a single
vertex labeled G. Let n be the length of 7. Suppose the filled hierarchy has been filled down to the
(n —i)™ level and let A be a vertex group at level n —i so that A is the induced filling of a vertex group
A atlevel n —i of H. Let (T, x) be the graph of groups structure for A provided by H. Recall that y is
the assignment map for the graph of groups structure.

If x is a vertex or edge of T, let A, := y(x) be the corresponding vertex or edge group. Let y(x) := Ay
where A is the induced filling 7 : Ay — A. The problem is that the pair (T, ¥) still needs attachment
homomorphisms to be a graph of groups.

Let ¢ : Ae — Ay be an attachment homomorphism of an edge group A, to a vertex group A,. Two details
need to be checked: first there need to be attachment maps ¢_)e : A, — A, such that q?e O Te = My O Qe.
Let T be the maximal tree that determines (I, y, T). There will also need to be an isomorphism
a:m (T, ¥, T) — A sothat (T, ¥, T) is a graph of groups structure for A where & o i = 74 o «.

Completing the square

Ae —— A,
e

2 |

Ay —— Ay
Ty

with a map ae: Ap — Ay is straightforward because 7, is surjective and ker m, C ker 7y, o @e.

Constructing the desired isomorphism @: 71 (T, ¥, T) — G amounts to completing the square

JTl(F,X,T) n—r) JTI(F, i, T)

J |

A

Lemma 8.11 There exists an isomorphism &: 1 (T, ¥, T) — G that completes the diagram.
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The proof of Lemma 8.11 is essentially identical to [3, Lemma 8.1].
For the following, let (G, P) be a relatively hyperbolic group pair and let # be a quasiconvex fully

‘P-elliptic hierarchy for G. The next lemma ties together some definitions:

Lemma 8.12 If A < G is an edge or vertex group of H, then A is a full relatively quasiconvex subgroup
of (G, P) and every filling is an A-filling.

Proof That A is full relatively quasiconvex follows immediately from the definition of full P-ellipticity
and Theorem 8.5.

Whenever gP; g~ ! N A is infinite, then gP;g~! C A, soif N; < P;, then gN; g~ ! <1 A. a

Lemma 8.13 Let A be an edge or vertex group of H. Then for all sufficiently long fillings
7:(G,P)— (G, P)
the following hold:
(1) The subgroup A := ¢(A) is full relatively quasiconvex in (G, P).
(2) IfG is hyperbolic, then A is quasiconvex in G.
(3) The subgroup A is isomorphic to the induced filling of A.

Proof There are only finitely many edge and vertex groups, so the first and third statements follow from
Theorem 8.10.

If A is full relatively quasiconvex in (G, P), then A is undistorted in G by [16, Theorem 10.5] and
by [7, Corollary IIL.T".3.6], A is quasiconvex in G whenever G is hyperbolic. a

The third point also makes the filled hierarchy # faithful:

Corollary 8.14 For all sufficiently long fillings : (G, P) — (G, P), the filled hierarchy # for G is
faithful.

Proof Let . : A, — Ay be an attachment homomorphism mapping an edge group A, to a vertex group A, .
Since 7 (A,) and 7 (Ay) are isomorphic to the induced fillings, we can regard the induced filling maps as
maps my: Ay — A, and mp: Ay — A,. Let ae: A, — A, be the induced edge homomorphism.

We now need to check that given g, € Ae, ¢ © T (ge) = 1 implies that 7w, (ge) = 1. If e 0 T (ge) = 1,
then 7y 0 e (ge) = 1, 50 ¢e(ge) € ker my, = kerm N A, C ker . Faithfulness of the original hierarchy
now implies g, € ker v N A, = Kker 7we, S0 e (ge) = 1. O

The preceding results combine to produce a quasiconvex hierarchy:

Algebraic € Geometric Topology, Volume 25 (2025)



Hierarchies for relatively hyperbolic virtually special groups 4495

Theorem 8.15 (see [3, Theorem 2.12]) Let (G, P) be a relatively hyperbolic group pair and let H be a
quasiconvex fully P-elliptic hierarchy terminating in P. For all sufficiently long peripherally finite fillings
7:(G,P) — (G, P) so that every P € P is hyperbolic, the group G is hyperbolic and has a quasiconvex
hierarchy terminating in P.

Proof Theorem 8.4 implies that all sufficiently long peripherally finite fillings are hyperbolic.

By Corollary 8.14, the quotient G has a faithful hierarchy 7 where the underlying graphs and every
vertex or edge group of 7 is the image of a vertex or edge group (respectively) of 7 under 7.

By Lemma 8.13(2), every edge and vertex group of 7{ is quasiconvex in G and is hence also quasi-
isometrically embedded in G, so the hierarchy % is quasiconvex.

By construction, the terminal groups are fillings of the terminal groups of A, so the terminal groups of H
are in P. O

Theorem 8.15 works for a group with a quasiconvex hierarchy, but Theorem 1 only gives a hierarchy
for a finite index subgroup. When the filling kernels are chosen carefully, a filling of a finite index
subgroup G’ <1 G can be promoted to a filling of G.

Definition 8.16 Let (G, P) be a relatively hyperbolic group pair and let G’ <t G be a finite index normal
subgroup with induced peripheral structure (G, P’). Let {N; <1 P; | P/ € P}} be a collection of filling
kernels. The collection {N ]f } is equivariantly chosen if

(1) whenever gPJfg_1 and 2P/ h~! both lie in P;, then gNJfg_1 =hN/h~! and

1

(2) every such gN g™ is normal in P;.

An equivariant filling of (G',P’) is a filling with equivariantly chosen filling kernels.
An equivariant filling of (G’, P’) will induce a nice filling of (G, P):

Proposition 8.17 An equivariant filling (G', P') — (G', P') determines a filling (G, P) — (G, P) so
that G’ is finite index normal in G and (G’, P') is the peripheral structure induced by (G, P).

For the reader’s convenience, here is a restatement of Theorem 2.

Theorem 2 Let (G, P) be a relatively hyperbolic group pair with P = { P, ..., Pp}. If G is virtually
compact special, then there exist subgroups {P; <1 P;} where P; is finite index in P; such that if
G = G(N1...., Ny,) is any peripherally finite filling with N; <1 P;, then G is hyperbolic and virtually
special.

Proof By Theorem 1, there exists a finite index G’ <t G with induced peripheral structure (G’, P’) and
a quasiconvex, fully P’-elliptic hierarchy terminating in P’. Let P’ = { Py, ..., P}, }. Since G is virtually
special and hence residually finite, there exist arbitrarily long peripherally finite fillings of (G’, P’). In
particular, our fillings of (G’, P’) will be sufficiently long for Theorem 8.15 to hold.
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Let G'(Kjy, ..., Kpr) be such a peripherally finite filling. Now pass to subgroups of the filling kernels to
obtain an equivariant filling; choose K J’ so that, if K J‘.g < P,

(K)D® =N{K! |he G #KENP) =00}, 1<j<M.

We set P; <1 P; equal to (KJ/-)g for some (any) choice of g € G where KJ/- so that (KJ/-)g < P;. The
new filling G’ = G'(K{,..., K},) is longer than G'(K. ..., Kpr) and remains peripherally finite. By
Proposition 8.17, the filling G'(K7...., K},) determines a filling of G.

Consider any filling G(Ny, ..., Ny,) so that, for each i,

(1) N <P,

(2) Ni <P, and

(3) P;/N; is virtually special and hyperbolic,
with an induced equivariant filling

G'— G'(N{,....,Ny)

so that N ]f <K ]’ and N] < Pj’ for each j. Condition (2) ensures the filling is sufficiently long so that
Theorem 8.15 implies

(1) G’ is hyperbolic, and

(2) G’ has a quasiconvex hierarchy terminating in P’ = {P;/N]}.
Then G’ is a hyperbolic group with a quasiconvex hierarchy that terminates in finite groups (which are
hence hyperbolic and virtually special). So by Corollary 8.1 (see [30, Theorem 13.3]), G'(Nj. ..., N;,)

is virtually special. By Proposition 8.17, G’ = G'(N!, ..., Nj,) is finite index normal in G(N7, ..., Np),
so the filling G(N1, ... Ny,) is also virtually special. |
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Intersection norms on surfaces and Birkhoff sections for geodesic flows

MARCOS COSSARINI
PIERRE DEHORNOY

Every filling multicurve on a smooth surface determines a norm on the first homology group of the surface.
The unit ball of the dual norm is the convex hull of finitely many integer points. We give an interpretation
of these points in terms of certain coorientations of the multicurve. Our main result is a classification
statement: when the surface is hyperbolic and the filling multicurve is geodesic, integer points in the
interior of the unit ball of the dual norm classify isotopy classes of Birkhoff sections for the geodesic flow
(on the unit tangent bundle to the surface) whose boundary is the symmetric lift of the multicurve. All

results remain true when one replaces the hyperbolic surface by a 2-dimensional orientable hyperbolic
orbifold.
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Introduction

This paper deals with the topological study of nonsingular flows on 3-manifolds. With this goal, we study
a family of norms on the first homology group of surfaces that may be of independent interest.

Given a smooth 3-manifold M and a smooth, nonvanishing vector field X on M, we denote by (gofX)tGR
the flow induced by X on M. An embedded Birkhoff section for (M, ((pr) tcR) is a compact, oriented
surface S with boundary, embedded in M, whose interior is positively transverse to X', whose boundary
dS is tangent to X, and such that every orbit of ((pr) teR intersects S in a uniformly bounded time. On

© 2025 The Authors, under license to MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons
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4500 Marcos Cossarini and Pierre Dehornoy

the topological side, an embedded Birkhoff section induces an open book decomposition of the underlying
3-manifold, where the binding is the boundary 9.5, and the fibration of the complement over S! is given
by an appropriate renormalization of the flow. On the dynamical side, when a flow admits an embedded
Birkhoff section, its dynamic is encoded by the first-return map on the section — much simpler data.
Such a section can be very helpful for understanding some properties of the flow, like the existence or
abundance of periodic orbits [5; 18].

There are several existence results on Birkhoff sections for different classes of flows, for example geodesic
flows [6; 16], Anosov flows [20], or Reeb flows [29; 30; 10; 9], among others. On the other hand, as far
as we know, there are very few situations in which all Birkhoff sections are classified. An exception is
given by the Hopf flow on S3, where the Birkhoff sections can be explicitly constructed [15], and the
geodesic flow on a flat torus [13]. Our main goal is to provide such a classification, for the geodesic flow
on the unit tangent bundle of a hyperbolic surface.

Theorem A For X a hyperbolic surface and y a finite collection of closed geodesics that fills ¥, denote
by ¥ the symmetric lift of y in T'X. Then there is a one-to-one correspondence between

e isotopy classes of embedded Birkhoff sections for the geodesic flow on the unit tangent bundle
TS bounded by the symmetric lift ¥ of y, with negative orientation,

e points satistying a certain mod 2 condition in the open dual unit ball B;y C HY(Z,Z) of the
intersection norm x,, associated toy .

Let us mention that such a statement is not really a surprise: the fact that Birkhoff sections with a given
boundary up to isotopy correspond to integral points inside certain polyhedrons follows from theorems of
Schwartzman, Thurston and Fried, as we explain later in this introduction. The main contribution of the
paper lies in the explicit and combinatorial aspects of all constructions involved.

In the rest of the introduction, we first explain Theorem A by presenting intersection norms, their dual
unit balls and the connection with Eulerian coorientations. The one-to-one correspondence in Theorem A
is made explicit using a construction we call Birkhoff—Brunella surfaces and which is encapsulated in
Proposition D. Then we put Theorem A in perspective by connecting it with Thurston and Fried’s theory
of fibered faces of the Thurston norm ball and with Schwartzman, Fuller, Fried, and Sullivan’s theory of
global sections for flows.

Intersection norms
Let ¥ be a smooth surface without boundary. A multicurve! on X is a proper, smoothly immersed
1-submanifold in X, without boundary, and in general position (meaning that all multiple points are

IThese are called divides by Norbert A’Campo [2] who, along with Sabir M. Gusein-Zade, studied divides on the disc in the
context of singularities [1; 26; 27]. They were later generalized to arbitrary surfaces by Masaharu Ishikawa [31]. This terminology
is maybe not so common in the worlds of surface topologists or dynamists, so we use the more common term multicurve.
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double points where the intersection is transverse). On a compact surface, a multicurve consists of finitely
many closed curves.

Let y be a fixed multicurve on a compact surface X. We think of y as the discrete analog of a Riemannian
(or Finsler) metric; see [11] for a precise connection. The length of a generic path o with respect to y,
denoted by Len,, (), is defined as the number of crossings between « and y, and the length of a homology
class a € H{(X;Z), denoted by x,, (a), is the minimal length of a generic integral 1-chain representing
the class a; see Section 1.

Our first result was proven by Schrijver on the torus [37], and was stated by Turaev without proof
[43, Remark 1.9].

Proposition B Let X be an oriented compact smooth surface and y a multicurve on X. Then the function
xy: H{(2;Z) — N is a symmetric seminorm, that is, it is

e positively homogeneous: xy,(n-a) =nxy(a) forall a € H\(X;Z) and n € N,
e subadditive: xy(a +b) < xy(a) +x,(b) forall a,b € H|(X;Z),
e symmetric: x,(—a) = xy(a) forall a € H|(X;7Z),

Furthermore, if the multicurve y is filling (ie it meets every noncontractible closed curve in X)), then x,, is
positive definite: x,,(a) > 0 if a # 0.

The function x,, is called the intersection seminorm (or intersection norm if it is positive definite)

associated to y.

Remark 0.1 This seminorm satisfies x, (@) = [y]2(a) mod 2 for each a € H,(X;Z), where [y], is the
Z.5-cohomology class of the cochain that maps each generic smooth 1-chain « to its modulo 2 number of
intersections with y.

By a theorem of Thurston [42], any integer-valued seminorm N on a lattice L (ie an abelian group
isomorphic to Z9 for some d € N) can be written in the form N (v) = maxyefr ¢(v) where F is a finite
family of group morphisms L — Z. In fact, one can take as F the dual unit ball of NV, that is, the set By,
of homomorphisms ¢: L. — Z that satisfy ¢(v) < N(v) for all v € L. Furthermore, if N coincides
modulo m (for a certain integer m > 1) with a given homomorphism p: L — Z,,, then one can restrict
F to those functionals in B}‘;, that coincide with ;& modulo m (see Theorem A.11). A natural question is
whether these homomorphisms have a nice interpretation in the case that N is an intersection norm (with
m =2 and u = [y],). The answer is positive, as we now explain.
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Consider a fixed multicurve y on a surface X. A coorientation of y is a continuous transverse orientation
defined on y except at the double points, where the coorientation is allowed to flip. A coorientation 7
induces a cochain ¢; which maps each generic piecewise-smooth path « in X to the signed number of
crossings of o with y, where the sign of each crossing is determined by 7. The coorientation 7 is Eulerian
if ¢; is a closed cochain, that is, if ¢; (o) = 0 whenever « is a contractible closed curve. (Equivalently, n is
Eulerian if around each double point p of y, among the four fragments of  that meet at p there are exactly
two that are positively cooriented and two that are negatively cooriented. See an example in Figure 1, left.)
It follows that an Eulerian coorientation 7 induces an integral cohomology class [5] := [¢,] € H(Z; Z).
Note that different Eulerian coorientations may yield the same cohomology class.

The next result was proven when X is a torus by Schrijver, using different methods [36, Theorem 9]. It is
illustrated in Figure 1.

Theorem C Let y be a multicurve on an orientable closed compact surface ¥. Then the cohomology
classes in the closed dual unit ball B_;"y that coincide modulo 2 with [y], are precisely the cohomology
classes of the Eulerian coorientations of y. Therefore, for every a in H{(X; Z) we have

w@= mx [l

n Eulerian
coorientation of y

This result also gives an effective way for computing the norm x,,, since it reduces the minimization over
an infinite number of curves to a maximization over a finite number of coorientations.

Going back to the case where the multicurve y is a geodesic in a hyperbolic surface, Theorem A states that
there is a correspondence between (certain) integral points in the interior of B;y and Birkhoff sections
for the geodesic flow, and Theorem C states that (certain) integral points in B;y can be represented by
Eulerian coorientations. The correspondence of Theorem A is made explicit by associating to every
Eulerian coorientation a certain surface in 7! X, as in the following statement. The superscript BB stands
for Birkhoff-Brunella.

Proposition D Let ¥ be a compact oriented surface with a Riemannian metric and y a finite collection
of closed geodesics on X. There is a canonical a map SBB that associates to every Eulerian coorientation
n of y an oriented surface SBB(n) in T'S whose interior is positively transverse to the geodesic flow
and whose oriented boundary is —y. The Euler characteristic of SBB () is independent of 1 and equals
minus twice the number of double points of y .

If two Eulerian coorientations n1 and 1, of y are cohomologous and their common class lies in the interior
of B;“y, their interiors are isotopic along the flow.

Thurston norm balls, their fibered faces, and suspension flows

We now present Thurston’s theory of norms and fibered faces for 3-manifolds. This puts in perspective
and explains Theorem A at an abstract level.
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Given a compact 3-manifold M with toric boundary, its Thurston norm xps is a function on the space
H,(M, dM ;R) that encodes the minimal negative part of the Euler characteristic of embedded surfaces
in M with boundary in dM in the considered homology class [42]. It is a seminorm, and as such it is
determined by its unit ball By,,. The latter turns out to be a polyhedron, which is compact when M is
atoroidal. It is a topological invariant that is in general hard to compute [22; 3].

Intersection norms can be seen as 2-dimensional siblings of the Thurston norms since they are defined by
minimizing a certain complexity measure over homology classes. Their unit balls are also polyhedrons,
but, unlike unit balls of Thurston norms, these can be easily computed using Theorem C.

The top-dimensional faces of Thurston norm balls are of two types, namely fibered and nonfibered. A
fibered face is such that every integral point in the cone generated by the fibered face is the class of the
fibers of a fibration of M over the circle.

Fried showed [21] that every pseudo-Anosov flow (¢”);cr (see Section 3.4 for a definition) on M that
is tangent to dM and that admits a global cross section canonically determines a fibered face of By,,
as follows: denote by D, the convex cone generated by the homology classes of the periodic orbits of
(¢")ser in Hy (M ;R). This cone actually coincides with the cone over the set of Schwartzman asymptotic
cycles [38]. The dual cone Cy, in Hy(M, M ;R) is defined as those classes that pair positively with all
of Dy. It turns out that the integral classes in Cy, correspond exactly to the classes of the global sections
to (¢")rer. Therefore C,, is exactly the cone over the interior of a fibered face of the Thurston norm ball.
The cones Dy, and C,, are polyhedral, and Fried also gives an algorithm [19] for computing Dy, and C,,
starting from a Markov partition for (¢?);cRr.

The connection with Birkhoff sections can be made as follows: Assume that § is a collection of periodic
orbits of a flow ¢ in M. One can blow up the link 8 and obtain a 3-manifold M \ B with toric boundary
OM \ B. If (¢);cr is of class C'!, then it extends to a nonsingular flow (<ﬂf3)zeR on M\ B. If (¢")ser
was of Anosov or pseudo-Anosov type, then ((pltg),eR is pseudo-Anosov. In this context a Birkhoff section
for (¢');er with boundary in B extends to a global section for the flow ((pé) ter- The discussion of
the previous paragraph then implies that, if 8 bounds a Birkhoff section, isotopy classes of Birkhoff
sections whose boundary is in 8 are classified by integral points in a certain polyhedral cone C, g in
Hy(M\ B.OM \ B:R) =~ Hy(M, B;R).

In the context of Theorem A, M is the unit tangent bundle 7! T to a hyperbolic surface I, (¢)seR is
the geodesic flow on 7!'%, and B is the symmetric lift ¥ of a filling collection y of geodesics on X; see
Section 3.1 for the definitions. The set of Birkhoff sections for the geodesic flow bounded by ¥ is then

the cone over a fibered face of the Thurston norm ball in H,(T' !X, ¥; Z) that we denote by Coeod,5-

In Theorem A, the assumption that the oriented boundary is exactly — (that is, every boundary component
has multiplicity —1) can be seen as a restriction on the homology class of the section: it has to lie in a
certain affine subspace denoted by 8; I(—1,...,=1) of H(T'X,¥;R). This means that the Birkhoff
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Figure 1: Illustration of Theorems A and C in the case of X a torus (with an abuse since Theorem A
deals with higher-genus surfaces, whose homology has dimension > 4). On the left, a multicurve
y on X consisting of four geodesics, and an Eulerian coorientation (blue arrows). Seen as a
graph, y has five vertices and ten edges. On the right, the dual unit ball B;y of the associated
intersection norm. The empty circle denotes the origin. The big dots denote those classes in
H'(Z;Z) congruent to [y], mod 2. Among these classes, ten (in blue, green, and red) are in
the dual unit ball B;‘y and correspond to all cohomology classes of Eulerian coorientations of y
(Theorem C). For example, the class corresponding to the blue coorientation is the blue point.
The blue and green points lie in the interior of B;‘y, and hence describe two isotopy classes of
Birkhoff cross sections for the geodesic flow bounded by —¥. If the genus of ¥ was at least 2,
there would be no other isotopy class of Birkhoff cross section for the geodesic flow (Theorem A).
The eight points are on the boundary of B;y and correspond to classes of surfaces transverse to
the geodesic flow, but not intersecting every orbit, and bounded by —¥.

sections we are interested in are enumerated by the intersection of the cone C,, with the affine subspace

eod,y
8; 1(—1,...,—1). It turns out that a suitable choice of an origin identifies the latter with H,(Z;R); see
Section 3.5. Under this identification, Theorem A can be summarized by the equality

Cgeod,? N 851(_1’ CRI) _1) = %B;y

Our paper adds to this description the elementary and explicit characters of all the involved constructions.
Indeed, as far as we know, there is no other Anosov or pseudo-Anosov flow for which the set of global or
Birkhoff cross sections admits such an explicit and combinatorial description.

Remark 0.2 One may wonder how general Theorem A is, namely whether one can hope for an analogous
statement for any (transitive) Anosov flow. As explained above, the set of Birkhoff sections up to isotopy
fixing the boundary is described by the integral points inside a certain polyhedron. However we do
not know how to describe this polyhedron in general. It seems to be related to linking numbers of
periodic orbits of the flow [13; 14], but linking numbers are only defined for nullhomologous links.
Ghys proved that Gauss linking forms describe all linking numbers between periodic orbits for a vector
field in a homology sphere [24]. Moreover he showed how to use these Gauss forms to decide whether
all finite collections of periodic orbits bound a Birkhoff section (which he calls left- or right-handed

Algebraic € Geometric Topology, Volume 25 (2025)



Intersection norms on surfaces and Birkhoff sections for geodesic flows 4505

flows). Probably one should first extend the concept of Gauss linking forms to manifolds that are not
rational homology spheres, and see how this helps define linking of periodic orbits and more generally of
invariant measures. Then one could hope that these generalized linkings describe exactly the homological
information needed to apply Schwartzman’s criterion, as we will do in Section 3.

Remark 0.3 It may look strange to deal with Birkhoff cross sections with negative boundary and not
with positive ones, ie with surfaces such that the orientation of the boundary inherited from the orientation
of the surface (itself inherited from the coorientation of the interior surface by the flow) is opposed to
the direction of the flow. The reason is that there is actually no positive Birkhoff cross section for the
geodesic flow, as explained in Théo Marty’s thesis [33, Chapter 3]. One could then look at mixed sections,
namely transverse surfaces some of whose boundary components are positively tangent to the geodesic
flow and some others are negatively tangent. There are more mixed sections than negative. Alas, we have
no analog of Proposition D in this more general case, meaning that we do not have an elementary way to
construct all mixed sections.

Remark 0.4 The case of the torus with a flat metric is not covered by Theorem A. In this case, the fact
that the unit tangent bundle 7' T? is trivial allows us to cut-and-glue horizontal tori to Birkhoff cross
sections, so that there are infinitely many isotopy classes with a given boundary. However, modulo this
additional operation, there are still only finitely many classes. These have been classified in a previous
work by the second author [13, Theorem 3.12]. The statement is similar, namely equivalence classes of
Birkhoff sections are classified by points in the interior of a certain polygon with integral vertices. The
statement is even more general since, in this restricted case of the torus, there is no assumption that the
boundary of the section is symmetric. One could recover this earlier result in the symmetric case by a
proof very similar to that of Theorem A.

Extension to 2-dimensional orbifolds

Our results here can be generalized in the following sense. Instead of considering orientable surfaces
only, one can consider orientable 2-dimensional orbifolds, as introduced by Thurston [41]. Such a 2-
orbifold O is described by an orientable topological surface X and charts that are local homeomorphisms
R2/(Z/kZ) — ¢, where Z/ k7 acts by rotation on R?.

There are several possible definitions for the homology of an orbifold that yield different spaces. The
one that is useful here is the most elementary: we define H;(0; R) to be the space H;(Xg;R). In this
context the definition of intersection norms extends trivially. Proposition B and Theorem C still hold.
Now the unit tangent bundle 710 is 3-manifold that is a Seifert fibered space over X¢. The geodesic
flow is well defined on 7''0, and when O is hyperbolic it is still of Anosov type. Proposition D extends
directly in this context. Concerning Theorem A, it has to be modified for taking into account orbifolds
that are homology spheres — a case that does not occur with hyperbolic surfaces.
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Theorem E Let O be a hyperbolic orientable 2-dimensional orbifold. Let y be a finite collection of
closed geodesics on O.

o If X is a sphere, then T'0 is a rational homology sphere. In this situation, the link —y bounds
a Birkhoff section for the geodesic flow in T 10 if and only if y is filling in X¢. In that case, the
Birkhoff section is unique up to isotopy fixing the boundary.

o If X¢ is not a sphere and if y is filling, then the map [n]+— {SBB (1))} is a one-to-one correspondence
between integer points in the open unit ball int(B;y) congruent to [y], mod 2 and isotopy classes
of Birkhoff cross sections for the geodesic flow in T' ¥ with boundary —.

e If 3¢ is not a sphere and y is not filling, then there is no surface bounded by —y and transverse to
the geodesic flow.

A particular case is when O is a hyperbolic triangular orbifold, that is, a sphere with three conic points. In
this case every collection y of closed geodesics is filling, and hence its lift Y bounds a Birkhoff section.
This is a particular case of the main result of [14], which proves that in this case every finite collection of
periodic orbits (even nonsymmetric) bounds a Birkhoff section for the geodesic flow.
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1 Intersection norms and proof of Proposition B

In the whole section we fix an oriented compact smooth surface ¥ with empty boundary and a multicurve
y on X. (Recall that a multicurve in X is a compact, closed 1-manifold that is smoothly immersed in X,
self-transverse, and has no points of multiplicity > 2).

Definition 1.1 A path in ¥ is a continuous function «: I — ¥ (where I C R is a compact interval),
considered up to a uniform shift in the parametrization, so that the concatenation o8 of two consecutive
paths o and B is well defined. The reverse of a path « is the path o (1) = a(—1). The trivial path at a
point p € ¥ is denoted by 1,.

Definition 1.2 A smooth path in X is generic (with respect to y) if it has no endpoint on y, it is transverse
to y, and it avoids the double points of y. We denote by P, the set of generic piecewise-smooth paths,
obtained by concatenating finitely many generic smooth paths. The length with respect to y of a path
a € Py is the number of times that it meets y,

Leny (a) = o~ (y)].
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=

Figure 2: A genus 3 surface with a multicurve y made of four closed curves (black). On the left
the curve o (orange and bold) is transverse to y and intersects it three times. On the right a» (red)

is homologous to o since their difference bounds a subsurface, namely the right hemisurface.
The curve o, intersects y only once. This number cannot be reduced to 0 in the same homology
class, and hence o5 is x,,-realizing and we have x,, ([o1]) = x,, ([o2]) = |{012_1 )} =1

Definition 1.3 A generic integral 1-chain is a linear combination « = ) _; ¢;a; of paths o; € P, with
integer coefficients ¢; € Z. Its length is defined as

Leny (o) = ) |ei| Leny (o).

Note that every homology class @ in H;(X;Z) may be represented by a generic integral 1-chain. The
length of the homology class « is defined as
xy(a) = min Leny (@).

o closed generic integral

1-chain such that [@]=a
A closed generic 1-chain that minimizes length in its homology class is called an x, -realizing I-chain.
The function x,, : H;(2; Z) — N is called the intersection seminorm (or intersection norm, if it is positive
definite) associated to y.

The function x,, has three properties that make it a seminorm, namely it is positively homogeneous,
subadditive and symmetric. To prove the first point we need two facts about curves on surfaces. Note first
that every homology class ¢ € H;(X; Z) can be represented by an oriented multicurve. A multicurve « is
simple if it has no double points, and is generic (with respect to y) if it is transverse to y and the union
a Uy is a multicurve. (The last condition holds if and only if each of the two multicurves « and y avoids
the double points of the other one.)

Lemma 1.4 (simplification) Every homology class a in H{(X2;Z) can be represented by a simple
oriented multicurve that is generic with respect to y and x, -realizing.

Proof Let « be an oriented multicurve that represents the class a, and is generic with respect to y and
X, -realizing. To make « simple, we eliminate each self-crossing of @ by performing a local modification

of the form >< - > < O
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Lemma 1.5 (partitioning) Every simple oriented multicurve in ¥ of homology class n - a (for some
a € H{(X;7Z) and n € N) is a union of n disjoint simple oriented multicurves, each of class a.

Proof Let 8 be a simple oriented multicurve of homology class #-a. Since f is of class n-a, its algebraic
number of crossings with any generic oriented loop is a multiple of n. Therefore we can label the regions
(ie connected components) of X\ f with integers modulo # in such a way that the label increases by 1
when one crosses f positively (ie from right to left). For every i € Z/nZ, denote by «; the union of those
components of B that have regions labeled i on their right, and regions labeled i + 1 on their left. Every
; is a simple multicurve, and by construction f is the union of all of them. Any two curves o;, o are
homologous since ; — «j bounds a subsurface of X (namely, the part with labels in [7, j)). This implies
that [8] = n - [o;] for every i, and since H;(X;Z) has no torsion, we conclude that [o;] = a. m|

Now let us show that x, is a seminorm. The symmetry property x, (—a) = x,, (a) is evident since the
number of intersections does not change by reversing the orientation of a curve. We have to prove positive
homogeneity and subadditivity.

Lemma 1.6 (positive homogeneity) For every a in Hy(X;Z) and for alln € N one has
xy(n-a)=nxy(a).

Proof Givena € H{(X;7Z) and n € N, consider a realizing multicurve « in a. Since n parallel copies
of « intersect y at n x, (a) points, we have x,, (n-a) < n x,, (a). For the reverse inequality, consider an
xy-realizing multicurve B of homology class 7 -a. By simplification (Lemma 1.4) we can suppose f
simple, and then it follows by partitioning (Lemma 1.5) that § is the union of » multicurves ¢; of class a.
Each multicurve o; has at least x,, (a) intersections with y, which implies that B has at least n xy, (a)
intersections with y, proving the inequality x,, (n-a) > n x, (a). |
Lemma 1.7 (subadditivity) Forevery a, b in H,(X;Z) one has

xy(a+0D)<xy(a)+x,(D).

Proof The union of two multicurves that realize x,, (a) and x,, (b) crosses y in xy (a) 4+ x, (b) points,
giving xy (a + b) < xy(a) + xy (). O

This finishes the proof of Proposition B which states that the function x,, is a seminorm on H;(X;Z).

Remark 1.8 One can easily extend the notion of intersection norm to a surface with boundary X, by
allowing the multicurves y to contain arcs with endpoints on 9% (as did A’Campo [2; 1]). One then
obtains two norms on H{(X;Z) and H{(X, 0X; Z), depending on whether one considers absolute or
relative homology classes. Proposition B also holds in the second context.
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Remark 1.9 One can wonder how the intersection norms compare with other known norms on the
first homology of a surface. For example, the stable norm xg induced by a metric g is defined by
xg (@) = liminfy— 0o Ming o ep, g(@™)/n. On a surface the stabilization is not necessary, so that
one has xg(a) = mingeq g(). One can check that if (Yx)ren is a sequence of filling geodesics that
approximates g, meaning that the sequence of invariant measures on 7'' ¥ that are concentrated on the
lift ¥ tends in the weak-* sense to the Liouville measure defined by g on 7! I, then the rescaled norms
@xm tend to the stable norm of g. Equivalently, the rescaled unit balls g (%) By » tend to the unit
ball of the stable norm.

2 Unit balls and coorientations

The context remains the same as in the previous section: we fix an oriented closed compact smooth
surface X of genus at least 1 and a multicurve y on it. We have shown that the intersection norm x,, is an
integer-valued seminorm on the lattice H;(X;Z) ~ Z?&. By Remark 0.1 it coincides modulo 2 with [y]s.
Therefore we may apply the following result of Thurston (as extended in the appendix). Recall that a
lattice L is a finitely generated free abelian group. Its dual lattice L* is the group of homomorphisms
L — Z. Note that L ~ L* ~ Z4 for some d € N.

Theorem 2.1 ([42, Theorem 2] and Theorem A.11) Every integral seminorm N on a lattice L is of the
form
N(v) = max ¢(v),

YEBY,
where By, C L* is the dual unit ball of N, that is the (finite) set of group homomorphisms ¢: L — 7Z
that satisty ¢(v) < N (v) for all v € L. Furthermore, if N coincides modulo a certain integer m > 1 with
a given homomorphism w: L — Z,,, then we have

N@)= max ¢(v).
B*

QEDL N,
Pmodm =M

Our goal in this section is to prove Theorem C, that is, to characterize the points of B_;‘y that coincide
modulo 2 with [y],. Specifically, we will show that these cohomology classes are precisely those that can
be represented by Eulerian coorientations. We will do so as follows.

Recall, from the introduction, that a coorientation of y is a continuous transverse orientation defined on
y except at the double points, where the coorientation is allowed to flip. A coorientation determines a
I-cochain ¢; which maps each generic piecewise-smooth path « in X to the signed number of crossings
of o with y, where the sign of each crossing is determined by 7. This cochain clearly satisfies

cp(a) <Leny(a) and cy(a)=Leny(x) mod2 for each generic path .
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Figure 3: A torus with a collection y (black) made of four curves, two vertical and two horizontal.
The curve o (red and bold) intersects y in 10 points. It is the smallest number for a curve
whose homology class is (4, 1), so that x,,(4,1) = 10. The norm x, is actually given by
x,((p,q)) = 2|p| + 2|g| in the canonical coordinates.

If we think of the multicurve y as a discrete metric, then we can see a coorientation 1 as a discrete field
of unit-norm covectors, and the number ¢, () as the value of the integral of 1 along the path c.

A coorientation 7 is Eulerian if ¢y is a closed cochain, that is, if ¢, () = 0 whenever « is a contractible
closed curve. In this case, the coorientation 1 defines a cohomology class [n] := [c,] € H 1(X;Z). This
cohomology class & = [n] satisfies the properties

h(a) <xy(a) and h(a)=xy(a) mod2 forall a e H\(Z;Z),
and we say then that /4 is y-special.

To go backwards, from a y-special cohomology class / to a coorientation 7 such that & =[], we will
rely on an auxiliary object called an eikonal function. An eikonal function on a surface-with-a-multicurve
(X, y) is a function f: X\ y — Z that satisfies

M SO -S| =dy(x.y) and f(y)— f(x)=d(x,y) mod2 forall x,yeX\y.

If we think of the multicurve y as a discrete metric, and we see (Eulerian) coorientations as (closed)
unitary 1-forms, then we should see eikonal functions as scalar-valued functions that are nonexpansive (or
1-Lipschitz). We can differentiate an eikonal function to obtain an Eulerian coorientation, and reciprocally,
on a simply connected surface, we can integrate an Eulerian coorientation to obtain an eikonal function.

We will use eikonal functions as follows. Let (f), 1) be the universal cover of X, and let xy € X be
a fixed, arbitrary point. The surface S has a multicurve 7 = n*y (the pullback of y by the covering
map ). An Eulerian coorientation 1 determines an eikonal function f; on ) \ 7, called the primitive
of n, by the formula

Jn(x) = cp(mwoax,,x),

where oy, x is a generic path in S from Xo to x. We note that f; is equivariant with respect to the

cohomology class /& = [n], which means that
S (Tp(x)) = f(x) = h[B],
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Figure 4: A piece of a multicurve y (black). A coorientation 7 of y is indicated with blue arrows.
A path « transverse to y is shown (purple and dotted). The pairing (n, «) equals —1 +2 = +1 on
this example.

for any points x € T, and any loop homotopy class {8} € IT1{ (X, m(xq)), where T} is the automorphism
of ¥ induced by the curve 8.

Moreover, this process can be reversed: any /-equivariant eikonal function f can be differentiated to
obtain a coorientation 7 of cohomology class /, such that f;, = f. Therefore, to go backwards, from a
y-special cohomology class / to a coorientation 1 such that [n] = /&, we do as follows. We define first an
h-equivariant function f: 77 1(pg) — Z, where py = 7(x() € . We show that f is preeikonal (ie it
satisfies (1), even thought it is not defined at all points) since / is y-special. Finally, we show that any
preeikonal function can be naturally extended, using a standard formula, to an eikonal function f defined
on the whole space. Moreover, this extended function fis h-equivariant if f is so. Differentiating the
eikonal function f we obtain the coorientation 7 such that Jn= /, and therefore [n] = .

2.1 Coorientations of multicurves

Recall that y is a multicurve in X. A cross-vector on y is a vector tangent to X that is located at a simple
point of y, and is transverse to y. The set of such vectors, considered as a topological subspace of the
tangent bundle of X, is denoted by C,,. Note that this space has finitely many connected components.

Definition 2.2 An integral cross-functional on y is a function n: C), — Z that is locally constant and
satisfies the equation n(—v) = —n(v) for all v € C,,. A coorientation of y is a cross-functional with
values 1. Note that there are finitely many coorientations of ).

As mentioned in the introduction, each coorientation 7 induces a cochain ¢; whose cohomology class
[cy] € H'(Z;Z) is in the dual unit ball B;‘y, as we will see below. To reverse this process and show that
each cohomology class 4 € B ;,, (equivalent to x,, mod 2) can be represented by a coorientation, we must
understand precisely which cochains are induced by coorientations or, more generally, by cross-functionals
of y. These cochains are called cross-cochains, and are characterized as follows.

Recall from Definition 1.2 that P, is the space of piecewise-smooth paths on X that are generic with
respect to y.

Algebraic € Geometric Topology, Volume 25 (2025)



4512 Marcos Cossarini and Pierre Dehornoy

Definition 2.3 An integral cross-cochain (with respect to the multicurve y) is a function ¢: P, — Z
with the following properties:

e It is additive with respect to concatenation of paths, that is, c¢(é¢) = c(8) + c(¢) if §, ¢ € P, are
consecutive paths.

e It is alternating with respect to path reversion, that is, ¢(e) = —c¢(e) for all paths o € pPy,.
e Itis supported on y, that is, c(o) = 0 if o does not meet y.

e Itis locally constant, that is, constant on any continuous family (&¢)¢[o,1] of smooth paths &; € Py,.
(Such a family of paths is not called a homotopy of paths because the endpoints may move. However, the
endpoints never cross y, since at the instant of crossing the path would not be in P,.)

Definition 2.4 The integral of a cross-functional 1 along a path « € Py, is the number

@)=Y 1@ ).

tea—1(y)

Lemma 2.5 The map n + ¢, is a bijection from the set of integral cross-functionals to the set of integral
cross-cochains on y .

The proof is straightforward.

Proof For a cross-functional 7, it is clear that ¢; is a cross-cochain. Let F be the map from the set of
integral cross-functionals to the set of integral cross-cochains given by F(n) = cy.

To show that F is bijective, we use the following notation. For a cross-vector v € C,, let Cy, (v) be the
connected component of C, containing v, and let P, (v) be the set of smooth paths in P, that cross y
exactly once, and with velocity v’ in Cy, (v). Note that any two arcs &g, &1 € Py, (v) are connected by a
continuous family of arcs (&¢)¢[o,1] in Py (v). This implies that any cross-cochain is constant on Py, (v).

The map F is injective since given two cross-functionals n # 1’, we see that ¢, (v) # ¢, by evaluating
these two cochains at a path y € P, (v), where v € C,, is a cross-vector such that n(v) # n/(v).

Now let us show that F' is surjective. Given a cross-cochain ¢, we shall produce a cross-functional 5
such that ¢, = ¢. We define 1 as follows: for each cross-vector v € C,,, we set n(v) := c(«), for any
a € Py, (v). This value is well defined since c is constant on Py, (v), as noted above. In addition, it is clear
that n(—v) = n(v). This shows that 7 is a cross-functional.

To finish, let us show that ¢, = ¢. Given a path & € P,,, we decompose it as a concatenation of smooth
paths «; € Py, where each o; meets y once with certain velocity v;, or not at all, in which case we say
that 7 is trivial. Then we have

cl=) cl= ) cl)= Y 1) =c@). O

i i nontrivial i nontrivial
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Remark 2.6 A cross-functional 7 is a coorientation if and only if the cross-cochain ¢y, is unitary, that is,
it satisfies for each path @ € P, the condition

cp(a) ==%1 if Leny(a) =1,
or, equivalently, the conditions

cp(a) <Leny(x) and cy(a) =Leny(x) mod 2.
2.2 Eulerian coorientations

Definition 2.7 A coorientation n of y is Eulerian if the cochain ¢;; is closed, ie if ¢; (o) = 0 whenever o
is a contractible closed curve, or, equivalently, if ¢; (o) depends only on the homotopy class {«}. (The
homotopies we consider here are with fixed endpoints and disregarding y, meaning that the intermediate
paths may not be in P,.) The set of all Eulerian coorientations of y is denoted by Eul(y).

Equivalently, n is Eulerian if around each double point p of y, among the four pieces of n that meet at p
there are exactly two with positive coorientation and two with negative coorientation. Hence the local
picture of 1 at p is one of the following two: either when traveling straight along y and encountering p the
coorientation changes — in this case the coorientation is said to be alternating at p — or the coorientation
does not change when following ¥ —in which case it is nonalternating at p.

alternating nonalternating

Example 2.8 If [y], € H'(X:7Z/27) is zero, then the regions of ¥ \ y can be colored in black and
white in such a way that adjacent regions have different colors. In this case we can coorient all edges
toward the white regions. The obtained coorientation is Eulerian, all double points being alternating.

b P 4 4
77 7
A
> 4 2
7 T
4 >

b
R reas

Example 2.9 There always exist global Eulerian coorientations, even when [y], € H{(X;Z/27Z) is
not zero. Indeed one can choose a coorientation for every component of y. This yields an Eulerian
coorientation having only nonalternating vertices. If y consists of ¢ immersed curves, there are 2¢ such

coorientations.
6
L
K

g IS P
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7
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Remark 2.10 If n is an Eulerian coorientation of y, then for every generic closed 1-chain «, the number
¢y () depends only of the homology class [«] € H(X;Z). In consequence, 1 induces a cohomology
class [] := [cy] in HY(Z; Z).

We denote by [Eul(y)] the subset of H!(X;Z) consisting of the cohomology classes of the Eulerian
coorientations on y. Theorem C states that

[Eul(y)] =/ € BY, | hmoa2 = [¥]2}-

Let us prove the easy inclusion C, that is, that the cohomology class induced by any Eulerian coorientation
is in the dual unit ball B;y (ie it is < x;) and also coincides with [y], modulo 2.

Lemma 2.11 For every Eulerian coorientation n of y and every homology class a in H(X;Z), we have
[1](@) =< xy(a) and also [n](a) = [y]2(a) mod 2.

Proof Let « be an x,-realizing curve of class a. Then (1, o) counts every intersection point of & and
y with a coefficient 1, while x, () counts these same intersection points with a coefficient 41 each.
Hence we have

cp(@) <xy(a) andalso cy(a) = xy () mod 2. |

To prove the reverse inclusion we will use eikonal functions.

2.3 Eikonal functions on the universal cover

As before, X is a compact closed surface with a multicurve y on it.

Our task now is to define the eikonal functions on the universal cover (f], ). The space T has a
multicurve y := m*(y) (that is, the pullback of y by the map ), which induces a length functional Lenj
and therefore, a distance function dj, which we need to define the notion of eikonal functions. However,
we will instead define the distance function directly in terms of the multicurve y, by taking advantage of
the standard explicit construction of the universal cover.

We construct the universal cover (f], ) of the surface X as follows. The space T is the set of homotopy
classes of paths in X starting at pg, where py € X\ ¥ is a fixed, arbitrary point. Thus each point x € T is
of the form x = {«} where « is a path in X starting at po, and {o} denotes its homotopy class (with fixed
endpoints). In particular, the space T has a natural base point xg = {1,,}, where 1,, is the trivial path
at po. The covering map 7 : $ — 3 is the function that sends each homotopy class {«} to the endpoint
of the path «.

The fundamental group I1; (X, po), hereafter denoted by I14, acts (on the left) on S as follows: each loop
homotopy class {8} € I1; induces on ¥ a transformation T, g:{a}— {Ba}, where Ba is the concatenation
of the path § followed by the path . This action commutes with the covering map 7 (that is, it satisfies
moTg=m forall {f} € I1;) and is transitive on each fiber of 7.
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The length with respect to y of a homotopy class {«} is defined as the minimum length of a generic path
o’ in the class,

Len,{a}= min Len, ().
y{ } a’e{a}nNPy, y( )

The distance between two points x = {o} and y = {8} € ¥ not located on the multicurve yi=a*(y)is

dy(x,y) = Len,{a' B}

where o is the reverse of the path «. Note that d; satisfies the triangle inequality, therefore it is an
integer-valued (but not positive-definite) distance function on X \ . Moreover, an easy computation
shows that the transformations 7 preserve this distance function.

Definition 2.12 An integer-valued function f defined on a subset D of ) \ 7 is said preeikonal if it
satisfies

2 /) = f()| =dp(y.x) and  f(y)— f(x) =dp(y.x) mod2 forall x,ye D,

An eikonal function is a preeikonal function defined on the whole set by \ 7.

Remark 2.13 A function f: s \ ¥ — Z is eikonal if and only if it satisfies the local condition

0 when dj(x, y) =0,

S =)= {:i:l when dj(x,y) = 1.

The term “eikonal function” comes from geometric optics, where it describes a (possible singular) real-
valued function f that solves the eikonal equation |V f|| = 1. The eikonal functions defined above are
discrete analogs of these real-valued functions.

Definition 2.14 An integer-valued function f defined on a subset D of by \ 7 is said equivariant with
respect to a cohomology class 4 € H'(Z; Z), or h-equivariant, if it satisfies

S )= f(x) = h[p]
for all pairs of points x, y € D and all loop homotopy classes {8} € I1; such that Tg(x) = y.

Every Eulerian coorientation 7 of y determines a function f,: by \ ¥ — Z, called the primitive of n, by
the formula

Jniia} = cp(@).

The number ¢, () does not depend on how the path « is chosen within its homotopy class since 7 is
Eulerian.

Lemma 2.15 For each cohomology class h € H'(XZ;Z), the map n + f, bijects the set of Eulerian
coorientations of y of cohomology class h to the set of h-equivariant eikonal functions on ) \ 7 that
vanish at the base point xo = {1p,}.
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Proof Let us first see that for each Eulerian coorientation 7, the function f;, is eikonal, [n]-equivariant,
and vanishes at the base point. The last claim is clear: since the trivial path 1,, does not meet y, we have

Jn(x0) = cp(1p,) = 0.

To see that f is eikonal, take two points {«}, {8} € ) \ y at distance dj; ({o}, {B}) = 1. This means that
there exists a path ¢ € P, homotopic to of B with Len,, (¢) = 1. Hence we can verify that

JatB} = fale} = cy(B) —cy(@) = ¢y (@’ B)
= ¢y(e) since 7 is Eulerian
=+I.
Similarly, one can see that f{B8} = fyla} if dy({a}, {B}) = 0. Finally, to see that f}, is [n]-equivariant,
we take a loop homotopy class {8} € I1; and a point {a} € ) \ 7 and we verify that
JulBa} = cy(Ba) = cy(B) + cy(e) = NIIB] + fola}.

Now let us fix a cohomology class 7 € H!(X;Z). As we have just shown, the map 1 > f;, restricts to a
map Ry from the set of Eulerian coorientations of class / to the set of /i-equivariant eikonal functions on
) \ ¥ that vanish at the base point xo = {1,,}. Let us show that R, is bijective.

To prove that Ry, is injective, fix an Eulerian coorientation 7 and a cross-vector v € C),. We shall express
n(v) in terms of the function f;. Take a path ¢ € P, which crosses y just once with velocity v, and let
a € Py, be an auxiliary path from py to the starting point of &. Then we have

Julae) — fla} = cplag) —cp(a) = cy(e) = n(v),
which shows that n can be recovered from the function f;, and thus R, is injective.

Finally, let us show that Ry is surjective. Let f: ) \ ¥ = Z be an equivariant eikonal function that
vanishes at the base point xo = {1, }. We have to construct an Eulerian coorientation 7 such that f, = f.
To do so, we define first a cross-cochain ¢ as follows. For any generic smooth path ¢ € P, we let

c(e) == flae} — flaj

where « € P, is an auxiliary path from pg to the starting point of e. Let us show first that the value c(¢) is
well defined. Let o be any other path from pg to the starting point of ¢. Then we can write {&'} = {Ba}
where B := oo/, and thus from the fact that f is s-equivariant for some /: I1; — Z we get

flo'ey = flo'} = f{Pae}— f{Ba}
= h[B]+ f{ae}—h[B]— f{a} since f is h-equivariant
= flag}— flal.
We claim that ¢ is a cross-cochain according to Definition 2.3, and in fact, a unitary and closed cross-

cochain.
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We note first that c¢(e) only depends on the homotopy class {e}. (This will imply that ¢ is closed as a
cross-cochain.)

Let us prove that ¢ is additive with respect to concatenation of paths. Let §, ¢ € P, be consecutive paths.
To show that ¢(d¢) = ¢(§) + c(¢), we take an auxiliary path o € P, from py to the starting point of 6.
Then we have

c(be) = flade; — flaj = flade} — flad) + flad) — fla) = c(e) +c(9).

Similarly, let us show that ¢ is alternating with respect to path reversion. Consider a path ¢ € P), and its
reverse &1, and let o € P, be an auxiliary path from py to the starting point of €. Note that the path ae
goes from py to the starting point of e, therefore we have

c(eh) = flaeety — flae) = fla}— flae} = —c(e).

Next, let us show that ¢ is supported on y, ie that ¢(e) = 0 for any path ¢ € P, that avoids y. Let ¢ € P,
be such a path, and let « € P, be an auxiliary path from pq to the starting point of €. Then we have

c(e) = flae}— fa}
<d;({aj,{as}) since f is an eikonal function
= Leny{aTae} = Len,{e} = 0.
Similarly, let us show that c is unitary. For a path ¢ € P, of length Len,, (¢) = 1, we have to show that
c(e) = £1. The fact that Len,, (¢) = 1 implies that Len, {¢} = 1, since the possibility Len, {e} = 0 is

excluded because homotopic paths have the same length modulo 2. To compute c(¢) we take an auxiliary
path & € P, from py to the starting point of ¢ and we note that

c(e) = flae}— fla} = +1
since f is an eikonal function and
dy({a}, {ae}) = Leny {a e} = Len, {e} = 1.

Finally, let us show that ¢ is constant on any continuous family (&;);¢[o,1] of smooth paths &; € P,,. It
suffices to verify that c(eg) = c(&1). Denote r; and s; the starting point and endpoint of ¢; for each
t €10, 1]. Note that the curves r: ¢ — r; and s: t — §; avoid the multicurve y. These curves r, s may
not be in P, but they surely can be approximated by respective curves p, o € P, that are homotopic
to r and s, respectively (with fixed endpoints), and also avoid y. Then we have {¢o} = {pe;0 T}, which
implies that

c(g9) = c(p) +c(e1) —c(0) = c(e1)

since ¢(p) = c(0) = 0 because p and o avoid y.

This finishes the proof that c is a closed, unitary cross-cochain. Therefore, by Lemma 2.5 (together with
Remark 2.6), there exists an Eulerian coorientation n of y such that ¢ = ¢;. We see that f;, = f because

Algebraic € Geometric Topology, Volume 25 (2025)



4518 Marcos Cossarini and Pierre Dehornoy

S(O2)=2 Ix,yz =[-1,5]

S =0 —]
IX,J’I = [_1’ 1]

Figure 5: A part of the multicurve y (black and thin). Assume that the set D consists of three
points y1, y2, y3 (red, green and blue dots) with prescribed values f(y1) = 0, f(y2) = 2 and

f(y3) = —1. Considering a fourth point x (purple), we see that we have I, = [-1,5],
Iy, =[—1,1]and I, y; = [-3, 1]. In particular these three intervals intersect, and one can set
S(x)=1
for any homotopy class {a} € ) \ 7 (represented by a generic smooth path « € Py, starting at pg ) we
have
Inlay = cpla) = cla) = f{lppa}— [{lpy} = fla}
since f{1p,} = 0. This shows that f; = f, concluding the proof that Ry, is surjective. |

The next result is the key to proving Theorem C.

Lemma 2.16 (extension) Every preeikonal function f defined on a subset D of )y \ ¥ can be extended
to an eikonal function f: s \ ¥ — Z given by

S(x) = min f(y) +dy(x, y).
yeD

Proof For a point x € ) \ 7, we want to define £ (x). We first observe that, for every y € D, the value

f(x) must lie in the interval I , :=[f(y) —dy(x, y), f(¥) + dy(x, y)]. See Figure 5.

We claim that for every y and )’ in D, the intervals I y and I, intersect. Otherwise there would
exist two points y and y” such that f(y) +dy(x,y) < f(y')—dy(x, y’), which implies f()")— f(y) >
dy(x,y) +dy(x,z) > dy(y,y'), contradicting preeikonality of /. Now, any set of intervals in R that
pairwise intersect has a global common point. Therefore the intersection Nye p Ix,y is nonempty. So we
define f (x) as the highest common point f (x) :==minyep f(y)+dy(x, y) of these intervals.

We claim that the extension f is preeikonal (and therefore eikonal, since it is defined at all points of ) \ 7).
Indeed, to prove that | f(x”) — f(x)| < dj(x, x’), it is enough to check that

(S +dy(x". ) = (f () +dy(x. p))| < dy(x,x)
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for each y, which follows from the triangle inequality in the form
|dy (x', ) = d5(x, p)| < dy(x, X).
To prove that f(x") — f(x) = dy(x, x") modulo 2, we write
S = fx)= (SO +dp(x", ¥) = (f(») +d5(x, ) for certain y, y’ € D
=dy(y.y) +dy(x', y)—dy(x,y) modulo 2 since f is preeikonal
=dy(y.y) +dy(x'.y")+dy(x,y) since plus and minus coincide mod 2

= dy(x, x") since homotopic paths have equal length mod 2. O

Note that a preeikonal function f* generally admits several eikonal extensions. The one we denoted by f
is the highest one. It has the advantage of being determined by f by an explicit formula.

2.4 Proof of Theorem C

As explained after Lemma 2.11, it remains to be shown that every cohomology class / € B;y that
coincides modulo 2 with [y]; is the cohomology class of some Eulerian coorientation 7. We fix such a
cohomology class /.

Recall that we have chosen a point pg in X\ y to construct the universal cover T and the covering map
7:% — X. Denote D = 71 (po). We define a function f: D — Z by the formula f{a} = h[a]. This
function is well defined because homotopic paths are homologous.

Claim 2.17 The function f: D — Z is an h-equivariant preeikonal function.

Proof Let us show that f is s-equivariant. Take a loop B in X based at the point py. Then for points
y={a}, ' =Tg(y) ={Ba} € D we have

SO = f(») = hiBa]— hla] = h[B],

as claimed. To show that f is preeikonal we continue as follows. Any two points y, ' € D can be
written as y = {a}, y' = Tg(y) = {B - a}. Therefore we have

SO = f(y) = hB] < xy[B]

since h € B;y. On the other hand, the distance between y and )’ is

dy(y.y') = Len, {o'Ba}

= Len, (8') for some path 8’ € {aBa}
> xy[B'] by definition of x,,
= xy[f] since [8'] = [0 fa] = [B]
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which shows that f()") — f(y) < dy(y. ). To see that f(y') — f(y) = dy(y, y') modulo 2 we note
that

SO = f(y)=h[B]
= [y].18] since i = [y], modulo 2

= [¥1B'] since [B'] = [B] with B’ as above
= Len, (8') modulo 2 by definition of [y],

=dz(y.y").
This finishes the proof that f is a preeikonal function. |
By the extension lemma (Lemma 2.16), we can extend f to an eikonal function f > \ ¥ = Z defined
by the formula f(x) = minyep f(») + dy (¥, X).

Claim 2.18 The function f is h-equivariant.

Proof This follows from the fact that f is s-equivariant. Indeed, take a loop homotopy class {8} in IT;
and a point x € ) \ 7. Then the value of /" at the translate point x" = Tg(x) is

FG) = min () +d5 (0. x)
= min /(T5(0) +d7(T5(0). Tp(x)) since D = Tp(D)

= miB S) +hBl+dy(y, x) since f is h-equivariant and T preserves d;
ye

= /(x) +hlB] 0

Since f is an h-equivariant eikonal function, by Lemma 2.15 there exists a unique Eulerian coorientation 1

with cohomology class [] = / such that f; = f.

Let us put everything together. We have shown in Proposition B that x, is an integral seminorm on
H{(X;7Z), and this seminorm coincides modulo 2 with the cohomology class [y],. Therefore we can
apply Theorem 2.1 (the extension of Thurston’s theorem). We conclude that for each homology class
a € H{(X;Z), we have

xy(a)= max h(a)= max [n](a).
EB;V neEBul(y)
hmoa2=[y12

This concludes the proof of Theorem C.

3 Birkhoff sections with symmetric boundary for the geodesic flow

We now turn to geodesic flows on unit tangent bundles to hyperbolic surfaces and their Birkhoff sections.
Unlike the two previous sections, the surfaces we consider are now equipped with a hyperbolic metric, and
all considered multicurves are geodesic. We first recall in Section 3.1 what are the geodesic flow and the
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symmetric lift of a geodesic. Then in Section 3.2 we associate to every Eulerian coorientation a surface
in the unit tangent bundle needed for proving the first part of Proposition D. We recall in Section 3.3 the
basic definitions on Birkhoff sections and the elements of Schwartzman—Fried—Sullivan theory we need
for our classification. Then in Section 3.4 we recall basic notions on pseudo-Anosov flows and Fried’s
result on their homology directions. In Section 3.5 we make a bit of elementary algebraic topology for
describing homology classes of surfaces with boundary. This allows us to prove in Section 3.6 the second
part of Proposition D, as well as Theorem A.

3.1 Geodesic flow and symmetric collections of orbits

Given a hyperbolic surface I, its unit tangent bundle is the circle bundle 7! ¥ made of length 1 tangent
vectors, thatis 71X = {(p,v) € T | ||v|| = 1}. The geodesic flow ((péeod)feR on T is the flow whose
orbits are lifts of geodesics. Namely for o a geodesic on ¥ parametrized with speed one, the orbit of
((pgtgeod)teR going through the point (x(0), @(0)) € T X is described by (péeod(a(O),o'z(O)) = (a(1),a(1)).
For every oriented periodic geodesic o on X, there is one periodic orbit of (goéeod) teR corresponding to
the oriented lift of @ and denoted by @. If @ now denotes an unoriented geodesic on X, there are two
associated periodic orbits of ((péeod) R, one for each orientation. We denote by & the union of these two
periodic orbits, it is an oriented link in 7' ¥ that is invariant under the involution (p, v) — (p, —v). A
link of the form &; U --- U & is called a symmetric link.”

3.2 Birkhoff-Brunella surfaces and the first part of Proposition D

Starting from a hyperbolic surface ¥ and a finite collection y of periodic geodesics® on X, we now
explain how to associate to every Eulerian coorientation of y a surface in 7! ¥ bounded by —) and
transverse to (goéeod) <R, thus proving the first part of Proposition D.

Fix a coorientation 1 (not yet Eulerian) of y. For every edge e of y (ie segment between two double
points), we consider the set R%" of those tangent vectors based on e and pairing positively with 7. It is
a subset of in 7' ¥ of the form e x [0, 7] (see Figure 6), and hence we call it an elementary rectangle.
With the notation of Section 2, it is the closure of a connected component of C,,. It is bounded by the
two lifts of e in T X (called the horizontal part of dR®") and two halves of the fibers of the extremities
of e (called the vertical part of dR®™). Note that the interior of R®" is transverse to the geodesic flow
((péeod)teR while the horizontal part of dR®" is tangent to it. We then orient R®" so that orbits of
(Gf’éeod)teR intersect it positively. One checks that the induced orientation on dR¢" is opposite to the
one given by ((p;eod)teR’ as explained in Figure 6. This is the reason why we want to consider negative
orientations in Theorem A and Proposition D.

2The term “antithetic link” was suggested by Bruce Bartlett, but we remarked that symmetric is already used in the literature.
3In the sequel we always assume y to be in general position, meaning in particular that no point belong to three different arcs.
This is a restriction as there exists collection of geodesics on surfaces that exhibit triple points for all constantly curved metrics.
One way to deal with this situation is to perturb the metric, allowing the curvature to slightly change so that the position of the
collection becomes general. Indeed the arguments we use do not require constant curvature, only negative.
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Figure 6: Bottom: an edge e of y and a coorientation 7 on it. Top: the corresponding rectangle
R®" in T'X. The dotted lines represent the fibers of some points of X, that is, each point on
these lines represent a unit tangent vector to X. Since the fibers are actually circles, the top and
bottom extremities of the dotted lines should be glued. The rectangle R®7" is transverse to the
orbits of ((p;;eod) +er and the induced orientation is shown in red. The induced orientation of the
horizontal boundary of R®" (red) is opposed to the orientation of the flow (black). Thus the
surfaces we construct are transverse surfaces whose boundary components have multiplicity —1.

Consider now the 2-dimensional CW-complex S (n) that is the union of the rectangles R¢" over all
edges e of y; see the left parts of Figures 7 and 8.

Lemma 3.1 The 2-complex S*(n) described above has boundary —Y if and only if the coorientation 1
is Eulerian.

Proof Since S™(n) is the union of one rectangle per edge of y, the horizontal boundary of S$*(n) is
always in . Since the orientation is opposite to the geodesic flow (see Figure 6), it is actually —}'.

What we have to check is that the vertical boundary is empty if and only if 7 is Eulerian. At every double
point v of y there are four incident rectangles, corresponding to the four adjacent edges. Now the vertical
boundary of a rectangle R®" is oriented upwards at the right extremity of e (when cooriented by ) and
downwards at the left extremity. Then the vertical boundary in a vertex of y is empty if only if all vertical
contributions cancel. This is the case exactly when two edges are cooriented in a direction, and two others
in the opposite direction: this means that 1 is Eulerian around v. Conversely, if 7 is Eulerian, then up to
rotation there are two local configurations around v (that we called alternating and nonalternating), and
one checks that in both cases, the vertical boundary is empty (see the left parts of Figures 7 and 8). O

When 7 is Eulerian, the complex S (n) is not a topological surface if 1 has some nonalternating points:
as depicted in Figure 8, there are edges in the vertical boundary of four adjacent rectangles, instead of
two for obtaining a topological surface. But it is the only obstruction and we can desingularize such
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Figure 7: On the left, the complex S*(n) around the fiber of an alternating double point of y.
Every point of the fiber of v is adjacent to exactly two rectangles. On the right the surface SBB (1)
is obtained by smoothing S (1) in a neighborhood of the fiber of the double point. Its interior is
transverse to the vector field generating the geodesic flow (green).

segments as shown on the right of Figure 8. More precisely, label by 1,2, 3, 4 the quadrants around the
considered nonalternating point so that two edges point toward 1 under the coorientation 1. Then the set s
of those tangent vectors based on the double point and pointing toward quadrant number 1 is the singular
segment to which four rectangles are adjacent. We thus split s into two segments s; and s3, so that the
extremities of both segments (in T'Y) coincide with the extremities of s, but s is pushed a bit into
quadrant number 1, and s3 is pushed a bit into quadrant number 3. Then we distort a bit the two rectangles
adjacent to quadrant 1 so that their vertical boundary is s1, and we distort a bit the two rectangles adjacent
to quadrant 3 so that their vertical boundary is s3. These gluings are made in a smooth way.

The main tool connecting Eulerian coorientations to Birkhoff sections is the following.

Definition 3.2 For 1 an Eulerian coorientation, the associated BB-surface is the surface SB2 (1) obtained
from S (n) by desingularizing and smoothing the fibers of the double points of y, as on the right parts
of Figures 7 and 8.

The term BB stands for Birkhoff—Brunella, as this construction generalizes previous constructions by these
two authors. Indeed, the BB-surface associated to a Birkhoff coorientation (Example 2.8) is isotopic to the
construction suggested by Birkhoff and popularized by Fried [6; 20]. Also the BB-surface associated to a
Brunella coorientation (Example 2.9) was introduced by Brunella [8, Description 2]. This construction
already yields the first part of Proposition D:
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Figure 8: On the left, the complex S (1) around the fiber of a nonalternating double point of y.
Every point of the fiber of v is adjacent to an even number of rectangles. On the right the surface
SBB (1) is obtained by desingularizing S (1)) on the portion of the fiber where four rectangles
meet. Note that the topology of the complex changes in this process. However its interior is still
transverse to the vector field generating the geodesic flow (green).

Proposition 3.3 For X a hyperbolic surface, y a geodesic multicurve, and ) an Eulerian coorientation
of y, the associated surface SBB (1)) is embedded in T' %, it is bounded by —¥, and its interior is transverse
to the orbits of the geodesic flow (‘p;eod)teR’

Proof The surface SB2 (1) is obtained by desingularizing S> (1), so it is embedded. Its boundary coincide
with the boundary of S*(n), so it is (with orientation) —. Finally, the desingularization preserves the
transversality to ((péeod)tGR' Since S*(n) is positively transverse to (goéeod)teR away from its boundary,
so is SBB(n). O

3.3 Birkhoff sections and Schwartzman—Fried—Sullivan theory

Our goal here is to present a criterion for the existence of a Birkhoff section in a given homology class. Such
a criterion exists when the Birkhoff section has no boundary (in this case we call it a global cross section),
and it goes back to Schwartzman. It can be adapted to Birkhoff sections using a blow-up construction.

Definition 3.4 Let M be a compact 3-manifold and let ((pf‘,),eR be a flow on M generated by a smooth
nonvanishing vector field X. (Note that X must be tangent to the boundary dM , which must therefore be
toric.) A global cross section for (M, ((ps() teR) 18 a compact orientable surface with boundary .S such that:
e S isembedded in M with S NIM =9S.
e S is positively transverse to X .

¢ Every orbit of X intersects S. Note that the time to reach .S is a continuous (and hence, bounded)
function on M.
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When such a global cross section exists, there is a well defined, bijective first-return map f on S and the
first-return time 7 is bounded from above and below by compactness. In this case M fibers over the circle
with fiber S, so that M equipped with the vector field X is homeomorphic to S x[0, 1]/(p, 1) ~ (f(p),0)
equipped with 7 ( p)%, where f(p) = ¢*P)(p) is the first-return map and % denotes the vector field
tangent to the last coordinate. The dynamics of the flow ((pj() teR are then, up to the time-reparametrization
function 7, the dynamics of the map f.

The following remark is folklore; see for example the discussion at the beginning of [42, Section 3]. It
suggests that questions of existence of global cross sections are of algebraic nature.

Proposition 3.5 For (M, (¢");cr) a flow, and Sy and S, two global cross sections, there is an isotopy
along orbits of (¢");er that sends S| on S, if and only if S| and S, represent the same class in
Hy(M,oM ;7).

Proof The direct implication => is obvious. For the converse, let M be the infinite cyclic cover of M
associated to the class [S1]=[S2] € Ho(M, M ;Z) (= H' (M ; Z) by Lefschetz duality). By construction,
the surface Sy lifts to Z distinct parallel copies (S f"))nez. The flow (¢’);cr lifts to a flow (¢7);er
in M. Since S, intersects all orbits of (¢")ser, every orbit of (¢?);cr intersects each of the surfaces
(S 1(")),,6 7 one after the other.

Now, S, also lifts to Z parallel copies in M with the same property. In particular every orbit of (¢?);er
intersects exactly once each of the surfaces S 1(0) and S ;O). Hence for p € S 1(0), we can define 7, to be the
unique time so that ¢ (p) € SZ(O). The isotopy (fs: p = ¢*(p))sefo,1] hence connects SI(O) to Séo)
along orbits of (¢’);cr. Projecting back to M yields the result. |

Note that if we are given a global cross section S, it intersects all orbits positively. So, taking homology
classes, we see that the class [S] € Hy(M, dM ; Z) intersects positively all homology classes of periodic
orbits of the flow. One may wonder whether the above remark can be turned into a sufficient condition:
when does a given homology class ¢ in H,(M,dM ;7Z) contain a global section?

The answer has been given by Sol Schwartzman [38] and Francis Fuller [23], and rephrased by Dennis
Sullivan [40]. The quicker way to express it requires to consider invariant measures as currents and to
consider their homology classes: given an X -invariant probability measure p, the associated 1-current ¢,
is the linear functional on the space Q!(M) of 1-forms defined by ¢, (1) = fag M(X(p)) dp(p). Since p
is invariant, ¢y is closed as a current, and hence it induces a homology class [c,] in H; (M ;R). The latter
is called the Schwartzman asymptotic cycle associated to p. The set of all asymptotic cycles is denoted by
Schw y. It is a convex subset of Hy (M ; R) which contains the classes of the periodic orbits (consider the
Dirac linear invariant measures carried by periodic orbits). The following criterion is due to Schwartzman
in the case M has no boundary, and to Fried when dM is nonempty [38; 19]. Here (-, - )(as,aar) denotes the
intersection pairing H, (M, oM ; R)x H{ (M ;R) — R. Note that H,(M,dM ;7)) Hy(M, M ; Z)QR =
H, (M, dM ; R) by the universal coefficient theorem for homology.
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Theorem 3.6 (Schwartzman, Fuller, and Fried) Let M be a 3-manifold with toric boundary equipped
with a nonvanishing vector field X tangent to oM . A class o in Hy(M, dM ; Z) contains a global section
for (M, X) if and only if for every asymptotic cycle ¢, € ¥chw x one has (o, cp) (wm,9n) > 0.

Now we turn to Birkhoff sections. Recall from the introduction:

Definition 3.7 For M a compact, orientable 3-manifold with no boundary, X" a nonvanishing vector field
on M whose flow is denoted by ((pj{),eR, an embedded Birkhoff section for (M, (¢§(),€R) is a compact
orientable surface S embedded in M such that

¢ the interior of S is positively transverse to X,
e its boundary S is tangent to X,

e we have %[?’T](S) = M for some T > 0.

? \O’\

The second condition implies that the boundary of S is the union of finitely many periodic orbits of X .
Note that one sometimes allows the boundary of S to be immersed instead of embedded, as in [9]. In
such case we say that S is an immersed Birkhoff section.

The first and second conditions in the definition of a Birkhoff section may look hard to realize at the same
time, but actually it is not the case: in a flow box oriented so that the vector field is vertical, the general
picture of an embedded Birkhoff section near its boundary is that of one helicoidal staircase. Since the
interior of a Birkhoff section S is transverse to X, it is cooriented by X .

Since M is oriented, this induces an orientation on .S, and in turn an orientation of d.S. On the other
hand, 0 is a collection of periodic orbits of X, so it is oriented by X . For every component 8 of 9.5,
we can then define the multiplicity of B as the algebraic number of times one sees B; in dS. Since we
restrict our attention to embedded Birkhoff sections, this multiplicity is always 1. We call a Birkhoff
section positive (resp. negative) if every boundary component has multiplicity +1 (resp. —1).

negative positive
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The connection with global cross sections comes from the following remark: starting from a nonsingular
flow X on a compact 3-manifold M with no boundary, and given a finite collection 8 of periodic orbits
of X, one can consider the normal blow-up of M along 8, denoted by Mg. It is obtained from M by
removing the 1-submanifold 8 and replacing it by its unit normal bundle v )1( (B). In this construction,
each component of  is replaced by a torus. If X is of class C'!, it extends to v )1( (B) via its differential,
so that Mg is equipped with a continuous vector field Xg.

Now if S is a global cross section for (Mg, ((prB),GR), one can change it by an isotopy in an arbitrarily
small neighborhood of dMg, so that every boundary component of 9.5 is either

¢ a meridian circle of a boundary torus, that is, the normal bundle to a point p € 8, or

¢ a longitude of a boundary torus, that is, its projection in M is an immersion.

After such an isotopy, by blowing down the components of dS into orbits of X, we obtain an immersed
Birkhoff section for (M, (<p§() ter) Whose boundary is in 8. So global cross sections for (Mg, (‘P§(5) teR)
up to isotopy induce Birkhoff sections whose boundary is in § up to isotopy fixing the boundary.

Conversely, starting from a Birkhoff section .S, one can blow up its boundary and obtain a global cross
section on the blown-up 3-manifold.

Therefore, provided one can understand the Schwartzman asymptotic cycles after blowing up a periodic
orbit, one can adapt the Schwartzman—Fried criterion to the existence of Birkhoff sections. This was done
by Fried and even precised by Hryniewicz [19, Theorem N], [29], as we now explain. In our context of
a vector field X on a 3-manifold M with a specified finite set 8 of periodic orbits, every X -invariant
measure can be split into two parts: one that is supported on M \ B and then descends to a Xg-invariant
measure on Mg, and one part that corresponds to a combination of Dirac linear X -invariant measures on
the components of 8. This second part has to be replaced on Mg by an Xg-invariant measure on v }1( (B).
Since a flow on a 2-torus is in general not uniquely ergodic, the unit normal bundle v)l( (B) admits several
Xpg-invariant measures. However, a given class o in H,(M, B;Z) induces a class, also denoted by o, in
Hy(Mpg,dMg:; Z). All asymptotic cycles associated to all Xg-invariant measures concentrated on v)l( (B)
have the same pairing with o, which corresponds to the rotation number of Xg|, 18 with respect to the
slope induced by do. We call this pairing the self-linking of B along X associated to the framing given
by o, and denote it by (do, ,6X>v1(/3).

Theorem 3.8 (Schwartzman, Fuller, Fried, and Hryniewicz) Given are a compact 3-manifold M with
no boundary, a nonvanishing vector field X on M , and a finite collection 8 of periodic orbits of X. Then
aclass o in Hy(M, B;Z) contains an embedded Birkhoff section for (M, (go}),eR) if and only if

o for every X -invariant measure |+ whose support does not intersect 8, the corresponding asymptotic
cycle ¢, € Fchw y satisfies (0, ¢, ) (p,p) > 0,

e for every component B; of 8, the boundary of do travels plus or minus once along f3;, and one has
(do, ﬂi)()vl(ﬂi) > 0.
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3.4 Anosov flows

Geodesic flows on unit tangent bundles to hyperbolic surfaces are archetypes of transitive Anosov
flows [32; 4]. As such, their asymptotic cycles are easier to understand than those of general flows, as we

now explain.

Recall that a flow (go)t(),eR generated by a vector field X on a 3-manifold is of Anosov type if there are
two transverse @y -invariant 2-foliations #*, &% on M that intersect along R. X, where X is the generator
of the flow, such that &° is transversally exponentially contracted by 905( when t — +o0o0 and F¥ is
transversally exponentially contracted* by (p/’Y when t — —o0.

The leaves of & and F* are called stable and unstable manifolds, respectively.

Recall that two flows are orbitally equivalent if there is a homeomorphism sending the oriented orbits of
the first flow onto the oriented orbits of the second one. The geodesic flow on a hyperbolic surface is
of Anosov type [4]. In particular it is structurally stable, meaning that a small enough perturbation of
the generating vector field yields an orbitally equivalent flow. Together with the connectedness of the
space of hyperbolic metrics, this implies that the geodesic flows associated to two different hyperbolic
metrics are orbitally equivalent [25]. This means that, as long as only the topological properties of orbits
are involved, the geodesic flows of all possible hyperbolic metrics on a given surface are equivalent.

Blowing-up some periodic orbits of an Anosov flow does not yield an Anosov flow. However it preserves
the pseudo-Anosov character, so we rather work in this context.

Consider the unit disc D? in C. For any integer k > 3 consider the singular 1-foliation 9?}( on D? given
by d(R(z¥/?)) = 0, and denote by F2 the singular 2-foliation F} x (0,1) on D? x (0,1). The leaf
{0} x (0, 1) is singular. Also consider the half-unit disc U? = D? N {J(z) > 0}. Consider the singular
1-foliation 9?5 on U? given by d(N(s)-J(z)) = 0, and denote by @5 the singular 2-foliation 9**% x (0, 1)
on U2 x (0, 1). The leaf {0} x (0, 1) is also singular.

Given a compact 3-manifold M with toric boundary, a foliation with circle-prongs of M is a 2-foliation
with singularities & of M locally modeled on a standard 2-foliation or on some %lzc in the interior of M,
and on a standard 2-foliation tangent to 0M or on 9?5 along 0M ; see Figure 9.

4Actually this definition corresponds to fopologically Anosov flows, which is enough for us, as the results we use hold for
topologically Anosov flows. Note that it was proven by Shannon that transitive topological Anosov flows are topologically

equivalent to smooth Anosov flows [39], so that the topological results on transitive smooth Anosov flows can be used for
topologically Anosov flows.
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Figure 9: The local picture of a standard 2-foliation in the interior of a 3-manifold (left) and on
the boundary (center left). The local picture of the foliation with circle-prong 9?‘21 (center right)
and the local picture of 95 (right).

A flow (¢");er on M is of pseudo-Anosov type if there are two (¢!);cr-invariant foliations with circle-
prongs %5, F* on M that are transverse to each other and intersect along R.X (except along the singular
curves which are common, and parallel to X)), where X is the generator of the flow, such that %*
is transversally exponentially contracted by ¢’ when 1 — +o0o and % is transversally exponentially
contracted® by ¢’ when t — —oo. Note that the pseudo-Anosov flows we consider in the sequel are
obtained by blowing up periodic orbits of Anosov flows. Hence the circle-prongs of the blown-up
foliations are only of type @2 the types 9**2 with k£ > 3 do not appear in our context.

Recall that a flow is transitive if it has a dense orbit. Geodesic flows on hyperbolic surfaces are transitive.
Brunella showed that transitive pseudo-Anosov flows admit finite Markov partitions [7, Theorem 2.1].
Earlier Fried showed that the cone generated by the asymptotic cycles of a flow admitting a finite Markov
partition is easy to describe [19, Theorem H]:

Theorem 3.9 (Fried) Given a compact 3-manifold M with toric boundary and a nonvanishing vector
field X on M tangent to 0M generating a flow (goj() reR admitting a finite Markov partition, there is a finite
collection {B, ..., Bn} of periodic orbits of (¢} )ser such that R .Fchwy = Conv({R 4 [Bi]}i=1,...n)

Combining the above statement with the existence criterion of Theorem 3.8, in the case of geodesic flows
we obtain the following result.

Corollary 3.10 Given a hyperbohc surface ¥ and ,3 a signed collection of periodic orbits of ((pge od)t€R
onT'%, aclasso in Hy(T'S ﬂ 7)) such that do = ,3 contains a Birkhoff section for (gogeod)teR if, and
only if,

e for every periodic orbit & of (¢éeod)teR not in B, one has (o, [&])(TIE B> 0,

e for every component Bi ofB, one has (do, B;Xgeod>v1(ﬁ') >

Actually, Theorem 3.9 states that the infinite set of all periodic orbits in the first item could be replaced
by a finite one, but determining this finite set for every signed collection 8 does not look trivial to us.

SPseudo-Anosov flows correspond to the expansive flows of Brunella [7]. Thanks to results of Inaba—Matsumoto and Paternain,
both notions coincide, as explained in Brunella’s thesis.
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3.5 Classes of surfaces with given boundary

We come back to the setting of Theorem A: ¥ is a negatively curved surface, y is a finite collection of
periodic geodesics and ¥ denotes the symmetric lift of 3. In order to apply Schwartzman, Fuller, Fried, and
Hryniewicz’s criterion in the form of Corollary 3.10 for finding Birkhoff cross sections bounded by —¥,
we need to work in the complement 7' ¥\ ¥ and in particular to determine the space H,(T'%,¥;Z). In
this section we explain that the homology classes of 2-chains bounded by —¥ form an affine space and
we give a canonical origin to this space.

Lemma 3.11 The homology classes of those 2-chains whose boundary is —y form an affine space
directed by H{(X; 7).

Proof First we consider the sequence 0 — H»(T'3:2) 4> Hy(T'S,7:72) % H (V:Z), where i is the
inclusion map and 9 is the boundary map. We claim that it is exact.® Indeed this is a part of the long exact
sequence associated to the pair (71, %); see [28, Theorem 2.16], plus the fact that H, (¥; Z) is zero.

Now the homology classes of those 2-chains whose boundary is —y correspond to the preimages under 0
of the point (—1,—1,...,—1) € H{(y;7Z) ~ 7271, Indeed, given two 2-chains with the same boundary,
their difference induces a class in H,(T''X;Z). Using the fact that 7' X is a circle bundle with nonzero
Euler class, we get H,(T'X;Z) ~ H{(2;Z): a nontrivial class in H,(T''X;Z) can be represented by
the set of the fibers over a cycle in H;(X; Z). |

From Lemma 3.11 we deduce that if we are given an explicit 2-chain Sy bounded by —¥, the classes
of the other 2-chains bounded by —¥ differ from [Sp] by a class in H;(XZ;Z). In our context, there
is a natural choice of such an origin Sy, for which the computation of the intersection numbers with
asymptotic cycles of the geodesic flow will be easy.

We denote by ST the rational chain in C, (T'%,¥: Q) that s half the sum of all elementary rectangles R®"
(see Figure 10) and by o its homology class in H (T2, ¥; Q),

Si= % Z R®7e, ot :=[S3].

ecy,ne==+
In other words, we consider the set of all tangent vectors based at points of y. Remember that every
elementary rectangle is cooriented by the geodesic flow, and hence oriented. Therefore, S is also
oriented. Its boundary is then exactly —) (thanks to the % factor). The 2-chain S¥ is not a surface since
the fibers of the double points of y are singular. As it is rational the class o+ might not be realized by a
surface, but 201 is always an integral class.’

6 An erroneous version of this statement is in [19, Lemma 6], where it is claimed that the boundary map is surjective and admits a
section. It is not true in general, unless 7! S is a homology sphere.

7 Actually, o4 is realized by a surface if and only if [y],, the class of y in H;(Z;Z/27Z), is 0. In this case, the homology
class of Birkhoff’s coorientation g (Example 2.8) is 0, and SBB(5p) lies in the class 0. Also the class o is equal to
%[SBB n) + SBB (—n)] for every Eulerian 1. Hence it is always realized as the mean of two surfaces without any assumption

on[yls.
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Figure 10: The 2-chain S7 is half of the sum of all rectangles R®". It is cooriented by the
geodesic flow, and hence oriented (in red). Its boundary, taking orientations into account, is —.

The class [S] yields a canonical origin to the affine space of those 2-chains bounded by —Y¥, in the sense
that it connects the intersection numbers in 7! 217 to intersection numbers of the base surface X.

Lemma 3.12 For « a collection of oriented periodic geodesics on 2, none of which is a component of y,
denote by « its lift in T' . Then the algebraic intersection {0+, &)(Tl s.5) 1s equal to —I—% Leny ().

This lemma appears in a different form in [17] where it is used to prove that the linking number of two
symmetric collections ¥'1, ¥, in 71X is equal to — Leny, (y2).

Proof Since S is positively transverse to the geodesic flow, all intersection points of a with S
contribute positively to the algebraic intersection. Since every rectangle has coefficient % in S, the
contribution of every intersection point is + % Finally & intersects S’} exactly in the fiber of the intersection
points of @ and . O

The connection with intersection norms is now straightforward:

Corollary 3.13 For o a collection of oriented periodic geodesics on X, none of which is a component
of y, the intersection (o4, &)1y 3 is at least equal to %xy ([«]), with equality if and only if ¢ is an
x,, -realizing collection of geodesics.

3.6 Proofs of Proposition D and Theorem A

Let us recall the context: ¥ is a hyperbolic surface and y a finite collection of periodic orbits on 3. We
denote by ¥ the symmetric lift of ¥ in 7! X and by 7'! X3 the 3-manifold obtained from 7' 'S by blowing
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up the link ¥. It has toric boundary, and it is equipped with the extension, also denoted by (goéeod) ter, Of
the geodesic flow. The latter is of pseudo-Anosov type (see Section 3.4).

Denote by 7, the canonical projection from H,(T!'Z;R) to H;(Z;R). The next statement is the key
property connecting Birkhoff sections and intersection norms.

Lemma 3.14 Ify is a filling geodesic multicurve on ¥, a class o € H,(T ', y; Z) intersects positively
(resp. nonnegatively) every class [&] € Hy(T ' Z3; Z) for o an oriented periodic geodesic on X if and only
if the class (0 —o+) € H1(X; Z) lies in the interior (resp. the closure) of %B;y.

Proof For every oriented geodesic ¢ on X, by Lemma 3.12, we have
(0.@) (155 = (0 —04+.@) (713 5) + (0+.@) 715 5) = (0 —0+.@) (1% 7) + 5 Leny (@)
= (m4(0 —04). &)y + 5 Leny ().
Hence (0, &)1 5,7 1s positive if and only if —(7«(0 —01), @)y is smaller than % Leny (o).

Now the term —(7 (0 — 04),a)x depends only on the class [a] € Hi(X;Z), while the other term
+% Leny (@) is larger that %xy ([a]), with equality if « is x,-realizing (Corollary 3.13).

We then treat separately the cases [¢] # 0 and [¢] = 0 in H;(X;Z).

Since there is an x,-realizing geodesic in every nonzero homology class, —(m«(0 — 0+),a)x <
—1—% Len,, (o) for all nonnullhomologous geodesics « if and only if —(7«(0—0+),a)x < %xy (a) for every
nonzero homology class. In the same way, —(mx(0 —04), @)y < -I-% Len,, («) for all nonnullhomologous
geodesics ¢ if and only if —(n4x (0 —04),a)x < %xy (a) for every nonzero homology class.

If ¢ is nullhomologous, %Leny () > 0 since the multicurve y is filling, and — (7« (0 —04+),a)x = 0.

Summarizing the two previous paragraphs, we find that the class o intersects positively (resp. non-
negatively) the class of every periodic orbit of the geodesic flow (in the complement of ¥) if and
only if for every class ¢ € H{(X;Z) we have the inequality —(w«(0 — 04),a)y < %xy(a) (resp.
—(mx(0—01),a)y < %xy(a)), which means exactly that the point —74 (0 — 01 ) belongs to the interior
(resp. the closure) of %B;‘y. Since the latter is symmetric about the origin, this amounts to (0 —o1)
belonging to the interior (resp. the closure) of %B ;‘y. O

We can now assemble all blocks and prove our main results.

Proof of Proposition D For 1 an Eulerian coorientation, we consider the Birkhoff—-Brunella surface
SBE (17) given by Definition 3.2. By Proposition 3.3 its interior is transverse to the orbits of the geodesic
flow in 7' S while its boundary consists (with orientation) of —). One checks that every elementary
rectangle R contributes to —1 to the Euler characteristics, and hence x(SB2(1)) is —| E(y)|. Since y
is seen as a graph of degree 4, one has |E(y)| = 2|V (y)|, so that x(SBB(n)) = —2|V(y)|.
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If two Eulerian coorientations 7, and 7, are cohomologous, the class [SBE (7,)—SBB (1) € Ho(T'Z; Z)
projects by 7 onto [; —1,] = 0. Since 74 is actually an isomorphism we have [SBB (5;) — SBB (1,)] = 0,
which in turn implies [SBB (1)) = [SBB (n,)] in Hy(T' 2,7 7).

Finally, if SBB(5;) and SBB(1,) are both Birkhoff sections of ((péeod) teRr and are homologous, one can
blow-up their boundary components (which are the same orbits), and Proposition 3.5 claims that the flow
actually realizes an isotopy between the blown-up surfaces. By blowing down, we obtain the desired
isotopy away from the boundary. O

Proof of Theorem A Given a hyperbolic surface 3 and a geodesic multicurve y that fills X, Definition 3.2
yields a map that associates to every Eulerian coorientation 1 of y a surface SB3 (1) bounded by —y
and whose interior is transverse to ((péeod)teR' Moreover, Proposition D states that if two Eulerian
coorientations 7, 1), are cohomologous and the surfaces SB8 (1), SBB(n,) are Birkhoff sections for

((pé od)1€R then they are actually isotopic along the flow. Therefore the map S BB

projects to an injective
map [S B8] that takes a cohomology class of Eulerian coorientations to an isotopy class of surfaces

transverse to ((Péeod)teR-

Lemma 3.11 claims that the homology classes of (rational) 2-chains bounded by —) form an affine space
directed by H{(X; Q). The class o+ defined in Section 3.5 gives a canonical origin to this space. It is a
half-integral class, and its double 204 is congruent to [y], mod 2. Therefore the set 2 H;(X; Z) of the
doubles of all integral classes corresponds to the sublattice of H;(X;Z) of those points congruent to [y ],
mod 2.

Theorem C states that all classes [n] for  Eulerian belong to the closure of B;‘y, and every integral point
in B;V that is congruent to [y], mod 2 is realized by the class of an Eulerian coorientation. This means
that the domain of [S B8] is exactly the integral classes in B;"y that are congruent to [y], mod 2.

What remains to prove is that the restriction of [SB2] to the interior of B;‘y has its image in the realm of
isotopy classes of Birkhoff sections, and that it is surjective.

By Schwartzman, Fuller, Fried, and Hryniewicz’s criterion in the form of Corollary 3.10, a class o €
H,(T'%,¥;7Z) whose boundary is [~}] contains a Birkhoff cross section if and only if it pairs negatively
with all classes @ of periodic orbits of ((péeod) teR, plus it links negatively with all boundary components
(the > 0 in Corollary 3.10 are all replaced by < 0 because of the signs of all boundary components).

By Lemma 3.14 the first condition is equivalent to the difference 7« (0 —o04+) lying inside %B;y, or
equivalently to 2w« (0 — o+ ) lying inside B;‘y.

Concerning the second condition in Corollary 3.10, one has to check that, if 1 is an Eulerian coorientation
such that [n] lies inside By , for every component y; of ¥, one has (3[SBB ()], A G > 0. As

explained just before Theorem 3.8, )7ng6°‘1

denotes any Xgeoq-invariant measure in the boundary component
of the blow-up of ;. One such invariant measure is carried by the trace of the stable manifold of y;, so

that one only has to prove that dSBB (1) N v!(};) intersects the trace of the stable manifold of };.

Algebraic € Geometric Topology, Volume 25 (2025)



4534 Marcos Cossarini and Pierre Dehornoy

Let us work by contrapositive and assume that S8 () N v!(7;) does not intersect the stable manifold
of y;. Consider all double points that are met when traveling along the oriented curve yi on X. If at least
one of them is alternating for 7 then one sees in Figure 7 that SBB (1) rotates from top to bottom (or
bottom to top), so that it intersects the stable manifold of 7; in a neighborhood of the considered double
point. Therefore y; has only vertices that are nonalternating for 7. Moreover, looking at Figure 8, one
sees that at every vertex, the coorientation of the transverse component must be opposite to that of y;.
Therefore the pairing n(y;) is 0, yielding [1]([y;]) = 0, and so [r] does not lie in the interior of B;‘y.

The two previous paragraphs imply that the restriction of [SB5] to the interior of B;‘V has its image in
the realm of isotopy classes of Birkhoff sections, and that it is surjective, thus concluding the proof. O

One may wonder what happens in Theorem A when y is not filling.® In this case, there exists at least one
geodesic a not intersecting y. The two oriented lifts of « yield two periodic orbits & and & of (goéeod) ‘eR-
These two lifts are anti-isotopic in the complement of y: the isotopy obtained by rotating the tangent
vectors by an angle from 0 to 7 transports & to —«. This implies that a surface cannot be positively
transverse to & and o simultaneously. Therefore —) bounds no Birkhoff section. However, the dual unit
ball B;y may or may not contain integral points in its interior, depending on y. So there is no simple
extension of Theorem A when y is not filling, except by saying that —) cannot bound a Birkhoff section.

4 Extension to orientable 2-orbifolds

We explain here how the results extend to 2-dimensional orbifolds. Actually Propositions B and D, and
Theorem C extend directly. The only point that is not straightforward is Theorem A, which requires an
additional argument.

Definition 4.1 [41, Chapter 13] A Riemannian orientable 2-dimensional orbifold O is given by an
orientable topological surface ¥ together with an atlas (Uy, ¢q)qe 4 Of charts of the form

Oo:Uqy —> Do/ (Z] ko),

with Dy a 2-dimensional Riemannian disc on which Z/ kyZ acts by rotations, and such that the chart
transition maps @y o (plgl are isometries.

Actually the orbifolds to which our theorems extend are the hyperbolic ones. Such a 2-orbifold is always
good in the sense of Thurston, namely it is a quotient of a hyperbolic surface by a finite automorphism

group.

For our purpose we define the first homology group H;(0; R) to be simply H;(X¢; R). Then the definition
of intersection norms extends directly and Proposition B and Theorem C hold.

81n a previous version of this article, it was claimed that Theorem A also holds in this case. This is false, as was noted by Marty.
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We now turn to Proposition D and Theorem A. First we have to define unit tangent bundles to orbifolds
and geodesic flows. If D is a Riemannian disc on which Z /kZ acts by rotation (with a fixed point), then
7./ k7 also acts on the unit tangent bundle 7'! D. The action on T'! D is free, since the vectors tangent to
the fixed point are rotated. Hence the quotient 7' D /(Z / kZ) is a 3-manifold (actually it is a solid torus).

Definition 4.2 Given a Riemannian orientable 2-orbifold 0 = (X¢, (Uy, @o)ac4), its unit tangent
bundle is the 3-manifold 7!0 defined by the atlas (ﬁa, Oa)aca, Where Uy = T'Uy and Pa(x,v) =
(@ (x), d(pa)x (V). It is equipped with a canonical projection 7: 710 — 0. If O is of the form X/ T
for some hyperbolic surface X, then 7'!0 is simply the quotient (7! £)/ I". The geodesic flow on T'0
is defined as in the nonsingular case by (péeod(y (0), y(0)) = (y(¢), y(t)), where y is any geodesic with
speed 1.

With these definitions, the constructions of Section 3.2 (the BB-surface SB8 (1) associated to an Eulerian
coorientation) can be transposed and Lemmas 3.1, 3.11, and 3.12 remain true.

Now, for O a hyperbolic 2-orbifold, the unit tangent bundle T1'0 is a 3-manifold, and Hy(T 1. R) ~
H,(0;R). Indeed closed curves in I lift by 7! to closed surfaces in 7! 0. The fact that the unit tangent
to a conic disc D/(Z/kZ) is a torus whose core is the singular fiber implies that cohomologous curves
lift to cohomologous surfaces, so that 7! induces a well defined map 7, ': H;(0;R) — H,(T'0;R).
The orbifold Euler characteristics of O is negative by hyperbolicity, so that the Euler number of 710 (as a
Seifert fibered space) is also negative, and hence the map 7, ! is an isomorphism.

Now Corollary 3.13 holds, but Lemma 3.14 needs to be adapted. Firstly remark that if ¥¢ is a homology
sphere, x,, is the zero-function, so there is no possible interesting version of Lemma 3.14 in this case.
Secondly, if X¢ is not a homology sphere, Lemma 3.14 holds, but one argument needs to be developed,
namely:

Lemma 4.3 For O a Riemannian orientable 2-orbifold and y a geodesic on O, for every nonzero homology
class a in H,(0;R), there is an x,, -realizing geodesic in a.

Proof Let B be an x,,-realizing curve such that [] = a. As in the case of a standard surface we want
to strengthen B to make it geodesic without changing the geometric intersection with y. Far from the
conic points, one can perform isotopies that shorten 8 with respect to the hyperbolic metric. Since y is
geodesic, these isotopies cannot increase the number of intersection (that is, no Reidemeister II move is
involved).

Around a conic point, one can work in a local conic chart. This amounts to work on a standard disc where
everything in invariant under a rotation. Then one can also perform length-decreasing isotopies in an
equivariant way, and this does not increase the number of intersection points with y. |

Proposition D holds with no modification in the proof, and Theorem A has to be changed into Theorem E
in order to treat the case of an orbifold whose underlying surface is a sphere.
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Proof of Theorem E Suppose that X¢ is a sphere. Then T'! Z¢ is a rational homology sphere (in this
case, H,(T'X¢; Z) is finite, but not reduced to the trivial group, unless X¢ is a sphere with three conic
points of respective orders 2, 3, and 7). If y is filling, then the class ot intersects every asymptotic cycle,
so it contains a Birkhoff section. Since H2(T1 Ye; Z) is trivial, all Birkhoff sections are homologous,
and hence isotopic relatively to their boundary.

If y is not filling, then there exists a geodesic o not intersecting y on Xg. Both its oriented lifts do not
intersect S¥, and hence there is an asymptotic cycle whose algebraic intersection with o is zero. Hence
the class o+ contains no Birkhoff section. Since it is the unique class with boundary —Y, there is no
Birkhoff section bounded by —¥ at all.

Finally if ¥¢ is not a sphere and y is filling, the norm x, is nondegenerate, and the proof of Theorem A
translates directly. |

5 Questions

On intersection norms If X is a flat torus, then the minimal intersection is always realized by geodesics,
which are unique in their homology class. Hence if the collection y is the union of k geodesics y1, ..., Yk,
then i, (o) = Zf-;l iy, (a). This implies that the dual ball B} coincides with the Minkowski sum
B +---+ By . Since the segment [—1, 1] x {0} C R? is the dual unit ball B;‘y for y the vertical circle
on the torus, every segment containing 0 in the middle is the dual unit ball of some closed circle on the
torus. Therefore every convex polygon in R? whose vertices are integral and congruent mod 2 is of the
form B;V for some y. This was already remarked by Thurston [42] and by Schrijver [37]. In higher
dimension the situation is probably more intricate.

Question 5.1 Which polyhedra of R?8 with integer vertices can be realized as the dual unit ball B;y
for some y in Xg?

A partial answer is given by Abdoul Karim Sane [35], who proves that some polyhedra in R* cannot be
dual unit ball of any intersection norm on a genus 2-surface.

Also, if ¥ is a torus and y is a union of geodesics, then the above remarks imply that the number of
self-intersection points of y is exactly % of the area of B;y (check in Figure 1). Is there an analogous
statement in higher genus?

Question 5.2 Which information concerning y can be read on B ;‘y ? Is the number of self-intersection
points of y a certain function defined on B;‘y?

This information is interesting since this number is exactly the opposite of the Euler characteristic of every
Birkhoff cross section bounded by ¥. Note that the number of self-intersection points is homogenous
of degree 2, so we should look for degree 2 functions on polyhedra in R%€: does it correspond to some
symplectic capacity?
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Motivated by our application we only defined the intersection norm for a collection of immersed curves,
but one can directly extend it for an arbitrary embedded graph. One can wonder which properties extend to
this case and which information on the embedded graphs are encoded in this norm. For example when the
graph is Eulerian (ie all vertices have even degree) the connection with Eulerian coorientations remains.

On Birkhoff cross sections Our constructions and our classification result deal only with Birkhoff cross
sections bounded by a symmetric collection of periodic orbits of the geodesic flow, that is, invariant under
the involution (p, v) — (p, —v). However the only restriction a priori for being the boundary of a Birkhoff
cross section is to be a boundary, that is, to be nullhomologous. Our results here say nothing about the
classification, or even the existence, of Birkhoff cross sections with arbitrary nullhomologous boundary. In
this case, the theory of Schwartzman, Fuller, Thurston, and Fried, and the remarks of Sections 3.3 and 3.5
still apply, so that these sections still correspond to the point inside a certain polytope in H!(Z;R).
However we have no analog for the coorientations and the explicit constructions derived from them.

Question 5.3 Is there a natural generalization of the polytope B;y to nonsymmetric finite collections y
of closed orbits of the geodesic flow ((péeod)teR’ so that integer points in this polytope classify surfaces
bounded by y and transverse to ((péeod) ter?

In the case of the flat torus, this question is answered in [13, Theorem 3.12] where a polygon P; classifying
transverse surfaces bounded by ¥ is defined for every nullhomologous collection .

What would probably unlock the situation in the higher genus case would be to have, for every null-
homologous collection ¥, one explicit surface bounded by 3 (not necessarily transverse), that is, an analog
of o+ when ¥ is not symmetric. Such an explicit point allows us to compute its intersection with every other
periodic orbit & of ((péeod) teR- These intersection numbers are all we need in order to describe explicitly the
asymptotic directions of ((péeod)tER in 712\ 7. Generalizing the constructions of [12] is a possibility here.

More generally, one can wonder whether there exists a generalization to all flows of the intersection
norm xy, in the following sense:

Question 5.4 For every 3-dimensional flow X, is there an object that describes all isotopy classes of
Birkhoff cross sections?

A starting point would be to try with an Anosov flow that is not the geodesic flow, and see whether Gauss

linking forms could play this role [24].

Appendix Thurston’s theorem on integral seminorms

Our goal in this section is to state and prove Thurston’s theorem [42, Theorem 2] affirming that every
integral seminorm F defined on a lattice L ~ Z" is the pointwise maximum of a finite set ® of linear
functionals (ie homomorphisms L — 7). In addition, we strengthen the conclusion of the theorem in the
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case that F is equivalent modulo an integer m > 1 to a given homomorphism p: L — Z,, affirming that
in this case we can let ® contain only homomorphisms that are equivalent to ;& modulo m as well.

Note that other proofs of Thurston’s theorem have been given [21, Theorem 5; 34]. Here, we state the
theorem in a way that involves only integer numbers (rather than reals, although the version for real
numbers follows as a corollary). The proof we give is similar to Thurston’s original argument, but is
written in greater detail and, like the statement of the theorem, relies only on the lattice and its dual,
rather than extending the seminorm to a real vector space. In fact, the proof yields an effective method for
obtaining, for each integral seminorm F and each vector v, a functional ¢ < F that coincides with F at v.

To facilitate the exposition we introduce the concept of a narrow set with respect to an integral seminorm F,
which is any finite subset X C V such that F is linear on the semigroup spanned by X.

A.1 Definitions and statement of Thurston’s theorem

Recall that a lattice L is a finitely generated free abelian group. Its dual lattice L* is the group of
homomorphisms L — Z. Note that L ~ L* ~ Z" for some n € N, called the rank of L. The elements
of L and L* will be called vectors and functionals, respectively. A basis of a lattice L is an n-tuple
X = (xi)i<n € L such that every element of L can be expressed by a unique integral combination of the

elements Xx;.

An integral seminorm on a lattice L is a function F: L — 7 with the following two properties:
¢ Positive homogeneity F(Av) = AF(v) for all v € L and all scalars A € N.
¢ Subadditivity F(v+ w) < F(v) + F(w) for all v, w € L.

(Note that we allow F(—v) # F(v), and even F(v) < 0.)

Note first that every finite nonempty set of functionals ® C L* determines a integral seminorm Mg on L
given by

3) Mg (v) = max¢(v).
ped
Thurston’s theorem asserts that in fact every integral seminorm is of this form.

Theorem A.1 (Thurston’s theorem on integral seminorms) Every integral seminorm F on a lattice L is
of the form

“4) F(v) = max ¢(v),
YEBT.

where By, C L* is the dual unit ball of F, that is, the set of all functionals ¢ € L* satisfying p(v) < F(v)
forallv e L.

Remark A.2 The dual unit ball of any integral seminorm F is finite, since the coefficients of a
functional ¢ € B}, with respect to basis E' = (e;)o<i<n are bounded by ¢; = ¢(e;) < F(e;) and
—@i = ¢(—ei) = F(—ei).
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Remark A.3 For any finite set ® of functionals on a lattice L we have
&) Mo = Mexy(d),

where ext(®) denotes the set of extremal points of the set @, that is, those points ¢ € ® that cannot be
obtained as a (rational) convex combination of the elements of ® \ {¢}. Equation (5) holds since every
point of ® is a convex combination of the extremal points of ®. In particular, (4) in Thurston’s theorem
is equivalent to

(6) F(v)= max ¢(v).
peext(BY)

Remark A.4 The more commonly formulated version of Thurston’s theorem, involving real numbers,
is as follows. A seminorm on a real vector space V is a subadditive, positively homogeneous function
F:V — R, where positive homogeneity means that F(Av) = AF(v) for all vectors v € R” and scalars
A € Rxq. Its dual unit ball B, is the set of (real-valued) functionals ¢ € V'* that satisfy ¢ < F' pointwise.
In this setting, Thurston’s theorem asserts that any real seminorm F on a vector space V ~ R” taking
integer values on some rank-» lattice L C V is of the form

F(v) = max e(v),

where @ is the set of linear functionals ¢ € B, that take integer values on L. This version of Thurston’s
theorem follows readily from Theorem A.1.

A.2 Proof of Thurston’s theorem

The proof is based on a method for verifying that a functional ¢ on a lattice L is in the dual unit ball of
an integral seminorm F after evaluating both functions at finitely many vectors. To describe this method,
we introduce the concept of narrow sets.

To define this concept, we first recall some additional standard terminology. Let L be a rank-n lattice. A
sublattice of L is a subgroup of L (and is itself a lattice of rank < #n by the Smith normal form theorem),
and a semigroup in L is any subset S € L that is closed with respect to finite sums (including the empty
sum). Any set X C L spans a sublattice Ly and a semigroup Sy consisting, respectively, of all integral
or positive (ie nonnegative) integral combinations of elements of X'.

Now we can define narrow sets. Note that, in essence, what we are trying to show in Thurston’s theorem

is that every integral seminorm is a piecewise-linear function.

Definition A.5 A subset X of a lattice L is narrow with respect to a seminorm F defined on L, or
F-narrow, if on the semigroup Sy spanned by X the function F is linear, that is, it coincides with some
functional ¢ € LY.
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Note that there is at most one functional ¢ € L% that coincides with F on X, and in fact, exactly one if
X is linearly independent. To determine whether F' coincides with ¢ on the whole semigroup Sy we
have the following criterion.

Proposition A.6 (interior ray test) Consider a seminorm F on a lattice L, a vector tuple X =
(xi)iek € L, and a functional ¢ € L% that is greater than or equal to F at the vectors x; (and thus,
at all vectors of the semigroup Sx). Take an integer combination ¢ = ", a;x; with strictly positive
coefficients o; > 0, so that

™ Pt = F( L) = Xaren =p(ch),

Then the following are equivalent:
@) F(cT) =z g™,
(b) F > ¢ on the lattice Ly,

(c) F = ¢ on the semigroup Sy (and hence X is F-narrow).

The name of this result stems from the fact that the ray spanned by ¢ lies in the interior of the cone of
positive combinations of the vectors x; (in the rational vector space Ly ®7z Q). Proposition A.6 ensures
that the function F coincides with the linear function ¢ on the whole cone if it coincides along this single
ray.

Proof We need just show that (a) implies (b), since the other forward implications are evident. Suppose,
then, that (a) holds, and take any vector v € Ly. We have to show that F(v) > ¢(v), and we do so as
follows.

Recall the picture of the interior ray described above. Since the ray spanned by ¢ is in the interior of
the cone spanned by X, it follows that there exists a vector ¢ € Sy such that the ray spanned by ¢ lies
between those spanned by ¢ and by v. More precisely, the sum v + ¢ is a positive multiple of ¢ ™.

Claim A.7 There exists a vector ¢ € Sy and a number A € N such that v +c¢ = Ac™.

Proof of claim Recall that c™ = )", &; x; for some strictly positive integers &; > 0, and since v € Ly,
we can also write v = ) ; B;x; using integers f;. Take a number A € N such that Ac; > B; for all i. Then
we have Ac™ = v + ¢ where ¢ = > i (Aa; — Bi)x; is a vector of Sy since Aa; — fB; > 0 for all i. O

Since F is subadditive and ¢ is additive, from the equation Ac™ = ¢ + v we infer that if the inequality
F < ¢ holds at ¢ (which it does since ¢ € Sy) and also holds strictly at v (let us assume this, for a
contradiction), then it also holds strictly at the vector Ac ™. However, we know that F(AcT) > ¢(Ac™) by
the hypothesis (a). Therefore the inequality F < ¢ cannot hold strictly at v, which means that F(v) > ¢(v),
as we had to show. O
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Now we are ready to prove Thurston’s theorem. Let F' be an integral seminorm on a lattice L, and take a
vector v € L. We have to show that there exists a functional ¢ € B, such that ¢(v) = F(v). And for this,
we may assume that v is a primitive element of L (that is, that it cannot be written as a multiple v = Aw
of an element w € L by an integer A > 1), since every element of a lattice is a positive multiple of some
primitive element (again, by the Smith normal form theorem).

To prove that F(v) = ¢(v) for some ¢ € B, it suffices to show that the vector v is contained in the
semigroup Sy generated by some narrow basis X of L, because this means that F coincides with some
functional ¢ € L* on Sy, and this functional is in the dual unit ball B}, by Proposition A.6. Therefore,
to finish the proof of Thurston’s theorem, it is enough to establish the following result.

Proposition A.8 If F is an integral seminorm on a lattice L then every primitive vector v € L is the first
element of some F-narrow basis.

The proof is constructive: if the integral seminorm F is given as an oracle (or “black box™) that outputs
the value F(v) for any given input vector v € L, we will show how to obtain, after invoking this oracle
finitely many times, an F-narrow basis X containing v and the corresponding functional ¢ € L* that
coincides with F on Sy, and therefore satisfies ¢(v) = F(v), and is in the dual unit ball B.

Proof of Theorem A.1 Let X = (x;)¢<;<y be a basis of the lattice L such that xo = v. (Every primitive
integral vector is part of a basis, which can be obtained by putting in Smith normal form the one-column
matrix of coordinates of v with respect to an initial arbitrary basis of L.)

In general the basis X is not narrow, but we can modify it to make it narrow as follows. We proceed
by induction on the dimension. Suppose that for some k < n, the k-tuple Xy = (x;)o<i<k is known to
be narrow. We may test whether X is narrow by evaluating F' on the vector x;c = X; + w, where
W =) o<j<x Xi- Note that

®) F(xp) < F(xg) + F(w).
Claim A.9 (increment test) Xy is narrow if and only if equality holds in (8).

Proof of claim Let ¢ be the unique functional on the lattice Ly, , that coincides with F on Xj .
The vector x;c is the sum of all the vectors of Xy, thus, by Proposition A.6, Xy is narrow if and
only if the inequality F(x;) < ¢(x,) is an equality. However, this inequality is equivalent to (8) since
<p(x;€) = o(xx) + o(w) = F(x;) + F(w). (Here we used the equation ¢(w) = F(w), which holds
because w is a combination of the tuple Xy, that is assumed narrow.) |

If the increment test is not passed, we replace the vector x; in X by the vector x;c, obtaining a new

basis X, and we redo the test. (Note that this replacement is an elementary operation on X, therefore X’ is

another basis of L.) Since we may need to repeat this replacement many times, we define x,((t)

for t € N, and we denote by X @ the basis obtained from X by replacing x; with x](ct).

=X +Itw
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Claim A.10 For a large enought € N, the tuple X ,S?rl is narrow.

Proof of claim By the increment test described in Claim A.9 above, it suffices to show that the inequality
+1
Fog D) < FOgd) + F(w)
is an equality for large enough 7. To prove this we consider the function
[(@) = F(x) = F(xg + tw).

Its discrete derivative f”(¢) := f(t + 1) — f(¢) is integer-valued, increasing (since f is convex), and
bounded above by F(w). Therefore f’ eventually stabilizes at a constant value. In fact, it stabilizes at
the value F(w). We see this by comparing f with the known function g(¢) = F(tw) =t F(w), whose
difference with f is bounded by the inequality

gt)y=F(xp +tw—xp) < F(xp +tw) + F(—xi) = f(t) + F(—xp). |

By this process we find a narrow basis X containing v as its first element. By Proposition A.6, it follows
that the unique functional ¢ € L* that coincides with F on X is in the dual unit ball B}, and satisfies
¢(v) = F(v), as we had to show. O

A.3 Thurston’s theorem for seminorms of a given class modulo m

For an integer m > 1, denote by Z,, the group of integers modulo m, and let 7, : Z — Z,, be the quotient
map. An integer-valued function F on a lattice L is congruent to a group homomorphism p: L — Z, if
the function Fioqm := 7 o F is equal to u.

Our goal now is to prove the following extension of Thurston’s theorem.
Theorem A.11 Every integral seminorm F on a lattice L that is congruent modulo a certain integer
m > 1 to a given homomorphism pw: L — 7Z,, is of the form
Fv)= max ¢(v).
p€EBY
Pmod m=H
To prove this result we use the following lemma.
Lemma A.12 Let F be an integral seminorm on a lattice L, and let ¢ be an extremal functional of the
dual unit ball B},. Then there exists a basis X of L such that F coincides with ¢ on the semigroup Sy .

Proof Let (;); be the functionals of the dual unit ball B, excluding ¢.

We claim first that there exists some primitive vector v € L such that ; (v) < ¢(v) for all i. Indeed,
extremality of the functional ¢ implies that it cannot be written as a rational convex combination of the
functionals ;. By the Farkas lemma, it follows that there is a vector v € L (which can be taken primitive)
such that ¢(v) > ¥;(v) for all 7.
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Fixed the vector v € L, we apply Proposition A.8, which ensures that the lattice L admits an F-narrow
basis X containing the vector v. Since X is F-narrow, the function F coincides with some functional
@ € L* on the semigroup Sy (and in particular, at the vector v). Moreover, this functional ¢ is in the
dual unit ball B}, by Proposition A.6. We conclude that § = ¢ because ¢ is strictly greater than all the
other functionals ; € B}'} at the vector v. O

To finish, let us prove Theorem A.11.

Proof of Theorem A.11 By Remark A.3, it suffices to show that every extremal point of the dual unit
ball B}, is congruent to 4 modulo 7. Let ¢ be an extremal functional of By,. By Lemma A.12, there
exists a basis X of L such that F = ¢ on Sy . Suppose, for a contradiction, that @modm 7 . This means
that there is a vector v € L such that ¢uodm,(v) # (v). Thus for each vector v’ of the set v +mL we
have

o(V) = p(v) # pnv) = (') mod m

since both w and @moeqm vanish on the lattice m L. Take a vector v’ € (v + mL) whose coordinates with
respect to the basis X are positive, so that v’ € Sy, and hence we have

FO') =) # u(v") mod m,

contradicting the hypothesis Fioam = K- a
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Thin knots and the cabling conjecture

ROBERT DEYESO III

The cabling conjecture of Gonzdlez-Acufia and Short states that only cable knots admit Dehn surgery to a
manifold containing an essential sphere. We approach this conjecture for thin knots using Heegaard Floer
homology, primarily via immersed curves techniques inspired by Hanselman’s work on the cosmetic
surgery conjecture. We show that almost all thin knots satisfy the cabling conjecture, with a possible
exception coming from a (conjecturally nonexistent) collection of thin, hyperbolic, L-space knots. This
result serves as a reproof that the cabling conjecture is satisfied by alternating knots.

57K18

1 Introduction

For a knot K in S3, let S3(K) denote r-sloped Dehn surgery along K. If S3(K) is a reducible manifold,
meaning it contains an essential 2-sphere, we will call r a reducing slope. The primary example of a
reducible surgery to keep in mind is when K is the (p, ¢)-cable of some knot K’ and r is given by the
cabling annulus. In this case, we have qu (K)= L(p,q)#S ; /p(K/ ). The cabling conjecture asserts
that this is the only example of a reducible surgery.

Conjecture 1.1 (cabling conjecture, Gonzalez-Acufia—Short [8]) If K is a knot in S® which has a
reducible surgery, then K is a cabled knot and the reducing slope is given by the cabling annulus.

The cabling conjecture is satisfied by many classes of knots. Torus knots, as cables of the unknot, were
shown to satisfy the conjecture in [25], and satellite knots [39] and alternating knots [24] satisfy the
conjecture as well. Additionally, genus-1 knots [3], strongly invertible knots [6], symmetric knots [18],
and knots with low bridge number [12] satisfy the conjecture (for a survey of known results and techniques
see [2].) Since the conjecture is satisfied by torus and satellite knots, it remains to consider hyperbolic
knots. Our aim is narrower than this however, as we will look at hyperbolic knots that are considered
“thin” due to the simpler structure of their knot Floer complexes.

We will present knot Floer homology in more detail in Section 2, but for now recall that I-fﬁ((K ) with
coefficients in [F; is a bigraded vector space with Alexander and Maslov gradings, respectively denoted
by A and M. A knot K is Floer homologically thin if the generators of H/ﬁ((K) all have the same
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8 = A— M grading. This family contains alternating knots [28], and the more generalized quasialternating
knots [34]. We say K is an L-space knot if it admits a surgery to a (Heegaard Floer) L-space, which is a
manifold with the simplest Heegaard Floer homology. Using Heegaard Floer homology via immersed
curves techniques, we show that:

Theorem 1.2 If a thin, hyperbolic knot K in S3 admits a reducible surgery, then K is an L-space knot
and the reducing slope must be r = 2g(K) — 1 after mirroring K if necessary.

While stated for thin, hyperbolic knots, this theorem holds more generally for noncabled knots. This is
because we use the Matignon—Sayari genus bound, stated below, allowing us to consider only » <2g(K)—1.
The case where r > 2¢g(K) — 1 can be handled using the techniques in this paper to conclude that
K = T'(2,n), but perhaps more immediate is the result of Dey that cables of nontrivial knots are not
thin [5]. Since the only alternating, L-space knots are the 7'(2, n) torus knots [33], Theorem 1.2 provides
an immersed curves reproof that alternating knots satisfy the cabling conjecture.

Corollary 1.3 Alternating knots satisfy the cabling conjecture.

It is conjectured that the only thin, L-space knots are the torus knots 7°(2, n). Provided this is true, there
would not exist thin, hyperbolic, L-space knots and so Theorem 1.2 would show that all thin knots satisfy
the cabling conjecture. Regardless, Bodish and the author have since generalized the absolute grading
computations in Section 5.1 to circumvent this condition to show that:

Theorem 1.4 [1] Thin knots satisty the cabling conjecture.

Part of the proof strategy for Theorem 1.2 involves obstructing an R P? connected summand, and so we
get the following corollary with identical proof to that of [20, Corollary 1.5].

Corollary 1.5 If K is a thin, hyperbolic knot, then S* \ vK does not contain properly embedded
punctured projective planes.

When K is a nontrivial knot in S with reducible surgery S3(K), the surgery decomposes as a connected
sum and the reducing slope satisfies » % 0 due to [7]. We saw from the cabled knot example that the
reducing slope is an integer and one of the connected summands is a lens space. The former and latter
conditions occur for all reducible surgeries due to [9; 10], respectively. A reducible surgery can admit at
most three connected summands due to the combined efforts of [21; 38; 40], in which case two summands
are lens spaces and the remaining summand is an integer homology sphere. Since S (K) must have a
nontrivial lens space summand, the integral reducing slope r satisfies r # —1, 0, 1. In [23], Matignon and
Sayari provide the following genus bound if K is noncabled:

1<|r| <2g(K)—1.

Heegaard Floer homology satisfies a Kiinneth formula for connected sums, and has proved very useful in
general for studying Dehn surgery. If surgery along K produces a connected sum of precisely two lens
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spaces, then K must be a cabled knot due to [11]. Further, [11] together with [4] shows that a hyperbolic
knot in S3 cannot admit both a lens space surgery and a reducible surgery. Hom, Lidman, and Zufelt
showed that a hyperbolic, L-space knot can admit at most one reducing slope, and the slope must be
2g(K) — 1 after mirroring the knot to make the slope positive [20]. They also established a periodicity
structure to the Heegaard Floer homology of a reducible surgery, which is invaluable to the proof strategy
of Theorem 1.2. We will involve these constraints via bordered invariants in the form of immersed curves.

Lipshitz, Ozsvath, and Thurston introduced bordered Heegaard Floer invariants for manifolds with
boundary in [22]. With M U M, denoting a gluing of two such manifolds, they prove a pairing theorem
involving the two bordered invariants that recovers the Heegaard Floer homology of the glued-together
manifold (see Section 2.2 for more details). In the torus boundary case, Hanselman, Rasmussen, and
Watson reinterpreted these bordered invariants as collections of immersed curves in the punctured torus,
and proved an analogous pairing theorem. That is, they show that the hat flavor of Heegaard Floer
homology of M Uy, M, is the Lagrangian intersection Floer homology of the immersed curves invariants
for M and M>. In [13], Hanselman used this package to obtain obstructions for cosmetic surgeries along
knots in S3, and our approach in this paper is largely inspired by this work.

Organization We only consider surgeries with positive slopes, and mirror knots to achieve this whenever
necessary. All manifolds are assumed to be compact, connected, oriented 3-manifolds, and the coefficients
in Floer homology are taken to belong to F = [F,. We will denote closed manifolds by X or Y, and
manifolds with (typically torus) boundary by M . Figures containing immersed curves invariants will
have the curves for S\ vK in red and the curves for the filling solid torus in blue or purple.

Section 2 summarizes the relevant background from knot Floer homology and Heegaard Floer homology.
It also contains an overview of immersed curves invariants, their general properties and form for thin

knots, as well as their associated pairing theorem and how to compute Maslov grading differences.

Section 3 expands on the relative Maslov grading for immersed curves invariants of complements of thin
knots. Along the way we set up formulas for components of the grading difference formula in terms
of t(K).

Section 4 uses these relations to generate obstructions to periodicity for various cases of r in relation
to 7(K) and g(K). It hosts a sizable collection of lemmas for the cases with |t(K)| < g(K), for which
referencing Figure 12 is highly advised.

Section 5 resolves the remaining cases where |t(K)| = g(K), including some that use absolute grading
information. Once again, Figure 14 may be useful for following the arguments. Afterward, all lemmas
are collected to handle the proof of the theorem.

Acknowledgements I am grateful to Tye Lidman for his unending encouragement, patience, and insight
as an advisor. I would also like to thank Steven Sivek for pointing out an oversight in the regions used to
compute the H’s and V’s of knots with 7(K) < 0. I was partially supported by NSF grant DMS-1709702
while at NC State and NSF RTG grant DMS-2038103 while at Iowa.
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2 Background material

We will assume the reader is familiar with the HF and HF T constructions of Heegaard Floer homology
for 3-manifolds [32], and knot Floer homology HFK for knots in S3 (with associated full knot Floer
complex CFK®) [30; 37].

2.1 HF for reducible surgeries

Let us identify Spin®(S3(K)) with Z/rZ as in [35, Subsection 2.4], and denote the correspondence
using [s] € Spin“(S; (K)) for [s] € Z/rZ. We will also choose equivalence classes for elements of Z/rZ
as centered about 0, so that, for example, Z/rZ = {—% ..,0,..., %} if r is odd. As an abuse of
notation, we will commonly use s for the representative of [s] that falls within this range.

The following lemma is a simplified version of a more general Floer homology periodicity result for HF ™
of a general reducible 3-manifold from [20]. Basically, we should expect to see repeated behavior among
the spin® summands of P/IT:(S 3(K)) if the surgery is reducible.

Lemma 2.1 (periodicity) Suppose S7(K) = X #Y, where X is an L-space and |H*(Y)| = k < .
Then for any [s] € Spin“(S3(K)) and « € H*(S}(K)) = Z/r7Z, we have
HF(S} (K). [s + ka]) 2 HF(S} (K).[s])
as relatively graded IF vector spaces.
Proof Let[s]e Spin®(S3(K)) restrict to [s;] € Spin®(X) and [s;] € Spin(Y'). We see that HF(X, [si]) ~F
since X is an L-space, and so the Kiinneth formula for HF [31, Theorem 1.5] implies
HF(S} (K).[s]) = H(CF(X. [s;]) ®F CF(Y.[s;]))
~ HE(Y, [s;]).

For any « € Z/rZ, we have that [s + ka] restricts to [s;] in Spin®(Y). Then because }/ITS(S,3 (K),[s]) is
independent of [s;], we obtain

HE(S; (K).[s + ka]) = HE(Y. [s;]) = HE(S} (K). [s)
as relatively graded IF vector spaces. a
We also need to gather some integral invariants of K involved with the mapping cone formula that relates

CFK*(K) to HF " (S} (K)) [35]. For s € Z, recall the subcomplexes and quotient complexes of the
7 & Z-filtered full knot Floer complex CFK*°(K)

Aj':C{max{i,j—s}EO} and B;":C{iEO}.
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Notice By =~ CF*(S?) by definition. There are also chain maps o AF — B and b AT — B;Zr ,
between these subcomplexes. Take homology to obtain 4" = H,(A]) and Bjf = H.(B) = HF ' (S?),
and induced maps v;" and /2. Let 77 denote HF(S3), and notice that U™ (4;F) = T for sufficiently
large N. By restricting both v{" and /2 to this submodule, we obtain ;" and Ej‘ The integral invariants

of K that we desire are due to [26], and are defined by
Vs = rank(ker E;L) and H = rank(ker Ej).

These terms have simple behavior when K is alternating because of the “staircase” part of CFK*°(K) due
to [28]. This holds more generally for thin knots due to [36], but we will have an alternative geometric
way of computing these terms later in Section 2.2. By [20, Lemma 2.3], the maps v;" and 41X agree on
homology after identifying A = A¥_ (essentially reversing the roles of i and j above) so that Vs = H_;.
These integer invariants are by definition nonnegative, and also satisfy the following lemma.

Lemma 2.2 [26, Lemma 2.4] The V; form a nonincreasing sequence and the Hg form a nondecreasing
sequence, so that
Vs >Veyrr and Hy < Hgyg forall s € 7.

For a rational homology sphere Y, we can write

HF+(Y, 5) = T+ ® HFeq(Y, 5),

where 7T =F[U, U~1]/F[U] denotes the “tower” submodule. The d-invariants d(Y, s), sometimes called
the Heegaard Floer correction terms, record the smallest absolutely graded element of 77 C HF(Y, s) [27].
These invariants satisfy a few symmetries, such as spin® conjugation symmetry d(Y, s) = d(Y,s) and
orientation reversal d(—Y, s) = —d(Y, s), as well as additivity for connected sums. It is normalized so
that d(S 3, 50) = 0, and is recursively determined for lens spaces in [27, Proposition 4.8]. In [26], the
d-invariants of rational surgeries are shown to be determined by the invariants Vs and Hy together with
the d-invariants of a lens space that depends on homological data. We state a special case of the more
general result for our purposes.

Proposition 2.3 [26, Proposition 1.6] Suppose r is integral and positive, and fix 0 < s <r — 1. Then

d(S?(K).[s]) = d(L(r,1),[s]) — 2 max{V;, V, _}.
Among many of its applications, this result enables the following lemma.

Lemma 2.4 [20, Lemma 2.5] For all s € Z, the integers Vi and Hy are related by

Hs—Vs:S.

We will involve the d-invariants later in Section 5.1 when necessary.
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Figure 1: Edges of a grading arrow either follow or oppose the orientations of the attached curve components.
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2.2 HF via immersed curves

Bordered Heegaard Floer homology, introduced by Lipshitz, Ozsvath, and Thurston, provides a relative
version of the hat flavor of Heegaard Floer homology for a compact manifold M with boundary. As our
only manifolds with boundary in this paper have torus boundary, some of the subtleties of the general
bordered theory will be glossed over — please refer to [22] for further details. A bordered manifold (M, ¢)
is a compact manifold M with boundary and an orientation-preserving diffeomorphism ¢: T2 — 0M .
They associate an algebra A to T2, and define two bordered invariants related to (M, ¢): a type-D
structure (j?T)(M , ¢) that is a left differential module over A, and a type-A structure C/EA(M , ¢) that is
aright Ao, module.

These two bordered invariants may be “paired” together via the box tensor product, a computable model
for the Ao tensor product, providing a cut-and-paste style of recovering HF for a 3-manifold Y by
decomposing Y along a surface. Dubbed the pairing theorem, we will invoke it on bordered invariants in
immersed curves form (see Theorem 2.8) due to Hanselman, Rasmussen, and Watson [15; 16]. For a
bordered manifold (M, ¢) with torus boundary, we will specify ¢ by choosing a parameterization (¢, )
of M, and also fix a basepoint z € dM . They recast the type-D structure (ﬁJTD(M o, B) as P/IF(M )—
a collection of immersed curves in Tyy = dM \ z, possibly decorated with local systems, defined up to
regular homotopy of the curves. When M = S3\ vK, we will often take ¢ described by the Seifert-framed
meridian-longitude basis {i, A}.

Remark We caution the reader regarding the similarity of the notation ﬁ?(Y ) and }/IF(M ), with Y a
closed manifold and M a compact manifold with boundary. The former invariant is a graded vector space
over I, whereas the latter is a (possibly decorated) immersed curve in M \ {z}.

The manifolds in this paper all happen to be loop type (see [17]), which means that their associated
immersed curves invariant has trivial local systems. If the invariant has multiple curve components, then
they are connected by pairs of edges which we denote with a grading arrow as in [15, Definition 28].
These are presented in Figure 1, and while domains involving grading arrows do not contribute to the
differential, they are considered when determining Maslov grading differences. When M = S3\ vK,
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Figure 2: An example of P/IT-“'(M ) for a hypothetical thin knot K in 7 ;. Integral heights are
indicated, showing that the curves capture g(K) =2, t(K) =1, and €(K) = 1.

we can lift IfITJ(M ) to the infinite cylindrical cover T 5z, where each lifted marked point resides within a
neighborhood of the lift of the meridian i. The lifts of the marked points will be taken to lie at purely
half-integral heights, and we will isotope the lifted curve components so that their horizontal tangencies
occur at integral heights. Precisely one of the curves wraps around the cylinder, and we will use y to
denote this component. While y is generally immersed, we will see that y is embedded for thin knot
complements. Figure 2 shows a centered lift of the invariant for the complement of a hypothetical example
of a thin knot K.

Recall that H/F\K(K) detects g(K) due to [29]. Looking in T ps, genus detection manifests itself in
ﬁT:(M ) by ensuring that some curve component crosses at height g(K). The immersed curves also
satisfy a very powerful constraint related to a conjugation symmetry. For invariants of knot complements
of S3, this means that the curves are invariant under rotation by 7.

Theorem 2.5 [15, Theorem 7] The invariant ﬁ?(M ) is symmetric under the elliptic involution of M .
Here, the involution is chosen so that z is a fixed point.

With a horizontally or vertically simplified basis for CFK™ (K) (see [19, Section 3] for specifics regarding
these bases that all knots admit), the procedure of [15, Proposition 47], which is the immersed curves
version of [22, Theorem 11.31], allows one to construct IiITJ(M ) from CFK™ (K). In the special case when
CFK™ (K) is simultaneously horizontally and vertically simplified, HFK™ (K) is generated by pairing
(see Theorem 2.8 below) IfIT:(M ) with f in 7', and the differentials are recovered using bigons containing
modified lifts of the marked point. This is not much of a constraint for us, since thin knots always admit a
simultaneously horizontally and vertically simplified basis due to [36, Lemma 7]. In this lemma, Petkova
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shows that when the vertical and horizontal arrows in CFK™ (K) have length one, then CFK™ (K) consists
of acyclic box complexes C and a staircase complex C;. The following is a restatement of these conditions
in immersed curves form.

Lemma 2.6 [36, Lemma 7] If K is thin, then the lifted curve invariant associated to S3 \ vK satisfies:

e The essential component y winds between adjacent basepoints, the height of which is determined by
7(K), before ultimately wrapping around the cylinder (corresponding to the staircase complex Cj).

¢ Every other component is a simple figure-eight, enclosing vertically adjacent basepoints (corre-
sponding to the acyclic box complexes C).

This lifted curve invariant also encodes numerical and concordance invariants of K. For example, the
Seifert genus is given by the height of the tallest curve component by genus detection above. After
following y around the cylinder, the height of the first intersection that y makes with i is precisely the
Ozsvath—Szabd invariant 7(K). This is because this intersection corresponds to the distinguished generator
of vertical homology whose Alexander grading is t(K). Hom’s € invariant may also be determined by
observing what y does next. The essential curve either turns downwards, upwards, or continues straight
corresponding to €(K) being 1, —1, and 0, respectively. These two invariants determine the slope ¥
outside of a thin vertical strip surrounding the lifts of the marked point, given by 27(K) — ¢(K).

Definition 2.7 Let e, denote the number of simple figure-eight components at height n of IfIT:(M ),
viewed in T .

We have e_, = e, due to Theorem 2.5, and Figure 2 provides an example with eg =0 and e_; = ¢; = 1.
Equipped with their properties, we now turn to the main reason for involving bordered invariants in the form
of immersed curves. The following is the immersed curves reformulation of the bordered pairing theorem.

Theorem 2.8 [15, Theorem 2] Consider the gluing M Uy, M,, where the M; are compact, oriented
3-manifolds with torus boundary and h: dM, — 0M is an orientation reversing homeomorphism for
which h(z,) = z1. Then

HF(M; Uy, My) = HE(HF(M), h(HE(M2))),
where intersection Floer homology is computed in Tyy, and the isomorphism is one of relatively graded

vector spaces that respects the Spin® decomposition.

More precisely, HF(IfIT:(M 1), h(P/IT:(M 2))) decomposes over spin® structures and carries a relative Maslov
grading on each spin® summand. Theorem 2.8 places these in correspondence with the spin® decomposition
on IfIT:(M 1 Up M>), and also ensures the relative Maslov gradings agree. This is best seen when viewing
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Figure 3: The pairing of HF(S3 \ vT(2,5)) and h(HE(D? x S1)), whose intersection Floer
homology is HF(S}(T(Z, 5))).

Dehn surgery as such a gluing, continuing to use M for S*\ vK. We have S3(K) = M Up, (D> x S
with £, the slope-r gluing map. Then Theorem 2.8 provides

HF(S}(K)) = HF(HE(M ), h, (HE(D? x S1))).

The spin® decomposition is recovered by using r vertically adjacent lifts of / r(IfIT:(Dz x S1), which
is the precise number required to lift every intersection from 737 to T 37 without duplicates. This is
motivated by the example in Figure 3, showing the pairing of curves that recovers HF (S i’ (T2, 5))). The
invariant for the solid torus simply consists of a horizontal essential curve, and so h4(I/{T7(D2 xShisa
slope-4 curve in the punctured torus. We have four lifts of h4(P/IT:(D2 x S1), each generating intersections
in correspondence with the four spin® summands of IfI'F(S f (K)). These lifts are selected at heights in
correspondence with the selected representatives of Z /rZ from Section 2. These are —1, 0, 1, and 2 for the
example in Figure 3, and motivate the following definition when lifting further to the tiled-plane cover T.

Definition 2.9 Let /] = hr(I/{.l\J(D2 x S1) denote the slope-r line in T that crosses lifts [ at heights
congruent to s (mod r). These are selected so that each /3 crosses at height s in the same column of T,
with s taken to be the representative of [s] that falls within the Z /rZ range.

In this way, Theorem 2.8 implies
HF(S} (K). [s]) = HF(HF(S® \ vK). ).

As in the discussion following [13, Theorem 14], the Lagrangian intersection Floer homology has
dimension equal to the minimal geometric intersection number of the immersed curves. In particular, using
length-minimizing, or “pulled-tight”, representatives for curve invariants by regular homotopy that avoid
basepoints forces the differential to be identically zero, and so we may determine dim(P/IT:(S,Z’ (K), [s]))
by counting intersections between IfIT:(M ) and /;. In general this count is modified by any immersed
annuli cobounded by the paired curves, but this is only possible if 7 = 0 since S3 \ vK is Seifert-framed.
As 0-surgery cannot yield a reducible manifold, no immersed annuli appear.
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A, Y

L
A
T k \

(@) (b) ()

Figure 4: Bigons between intersections of ITIT:(M ) (in red) and /7 (in blue) that are used to
determine the relative Maslov grading. Example (a) does not involve a grading arrow, while (b)
(without a cusp) and (c) (with a cusp) do.

To incorporate the relative Maslov grading, we may compute grading differences between generators
belonging to the same spin® structure using a formula from [13]. Suppose x and y are two intersections
belonging to the same [s] € Spin“(S; (K)), arising from intersections between I-/ITS(M ) and /. Further,
let P be the bigon from y to x whose boundary consists of a (not necessarily smooth) path from y to x
in HE(M), concatenated with a path from x to y in /J. Defined this way, the boundary of P is a closed
path that is smooth apart from right corners at x and y, and possibly one or more cusps (possible when
traversing grading arrows between components of P/IF(S3 \ vK). The following formula follows from
the conversion of bordered invariants into immersed curves, keeping track of grading contributions from
relevant Reeb chords [15, Section 2.2].

Proposition 2.10 Suppose x, y, and P are defined as above. Let Rot(P) denote % times the total
counterclockwise rotation along the smooth sections of P. Alternatively this is ﬁ (271 —a% — cn), where
a denotes the number of corners and ¢ the number of cusps traversed. Let Wind( P) denote the net winding
number of P around enclosed basepoints, and finally let Wght( P) be the sum of weights (counted with

sign) of all grading arrows traversed by P. Then
M(x)— M(y) =2Wind(P) + 2 Wght(P) — 2 Rot(P).

If /7 intersects a simple figure-eight component at height #, it generates a right intersection y" and a left
intersection x". Figure 4 shows off the three types of bigons that will typically appear. The first type has
P connecting a right and left intersection of the same simple figure-eight. The bigon encloses a single
basepoint with positive winding number, total counterclockwise rotation along smooth sections as , and
no contribution from traversed grading arrows. These traits imply M (x") — M (y™) = 1. The second and
third types are the more interesting ones, and have the same winding number of enclosed basepoints, but
the rotation and grading arrow contributions to M (y") — M (a®) initially appear to be different. We will
see later that for these bigons, the 2 Wght(P) —2 Rot(P) component of the grading difference is the same.
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3 Thin knots and Maslov grading differences

Throughout this section, let K be a thin knot and let M denote S3 \ vK. To enable swift grading
comparisons later on, let us designate a reference intersection associated to [s] € Spin® (S (K)). We will
define a vertical intersection to be an intersection between /} and a vertical segment of ) within the
neighborhood of jt, provided they exist. If s satisfies 0 < |s| < |7(K)][, then such an intersection occurs
and we will denote it using a®. Alternatively, if |s| > t(K) > 0 then any intersection between /; and y
is outside any neighborhood of the lifts of the marked point in 7 7. In this case / 2 intersects ) once if
7(K) > 0, and so @* will denote this lone intersection. When 7(K) < 0 and s > 0, we let ¢® denote the
intersection between /] and y to the left of fi. Analogously when 7(K) < 0 and s < 0, we will have
a® be the intersection between /] and y to the right of f. It is likely helpful to reference Figure 5 for
these different possibilities. While cumbersome, this scheme allows us to label the intersection that often
corresponds via the pairing theorem to a generator with the least Maslov grading.

It will also be particularly useful to know the winding number of enclosed lifts of the marked point of
specific regions. Consider the neighborhood of jz in T 7 that contains the lifts of the marked points, which
is also wide enough to enclose the vertical segments of . Intersect ¥ with a horizontal line /* slightly longer
than this neighborhood at height s, so that these segments together bound regions enclosing basepoints.

When 7(K) > 0, we will define Hj to be the number of enclosed lifts of the marked point in the region
bounded above by /¥, on the side(s) by the neighborhood of 1, and below by . If the region is empty, then

(@ t(K)=0 (b) 7(K) > 0 ©) 7(K) <0

Figure 5: The possibilities for the reference intersection a® (denoted by stars). (c) has two curves
representing s > 0 (intersection with the blue curve) and s < 0 (intersection with the purple curve).
The case when 7(K) > 0 and |s| > 7(K) is similar to (a).
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@1(K)=0 (M(K)>0 (c)t(K)<0 )

Figure 6: The regions in the discussion above whose winding numbers determine the H’s and V'’s
of a knot. Green regions correspond to H’s and pink regions correspond to V’s when t(K) > 0.
Otherwise when 7(K) < 0, the difference in winding numbers between the cyan and yellow
regions are used. With L counting the winding numbers for the yellow region and Uy counting
the winding numbers for the cyan region, we have Hy = Ly — U and Vs = 0 for s > 0. The region
in (d) exhibits Hy — V5 = s.

H; =0. Analogously, there is often a region where /* bounds from below and y bounds from above, and so
we will denote the number of enclosed lifts of the marked point of such a region by V5. These regions are
depicted in parts ¢ and b of Figure 6, where green regions correspond to H’s and pink regions correspond
to V’s. Due to Theorem 2.5, we have both H_; = Vi and Hy — Vs = Hy— H_; = %(s —(=s)) =s.

Remark This relationship between the H’s and Vs is no coincidence. In [14], Hanselman establishes
the HF™ immersed curves theory for knot complements of S3, recovering the +-flavored mapping cone
diagram. With simple enough curve invariants () makes no self-intersections — see [14, Corollary 12.6]),
the tower summands T of the A’s and Bs’s correspond to specific intersections between J and /5.
Additionally, the V’s and H'’s then correspond to the number of lifts of the marked point in bigons
between these specific intersections. In our case, slight pointed-homotopies of curves yield equivalent
intersections that provide the regions above (see Figure 7).

When 7(K) < 0, multiple regions are needed to compute H’s and V’s since the base of the tower in
A7 no longer corresponds to an intersection x with 4(x) = s. The intersection corresponding to the
base of the tower is similar to the reference intersection defined before Figure 5. When s > 0, the base
of the tower in A corresponds to a generator x with A4(x) = —t(K). The bigon between it and the
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A

U
BT BT

Figure 7: Modified curves }/IT:(S I\ (T, 5))) (in red) and /; (in blue) in T to recover the
complexes and maps between them associated to CFK*(T(2, 5)) in the mapping cone calcu-
lating I/ﬂ\:(S 13 (T(2, 5))). Intersections corresponding to surviving generators in homology are
represented with orange asterisks.

nonvertical intersection corresponding to the tower B in the codomain of v;l contains no marked points.
On the other side, we traverse two bigons (split when the filling curve crosses p at height s) to reach
the nonvertical intersection corresponding to the tower B in the codomain of /. This agrees with the
yellow and cyan bigons in Figure 6, and in short Vi = 0 and Hy; = s when s > 0. Alternatively when
s < 0, the base of the tower in 4] corresponds to a generator x with 4(x) = 7(K), and we likewise
have Vg = —s and Hs; = 0. In proofs to come, we may use Us and L to denote the number of enclosed
marked points in the upper (cyan) bigon or the lower (yellow) bigon, where Hy = Ly — Uy and Vg = 0 for
s > 0. Also, it is clear that Lg is an increasing function of s and Uy is a decreasing function of s when
their respective bigons are defined.

From the discussion in the previous section, we know that the form of P/I'I\Z(M ) is very restricted. Our goal is
to leverage this to constrain gradings on }/IF(S,Z’ (K),[s]) = HF(ﬁF(M ), [3) to obstruct reducible surgeries.
We use multisets, which are sets with repetition allowed, to collect these relative Maslov gradings. As
mentioned after Definition 2.9, we will think of intersections y € ﬁ?(M ) M 15 and generators y of
HF(}/IF(M ), 1}) interchangeably.
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Definition 3.1 Let [s] € Spin“(S; (K)) be arbitrary with reference intersection ¢*. For any generator y
of HF(I/{TS(M ). 13), let Mi1(y) denote the grading difference M (y) — M (a®). We define the desired
multiset by

MRF!:= {Mca(y) | y € HE(M) h [}}.

Further, let Width(MR[S]) denote the difference between the largest and smallest elements of this multiset.

Remark As defined, MR is a collection of integral Maslov gradings differences, and so in general is not
an invariant of the pair (S (K), [s]). However, Width(MRE]) is an invariant of the pair (S?(K),[s]) since
MR can be made to agree with the multiset containing absolute Maslov gradings by uniformly translating
all elements by some element of QQ. Likewise, the cardinality of MR and multiplicities of its elements
(after uniformly translating so that 0 is the smallest element) are also invariants of the pair (S; (K), [s]).

Next, we establish lemmas that enable us to swiftly compute grading differences. For a bigon P
between intersections of I-/ITS(M ) and /7, we will determine the grading difference contribution of
2 Wght(P) — 2Rot(P). This is done by considering an analogous, regularly homotopic bigon Pg
between intersections of ﬁ?(M ) and jx that correspond to generators of HFK under pairing. We show
that the quantities 2 Wght(P) — 2 Rot(P) and 2 Wght(Pg ) — 2 Rot( Pk ) agree, and computing the latter

in terms of the knot Floer invariant 7(K).

Lemma 3.2 Let y" be a right intersection belonging to a simple figure-eight at height n of IfITS(M ), leta
be an intersection from a different component of P/IF(M ) and [}, and suppose P is a bigon between them.
If K is thin, then 2 Wght(P) —2Rot(P) = —1 —t(K) — |n|.

Proof In the infinite cylinder T 57, we can represent ji, the lift of the meridian of Ty, as the vertical
line that pierces each lift of the marked point in T 5. Let a~ ") be the last intersection that y makes
with 1 before wrapping around 7 7. Because Ifl'l\:(M ) is invariant under the action by the hyperelliptic
involution, the weights of the grading arrows connecting y to the simple figure-eights at heights n and —n
are equivalent. From this we can assume that 7 is nonnegative, and use |#| in future formulas otherwise.

Lift IfIT:(M ) to T for convenience, and intersect it with fi. If we place z and w basepoints to the
left and right, respectively, of every lift of the marked point, then Iﬁ?\K(K) ~ HF(ﬁT:(M ), &) due to
[15, Theorem 51]. This pairing is depicted in Figure 8. The formula in Proposition 2.10 still holds with
the adjustment that Wind is modified to count the net winding number of enclosed w basepoints, denoted
by Wind,,.

Since ﬁ?(M ) has a simple figure-eight component at height 7, there must be a generator 1 of H/ﬁ((K )
with A(n) =n + 1. Let Pg be the bigon from a~ ™) to 1 that traverses the grading arrow connecting
the relevant components of I@(M ), visible in Figure 8 with 7(K) > 0 and t(K) < 0, respectively. To
determine Wght(Pg) directly would require care for the orientations of the grading arrow. However
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a—t(K)

1
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( a—r(K)

(a) (b) (©)

Figure 8: The bigon Px between a~*X) and 5, formed from path components in I:IT:(M ) and [x.
(a) shows this for 7(K) > 0 and (b) shows this for A(n) > —t(K) > 0. However for (c) with
A(n) = —1(K) > 0, the bigon Pk runs from 7 to ¢~ 7).

since we are after a different term, we can abuse notation by having every grading arrow connect to the
right side of a simple figure-eight, regardless of its orientation. Essentially, any change that Wght(Px)
experiences between the two ways of attaching the grading arrow is inverted and absorbed by Rot(P), so
that 2 Wght(Pg ) — 2 Rot( Pg) remains unchanged.

If 7(K) > 0 so that A(a~*%)) < n, we have
M) — M(a"*®)) = 2 Wind,, (Pg) + 2 Wght(Pg) — 2 Rot( Px).
However since K is thin, it follows that
M) — M (@ ") = A(n) — A@@ ™) = A(p) + 7(K).

Then 2 Wght(Pg) —2Rot(Pg) = A(n) —2 Wind(Pk) + 7(K). Since Wind(Pg) = A(n) + t(K), we
have 2 Wght(Pg) —2Rot(Pg) = —A(n) —1(K) =—-1—1(K) —n.

If 1(K) < 0, the above computation follows through for A(n) > —t(K), but the case for A(n) < —1(K)
differs slightly. In this situation Pk is a bigon from 7 to a~*K ) that also traverses the grading arrow in
reverse, visible in Figure 8. Traveling the grading arrow in reverse means that we have

M (a=* ™)) — M(n) = 2 Windy, (Px) — 2 Wght(Pg ) — 2 Rot(Pk),
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a—r(K)

(a) (b)

Figure 9: Tilting bigons to show they have equivalent net clockwise rotation along their boundaries.
(a) The bigon Pk from a~"®) to 9. (b) The bigon P from a to y”.

and so
—2Wght(Pg) — 2Rot(Pg) = M(a~ ")) — M(a™) — 2 Wind, (P)
=—1(K)—(n+1)=2(-t(K)— (n+ 1))
=1+17(K)+n.

Due to the shape of Pg, the bigon has a cusp near the grading arrow regardless of how it connects these
components, and so Rot(Pg) = 0. Then we have

2 Wght(Pg) —2Rot(Pg) =2 Wght(Pg) + 2Rot(Pg) = —1 —t(K) —n,

as claimed.

With the formula established for Pg, we will now show that it is satisfied for a bigon between generators
of HF(I-/I'F(M ), [3) with similar attributes. Let »" be a right intersection from the simple figure-eight
at height n and let a be an intersection from a vertical segment of y and /J. With P denoting the
bigon from a to ", we see that P must traverse the same grading arrow that Pg traversed, and so
Wght(P) = Wght(Pg ). Additionally, it is straightforward to see that Rot(P) = Rot( Pg) after tilting the
bigons as well, with visual given in Figure 9. a

The following proposition considers left and right intersections of a simple figure-eight whose height »
is less than |7(K)|. There is then a nearby vertical intersection a”, and we will see that these three
intersections have little difference in grading.

Proposition 3.3 Let K be thin and have M denote S* \ vK. Further, let x"* and y" be left and right
intersections belonging to a simple figure-eight of IfITI(M) with height 0 < n < |t(K)|, and let a" be the
nearby vertical generator. Then —1 < M (y") — M(a") <0and 0 < M (x")— M(a") < 1.
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Proof If P is the bigon between a¢” and y”", we have 2 Wght(P) —2Rot(P) = —1 — 7(K) — |n| due to
Lemma 3.2. Due to the hyperelliptic involution invariance of }/IT:'(M ), we can take 0 <n < |t(K)|. We
have Wind(P) is Hy if 7(K) = 0 or Uy, if 7(K) < 0, the values of which depend on the parity of # and
7(K) when K is thin. The simple structure of ¥ for a thin knot together with a counting argument for
7(K) > 0 yields
%(n + 7(K)) if parity(n) = parity(t(K)),
{ %(n +t(K)+ 1) if parity(n) # parity(t(K)).
Then for t(K) > 0 we have M (y")— M (a") =2H,—1—1(K)—n implies M (y") — M (a") is either —1
or 0. Since M (x™)— M (™) =1, we see that M (x")— M (a") is either O or 1, handling the 7(K) > 0 case.

When 7(K) < 0, the bigon P runs from y” to a”, encloses Uy, lifts of the marked points, traverses the
grading arrow in reverse, and has Rot(P) = 0. Figure 6 shows that U, with t(K) < 0 is the same as
Vu = H—_,, with 7(K) > 0, except using —7(K) or —t(K)—1 in the formula above. Using Lemma 3.2 and
the —7(K) modified formula for H_,, we have M (a") — M (y") =2H_, + 1 4+ t(K) + n. This is either
1 or 0, and so M (y") — M (a") is either —1 or 0 and analogously M (x") — M (a") is either Oor 1. O

Since M (x")— M (y") = 1, these possibilities happen in pairs. A simple figure-eight at height n < |t(K)|
contributes either { My (a"), Mre1(a™)—1, My (a™)} MR or {Me1(a"™), Mre(a™), Mrei(a™)+1} cMRD],
An example of this to keep in mind is when looking at large surgery on the figure-eight knot 4. In this
situation we have {0,—1,0} = MR and the right intersection contributing —1 to MRI©] actually has
the smallest relative Maslov grading. Proposition 3.3 then allows us to determine which intersection
associated to [s] € Spin® (S (K)) has the smallest relative Maslov grading depending on parity(z(K)):

e If t(K) > 0, parity(s) = parity(z(K)), and there is a right intersection y*, then M () = —1is
the smallest relative grading of MRI1,

e If t(K) = 0, parity(s) = parity(r(K)), and there is no simple figure-eight at height s, then
Me1(a®) = 0 is the smallest relative grading of MRIS],

e If t(K) = 0 and parity(s) # parity(z(K)), then M. (¢®) = 0 is the smallest relative grading
of MR,

o If 7(K) <0, then M, (a®) = 0 is the smallest relative grading of MRI,

The last component of the grading difference formula in Proposition 2.10 to determine is Wind( P). Lift
both P/I?(M ) and each /; to the tiled plane T, and let the 0" column be the neighborhood of the lift

for which each /; intersects [t at height [s]. For [s] € Z/rZ define ws = ”_r[s 1, with 7 the largest natural

number satisfying 0 <n < g(K)—1 and n = s (mod r). This number represents the number of columns

of marked points in T between ¢* and a potential furthest right intersection y”. Further, because the
slopes we consider satisfy r <2g(K)— 1, we have wy > 0. While it is certainly possible that a simple
figure-eight component may not exist at this height, it is still sufficient for the following strategy to
suppose otherwise.
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() (b)

Figure 10: Example bigons P between a® and »", showing the contributions from each column
to Wind(P) for (a) t(K) > 0 and (b) 7(K) < 0 with s > 0.

Proposition 3.4 For a given [s| € Z/rZ, let a® be the chosen reference intersection and y" be a right
intersection of a furthest possible figure-eight component. If t(K) > 0, then

Wy
Wind(P) = Hy+ ) (s +ir).
i=1
If t(K) < 0, then
Wy
Y (s+ir) if[s]>0,
i=0

%(s+ir) if [s] <O,

i=1

Wind(P) =

where all sums are taken to be zero if empty.

When 7(K) > 0, the contribution to Wind(P) from the 0" column of T is H. 5. The contribution from the
i™ column is Hsyir — Vsgir = s +ir, and is shown in Figure 10. When t(K) < 0, we have the two
different reference intersections ¢* depending on s influencing whether there is a contribution from the 0
column. Regardless, in every column the contribution to Wind(P) is Hyyjr — Vsyir = Hyyir =5 +ir.
Since these terms are always nonnegative, it follows that the smallest relative grading belongs to an
intersection in the 0™ column.
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4 Initial cases with |t (K)| < g(K)

Our objective is to build a collection of lemmas required to prove the main theorem. These vary depending
on r in relation to g(K), and on t(K) and its parity. The primary technique involves comparing the
various values of Width(MRE]) to obstruct periodicity (see Lemma 2.1), typically done by showing that
Width(MR[S/]) is maximal if [s'] is the spin® structure associated to the line that crosses height g(K) — 1.
At other times the widths will agree up to translation, but the multiplicity of specific elements of the

grading multisets will not.

Recall that Theorem 2.8 identifies IfITJ(S 3(K),[s]) = HF (IfITJ(M ), 7). In order to halve the amount of
comparisons to make, we leverage the fact that ﬁF(S;” (K),[s]) = ﬁT:(Sﬁ (K),[—s]) [31]. In immersed
curves form, Theorem 2.5 implies that intersections between IfITS(M ) and /} in negative columns of T
are in correspondence with intersections of P/IF(M ) and /,* that belong to positive columns of T (see
Figure 11). Also, intersections associated to the self-conjugate spin® structure(s) [0] (and possibly [r/2])
are symmetric in this way by default.

|

I

I\O— . .
il ) )

Figure 11: The elliptic involution, denoted by £, on dM \ {z} affects the lift of P/IT:(M ) to the
tiled plane by placing intersections of HF(M') and / in negative columns (dashed blue line) in
correspondence with intersections of HF(M') and /,”* in positive columns (solid purple line).
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Case A
[T(K)| < g(K)

Subcase Al Subcase A2
r < 2(g(K) — 1) r > 2(g(K) — 1)
Subsubcase Ala Subsubcase Alb Subsubcase A2a Subsubcase A2b
7(K) >0 7(K) <0 T(K) >0 r(K) <0
Lemma 4.2 r=2g(K)-1 r=2(g(K)-1) Lemma 4.5
Lemma 4.4
Lemma 4.3
Lemma 5.5

Figure 12: The case flowchart for the arguments in this section. Blue boxes indicate that the
contained lemmas only appeal to relative grading information, while purple boxes use some of the
absolute grading material from Section 5.

Recall that the smallest element of MR is the relative grading of an intersection belonging to the
0™ column of T, which is either the reference intersection a® or a nearby right/left intersection. This means
that we can capture Width(MR[s]) by considering nonnegative intersections associated to both [s] and [—s].
Note that since parity([s]) = parity([—s]), the need to translate a multiset by 1 is consistent if it arises.

Definition 4.1 The multiset MR[JSF] consists of the relative gradings of intersections between P/IF(M )
and /7 that belong to nonnegative columns of T. We define MRE! analogously, and notice that
Width(MRE]) = max{Width(MRY), Width(MRD);.

Due to how genus detection is expressed by ITIT:(M ), either ¥ achieves height g(K) (equivalent to
|t(K)| = g(K)), or only a simple figure-eight at height g(K) — 1 achieves this desired height (equivalent
to |[t(K)| < g(K)). We will divide the problem among these two cases, starting with the latter. The
ensuing case analysis is admittedly complicated, but hopefully Figure 12 makes it more palatable.
Case A (|t(K)| < g(K)) Since |t(K)| < g(K), there exists a simple figure-eight component at height
g(K)—1. Let [s] be the spin® structure for which / f/ intersects this simple figure-eight, which means
wy = (g(K)—1—1s")/r. Our potential reducing slopes of 1 < r < 2g(K) — 1 divide this case into
two subcases. When r > 2(g(K) — 1), we equivalently have [s'] = g(K) — 1 and wy = 0. Otherwise
r <2(g(K)—1), or equivalently wy > 0, which is the easier starting point.

Subcase A1 (r <2(g(K)—1)) In this situation, we will show that Width(MR[s/]) is maximal.

Lemma 4.2 Suppose K is thin, |1(K)| < g(K), and 1 < r < 2(g(K) — 1). Then there exists an
[s'] € Spin® (S3(K)) for which every [s] # [+5'] satisfies MRI) 22 MRI'! up to translation,
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Proof For some [s] # [£s’], the largest possible relative grading that MR[_i] can achieve is associated

to an intersection of some hypothetical simple figure-eight at largest height. Looking at the terms in
the grading difference formula for a bigon from «@* to such a generator, we see that the 2 Wind(P) term
satisfies 2 Wind(P) > 2n while the other term is —1 — t(K) — n. For this reason, we will suppose that
}/IT:(M ) has a simple figure-eight at height n, taken to be the largest integer satisfying both n < g(K) — 1
and n = 5 (mod r). Let P’ be the bigon between a* and y8~!, and P the bigon between ¢® and y".
Because the choice of @*” depends on 7(K), we will handle the 7(K) > 0 subcase first before handling
the 7(K) < 0 subcase.

Subsubcase Ala (7(K) > 0) Due to Lemma 3.2 and Propositions 3.3-3.4, Width(MR[f_]) is nearly
determined by M. (y™). We have M. (y") < Width(MR[_f_]) < My (y") + 1, with either equality
depending on whether a® is the smallest relatively graded intersection. To compare widths, we compute

‘ws/
Mea(v¥™) =2(Hy + X (5" +i1)) = 1= + wyr),
=
and likewise :

Wy
M) =2(Hs + Y- (s+ir)) = 1= (s +wyr).
i=1
Their difference is then
Wy Wy
M) = Mia (0" = 2(Hy + 30 (' +ir) = (Ho+ 3 (s +10) ) = "+ wyr = (s 4 wgr)
i=1 i=1

Wy

= 2((Hs/ — Hy) + wZ (s"+ir)— 3 (s+ir)) — (5" =) = r(wy —wy).

i=1 i=1
If s < s’ so that wy = wy, then
Mrel(yg_l) — M (y") = 2((Hy — Hy) + ws/(s/ —5))— (s’ — )
= 2(Hy — Hy) + Qwy —1)(s" —5)

> 1,
since wy > 0 and s’ > s implies that Hy > H.

If s > 5" so that wy = wy — 1, then shifting P one column to the right in T (see Figure 13) provides

Mg~ = Maa6") = 2((Hy — i)+ 35 5 i7) = 35 (54 ) = (5" =) =7 (g~ )

i=1 i=1

2((Hy = Hy) 4 3 (7 4ir) = 3 (5= D) =+ 7 =)
=2

i=1

=2<(Hs'_HS)+(S/+V)+ % (S/+l'r)—wzs/ (S+(i—1)r)>_(s/+r—S)
i=2 i=2

=2((Hy +s—Hg)+ (s +r—s)+ (wy —1)(' +r—5)) = (s +r—ys)
= 2(Hy + (s — Hy)) + Qwy — 1)(s" + 7 —)

=2(Hy —Vy) + Quy — 1)(s" +r — )

=2(Hy — H_5) + Qwy — 1)(s' +r —3s),
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aT/7 a’ asy / a’
(a) (b)
Figure 13: Example bigons P’ (split-shaded green and pink) and P (shaded pink) when wy = 1.
(a) has s < s/, while (b) has s > s’ together with the single column shift to the right.

where the second line is by column shift. Notice that s’ +s — 1 <2(Hy — H—;) < s’ + s depending on
the parities of s and s’ together with s > s’. Then we have
Mra(y¥™1) = Myt (v") = 2(Hy — Hog) + Quy = 1)(s" + 7 =)
>s' +5—14+Qwy —1)(s" +r—ys)
>s'+s—1+s"+r—s
=25 —14r
> 1,
since wyr > 0 and s’ < % if there exists an s > s§’.
In both situations, we see that M (& 1y — Mia( y™) > 1. If this difference is greater than one, then
Width(MRE) > Width(MRE?) > Mo (5571) > My (3”) + 1 = Width(MRE)),

This handles the possibility where we need to translate MR[_i] by 1, so suppose My (p€~ 1) — M (3") = 1.
This is possible only if Hy = Hy, wy = 1, and s = s' — 1, which altogether imply that s = 7(K).
However, the widths only match if Width(MR[j_]) = M;1(¥") 4 1. This condition is equivalent to having
parity(s) # parity(z(K)), which is a contradiction. Therefore Width(MRE'T) > Width(MR[j:]), which
completes the 7(K) > 0 subcase.
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Subsubcase Alb (7(K) < 0) Recall that the reference intersection ¢® has no nearby left/right intersec-
tions belonging to a simple figure-eight. This means that ¢® has the smallest relative grading of MRIs],
and so Width(MR[i]) = M,e1(¥") 4 1. From Proposition 3.4 we see

Wy
s+ > (s+ir) ifs>0,
Wind(P) = =1

Wy
Y (s+ir) if s <0.

i=1
If 0 < s < s, then proceeding as before we have
Wy Wy
M) = M) =2(s"+ X "+ in) = (s+ X (s+in)) = (" = 5) = r(wy = wy)
i=1 i=1
=2(s' —s +wy (s’ —5)) = (s =)
= Qwy + 1 (s" =)
> 3.
If s <s’ <0, then
Mrel(yg_l) - Mrel(yn) = (2ws’ - 1)(S/_S) > 1.
If s > s/, then as before we have wy = wy — 1. If s > s/ > 0, then
Wy Wy
Mrel(yg_l) _Mrel(yn) = 2((5/_5) + Z (S/ + il’)— Z (S —I-ZV)) _(S/_S) —r(ws/ _ws)

i=1 i=1
Wys

= 2(( =9+ X WA= Y () (4 )

i=1 i=2
=2(5"4+ (5" + 7 —9) + (wy =" +7—=9) = (s"+r—5)
=25" 4+ Qwy —1)(s" + 71 —5)

Z]"

where the second line is by column shift. In the event that 0 > s > s/, we get

Mia# ™) = M) = 2( 3 (4 0) = 3 (5-411)) = (/=) = (g =)
:2(_102“ (s/+ir)—% (s+(i—1)r))—(s’+r—s)
i=1 i=2
=2(s"+r+(wy—D("+r—5)—("+7r—5)
=2(s +wy(s' +r—25)—(s"+r—s)
=25+ Qwy — 1)(s' +7r—3s)
>2s+5 +r—s
> (s +85)+r

=1,
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where the second line is by column shift. In every inequality we have My (y¢~1) > M, (»"). Then
Width(MRE) > WidthMRE ) = Mo (5571 + 1 > Ma(3") + 1 = Width(MRED),

for each [s] € Spin“(S3(K)). This completes the 7(K) < 0 subsubcase, and the proof of Lemma 4.2. O

Case A2 (r > 2(g(K)—1)) Recall that in this case we have wy = 0. Let us consider r = 2g(K) —1
first. When 7(K) > 0, the surgery slope is large enough so that every intersection lies in the 0" column
of T. Width alone as an invariant won’t be enough, so we will also need to appeal to the multiplicities of
the elements of the relative grading multisets. They will be used to show that only spin® structures with
the same parity are unobstructed. When we assume that S?(K) is reducible later on, the fact that r is
odd will provide a contradiction with periodicity. When t(K) < 0, we need far less subtlety.

Lemma 4.3 Suppose K is thin, 0 < t(K) < g(K), and r = 2g(K) — 1. Then there exists an
[s'] € Spin®(S?>(K)) for which [s] # [£5'] satisfies MRIS] = MR up to translation only if parity([s])
equals parity([s’]).

Proof The spin® structure [s’] we want to consider has [s'] = g(K) — 1. Suppose for the sake of
contradiction that some [s] # [+s'] satisfies MRI$] MRD'] up to translation and parity(s) # parity(s’).
We know that r > 1 forces g(K) > 1, and also that each /; intersects P/IF(M ) exactly once due to this
large surgery slope. Because the choice of reference generator a¥ depends on 7(K), let us split into two
cases: T(K) > 0and 7(K) <0.

Assume 7(K) > 0. Because all intersections lie within the 0" column of T, we will instead use the
hyperelliptic involution invariance of I-/ITS(M ) to only consider s > 0. If HF (M) has no simple figure-eight
at height s, then Width(MR[S]) = (0 immediately does not match Width(MR[s /]) > 1, so we may as well
assume that there is a simple figure-eight at height s. We have

M(3*)=2Hy —1—1(K)—5' =5 — 1 —7(K)
by Lemma 3.2 and Proposition 3.4, since Hy = s’ when 7(K) < g(K) — 1 = s’. Further,
Ma(y*) = Mra(y*) = 2Hy — 1 = t(K) — 5" — (2H; — 1 — 7(K) —5)
= 2(Hy — Hy) — (s' — ).
If s > t(K), then Hy = s implies that M (7)) — Mt (*) = s —s > 1. But then
WidthMRE) = Mo (%) + 1 > M (3*) + 1 > Width(MRE)),

50 s < 7(K) together with Width(MR]) = 1. Notice that Width(MRE'T) = M (3 ) +1=5"—1(K) > 1
if 7(K) < s’ — 1, and so we are also forced to have either 7(K) = s’ —1 or 7(K) = s’. In both cases we
have Width(MR[s/]) = 1. Since using width as an invariant has been exhausted, let us count multiplicities
of elements of the MRI)’s next.
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Recall that e, denotes the number of simple figure-eights at height n of I/{'I\:(M ). Further, we need e; = ey
in order to have | MRU! | =] MRL’] |. We have assumed that parity([s]) # parity([s’]), so one of these two
multisets contains —1 and must be translated by 1 to make O the smallest element. This translated multiset
will then contain 0 with multiplicity ey, while the other multiset will contain 0 with multiplicity ess + 1. O

When r = 2(g(K) — 1), we will end up having Width(MR[s]) = 1 for every [s] if T(K) is large enough.
This means relative grading information alone will not be enough, and so we will return to such cases in
Section 5.

Lemma 4.4 Suppose K is thin, 0 < t1(K) < g(K)—2, and r = 2(g(K) — 1). Then there exists an
[s] € Spin®(S3(K)) for which every [s] # [+s'] satisfies MRI! 22 MRI up to translation.

Proof We again use s’ = g(K) — 1, and notice that when 7(K) < g(K) — 2, we have
My (y*) = 2(g(K) = 1) =1 = 7(K) — (g(K) — 1) = g(K) =2 — 7(K) > 0.

This shows that Width(MRET) = M, (3 )+1 > 1. Any [s] # [£s"] with |s| < 7(K) has Width(MRI]) = 1
due to Proposition 3.3, so suppose t(K) < |s| < s’. In this case, Width(MR[s]) < M1 (¥%) + 1, but we
also have Mye1(3®) — My (»*) = s’ — |s| > 0. Then Width(MRE]) < Width(MRE]). ad

When 7(K) < 0, the fact that the reference intersection a® lies outside of the neighborhood of i is very
convenient. This is an example of a nonvertical intersection, which is an intersection between /5 and y
that lies outside of a neighborhood of a lift i.

Lemma 4.5 Suppose K is thin, —g(K) < t(K) < 0, and r > 2(g(K) — 1). Then there exists an
[s'] € Spin® (S3(K)) for which every [s] # [+5'] satisfies MRI¥) 22 MRI'! up to translation,

Proof Since wy = 0, we again have [s'] = g(K) — 1. Notice that each /; gives rise to only two
nonvertical intersections around the 0" column and intersections at height s when [s] # [£s']. We have
s’ maximal when wy = 0, so use hyperelliptic involution invariance to assume 0 < s < s’. Recall that
Width(MR[s]) = M,e1(¥®) + 1 under the assumptions that 7(K) < 0. The formula for Wind(P) does not
depend on 7(K), which means
Mt (3*) = Mgt (°) = 28" =1 —1(K) —s' — (25 = 1 —7(K) —5)
=5 —s.

Then Width(MRET) = Mo (15) + 1 > Myt (%) + 1 = Width(MRB]), which implies MRI 2 MRE'1. o
In the following section we address the remaining cases involving |t(K)| = g(K), as well as the few

unresolved cases of this section. In particular, the cases with g(K)—2 <t(K) <g(K)andr =2(g(K)—1)
are handled in Lemma 5.5.
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5 Remaining cases and absolute gradings

With the case analysis for |7(K)| < g(K) out of the way, we turn to the more difficult part. As in Section 4,
Figure 14 breaks down the upcoming case analysis.

Case B (|t(K)| = g(K)) When |t(K)| is at its largest, the essential curve y suffices to indicate g(K)
and we are not guaranteed a simple figure-eight at height g(K) — 1. For these cases we still choose [s] so
that g — 1 = s’ (mod r) and continue to use wy, except now modifying it to just be the largest multiple of
r so that s + wyr < g(K). The t(K) = —g(K) case is easier, so we start there.

Subcase B1 (7(K) = —g(K))

Lemma 5.1 Suppose K is thin with t(K) = —g(K), and let 1| <r <2g(K) — 1. Then there exists an
[s] € Spin®(S3(K)) for which every [s] # [+s'] satisfies MRI! 22 MRI up to translation.

Proof Recall the labeling scheme from Figure 5, and both U and L defined just before Definition 3.1.
The reference intersection a* is a nonvertical intersection immediately to the left of the 0™ column if
s >0, and is similarly immediately to the right of the 0 column if s < 0. In general we will label these
generators xé and x/, respectively. Let us dispense with the wy = 0 case first.

Notice that each MRI] contains two elements whose difference is precisely 2|s|. The two bigons we
traverse from xé to x} involve the same regions and winding numbers as those in Figure 6 (Part ¢), and so
Mot (x]) = My (x1) = 2Ls—1—(2Ug— 1) = 2 Hy = 25. We also see that 2Ly — 1 < Width(MRIT) <21
ifs <0and 2U;—1 =< Width(MR[S]) < 2Uy if s > 0, with the right-hand, even equalities achieved if an
appropriate generator from a simple figure-eight exists at height s. So if some [s] # [4s'] is to achieve

Case B
|7 (K)| = g(K)
Subcase B1 Subcase B2
T(K) = —g(K) T(K) = g(K)
Lemma 5.1 r<2(g(K)-1) r=2(g(K)—-1) r=2g(K)—-1
Lemma 5.2

Lemma 5.5 Lemma 5.3
Lemma 5.4

Figure 14: The case flowchart for the arguments in this section. As before, blue boxes indicate
that the contained lemmas only appeal to relative grading information, while purple boxes use
absolute gradings.
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MRE! ~ MR up to translation, we should see that the widths of these multisets agree and that there
exist pairs with grading differences 2|s| and 2|s’|. These are only possibly simultaneously true if Uy = L
and Ly = Uy, which forces s = —s’ with K thin. Thus, we may assume wg > 0.

If wyr > 0, we can appeal to MR[] achieving maximal width. Due to the formula for Wind(P) when
7(K) <0, the grading difference between consecutive nonvertical intersections between y and /; around the
i™ columnis 2(s+ir). As before, this happens because 2Lyt ;r —1—QUstir—1) =2Hgyir =2(s+ir),
which is also positive. Then among nonnegative columns, the vertical intersection in final (w;)™ column,
which we now denote by b*, has the largest relative grading in MR, This is because the differences around
any given column are positive, and the vertical intersection on the right side of the final (wg)™ column
necessarily has a smaller relative grading than b®. The same reasoning applies to nonpositive columns
(one way to see this is to appeal to hyperelliptic involution invariance to note that such a maximally
graded vertical intersection belonging to a negative column is in correspondence to one belonging to
a positive column associated to the conjugate spin® structure). Thus, Width(MR[s]) is either M (b%)
or Mi;(h™%) when wy > 0. We will obtain our desired contradiction by comparing M (bs/) to every
M1 (b*) with s # £, just as in the lemmas of the previous section.

Chaining the grading differences of vertical intersection pairs from b® back to a®, we see that

wy—1
2 Z(s+ir)+Ls+wS,)—1 if s >0,
M (b*) = =0

wy—1
2( > (s—l—ir)—i—Lerwsr) —1 ifs<o0,

i=1
with empty sums taken to be zero as before. Since it can be hectic determining when such a sum is empty,
we break into more cases.

When s < 5" we have wy = wy, and it is straightforward to check that
Mt (b*) = Meat(b*) = 2(Lr 1wy — Lstwyr) > 0.

This follows because the various multiples of s” — s are positive if they appear, and because Ly 4, >
Lsyw,r when s <s'.

Let us begin the s’ < s cases with wy = 1. For 0 < s’ < s we can once again use a column shift to see
Mrel(bS/) - Mrel(bs) = 2(5/ + Ly 4r—Ls) >0,

since s’ > 0 and Ly 4, > Ls. The same inequality holds if s" < 0 < s, together with dropping the
s’ term. For s/ < s < 0 with wy = 0, we are forced to have Width(MR[s]) =2Lg—11if s > 0 and
Width(MR[s]) =2U;—1if s <0, since Width(MR[sl]) is guaranteed to be odd. For the former we get

Mrel(bS/) - Mrel(bs) = 2(Ls’-i-r - Ls) >0,
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since s < 5" + r. The latter yields
Miai(b) = Myt (b%) = 2L+ — Us) > 0.,
since s > s’

Finally we are left with wy > 1 with s’ < s (which then implies wy = wy — 1). If we have 0 < s’ <'s,
then the fact that Ly 4y, 1s maximal ensures

wsr—l wy—1
Mrel(bs/) — Mrel(bs) = 2( Z (S/ + i”) - Z (S + il’)) + 2(Ls’—f-ws/r - Ls—i—(ws/—l)r)
i=0 i=0

wy—1 wy—1

= Z(S/ + Z (" +ir)— Z (s+ (@G- 1)”)) + 2(Ls’—i—ws/r _Ls—i—(ws/—l)r)

i=1 i=1
= 25"+ 2(wy — (" +7 —5) + 2(Lywyr — Ls—i—(ws/—l)r)

> 0,

where the second line is by column shift. Analogously, the same inequality holds true if s’ <0 < s by
dropping the 2s’ term. For s’ < s < 0 a single s’ + r — s term disappears, but the inequality holds since
s"+r—s>0and Lstw,r — Lst@w,—1)r > 0.

Then since Mrel(bs/) > M (b®) for every configuration of s relative to s’ for wy > 0, we have
Width(MR[S/]) > Width(MR[s]). Together with the argument for wy = 0, this completes the proof. O

Subcase B2 (7(K) = g(K)) Letus consider | <r <2(g(K)—1) first, delaying the penultimate slope
to Lemma 5.5 and the maximal slope to Lemma 5.3. If r < 2(g(K) — 1), then / rs/ intersects ¥ more than
once for s’ = g(K) — 1 (mod r). Our approach involves different arguments depending on whether / ,s/
makes nonvertical intersections on both sides of the 0™ column. Also, since 7(K) is positive recall that
the reference intersection a® is once again the vertical intersection belonging to the 0" column.

Lemma 5.2 Suppose K is thin with t(K) = g(K), the surgery slope satisfies 1 <r <2(g(K)—1), and
that there exists a k properly dividing r so that every [s] € Spin©(S; (K)) satisfies MRD] o~ MRIS ] up
to translation.

e Ifr < g(K)—1, then MRE) = MRE up to translation only if [s] = [—s].
o Ifr >g(K)—1,thent(K)=g(K)=r=3.

Proof If r < g(K)—1, then the slope of Z;‘/ is small enough so that intersecting it with 3 produces vertical
intersections in at least 3 columns of T'. We know wy > 0 since r < 2(g(K)—1), so suppose wyr = 1. We
have nonvertical intersections with ¥ to the left and right of this column, which we can label ¢* " and b* /,
respectively. Then Mye(¢®) =2Vy —1 and M, (b*) =2Hy—1, and so 2 Hy —1 < Width(MRE') <2 H,/
since ' > 0 yields Hy > V. If some [s] # [£s'] satisfies MR] =~ MRL] up to translation then the
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Figure 15: If H; = Hy and s = s’ — 1, then V; — Vy = 1 when K is thin.

parities of their widths must agree. Under the same labeling convention for intersections associated to [s],
we see that 2V — 1 < Width(MRI)) <2V if s <0 and 2H; — 1 < Width(MRF!) < 2H; if 5 > 0.

For 0 < s’ < s, we compute for either parity of width that
Width(MRP'T) — Width(MRE)) = 2(Hy — V).

This implies that V5 = Hy, which is impossible when s’ > 0. Similarly, if s < —s’ then the analogous
statement holds true using Hj.

When —s’ < s < s', something interesting occurs. In addition to /5", we see that /5 successfully makes two
nonvertical intersections on both sides of the 0™ column. Also since K is thin, it follows that Vy < Hy
and Hy < Hy, with equality only possible when s = —s’ + 1 or s = s’ — 1, respectively. However, this
results in the configuration shown for the latter situation in Figure 15. We see that while the widths
of MRI! and MRET can agree if Hy; = Hy, this necessarily results in Vs # Vi since K is thin. This
is true vice versa as well, and so the multisets cannot both contain the same relative gradings for their
respective vertical intersection pairs. Thus we must consider wy > 1, and we will do so following similar
computations to those in Lemma 5.1.

When wy > 1 the intersection with largest relative grading in MR comes from the furthest nonvertical
intersection, which we will update and label »° when s > 0 or ¢* if s < 0. Since we can use the
hyperelliptic involution invariance of I/{TS(M ) to treat such a ¢ as b=, let us only compare M (h*) to
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the various M, (b*). Chaining grading differences between adjacent nonvertical intersections from b*
back to a®, we have
wg—1
Ma(b*) =2(Hy+ 3 (s+in)—1.
i=1
If s < s’ then wy = wy, and we compute

wy—1 wy—1
Mea6) = Ma(b*) = 2(Hy = Hy+ 3 (5" +ir) = ¥ (s+in)

=2(Hy — Hy + (wy — 1)(s’ —5))

> 1.
We have equality only if Hy = Hy, s =s’—1, and wy = 2. In this case, we have parity (s’ +2r) = parity(s’)
regardless of r. However parity(s’ + 2r) # parity(z(K)), and so parity(s) = parity(z(K)). This implies
Width(MR[s]) < M1 (b*), which means we cannot have s < s’.

If s > s/, then with wy = wy — 1 we obtain

, wy—1 wy—1
M0 = Mea6) =2(Hy — Ho+ 3 (' +ir)— ¥ (s+ir))
i=1 i=1
wy—1 wy—1
:2(s’+r+Hs/—Hs+ Yo(s+ir)y— > (s+ir))
i=2 i=2

=2(s"4r) = 2(Hs — Hy) + 2(wy = 2)(s" + 1 =),

where the second line is by column shift. Now s —s’ < 2(Hs; — Hy) < s —s’ + 1 when K is thin by
careful inspection of these regions. This implies

Mrel(bS/) - Mrel(bs) = 2(S/ +71)—2(Hs — Hy) + 2(wy — 2)(S, +r—s)
>2(s"+r)—(s—s"+ 1)+ 2wy —2)(s" +7 —5)
=25"+r—14+ Quwy =3)(s"+r—ys)

> 1.

Altogether, these grading comparisons are enough to see that MRU! a2 MR up to translation when
r < g(K)—1. Next we look at the cases with larger surgery slopes.

If r = g(K)—1, then wy = 1 and s" = 0. Due to hyperelliptic involution invariance, we can assume s % s’
satisfies s < 0. Notice that MR contains 2 Hy — 1 with multiplicity at least two since I;V' generates
nonvertical intersections on both sides of the 0™ column and Vi = Hy. The only way that MR could
contain this grading with multiplicity greater than one is if a simple figure-eight component in the 1st
column has an intersection with /5. The nearby vertical intersection @* ™" has My (a*t") = 2 Hy —2, and
so we would require parity(s + r) # parity(z (K)) in order for an intersection with a simple figure-eight
to have the desired grading. However s +r = t(K) —2, and so MR cannot contain 2 Hy — 1 more than
once. Thus, no [s] # [s'] satisfies MR[) o~ MRL] up to translation when r = g(K) — 1.
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We still have wy = 1 if r > g(K) — 1, but now s < 0. The crux of the argument in the previous case
relied on Hy > 1. This holds more generally when r < 2g(K) — 3, except now MR peed only contain
2Hy — 1 once. Since Width(MRI'T) > 3, the above argument still applies to show that MR = MR up
to translation only if [s] = [s” &= 1]. This forces k = 1, which in turn forces r < 3 so that there cannot exist
[s" + ak] with Width(MR[s/"‘“k]) = 1. The possibility » = 2 is handled exactly as in the r = g(K) — 1
argument, and so we must have r = 3. This means s’ = —1, and so t(K) = g(K) =r = 3.

If r = 2g(K) — 3, then only l,is/ generates nonvertical intersections between columns of T. Al
other /; intersect Ar (M) only in the 0" column, which means that every Width(MRI!) = 1. Since
parity(s’) = parity(t(K)) when r = 2g(K) — 3, we must have e;s = 0. This is because a simple figure-
eight component at this height would contribute an intersection with relative grading —1 to MRE1, which
would yield Width(MR'!) = 2 and prevent periodicity. We have dim IfITZ(S 3(K),[5']) = 3+ 2e5 4+,
and so some [s" + k] satisfying MR 4] ~ MRIS'] up to translation forces 1 + 2ey 4 x = 3 + 2ey 4/,
or ey = es/+r + 1. If necessary, translate MRE+K] 50 that 0 is the smallest element. The only way
that the multiplicities of 0 and 1 agree is if MRUEI contains more 0’s than 1°s, which happens only when
parity(s’ + k) = parity(z(K)). But parity(s’) = parity(z(K)) as well, which is a contradiction since k is
odd when r odd. |

We return to the two unhandled cases of 7(K) = g(K) =r =3 and r =2(g(K)—1) shortly in Section 5.1,
and for now are left with the case where r = 2g(K) — 1. Because 7(K) = g(K), there is no guaranteed
simple figure-eight at height g(K) — 1. This small difference is enough of an issue if K is an L-space
knot, since each MRIS! = {0} means HF cannot provide an obstruction. With existing techniques, we can
only show the following:

Lemma 5.3 Suppose K is thin with t(K) = g(K), and letr = 2g(K) — 1. If there exists a k properly
dividing r such that every [s] € Spin® (S} (K)) satisfies P/ITJ(S,3 (K),[s]) = IfI-I\J(‘S',3 (K),[s + k]), then K is
an L-space knot.

Proof Suppose for the sake of contradiction that K is not an L-space knot, meaning that
dim HE(S? (K). [s]) > 1

for some [s] € Spin®(S2(K)). Each [ intersects ¥ precisely once since r > 2g(K) — 1. In order to have
dim ﬁF(Sg (K),[s]) > 1 for some [s], we need for P/IF(M ) to have a simple figure-eight component at
height s. Let ¢ be the height of the lowest simple figure-eight component. We have e; many simple
figure-eights at height 7, and so we must also have e, = ¢; many simple figure-eight components at
height ¢ 4 k to satisfy

dim HE(S? (K). [1]) = dim HF(S? (K). [t + k]).

If parity ([¢]) # parity ([t + k]), then one of MRI] or MR 4] contains —1 and would need to be translated
by 1 to make O the smallest element by Proposition 3.3. However, this results in both multisets having
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unequal multiplicities of 0’s and 1’s. This would lead to MR % MR+ up to translation, and so we
must have parity ([t + k]) = parity([¢]). However this condition implies that k is even, which contradicts
r =2g(K) — 1 being odd. Therefore, K must be an L-space knot. |

5.1 Obstructions from absolute gradings

Until now, we have primarily appealed to information carried by I-/ITJ(S 3(K)) as this is the easier flavor
of Heegaard Floer homology computable by immersed curves techniques. However, we now need to
involve the absolutely, Q-graded, +-flavor of Heegaard Floer homology to handle the remaining cases.
When considering S} (K) = Y # Z with |H*(Y)| = k < oo, we will use properties of the d-invariants
mentioned in Section 2 in order to obtain a relationship between r, k, and the V’s associated to K. We
initially settle the curious 7(K) = g(K) = r = 3 case, and afterwards assemble the proof of Theorem 1.2.

Lemma 5.4 Let K be a thin knot with t(K) = g(K) = 3. Then S33 (K) is irreducible.

Proof If S; (K) is reducible, it must admit an integer homology sphere connected summand Y since
r = 3 is prime. Using the additivity of the d-invariants, we have

d(S;(K),[s]) = d(L(3, £1),[s]) +d(Y).

Proposition 2.3 then implies d(Y) = —2V,(K) = —2V;(K), which in turn forces Vy(K) = Vi (K).
However this is true only for thin knots with even t(K), which can be seen using the formula in
Proposition 3.3 together with Vi = H_g. This forms the desired contradiction. |

Lemma 5.5 Let K be a thin knot with t(K) > g(K) —2. Then S}(K) is irreducible when r =
2(g(K)—1).

Proof Let 7(K) > g(K) — 2, and suppose for the sake of contradiction that S? (K) is reducible for
r =2(g(K)—1). Then S?(K) admits as connect summands a lens space Y and a summand Z with
|H*(Z)| =k < oo. Since H{(S?(K)) is cyclic and r is even, one of |[H; (Y)| = 7 or k is even. We will
show the latter must be true.

Using the immersed curves techniques of the previous section, we see that Width(MR[s]) =1 for all [s]
when K is thin and 7(K) > g(K) — 2. Using s’ = g(K) — 1 (mod r) again, we are guaranteed to
have dim I-/ITJ(S 3(K),[s']) > 1 since / rs/ either intersects a simple figure-eight at height g(K) — 1 when
7(K) < g(K) or intersects ¥ multiple times when 7(K) = g(K). In order for some [s’ — k] to satisfy
MR 41 ~ MRS up to translation, we also require parity (s’ — k) = parity(s’) so that the multiplicities
of 0 and 1 agree. This implies k is even.

Let 7y ([s]) and 7z ([s]) denote the restrictions of [s] to Spin°(Y) and Spin®(Z), respectively. Since
Spin® (S} (K)) = Z/rZ is Z/ r Z-equivariant [35], we have both

my([s+ 7)) =mr@sh and wz(s+kD) =nz(s).
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The two self-conjugate spin® structures of S (K) must project onto the lone self-conjugate structure of

L(% q), and so
vt ([£) (1 (7-).

Their respective restrictions on Z are distinct, and so let 7z ([0]) = u, and & Z([%]) = u, (subscripts
indicate parity of the spin® structure before restriction). Due to the additivity of d-invariants, we have

d(S} (K1) = d(L(.q) 7y (5)) +d(Z. 72 (s)).

Since k is even, we may apply this to the self-conjugate structures to see

d(s} K1) —d (3K [ 5]) = (d(L(F-a). 00) + d(Z.ue)) = (d(L(F-q).[0]) + d(Z. 1))
=d(Z,ue)—d(Z,u,).

Observe that ﬂz([%]) = uy, and so nz([’gk]) = u,. We likewise have ny([%]) = nY([’erk]), and so

d(S3(K), [%D ~d(s3(K).[" ;k]) = d(Z.ug)—d(Z.u0).

Using the inductive formula for d (L (p, ¢)) [27, Proposition 4.8], it follows that

d(L(r 1), [s]) = Sr—z—s ¥ %.

Summing the prior two equations and using Proposition 2.3 (with V% = max{V#, V._ rik 1) yields
2Vo— Vg + Vi Vi) =d(Lr 1. [0 ~d (L 1).[5]) +a (L6 1), [g]) ~d (Lo, [%D
(-3 (-9-(E -3

4r 2 4r 2 4r 2
_r—k
==
Therefore, we have the following relationship between r, k, and the V’s associated to K:
r—k
(1) 7 = Vo= Ve)+ (Vi = Vi)
Notice that when K is thin and 7(K) > 0, we have that
T(K2¢ if parity (t(K)) = 1,
Vo = J
7(2 ) if parity(t(K)) = 0.

We will use this to generate contradictions, and break into cases since the values of V% and V% depend
on 7(K). It will also be useful to use the fact that k < .

Case C1 (7(K) = g(K)) Here we have Ve =1 and V% > 0. We see that V% — V% is given by

half the distance between % — ’% since K is thin. Thus,

k
V=gt y

r
4
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This together with (1) above then yields

k
Vo = Z+ 1.
If parity(z(K)) = 1, then we have
(K)+1 _ (K)—-1_k
2 +1 © Ty Ty
(K)—-1 _ r
T2 =i

& 6(t(K)—1)<2(g(K)—-1)
& 6(1(K)—1)<2(t(K)—-1)
= 47(K) <4.

However this would imply g(K) = 7(K) = 1 = r = 0, a clear contradiction. If parity(z(K)) = 0, then
similar reasoning yields 7(K) < 2, which forces r = t(K) = g(K) = 2. We return to immersed curves
techniques to rule out this case by comparing the multiplicity of elements of MR and MR[!. Since
parity(t(K)) = 0, we must translate MRI©] by one so that 0 is its smallest element. The multiplicity
of 0 in the translated MR is ¢4, and the multiplicity of 0 in MR is 2¢; + 2. However if S;’ (K) is
reducible then Lemma 2.1 forces ey = 2e; + 1 in order for dim I/{T:(SS(K), [1]) = dim }/ITS(Sz3 (K),[0]),
generating the desired contradiction.

Case C2 (7(K)=g(K)—1) Once again V%k > 0, and in this case we obtain V = % since V% =0.
Together with r = 27(K), the argument of the previous case yields the contradiction 47 (K) < —4 when
parity(z(K)) = 1 or 47(K) < 2 when parity(t(K)) = 0.

Case C3 (t(K) = g(K)—2) We still have Vi =0, and things are more interesting here since it is
possible for V% = 0. This happens only if £ = 2, in which case (1) becomes

r—2
T— V0+V1.

Curiously enough 7(K) = V4 V1 for a thin knot, and so this would force t(K) = % = w &

47(K) =21(K) = t(K) = 0. However this forces r = k, a contradiction. Then we cannot have k = 2,
and so V,— ok > 0 and we have Vy = %. As with the previous cases, having r = 2(7(K) + 1) would yield
the contradlctlons 6(r(K)+1) =< Z(T(K) + 1) if parity(z(K)) = 1 or 4t(K) <2 if parity(¢(K)) = 0. O

5.2 Proof of Theorem 1.2

Proof Suppose S ,3 (K) is reducible for K thin and hyperbolic. The Matignon—Sayari bound implies that
1 <r <2g(K)—1[23, Theorem 1.1], after mirroring the knot if necessary to make the surgery slope posi-
tive. Reducibility also gives S? (K) = Y # Z for some lens space Y and some Z with |H?(Z)| =k < oco.
By Lemma 2.1, we have ﬁ?(Sf (K),[s + ak]) = IjITJ(S,3 (K),[s]) for arbitrary [s],« € Z/rZ. When
r <2(g(K)—1), Lemmas 4.2, 5.1, and 5.2 apply to show that there exists an [s’] € Spin® (S (K)) such that
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either I/{TJ(S;’ (K), [s']) is relatively graded isomorphic only to IiITJ(Sr3 (K),[=s]),ort(K)=g(K)=r=3.
The latter is prevented by Lemma 5.4, so we proceed with the former. Since Y % S3, we see that [s'] cannot
be self-conjugate and also that | H;(Y)| = 2. This implies Y = R P3, as well as k = |[s']—[—s"]| = 2 |[5']|.
However, together this means 4 divides r, which is impossible when S (K) admits an R P* summand
with H; (S} (K)) cyclic.

Therefore, we must have » > 2(g(K) —1). Lemmas 4.4 and 4.5 cover —g(K) < t(K) < g(K)—2 and
Lemma 5.5 covers 7(K) > g(K) — 2 for the possibility that » = 2(g(K) — 1), and so we must have
r =2g(K)— 1. In this situation & is odd since r is odd, which means periodicity will cycle through spin®
structures with different parities. Then Lemmas 4.3, 4.5, and 5.1 apply to fully obstruct reducibility via
the above argument if t(K) # g(K). If t(K) = g(K), our techniques have been exhausted and leave
just the conclusion of Lemma 5.3, showing that K must be an L-space knot. a
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