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CATEGORIFICATION OF
THE INTERNAL BRAID GROUP ACTION
FOR QUANTUM GROUPS
I: 2-FUNCTORIALITY

MICHAEL T. ABRAM, LAFFITE LAMBERTO-EGAN,
AARON D. LAUDA AND DAVID E. V. ROSE

We define 2-functors on the categorified quantum group of a simply-laced
Kac-Moody algebra that induce Lusztig’s internal braid group action at the
level of the Grothendieck group.

1. Introduction

Geometric representation theory has motivated the study of categorical represen-
tation theory. Rather than studying the action of Lie algebras g, or quantum
groups U, (g), on C(g)-vector spaces V with weight decompositions V = &p, Vj,
categorical representation theory studies the action of these algebras on graded addi-
tive categories 1V with decomposition into graded additive subcategories V = P, V.
Rather than linear maps between spaces, Chevalley generators act by functors
&Ly Vi = Vg, Fily 1 Vi = Vi, satisfying quantum group relations up to
natural isomorphism of functors. The novel and distinguishing feature of higher
representation theory is that the natural transformations between such functors
contain a wealth of information that is inaccessible within the realm of traditional
representation theory.

Indeed, the essence of categorification is to uncover this higher level structure
and use it to further our understanding of traditional representation theory, as well
as related fields. In this article we will focus our attention on the categorical
representation theory of the quantum group U, (g) associated to a simply-laced
Kac—Moody algebra g. Categorified quantum groups are the objects that govern
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the higher structure and explicitly describe the natural transformations that arise in
categorical representations. More precisely, we focus on the higher representation
theory of Lusztig’s idempotent form U := Uq (g). This is a version of the quantum
group that arises in geometric representation theory and is most appropriate for
studying representations with integral weight decompositions. For the precise
definition of U , see Section 2A.

In most instances when U admits a categorical action as described above, the
natural transformations between functors arise via the action of a categorified
quantum group. The latter is a graded, additive, linear 2-category UQ associated to g.
The objects in L'{Q are elements of the weight lattice A € X of g, and the 1-morphisms
are generated by Chevalley generators &1, : A - A 4«5, Fil, : A — A —«; and
identity 1-morphisms 1, : A — A, i.e., any 1-morphism is given by a finite direct sum
of grading shifts of composites of these generators. The 2-morphisms specify maps
between composites of Chevalley generators. For example, there are 2-morphisms

Xi 251'].)L — Eil)h(z) and T,'J' 25,'51'1)L — Ej&lx(—ai -Olj),

where here, and for the duration, - denotes the symmetric bilinear form specified
by the Catan datum for g (see Section 2A). A novel feature of the categorified
quantum group is its diagrammatic generators-and-relations description in which
all 2-morphisms are conveniently encoded in a 2-dimensional graphical calculus,
e.g., the generating 2-morphisms above have the depictions

A . Ato; +oj A
Xi = +O[1¥ A and T;; = l J>< .

i

Key features are that F; and &; are biadjoint, and endomorphisms of compositions
of &;’s are given by the so-called KLR algebras developed in [18; 24; 25; 54; 55].
Taken together the relations on 2-morphisms prov1de explicit isomorphisms lifting
relations in U, and further guarantee that K (UQ) = U, where K, o denotes taking the
split Grothendieck ring to decategorify. Otherwise, only shadows of this structure are
visible at the decategorified level, e.g., Lusztig’s canonical basis of U is recovered
by taking the classes in K (UQ) of indecomposable 1-morphisms in Z/'{Q.

Pioneering work of Chuang and Rouquier demonstrated the importance of the
higher structure in categorical representation theory [18]. At the heart of their work
is a beautiful categorification of the familiar fact that, in any integrable representation
V =@p, V, of sl,, the Weyl group action gives rise to an isomorphism

tl, : Vy =5 V_y

between opposite weight spaces. In the quantum setting, the Weyl group for sl,
(i.e., the symmetric group &,) deforms to the two-strand braid group B,, and the
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isomorphism t1, can be written in a completion of U (sl») as the infinite sum

d {Z»o(—q)bF(“b)E(b)lA if 2 >0,
A= =

1-1
(b Yuso(—@) FECHTOF@];if ) <0,

where E@ = E%/[a]!, F = F%/[a]! are the so-called divided powers, and
[all = [ _,((@™ —q™™)/(g — q~1)) are quantum factorials. Note that, when
acting on an integrable module, only finitely many terms in this infinite sum are
nonzero. From the perspective of categorification, the crucial observation about
(1-1) is the occurrence of minus signs.

For those initiated in the categorification doctrine, the occurrence of minus
signs immediately necessitates the departure from strictly additive categorifica-
tion. That is, we can no longer work with additive categories V,, as there is no
categorical analogue of subtraction therein. To accommodate such minus signs
within a categorical framework, one typically passes to derived, or, more generally,
triangulated, categories, where the translation functor gives a categorical notion
of multiplying by —1. One manner for doing so is to take the categories of chain
complexes Kom(V,) of the weight categories V, in an additive categorification,
and pass to their homotopy categories of complexes Com(V;). See Section 3D for
more details on homotopy categories of additive categories and their Grothendieck
groups; we note that we follow [4] in using the nonstandard notation Com to denote
the homotopy category, so as not to confuse with our notation Ky for taking the
Grothendieck group/ring. Under decategorification, the classes of such complexes
are equal to the alternating sum of the classes of their terms in K¢())).

The alternating sum in (1-1) suggests that a categorification of t1, might be
achieved using a chain complex whose differential is built from the 2-morphisms
in LYQ (slp). Indeed, Chuang and Rouquier’s work determines chain complexes 71
and 77'1,, the so-called Rickard complexes, that lift t1, and its inverse t~'1, to
the categorical setting [18]. The composition of complexes Tt ~!1; and = 'r1, are
both isomorphic to the identity in Com(UQ (s1)), i.e., the complexes are homotopy
equivalent to (but, in fact, not equal to) 1, in Kom(UQ (slp)). Using this, Chuang
and Rouquier lifted the Weyl group action of sl, to define equivalences

71, : Com(V;) => Com(V_,)

lifting t1, (to be precise, Chuang and Rouquier originally worked in the nonquantum
and abelian/derived setting, with the extension to the quantum and triangulated
setting given in work of Rouquier [55] and Cautis and Kamnitzer [13]).

For general g, the corresponding Weyl group action on integrable representations
deforms to an action of the type-g braid group By in the quantum setting; we will
follow the standard terminology in referring to this as the quantum Weyl group
action. Analogous to the g = sl, case, this action lifts to highly nontrivial braid
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group actions in categorical representation theory [13; 55]. To illustrate their far
reaching impact in mathematics, we recall just a handful of their many applications:

» Chuang and Rouquier use the equivalence induced by categorical s, actions on
derived categories of modules over the symmetric group in positive characteristic to
resolve Broué’s abelian defect group conjecture for the symmetric group &, [18].

« Cautis, Kamnitzer, and Licata use categorical sl, actions to resolve a conjecture of
Namikawa [48] asserting the existence of a derived equivalence between cotangent
bundles of complementary Grassmannians 7*G (k, N) and T*G(N —k, N) [10; 16].
These varieties are related by a stratified Mukai flop, and the problem of constructing
such equivalences had previously only been resolved in the k = 1 case [22; 47] and
for G(2,4) in work of Kawamata [23]. More generally, Cautis, Kamnitzer, and
Licata construct categorical braid group actions on cotangent bundles to partial flag
varieties and Nakajima quiver varieties [11; 13; 15]

 Categorical representations of sl,,, and the associated braid group actions, can
be used to categorify the sl, Reshetikhin—Turaev quantum link invariants via a
categorical analogue of the skew Howe duality between gl,,, and gl,, [12; 16; 34; 49].
This perspective has led to the solution of a number of conjectures in link homology
[50; 53], and provides a framework for connecting link homologies defined using
wildly different machinery [12; 34; 39].

At the decategorified level, the braid group action on integrable modules of
Uq (g) comes in several flavors:

b b
t;’e])L = Z (_q)EbF'l(a) El( )1)\ — Z (_Q)ebEi( )Fl(a) ])”

(1 2) a,b;a—b=A\; a,b;a—b=A\;

) b b

tehi= ). CoEFUL= 3 oPFRVE"L,
a,b;—a+b=X\; a,b;—a+b=A\;

where e = +£1; see Section 2C for more details. Given the importance of these
braid group actions, it is natural to ask how the braid group action By on an
integrable module interacts with the U (g) action. This was answered by Lusztig [38,
Proposition 37.1.2], who showed that, for each node in the Dynkm dlagram iel
and e = 1, there exist algebra automorphisms 7, and 7", of U= U (g) uniquely
defined by the condition that, for any 1ntegrable U- module V,any z € V, and
ue lvU 1,, we have the equations

T 0t 1:(2) = t; 1, (u2),

(1-3)
T” (u)t;/elx(z) = t;/el uz).
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Related operators were studied in finite type in [35; 57], then generalized to simply-
laced Cartan data in [36] and general Cartan data in [37]. See Section 2D for more
details.

The algebra automorphisms 7;, and 7", each define braid group actions on the
algebra U itself that we call the 1nternal braid group action. This internal action
plays an important role, e.g., in the construction of the PBW basis for U. Lusztig
goes on to give precise formulas for the action of Tl’ ., and Tl’ ', on the generators
of U, that unsurprisingly involve minus signs, e.g.,

(1-4) T/ (EjL) = EjEil6) —qEiEjlyqy ifi-j=-1,

where here s; are the simple reflections in the Weyl group.
We now describe the results contained in this article. Throughout we let g be a
simply-laced Kac—-Moody algebra.

1A. Categorifying T , and T' ’ . In Section 4 we define graded, additive 2-functors
T T Uy — Com(uQ) To do so, we first assign explicit chain complexes to

generating 1-morphisms in I/, that lift the formulae defining T/, and T/, e.g.,
(1-4) lifts to the assignment

T (1) = & €L o) ——— &L, (1) it i-j=—1,

where (here, and throughout) & denotes the term in homological degree zero.
Functoriality then requires that the composite xy1, of composable 1-morphisms
y1,, and x1, is sent to the composition of chain complexes T H(yl,v)T - 1,),
defined using composition of 1-morphisms in L{Q in a manner similar to taking
the tensor product of chain complexes. To complete the definition of 7'/ and 7:’ L,
we then assign an explicit chain map 7; ; +1 (a) +1 x1,) — 7"Jrl (x/lx) to each
generating 2-morphism « : x1, — x'1; in 4, e.g., the 2-morphism X;: &L —
£;1,(2) is sent by Tlf,+1 to

P!

& 6L 0)(2) T £ 1,00 (3)
P ) 1] It

& Ejgils,-(k) —_— 51'5]'1&-(1)(1)
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which is a chain map by the i # j dot sliding relation; see (5) in Definition 3.3.
Finally, we show that the images of relations in UQ are satisfied in Com(UQ), up to
homotopy.

Proving that 7:’ 41 1s a well-defined 2-functor requires an immense number of
verifications. The diagrammatic relations defining /o involve strands colored by
the Dynkin nodes of g, and depend on the adjacency of the colors involved. For
example, the relation involving the greatest number of strands is

Iyj iff=kand ¢-j=—1,
ro- h=
£ J e
¢ i Tk el k 0 if¢#kort-j#—1,

where 7 is a scalar defined in Section 3A. Showing that 7 | preserves this relation
for all i and all triples j, k, £ requires considering all possible types of adjacency
relations between the nodes corresponding to i, j, k, £, requiring 27 essentially
distinct case that need to be verified. The complexity is further exacerbated by the
fact that 77 4 often only preserves a relation up to homotopy.

Unfortunately, we are not aware of a means to define the 2-functors lifting
Lusztig’s formulae without explicitly constructing the chain homotopies for each
relation and each possible coloring by nodes i € I. We have made every attempt
to provide sufficient detail in this work to aid in any future applications of these
2-functors, and in particular provide sufficient detail so that the relevant homotopies
can be easily extracted.

Our main result in this article is the following theorem.

Theorem 1.1. Let g be a simply-laced Kac—Moody algebra. Then there is an
explicitly defined 2-functor

T 41 1 Uo(g) — Com(Up(g))

so that the induced map

[77 111 Ug(g) = Ko(Uo(9)) = Ko(ComUg(9))) = U, (g)
agrees with T} ;.

At the level of 1-morphisms, such functors have already appeared at the categor-
ical level in [12; 13] and were given a geometric interpretation in [20; 21; 62; 63];
however, to our knowledge, no information about extending these maps to 2-
morphisms has appeared previously. As such, Theorem 1.1 initiates the study
of Lusztig’s operators at the 2-categorical level. In fact, we conjecture much
more. At the decategorified level, Lusztig’s operators are invertible and satisfy the
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braid relations. These properties, combined with our forthcoming work, stated in
Theorem 1.4 below, suggest the following:

Conjecture 1.2. Letgbe a (51mply -laced) Kac-Moody algebra. Then 7; 'y extends
to an autoequivalence of Com(MQ (g)) so that the induced automorphism [ 1l
of U (g) = KO(Com(UQ(g))) agrees with T/ and the 7”Jrl satisfy the brald
relations.

A

The extension (of domain) to the homotopy category is a problem in obstruction
theory that we plan to attack in future work. Having done so, the proof of braid
relations will be a straightforward (but tedious) check.

1B. Symmetries and the internal braid group action. There are a number of other

(anti)linear (anti)automorphisms o, w, w defined on U; see Section 2B for their

deﬁmtlons These (anti)involutions allow one to pass between the variants T and
l’ ', of the internal braid group generators via conjugation, i.e.,

(1-5) oT/,0=T/

i,—e’

, 1 ’ ’ Vi 1
QTi,eC_U = T;',e’ ngi,ez/ = Ti,—e’ l_ﬂTl-’el_ﬁ = Ti,—e

In [26] these symmetries were lifted to define 2-functors o, w, ¥ on a certain version
of the categorified quantum group. Each has a natural interpretation in terms of
symmetries of the graphical calculus for HQ, and, in the sl, case, were extended to
the homotopy category of complexes in [4].

Recall (or see Section 3A below) that the definition of HQ requires a choice of
scalar parameters Q; it was recently shown that there is a natural normalization for
the categorified quantum group associated to an arbitrary KLR algebra and choice
of Q [5]. This so-called cyclic version of L'{Q satisfies the property that diagrams
that are planar isotopic relative to their boundaries specify the same 2-morphism
in Z;lQ, a property that only holds up to scalars in previous formulations. Given the
utility of the cyclic version, we also prove the following result, which defines these
symmetries in this setting.

Theorem 1.3. There are invertible 2-functors o, w, V¥ defined on the cyclic version
of the categorified quantum group UQ that categorify the symmetries o, w, ¥, i.e.,

[ol=0, [owl=w, [Y]=v¥

in KoUg(9)) = U,(g).

Defining these 2-functors requires several subtle aspects involving the choice of
scalars Q, so we include the details below in Section 3E. Using these symmetries,
we use the categorical analogue of (1-5) to define the variants 7, _; and 7", of the
internal braid group action.
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1C. Compatibility with Rickard complexes. As noted above, the defining feature
of the internal braid group action at the decategorified level is its compatibility with
the quantum Weyl group action, given in (1-3). In a sequel to this paper [1], we
show that our 2-functors Tl/ 4 satisfy an analogous compatibility with the Rickard
complexes.

To be precise, note that the first equality in (1-3) asserts that the actions of
the elements 7/, (u)t; 1, and t; ,1,u on the A weight space of any integrable
representation agree for all u € 1,U1,. Equivalently, for any integrable represen-
tation V = @, V) there is an equality between the corresponding linear maps
lvU 1), = Hom(V,, Vj,(,)). At the categorical level, the operation of composing
with the complex ri’, 4 defines a functor

(1-6) 7/ +110(—) L : Homygy (0, v) = Homcomig) (s 5:(1)),

and we can similarly consider the functor Tl/ e(—)r{’elk, which maps between the
same Hom-categories. The main result of [1] is the following:

Theorem 1.4. For all objects A, v in Up, there is an isomorphism of functors
between Hom-categories Homy, (A, v) — Homcomy) (A, 5i (V).

1D. Applications of the internal braid group action.

1D1. PBW basis and their categorifications. In finite type, Lusztig’s internal braid
group action can be used to deduce the quantum PBW theorem for U * (g), providing
a basis of monomials that are useful in many applications. The KLR algebra
provides a categorification of U+ (g) via its category of projective/finitely generated
modules [24; 25; 55]. Therein, the indecomposable projective modules correspond
to the canonical basis of U™ (g) [59], while the simple modules correspond to
the dual canonical basis [8; 60]. At the categorical level, the analogues of PBW
monomials lead to a rich theory of standard modules for KLR algebras. In finite
type, standard modules were first described in [31] (see also [6; 9; 19; 20; 41; 42]),
and in affine type they were studied in [29; 30; 43; 58]; in these studies, the focus
has been on finding specific modules over KLR algebras that lift a given PBW
monomial. In forthcoming work [44], McNamara plans to use our 2-functors 77 41
to build projective resolutions of standard KLR modules, producing a categorical
lift of Lusztig’s internal braid group construction of the PBW basis, and giving a
strengthening of Kato’s results on reflection functors for KLR algebras [20].

1D2. Quantum affine algebras. There is no obstruction to defining the 2-functors
77 41 1n arbitrary symmetrizable type, except that the check of well definedness is
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much more involved. For example, Lusztig provides the explicit formula
—i-t
. i
(1-8) T/ (Eely) =Y (=) EfEET 150

Jj=0

in arbitrary type (compare to (1-4) above), which suggests that the categorified
Lusztig operator 7:’ | should send &1, to a complex of length 1 —i - £. It is not
difficult to specify a complex lifting (1-8), for example, we could set

WA

Here, the terms in the differential are given using the thick calculus from [27], and

T/ (L) = REET 1,0

¥

— Sigggi(_i.e_l)lsi(}\)(n 51.(_1%)5(13[.()\)(—1' . E)

an easy computation therein verifies that they square to zero. The appearance of
complexes containing more than two nonzero terms suggests that even more of the
defining relations in UQ may be preserved by Tl/ , only up to homotopy, exacerbating
the difficulty of checking that these 2-functors are well defined. Despite this, we note
one interesting application of an extension of our 2-functors to non-simply-laced
type: it may be possible to promote Beck’s description [3] of the loop presentation
of affine algebras in terms of the internal braid group action to the categorical level,
giving a categorification of affine algebras in their loop realization.

1D3. Link invariants and skew Howe duality. As referenced above, one can study
the sl, quantum link invariants via U (sl,,) representation theory using quantum
skew Howe duality. The latter is the quantum analogue of the duality arising
from the commuting actions of U (sl,) and U (sl;,) on the quantum exterior power
/\ (([:Z1 ® (DZ). The s, link invariants admit a formulation in terms of MOY
calculus [46] and sl,, webs [28; 32; 45], certain trivalent graphs which specify the
morphisms in a diagrammatic description of the category of U (sl,,) representations.

Cautis, Kamnitzer, and Morrison show that skew Howe duality admits a graphical
description in terms of so-called ladder webs, and use this to give an entirely
diagrammatic description of the full subcategory of quantum sl, representations
tensor generated by the fundamental representations [17]. In this formulation,
skew Howe duality specifies a representation of U (sl,,) in which an sl,, weight
A= (A1, A2, ..., A1) is sent to the to the m-tuple (ay, az, ..., a,;) that satisfies
0<a; <n, Z;":l ai = N and A; = a; — a;4+1, and weights not satisfying these
conditions are sent to zero. This representation maps the generators of U (sl,,) as
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follows:

aj+r aj1—r a;j—r ajy1+r
Pl T - TTHT

ap Gi—1 aj  4i414i42 am ap Gi—1 aj  4i4+14j42 am

Under this representation, the braiding on the category of U(sl,) is given by the
quantum Weyl group action, that is, diagrammatically, we have

v [T AT T e T TXTHT

ai—1 aj di4] 442 am ai—1  aj di4] 442 am

In this way, these link invariants can be computed and studied via the elements in
U (sl,,) corresponding to a given link diagram.

Under this correspondence, the internal braid group action plays an interesting
role in the diagrammatic description of quantum s, link invariants, as (1-3) shows
how to slide the image of an arbitrary element u € U (sl,,) through a crossing, i.e.,
it gives the equality

7 I
I/\

ag ai—1 aj Gi4] 4i42 am ai—1 aj Gi4] 4i42 am

where we abuse notation in denoting elements in U (sl,,) and their images under
the skew Howe representation via the same symbols.

This entire story lifts to the categorical level, allowing for the study of Khovanov
homology [34] and Khovanov—Rozansky homology [12; 49] following Cautis,
Kamnitzer, and Licata’s pioneering work in using categorical skew Howe duality
to study algebro-geometric categorifications of the sl,, link polynomials [16]. The
crucial point is that (1-9) lifts to map the Rickard complexes to the chain complexes
assigned to crossings in s/, link homology.

In the foam-based description of link homology [2; 40; 49], categorical skew
Howe duality maps generators in HQ (sl,) to explicit sl, foams, certain singular
surfaces that categorify s[,, webs. Theorem 1.4 then explicitly shows how to slide
not only webs, but also foams mapping between them, through crossings in sl
link homology. At the level of 1-morphisms (webs), this interaction is key to the
stability results used to define s[,, analogues of Jones—Wenzl projectors [12; 51; 56],
and we anticipate that our extension to the level of 2-morphisms will prove useful
for future arguments in link homology.
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2. The quantum group and Lusztig symmetries
2A. The quantum group U, (g).

2A1. Root datum. For the remainder of this article we restrict our attention to
simply-laced Kac—Moody algebras. These algebras are associated to a choice of
simply-laced Cartan datum consisting of

« a finite set /, and
e a /Z-valued symmetric bilinear form - on Z/ satisfying i -i =2 foralli € I
andi-je{0, -1} fori # j,

and root datum given by

 a free Z-module X, called the weight lattice, and

e a choice of simple roots {u;}ic; C X .and simple coroots {h;}ie; C XV =
Homyz (X, Z) that satisfy (h;, a;) = 2%, where here (-, -): XV x X — Z is
the canonical pairing.

In this case, a;j := (h;, @) =i - j, s0 (a;;)i jer is a symmetric generalized Cartan
matrix. Given an arbitrary weight 1 € X, we will often abbreviate (/;, 1) by either
(i, A) or simply by A;. We let {A;}ie; C X denote the fundamental weights, which
are characterized by the property that (h;, A ;) =§;; forall i, j € I.

We let Xt C X denote the dominant weights, which are those of the form
> AiA; for A; > 0. Associated to a simply-laced Cartan datum is a graph I’
without loops or multiple edges, with a vertex for each i € I and an edge from
vertex i to vertex j if and only if i - j = —1.

2A2. The simply-laced quantum group. The quantum group U = U,(g) associ-
ated to a simply-laced root datum is the unital, associative ()(g)-algebra given by
generators E;, F;, K, fori € [ and p € X v, subject to the relations

() Ko=1and K, K,y =K, 4, forall u, u" € XV,

(b) K E; =q" 4 E;K, foralliel, peXY,

() KyFi=q w4 FK, foralliel, peX,

(d) EF;—F;E; =6;;((Ky, — Kh_i])/(q —q‘l)), where we set K; := Kj,;, and
(e) foralli # j,

Y (—DEPE;E” =0 and > D FYFRFY =0,
a+b=—(i,a;)+1 a+b=—(i,aj)+1

where El.(a) = E{/[al!, Fl-(a) = F?/lal!, and [a]' = [];,,_, (@™ —q™™)/(q — g™ h).
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2A3. The integral idempotented form of quantum group. We will work with the
idempotent form of U, which is adapted to the study of U-modules with weight
space decompositions. This nonunital algebra is equipped with a collection of
orthogonal idempotents, and hence can be described as a Q(g)-linear category
U= U (), defined as follows. The objects of U are elements of X, and the
Hom-space between A, v € X is defined to be

U()L’ V) = U/( Z UK, —q(M,l)) + Z (K, _qw,v))U)'
nexy HeXxy

The identity morphism of A € X is denoted by 1, and we will typically abbreviate
the element 1,x1; € U (), u) determined by x € U by either I,.x or x1y, e.g.,
we have E;1, = 1,44,E; and F;1, = 1,_, F;. Composition in U is induced by
multiplication in U, that is,

(1ux1)(Lyyly) = 1uxyls

forx,yeU, A, u,v e X. The idempotent form U admits an integral form, defined
as the Z[g, g~']-lattice AUcU spanned by products of divided powers E; @ 2
and F; a)l

2B. (Anti)linear (anti)automorphisms of U. We use several Zlq, qil]—(anti)linear
(anti)automorphisms in this paper. For f € ((g), let f — f be the Q-linear
involution of @(g) that sends ¢ to ¢~ !.

o The Q(g)-linear algebra anti-involution ¢ : U — U is given by
o(E)=E;, o(F)=F, oK)=K "

o(fx)= fo(x) for feQ(g)andx €U,
o(xy)=a(y)o(x) forx,yeU.

o The (0(g)-linear algebra involution w : U — U is given by

o(E)=F, oF)=E, oK)=K",
o(fx)= folx) for fe€Q(g)andx €U,
w(xy) =wx)w(y) for x,yeU.

» The Q(qg)-antilinear algebra involution ¢ : U — U is given by
Y(E)=E, Y(F)=F, ¥(E)=K"

Y(fx)=fyx) for feQ(g)andxeU,
Y (xy) =y )y (y) for x,yelU.
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These (anti)linear (anti)involutions pairwise commute and generate the group
G = (Z,)? of (anti)linear (anti)automorphisms acting on U. The (anti)involutions
o, w, and ¥ all extend to U and 4U by setting

c(lp=1., o)=I1_, ¢d) =1,
and taking the induced maps on each summand 1 wUL,.

2C. Quantum Weyl group action on integrable U-modules. Let V = P, V. be
an integrable U-module. Then, for e = £1, Lusztig [38, 5.2.1] defines linear maps
t, ,t/ :V—>Vby

i,e’ “i,e

- b
t;,e(z) — Z (_])bqe( ac+b) Fi(a)Ei( )Fi(C)Z,
a,b,c;a—b+c=A;
Y@= Y (D EO R ER,

a,b,c;—a+b—c=2;

for z € V) that are commonly called the quantum Weyl group elements. They are
mutually inverse automorphisms (specifically, they satisfy t; t/ _, =1d =t/ _t;,)
that satisfy the relations

/ / / / / / v /" 7 v : . .
ti,etj,eti,e — tj,eti,etj,e and ti,etj,eti,e — tj,eti,etj,e lf l- ] — _1,
/ / i/ / A/ /1 : . .

t e =1 b, and  t],t7, =t t], ifi-j=0,

and thus define an action of the type-g braid group on any integrable module [38,
Theorem 39.4.3]. This action on a particular weight space can be conveniently
described by the infinite sums

— b 3
t 1 = Z (—1)bgeect pOp® p©y,
a,b,c;a—b+c=A\;
t/, 1, = Z (—1)bge-actd) Ei(a) F,-(b) Ei@ 1,

a,b,c;—a+b—c=M\;

of elements in U, from which the maps t;’ . ,t;f . can be recovered by taking the sum
over all A € X. It was shown in [17, Lemma 6.1.1] that these elements admit the

simpler form given in (1-2) above, that is, all terms with ¢ # 0 cancel.

2D. Lusztig’s internal braid group action. For each i € [ and e = %1, Lusztig
defines algebra automorphisms 7, and 7;", of U = U, (g) defined uniquely by the
compatibility with the quantum Weyl group action given in (1-3) above. They are
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given explicitly in [38, 41.1.2] by

T'l/,e(l)») = 15,‘()\.),

—qCHIFil50 ifi =¢,
T (E¢1)) = { E¢Eilg ) —q°EiEelg ) ifi-£=—1,
2-1 E¢lg ifi-£=0,
gV E g if i =,
T (Fely) = { FiFlg0) —q “FeFilg ifi-£=—1,
Fgl‘yi(}h) ifi-£=0,
and
T/, (1,) = 1),
—q " Fil;00 ifi =¢,
T/, (E¢ly) = {EiE¢lg0) —q “E¢Eilyp) ifi-£=—1,
Eqly o ifi =0,
—qe(k"_z)Eilsi()\) ifi=4¢,
T/, (Fel,) = FeFilg0) —q°FiFelggy ifi-0=—1,
Félsi()\) ifi-£=0,

where s; is the Weyl group element corresponding to the simple root «;, i.e.,
si(A) = A — (i, Ay ;. Lusztig further shows [38, 41.1.1] that (T}fe)_l =T/, and
that these automorphisms interact with the automorphisms from Section 2B as in
(1-5) above. As a consequence, we see that both Tl/ ., and Tl”e are invariant under
conjugation by the triple composite cw .

In what follows, we focus our attention on the automorphisms T/ |» since similar
results can be deduced for Tl/’/_l, Tif/l, and Tl/ _, using (1-5). When the context is
clear, we will abbreviate 7;'; by 7. In [38, 39.2.4 and 39.2.5], Lusztig shows that
the 7} satisfy

T'T)T =T,T/T] ifi-¢=-1,
T/T, =TT/ ifi - £=0,

and hence defined a type-g braid group action on U.

3. The categorified quantum group

We recall the definition of the categorified quantum group Uy (g), specifically the
cyclic version from [5], and establish a number of additional properties needed for
our arguments.

3A. Choice of scalars (). Let K be a field, not necessarily algebraically closed or
characteristic zero.



CATEGORIFICATION OF THE INTERNAL BRAID GROUP ACTION, I 15

Definition 3.1. A choice of scalars Q associated to a simply-laced Cartan datum,
consist of elements {7;;}; je; satisfying

e tjj=1foralli eI andt;; € kK* fori # j,

° lijj =1ji when ajj = 0.
We say that a choice of scalars Q is integral if t;; = £1 foralli, j € I.

The choice of scalars Q controls the form of the KLR algebra R that categorifies
the positive half of the quantum group U, and the 2-category Up(g) is governed
by the products v;; = tijlt ;i taken over all pairs i, j € I, which can be viewed as a
k*-valued 1-cocycle on the graph I associated to the Cartan datum.

Definition 3.2. A choice of bubble parameters C consists of elements ¢; ; € k* for
i € I and A € X. We say that they are compatible with the scalars Q if

(3-1) Cita;/Ci = tij.

Given any choice of scalars Q, we obtain a compatible choice of bubble parame-
ters by fixing c¢; , for a representative in every coset of the root lattice in the weight
lattice, and then extending to the entire weight lattice using (3-1). For a compatible
choice, note that the bubble parameters remain constant along an sl,-string since

n
Ciatna; = 1;;Cin = Cia-

3B. Definition of the 2-category Uy (g). Recall that a graded linear category is
an additive category equipped with an auto-equivalence (1) called the shift (see, for
example, [2]), and a graded additive 2-category is a category enriched in graded
linear categories. Throughout, we will use (¢) to denote the auto-equivalence
given by applying (1) ¢ times, and (—¢) to denote the auto-equivalence obtained by
applying the inverse of (1) ¢ times.

Definition 3.3. Fix a choice of scalars Q and compatible bubble parameters C.
Then the 2-category Uy := ug° (g) is the graded linear 2-category with:

e Objects: A € X.

e l-morphisms: formal direct sums of shifts of compositions of the generating
1-morphisms:

L, Liw&=Li,&L =861, LioFi=L_oFli=Fl,

fori € I and A € X.
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 2-morphisms: Hom-spaces are K-vector spaces spanned by (horizontal and verti-
cal) compositions of the decorated tangle-like diagrams

b iaL o L) UL AL ALQ)
l><; i EEL = EEL (=i ), ;><7 i FiFiL = FiFL(—i-j),
><j i FEid, — £ FL, ><; & FiL — Fi&i,,
L REL (A N L ERL=h),
AN FREL > L+ ), A EFL > L),

Note that we follow the grading conventions in [14; 34], which are opposite
to those from [26]. We read such diagrams from right to left and bottom to top,
and the identity 2-morphisms of the 1-morphisms &; 1, and F;1, are depicted by
upward and downward oriented segments labeled by i, respectively.

The following local relations are imposed on the 2-morphisms:

(1) Right and left adjunction:

Am Ata; | A At
A A Al At
mx A A Ata
A ta Atoi | A A+

(2) Dot cyclicity:

A A4
AY At

)»+Oli A
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(3) Crossing cyclicity:

A =
<
i J i J
A = A = A,
j><i \}{\
J i J i
i J i J
A
)\. = =
J i J i

The next three relations imply that the £’s (and F's) carry an action of the KLR
algebra associated to Q:

(4) Quadratic KLR:

A tij ifi-j=0,
= i ]
i J
l,'j i
i J

(5) Dot slide:

(6) Cubic KLR:

tij ifi=kandi-j=-—1,

i itk il o Nk 0 ifi #kori-j#—1.
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(7) Mixed EF: fori # j,

i j i J i j i j

(8) Bubble relations:

A i LA . _
i {CM Idy, ifm=0, ! B :C;A Idy, ifm=0,

“lo ifm <0, 0 ifm <0,

}\,-fl+m 7)L,-71+m

(9) Extended sl, relations: These final relations are the most involved, and require
the introduction of fake bubbles — positive degree endomorphisms of 1, that are
denoted by a bubble carrying a formal label by a negative number of dots. They
are defined by

o
e G Q if0<j<—hi+l,
= at+b=j Ai—1+a —Xi—1+b
b>1

i

gl 0 if j <0,

when A; < 0, and by

. A
l l
e Xy )y o<j<n+n
Q = atb=j r—l1+a  —ri—1+b

14 ezl

' 0 if j <0,

when A; > 0. The extended sl, relations are then as follows, where we employ
the convention here (and throughout) that all summations are “increasing”, that is,

> aibremp Xab.c is zeroif p < 0:
i
A *\-)Z

)\ i
- My G
' i i atbe —hi—l+b
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Remark 3.4. We will find it helpful to work with the reduced presentation for 2/
where we restrict to the generating 2-morphisms

Atdi ? A :Silx—>5,-1x(2), />< Al&'fjlx—)é}&‘lx(-l“j),
; i
Lo AELO+A), N Lo GRL- L),
A

Lo

i A

i A
f\ FEL — Li{l+ X)), m EFL — Li(1—A).

Indeed, the downward dot 2-morphism and sideways and downward crossings can
be defined in various ways by composing the upward versions with caps and cups,
and the cyclicity relations show that they do not depend on the choices made in
doing so. Further, Brundan [7] has shown that this presentation can be further
simplified to agree with the one given by Rouquier [54] that requires a smaller set
of axioms, together with the requirement that certain 2-morphisms are (abstractly)
invertible. Although this further reduced presentation is helpful in checking that
biadjointness and cyclicity hold in various 2-representations, it is not useful in our
present work, as showing that the required maps are invertible essentially requires
verifying the omitted axioms in Uy.

3C. Additional relations in Ug. Here, we collect additional useful relations that
will be used in later sections.

3C1. Curl relations. Dotted curls can be reduced to simpler diagrams using

A A A
m fli A m i 81
= — s = .
i fitfr; rAi—1+ 1> i g1+8 —p—1+ o) H
1 :m—)\i 1 i f 1 :m—}—)»,' i 8 J

Note that in [14; 33] the m = 0 cases of these relations were included in the
defining list of relations, but it was shown in [5, Lemma 3.2] that these relations
(for arbitrary m) follow from the relations presented above.

3C2. Infinite Grassmannian relations. These relations are obtained by equating
the terms homogeneous in ¢ in the expression below:

A

(G + 3 et o ) (G ey ),

—xi—1  —A;j—1+1 —Ai—1+o Ai—1 Ai—141 Ai—14a

For low powers of ¢, these relations encode the definition of fake bubbles in terms of
(real) bubbles, and, for higher powers of ¢, they follow from the curl and extended
sl, relations.
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3C3. Bubble slides. In what follows, we make use of the shorthand notation [27]

A A A A
ii : L iz : i _ i
o (i,A)—1+a N+a —(i,A)—1+a

As long as « > 0, this notation makes sense even when # + o < 0, in which case

these are the fake bubbles defined in the previous section.
Counterclockwise bubbles can be slid through upward oriented lines via

o Aoy,
}:m+1—fﬂ(}‘ ifi =j,
f=0 ot/
i
) A +Olj )»+Olj
SN AC RS ifay =1,
o Na—1
Q"I‘Ol j
J A +Olj
tij @ if ajj = 0,
N
) A A A
i —2 { } + { } ifi = j,
Ataj o Fa—2) o+(a—1) ota
i . J J
) : ro
Nt j tl-;l Z(—ti;ll‘ji)f l ifa;j =-1,
/=0 o f)

J

and we have similar relations involving clockwise bubbles:

a o— f A
P CES TIPS ifi = j,
=0 o
A A
A i i .
o VTt g
No—1 [ 2]
N+ j j
! A
tji G ifaij:0,
o
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A+ Ao Ao

. 2 i i

;@ ) G + G ifi=j,
by o+ (@—2) N+ (a—1) ] L e

Q Ataj f
N+ - i .
j ¢ 12( 1 z],)fQ if a;j = —1.

Oto—f

J
Both types of bubbles can then be slid through downward oriented lines using these
relations and the cyclicity of Uy (g).

3C4. Triple intersections. We have

i J

W A AV

a

Q T+ N d@ ifi=j=k,
f\

a+b+c+2d &b
——i— c
i T £

0 else,

+b+c+
=Ai

which is [33, Proposition 5.8] when i = j =k, and follows from cyclicity, the mixed
EF relation, and the cubic KLR relation in the other case.

3D. The 2-categories UQ, Kom(aQ), and Com(l;{Q).

3D1. Categories of complexes. Given an additive category M, we let Kom(M)
denote the category of bounded complexes in M. By convention, we work with
cochain complexes, so an object (X, d) of Kom(M) is a collection of objects X i
in M together with maps

C di di—1

xi—1 xi iy xi+l i

such that d; 1d; = 0 and only finitely many of the X'’s are nonzero. A morphism
f:(X,d)— (Y,d") in Kom(M) consists of a collection of morphisms f; : X' — Y
in M such that fi1d; =d. f;.

Recall that morphisms f, g : (X,d) — (¥, d") in Kom(M) are called (chain)
homotopic, denoted by f ~ g, if there exist morphisms 4’ : X! — Y/~! such
that f; — g; = hi*tld; + d_ lhi for all i. A morphism of complexes is said to be
null-homotopic if it is homotopic to the zero map.
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Definition 3.5. The homotopy category Com(M) is the additive category with
the same objects as Kom(M) with morphisms given by morphisms in Kom(M)
modulo null-homotopic morphisms.

We say that two complexes (X, dx) and (Y, dy) are homotopy equivalent provided
they are isomorphic in Com(M), and denote this by X >~ Y.

If M is monoidal, then Kom(M) is also monoidal, with the tensor product
(XY,d) of (X,dyx) and (Y, dy) defined as

(3-3) XY)'= @ XY, di= ) (dx) My +(=1)" Idxr(dy);.

r+s=i r4s=i

Here, we denote the tensor product of objects and morphisms in M by juxtaposition.
Given chain maps f : (X, dx) = (X', dy) and g : (Y, dy) — (Y, dy’) define the
tensor product fg: (XY,d) — (X'Y’,d") of chain maps by setting

(3-4) fi= D frss.

r+s=i

It is straightforward to check that if f ~ f’" and g ~ ¢/, then fg ~ f'g’, so Com(M)
inherits a monoidal structure from Kom(M).

Remark 3.6. More generally', if C is an additive 2-category, we can consider
the 2-categories Kom(C) and Com(C) obtained by taking complexes in each Hom-
category. The above description of tensor product of complexes specifies how to
take horizontal composition in Kom(C) and Com(C).

3D2. Karoubi envelope. The Karoubi envelope Kar(M) of a category M is the
universal enlargement of M in which all idempotents split. Recall that we say an
idempotent e : b — b in a category M splits if there exist morphisms b £ b’ Ry
such that e = hg and gh = Id,. The Karoubi envelope Kar(M) admits an explicit
description as the category whose objects are pairs (b, ¢), where e : b — b is an
idempotent of M, and where morphisms are triples of the form

(e, f,e):(b,e) — (b, e€)

for f : b — b’ in M satisfying f = ¢'f = fe. Composition is induced from
composition in M, and the identity morphism is (e, e, e) : (b, e) — (b, e).

The identity map Id, : b — b is an idempotent, and the assignment b — (b, Idy)
defines a fully faithful functor M < Kar(M), and this functor is universal among
functors from M to idempotent split categories. If M is additive then so is Kar(M)
and this embedding is additive; in this case, for (b, e) € Kar(M), we have that
b=ime @®im(d, —e) where ime := (b, ¢). See [33, Section 9] for more details.

IRecall that a monoidal category can be interpreted as a 2-category with only one object.
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The following result shows that the Karoubi envelope interacts nicely with
passage to (homotopy) categories of complexes.

Proposition 3.7 [4, Propositions 3.6 and 3.7]. For any additive category M
there is a canonical equivalence Kom(Kar(M)) = Kar(Kom(M)). If M is k-
linear with finite-dimensional Hom-spaces, then there is a canonical equivalence
Com(Kar(M)) = Kar(Com(M)).

3D3. Karoubi envelope of Ug.

Definition 3.8. The additive 2-category Uy has the same objects as Uy and has
Hom-categories given by LYQ (A, M) =KarUg (A, 1)).

Horizontal composition in HQ is induced from composition in Uy using the
universal property of the Karoubi envelope, and we similarly obtain an additive, fully-
faithful 2-functor Uy — ZLIQ that is universal with respect to splitting idempotents
in the Hom-categories Z;IQ (A, A). The significance of the 2-category UQ (g) is given
by the following theorem.

Theorem 3.9 [26; 33; 61]. There is an isomorphism y : AU =5 KO(Z/'{Q (g)) where
Ko (UQ) denotes the split Grothendieck ring of UQ.

For g = sl,, this theorem also holds over Z by the results in [27].

3D4. Karoubian envelopes of Kom(U) and Com(U). Following Remark 3.6 above,
we consider the 2-categories Kom(lp) and Com(Up). Noting that the 2-Hom-spaces
Up(x, y(t)) are finite-dimensional k-vector spaces for each ¢ € Z, Proposition 3.7
gives equivalences

Kar(Kom(Up)) = Kom(Up), Kar(Com(Up)) = Com(Uyp).

We arrange the various 2-categories built from ¢/ into the following diagram,
wherein the horizontal arrows denote passage to the Karoubian envelope, and vertical
arrows denote the canonical maps between the various categories of complexes:

UpC© U = Kar(Uyp)

|

Kom(Ug) ——————— Kom(Up) = Kar(Kom(U))

l l

Com(Ug) —————— Com(Uy) = Kar(Com(U))
Theorem 3.9 and the main result of [52] imply that

Ko(Kar(Com(Up))) = Ko(Com(Kar(Up))) = Ko(Kar(Up)) = Ko(Up) = U,
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where we employ the triangulated Grothendieck group for the categories of com-
plexes. We can hence view the Karoubi envelope of the homotopy category Com(Up)
as a categorification of the integral idempotent form 4U of the quantum group.

3E. Symmetries of categorified quantum groups. We now use symmetries of the
diagrammatic relations in /o to define 2-functors o, w, and ¥ (for a general choice
of scalars Q and bubble parameters C) that lift the symmetries of quantum groups
from Section 2B. This extends the work of Khovanov and Lauda in [26], who defined
such functors in the specific case where f;; =1 =¢; foralli, j € I and A € X.
These 2-functors extend naturally to 2-functors on HQ, Kom(d{Q), and Com(UQ) [4],
and induce the corresponding quantum group symmetries o, w, and ¥ on 4U upon
passing to K. For this reason, we refer to them as symmetry 2-functors.

Rather than being 2-endofunctors of /o, some of these symmetries map between
versions Uy and LI’Q of the categorified quantum group corresponding to different
bubble parameters. (Caveat lector: Z/Ié2 should not be confused with /- from [14]
which instead corresponds to a different choice of scalars .) We define L{/Q to be the
2-category given in Definition 3.3, but with the bubble parameters for ¢/ replaced
by primed bubble parameters (c; ;) := ¢ l,x- The primed bubble parameters are
still compatible with the choice of scalars Q (used for both ¢/p and M’Q), since

(Cipta,) Ci_,l(Haj) _ Cia

= — = =1j.
(cin)' ity Ci—r—a,

In addition to mapping between versions of the categorified quantum group corre-
sponding to different bubble parameters, the symmetry 2-functors possess various
flavors of contravariance. Nevertheless, they are morally pairwise-commuting invo-
lutions, as the double application of a given symmetry is the identity and the result
of a composition does not depend on the order, despite the domain and codomain
being different versions of the categorified quantum group. Given this, we will
slightly abuse notation and refer to the symmetry and its inverse by the same symbol.

3E1. Forms of 2-categorical contravariance. Recall that a contravariant functor
C — D can be rephrased in terms of a (covariant) functor C — D°P, where DP is the
opposite category, defined to have the same objects as in D, but with DP(x, y) :=
D(y, x), i.e., the direction of the morphisms is opposite to that in D. For a 2-
category C, we can take the opposite 2-category in various ways, depending on
whether we take the opposite at the 1-morphism or 2-morphism level (or both).
Denote by C°P the 2-category with the same objects as C, and where we’ve taken
the opposite with respect to 1-morphisms, that is, for objects x, y in C, we let the
Hom-categories be given by C°P(x, y) := C(y, x). Let C* denote the 2-category
with the same objects and 1-morphisms as C, but with opposite 2-morphisms, i.e.,
for objects x, y in C, we let the Hom-categories be given by C*°(x, y) :=C(x, y)°P.
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Finally, C®°°P is the 2-category in which we’ve taken opposite 1-morphisms and
2-morphisms, in other words, C*°°P(x, y) := C(y, x)°P.

In the case of the 2-category U, functors between these opposite 2-categories cor-
respond to Z[gq, ¢~ ']-(anti)linear algebra (anti)automorphisms of 4U upon taking
the Grothendieck group, as summarized in the following table:

2-functor induced map on 4U

LYQ — UQ Z[q, g~ ']-linear homomorphism
HQ — Z/'{%p Z[q, g~ ']-linear antihomomorphism
LIQ — Z/{CO Z[q, g~ ']-antilinear homomorphism

Z/IQ — Z/{CQOOP Z[q, g~ ']-antilinear antihomomorphism

In the following sections, we will explicitly describe o, w, and ¥. To do so, we
will use the notational convention from [26] that £_; := F;.

3E2. The 2-functor o :Ug — (Z/{/Q)"P. Consider the operation on the diagrammatic
calculus or U that reflects a diagram across a vertical axis, replaces A <> —A, and
scales all ii-crossings by —1. This operation is contravariant for composition of
I-morphisms, covariant for composition of 2-morphisms, preserves the degree of a
diagram, and takes relations in U to those in L{’Q. As such, it defines an invertible
2-functor given explicitly as

o:Uyp—> (Z/{'Q)Op,
A=A, 1,84 Exiy - Ex, L) > 18, - Ein Ei 1 (1),

A><J s (= 1)% }{ X. > (—1)% }{,
%H(I)UK ><:H(1)~:><

—A i —A
QHN,UHU UHU ﬂ'_)m

TTTTllii

This extends to a 2-functor o : Kom(Up) — Kom(Z/{/Q)"p defined on 1-morphisms via

) ~o(di-1)

X.d) > (= o (X1 o (X1) SV ity

and on 2-morphisms by applying o componentwise. The alternating differential
is essential here to preserve composition of 1-morphisms (contravariantly), due to
the sign conventions in taking horizontal composition of complexes.

3E3. The 2-functor w : Ug — Z/[’Q. Consider the operation on the diagrammatic
calculus for U that reverses the orientation of each strand, replaces A <> —A, and
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scales all ii-crossings by —1. This operation is covariant for composition of both 1-
morphisms and 2-morphisms, preserves the degree of a diagram, and takes relations
in Uy to those in U’Q. This defines an invertible 2-functor given explicitly as

w:Ug — Uy,
A=A, 1,848, - Ea, L) > 1 840 Exiy -+ - E5i, Lo (1),

A><] > (= 1)% X. , ><v_ > (—1)% >< ,
><] s (— 1) >< >< > (—1)% ><

—A i —A
mﬁﬂ,UHU UHU f\Hm

ol b Lol et

This extends to a 2-functor w : Kom(Up) — Kom(Z/[é) defined on 1-morphisms via

w(di-1)

(X, d) > (- — o(X ™) LU0 (xiy 2@,

o (X =)
and on 2-morphisms by applying « componentwise.

3E4. The 2-functor  :Ug — (Ug)°. Consider the operation on the diagrammatic
calculus for Uy that reflects a diagram across a horizontal axis, and reverses the ori-
entation. This operation is covariant for composition of 1-morphisms, contravariant
for composition of 2-morphisms, and preserves the relations in Uyp. It determines
an invertible 2-functor given explicitly as

v iUg — Ug)®,
A=A, 184 Exiy - - Ex, () > L84 Exiy - - - Eiy, La (1),

R B S

J 1
SN WA S A SN
i/\'—>i A U)\'—)/\v ; %Hﬂ’ \i[\'—>i 2>

=T tet Il tet

Note that i must negate grading shift in order to be degree-preserving, due to
2-morphism contravariance. As such, it descends to an antilinear map on the
Grothendieck group. This extends to a 2-functor ¥ : Kom(Up) — Kom(Up)° given
on 1-morphisms by

(X’d)'_)(_>W(Xl+1)M>w(X) Y (di-1) ‘ﬁ(Xl 1)_> )



CATEGORIFICATION OF THE INTERNAL BRAID GROUP ACTION, I 27

and on 2-morphisms by applying ¥ componentwise. Implicit in this formula
is that ¢ negates the homological degree, i.e., for (X, d) in Kom(l/) we have

(X)) =y (X7,

3ES. Properties of symmetries of categorified quantum groups. The symmetries
o, w, and Y are graded, additive, K-linear 2-functors, and it is immediate from their
definitions that each squares to the identity. The induced 2-functors on categories
of complexes descend to homotopy categories. The following result is immediate
from the above definitions.

Theorem 1.3. Under the isomorphism
Ko(Ug) = AU = Ko(Uy)

(see Theorem 3.9), the 2-functors defined above descend to the corresponding
symmetries: [0] =do, [w] =dw, [V] =d.

Remark 3.10. The symmetry wyr (which reflects a diagram across a horizontal
axis, sends A to —A, and scales all ii-crossings by —1) is closely related to the
Chevalley involution introduced in [7]. There, Brundan uses this to move between
the 2-categories L{CQO and Uy associated to different choices of scalars. In the cyclic
setting, changing the choice of scalars from Q to Q’ is no longer necessary, provided
we change the choice of bubble parameters from C to C’ as above.

4. Defining the categorical Lusztig operator ’7:’ 1

We now proceed to explicitly define additive, K-linear 2-functors ’7:’ | s Ug —>
Com(Up) for each i € I. In Section 4A we define Tl’ , on objects and generating
1-morphisms, and extend via additive 2-functoriality to all 1-morphisms, i.e., we
send the horizontal composition of generators to the appropriate horizontal com-
position of the complexes giving their images, via (3-3), and map direct sums to
the corresponding direct sums. In Section 4B, we extend this definition to the
2-morphisms in U, assigning explicit chain maps to generating 2-morphisms,
again extending to all 2-morphisms as required by additive 2-functoriality.

Section 5 is then devoted to showing that 77 | 1s well defined, that is, showing
that it preserves all defining relations on 2-morphisms of I/, up to chain homotopy.
We also explicitly compute the chain homotopies involved. We note that this check
is considerably lengthened due to the many relations that must be checked, and the
piecewise nature of the definition of the (categorified) Lusztig operator, specifically,
its dependency on the value of the bilinear form on /.

Theorem 1.1. Let g be a simply-laced Kac—Moody algebra. Then the data given
below defines a 2-functor

T 41 1 Uo(g) = Com(Up(g))
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so that the induced map on K (UQ (g) = Uq (g) satisfies
[7;f+1] = Ti/,+1 : Uq(g) — Uq (9).

Given this, we then define the other versions of the categorified Lusztig operators
using the symmetries of categorified quantum groups from Section 3E.

Definition 4.1. Let
777—1 = 07110’ 77/1 = wﬁfl‘”’ 77{—1 = ‘/f7;f1‘/’»

where in each case we apply 7, on the appropriate version of the categorified
quantum group, as determined by the codomain of the categorified symmetry.

The following result now follows from Theorems 1.1 and 1.3.

Corollary 4.2. Upon passing to KO(HQ (9)), we have

[T11= [0T 01 =[o1[T 16l =T} 10 =T},
(7711 = [T 0] = [0l[T;]l0] = T} 0 = T},
(T = Wl =WHT W] =y T, ¢ =T/_,.

Recall from the introduction that, while a similar categorification has previously
been defined on 1-morphisms [12], our definition extends to the 2-morphisms in
UQ (g), meaning that our categorified Lusztig operators help illuminate the higher
structure of categorified quantum groups.

We now proceed with the definition, regularly abbreviating 7/, simply by 7;". In
addition, we will make use of color in the diagrammatic calculus for Z/'IQ in specifying
T, as follows: strands which are i-labeled (their label agrees with subscript on 7;)
will be black, those whose labels j and j’ satisfy i - j = —1 =i - j’ will be blue
and magenta (respectively), and those with label k satisfying i - k = 0 will be green,
unless stated otherwise.

4A. T, on objects and 1-morphisms. On objects, we define the 2-functor 77 , by
T () = si (M),
where s; is the corresponding Weyl group element, defined by s; (L) = A — X;;. On
generating 1-morphisms, we define
T/ (1) = &15,0),
Filson(—2—21;) > &0 ifi =¢,

/Sl — \
TrEL) =) peeity o)~ £8 1,00 (1) ifi-€=—1,

*1,0) ifi-0=0,



CATEGORIFICATION OF THE INTERNAL BRAID GROUP ACTION, I 29

&0—)5,’151.@)()&,) 1fz:€,
T (Fel) = €>< :
! FeFilgo)(—1) —— &FiFelgo) ifi-€=—1,
&7l ifi-0=0,

where we have omitted all nonzero terms in these complexes, and we follow
our convention in denoting homological degree zero with a &. Since each of
these complexes has at most two nonzero terms, it is trivial that the square of the
differential is zero.

4B. Definition of 7:: 1 on 2-morphisms. The 2-functor Tl/ | 18 given on generating
2-morphisms as follows. In these equations, we let our strand labels satisfy i - j =
—1=1i-j andi-k =0, and follow the color conventions specified above. We
will omit labeling the weight s; (1) in the far-right region of the diagrams in the
codomain, and in most cases will also only show the nonzero terms in our complexes.
Additionally, we will depict complexes of the form

as anticommutative squares with arrows labeled by the corresponding maps, for ex-
ample, the last diagram in Section 4B2 depicts a chain map between such complexes.
In all cases, the chain map condition follows from the defining relations in Uy.

4B1. Definition of 7:’ | on upwards dot 2-morphisms. We have

Fils;oy(—=2i) & & d,00(2)
T’(H“ﬁ A)-: t T’(““’“ *)-: .
' i i o k k ’
Filgon(=2—24) & &l

X

/ )»—i—aj’{ A\ ‘gjg"lfi(l)(z)j—i>5i5j1s,-(k)<3>
St i

&EEiL, o) —— EE L5 001)

4B2. Definition of ’77 | on upwards crossing 2-morphisms. We have
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-F-Fls,(k)( 8 —2A;) &51(/5](15[(1)(—/(-16/)
) KL ()
’ 1 k k, . { k/

-7:1]:1 c,(A)( —2A;) & Eérl

EFils o) (=2 —Ai) Fi&k L0 (=2 —A)
T( /A>:: i : 77(\’\>:: X ,

ik " ko ki
Fi&ilso)(=2—Xi) EFils (=2 —A)

X

5]-5,'.7:,'151.()\)( )L )—)& 5 5 ./T'lv (A)( )» )

()= ¥ 1

fi _l>< fh
(%)

Fi€i&ilson(—1—ri)—1L 1 & F&EiLg0)(—Ai)
Fi&i&i 1s.0)(— )—)& Fi&&j 1 0(1

-1 X

gjgi}-ils,-()»ﬂ 2— )» )—)& 5 5 ]:13 (A)<_1 —

¥

& EEEL oy (—) k)KL 6 EEi L)1 — k)

(7)) o[

*gjgigkls,‘()») J Lk ggklv(k)<

*gjgigkls,-(kﬂ —k - ])—)55 Ekls,(k) 1—k ]

WY

& EEEL o) k J 1 EEi€jls (1)
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T( Xk) =
i
Ei€pEi&iLson{l—j-j")

\

EEpEE Loy (2—j-J)

&EEEEL o (—j )

1y iy ZT%IT Ep&i&i&iLlgo(l—j-J')
lij R

JiJ

EEiEi&iLgon(l) |
X

Jji

3

J |t
&EEEHE L)

i Ei&iEi Ly 00 (2)

10

Jji gjgigigj/lsi(k)(1> l

H

In this last diagram, we have omitted the differentials on the codomain, so as not
to overcrowd it; they are given analogously to those in the domain, with j < j'.
Recall also that v;; := tl.;ltj,-.

4B3. Definition of 7:’ | on cap and cup 2-morphisms. We have

& 1001 —2) & EiFiLg (1 +2)
ﬁ/(fi\v)): C[,A[i\)[ , 77(\[_})&): CI_AIA\/[ ,
& Fi&ils ® 10
& Fi&ilgon(l—Ap) & Lo)(1+2;)
f’(A\l/ k) = Ci \lj[ ) 7:/([[\ X) = Cl_xl /\v[
&1 & EiFils o

Note that the maps have the correct degree since the rightmost region in all the
images is labeled by s; (X), and 13=(i, 5; (A)) =1 (i, A—Ajo) = 1A F20,; = 1FA,;.
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We have
& 1g00(1—2g) & Fi& s o)1+ k)
A A
k o Kk e A
(A =e ] w (=]
& EFils o & 10
& EFils o0 (1 — Ak) & 101+
A K A k
(OO T R
& 10 & Fi&ils o

The maps have the correct degree since 14 (k, s;(L)) = 1£ (k, A — L) = 1 £ Ag.
We have

&}'}'551“)\)(1—#/\ ll%
XT/ \

></ ]'-.7'—88 151()»)2+)‘

T( I)A +1
’ &135(1)

(=)

0 &1 0
G R / it A

*EETFFilyoyh,;—1)

*4/ 11X

Ei& T Filsoy(hj—2) EEFiF il 0)(h))

M 1l

& EEFiFilgorj—1)
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& EEFFilg oyl —2))

X1

Ei&iFiFilgon (=4, EEiFiFiLson(2—Aj)

Ll

& EEFiFiL o)l —4j)

( tl]) C,)\ —a;j (—]))“J'cj‘k ( tl]) Czk —aj ( ])Ajcj,k
Y N\
0 &1 0
; A
T(f\ ) =
0 &1, 0

LN

(—t;)! A’Ci,,\(—l)'\’Cj,)\

LN

(—t;)! Alci,)\(_l))\'/cj,x

& FiFiEE Ly~

A/

ng 51;{(1) > ]:z 155 1s,(k)< )‘

\\%

& FFEE L0 (—

—Aj)

LIX

As above, a simple computation shows that the maps have the correct degree, e.g.,

si ()
deg(@ ) =1+ (i, si0)) + 1+ (i, 5100 +
:2+)\.j A+ r—AG-D+i-j= 1+)\.j.
5. Proof that categorified Lusztig operators are well defined

We show that 77 | is well defined, i.e., that 77 | preserves the defining relations
in Up, up to chain homotopy. We’ll see, however, that many cases do not require a
chain homotopy. For example, 77 | preserves on the nose any relation that does not
involve j-labeled strands (for i - j = —1), since here the complexes involved have
only one nonzero term (in the same homological degree), precluding the existence
of nontrivial chain homotopies. A complete proof consists of checking many cases
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for each relation, since 7:’ | 1s defined in a piecewise manner that depends on the
connectivity of the graph associated to the simply-laced root datum.

To simplify this task, we will work with the presentation of Uy implicit in
Remark 3.4. Specifically, we view downward dot and sideways and downward
crossing 2-morphisms as defined in terms of cap/cup 2-morphisms and their upward
analogues (in the case of downward dots, we choose the presentation in terms of
right-oriented caps/cups). It follows that 7:’ | 1s already fixed on these 2-morphisms
(by 2-functoriality), and we record its value on these composite 2-morphisms in the
Appendix. We make extensive use of these computations in the sections that follow.

Throughout, we will continue with our convention that the labels j, j' € I satisfy
i-j=—1=i-j and correspond to blue and magenta strands, while the labels
k,k" € I satisfy i -k =0 =1 -k’ and correspond to green strands. We also let £ € [
denote an arbitrary label.

5A. Adjunction relations. We verify the right and left adjunction relations given
in Definition 3.3(1).

Proposition 5.1. For all ¢ € I the equalities

()1,
() [y

hold in Com(Up).

Proof. When £ =i or £ =k with i -k =0, these relations follow from a straightforward
computation, provided one is careful with the relevant parameters. For example,
the first equality follows from the computation

T/(. N A) zci,x+a,-ci_,)\lm ) l si(x)Z”ﬁ’(T )"),

when £ =i, and from

77( K) _ tliix,-w-k)—x, 5;(X) _ s 77( A>,
k ! k k

when £ = k. We omit the other checks, as they are completely analogous.
For ¢ = j, the coefficients are more delicate. As 7;’ (€£j1,) is a 2-term chain
complex, we will use an ordered pair to describe its chain endomorphisms (with the
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convention that the first term in the pair corresponds to lower homological degree):

A +Olj
(7)ot
' A

Oy, m)
(1)

J i i J

. A "
J
A—aj

(=DM e (=DM )5,

(11| ) (),

Joi i J J

i A
T( ’m )= (=)' e (=DM e (=) e (=1 e
(A1)
_ (T Ts,m, T Ts,-@)) :T/(T )\)7
J

Joi i J

A—aj
7;/( N )_( ti; )1 ()»-i-l)cl —Ol( l)l -2 J—){ a( tl‘])}“ l—){ a.(_])kjcj)\
J
A

()
(170 o)) :

J i i J

IC

S

5B. Dot cyclicity. We verify the dot cyclicity relation given in Definition 3.3(2).
Recall that, in our presentation given by Remark 3.4, the downward dot morphism
is defined in terms of the upward dot morphism and rightward cap/cup morphisms.
Dot cyclicity is then equivalent to the following.
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Proposition 5.2. For £ € I, the relation

holds in Com(Up).

Proof. We compute the left-hand side, and verify the relations by comparing to
the results of Section A.1, which give the value of 7, on downward oriented dot
2-morphisms:

ﬁ/(im)\)_clkcl; O[Tﬂ: }\ = /(i A )
T/(jmk)—( i)' Ve o (1M (mhp e (=DM ey,

_ (f |50 | isiu)) _ T(i x)

J i i J

7:/(]( ° A‘): ° — [ ] =:7;/< ° )\4) l:,
k k

5C. Crossing cyclicity. We now verify the crossing cyclicity relations given in
Definition 3.3(3). It suffices to prove cyclicity for the downward crossing, as the
relations for the sideways crossings follow from this and the adjunction relations. We
will use the value of the downward crossing from Section A.3, where (by definition)
it is given in terms of the upward crossing and rightward cap/cup 2-morphisms.

Proposition 5.3. Forall ¢, ¢’ € I, the equation

holds in Com(Up).

Proof. We compute the left-hand side, considering the three possibilities for each
£, £ € I in relation to the fixed node i € I. For both stands labeled i, we have

1
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For strands labeled i and j, we have

o)

i]

-1 1—(Ai+1 A-—2 -1
_Czk o oz( t’J) (+)c)\ Ol( 1) j}\,*ol‘

Cl)\( tlj)k 2 zk —oi— ( 1))L +1C] k—a,( % % )
- —1.— A
’f/(ﬁ“@f)

Ji
e
= (- tlj) lCtA oz( D™ Cin aCzA

1€ oy (1)) €l (= 1) ’CM( %}4 w & %}J )
1518 ) =)

For crossings in which at least one strand is k-labeled and no strand is j-labeled,
the relations are trivial to check. We compute

T )= = B ( k)
l P Nk v )
14 k k'
) /A
77<@)» _C,)E—a—akci,)\tki@:tkzi /; _77< K )
i 1
ik Pk
) B A
77( N A zcm_akci,;_ai N =tk,‘1;\. =: 77( k\v )
i 1
o ki

For strands labeled j and k, we compute

o 2 jk -1
Tl/(@ )L) = (—t;))! (A'H)CM—GJ—W (—Dh=2 kcjsl—a./—ak

Jk
J)
tkl( tU) Clk a( 1) /C]}L( s ’ < )
J ik i J k
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J /
=(—1)f'"‘r1;2fﬂ<< ¢J ’ /J )ZZ T( Y/kA)
i3 i ]k

J ik

77( N )_( ) e g (DL
kJj
(= l‘l])}L tA —ag— Ol( I)AJ jkcj)L Olk( Kj K\()
= (- I)J ktkt Jk ( k\/ Kﬁ ) \,)L>

Finally, in the case of a crossing between strands labeled j and j’, it’s clear that

A()-er(9)

Ji
for some scalar C. A direct computation shows that
~1 —1 —1 -
C=t; Uijein- o Ci p—a; CiACja—a, Ci'hma;C by —aj //ACMC]A a/) =1. 0
5D. Quadratic KLR.
Proposition 5.4. T preserves the quadratic KLR relation.

Proof. We verify (4) in Definition 3.3, first considering the cases that do not require
homotopies. We compute

f(§)- &

0 ifk =k,

T Tk ) ifk-k'=0,
k k'

ol
(

T’

e ek .> ifk-k'=-—1,
k kK k kK

(¥)
() o bt )
(3

k i k i ki !
(5 )ou > =l | =7
T > =tk > =tk =T | twi .
ik ik i k i k
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Our next four cases concern endomorphisms of chain complexes concentrated in
two adjacent homological degrees; we denote endomorphisms of such complexes
using ordered pairs. We compute

» AT AT
(&)1 1§
7; = tki ’tkl' /%
kJ kJi ki]
(lk] TT,UQ‘ T ) if j-k=0
— kJi ki J
(tk/ TT"‘% %Tv[kj.TT-l-tjk T/{) if j-k=
kJi kJi kilJ kil
77<fkj T) if j-k=0
77<tkj.T+fjk %) ifj k=
k Jj k J

and similarly

")

k

(et )- Eﬁj})

+ .) ifj'kz—l.
J k J

The remaining cases only hold up to chain homotopy. We compute

(%

)

J iJ i
Joii J l i i J

i
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(o] 3] ]

ol P L)

where in the second step we make use of the equality

R-g -t

L1

which holds in any weight. The result now follows since the chain endomorphism

-%L-%)

is null-homotopic with homotopy & : 7/ (£;€;1,) — T/(£;&;1,(2)) given by

Ry

Ei&iFilgon(—Ai)

REEjFils o)1 —2i)
-X1
Ei&iFilgoy(—2— 1) —————— S&EEFilson(—1—1;)
We similarly compute

(%)

rJ

iJ 1 i J i iJ

PN L
)]

i i i J

[
Jo(E %)

1 J1

i i
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where in this case we use the equality

g-%=-l-]h

i0 i
which holds in any weight. The relation is verified since the chain endomorphism
is null-homotopic, with homotopy given by

Fi€i&ils oyl = Ai) ——————— BFiEEjL;6)(2 — Ai)

X

Fi€i€ilyon (=1 = Ai) ———— ®F&E; L0 (=)
Finally, we compute the case in which strands are labeled j
T (EiEiL) = REEEE L)
— Ei&:&E Loy (1) ® EEEjEiLy (1) = EE;EE i Ly00(2),

and we denote the relevant endomorphism as an ordered triple. We abuse notation for
the component mapping between the terms in homological degree one: technically
this should be given by a 2x2 matrix, but, in the interest of space, we add all terms
in the relevant matrix, as the components are distinguished by their (co)domains.
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+tij —jidjj )

=t .t |t + i ,

LYY
+ tij +tijlij + tij
iJoJi
+ tij

which vanishes if j = j’, as desired. If j # j’, we instead have

/ N —1,-1 -1

-1 -1
T Tl s —lij
iJoJi N,
il N
1 J 1]
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If j - j/ = 0 the right-hand side of the above simplifies to

T ’jj’TT 155 | 5 »vz/ﬂX%—vu%XT TTTT

’

i joiiJ Joi
BN

+[ij’/m}{ +t,;1
JoiiJ

and if j - j/ = —1 it instead simplifies to
/
T fu/){ T +ijj T %
j
-1
+ | ity +t]]z] }{j (tjjvijr —tjr Jvlj)$ /><$
Jjoi j i
TW K T = T
+1jvij — 1jj'Vij —1jj
i joioilJ i J iiJ
1t} + 1t 17!
Ji'tij Jitij Ji'tj
+tjjti; m —tjj't;; é{ tuu
i i iJjoiy

In both cases, the second summand (the “error term” preventmg the relation from
holding on the nose) is null-homotopic. The nonzero terms of both null-homotopies
are defined as

-1
t”/t..,
| , if j-j'=0,
A= 1 St
-1 -1
ity I%H’Vﬂi’ﬁ% it j.j =—1
JiaJ JiaJ J ’
—1
—tiatl
R if j-j'=0,
B = 1 L
ii'tij J'itij cp e
ifj-j =-—1.
1 jay i Jjay I
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and seen in the following diagram:

EEiEpELgon(—=2] 'J'/+ 1)
KT _— 55 EEi g (—2] - ' +2)
& EiEEE Ly (=2) - I %TT/
\

Ei&i&iEjLlyon(=2j-j +1)

gigjgjfgilsi(k)(1> *TTX
&€l 0)(2)

R

TR Teg881, 00il) 0

*EiEEj & L0

SE. Dot slide.
Proposition 5.5. 7 preserve the KLR dot sliding relation.

Proof. We verify (5) from Definition 3.3, only exhibiting the computations for cross-
ings involving j- and j’-labeled strands (for j-i = —1 = j’-i), as all others are com-
pletely straightforward. For ij-crossings with dotted i-labeled strand, we compute

575 )- % % %&}ﬁ

which is null-homotopic, as desired, via the homotopy

Ei&iFils oyl —Ai) ———— & EEjFiL00(2 — M)
X
‘JA\\

Fi€i&lgon(—1—Aj) ————— & Fi&EEj 100 (—Ai)
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For the ij-crossing with dotted j-labeled strand, we have

(%)

R ) R)

For dotted ji-crossings, neither case requires a chain homotopy, so we omit the
computations, which are straightforward.

Finally, we consider dotted jj’-crossings. As in the proof of Proposition 5.4, our
chain maps here map between complexes supported in three adjacent homological
degrees, and we denote them as ordered triples. We have

)

i JoiiJ Jjoiij
rir] & ] _mm
ji l] iJjoJi i

g iJ g

rJo tJo

ﬁ}{ B e ()

JoiiJ iJoJi
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-1 -1
Z/(TT)-F tl/ ’tl[
J J
JjoiJi JjoiiJ
ot K e CE =TT e
=) Ji il Ji il JoioiJ
-1 -1
i iJoi
0 if j £ .

The relation thus holds on the nose unless j = j’, in which case the “error term”
is null-homotopic, with homotopy given by

T EEEEL () TTX
/

E:EE L o0 (2
&EEEEL ) T ?55/ 0 (2)
" Rt

E;i&&E L)1)

¥

1 Jo1

%

Ji 1]
EEi€i& L o)(1)
i Ei&E L 002
& EEEEL; 0 Ei€j&i€iLs0)(2)

Ei&i&i&ilon(1)

The verification that
T/( %_X )“’%"T/G T)
J J ] J joJj

1s almost identical to the above case, so we omit the details. O

5F. Cubic KLR.
Proposition 5.6. 7, preserves the cubic KLR relation.

Proof. We verify (6) in Definition 3.3, the “Reidemeister III”’-like KLLR relation.
There are 27 cases to consider, depending on whether the label ¢ of each strand
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satisfies i - £ =2, —1, or 0. To cover multiple cases at once, we will use the notation

tap fa=canda-b=-1,
Aabc ==
0 else.

Note that A pe = Acpa-
The relation holds on the nose (does not require a nonzero homotopy), except
for the strand labelings in the list

iji, Jjki's jij's Ji'j.

where we continue with our conventions for strand labelings (i - j = —1 =i j" and
i-k=0=i-k"). In the interest of space, we will explicitly exhibit three representative
cases that do not require homotopies (to give the flavor of the computations required),
exhibit the homotopy and verify the relation in the iji-labeled case, and exhibit the
homotopy (but not include all the computations involved for the verification) in the
remaining three cases.

In the jii-labeled case, the relation holds on the nose via the following computa-
tion, where, as above, we denote the chain map as an ordered pair:

/ _ 2
Joii Joii

22
22

N
;
;

<
—
R

z
;
;
;

2
=
=
W

-
-
-
-

=
=
=
5

-
-
-
-
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To simplify, we use the dot slide relation to move all dots to the top, and apply the
cubic KLR relation to cancel terms, arriving at

Joiii Joiii Joiii

Joiii Joiii J Joiii
><<l 13|

ijii i jii i Joii iJoii
- o/t

i Jii i Joii iJii

=0.

For the jik-labeled case, we have

:tlj
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where in the middle step we use dot sliding and (3-2).
The kjk’-labeled case is given by

/\
7;/
k J K
/\
-1 -1
=\ i s B
kjik kijK
_ | 4 A ] -1 N
= | i kjk' Ty s T + Akjrty,;
kJjik kJjik kiJjK kiJjK
:7;/ —|—Akjk/
k J K k J K

and all others that don’t require a nonzero homotopy are similar to these cases.
We now consider the cases listed above that require chain homotopies. Consider-
ing the iji-labeled case, we compute that

T g - }@ — 1 = (91, 2)
iJ i iJ i i J

/i i
a+]l
1
u T |y
a+b+c+d b
=(i,si(}))—2 ~
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/i i

a a

i i
CELET R

a+b+c+d b a+b+c b
=({i,5; (L))~ =(i,5; (1))~ ~

i j i
i U
= —lij Z Q +1ij = —lij
b+c+d
=(i.si(1)—1 /z\v
i Ji ijoii

and

o b @ h %ﬁ B %ﬁ B
% —HU@

In both computations, we make extensive use of (3-2). It follows that this chain
map is null-homotopic, with homotopy given by

Qi

a+b+c+d
=(i,s; ()»)-‘1-0{1')—1

= _tlj
VA

iioJoi

Fi&i&iFils)(—=2X1i = 5) ——————— Fi&i&j Fils)(—20i — 4)

\r
tij
¥

Fi&i&i Fils (=2 —5) ———— Fi&EjFilo)(—20 — 4)
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For the remaining cases, we provide the explicit homotopy between the relevant
maps. We have

a /
T; ~T; +Ajijr
ik ik . .
J J J J ik

via the homotopy

EEpEE & Ly (1)

E&EEEE Ly ——
‘ jlCickej 5i (L) ®5J/glgkglg]1Sl(k)(1>

w

‘gjgigkgj/gils,-(k) —

— &Ep&&EE L 0 (2)
0
(#2)

£ 6 E1E Ly (1
gl g] gkg] gl Si ()L) < > —> glgjgkglg]/]_SI ()L) (2)

BE;EEEE) Ls0)(1)
with

1 —1 2 __ 1,.—1
h _Ajkj/tkl ij . b= AJ/‘J/l‘kt tlj

Jikilj iJjkilj

For the jij’-labeled case, we have

T ~

1

=

+ Ajij

gy JoJ i

with chain homotopy given by (here we indicate the signs on the differential since
they are not the usual ones, due to the homological shift on 7;(&;1,))

Ep&iFi€i&iLgon(—1—1;) Ei&iFi&p&ilgon(—=1—A;)
J/<+>W J{(Jr)
EEpFiEi&i Loy (—Ni) EEFiEpEi Loy (—Ai)
@5j/5,']:,'5,‘5j 1s,~()»)<_)“i> @gjgiﬁgigj’ls[(k) <_}"i>

G
[or S8

Ei€jpFi&i€ils oy (1—4i) Ei€jFi&i&j Ly o)(1—4i)
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for

U
hl=— . hb=—
J i i

i JiJj i i Jjiij

For the final case with jj’ j-labeled strands, we have

T ~ T +Ajj

g g i

The relevant homotopy maps between chain complexes given as the triple composi-
tion of two term chain complexes, and is nonzero only when j # j’. We’ll exhibit the
homotopy assuming this, and that j - j* = 0, as the homotopy is more involved when
Jj+j'=—1. The latter is only possible when the graph I" corresponding to our Cartan
datum has a length-three cycle (which in finite- or affine-type only occurs for E:E).

We give the relevant homotopy, where, in the interest of space, we follow [26]
in defining &,...¢, := &g, - - - &, ; we also indicate the signs of the nonzero terms in
the differentials, which are given up to sign by the relevant ji- (or j'i-) crossing:

+ -+ 0
(i) Eijjriji (1) P Eijijrji(2) G-
&Ejijiji —— DEjiijji(l) —— BEijjriij(2) ——— MEijijij(3)
@fsjij’iij(l) m @51111 lj(2> ‘/\—O/
0
h3

(00 h)
0 0 h3
0 13, h3

Herein, the maps in the homotopy are given by

TR R 3_ -1l
hy =t vijt;; e , hy = —t;; vijt;j tj

-1

2 _ -l 2
h3, = —t;; vijtyj : W3y = —vijty Ly ’

Ji i J i

P R
has = —t;j vijtyj : O

Ji i ii]
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5G. Bubble relations. We now verify that 7 preserves (8) in Definition 3.3.

Proposition 5.7. We have

A A
H(G])- [t 1o () {2 m
S\ 8 0 ifm<0, "\ 52, 0 ifm <0.

Proof. We’ll give the proof only in the clockwise case, as the counterclockwise case
is completely analogous. The computations in Section A.4 show that

si(X)
2 . .
iy ifl=i,
—(i,s;i(A))—14+m
/ ¢ A Lk si(A)
77(Q )ZW}WI . if £ =k,
(€,A)—=1+m (k,si (M) —14+m
m si(A)
—h . .
ded Yeup g ) =y,
h=0 &+m—h &+h
which immediately gives the result in the m < O case.
For m = 0, we compute
si (A)
2 2 —1 2 -1
Cin =CiACis ) Id1, ) = €565 50 11,0,
—{i,5i(2))—1
= cl 2Cin Id1Y o = Ci Idls,-m»
si(2)
)\,,' _ )\,i _ )Vi
Iki ¢ = Ui Ch.si (3) Idls,- o = Tk Cka—hia Idlx,- )
(k,si (A))—1
A —hi
= tki tki Ck, ) Idlsi(x) = Ck,a Idlsim s

J

A —1 s; (A 1

f,-,-CMGQ i) = t],ClACj,sl-(x)Ci,s,-(x)Idlx,m f i Cjo—nio 1d1
20 &+0

t C]At 'Id]_ =ij)LId1 . O

Si (A) Si ()

In Section A.4 we verify that the infinite Grassmannian relations from Section 3C2
are preserved by 7.

5H. Mixed EF relation. We now verify (7) in Definition 3.3.

Proposition 5.8. 7, preserves the mixed EF relations.
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Proof. All cases involving k-labeled strands hold, and are trivial to verify. The
following computations exhibit half the requisite checks, and the remaining follow
almost identically. We make extensive use of Section A.2. We compute

7;/

~
=

o

=~

\/ ON

J k

I

k

t,; k\>k kkJ{ =0,
Il

1)

]t iJk

We now consider the cases requiring homotopies. We compute

7;/

\ji

H<)

i)

which is null-homotopic, with homotopy given by

E1EE Ly 0y (M

Ejfi Ei 1s,~ (A) ()“i>

i)

X1

EEi&iLlgo)(hi +1)

&€& L (hi +1)
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and

_ 1,1 -1 -1 -1
" - _ []tﬁ E% o ;% _
N Py iJoi N [N i
/ / llj

is null-homotopic with homotopy given by

1%

&€&l o)k — 1) E&EE Lo (hi)

&€& L)k — 1)

E&EE L 0)(M)

Similar computations show that

/ _ -1 —1
Joi J Ji 1]

i
which is null-homotopic via the homotopy

X

FiFiFilso(—Ai —3) L

FiFjFilsoy{—ri —2)

FiFiFilson(—Ai —3) FiFiFilgon(=Ai —2)
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4 _ -1 -1 \?é
i i 1)1 i1

1

and that

which is null-homotopic with homotopy given by

1 X

J 1

FiFjFilsoy(—ri —4) FiFiFjlsoy{—Ai —3)

FiFjFilson(—Ari —4) FiFiFjlson (=i —3)

i J i

The final case, involving j- and j’-labeled strands (with j # j’), will be addressed
in Proposition 5.10 below. ]

51. Extended sl relations. We now verify (9) in Definition 3.3.

Proposition 5.9. 7 preserves the extended s\, relations in the i- and k-labeled
cases.

Proof. In these cases, the relations hold on the nose, as we confirm:

i
T %2 +T l_ Z hgc
rN F 3 at+b+c

o1 t =ii—1

3ﬁxu)
=en2§§ +l{_ﬁ”ﬁ bgﬁ
v a+b+lc N

i U =\i—

i si(M)
-Gl 2 -
R ! at+btce= ™

i Eh {isi(G))-1
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&;/i 5i(X)
=1’ 4 l—cixc;f &

b
i i ﬁf,l{f_‘} "’
Rrole
= + — Z b@ =0,
SR B A v A
o'k )
7:/ + _ Z Q.—H
bk k ok Ui o
o’k 8; (M)
_ n o Z bn+c
kK ko k k atbte ¥
ok 8; (M)
= + - Z ba.+c =0,
Kok k ok e ¥
o’k )\
7:/ + i Z ZQ.-i-c
Kok Kok A i
. k si (L)
_ n i Z bo.+c
kok kok bt ¢
o’k 5;(N)
= + - > Z‘-*“ =0. O
Ckok kgt

We conclude by considering the outstanding relations, i.e., the j-labeled extended
sl relations, and the jj’-labeled mixed EF relation. These are the most involved
relations, in part because the homotopies involved are not necessarily unique. Indeed,
if Hom(X, Y) denotes the chain complex of all homogeneous maps (that are not
necessarily degree zero, or chain maps) between complexes X and Y, then given
any element o € Ho_nrz(X, Y), the element d (o) = dya — ady can be added to any
homotopy / without affecting dyh + hdx. Our previous cases have not admitted
such an «, but in the present case there exist (many) such «, given by any map
E&j FiFils o)1) = Ep&FjFilgon(=1).
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Proposition 5.10. The relation

Yo/
a QC
¢y T |- %2 +(_1)54 J+8,-,-/ > vd ~0

J i b= M
holds in Com(Up).

Proof. The left-hand side of (5-1) is given by

RE)ETFilson(—1) —— MEHEF;Filyoy(—1)

| !

@2 ¢
(5_2) 5[5]‘/]:]‘]:1' 151.()0 (‘/é wg) gigj’]"j]:ilsi()\)
Oy &iFiFjLsn O EiFiFjLs0)

| |

EEpFiFiLso)(l) —* 5 EEpFiFils o))

where the components of the chain map are given as follows (which can be verified
by completely simplifying both sides of the equalities):

@1 + (=1

/ d ’

JvJu JoivJ
i

=D Y| d, Qf+5jj/fﬁ >

d+€+f a+tc=

==x=1 07 hithj—l
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4 ’

i 1] 1) J1

J
oY%
2 =158}y @ + (= 1)%
%
Joi

ji
AN
d &)
—hi—h e
b T S
a+b+c h=0
=rj—1 (A,
iJ

J
< 1
=8t Y DY g
a+c= dtetf+g
)~i+)»j—l A
B
rJ i
J i
AJ
d T X
- —hi=h atc—h
(p3_ajj/tji _Sjj/tij Z Z(_UU) i ; +c
a+b+c h=0 ( }
~ ; =xj—1
iJjoi JJ

“L_ 1y
=8tji Y — it DY ()®

e e+f+g
— 8ty ) ,
a+btc= /b
)\i+)»j -2 ‘

)~i+)»j—l s
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Ji
J @ N
—hi— .
(p4:tij/ _(Sj]’tjl +8j]/tl] Z Z( Ul]) i ; N+c—h
a+b+c h=0 b ( }
m )»j—l m ®N+h
/i Ji
<1
A><A i
5. i 1 d
=i | 3 G-t Y Cuptes 8 {H}/
dtetf= | 4 * d+e+f+g
7)”*1 / m 7}‘ -2
J o1 '
ji
Ji
()
+8j'tij Z
a+b+c=
)»,'—F)»j—z

i
%Y

¥s = —tijlij @ + + (=1
m .

.
oty Yy Y (—up) b ,{‘}i"*h

a+b+c h=0
=rj—1 (7R
Ji
] i
"
8 e j S i

NPT SRR PN R YN SR Lo
] o+f oy
d+f+g— d+€+f . g

il : ==kl oy

hio Juod

~.
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iJ

%

+ 3, +8jtij @ +3jtij
a+b+c— a+b+c— a+b+c—
Ai+hr;i—2 Ai+r;i—2 Ai+Aj—2
b
. >
1]
_ 8.
¥6 = + (=% ||
J

1 J g 1

@Q
t%
@Q

1

><;J

=iyt DY (—up)®
e+f+g
=—A;i—1
. J
%21
—1 o
+ 1 (=D Z (=vij)® ||~ 8t Z @
d+e+f+g ¢ \Q a+b+c=
=—A;—2 # il )‘i"H‘j_l .
]

The chain map given in (5-2) is thus null-homotopic, with homotopy given by
the diagram
&y FiFilsoy
SEEFi Fils i)
12 h%

&gj/gifjﬁlsi()h)(—l) E— — Eigj/ﬂfjlsi@ﬂl)

£.€F;Fil,,
*8/’51'];/‘7:}15:‘()»)(_” — @éjg ‘;}‘}i'is(};;) — 5,-51-/]-",-]-']-151.(,\)(1)
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where

=8t Y

a+c=
)L,'-‘r)n_/'—]

hé:(—l)‘sjj’ Z de Q+6jj/ Z
o/

a+b+c=

=—r—1J Aithj—2 A
Jii

" 811/ tl] Z % ’
a+b+c= -
()

AitA;—2

XK
d
71 8"/ .
- _tlj/ (—1) 17 Z (—Ul'j/)g \’Q —(S]J/t], Z
dtetf+g g LA a+b+c=
=—X;—=2 , Ait+Aj—1 b
tJ J

~-
~e~

<
— 8ty Y ;
a+b+c=
)Li+)\.j -2 b

2—f1] ij ( 1)8”/ Z ( UU )g

et+f+g
=—A;—1

It remains to verify the FE version of (5-1). We can proceed to compute as
above, but in this case we can obtain the relation via a trick using the symmetry w.
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Indeed, note that, up to scalar factors, each map determining

(%)

is given by applying w to the corresponding component in
()
JJ

and exchanging the roles of j and j’. Upon taking the composition, the discrepancies
between the relevant scalars cancel, and we find that the maps determining

7;/ §:

Jo

are given by applying w to the ¢;’s. Similarly, the other terms in the relation are
obtained by those in (5-1) via w. It follows that we can “apply w” to the proof of
Proposition 5.10 (in weight —X) to obtain the following.

Corollary 5.11. The relation

v
7;/ _ § _i_(_l)‘sjj’J ]\4_5”‘, Z hé—i—c ~0

i AN B e

J

holds in Com(Up).

Appendix: Computation of 7:: ; for composite 2-morphisms

In light of Remark 3.4, we can compute the value of Tl/ , on downward dot and
sideways and downward crossing 2-morphisms in terms of the presentation of
these 2-morphisms in terms of upward dot and crossing 2-morphisms and cap/cup
2-morphisms. In Sections A.1, A.2, and A.3, we compute this value, and in
Section A.4, we compute the value of 7:’ | on bubbles. Throughout, we employ our
conventions thati- j =—1=1i-j" andi-k=0=i-k’, but assume no other relation
between j, j', k, and k.

A.l. Value of T for downward dot 2-morphisms. We compute 7:’ | on downward
dot 2-morphisms using the right cyclicity relation. Each of the following is a direct
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consequence of the definitions in Sections 4B1 and 4B3:

Eilyon(2+A:)

Elgon(h)
&Fils00(2)

‘Fj‘ElSi()\.)<]‘> % &-Fi-/—:jls,-(k) <2>

joi X i
FiFilgoy(—1) —— . &FFi1,0
This agrees with the value in terms of left cyclicity, which is verified in Section 5B.

A.2. Value of 7:: 1 on sideways crossing 2-morphisms. We explicitly compute the
value on sideways crossings in terms of the images of upward crossings, caps, and
cups. As above, each follows via a direct (but sometimes tedious) computation
using the definitions in Sections 4B2 and 4B3. In the interest of space, we will omit
displaying the domain and codomain of the image when they are 1-term complexes,
as, save for the relevant shifts, they can be read from the diagram. We have

H(8)m K ()=

1 1 1 1

(%)= K]
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2

FiFiFilgo)(—3 — i) L L &F FiFilgoy(—2 —A;)
tijtji% Lijtji
_ iJ i R
—lijtji —lijtji
iJoi —l A

Efjﬁlsi(k)(—él—)»i)—)i J &-Fiﬁfjlsi(k)(_3_)\i)

FiFiFilgo (=3 — k)L L& FiFj Filgoy(—2— &)

ol

Ei&iEi L6y (hi — ) — L L L EE:E1,6y (A

Joioi ><T i J i

Ei&i&i Ly, 0 (hi) —L 5 EEE L0y (M + 1)

)

gjgggilsi(k)< )#}55 gls A)( +1)

) ¥

iJ i i iJ

EEE 1s Wi — ) —L L L L88E; 1;,@)(/\»
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()
(=)
T()=(lA)- X
()er([)e
(=)=
=)
)=

& Fil iy o)L Fi&i€ L5 00(1)

a

i J
& 5]'&'.7:]{151-(1)J—ik>5i5jfkls,-()»)<1>

& EiE Tl 00— A8 Pl o1

SO R

&.7:/(5 i&ils, (A)—>]7k5 Eil ol
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X

FiFi&lsop(—1)—L1 K. fzﬂgkls, o)

A WS
tkl th / \ tkl t]k )
X

gk]:j]:i Ly (—1)EL 1 & EFi Filso

1)

EF i Filsoy(—1) ALt & EFiFiL0

= (= l)fk / (— 1)"‘ /
t,kth ‘></ [ l‘,kt]k

.7:]'.7:,'5](15[,()\)(— )—}&f]: gkls o))

and

T/(( DIt ; f) 7'/<( D't @ﬂ)z

& FiFiEjilsa
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A.3. Value of 7:: 1 on downwards crossing 2-morphisms. We have
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A.4. Computation of T, on bubble 2-morphisms. We compute the image of
bubble 2-morphisms, and use them to explicitly verify that ’7:’ | preserves the infinite
Grassmannian relation:

L | Si (A) L Si (A)
2 2
T Q :Ci,AQ =Cix )
(i,A)—1+a (i,A) =1+ —(i,5i(A\))—1+a
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/ -2 )
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P N si(A) o si(A)
/ i _ i
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/ —Ai M
T; o =1y o =1 o .
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For j-labeled bubbles, we use the bubble sliding relations from Section 3C3
(note that, in the first equation, the number of dots on the black circles equals zero
for both summands):
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Similarly, the image of the counterclockwise bubble is given by
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(In both cases, recall our convention that any sums with nonincreasing index are by
definition zero.)

These computations for the images of bubbles under 77 | are only valid when the
number of dots is positive; however, our next result shows that they also hold for
bubbles with a negative number of dots (i.e., for fake bubbles; see Definition 3.3(8)).

Lemma 1. 7/, preserves the infinite Grassmannian relation:

A A
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Proof. The only nontrivial case is when the bubbles are j-labeled (fori - j = —1),
and here we compute the relation in degree « as follows:
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FUSED HECKE ALGEBRA AND ONE-BOUNDARY ALGEBRAS

Loic POULAIN D’ ANDECY AND MERI ZAIMI

This paper gives an algebraic presentation of the fused Hecke algebra which
describes the centraliser of tensor products of the U, (gly)-representation
labelled by a one-row partition of any size with vector representations. It is
obtained through a detailed study of a new algebra that we call the symmetric
one-boundary Hecke algebra. In particular, we prove that the symmetric
one-boundary Hecke algebra is free over a ring of Laurent polynomials
in three variables and we provide a basis indexed by a certain subset of
signed permutations. We show how the symmetric one-boundary Hecke
algebra admits the one-boundary Temperley-Lieb algebra as a quotient, and
we also describe a basis of this latter algebra combinatorially in terms of
signed permutations with avoiding patterns. The quotients corresponding
to any value of N in gl (the Temperley-Lieb one corresponds to N = 2)
are also introduced. Finally, we obtain the fused Hecke algebra, and in
turn the centralisers for any value of N, by specialising and quotienting the
symmetric one-boundary Hecke algebra. In particular, this generalises to the
Hecke case the description of the so-called boundary seam algebra, which is
then obtained (taking N = 2) as a quotient of the fused Hecke algebra.
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1. Introduction

The usual Hecke algebra H, (g) appears in the quantum Schur—Weyl duality [14]
describing the centralisers of tensor powers of the vector representation of the
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quantum group U, (gly). If we denote LY the vector representation of dimension N
of U, (gly), there is a surjective morphism

H, — Endy, (g1, (L")®").

The Hecke algebra H,, does not depend on N and plays its role for gl for any N.
The dependence on N of the centraliser appears in the description of the kernel of
the above map. Indeed, for a given N, the centraliser of U, (gl ) is isomorphic to the
quotient of H,, by the g-antisymmetriser on N + 1 points. This g-antisymmetriser
is a minimal central idempotent of Hy. (the quotient is trivial if n < N) and
generates the kernel for any n > N 4 1. In particular, for N = 2, the resulting
algebra is the well-known Temperley—Lieb algebra.

We would like to generalise the whole picture for tensor products of more general
representationg of U, (gly). The fused Hecke algebra was introduced in [7] for this

purpose. For k = (ky, ..., k;,) a vector of positive integers, we have a surjective
morphism

N N N
(1-1 Hy — Endy, g1,) (L) ® Ligy) ® - ® L, )

where L?,’C) is the k-th g-symmetrised power of LY (in other words, the irreducible
representation of U, (gly) indexed by the one-row partition of size k) and Hj is
called the fused Hecke algebra. Again, the algebra H; does not depend on N and for
large N is exactly the centraliser. The dependence of the centralisers on N appears
in the kernel of the surjective map, of which an explicit description is conjectured
in [7] and proved in some cases, including the ones we will study in this paper.
For N = 2, the centralisers can be called the fused Temperley—Lieb algebras in
our terminology. They appear in several recent works and are also known as seam
algebras, valenced Temperley—Lieb algebra or Jones—Wenzl algebras [1; 10; 27].

There is no known presentation by generators and relations for the fused Hecke
algebra Hj in general and in turn no known presentation for the U, (gl y)-centralisers
(see [10] for a study of this question for the Jones—Wenzl algebras, that is, for
U, (gl,)-centralisers),

This paper is concerned with the case where only the first representation in (1-1)
is fused. Namely we fix k > 0 and n > 0, and we denote by H , the fused Hecke
algebra corresponding to the following centraliser:

(1-2) Hyn — Endy, g (L, ® (LN)®").

This situation is commonly referred to as the one-boundary case. Such one-boundary
centraliser algebras have been studied especially for U, (gl,), and also often with an
infinite-dimensional module (like a Verma module) as the first factor; see [4; 13; 15]
for recent works. For N = 2, the one-boundary case of the fused Temperley—Lieb
algebra is referred to as the boundary seam algebra [16; 17; 19] and is a quotient
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of the one-boundary Temperley—Lieb algebra or blob algebra [8; 18; 20]. The
presentation given in [19], even if not explicitly stated this way, can be seen as a
description of the centraliser (1-2) in the gl, case.

The first main goal of this paper is to give an algebraic presentation of the fused
Hecke algebra H , and of its quotients corresponding to the centralisers for any N.
In particular, we obtain the boundary seam algebra (N = 2) explicitly as a quotient
of the fused Hecke algebra Hy ,, and provide its generalisation for any N > 2.

The second main purpose of this paper is the introduction of a new algebra,
which we denote .4, and call the symmetric one-boundary Hecke algebra. Roughly
speaking, this 3-parameter algebra A, allows to interpolate between all algebras Hy ,,
for varying k. The word symmetric is meant to recall the fact that the representations
allowed at the boundary are the g-symmetric powers. The algebra .4, admits as a
quotient the 3-parameter one-boundary Temperley—Lieb algebra, which we denote
here C, >, and we also define naturally as quotients of A, the generalisations C, x
corresponding to gl for any N > 2.

We now describe more precisely, step by step, the algebras involved in the paper.

It is well known, see, for example, [22], that the one-boundary centraliser in (1-2)
is a quotient of the affine Hecke algebra. Moreover, since the partition (k) made
of a line of k boxes has only two addable nodes, this quotient factors through a
cyclotomic quotient of level 2. This is the starting point of our constructions.
The starting point Hy, o, . We start with the cyclotomic Hecke algebra of level 2
Hy, «, n defined over the ring (lf)[qil , ozlil , ozzﬂ] with three indeterminates. The
indeterminates o1 and «, correspond to the eigenvalues of the boundary, or type B,
generator, while the eigenvalues of the other generators are g and —g .

The algebra Hy, o, » has a standard basis indexed by the signed permutations and
we have a good understanding of the representation theory over the field of fractions
C(q, o1, a). Namely, the algebra is semisimple and the irreducible representations
are indexed by bipartitions of n. Among these irreducible representations, four of
them are of dimension 1 and they correspond to the following bipartitions:

] ]
..., 9), (E,@), (o,0-.-00), (@,E),

] ]
(‘I»Oll)» (_qilaal)v (qvaZ)a (_qil’aZ)-

Each of these one-dimensional representations corresponds to a choice of eigenval-
ues for the generators, as indicated above. Moreover, explicit expressions for the
minimal central idempotents corresponding to these representations are known (see
Section 2B). These idempotents live in the algebra Hy, 4, , extended over the field
of fractions C(q, a1, op), and by simply removing the denominators in these explicit
expressions, we obtain central quasiidempotents in the algebra Hy, q,.» well defined
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over the ring of polynomials. These quasiidempotents are denoted E,gx’y ) , Where
(x, y) are the corresponding eigenvalues, and will be crucial to all our constructions.
Indeed all algebras involved in the paper are obtained by quotienting by some of
these quasiidempotents, as summarised in the picture below.

H()tl,az,n
_ 2
(¢~ ") a1 =q )
E
2 (042 =q*
(q,a1)
E .
Ay —mmmmmee y AP
(=g~ Vap) (=g~ Vap)
EN EN
CnN ””;***)**> C(kl)\,
q.o1 ’
E

The full lines represent genuine quotients, while dashed lines represent quotients
combined with a specialisation of the parameters o, o> as indicated in the diagram.
We briefly detail each step of the diagram.

The algebra A,. The symmetric one-boundary Hecke algebra A, is obtained from
Hay . by quotienting out the quasiidempotent E{™¢ ' -*?. This quotient is the
main object of study of Section 2. Quite naturally from its definition, the irreducible
representations of the algebra .4, over the field of fractions are indexed by biparti-
tions with a one-row partition as the second component. Our first main result is
that the algebra 4, is free over (lf)[qil , ozlil , ozétz] and we provide a basis in terms
of signed permutations with avoiding patterns. We conclude this section with a
technical fact, namely, that some of the remaining central quasiidempotents E,E” )
can be renormalised in 4, while still being well defined over (E[qil, ozftl, aéﬁz].
This will be important for what follows in order for the subsequently defined

quotients to behave well.

The algebras C, n. In Section 3, for N > 1, the symmetric one-boundary N-centra-
liser algebras C,, y are defined by further quotienting .A,, by one of the remaining (and
renormalised) quasiidempotent when n > N (as well as the usual g-antisymmetriser
on N + 1 points). The relevant quasiidempotent is indicated in the diagram above
and this definition leads easily to the description of the representation theory over
the field of fractions: the irreducible representations are now indexed by bipartitions
(A, n) where u is a one-row partition and A has strictly less than N rows.

The algebras C,, y include the one-boundary Temperley—Lieb algebra, which is
the case N =2, and provide its natural generalisation for general N. The name comes
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from the fact that the algebra C, y somehow interpolates the U, (gly)-centralisers
in (1-2) for fixed N and varying k. The case N = 2 is examined in more details and
again, we show that C, » is free over the ring (C[qil, alil, azﬂ] with a basis also
given in terms of signed permutations with certain avoiding patterns (this is where
the renormalisation mentioned above is important). This description can be seen
as a one-boundary generalisation of the description of the usual Temperley—Lieb

algebra in terms of usual permutations with avoiding patterns.

The algebras Ag‘)_ Section 4 is mainly devoted to the algebraic description of the
fused Hecke algebra Hj ,,. For this purpose, we define the algebra A,(qk) as a special-
isation of 4, followed by a quotient by another (renormalized) quasiidempotent for
n > k4 1. The specialisation replaces «; and o by the eigenvalues of the boundary
generator in the fused Hecke algebra. Their values are indicated in the diagram
above together with the relevant quasiidempotent. The main result of the section is
that the algebras Aflk) and H; , are isomorphic. This leads to a presentation of the
fused Hecke algebra in terms of generators and relations. Again, a basis of Af,k) in
terms of signed permutations with avoiding patterns is provided.

The algebras C,gkz\, Lastly, in Section 5, the algebras Cflkgv are defined by naturally
completing the square of the picture above. Namely, they are defined either as
specialisations and quotients of C, y, or equivalently as quotients of A,(f). The
algebras C,(lkfv are shown to be isomorphic to the U, (gl y)-centraliser in (1-2) and this
provides an algebraic description of the centraliser. We show that we have reobtained
naturally with Cr(lk; the boundary seam algebra of [19] and thus the algebras C,(lkl)\,
can be seen as the gl -generalisations. Following our results, a natural definition
of the algebra C,(lk; over C[qil] is given (and here we differ from [19]) and it is

shown to be free over C[¢*'] with a basis given explicitly.

2. The symmetric one-boundary Hecke algebra

We will use the notations

' —x
[r]x = m :Xr_l +xr_3+---+x1_r and [I‘]X! = [2]x .. .[r]x.

We will be working with the ring R = C[qil, (xlil, ozécl], where g, oy, ap are
indeterminates, and with its field of fractions F = C(q, ay, o).

2A. The cyclotomic Hecke algebra of level 2. Let n > 0. We define the algebra
Hy, «,.n as the algebra over R with generators g; fori =0, 1, ..., n—1 and defining
relations
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(2-1) 8i8i+18 = 8&i+18 &+1, 1=i=<n-2,
(2-2) 80818081 = 8180 8180,

(2-3) 8i 8 =8 &is li—Jjl=2,
(2-4) Gi—@)gi+qH=0 1<i<n-—1,
(2-5) (g0 —a1)(go —az) =0.

By convention, H,, ., 0 = R. The algebra is a quotient of the affine Hecke algebra
of type A by the last relation. It is called a cyclotomic Hecke algebra of level 2 since
this last relation is a quadratic characteristic relation for go. For what is recalled
below about Hy, 4,.x, see, €.g., [11].

The algebra Hy, q,.n is free as an R-module and has a basis labelled by the
elements of the Coxeter group of type B,,. We will abuse notations and denote B,
this Coxeter group. Its elements can be viewed as signed permutations, that is,

those permutations w on the set {—n, —n+1,...,—1,1,2, ..., n} such that we
have w(—i) = —w(i) foralli € {1, 2, ..., n}. We can represent the elements of B,
by words b = b1 b, ... b, where each of the numbers 1, 2, ..., n appears once and

is possibly barred (see, e.g., [25]). In this representation, b; is the image of i by w,
where the bar notation is understood as a negative sign. The group B, contains
n!2" elements.

We denote by s; the transposition of i and i + 1 in B,, (which thus also transposes
—i and —(i+1)), and by sq the transposition of —1 and 1. The group B, is generated
by s; withi = 0,...,n — 1. For an element w € B,,, we write it as a reduced
expression, that is, as a product s;, ... s; with minimal k. We set g, = g;, ... g, in
Hy, o, n- The element g, does not depend on the choice of the reduced expression,
and the set {g,}wcp, forms an R-basis of Hy, «, .. A standard choice of reduced
forms leads to an explicit expression for the basis as the following product of sets:

17
1, gn—1,
1, 82, N
1, ) ’ ‘
2-6) {g } 81 _ 8281 gn—1--- 8180,
0 8180, 82 8180, 8n—1---818081,
818081 82818081, .
8281808182 |
8n—1---818081---8n—1

Introducing the following notation for 0 < m < n:
[n,ml=gn...8m+18n and [n,—m]l=g,...818081---8m>
the basis elements can be written as

[n1, m][ny, my]...[ng, my], withO<n;<ny<---<npy<n—1 and |m;| <n;.
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The algebra Hy, 4, »—1 1s naturally a subalgebra of Hy, o, ., the one generated by
g0, - - -, 8n—2, Where elements of B,_; are naturally identified with elements of B,
leaving invariant the letter n.

Hecke algebra of type A. The algebra generated by g, ..., g,—1 with defining
relations (2-1), (2-3), (2-4) is the usual Hecke algebra H,, of type A, associated to
the symmetric group &, on n letters. It is naturally identified as the subalgebra of
Hy, o, n generated by g1, ..., g,—1, and a basis of H, is the subset {g,}wes,, When
the symmetric group is naturally considered as a subgroup of B,.

The basis of H,, is made of those elements in (2-6) which do not contain gg. The
basis (2-6) is well adapted to the inclusion B,_; C B,. There is a different way to
produce a basis of Hy, ,.» adapted to the inclusion &,, C B,, which is the set of
elements:

2-7) 8w-881.--8,---8081---8» WEG,,n—1>i1>--->i>0.

2B. Central quasiidempotents in Hy, o, n. Fori =0,1,...,n—1and w € B,
we denote £(w) the length of w, which is the number of generators appearing
in any reduced expression of w. We denote £o(w) the number of times that the
generator sg appears in a reduced expression for w. This does not depend on the
reduced expression since all braid relations in Hy, ,,» are homogeneous in go.

q-symmetriser and q-antisymmetriser in the Hecke algebra. First we discuss the

standard quasiidempotents in the usual Hecke algebra H,, generated by g1, ..., g,—1.
Let x € {g, —¢g~'} and set
(2-8) AL g = ) @,

we6,

By convention, A} = 1. Using the basis in (2-6) without the elements containing g,
we find the recursive formula

Aj@rs e ) = Ay (81 s 8r-) (L xguot + o+ X" gt g1)
It is well known and easy to check (see the proof of Proposition 2.1 below) that
A8y 8n=1) & = 8NN, (81, -+, 8n—1)
=xA,(g1,-.-,8n-1), i=1,...,n—1

It follows that these two elements are central in H,, and are quasiidempotents,
namely,

L n(n—
(AL(g1, -y @) =g 2D 0] VAL (g1, ..., gum1),  x = £qT

To find the coefficient, one needs to replace each g; by x in the formula for the
quasiidempotents. This is easily done using their recursive formula. We refer to the
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element with x = ¢ as the (unnormalised) g-symmetriser of H, and to the element
with x = —g~! as the (unnormalised) g-antisymmetriser of H,,.

The four quasiidempotents in Hy, o, ». Letx € {q, —g~ '} and b € {1, 2}. In what
follows, it will be convenient to consider the indices of «, @ modulo 2, so that
opr1 = o) when b = 2. We define

(2-9) ES =3 2,80, 2 i=x" @70 (g ],

weB,

By convention, Eéx’a”) = 1. Using the standard basis in (2-6), a recursive formula
for these elements is

n—1
(2-10) Ele) = gl (1 +) X" g g
i=1 n—1

—X"_I%_Jil 8n—1 - -glgo(l + ingl . -gi))-

i=1
Using the basis (2-7) adapted to the embedding H,, C Hy, «,.n, W€ also have
Q-11) EF = Ax(gr, .. g1 - (1 =x""ay ) g0 g1 gu1)
(U= xay )y g0 gD (1 — ) g0).

Explicit examples for small n are

EX =1—apy g0,

=14+xg1 —apt1 80 — x0p+1(8180 + 8o 1)

— X041 8180 81+ X0t | 80 8180 + X0, 808180 81-

(x,ap)
E2 b

We recall the important facts about the elements E ,(,x’a”), implying in particular that
they are central quasiidempotents of Hy, ,.5-

Proposition 2.1. Let x = +¢*' and b € {1, 2}. We have
(2-12) E,ﬁx’“”)go = go Ey(,x’ab) =ay Er(,x’ab) and E,(lx’“”)gi =g Er(lx,ab) :xE’(lx,ab)
fori=1,...,n—1,and

(E;)? = Po(x, o) EG-,

2-13 nl .
( ) Pn(x, Olb) — qj:%(n(n—l)) [n]q! l_[(l _ qj:Zl ap )

o
i=0 b+1
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Proof. Forany w € B, and any i € {0, 1, ..., n— 1}, we have {(sjw) = l(w) £ 1. If
L(s;w) > £(w), then we have g, = g; g Therefore we can write

(2-14) E]Sx,ab) = Z (Zw 8o + Zsiw &i 8o)-

weB,
L(siw)>L(w)

Note that under the hypothesis that £(s;w) > £(w), we must have z,, = xz, if
l<i<n-—1andz,= —ozb_il Z if i = 0. The defining relations (2-4) and (2-5)
imply that

(2-15) (go—p)(I—a, ! g0)=0 and (g —x)(g+x")=0
fori = 1,...,n — 1. Using the previous equations, we have, for example, if
1 <i<n-—1,that
(2-16) @ —NEF™ = Y (g —X) (20 8o+ *208i &)
weB,

L(siw)>L(w)

= Y x2(G -0 +g) g =0.
weB,
L(s;w)>L(w)

The case i = 0 is similarly done. Moreover, similar arguments can be used when
considering instead the product E,E"*"") gi for 0 <i <n — 1. This proves (2-12).

Now the coefficient P, (x, o) in (2-13) is found by replacing go by «; and the
other g;’s by x in the formula for E,(lx’“”) . The given formula for P, (x, o) follows
then easily from (2-11). U

Remark 2.2. Over the field of fractions F, or in a specialisation with P,_;(x, ap) #0,
we have also the recursive formula

( ) (x, titb)g (x (ilb)
n—1 n
(2-17) EW@) = pron) 4 n=
" nl Py_a(x, o)
E(x ab) E(x ab)
y 2=, ~1 8n—1---818081---8n—1
b+l

nfl (-x’ ab)

2C. The symmetric one-boundary Hecke algebra A,. We define below the main
object of this section that we call the symmetric one-boundary Hecke algebra.

Definition 2.3. Let n > 0. We define the symmetric one-boundary Hecke algebra A,
as the algebra over R which is the quotient of Hy, 4, » by the relation

(2-18) EST ) =,

It is understood that A, = Hy, ¢,.» if n =0, 1.
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o

—_ -1 . . . . .
Using the explicit expression of Eé 4 2), this is equivalent to imposing the

following relation:

(2-19) gogigo &
= —q*a}+qatgi+q a1 go—qai(g180+ 80 81) + 18180 81 +480 &1 8o-

Semisimple representation theory. Here we extend the algebras Hy, 4, » and A,
over the field of fractions F', and denote them FHy, 4, ,» and FA, to avoid any
confusion. The representation theory of FH,, 4, » is well known [3; 12; 21], and
can be described in terms of bipartitions and Young tableaux.

A partition A of n, denoted A - n, is a decreasing sequence of positive integers
A=A, ..., &) with Ay > Ay >---> A >1suchthat A; +---4+ A =n. We also
say that X is a partition of size n and denote |A| = n. We identify partitions with
their Young diagrams: the Young diagram of A is a left-justified array of rows of
boxes such that the j-th row (we count from top to bottom) contains A ; boxes. The
number of nonempty rows is the length £(1) of A. By convention, the empty set &
is the only partition of n = 0.

A standard tableau of shape X is a bijective filling of the boxes of A by numbers
1, ..., n such that the entries strictly increase along any row and down any column
of the diagram. We denote by d), the number of standard tableaux of shape A. From
the representation theory of the symmetric group, or from the Robinson—Schensted
correspondence, we have

(2-20) > di=n!.

An

A bipartition of size n is a pair of partitions (A, i) such that |A| 4 |u| =n. We
denote Par,(n) the set of bipartitions of n. A standard tableau of shape (X, u) is
a bijective filling of the boxes of A and p by the numbers 1, ..., n such that the
entries strictly increase along any row and down any column of the two diagrams.
The number of standard tableaux of shape (X, u) is easily seen to be

(2-21) ds.p = (|Z|) ds.d,.

The set of irreducible representations of F'Hy, «,., 1s indexed by the bipartitions
of size n, and we will denote V|, ,) the irreducible representations indexed by
(A, i) € Pary(n) so that

Irr(FHayap,n) = (Voo | (A, 1) € Pary(n)}.

There are four one-dimensional representations of FHy, 4,., for n > 2 and the
parametrisation is made such that they correspond to the following bipartitions of #,



FUSED HECKE ALGEBRA AND ONE-BOUNDARY ALGEBRAS 87

with the given corresponding values, respectively, of gop andof g;, i =1, ..., n—1:
O g
(D"'D,@)’ (57®)? (@?D"‘D)7 (@75)’
O g
(2-22)
8o — o, 8o — o1, 8o — o2, 8o — o2,
g q, gim—q', &g, gi>—q ",

Moreover, the branching rules expressing the restriction from Hy, o, n 10 Hy; 0y, n—1
are given by inclusion of bipartitions (or more precisely, of their Young diagrams),
as shown in the beginning of the Bratteli graph below. We refer to an appendix
in [7] for a discussion of Bratteli diagrams and of quotients of semisimple algebras
by central idempotents.

The parametrisation of the irreducible representations is uniquely fixed by these
requirements, and the dimension of the irreducible representation V, , is the
number of standard tableaux of shape (A, w):

. n
dim V(A,,u) = d(k,u) = (Ml) d)\ dM’

(@,92)

T

a, 2) (@,0)

/N N T

M,y H.o9 .0 @m @.H

B VA VAR

@m.o .2 o @ 0 0o 0.fe o e e

Thanks to its properties recalled in Proposition 2.1, the element E,Sf ) in F Hy, ar.m
is a nonzero element proportional to the minimal central idempotent corresponding
to the one-dimensional representation associated to (x, o). It means that it is
nonzero in this one-dimensional representation of FHy, o, » and acts as 0 in any
other irreducible representation. Now if n > m, it follows that E,(,f %) seen as
an element of Hy, «,,, 1S nonzero in an irreducible representation if and only if
this irreducible representation contains in its restriction to Hy, «,.» the given one-
dimensional representation. Therefore the quotient by E Gy ) = 0 removes exactly
these irreducible representations.

In the particular case of F.A,, which is the quotient of Hy, 4, » by the relation
Eé‘q “ha2) — 0, we recall the indexing of one-dimensional representations set up
in (2-22), and we find that the disappearing representations are those V(; ,) with ©
having at least two nonempty rows. We summarise this discussion in the following
proposition.
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Proposition 2.4. The algebra FA, is semisimple with the following set of irre-
ducible representations:

Irr(FA,) = (Vi | (A, n) € Pary(n) and £(p) < 2}.

The Bratteli diagram for the algebras 4, is obtained from the Bratteli diagram
for the algebras H,, o, » above, where all bipartitions with more than one row in
the second component are removed:

(@, 2) 1
T~
U, 92 (@,0) 2
_—/ N0 N\
(DO, ) H. 2 @, 0) (@, D) 7

< NN

.o Fo Ho @ @ 0m @O M

The dimension of F.A, can be easily calculated, by summing the squares of the
dimensions of the irreducible representations:

n n 2 n 2
imra =3 Y wmvo =3 (1) ¥ =3 (1 oo
i=0 Mrn—i i=0 N/ b i—o '
where we first split the sum according to the size of the second partition w, which

must be a single line of i boxes, and then we use successively (2-21) and (2-20).
The dimensions for n =0, 1, 2, 3 are written in the diagram above.

Remark 2.5. The above description of the representations of F.4, is also valid for
many specialisations of the parameters a1, a2, g in A,, namely, those specialisations
such that the algebra Hy, , ., is semisimple. This happens if ¢? is not a root of

unity of order e <n and o| # azqﬂi fori=1,...,n—1, see[2].

An R-basis of A,. A word b = b1 b, ...b, of B, is said to be 12-avoiding if all
barred numbers in b appear in decreasing order, see [25]. Put differently, b avoids
the pattern 12 if there are no two indices 1 <i < J <nsuchthatb; =m and b; =m,
with 0 < m| < m,. For instance, 356142 is 12-avoiding in B while 354162 is not
because of the subsequence 46.

We will denote by B, (12) the subset of all signed permutations in B, which are
Ti-avoiding. A word b = b1 b, . ..b, corresponding to a permutation in Bn(Ti)
can be written as follows: choose i numbers in {1, 2, ..., n} that will be barred,
choose i positions among # to place these barred numbers in decreasing order in b,
and then permute the remaining » — i numbers in the remaining n — i positions in b.
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It follows that

n 2
—— . n
(2-23) |Bn(12)|:Z(n—l)!(i).

i=0

We are now ready to give a basis of A, over R. Thus, this also gives a basis for
any specialisation of g, a1, oy to nonzero complex numbers.

Theorem 2.6. The algebra A, is free over R with basis given by the set of ele-
ments g, corresponding to 12-avoiding signed permutations, i.e., the basis is

(2-24) {80 | @ € B, (12)}.
Proof. We first prove that the set (2-24) is a spanning set
(2-25) A, = spang{g, | w € B,(12)}.

Since A, is a quotient of Hy, «, . it is clearly linearly generated by the set of
elements g, with w € B,,. To show that this spanning set can be reduced to (2-25),
we proceed by induction on the length of elements in B,,.

Any signed permutation w € B, of length £(w) < 4 is such that at most one number
in {1, 2, ..., n}is mapped to a barred number. Therefore, all signed permutations w
with £(w) < 4 are 12-avoiding and the associated elements g,, belong to the spanning
set (2-25).

Suppose now that all elements g, with £(w) < m, for some fixed integer m > 4,
belong to the span of the set (2-24). Consider an element g, with £(w) =m + 1
such that w ¢ Bn(ﬁ). It follows by [28, Lemma 2.1] that w must contain sg 1 5o
in some reduced expression. This implies in turn that there is a reduced expression
for g, that contains gg g go g1. Relation (2-19) can hence be used to express g, as
a linear combination of terms of length less than m + 1. By induction hypothesis,
we therefore conclude that g, can be written in terms of the set (2-24).

Now, since the set (2-24) is a spanning set of .4, over R, it is also a spanning
set of F A, over F. Moreover, the dimension of F A, over F was calculated after
Proposition 2.4 and it coincides with the cardinality of the spanning set. Therefore,
the set (2-24) is a basis of F.A, and in particular is linearly independent over F.
Thus it is also linearly independent over R (since R C F). We conclude that the
set (2-24) is an R-basis of A,,. O

Remark 2.7. The elements of B, which avoid the pattern 12 are in fact the same
as the elements which do not contain s s 5951 in any reduced expression, see [28,
Lemma 2.1].
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-1
,a

2D. Quasiidempotents in A,. Let n > 2. In A, the element E,(z_q 2), which is

-1
proportional to E, (a7 g equal to 0. Thus among the four central quasiidempo-
tents E) of Hal wr.n» Only three remain nonzero in A,,:

Er(lﬂf ,Otl)’ E’(lq,az) Er(zq’al)'

’

In Hy, «,.n, no common factor appears in the coefficients of these elements. This
will now be different in .A,, where a nontrivial common factor in the ring R may
sometimes be factored out. Thus we can define renormalised elements defined
over R by removing this common factor, and it will be important for later use to do
so. In fact, only the two first elements in the list above factorise generically over
the ring R, and this is the content of the following statement.

Proposition 2.8. Letn > 2. In A, we have

(2-26) E; " “”—a‘ll_[( ——q ") BT,

(2:27) E0 = g0 ] L 1),
where the renormalised elements are given by

~ g1
(2-28) EU7 " = A,(g1, ..., gn-1)

'(Ol2+alq =2 n Z( g go- )

(229) E™) = E"P((1=g) (1 +qgn1 4 +q" gn1 ... 22)
+q" g g1l —ay ' go)),
with the convention that Efqm) = Efq"m =(1- 051_1 £0)-

1

Proof. Step 1. First we prove (2-26). Denote x = —¢~" and

Xp=(0—-x""a;"gogr... 8o )1 —x" ;' g0g1... 8n2) ... (1 —a; ' g0).
Recall from (2-11) that we have
EISX,OH):An,XS’ A}’l:Az(gla"'vgn—l)'

We use induction on n. For n =2, the formula is easy to check by direct calculation.
We write the definition of Eéx’“‘) and use the defining relation of 4, to replace
20 8180 &1. Now, let n > 3 and write the above formula as

(2-30) ESX) = A, - (1—x""oy ' gogr ... gn-1) X0,



FUSED HECKE ALGEBRA AND ONE-BOUNDARY ALGEBRAS 91

Note that
Ap=A-NA,_,(81,....81—2)=B-A,_,(82,...,8:—1) forsome A, Be Hy, a1
Besides, we have

Ay (82, 8n-1)8081---8n—1=8081---&n-10,_1(81, -, gn—2)

using the braid relations. Therefore, in (2-30), we can bring A}, _,(g1, ..., g—2) in
front of X?;—l and thus use the induction hypothesis. At this point, we have

(2-31) EX =y, A, (1 —x""ay gogr. . guo1)

-<az+a1q “=n Zx 2. >

with the coefficient y,,_; given by the induction hypothesis. Now we are going to
use the defining relation of 4, in the following form:
(1—g e gogi1go=(—q " g1)(gai —qai g0+ g0 &)

and the factthat A, =C- (1 — q_1 g1) for some C € Hy, o, , to make the following
calculation, recalling that A, gx =xA, fork=1,...,n—1:

An'gogl---gn—lingogl...g,
:An-(qa%—qalg()"'a]g()gl)gz . 8n— IZX g1 -

= Ap- (5" g —x" g g0+ @180 81 - - & 1)Zx g1

=A,- (q_(n x"Patln — 1],
+q " Pailn—11,8081 ... g1 —x" g1 Y x'go g "'gi)'

We have used the braid relations to move g; ... g; through go g1 ... gn—1 (getting
g ...giv1)and that Y2 xigy ... gi = ¢~ [n—1], when all g’s are replaced
by x = —q~ L.

It remains only to use this formula in (2-31) and to collect the various terms.
Omitting y,—1A,, one finds directly that the coefficient in front of gpg;...g;
when i <n—1is —x'(1 =g~ 2" 2 a;/ay). Then easy manipulations give that the
coefficients in front of 1 and in front of g g1 ... g,—1 are respectively,

o
(1 q " Z)a )(ozg—i—oqq "=2[n—-1],) and —(1—q—2<"—2>a—‘>x”—‘.
2

This concludes the verification of (2-26).
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Step 2. Now we prove (2-27) with similar methods, using induction on n. Once
again, the case n = 2 is directly verified using the explicit expression for Eéq’(m
and the defining relation of 4, to replace go g180 g1- For n > 3, the recursive
formula (2-10) allows us to write

n—1

(2-32) E{® = ET (1 +> g gt g — " oy g

i=1 n—1

--81g0<l+zqi81---gi))-

i=1
Then, we use in (2-32) the defining relation of 4,,, which can be rewritten as
(—a; DN —ay " g0) g18081 =q(1 —a; ' g0)(—q + g1 — a1 ' g1 80),
together with the fact that E,(:f‘fz} =C-(1- al_l go) for some C € Hy, o, n to get
n—1
(2-33) EW? = E (1 +> " gt 8+ " gt g1 (1= g0)

=2 _
’ +q" g1 g2(—q+ 81—y g180)

n—1
(z))
i=2

Recalling that E, 4. az) =qE" 4. az) for k = 1, — 2, we can use the braid
relations and the Hecke relation to obtain

n—1
E(qaz)gn 1. g2(1+qu 1g2 g) E(qotz) n— 2(1+an i .)’

i=2
n—1
EY g, .. gzgl(l—ocllgo)(1+2q’_1gz-.-gi>
i=2

= B¢ =1y gut - g2 81(1— a7 go).
Replacing these results in (2-33) and combining terms together, it is found that

n—1

E@® = E9% g [n], ((1 ) (1 +> 4" g g,-)

=2
+¢" gt (1= aflgo))-

The proof is completed by using the induction hypothesis on £ r(l‘f‘le). (]
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3. The one-boundary Temperley-Lieb algebra and its gl -generalisations

Let N > 2. In this section we define the symmetric one-boundary N-centraliser
algebras C, y as quotients of the algebra A,. The meaning of this definition
will be clear from the point of view of representation theory, and will result in a
natural description of the semisimple representation theory of C, . Besides, our
motivation and the origin of the terminology comes from the use we will make of
the algebras C, y to describe U, (gly)-centralisers in Section 5.

We will then study in details the case N =2, showing that we recover the generic
3-parameter one-boundary Temperley—Lieb algebra, for which we will describe a
basis using the signed permutations from the preceding section.

-1
3A. Definition. We have defined in (2-8) the g-antisymmetriser A N‘fH (g1,...,8N)
of the usual Hecke algebra generated by g1, ..., gn. From Section 2D we have

(3-1) EGaen .
= An(g1. - 8n1) - (az +aig” " =11, =) (D¢ g0 g,->,
i=0

~ (1
which is a renormalisation in .4, of the quasiidempotent Ez(v ) We propose:

Definition 3.1. We define the symmetric one-boundary N-centraliser algebra C,, y
to be the quotient of the algebra .4, by the relations

(3-2) £ <o,
-1

(3-3) Ay (g1, gn) =0.

It is understood that C, y = A, whenn < N.

Semisimple representation theory. Here we extend the algebra C, y over the field
of fractions F and denote it F'C, y. The description below is also valid for speciali-
sations of the parameters satisfying the semisimplicity conditions for Hy, «, » in
Remark 2.5.

Proposition 3.2. The algebra FC, y is semisimple with the following set of irre-
ducible representations

Irr(FCpon) = {Vio | (A, 1) € Pary(n) with £(A) < N —1 and £(n) < 1}.
Proof. In the algebra C,, y, we have
EST =0 and E7 =0,

Reproducing the same reasoning as in the preceding section before Proposition 2.4,
we find that cancelling these two elements kills the irreducible representation V;_ )
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of FHy, 4, » if and only if either A has strictly more than N — 1 rows or p has
strictly more than one row.

It remains to argue that, in the remaining irreducible representations the last rela-
tion (3-3) cancelling the g-antisymmetriser in N generators g, ..., gy is satisfied.
This can be checked rather directly, using the explicit description of the irreducible
representations of Hy, o, » [3; 12; 21] and using the same sort of methods than
those used in [7] for the g-symmetriser.

Otherwise, note that the claim is equivalent to the fact that the one-dimensional
representation of FHy,| given by g1, ..., gy — —g~! (that is, indexed by a
one-column partition) does not appear when we restrict to FHy 4 the irreducible
representations of FHy, o, v+1 indexed by bipartitions (A, u) with £(A) < N —1
and £(u) < 1. These restrictions are expressed in terms of Littlewood—Richardson
coefficients (see, e.g., [5; 24]). This implies in particular the easy claim above since,
by what is called the Pieri rule, the Littlewood-Richardson coefficient d; , is 0
with A and p as above and v the one-column partition of length N + 1. (]

The Bratteli diagram for the algebras F'C, y is thus obtained from the Bratteli
diagram for the algebras F.A, given before, removing all bipartitions with N rows
or more in the first component. The dimension of F'C, y is then calculated as

n 2
dim(Fc,,,N):Z('D 3 d

i=0 Ai
L(A)<N

For N =2, the algebra FC, > will be studied in details in the next subsection.

For N = 3, the sum of the squares of d,’s in the formula above is the Catalan
number 1%1 (21') Moreover, the series of dimensions start with 1, 2, 7, 33, 183 and
is the series labelled A0O86618 in [26]. We note that, similarly to the situation
N =2 discussed in Remark 3.6, the dimension of F'C, 3 is the number of signed
permutations of {—n, ..., —1, 1, ..., n} which are 4321-avoiding [9].

In general, we may ask whether the algebra C, y is free over the ring R and
we may look for a basis indexed by a natural subset of signed permutations, for
example, those avoiding certain patterns. This is what we are going to do in details

for N = 2 in the next subsection.

Remark 3.3. The representation theory shows that over F' the relation (3-3) is
actually implied by the others. This is not true over R but this is also true in any
specialisation such that the algebra Hy, q,., is semisimple (Remark 2.5).

3B. The case N = 2 (the Temperley—Lieb situation). The definition of C, y can
be written slightly differently and more explicitly when N = 2.

Proposition 3.4. The algebra C, > is the quotient of the algebra Hy, 4, n by the
relations:
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(3-4) 818081 =q (1 +a2)(q — g1) —q°80+q (g0 g1 + &1.80),
(3-5) gigit186=9"—q*(gi+gi)+q@givi+gig), i=1,...,n—2

Proof. Using Proposition 2.8, the first relation is obtained easily by writing explicitly
Eé_q_]’“‘) = 0. The second relation for i =1 is A;q_' (g1, g2) = 0. It implies, by
suitable conjugation, the second relations for any i > 1. The last statement is that
(3-4) implies the defining relation of A,:

808180 81 = —q ot +qaigi+q a1 go—qai1 (g1 go+80 g1)+a181 80 &1+480 81 80-

This is easy to see since multiplying (3-4) on the left or on the right by g¢ gives

(3-6) 80818081 = 81808180 =qa12(q — g1) + 480 &1 80,
which, combined with (3-4), produces the desired relation. O

A Temperley—Lieb presentation. We make the slight change of generators as

(3-7) ey = — g0, ei=q—gi, i=12,...,n—1

Then it is an easy exercise to check that the algebra C, » can be equivalently presented
as generated by e¢; fori =0, 1, ..., n — 1 with the defining relations

(3-8) et =(q+q e, l<isn—1,

(3-9) ef = (o — ) ep,

(3-10) ejej =eje;, li—Jjl=2,

(3-11) eieix1e = e, I<i,ixl<n-—-1,

(3-12) ereper = (g ar —qan)er.

We recover a three-parameter version of the one-boundary Temperley—Lieb algebra,
or blob algebra, see for example [8; 16; 18; 19; 20].

Semisimple representation theory. We take N = 2 in the Proposition 3.2.

Proposition 3.5. The algebra FC, ; is semisimple with the following set of irre-
ducible representations:

Irr(FCp2) = (Vo | (A, ) € Pary(n) and £(2), £(n) < 1}.

The Bratteli diagram for the algebras F'C, » is obtained from the Bratteli diagram
for the algebras Hy, «,.n, Where all bipartitions with more than one row in any
component are removed. One finds the Pascal triangle, whose beginning is given
here:
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(2. 2) 1
/\
©0.2) (2.0) 2
/NN
M.2) @O0 (2.0 6
/N N /N
OD,2) (.0 O.0) (@00 2

The dimension of FC, , is then easily calculated:

"\ 2n
(3-13) dim(FC, ») = g (l) = (n )
An R-basis of C, . Now we produce an R-basis of C, » in terms of signed permu-
tations, and also explicitly in terms of the generators.
We consider the signed permutations with the following avoiding patterns:
(£1, —=2) and (&£3, 2, 1). This means that in the word b1 b; ... b, giving the
signed permutations (b; € {£1, ..., £n} is the image of i), we never have:

e Fori < j: bj <0 and |b;| < |b;| (in words, a negative number b; is never
preceded by a smaller number when ignoring signs).

e Fori < j <k: bj >0and |b;| > b; > |bi| (in words, a positive number is never
in the middle of a decreasing sequence of length 3, when ignoring signs).

We denote by B,,(IQ, lé, 321, 321, 321, 321) the set of signed permutations with
these avoiding patterns. These elements are called fully commutative top elements
in [28]. For example, 32451 is in this set for n = 5, while 32541 is not for three
reasons: the subsequences 35, 25 and 541.

In terms of the standard basis elements (2-6), it is proved in [28, Corollary 5.6]
that the set g, with @ € B,(12, 12,321,321, 321, 321) corresponds to all elements
of the form
(3-14)  [n1, my1ln2, ma] ... [ny, m,],

. O<ni<ny<---<n,<n-—1and m; <n;,
with {

=my = =M <Mgp] < -+ <My.

The cardinality of the set B, (12, 12, 321, 321, 321, 321) has been calculated in [28,
Proposition 5.9] or [19, Appendix B], and it is found that

(3-15) 1B, (12,12, 321,321,321,321)|:( ”)
n
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Remark 3.6. An alternative description of B, (12, 12, 321, 321, 321, 321) is as fol-
lows. A signed permutation is in particular a permutation of {—n, ..., —1,1,..., n}.
For these permutations on 2n elements, there is the usual meaning of being
321-avoiding (no strictly decreasing subsequence of length 3 in the sequence
of images b_, ...b_1b;...b,). We leave to the reader to check that the set
B, (12,12, 321, 321, 321, 321) coincides with the set of signed permutations which
are 321-avoiding as permutations of {—n, ..., —1,1,...,n}. See [9] for a proof
that this latter set is indeed of cardinal (Zn")

Theorem 3.7. The algebra C,  is free over R with basis consisting of elements
in (3-14), that is,

(3-16) {8 | w € B,(12, 12,321, 321, 321, 321)}.

One can replace each generator g; by e; in the expressions in (3-14) and this
clearly also gives a basis of C, ». This basis can be found in [19, Appendix B].

Proof. We proceed similarly to the proof of Theorem 2.6. All signed permutations
w € B, with length £(w) < 3 avoid the patterns in (3-16). It is shown in [28]
(see Theorem 4.1 and Corollary 5.6) that an element w which does not avoid the
patterns of (3-16) contains in a reduced expression sysgs; or s;s;415; for i > 1.
This means that the defining relations (3-4) and (3-5) can be used to express g,
in terms of elements of smaller length. Using induction on the length, we can
therefore conclude that (3-16) is a spanning set for C, » over R. The rest follows by

comparing the cardinality (3-15) with the dimension (3-13) of FC, ». O

3C. Quasiidempotents in the one-boundary Temperley—Lieb algebra C, ;. Let
ol a,

n > 2. Among the four central quasiidempotents of Hy, 4,.,, the two EST ) are

equal to 0 in C, 5. The one with a, was cancelled to define A4,,, and the one with «;
was cancelled to define C,, ». So only the following two remain:

Er(zq’al)’ E,Eq’“”.

It turns out that the expression of these two remaining quasiidempotents in C, 2
simplifies compared to their original definition in Hy, «,.,» and a global factor
appears, as shown in the following result. Note that the following result was already
true in .4, only for E,(,q’”) (Proposition 2.8). So the novelty here is that it becomes
also true for E,(,q’o”) in C,». Below, we use again the notation modulo 2 for the
indices of ;.

Proposition 3.8. Letn > 2 and b € {1, 2}. In C, » we have

(3-17) E@®) = g2(ntn=1) [n]y! E@),
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where the renormalised element is given recursively by
3-18) EL = ES((1 =g +qgu1 444" gu1 ... 22)

+q" gt 811 — ) 80)),
with the convention that Efq’ab) = E}q’ab) =(1- oz,;ll 20)-

Proof. The case n = 2 is easily verified by a direct calculation in C; ». Now suppose
that the formula (3-17) is true for some n > 2. To show that it is true for n + 1,
one can use the recurrence relation (2-10) for E\%”” in Hy, 4, »+1 and then replace
g180 &1 using the defining relation (3-4) of C,41 2. With the help of the property
E\4%) gy = o, E(9°) | the result simplifies to

Er(ltitlxb) — E,(Zq’ab)(l +qggn+---
+q¢" ' gn. . 82—q¢" g .2l +qg++q" g2 .. gn)
+q"gn ... g1+ +@’ e+ +q" g .. g 1=y 80))-
The remaining terms can be simplified using the Hecke relation (2-4), the braid
relations (2-1) and (2-3), and the property E,ﬁq’a”)g,- = qE,(,q’a”) fori=1,...,n—1
to arrive at
(3-19) EWLY = ESg"n+11,((1—g») (1 +qgn+- +q" "gn-.. 82)
+q"gn . g1(1 -0, 20))-
The proof is completed by using the induction hypothesis. U

4. The fused Hecke algebra

Let £k > 1. We briefly recall the definition of the fused Hecke algebra H , in
the particular case where only the k first strands are fused, and refer to [6; 7; 23]
for more details. The fused Hecke algebra Hy , is defined for a nonzero complex
number ¢ satisfying

4-1) g% #£1, i=1,... k,

since denominators of the form q2i —1,withi =1, ..., k, appear in its definition.
Equivalently, we will consider Hj , to be defined over the ring generated by C[¢™*']
and (¢¥ — D)~ 'fori=1,... k:

(4-2) CPEE1=Clg™, (@* =D (@ -1

Remark 4.1. The fused Hecke algebra can also be defined for ¢ = 4-1 (and is called
the algebra of fused permutations in [7]), but we will not consider this possibility
here, since this would require to replace from the beginning the algebra Hy, 4,., of
Section 2 by a different algebra.
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4A. Definition of Hy, ,. Let n > 0. We denote Hj, the Hecke algebra associated
to the symmetric group Sy, with generators o;, i =1, ..., k4+n—1. Its definition
was given at the end of Section 2A, in terms of generators g;’s, but we change the
names of the generators to avoid any confusion. We define it over C®)[g*!].

The standard basis elements of Hy, are denoted o,,, where w € G;,. Recall
that o, =0y, ...0, if o =s;, ...s;, is areduced expression in terms of the adjacent
transpositions s; = (i, i + 1).

The (normalised) g-symmetriser of the algebra Hy is

o) 5 —k(k—1)/2
4-3) P = Loce,d "0 _ g > 4" o,

Zwe@k q%(w) [k]q' weBx
and is well defined over the ring c® [qil], see (4-2). We see the g-symmetriser Py
as an element of Hj,, through the natural embedding of &; in &4, where &y
acts on the first k letters.

The g-symmetriser is a primitive central idempotent of Hj such that we can
write Pro; =o0; Py =qPyfori=1,...,k—1and PP, = P; Py = P; foralli <k.
It satisfies the recursive formula

k—1

4-4) ¢ '[k1y Pe = P_i(14+qok—1 +q*0k—1 0k—a++ - +¢" oy oka ... o1).

Definition 4.2. The fused Hecke algebra Hy , is the algebra of the form Py Hy,, Ps.

A basis of the algebra Hy , is indexed by the double cosets G\ Gy, /Sy of the
subgroup &y in G;4,. In each of these cosets, there is a unique representative of
minimal length (see [11]), and we will identify the set of double cosets S\ Sy, / Sk
with the set of minimal-length representatives. The standard basis of Hy , is

{Prow Py | w e G \Siqn/Sk}.

The dimension of the algebra Hy , is the number of double cosets in G\ Sy, / Sk,
or of what were called fused permutations in [7]. It is the number of ways to connect
arow of n + 1 dots to another such row, with the requirement that k edges start
and k edges arrive at the first dot of each row, while the usual rule of a single edge
at each dot applies for the other dots. It will be convenient to draw and to refer to
the first dot as an ellipse. So from now on, we have two lines each consisting of
one ellipse followed by n dots.

To count such fused permutations, one has first to choose how many edges from,
say, the top ellipse will go to a dot. This is choosing i € {1, 2, ..., min{k, n}}. Then
one needs to chose i bottom dots among n where to put these i edges and i top dots
among n which will be connected to the bottom ellipse. Finally, one can choose an
arbitrary permutation diagram between the remaining two lines of n — i dots which
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are not connected to the ellipses. It follows from this discussion that
min{k,n} n 2

4-5 dim(Hy ,) = —i)! .

(4-5) (Hi.n) ; (n—1i) <l>

For any word x in the generators o; of Hj., and their inverses ai_l, the diagram-
matic representation of the element Py x Py of Hy , is obtained by drawing the usual
braid-like picture for x between two rows of k 4+ n dots, and then fusing in one
large dot (or ellipse) the k first top dots and similarly for the k first bottom dots.
For example, we define the following elements of Hy ,:

1 i—1 i i+1 i+2 n

o s-E T
7]
- 0w ]
1

1 2 n
4-8) T:= |k X/ : [
wherei =1, 2, ..., n — 1, which algebraically correspond to
4-9) Si = Py 0k+i Px = Py Ok+i = Ok+i Pr,
(4-10) S():PkaGk_l...O’zdlzﬂz...Gk_l O’kPk,
4-11) T = P, oy Py.

We have used that oy4; commutes with P, wheni > 1.

Eigenvalues of the generator Sy. We will need to know the characteristic equation
satisfied by Sp in order to relate the algebra Hy , to a cyclotomic quotient Hy, o, .»
for the correct values of a1, a5.

Proposition 4.3. In Hy , we have

(4-12) (So—¢* Pe)(So—q 2P = 0.
Proof. First, we show the following relation between Sy and 7'
(4-13) So=(q—q"")q" "' k]yT + Pe.

To check this, we start with the defining formula for Sy and use the quadratic relation
for o1. We find

-1
So=(@q—q )Pioxoi_1...020102...04—1 0, Py
2
+ Py Ok Ok—1...05 ...0k—1 Ok P.
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Using the braid relations and the property of Py, the first term becomes

(q—qg HPo10y...0k_1 04041 ...0001 Pr = (g —q~ ") g** VP oy Py
=@-q Hg" T
We proceed similarly with the remaining term, which ultimately gives (4-13).
The proof of the proposition is concluded by calculating the eigenvalues of T'.
We have

(4-14) (T —qP)(T +q [kl Pr) =0.

To check this equality, we first use the recurrence relation for Py to write

k—1

oxProy=q T kI, Peoy ok (14-qok—1+q° 0k—1 0k—a+ - +q" o1 .. 01) 0%

Then we proceed as follows, using Py Pr_1 = Py, the braid relations and o; P, = g Py
ifi <k:

T?=PoyPiocPe=q 'K P+ g+ 4+ + - +¢™ T =g o) P
=q "MK Po+ (g —q T KD T

This concludes the verification. O

The semisimple representation theory of Hy ,. Here we work over C(g) (or we
assume that ¢ is not a root of unity of order < k + n).

The algebra C(g) Hy , is semisimple and its irreducible representations were
described in [7]. They are indexed by partitions A - k + n such that A; > k (that is,
the first line of A contains at least k boxes). For example, for n = 0, there is a single
irreducible representation, indexed by a line of k boxes. The branching rules are
given by inclusion of partitions. For example, when k = 3, the beginning of the
Bratteli diagram is as follows:

| O
N
n=1 i

T N
n=2 oo, D R T

e S SN

n=3 OO D S EED B D R A

We have shaded the three fixed boxes in the first row of each partition. Next to
each partition is the dimension of the corresponding irreducible representation.
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We emphasise that the dimension is not the number of standard tableaux strictly
speaking, but is the number of standard fillings of the nonshaded boxes by 1, ..., n.

It is easy to see that, when 2 < n < k, there are three one-dimensional represen-
tations for Hy ,. They are given by the following partitions:

(4-15) r=(k+n): Sy g%, Sirq,
(4-16) A=k, 1" :Sor>q % Sir> —q 7,
(4-17) A=(k,n):Sor>q % S q,

where we give the associated values of the elements Sy and S; (i > 1). These are
easily obtained from the description in [7]. The case of A = (k + n) is immediate
and the level n = 1 together with the given branching rules give all the other values
of Sp. Calculating the eigenvalue of S; is also immediate from the description in [7]
since S; = Py 0+; with o34; commuting with Py.

When n > k, there is only two remaining one-dimensional representations, the
one corresponding to A = (k, n) being removed from the list (it would not make
sense for n > k).

Remark 4.4. Let n < k. Anticipating a little bit, the algebra Hy , is going to be
obtained (below) as a specialisation of the parameters o, o of the algebra A,,.
This specialisation is semisimple over C(g), and thus we have a bijection between
the irreducible representations of C(g) Hy , and the representations described in
Section 2:

Irr(FA,) = (Vi | (A, n) € Para(n) with €(n) < 1}.

The bijection maps (A, i) to the partition made of a first line of k + || boxes,
and with the diagram of A for the remaining lines. This is well defined since 7, and
in turn |A[, is less or equal to k.

If n > k, the specialisation of .4, is not semisimple anymore and the algebra Hy ,
will be obtained as a quotient of this nonsemisimple specialisation of A,,. Therefore
we cannot immediately identify the irreducible representations of Hy , with a subset
of the irreducible representations of .4,, as soon as n > k.

4B. An algebraic description of Hy ,. In this section, we use the algebra 4, from
Section 2 to obtain an algebraic presentation of the fused Hecke algebra Hy ,. We
are going to work with the following specialisation of the parameters o, o:

(4-18) ar=q7% am=g¢"*

This is motivated by Proposition 4.3 since these two values are the eigenvalues of
the element Sy. For these specific values, we have the following factorisation result
for one of the quasiidempotents of .4, as a corollary of our results in Section 2D.
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Corollary 4.5. In A1y, when (o, ap) are specialised as in (4-18), the element

E ,Eti"lx') factorises as

(g,a1) (g.a1)
ELTY =Tk+ 11, EVLTY,

where E’,(:i‘f‘) is in Ax11 with coefficients in C[g*'].

Proof. Tt is clear that E\%5" — E{%? is divisible by (@ — a2). With the given

specialisation, this means that it is divisible by g>**1 —1 and thus by [k+1],. Now
Proposition 2.8 shows that E ,E‘i‘lm is also divisible by [k + 1], (actually, already
over R). Thus we get the desired statement. ([

This allows us to define, in the specialisation of Ay, the following element
with coefficients in C[qil]:

r(g.en) . _ 1 (q,01)
k+1 [k+1]q k+1

Definition 4.6. The algebra Af,k) is defined over C®¥[¢*!] as the specialisation
of A, corresponding to (4-18) with the additional defining relation if n > k:

@)
4-19) E'8) — 0.

Note that it is not clear at once if over C(g) the algebra Af,k) is semisimple for
all n > 0 since the specialisation (4-18) falls into the nonsemisimple regime (see
Remarks 2.5 and 4.4). However, note that the specialisation is semisimple if n < k.
Moreover, for n > k, we have taken a quotient of the nonsemisimple specialisation, so
it may well be that we obtain again something semisimple. Actually, the algebra A,(,k)
over C(g) will turn out to be semisimple as a consequence of its isomorphism with
the fused Hecke algebra Hj , which is known to be semisimple [7].

Remark 4.7. The additional relation when n > k 4+ 1 is the analogue in the
Hecke case of the additional relation that is needed to pass from the one-boundary
Temperley—Lieb algebra to the boundary seam algebra. We refer to [19] and [17]
where this additional relation was interpreted in terms of a quasiidempotent of the
one-boundary Temperley—Lieb algebra (see also Section 5C).

A spanning set of A® . First, we find a spanning set for A% Consider the signed
permutations with the following avoiding patterns: 12 and k + 1k ... 1. We denote
by B,(12,k + 1k ... 1) the subset of these signed permutations.

The first condition defining B, (12, k4 1k ... 1) is the same as the one giving
the basis of A, in Theorem 2.6. The second one adds the condition that in the
word by by . . . b, giving the signed permutations, we never have a strictly decreasing
sequence of length k 4+ 1 of barred numbers. Both together mean that all barred
numbers appear in decreasing orders, and that at most k barred numbers are present.
So to count the number of elements in Bn(IQ, k+1k... i), we reason as follows
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on the word b1 b, . .. b, giving the signed permutation. We choose i numbers in
{1, ..., n} that will be barred, with the condition that i < k; then choose i positions
among n to place these barred numbers in decreasing order; and finally we choose
a permutation of the remaining n — i numbers to be placed (not barred) in the
remaining n — i positions. This gives

min(k,n) 2
- - n

(4-20) 1B,(12.k+1k... D= > () (n—i).

£ i

i=0
Note that the above discussion shows the alternative description
4-21) B,(12,k+1k...1) = B,(12) N{w € B, | Lo(w) < k+1}.
Let us emphasise that if n <k, then the set B, (12, k + 1k ... 1) is the same as B, (12)
since there are no signed permutations in B, with more than k barred numbers.

Proposition 4.8. The following set is a spanning set of Aﬁk):
(4-22) (80 | w e B,(12,k+ 1k ... 1)}.

Proof. Recall the basis {g, | w € Bn(ﬁ)} of A, from Theorem 2.6. There is a
unique basis element containing n occurrences of g and all the others contain
strictly less. In other words, there is a unique element w € B, (ii) with maximal £,
which is £o(w) = n. This element corresponds to the sequence n,n — 1, ..., i, and
the corresponding basis element is

(4-23) 80-8180 .- &n—1---8180-

Lemma 4.9. The element (4-23) appears with coefficient (—1)" o, ng(n—bn [n],!
when E,(zq’o”) is expanded in the basis {g, | ® € B,,(12)} of A,.

Proof. The proof is by induction on n. The statement is immediate when n = 1.
Then we use the recurrence formula for the quasiidempotent:
n n
s —1i —1 ;
E,(l‘i‘f') =E@*) (I+Z "y gi—ay'q"gn ... 180 <1+Z q'gi-.. g,-)).
i=1 i=1

Using the induction hypothesis and keeping the only terms which can contribute to
the relevant coefficient, we have to study

n
—Vn @ 'q" 808180 -~ gn1---8180" &n - --g1g0<l +> g -gi),
i=1
where y,, is the coefficient given by the induction hypothesis. For dealing with
the terms in the sum, note that they produce the appearance of gg g1 g0 g1 (the
leftmost go is the go just to the left of g,). So we can use the defining relation (2-19)
of A, and keep only the term not reducing the occurrences of go. This amounts to
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simply replacing go g1 80 g1 by ¢go &1 8o- Thus all g;’s in the sum are replaced by q.
Similarly, if an element g; hits the expression on the left of the parenthesis, it will
move through g, ...2180, &:—1---8180, ..., becoming successively g;_1, gi—2
and so on until it becomes g; and hits again a gy g1 go. The same reasoning as before
allows to replace it by ¢g. So all generators g1, ..., g, appearing in the parenthesis
are replaced by ¢ and we are left with (1 +¢2%+---+¢>") = ¢"[n + 1],. ([

The lemma implies that in the renormalised quasiidempotent E’ ,(cq_:f‘), the coeffi-
cient in front of the element (4-23) withn =k + 1 is

(—1)k+1a;(k+l) k(k+1)[k] |

q-

q

since we have divided E ,E’ﬂr’(f‘)
CO[g*].

Now we will show that every element g, with £g(w) > k + 1 can be rewritten
in .Af,k) in terms of elements g, with £9(@’) < k + 1. Indeed, if the number of
occurrences of gg is at least k 4 1 then write g, in the standard form (2-6) and pick
k + 1 consecutive occurrences of gg. Then using the braid relations we have

by [k + 1],. This coefficient is invertible in the ring

8j"8i---818 =8i---8180-8j+1 foral 0<j<i

This allows to find a subexpression of g,:

iy ---8180°8ir---8180" - &ipyy ---8180, 11 <ip-++ <lgyl.

Moving some g;’s to the left using commutation relations, we see at once that the
element (4-23) with n = k 4 1 appears. Thanks to the lemma and its consequence
stated just after, we can use the relation E’ ,ﬁ’?” =0 of A,(f) to rewrite this element
in terms of g,, with £y9(@") < k + 1. Thus we have strictly reduced the number of
occurrences of gp, and by induction we conclude that AW s spanned by elements g,/
with £o(@') < k+ 1.

Now if an element w with £g(w) < k + 1 has the pattern 12 then as shown in the
proof of Theorem 2.6 we can use the defining relation of A, allowing to rewrite
£0 &180 &1 to write g, in terms of g, with o’ € B,,(IQ). In doing so, note that the
0-length £y never increases since the relation we use rewrites go g1 go g1 in terms
of elements with 2 occurrences of gg or less. ([l

Isomorphism theorem. We are now ready to state the main result of this section.

Theorem 4.10. For any n, an algebra isomorphism from .Aflk) to Hy, is given by
4-24)  ¢: A® - H,, 1> P, gi—>Si, i=01,...,n—1.

Corollary 4.11. Over C®[g*!], the following set is a basis of Ai,k) and its image
by ¢ is a basis of Hy :

(80 | @€ B, (12, k+ 1k ... 1))}.
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Proof. This follows from the fact that this set is a spanning set (Proposition 4.8)
with cardinality given by (4-20), which is equal to the dimension of Hy ,, and from
the isomorphism of .A,(f) with Hy ;. O

4C. Proof of Theorem 4.10.

The morphism property of ¢. By definition, the projector Py acts as the unit element
in Hy ,. We must verify that the elements S; € Hy , fori =0, 1, ..., n satisfy the
same defining relations (2-1)—(2-5), (2-19) and (4-19) as the elements g; € Af,k) .
Relations (2-1), (2-3) for i, j # 0 and (2-4) directly follow from the definition of the
fused Hecke algebra. It is also readily apparent that (2-3) for i = 0 is verified, since
So and S; with j > 2 are elements that each act on different strands. In diagrams,
we have (ignoring unaffected strands in the illustrations for simplicity):

_j
k

Consider now relation (2-2). We start by computing the following (again ignoring
unaffected strands):

(4-26) S150 51

Now, in order to show that (2-2) holds for the images, one must show that Sy
commutes with S75¢ S;. This is seen using the isotopy of diagrams and the fact
that an ellipse can be replaced by a sum of braids acting on the k fused strands.
This means that the strand labelled 2, which encircles both the strand 1 and the k
fused strands, can be moved up or down around any middle ellipse and around all
encircled strands, and hence the commutativity. In diagrams, we have

1 2 1 2
e~ J o Jd——
4-27 ™7 = k = T
( ) Cle —) § C%x N Clk —i 1
el | el

The quadratic relation (2-5) for gg is preserved thanks to Proposition 4.3.
Then to show that relation (2-19) is preserved, we start with a lemma.
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Lemma 4.12. For k any positive integer, the following relations hold:

(4-28) TSHITS —qT$HT =q' K (ST —g~ ' $iTS),
(4-29) SITSIT —qT ST =q' kI, (TS —q~'SiTS)).

Proof. Similarly as has been done before in this section, one can use the algebraic
expressions of 7' and S, the properties of the projector Py as well as the braid
relations to show that

(4—30) TS1T= Pkak (Tk_HPkO’kPk
=q" Mk, (1T St + "'k — 11y Ph oy 011 0ky1 0k P).

Multiplying the previous equation by S; on the right, and then using the Hecke
relation and braid relations, it is found that

4-31) TSTS
=q' k1, ((g =g~ ) SIT S+ 1T + q" [k — 114 P 0k 04— 1 0x11 0% Pr).

So, combining the two previous results, relation (4-28) is found. To obtain (4-29),
multiply by S; on the left instead. O

One can now use (4-13) to write equation (4-28) in terms of Sy, which gives

4-32) SpS515051
=—q 2P 4q7381 + So— g (SoS1 4 S150) + g 72818051 +¢.S0 51 5.

The previous relation corresponds to (2-19) with parameters «; and o as in (4-18).

Finally, when n > k, we must show that the additional relation (4-19) is satisfied
in Hy,. If E’,(f:fl) were nonzero, this would imply that this element would also
be nonzero in the algebra Hy , extended over C(g). This in turn would imply the
existence of a one-dimensional representation Sy — ¢ 2 and S; > ¢, i > 1. We
already discussed the nonexistence of such a one-dimensional representation around
equations (4-15)—(4-17).

Surjectivity of ¢. For i = 1,2, ..., min{k, n}, we define the element U; € Hy ,
which consists of the diagram where the i last strands of the top ellipse go out to
the i first bottom circles (without crossing each other), and similarly for the strands
of the bottom ellipse. It is illustrated as

(4-33) U; = Z ] [[ i=1,2,..., min{k, n}.
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Here it is understood that there are k — i straight strands in the gray zone. If we
denote

(4-34) Ok,i *= Ok Ok+1 - - - Ok+i—1,
then the algebraic expression of the element U; is given by
(4-35) Ui = Py oy, Ok—1,i - - - Ok—i+1,i P

The elements Py, U; fori =1,2,...,min{k,n} and S; fori =1,2,...,n—1
generate the fused Hecke algebra Hy ,. Indeed, a basis for Hy , consists of the set
of fused braid diagrams corresponding to fused permutations, which were described
when counting the dimension (4-5) of Hi ,. A generic fused braid diagram can be
obtained by multiplying the element U; on the left and on the right by elements §;
forj=1,...,n—1.

We are now ready to prove that the map ¢ is surjective. It suffices to show that
the generators of Hj , belong to the image of ¢. We already know that Py and S;
fori =1,...,n— 1 belong to the image by definition of the map ¢. We will show
that it is also the case for the elements U; by induction on i.

For i =1, we have U; = T, which belongs to the image because of (4-13).
Suppose now that U; belongs to the image for some integer 1 < i < min{k, n}.
Then, the following element of Hy , also belongs to the image of ¢:

1 i—1 i t+1 i+2 n

I }

(4-36) T$:1$...5U= r
==D

Using the algebraic expressions (4-11), (4-9) and (4-35) as well as the properties of
the projector Py, we can write

(4-37) T$18:...85 Ui = P ok,i+1 PrOk,i Ok—1,i - .- Ok—it1,i Pk.
Using now the property (4-4) for the middle projector, we get

T5S...5U;

1—kpp1-1 k—
=q [kl ZCI " Pic 0k,i4+1(0k—1 Ok—2 - . . Om) Ok i Ok—1,i - - - Ok—i+1,i Pk,

m=1

where the interior of the parenthesis in the case m = k is understood to be 1.
Separating the previous sum in two at m = k — i, and absorbing braid generators in
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the right-most projector Py for the terms with m < k — i, we find
(4-38) TS55...5U;

1 .
= [kl, [k —ilq Pk O,i+1(Ok—1 Ok—2 - . . Ok—i) Ok,i Ok—1,i - - - Ok—i+1,i Pr

k
+qlkl,! Z q " P 0k,i+1(0k—1 Ok—2 . . . Om)

m=k—i+1 “Ok,i Ok—1,i - - - Ok—i+1,i Pr-

All terms in the sum of the previous equation do not act on the k—i first fused strands.
Therefore, these terms correspond to diagrams where only the i last fused strands go
out of the top and bottom ellipses, and they can be obtained from a multiplication of
the diagram U; with diagrams ;. Hence, by the induction hypothesis, they belong
to the image of ¢. Since we have supposed that i < k and since ¢g>" — 1 is invertible
form=1,...,k, the first term in (4-38) is, up to an invertible factor:

(4-39) Py O,i+10k—1Ok,i Ok—20k—1,i - - - Ok—iOk—i+1,i Pk

= P Ok,i+1 Ok—1,i+1 Ok—2,i+1 - - - Ok—i,i+1 Px = Ui41.
Therefore, the element U; 11 belongs to the image of ¢. By induction, we conclude
that all the elements U; for i =1, 2, ... min{k, n} belong to the image.

Injectivity of ¢. At this point, we have shown that ¢ : Aﬁlk) — Hi , is a surjective
morphism. By comparing the cardinality (4-20) of the spanning set (4-22) for A,(f)
with the dimension (4-5) of Hj ,, we deduce that dim(Aflk)) < dim(Hy ,). Hence
both algebras have the same dimension and ¢ is an isomorphism.

4D. Towards a definition of .A,(,k) over C[qil]. The fused Hecke algebra Hy , is
not directly defined over C[¢g*!]. Nevertheless, the presentation by generators and
relations of Definition 4.6 could be taken as it is over C[¢*!]. However, note that
the resulting algebra would then not be free over C[g*!] with the correct dimension,
that is, Corollary 4.11 would not be true over C[qil] since we used that [k],! is
invertible in C¥'[¢*!] to prove Proposition 4.8.

So we believe that Definition 4.6 is not the correct one to take over C[qil]. The
key to this problem is the following conjectural result.

Conjecture 4.13. In Ay, when (o1, ap) are specialised to (q*Z, qZk), the element
E ,E‘_I#(l’”) factorises as

(4-40) B =T+ 10 EGTY,
where E ,E‘i"f‘) is in A1 with coefficients in C[q*!].

To support this conjecture, we have checked it explicitly for small values of k.
Note moreover that it generalises Corollary 4.5 which already identified the factor
[k + 1], (but not the full g-factorial). Finally, we are able to prove this statement in
the quotient C, » of A, (see Section 5C).
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Just for this subsection, we are going to assume that this conjecture is true,
thereby allowing to define, when o, oy are specialised as before, an element
E (‘1 "") in A,, with coefficients in C[qil] Now the correct definition over (C[q N
of the algebra A( ) that we promote is:

Definition 4.14. The algebra A,(q ) is the specialisation over C[¢g*!] of A, corre-
sponding to (e, a2) = (¢ 2, ¢**) with the additional defining relation if n > k:

(4-41) E4T =o0.

Now, we can prove the analogue of Corollary 4.11.

Proposition 4.15. If Conjecture 4.13 holds, the algebra A,(ik) is free over Clg*!]
with basis

(80 |we B, (12, k+ 1k ... 1)}.

Proof. First the above set is now a spanning set over C[g*']. Indeed, following the
proof of Proposition 4.8, we see that we have now removed all factors in front of

the element in 4; | that we need to rewrite using E ,E‘i(lx‘) 0. So the same proof
works now over C[g*']. The freeness follows immediately from the already proved
isomorphism with Hj , over the field of fractions C(q). [l

5. Centralisers of U, (gly) and the boundary seam algebra (N = 2)

Let N > 1 and let £ > 0. In this final section, we combine the preceding sections to

complete the following square by defining the algebras ngkz)v

A~y AP

[

k
Con ~r Coy

and we show their connections with the centralisers of U, (gly) as discussed in the
introduction. We then study in details the case N = 2 to show that we have finally
recovered the so-called boundary seam algebra from [19].

As in the preceding section, we are going to work, unless otherwise specified
over the ring C®[g*!].

5A. Definition of C,(l 3\, The following definition has two equivalent forms, due to
the two paths in the square above to reach C, k ) . Recall that the specialisation and
the relation (5-1) were by definition how to go from A, to A,(f), while the relations
(5-2)—(5-3) were by definition how to go from A, to C, y.

Definition 5.1. Over the ring C®[g*!] we have:
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2

e The algebra C,(lkl)\, is the specialisation of C, y for oy = ¢~ and o = g%, with

the additional defining relation if n > k:

(5-1) E4 o,

» Equivalently, the algebra C,Ekgv is the quotient of A,(f) by the relations
(5-2) EGTen —,

.
(5_3) ANZ_] (g179gN)=0

Remark 5.2. Exactly as discussed in Section 4D for the algebra Aflk), we emphasise

that a good definition of C,(lkgv over C[¢*!] would require to prove that the idempotent
E7* factorises as

k+1 (fl»al) — ~(qsal)
EL =+ 10 EL .

Then we would define C,gk,)\, by replacing (5-1) by E,E‘_fk"l’”) =0.

5B. Isomorphism with the centralisers. We start by relating Clgkz\, to the fused
Hecke algebra Hy .

Proposition 5.3. The algebra Cflkgv is isomorphic to the quotient of Hy, by the

relations
(5-4) P AN+1(0%, ..., 0kN—1) P =0,
(5-5) P Ani1(oksts .., 0k4n) P =0.

Proof. From the isomorphism of A® with Hy ,, it remains only to prove that the
quasiidempotent El(\,—qfl’“l) and the antisymmetriser A;,{ll (g1,--.,8n)of Aflk) are
mapped to the correct elements in Hy ;.

First, it is directly seen that

(5-6) G (AN+1(81, -5 8N) = An+1(S1, ..., SN)
= Pt AN1+1(Ck415 -+ s OkyN) Pr.

Then, using an explicit basis for Gy, it is seen that

(5-7) An+41(ok, ..., 0ksN—1)

= AN(Okt1, s Okin—1)(1—g 7"

okt +(=q N ok okt -+ okN—1).
Therefore, by definition of the elements S; and 7 and by the properties of P, we
can write
(5-8) PcAN+1(0ks .-y Oktn—1) Pr

= ANt SN=D(Pe—=q 7 T4+ 4 (=g VT Sy .. Sy-).
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Define the element ¢ of AX by

(5-9) g0=(q ' —qa)t+q’a,
where we recall that o; = g2 and a» = ¢?*. Since ¢** — 1 is invertible, this

indeed defines the element ¢. Then we can rewrite the formula (2-28) obtained for
“Lap)

I:J](\,fq’ as
~(_ 71’ )

(5-100 E* ) . L

=AN@g1, .. 8N-1) (2 —¢q a1)<l—q Y (—q )tgl..-gi)-

Note that, because of (4-13) (taking into account the specialisation of «; and «»),
the image of # under the map ¢ is 7. Therefore, by comparing (5-8) with (5-10), it
is seen that

~ -1
G-1D $EYT ) =@ = DPANO, - Oken—1) P
We conclude using again that g2 — 1 is invertible. (]

Example. Take N =2 and let us write the first relation (5-4) in diagrams like:

1
s |
e

In words, we plug in the usual g-antisymmetriser (here on 3 strands) using the last
strand coming out of the ellipse as a first strand. In terms of the generators Uy :=T
and S of Hy o, the previous relation is

\‘N —
+

'Q
O‘:-‘ \<l\) —
K\m

<H:

(5-13) Po—q ' T —q7 'S +q 2T +q°TS; —q385,TS; =0.

A similar description works for any N > 2.

The second relation (5-5) is just the usual g-antisymmetriser on N + 1 strands,
which is plugged in using the N 4 1 first dots (and not using at all the strands
coming out of the ellipse).

Isomorphism with the centraliser. In this paragraph only, we will work over the field
of fractions C(g). Using the notations of the introduction, consider the centraliser

Zinn = Endy, g1, (L, ® (L)®).

Combining what we have obtained so far with the results from [7] on these cen-
tralisers, we get the following description of Z; ,, .
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Corollary 5.4. Forall k,n, N as before, we have that Zy ,, n is isomorphic to C,(lkgv

Proof. From [7, Section 5], we have that the fused Hecke algebra Hy , surjects onto
the centraliser Z ,, . Moreover, it is also clear from this construction that both
relations (5-4) and (5-5) are satisfied in the image (since the expressions between the
projectors are already O in the usual Schur-Weyl duality with U, (gly)). Moreover,
it was proved in [7, Section 9] that, for q2 not a root of unity or over C(gq), the first
relation (5-4) is enough to generate the kernel, and this proves that the quotient
of Hy, by (5-4) and (5-5) is isomorphic to 2 , y. With Proposition 5.3, this
concludes the proof. U

Remark 5.5. The proof shows that, over C(g) or for g2 not a root of unity, the
second relation (5-5) is implied by the first. This was already noticed at the level
of C, v, where it was shown, using the semisimple representation theory in Section 3
that relation (5-2) implies (5-3).

Remark 5.6. The representation theory of C,(lkl)\, over C(g) or when ¢? is not a root
of unity is described as follows. Starting with the algebra Ag‘), which is the fused
Hecke algebra, for which the irreducible representations were indexed by partitions
Atk -+n with A1 > k, we simply remove all those which have strictly more than N
lines. This is in agreement with the known decomposition of the tensor product of
U, (gly)-representations. We will give more details for N = 2 in Section 5C below.

5C. The boundary seam algebra (N = 2). For N = 2, using the methods and the
terminology of [7], the centraliser Z; , » could be called the fused Temperley—Lieb
algebra, since it can be described by multiplying the usual Temperley—Lieb algebra
by a suitable projector on the left and on the right. In our case here, where only
the first representation is fused, the fused Temperley—Lieb algebra was introduced
in [19] and called the boundary seam algebra (see also [16; 17]). We will show
how it is recovered as the algebra C,(lk%

First, recall that the algebra C, » was identified in Section 3 as the one-boundary
Temperley-Lieb algebra, using the following change of generators:

(5-14) ep =0y — 8o, ei=q—gi, i=12,...,n—1.

The presentation of C, » in terms of these generators was given explicitly in equations
(3-8)—(3-12). Here we complete the presentation of Clgk; in terms of the same
generators.

Proposition 5.7. The algebra C,(lk;
perley—Lieb algebra C, 5 corresponding to oy =q 2 and ay =q*, and the additional

relation, ifn > k 4+ 1:

is the specialisation of the one-boundary Tem-

(5-15) uruy ... ugy; =0,
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where, form =0, ...k,

m—1
_n 1 -1
Up+1 = Z(_Q)r (1—612(m r)a_) €m €m—1 - - - em+1—r+(_Q)ma2 €m €m—1 - .- €0-
2
r=0

Proof. According to Definition 5.1, it remains to describe, if n > k+ 1, the following

relation of Cflk; in terms of the generators eg, €1, ..., €;,—1:
1 (

5-16 a.o1) _ (),

-16) [+ 1], <!

We have done most of the work in Proposition 3.8 which gives that, for any 1 <m <n,
we have in C, »:

1 ~
(-17) E0) = g2+ 4 111 E@4D,

E;q,al)

where E:*V is defined recursively by ={-a, '¢0) and

m+1

(5-18) E5 = EX((1 =g +qgm+--+4" " gn ... 82)
+q"gm ... g1(1—a5' go)).
We rewrite this recursive definition using (5-14) together with the properties

E,(,f”a')eo = (ag—al)E,(nq’al) and E,Sf’a‘)ei =0for 1 <i <m—1. As an intermediate
step, it is found that, for 1 <i <m +1,

(5-19) EW*g™t (g —e,)(q —em—1) ... (q — e)
m+1—i

5 E : 2(mA4-1—i)—
=E’§§1,a1) (_l)rq (m+1—i) rem emt - emi]r-
r=0

Using (5-19) in (5-18), and rearranging sums, the result E}Efﬁ') = E,(,f’a')umH is
achieved with u,, | as in the proposition. Now up to some unnecessary invertible
power of ¢, the relation reads

[k, ESY = [k, wyus . . . ug1 =O.

k+1
The claim follows from the invertibility of [k],! in the ring c® [qil]. U
The elements u,, and E,(nq ) appear in [17] (up to global factors of a; and —q_l)

as generalised Wenzl-Jones factors and generalised Wenzl-Jones projectors respec-
tively for the one-boundary Temperley—Lieb algebra. Now, using the preceding
proposition, it can be directly verified that the following mappings give an antiiso-
morphism from Cflk% to the boundary seam algebra (with the notations of [17])

(5-20) o> g N g—qg Ve,  erey, 1<i<n—l.
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Let us also mention that a recursive formula, similar to (2-17) in Hy, 4,.», holds
for E,Sf ) \when q is not a root of unity (or over C(g)) in a specialisation such that

[To5(1—g> &) #0:

E,Ven B,
_3 .

| (1 _‘lzr%)

Semisimple representation theory. Here we work over C(g) or we assume that g2
is not a root of unity. The representation theory of the boundary seam algebra
C, ( % is easily obtained from the one of the fused Hecke algebra A® Recall from
Section 4 that the irreducible representations of A( ) were indexed by partltlons
Ak +n with Ay > k. The quotient giving the boundary seam algebra C, ®  consists
simply in removing all those which have strictly more than two lines.

The beginning of the Bratteli diagram, for example, for k£ = 3, of the algebras

Cr(lk% is as follows:

1 011
|
n=1 1 OTT1 1

//\

n=2 D R

vV

n=3 | OO 3|:|_|_|_|_| sEE R

| S

n=4 1D A0 D 4 [

We can see the special behaviour starting at the value n = k+ 1 = 4. The irreducible
representations, at level n, are indexed by a positive integer /, which is the number
of boxes added in the second row, satisfying 0 < 2h < k + n. It is easy to see
recursively from the branching graph that the dimension of the corresponding

irreducible representation is
n n
h h—k—1)

with the understanding that (h—Z—l) =0 if h < k. Note that comparing with [19],
our A is their %(n + k — d). The dimension of the algebra is

(5-22) dimc® = (2 _( >
27\ p n—k—1)
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Definition over C[q*']. We have originally defined C,(lk% over C®[g*!]. The pre-
sentation put forward in Proposition 5.7 can be used without problem over C[g*'].
In our notation, this means to define the algebra Cr(lk; over C[qil] as follows.
Definition 5.8. Over C[g*'], the algebra C,ik% is the specialisation of C,» for
a1 =¢q 2 and ar = g2*, with the additional defining relation if n > k:

(5-23) ELM =0,

where the renormalised quasiidempotent £ ,Ei"lx')

and recalled in (5-18).

was obtained in Proposition 3.8

With this definition, we can prove that we get an algebra which is free over
C[g*'] with dimension equal to (5-22). In fact, we may check that the following
set of elements is a C[qi] ]-basis:

[n1, my]lna, ma]. .. [n,, m,],
. {Ofnl <np<---<nr<n-—1and m; <n,
with
O=mi=---=mg<mgyp; <---<m;,, s<k+1.
Without the condition s < k 4 1 in the second line, we already know that this set
is a spanning set for C, 2, see (3-14). The relation E ,E‘i‘f”) = 0O further allows to
rewrite any element [n1, 0][n;, 0] ... [ng+1, O] in terms of elements with fewer gg
(smaller s). This works over C[qil] since the element we need to rewrite appears
with an invertible coefficient in E ,E‘jr"l)”). We refer to the proof of Proposition 4.8 for
more details. The above set is of the correct cardinality [19, Appendix B], that is,

equation (5-22), and thus is a basis over C[g*!].

Remark 5.9. If we specialise ¢ to a complex number such that g% # 1 for
i=1,...,k,of course Definition 5.8 recovers Definition 5.1. But now Definition 5.8
allows to consider the cases where q2i =1forsomei =1,..., k. We note that we
differ here from [19] where the defining relations, when g% # 1, were modified ac-
cording to the value of ¢ and the dimension of the algebra resultingly depended on g.
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ON THE GENERIC BEHAVIOR OF THE SPECTRAL NORM

ERMAN CINELI, VIKTOR L. GINZBURG AND BASAK Z. GUREL

Our main result is that for any closed symplectic manifold, the spectral norm
of the iterates of a Hamiltonian diffeomorphism is locally uniformly bounded
away from zero C*°-generically.

1. Introduction

We show that for a Hamiltonian diffeomorphism ¢ of a closed symplectic mani-
fold M, the spectral norm over Q of the iterates ¢ is locally uniformly bounded
away from zero C°°-generically in ¢, without any additional assumptions on M.

The question of the behavior of the sequence y (¢*) of spectral norms goes back
to the work of Polterovich [2002]. Recently, there has been renewed interest in the
problem whether and when this sequence is bounded away from zero. There are
several reasons for this question, amounting roughly speaking to the fact that one
can obtain pretty strong results on the symplectic dynamics of ¢ when the sequence
is not bounded away from zero:

(1-1) ¥ (@) :=likminfy(<pk) =0.

Among these are, for instance, Lagrangian Poincaré recurrence [Ginzburg and Giirel
2018; Joksimovi¢ and Seyfaddini 2023], and the variant of the strong closing lemma
from [Cineli and Seyfaddini 2022]. Simultaneously, fairly explicit criteria for this
sequence to be bounded away from zero have been established, based on the crossing
energy theorem from [Ginzburg and Giirel 2014; 2018]; see, e.g., [Cineli et al.
2022] and Theorem 3.1. Let us now provide some more context for the question.

First, note that the condition (1-1) can be interpreted as that ¢ is y-rigid or, in
other words, a y-approximate identity.

This notion is a particular case of a much more general concept. Namely, consider
a class of diffeomorphisms ¢ or even homeomorphisms of a manifold M, which we
assume here to be closed. For instance, this can be the class of all diffeomorphisms or
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of Hamiltonian diffeomorphisms when M is symplectic, etc. Assume that this class
is equipped with some norm || - ||, e.g., the C°- or C'-norm or the y- or Hofer-norm
in the Hamiltonian case. A map ¢ is said to be || - ||-rigid if ¢* — id with respect
to || - |, i.e., [|¢* || — 0, for some sequence k; — oo. The term “rigid” is somewhat
overused in dynamics and also frequently confused with structural stability, and in
[Ginzburg and Giirel 2019a] we proposed to call such a map ¢ a || - |-approximate
identity, or a || - ||-a.i. for the sake of brevity. We refer the reader to, e.g., [Bramham
2015; Ginzburg and Giirel 2019a; Cineli and Seyfaddini 2022] for a further discus-
sion of approximate identities, aka rigid maps, in different contexts. Here we only
mention that C”-a.i. is obviously C*-a.i. for any s <r and, when M is aspherical or
M =CP", a C%ai.is also a y-a..; see [Buhovsky et al. 2021; Shelukhin 2022b].

Zeroing in on y-a.i.’s we note that there are rather few examples of such maps.
The most dynamically interesting examples are Hamiltonian pseudorotations. This
class of maps has been extensively studied in a variety of settings by dynamical
systems methods and more recently from the perspective of symplectic topology
and Floer theory; see, for example, [Anosov and Katok 1970; Avila et al. 2020;
Bramham 2015; Fayad and Katok 2004; Ginzburg and Giirel 2018; Joksimovi¢ and
Seyfaddini 2023; Le Roux and Seyfaddini 2022].

While the official definitions of Hamiltonian pseudorotations vary, these are,
roughly speaking, Hamiltonian diffeomorphisms with a finite and minimal possible
number of periodic points (in the sense of Arnold’s conjecture); see [Ginzburg and
Giirel 2018; Shelukhin 2020; 2021]. For instance, when M = CP" this number is
n + 1. Most likely, for many symplectic manifolds this condition can be relaxed.
Namely, in all examples of Hamiltonian diffeomorphisms ¢ with finitely many peri-
odic points, all periodic points are fixed points and their number is minimal possible.
Thus ¢ is a pseudorotation. For a certain class of manifolds M, including CP”,
this has been established rigorously under a minor nondegeneracy assumption; see
[Shelukhin 2022a] and also [Cineli et al. 2022]. In all examples to date of Hamil-
tonian diffeomorphisms ¢ with finitely many periodic points, ¢ is nondegenerate.

In general, the relation between pseudorotations and y-a.i.’s is not obvious. All
known Hamiltonian pseudorotations are y-a.i.’s and for M = C[P" this is proved in
[Ginzburg and Giirel 2018] by using the results from [Ginzburg and Giirel 2009a].
The converse is not true: for instance any element ¢ of a Hamiltonian torus action
is a y-a.i., although ¢ need not have isolated fixed points. (It is conceivable that
for a strongly nondegenerate y-a.i., the periodic points are necessarily the fixed
points: in the obvious notation, Per(¢) = Fix(¢). However, a map ¢ with the latter
property need not be a y-a.i. For instance, y (¢¥) can grow linearly for such a map;
see Remark 4.10.)

Most closed symplectic manifolds (M, w) admit no pseudorotations, that is,
every Hamiltonian diffeomorphism of M has infinitely many periodic points. This
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statement (for a specific manifold M) is usually referred to as the Conley conjecture.
To date, the Conley conjecture has been shown to hold unless there exists A € 7o (M)
such that ([w], A) > 0 and (c{ (T M), A) > 0; see [Cineli 2018; Ginzburg and Giirel
2015; 2019b]. In particular, the Conley conjecture holds when M is symplectically
aspherical or negative monotone. For a broad class of closed symplectic manifolds,
¢ has infinitely many periodic points C°-generically; see [Ginzburg and Giirel
2009b; Sugimoto 2021] and Section 4B.

Although the classes of Hamiltonian pseudorotations and y-a.i.’s are certainly
different, there is a clear parallel between these two classes and their existence
conditions on M.

Conjecture. Let M be closed symplectic manifold.

(i) The manifold M admits no y-a.i.’s unless there exists A € mp(M) such that
([w], A) >0 and (c|(TM), A) > 0.

(i) A Hamiltonian diffeomorphism ¢ : CP* — CP" is a y-a.i. if and only if all
iterates <pk are Morse—Bott nondegenerate and dim H, (Fix((pk );F)=n+1 for
all k € N and any ground field F.

This conjecture is supported by some evidence. For instance, M does not admit
periodic Hamiltonian diffeomorphisms ¢ (i.e., ¢"V = id for some N > 1) when M
satisfies the conditions of (i); see [Atallah and Shelukhin 2023; Polterovich 2002].
In addition, Fix(¢*) is Morse-Bott nondegenerate whenever ¢ is periodic. This is a
consequence of the equivariant Darboux lemma; see, e.g., [Guillemin and Sternberg
1984, Theorem 22.2]. Aspherical or negative monotone symplectic manifolds do
not admit C!-a.i.’s; see [Polterovich 2002] and [Sugimoto 2023]. Further results
along these lines can be found in [Atallah and Shelukhin 2023]. In [Cineli et al.
2022] both assertions are proved in dimension two for strongly nondegenerate
Hamiltonian diffeomorphisms; see Corollary 3.4. In the setting of (i) the sequence
of the spectral norms y (¢p?) over Z/pZ, where p ranges through all primes, is
separated away from zero [Shelukhin 2023]. As we have already mentioned the “if”
part of (ii) is established in [Ginzburg and Giirel 2018] without any nondegeneracy
assumption when |Per(¢)| = n + 1. With this in mind, part (ii) of the conjecture
asserts, in particular, that every pseudorotation of CP" is strongly nondegenerate.

Remark 1.1. While part (ii) of the conjecture might extend to some other ambient
symplectic manifolds M, some restriction on M is necessary. For instance, the
torus T2" equipped with an irrational symplectic structure admits a Hamiltonian
diffeomorphism ¢ such that the conditions of (ii) are satisfied but y (¢¥) — oo; see
[Zehnder 1987] and also [Cineli 2023] for further constructions of this type with
complicated dynamics.
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In a similar vein, the main result of this paper can be thought of as the y-a.i.
analogue of the aforementioned theorem on the C*°-generic Conley conjecture,
although at this moment the proof of the latter requires some additional conditions
on the underlying manifold; see Section 4B.

Remark 1.2. Overall, rather little is known about the behavior of the y-norm under
iterations. For a certain class of manifolds, including CP", the spectral norm is
a priori bounded from above [Entov and Polterovich 2003; Kislev and Shelukhin
2021]. However, such manifolds appear to be rare; see Remark 4.10. Also, the
sequence y (¢*) is bounded from above when supp ¢ is displaceable in M, but not
much beyond these facts and the results of this paper is known about the behavior
of this sequence. For instance, when M is a surface of positive genus, it is not
known if y (¢*) necessarily grows linearly or can be bounded from above when ¢
is strongly nondegenerate or, at the opposite extreme, autonomous and supp ¢ is
not displaceable.

Remark 1.3. It is worth keeping in mind that in contrast with some other dynamics
concepts, in most if not all settings a.i.’s are sensitive to reparametrization. To be
more specific, let an a.i. ¢ be the time-one map of the flow of a vector field X and
let ¥ be the time-one map of fX for some function f > 0. Then, in general,
need not be an a.i. For instance, assume that X is a solid rotation vector field on
M = S? and f is not constant. Then one can show that ¥ is not a C’-a.i., and
hence not a C”-a.i. for any r > 0. Apparently, the same is true for the y-norm, but
this fact is yet to be proved rigorously; cf. item (ii) of the Conjecture.

2. Preliminaries and notation

We very briefly set our notation and conventions which are quite standard and
spelled out in more detail in, for example, [Cineli and Seyfaddini 2022]. The reader
may find it convenient to jump to Section 3 and consult this section only as needed.

Throughout the paper, all manifolds, functions and maps are assumed to be
C®°-smooth unless specifically stated otherwise.

Let (M?", w) be a closed symplectic manifold. A Hamiltonian diffeomorphism
O=Qpg=¢ }1 is the time-one map of the time-dependent flow ¢’ = ¢}, of a 1-periodic
in time Hamiltonian H : S! x M — R, where S' =R/Z. We set H, = H(t, - ). The
Hamiltonian vector field Xy of H is defined by ix,,w = —d H. We say that ¢ is
nondegenerate if all fixed points of ¢ are nondegenerate, and strongly nondegenerate
if all periodic points of ¢ are nondegenerate. We will denote by Ham(M, w) the
group of Hamiltonian diffeomorphisms of (M, w).

Recall that the spectral norm, also known as the y-norm, of ¢ is defined as

v (¢) = infle(H) + c(H™) | ¢ = on},



ON THE GENERIC BEHAVIOR OF THE SPECTRAL NORM 123

where H™ (x) = —H, ((p;l (x)) is the Hamiltonian generating the flow (gaj,{)_l and
¢ = ¢y is the spectral invariant associated with the fundamental class [M] e
H,, (M). (Here we can take as H™ any Hamiltonian generating this flow with the
same time/space average as H.) The infimum is taken over all 1-periodic in time
Hamiltonians H generating ¢, i.e., ¢ = ¢g. The Hofer norm of ¢ is defined as

lollm :inf/ (max H, —min H,) dt,
H Js' M M

where the infimum is again taken over all 1-periodic in time Hamiltonians H
generating ¢. Then

v(@) < ll¢lu.

We refer the reader to, e.g., [Oh 2005a; 2005b; Schwarz 2000; Viterbo 1992] and
also, e.g., [Cineli and Seyfaddini 2022; Entov and Polterovich 2003; Ginzburg and
Giirel 2009a; Kislev and Shelukhin 2021; Polterovich 2001; Usher 2008; 2011],
for the original treatment and a detailed discussion of spectral invariants and these
norms.

Here we are interested in the behavior of y (¢X), k € N, and in particular in the
question when this sequence is bounded away from zero. As in the introduction, set

y () = liminf y (¢*) € [0, oo].
- k— 00

These definitions implicitly depend on the construction of the filtered Floer
homology HF?(H) for the action window (—o0, a). In this paper we do not in
general assume that the class [w] is rational or that ¢ is nondegenerate. Hence, we
feel, a word is due on the specifics of the definitions.

Assume first that H is nondegenerate. Then we utilize Pardon’s VFC package
[2016], to define the filtered Floer homology HF (H) over @ and spectral invariants;
see, for example, [Cineli and Seyfaddini 2022; Usher 2008]. To be more specific,
HF“(H) is the homology of the subcomplex CF*(H) of the Floer complex CF(H)
generated by Floer chains with action below a. Virtually any choice of the Novikov
field can be used here. We take the standard Novikov field

A={> bsA|bscQ and #{by #0, w(A) > c} < oo forall c € R},
Ael

where I' = (M) / (ker[w] Nker c1 (T M)). Alternatively, we could have used the
universal Novikov field. Then, for any « € H, (M) ® A, the spectral invariant ¢, (H)
is defined as

@2-1) co(H) = infla €R | a € imuy),

where

(2-2) te : HFY(H) — HF(H) = H,(M) ® A
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is the natural inclusion-induced map and the identification on the right is the PSS-
isomorphism. We note that all spectral invariants necessarily belong to the action
spectrum S(H) of H when H is nondegenerate [Usher 2008].

When H is not necessarily nondegenerate, we set

co(H) := inf c,(H) = sup cu(H)= lim c,(H),
H>H A<H H—H

where H is nondegenerate and the convergence H — H is taken to be C°. The
second and third equalities and the existence of the limit follow from that ¢, is
monotone and ca(I:I + k)= ca(I:I ) + k for any constant function k. Alternatively,
we could have set

HF*(H) = lim HF*(H),
H

ol

and then used (2-1) and (2-2) to get the same result.

Defined in this way, spectral invariants c, can be easily shown to have all
the standard properties: ¢, (H) is monotone and Lipschitz continuous in H with
Lipschitz constant one; c,(H + k) = ¢, (H) + k for any constant function k; etc.
(We refer the reader to, e.g., [Cineli and Seyfaddini 2022] for more details.) The
exception is that c, (H) has been proven to be spectral, i.e., an element of S(H),
only when [w] is rational or H is nondegenerate; see [Entov and Polterovich 2003;
Oh 2005a; Usher 2008].

3. Main results

The key to bounding y from below is the following fact connecting the behavior of
v (¢*) with the dynamics of ¢ and, in particular, its hyperbolic points.

Theorem 3.1. Let ¢ : M — M be a Hamiltonian diffeomorphism of a closed
symplectic manifold M with more than dim H, (M) hyperbolic periodic points. Then
y(p) > 0. Also, y is locally uniformly bounded away from zero near @, i.e., there
exists § > 0, poss_ibly depending on ¢, and a sufficiently C*°-small neighborhood U
of ¢ such that

y(W) >38 forall Y cU.

Without the “Also” part, this theorem was originally proved in [Cineli et al. 2022].
We give a complete proof in Section 4. Let us emphasize that in Theorem 3.1 we
impose no nondegeneracy requirements on ¢, and also that the property of ¢ to have
more than dim H, (M) hyperbolic periodic points, or more than any fixed number
of hyperbolic periodic points, is open in C!-topology.

Example 3.2. Assume that M is a closed surface and hy,(¢) > 0. Then ¢ has
infinitely many hyperbolic periodic points [Katok 1980]. Hence, y (¢) > 0, and
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y (¥) > & for some § > 0 and all ¢ which are C*°-close to ¢. Also note in connection
with Theorem 3.3 and Corollary 3.4 below that hy,, > 0 is a C*°-generic condition
in dimension two [Le Calvez and Sambarino 2022].

The requirement of the theorem that the number of hyperbolic points is greater
than dim H, (M) can be further relaxed by looking only at the odd/even-degree
homology of M, depending on whether n =dim M /2 is odd or even; see Remark 4.2.

The main result of the paper is the following theorem relying on Theorem 3.1
and the strong closing lemma from [Cineli and Seyfaddini 2022].

Theorem 3.3. Let M be a closed symplectic manifold. The function y is locally
uniformly bounded away from zero on a C*°-open and dense set of Hamiltonian
diffeomorphisms ¢ : M — M, i.e., for every @ in this set there exists 6 > 0, possibly
depending on ¢ but not on \, such that

y (W) >4,

whenever \r is sufficiently C®-close to ¢.

We note that we do not assert here that in general the set of Hamiltonian diffeo-
morphisms ¢ with y (¢) > 0 is itself C*-open, but rather that this set contains a set
which is C*°-open and dense. Nor do we impose any restrictions on the (symplectic)
topology of M or require any of the iterates ¢* to be nondegenerate. The proof of
Theorem 3.3 given in Section 4A is based on a variant of the Birkhoff-Lewis—Moser
theorem. The key new ingredient of the proof is the strong closing lemma from
[Cineli and Seyfaddini 2022]. It is also worth pointing out that if we replaced the
statement that the set is C*>°-dense by that it is C'-dense, the theorem would turn
into an easy consequence of already known facts; see Remark 4.5.

In several situations, Theorem 3.3 can be made slightly more precise. For
instance, we have the following result, also originally proved in [Cineli et al. 2022]
without the “Also” part.

Corollary 3.4. Assume that M is a surface and ¢ is strongly nondegenerate. Then
y (@) > 0 when M has positive genus. When M is the two-sphere, vy (¢) = 0 if and
Enly if ¢ is a pseudorotation. Also, y is locally uniformly bounded f;om 0 on the set
of all strongly nondegenerate Hamiltonian diffeomorphisms ¢ when M has positive
genus and on the set of such ¢ with at least three fixed points when M = S?.

Proof. When M has positive genus, a Conley conjecture type argument guarantees
that ¢ has infinitely many hyperbolic periodic points; see [Franks and Handel 2003;
Ginzburg and Giirel 2015; Salamon and Zehnder 1992] or [Le Calvez and Sambarino
2022]. Thus, in this case, the statement follows directly from Theorem 3.1.
Concentrating on M = S2, first note that for all, not necessarily nondegenerate,
pseudorotations of CP", the sequence y (¢X) contains a subsequence converging to
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zero, and hence y (¢) = 0; see [Ginzburg and Giirel 2018]. In the opposite direction,
when M = 2, the existence of one positive hyperbolic periodic point is enough to
ensure that y (¢) > 0 and, moreover, y is locally uniformly bounded away from zero;
see Remark 4.2. Hence, more genefally, without any nondegeneracy assumption,
if y(¢) = 0, then all periodic points of ¢ are elliptic. For strongly nondegenerate
Hamiltonian diffeomorphisms ¢, this forces ¢ to be a pseudorotation. ([

Since the Hofer norm is bounded from below by the spectral norm, we have the
following.

Corollary 3.5. In all results from this section, we can replace the spectral norm by
the Hofer norm.

We refer the reader to Section 4 for further refinements of Theorems 3.1 and 3.3.

Remark 3.6. Throughout the paper all homology groups are taken over Q. This
choice of the background coefficient field is necessitated by the use of Floer theory
for an arbitrary closed symplectic manifold M. When M is weakly monotone, (1
can be replaced by any coefficient field.

4. Proofs and refinements

In Section 4A, we prove Theorems 3.1 and 3.3. In Section 4B, we refine the latter
result under certain additional assumptions on M and further comment on the class
of y-a.i.’s.

4A. Proofs of Theorems 3.1 and 3.3.

Proof of Theorem 3.1. By the conditions of the theorem, for some N € N, the
Hamiltonian diffeomorphism ¢ has more than dim H, (M) hyperbolic N-periodic
points. We denote the set of these points by K. Thus || > dim H,(M) and clearly
K is a locally maximal hyperbolic set. Furthermore, every point in K is also £N-
periodic for all £ € N. For € > 0, denote by b, (¢) the number of bars in the barcode
of ¢ of length greater than € including infinite bars; see, for example, [Cineli et al.
2021]. Then, we claim that, for a sufficiently small € > 0 and any £ € N,

K| —dim H, (M)

@1)  be(p™) > dimH, (M) + { .

w > dim H, (M).
In particular, ¢*V has at least one finite bar of length greater than € > 0.

This inequality is essentially a consequence of [Cineli et al. 2021, Proposition 3.8
and 6.2]. To prove (4-1), first note that the number of infinite bars in the barcode of
any Hamiltonian diffeomorphism is equal to dim H, (M). Secondly, it follows from
[Cineli et al. 2021, Proposition 6.2] and the proof of [Cineli et al. 2021, Proposi-
tion 3.8] that every periodic point in K appears as an “end point” of a bar of length
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greater than € > 0. Combining these two facts, we conclude that ¢*" has at least
[(JK| —dim H,(M))/2] finite bars of length greater than € > 0, and (4-1) follows.

Furthermore, since the crossing energy lower bound in [Cineli et al. 2021, The-
orem 6.1] is stable under C*°-small perturbations of the Hamiltonian, for every
positive n < € the same is true for any Hamiltonian diffeomorphism ¥ which is
C*-close to ¢. Namely,

by (W) > dim Hy (M),

and hence the barcode of W* has a finite bar of length greater than 7.
Also, recall that as is proved in [Kislev and Shelukhin 2021, Theorem A], for
any @,
Pmax () <y (¢),

where the left-hand side is the boundary depth, i.e., the longest finite bar in the
barcode of ¢. Thus, for a sufficiently small n > 0,

(4-2) 1N < Bmax(WH) <y (¥H).

Next, set § = n/2 and arguing by contradiction, assume that there exist i
sufficiently C*°-close to ¢ and a sequence k; — oo such that

y (k) < 8.

Since the sequence k; is infinite and there are only finitely many residues modulo N,
there exists a pair k; < k; such that

kj—ki =tN

for some £ € N.
Clearly, ¥ = ¢V is C*®-close to ¢ when 1 is sufficiently C*°-close to ¢, and
hence (4-2) holds. Then by the triangle inequality for y, we have

n<yWH)<y@N+yy T <28=1.
This contradiction concludes the proof of the theorem. (I

Remark 4.1. It might be worth a second to examine how the invariants of ¢ involved
in the proof depend on the isotopy ¢}, in Ham(M, w) generated by H and its lift
to the universal covering of the group. Namely, y (¢) is a priori independent of the
isotopy only on the universal covering. On Ham(M, w) it is defined by passing to
the infimum over often infinitely many elements. However, the boundary depth
Bmax is well defined on Ham(M, w). In the proof we bound Bax(¢) from below
(see, e.g., [Usher 2011]) and that bounds y (¢) from below regardless of the lift
[Kislev and Shelukhin 2021].
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Remark 4.2. When n = dim M /2 is odd, it is sufficient to require in Theorem 3.1
that the number of hyperbolic periodic points is greater than b = dim Hyqq(M).
For instance, this is the case when M is a surface. Indeed, in the proof of the
theorem, by taking N even and sufficiently large, we can guarantee that the number
of positive hyperbolic N-periodic points is greater than b. Such points necessarily
have even Conley—Zehnder index, and hence contribute to the odd-degree homology
of M under the isomorphism HF,(¢") = H,,,(M). Likewise, when n is even,
it suffices to require the number of hyperbolic periodic points to be greater than
dim Heyen (M).

Proof of Theorem 3.3. To prove the theorem, it suffices to show that every C*°-open
set U in the group of Hamiltonian diffeomorphisms contains an open subset W
such that y (¢) > § for all ¢ € W and some § = § (W) > 0 independent of ¢. Indeed,
then ﬁxiné W for every U we can take the union of sets W for all ¢/ as the desired
open and dense subset.

Let ¢ = dim H,(M). For any U, there are two alternatives:

(1) There exists ¢ € U with more than ¢ periodic points.
(i) Every ¢ € U has at most g periodic points.

Let us first focus on case (i). Pick ¢ € &/ with more than g periodic points and fix
g+ 1 of them. Denote these points by xo, ..., x4, and note that arbitrarily C*°-close
to ¢ there exists a Hamiltonian diffeomorphism ¢’ € U such that xo, ..., x, are
nondegenerate periodic points of ¢’. This is essentially a linear algebra fact and to
construct ¢/, it suffices to perturb ¢ near these points, changing D¢ slightly. (Note
that ¢’ may have many other periodic points, nondegenerate or not. We can ensure
in addition that ¢’ is strongly nondegenerate, but we do not need this fact.) We
replace ¢ by ¢’, keeping the notation ¢.

If all periodic points xo, ..., x, are hyperbolic, we can take as VW any C*°-small
neighborhood of ¢ by Theorem 3.1.
If one of the points xj, ..., x4 is not hyperbolic, we argue by perturbing ¢ again.

Namely, recall that by the Birkhoff-Lewis—Moser theorem (see [Moser 1977)),
whenever ¢ has a nonhyperbolic, nondegenerate periodic point x, there exists an
arbitrarily C°°-small perturbation ¢’ € U of ¢ with infinitely many periodic points
near x. Moreover, ¢’ can be chosen so that infinitely many of these periodic points
are hyperbolic; see [Arnaud 1992, Proposition 8.2]. (This follows from the proof
of the Birkhoff-Lewis—Moser theorem.) Thus, again by Theorem 3.1, we can take
a sufficiently C*°-small neighborhood of ¢’ as W.

To deal with case (ii), we need the following quantitative variant of the strong
closing lemma:

Lemma 4.3 [Cineli and Seyfaddini 2022]. Let y be a Hamiltonian diffeomorphism
of a closed symplectic manifold M. Assume that there is a closed ball V C M
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containing no periodic points of ¥, that is, V NPer(y) = @. Let G > 0 be a
Hamiltonian supported in V and such that

c(G) >y ().
Then the composition W og has a periodic orbit passing through V.

Pick a nondegenerate Hamiltonian diffeomorphism ¢ € U/, where U is as in
case (ii). Such a map exists since U is C*-open and the set of nondegenerate
Hamiltonian diffeomorphisms is C*°-dense (and open). We will show that there
exists § > 0 such that y (y) > § for all ¥ € U which are C*°-close to ¢. Hence, in
this case, we can take a small C°-neighborhood of ¢ as W.

Lemma 4.4. Let (M, w) be a closed symplectic manifold. Suppose that there exists
a C®-open U C Ham(M, w) such that all ¢ € U have at most g = dim H,(M)
periodic points. Then the function y : U — [0, 00) is locally uniformly bounded
away from zero at every nondegeneerte pel.

Note that the proof of Theorem 3.3 will be completed once we prove Lemma 4.4.
To prove the lemma, arguing by contradiction, fix a nondegenerate ¢ € U/ and
assume that there exists a sequence ; — ¢ in I/ such that

y (i) — 0.

Here and below convergence of maps is always understood in the C°°-sense.

We claim that when i is large enough, all periodic points of ; are close to
periodic points of ¢, and hence there exists a closed ball V C M containing no
periodic points of any of these maps. Indeed, since ¢ is nondegenerate and

|Fix(¢)| < |Per(¢p)| < g = dimH, (M),

by the Arnold conjecture (see [Fukaya and Ono 1999; Liu and Tian 1998] and also
[Pardon 2016]),

Per(p) =Fix(¢) and [Per(p)| = [Fix(¢)| =g¢.

Furthermore, when i is large enough, v; € U is also nondegenerate since ¥; — ¢.
Therefore, again by the Arnold conjecture,

Per(y;) =Fix(¥;) and [Per(y;)| = [Fix(y;)| =g¢.

It follows that Per(y;) converges to Per(g).

Next, take G > 0 as in Lemma 4.3, which is supported in V and small enough so
that oG € U. Hence, Vo € U when i is large; for ¥; — ¢ and thus V96 — ¢¢g.
On the other hand, due to the assumption that y (i;) — 0, we have

c(G) > y (¥,
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when again i is sufficiently large. By the strong closing lemma, the composition
Y@ has a periodic orbit passing through V. On the other hand, the fixed points of
Y¥; (or equivalently the periodic points) are among the fixed points of ;¢ because
supp G C V. It follows that

[Per(¥ipG)| = g + 1,

when i is large enough, which is impossible since ;¢c € U. This contradiction
completes the proof of Lemma 4.4 and hence of Theorem 3.3. U

Remark 4.5. If in Theorem 3.3 we were to find a C!-dense (and open) set of
Hamiltonian diffeomorphisms rather than C*°-dense, the argument would be con-
siderably simpler. Namely, in this case it would be enough to first construct a map ¢
with just one hyperbolic periodic point. Once this is done, we could apply the
results from [Hayashi 1997; Xia 1996] to create nontrivial transverse homoclinic
intersections, and hence a horseshoe (see [Katok and Hasselblatt 1995]) by a C L
small perturbation. As a consequence, the perturbed map i would have infinitely
many hyperbolic periodic points. For any m € N, having at least m such points is a
C'-open property. Now we can take any m > dim H, (M).

4B. Sugimoto manifolds and further remarks. As is shown in [Sugimoto 2021], a
strongly nondegenerate Hamiltonian diffeomorphism ¢ of a closed symplectic man-
ifold M?" has either a nonhyperbolic periodic point or infinitely many hyperbolic
periodic points when M meets one of the following requirements:

(1) n is odd.
(i) Hoaa(M) # 0.

(iii) the minimal Chern number of M is greater than 1.

Below we refer to a closed symplectic manifold meeting at least one of these
requirements as a Sugimoto manifold. For this class of manifolds Theorem 3.3 has
a more direct proof and can be slightly refined. We do this in two steps.

Denote by V,,, m € N, the set of Hamiltonian diffeomorphisms with at least m
hyperbolic points. Note that we do not require the elements of V,, to be strongly
nondegenerate.

Proposition 4.6. Let M be a Sugimoto manifold. Then for any m € N the set V,, is
C'-open and C*®-dense in the space of all Hamiltonian diffeomorphisms.

Proof. The statement that V,, is C'-open is obvious. (It is essential here that m
is finite.) To show that it is C*°-dense we argue as in [Sugimoto 2021] and the
proof of Theorem 3.3. Let ¢ be a Hamiltonian diffeomorphism. To prove the
proposition, we need to find ¥ € V), arbitrarily C*°-close to ¢. Since the set
of strongly nondegenerate Hamiltonian diffeomorphisms is C*°-dense, we can
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assume that ¢ is in this class. As shown in [Sugimoto 2021], ¢ has infinitely many
hyperbolic periodic points or a (nondegenerate) nonhyperbolic point. In the former
case, ¢ € V,, for all m € N. In the latter case, by [Arnaud 1992, Proposition 8.2],
for any m € N there exists ¥ € V,, arbitrarily close to ¢. O

As an immediate consequence, we obtain a slightly more precise variant of the
main result from [Sugimoto 2021]:

Corollary 4.7. Assume that M is a Sugimoto manifold. Then C*-generically a
Hamiltonian diffeomorphism ¢ of M has infinitely many hyperbolic periodic points.

The key difference with [Sugimoto 2021] is that the periodic points of ¢ here
are specified to be hyperbolic. The residual set in this corollary is, of course,
Vi= () Va.
meN
We note that this set is not C'- and even C*-open. However, one can require in
addition ¢ to be strongly nondegenerate. Indeed, the set of such maps is residual
and its intersection with V is still a residual set.

Closer to the immediate subject of the paper we have the following refinement
of Theorem 3.3 and Corollary 3.4:

Corollary 4.8. Assume that M is a Sugimoto manifold. Then y is locally uni-
formly bounded away from zero on a C'-open and C*®-dense set of Hamiltonian
diffeomorphisms of M.

Here we can take any V,, with m > dimH,(M) as a C 1—open and C*°-dense
set, where y is locally uniformly bounded away from zero. Note also that in this
corollary we can again replace the spectral norm by the Hofer norm.

Remark 4.9. In contrast with Theorem 3.3, C*°-generic existence of infinitely
many periodic points is not known to hold without some additional assumptions
on M. The class of Sugimoto manifolds is the broadest to date for which such
existence has been proved [Sugimoto 2021]. (See also [Ginzburg and Giirel 2009b]
for the original result and a different approach.)

Remark 4.10. Continuing the discussion from the introduction and Remark 1.2, we
give some “textbook” examples where y (¢*) grows linearly, and hence y (¢) = oo,
and at the same time all periodic points of ¢ are fixed points: Per(go)_z Fix(¢).
Namely, let H : M — R be a nonconstant autonomous Hamiltonian such that H has
only finitely many critical values and all nonconstant periodic orbits of the flow of H
are noncontractible. Set ¢ = @g. Then, as is easy to see, y (¢*) grows linearly and
the only periodic points of ¢ are the critical points of H. For instance, we can take
H =sin 26, where 0 is the first angular coordinate 6 on T2 =[R?/Z2. Alternatively,
let (T*, ) be a Zehnder’s torus, that is, a torus equipped with a sufficiently irrational
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translation invariant symplectic structure w (see [Zehnder 1987]), and again let
6 : T* — R/Z be a fixed angular coordinate. Then the flow of H given by the same
formula has no periodic orbits at all, contractible or not, other than the critical points
of H: the 3-dimensional tori 6§ = % and 6 = % In both cases, y (¢*) = 2k. More
surprisingly, there exists a Hamiltonian diffeomorphism ¢ : $? x §* — §% x §2
such that y (¢¥) grows linearly; see [Shelukhin 2022a, Remark 8] and [Polterovich
and Rosen 2014, Theorem 6.2.6], although the argument is quite indirect.

In all these examples, dim H, (Fix(¢)) = dim H,. (M) over any field, in addition to
the condition that Per(¢) =Fix(¢). Loosely following [Atallah and Shelukhin 2023],
we call such a map ¢ a generalized pseudorotation. Generalized pseudorotations
from the above examples have simple dynamics. However, this is not necessarily
so in general. For instance, in dimension six and higher Morse—Bott nondegenerate,
generalized pseudorotations ¢ with positive topological entropy have been recently
constructed in [Cineli 2023]. Such a generalized pseudorotation can be neither
a CY-a.i. since hiop (@) > O (see [Avila et al. 2020]) nor a y-a.i. In fact, y((pk)
also grows linearly since M is aspherical and Per(¢) = Fix(¢) has finitely many
connected components.
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PEGO THEOREM ON COMPACT GROUPS

MANOJ KUMAR

The Pego theorem characterizes the precompact subsets of the square-
integrable functions on R” via the Fourier transform. We prove the analogue
of the Pego theorem on (not necessarily abelian) compact groups.

1. Introduction

Characterizing precompact subsets is one of the classical topics in function space
theory. It is well known that the Arzela—Ascoli theorem characterizes a precompact
subset of the space of continuous functions over a compact Hausdorff space. The
celebrated Riesz—Kolmogorov theorem provides a characterization of precompact
subsets of L?(R"). We refer to [8] for a historical account of it. Weil [14, page 52]
extended it to the Lebesgue spaces over locally compact groups. See [7] for its
extension to the Banach function spaces over locally compact groups.

In 1985, Pego [13] used the Riesz—Kolmogorov theorem to find a characterization
of precompact subsets of L?(R") via certain decay of the Fourier transform.

Theorem 1.1. [13, Theorems 2 and 3] Let K be a bounded subset of L*(R"). Then,
the following are equivalent:

(i) K is precompact.

(i1) flx\>r | f(x)|>dx — 0and flé|>r |f($)|2d“§ — 0 as r — oo, both uniformly
for fin K.

Qi) [ |f(x+3)— f)Pdx — 0asy —0,and [g, | fE+w)— f(E)?d& -0
as w — 0, both uniformly for f in K.

An application of this theorem to information theory has been provided in [13].
Pego-type theorems have also been studied via the short-time Fourier and wavelet
transforms [2], the Laplace transform [11] and the Laguerre and Hankel trans-
forms [10]. The Pego theorem has been extended to the locally compact abelian
groups with some technical assumptions [5]. Using the Pontryagin duality and the
Arzela—Ascoli theorem, the authors in [6] showed that the technical assumptions

MSC2020: primary 43A30, 43A77; secondary 22C05.
Keywords: compact group, Fourier transform, compactness.
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are redundant. For the L'-space analogue of the Pego theorem over locally compact
abelian groups, see [12].

In Section 2, we present preliminaries on compact groups. In Section 3, using
Weil’s compactness theorem, we extend Theorem 1.1 to (not necessarily abelian)
compact groups; see Theorem 3.4.

2. Fourier analysis on compact groups

Let G be a compact Hausdorff group. Let m s denote the normalized positive Haar
measure on G. Let L?(G) denote the p-th Lebesgue space w.r.t. the measure mg.
The norm on the space L?(G) is denoted by || - || .

We denote by G the space consisting of all irreducible unitary representations
of G up to the unitary equivalence. The set G is known as the unitary dual of G
and is equipped with the discrete topology. Note that the representation space H
ofreGisa complex Hilbert space and finite-dimensional. Denote by d,; the
dimension of H.

Let A C G. Assume that {(Xz, |- llz) : T € A} is a family of Banach spaces.
For 1 < p < oo, we denote by £7-_ _, X, the Banach space

[ e T Xe: 3 dallall < o0

TEN

endowed with the norm [|(x2)ller-g__, x, = (Zne/\dﬂnxnll,’;)]/p. Denote by
>*-P, .. X the Banach space

{(xrr) € Il Xy :supllxz|z < OO}
TEA TEn

endowed with the norm || (x;)]| @, Xr = SUPrenllXrlln. Similarly, denote by
co- P, X the space consisting of (x;) from £*°-P _, X, such that x, — 0
as m — oo, i.e., for any given € > 0 there exists a finite set A C A such that
lxzllz <€ forall m € A\ Ac. Note that co- P, ., X~ is a closed subspace of
£7°- EBne/\ X

For 1 < p < 00, let B,(Hy) denote the space of all bounded linear operators T
on Hy such that |T'|5,3,) = (tr(|T|?))"/P < oco. The space By(H,) is called the
space of the Hilbert—Schmidt operators on the Hilbert space . The space By (H)

is a Hilbert space endowed with the inner product
(T, S>52(Hn) =tr(TS").

Let B(H,) denote the space consisting of all bounded linear operators on H,
endowed with the operator norm.
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Let f € L'(G). The Fourier transform of f is defined by
foy = [ rOx@)dmgo). <G

The Fourier transform operator f +— f from L'(G) into £°°- P, e B(H,) is
injective and bounded. By the Riemann-Lebesgue lemma, we know that f €
co- @, g B(H=). The convolution of f, g € LY(G) is given by

fre@) = [ Fey e dma(y).

Then, m(ﬂ) = gv(n)f(n), 7 € G. For y € G, the right translation R, of
f € LP(G) is given by Ry(f)(x) = f(xy), x € G. Then, R, f () = w(y) f (n),
7 ed.

For more information on compact groups, we refer to [4; 9].

Throughout the paper, G will denote a (not necessarily abelian) compact Haus-
dorff group. The identity of G is denoted by e. We will denote by 1, the d x dx
identity matrix.

3. Pego theorem on compact groups

We discuss the characterization of precompact subsets of square-integrable functions
on G in terms of the Fourier transform. We need the following definitions.

Let K C L?(G). Define K = {f : f € LP(G)}. K is said to be uniformly
L?(G)-equicontinuous if for any given € > 0 there exists an open neighborhood O
of e such that

IRy f—fll,<e, feKandyeO.

Let F CtP-E, g By(Hz). F is said to have uniform - @ & B, (Hz)-decay

neG neG
if for any given € > 0 there exists a finite set A C G such that

||¢”[p'@ne§\A BI’(HH) <§€, d) € F
Let us begin with some important lemmas.

Lemma 3.1. Let K C L?(G), where p € [1,2]. If K is uniformly L?(G)-equicon-
tinuous then K has uniform €7 - D, ¢ By (Hz)-decay.

rteG

Proof. Let (ey)yea be a Dirac net on G; see [1, page 24]. By the Riemann—
Lebesgue lemma [9, Theorem 28.40], ey € co- EBneg B(H,). Then, there exists a
finite set A C G such that

o~

lew ()18, < % 7eG\A.
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Let f € K. We denote by &g f the pointwise product of g and f. Now,

”f””/'@ﬂeé\/a B (Mx)

=If—evfller @, q,8,00: Tlevflle @, o, 8,000

<Wf-rf *eU”Zp/'@neé\A B,y (Hx) + ||f”ep’_@n€a\A B,y (Hx) Sllp ||EE(7T)||B(7-[7T)
TeG\A

e Lo A
= ||f - f *ey ||gp’_@”65\A B (Hax) + §||f||ep’_@”€a\A By (Hx)®
Then, applying the Hausdorff—Young inequality [9, Theorem 31.22], we get
1 e, o 8,00 < 2N F=F*evller. @, o5, 04
=2\ f=rfx*eullp

=2( [ 170~ frev @l dmgx)
=2 [ | [ G- esrdmom| dmo) "

Therefore, using the Minkowski integral inequality, we obtain
A <9 SNTY 1/p J
17, 0,50 =2 ([ 1F 0 = Fy™D1 dmG ) ev () dme ()

1/
<2sup( [ 170 = Fey 1P dmo) .

yeU

Let € > 0. Since K is uniformly L”(G)-equicontinuous, there exists an open
neighborhood O of e such that

”Ryf_f”p<§, feKandyeO.

By [1, Lemma 1.6.5, page 24], we get that there exists U € A such that
H&f—ﬂb<g feKandyeU.

Hence,

”f”ZP/'@nE(A;\A B (Hx) <E€, f cK. O

Lemma 3.2. Let K be a subset of LY (G), where p € [1,2]. If[l(\ has uniform
P- P ¢ By(Hx)-decay then K is uniformly L7 (G)-equicontinuous.

Proof. Let € > 0. Since K has uniform ¢7- D, < Bp(Hz)-decay, there exists a
finite set A C G such that

r €
I ler-@, 4 By 00y < 3> f €K
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Let f € K and y € G. Then, applying [9, Corollary 31.25], we obtain

IRy f — flly < IRy f = Fller-@b, o 5,00

— r 1/
- ( > dxllRy f () — f<ﬂ>||§pm,,>) '
teG
A~ ~ 1/
= (EA drllr () f () — f <ﬂ>”z’§p<ﬂn>> :

R A I/
+< > dnlln(y)f(n)—f(ﬂ)llg,,mn)) ’

7€G\A

A~ P 1/p
< sup 17 — Lay s (3 el FEOIE, 30, )

TeA TEA

" » 1/p
+ sup 17~ Lo, lsoen( X dall OIS 0,
7eG\A 1eG\A

< M sup | 7(y) = la, 5 + 5
TEA
. . ; 1/p
where M is a positive number such that (Y, _, dx | f () ”gp(%,)) =M.
Let m € A. Using continuity of 7z, we obtain that there exists a neighborhood O,

of e such that
€

, Or.
M ye Uy

lr(y) = La, | By <

Assume that O = () Oy. Then,

TEA

—1 £ cAandyeO.
I (y) d,,”B(’Hﬂ)<2M b4 and y

Hence,
IRyf— fll,y <€, feKandyeO. 0

The following corollary is a generalization of [13, Theorem 1] studied on R",
and [5, Theorem 1] and [3, Lemma 2.5] studied on locally compact abelian groups.
This is also an improvement of the corresponding result on compact abelian groups
in the sense that we do not assume boundedness of the subset of L2(G).

Corollary 3.3. Let K C L*(G). Then, K is uniformly L*(G)-equicontinuous if and
only if K has uniform £>- D, cc Bo(Hz)-decay.

Proof. This is a direct consequence of Lemmas 3.1 and 3.2. ]

Now, we present our main result, that is, the Pego theorem over compact groups.
It is a consequence of the Weil theorem and above corollary.

Theorem 3.4. Let K be a bounded subset of L>(G). Then, the following are
equivalent:

(i) K is precompact.
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(i) K is uniformly L*(G)-equicontinuous.

(iii) K has uniform €2- @ _ g Ba(Hy)-decay.

reG

Proof. For any given € > 0 we have that

sup | fxc\Gll2 =0 <e.
fek

Therefore, (i) and (ii) are equivalent by the Weil theorem [14, page 52] (or see [7,
Theorems 3.1 and 3.3]). Further, (ii) and (iii) are equivalent by Corollary 3.3. [

The following gives an example of a set K C L?(G) which is not precompact but
K is uniformly L2(G)—equicontinuous and K has uniform £2- D, cc B2(Hx)-decay.

Example 3.5. Consider the set K ={nxg :n e N} C L?*(G) as given in [7, Exam-
ple 4.2]. Since K consists of only constant funcnons it is clear that K is uniformly
L%(G)-equicontinuous. By Corollary 3.3, K has uniform £2- D, cc Bo(Hr)-decay.
Since K is not bounded, K is not precompact.

Now, with the help of our main result Theorem 3.4, we show that certain subsets
of L?(G) are precompact.

Example 3.6. (i) Let r € R. Consider the set K = { XG:n € N} C L*(G). Since
{; ‘n € N} is bounded and K consists of only constant functions, it follows that K
is bounded and uniformly L*(G)-equicontinuous. Therefore, by Theorem 3.4, K is
precompact.

(ii) Let A be a finite subset of G. Assume that K is a bounded subset of the linear
span of the set consisting of matrix entries [4, page 139] of elements in A. Note that
the matrix entries are bounded functions. For f € K, using the Schur orthogonality
relations [4, Theorem 5.8] we obtain that

I le-&, 54 B2310) = O-

Thus, K has uniform 0*- D, cc Bo(Hx)-decay. Hence, by Theorem 3.4, K is
precompact. In particular, the convex hull of the set consisting of matrix entries of
elements in A is precompact.
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MAXIMAL DEGREE OF A MAP OF SURFACES

ANDREY RYABICHEV

Given closed possibly nonorientable surfaces M, N, we prove that if a map
f : M — N has geometric degree d > 0, then y (M) <d - y(N). We give all
necessary comments on the definition and properties of geometric degree,
which can be defined for any map. Our proof is based on the factorization
theorem of Edmonds, a simple natural proof of which is also presented.

1. Introduction

Through this paper, we set M, N to be closed connected surfaces, possibly nonori-
entable.

Given amap f : M — N, we define its geometric degree Deg f as a minimal
cardinality of the preimage of a regular value among all smooth maps in the
homotopy class of f. Note that if M and N are orientable, then this number
coincides with the usual notion of degree; we discuss features of the definition and
prove some of its properties in Section 2.2.

Our goal is to prove the following fact:

Theorem 1. Let f : M — N be a map of geometric degree d > 0. Then x (M) <
d-x(N).

This fact is well known; apparently it was first proved by Kneser [1930] in the
case of orientable surfaces. It looks very similar to the assertions “all maps S*> — N
are nullhomotopic” and “if x (M) > x(N), then d = 0”. These statements can
be easily proved using universal covering or the intersection form in cohomology.
However, similar elementary approaches to Theorem 1 are not known to the author.

The possible ways to prove Theorem 1 are rather a bit more technical. For
orientable surfaces, one can use the Milnor—Wood inequality [1971, Theorem 1.1]
or the Gromov norm [1999, §5.35]. In this paper, we present the most elementary
proof including the factorization theorem of Edmonds. First, let us recall the
notation.

Suppose we have a 2-submanifold with boundary K C M, such that for every
component K; C K its boundary 0 K; is connected. Collapsing each K; to a single
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point (see, e.g., [Whitehead 1978, p. 23]) we obtain a smooth manifold Q. The
factorization map p : M — Q is called a pinch map.

A smooth map of closed surfaces g : Q — N is called a branched covering if it
is a local diffeomorphism outside of a finite subset P C M and near every xg € P
one can write ¢ as z — z¥, k > 1, in some local complex coordinates. The number k
is called the index of the branch point x.

Theorem 2. Every map f : M — N is either homotopic to the composition of
a pinch map p : M — Q with a branched covering q : Q — N for some closed
surface Q, or homotopic to a map whose image is a graph embedded into N.

This theorem is due to Edmonds [1979]. He proved the theorem for surfaces
with boundary as well, considering maps f whose restriction to the boundary is a
(Deg f)-sheeted covering. The proof of Edmonds was corrected and improved by
Skora [1987].

We present another proof of Theorem 2 which is simpler and more natural in
some ways. Namely, it does not use induction and constructs the factorization in one
step. The idea is to take a triangulation of N and consider a map # homotopic to f
which is transversal to sk’ (N) and has a minimal number of edges of h! (sk1 (N)),
and then to deform & over each triangle. This approach was inspired by Lurie’s
proof of the Dehn—Nielsen theorem [2009, Lecture 38]; see also [Farb and Margalit
2012, §8.3.1].

Unlike [Edmonds 1979] and [Skora 1987], in our proof we do not control the
degree of a branched covering. Also, our approach does not deal with surfaces
with boundary, the corresponding generalization is possible but it would require
some additional work. Finally, we do not use the theory of absolute degree — see
Section 2.2 for some remarks on this subject—so we tried to make our reasoning
completely self-contained.

2. Preliminaries

2.1. Conventions and notation on surfaces and transversality. We use the term
surface for a 2-manifold, and closed with respect to a manifold means that it is
compact without boundary. All manifolds will be assumed to be infinitely smooth,
as well as maps. The maps we construct sometimes will be not smooth and should
be smoothed if needed, but this inaccuracy will not cause difficulties; see, e.g.,
[Hirsch 1976, Chapter 8].

Every open subset of a surface U C M that we take is supposed to be “sufficiently
nice” — namely, it should be an interior of a compact 2-submanifold with boundary.
We refer to this boundary as dU (the notation U here would be formally correct,
but it is more cumbersome).
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When we cut a closed surface M along a closed curve C C M, we assume to
obtain as a result a compact surface with boundary M’, and each point of C will
double in M’.

Given surfaces M, N, we say that amap f : M — N is transversal to a stratified
subset S C N, if f is transversal to its every stratum. Namely, every vertex y € S
must be a regular value of f and for every edge C C S and any x € f~!(C) there
must be a vector v € Ty M such that df (v) ¢ Tr)C. By the implicit function
theorem, f~!(S) C M is a stratified subset. If S is closed, then the set of maps
transversal to S is a dense and open set in C*° (M, N). See, for example, [Goresky
and MacPherson 1988, Part 1, §1] for details.

We say that a loop ¢ : S — S! has indexi > 0, if [pl==i € w1 (Sh.

2.2. Geometric degree. Recall, we define a degree of amap f: M — N as a
minimal d € Z>( such that there is a smooth map 4 : M — N homotopic to f and
there is a regular value y € N such that |h_1(y)| =d. It is known as geometric
degree, but in later sections, we will simply call it a degree and denote it as Deg f.

The degree theory began with the work of Hopf [1928; 1930] and was developed
by Olum [1953] and Epstein [1966]. The most important properties of geometric
degree in dimension 2 were proved by Kneser [1928; 1930].

Here we state and sketch the proofs of a few properties of degree. We consider
not famous properties, but only those that will be used in Section 4 in order to prove
Theorem 1. For a more detailed review, see, e.g., [Brown and Schirmer 2001] or
[Sklyarenko 2008] in addition to [Epstein 1966] and [Olum 1953]. As usual, we
suppose M, N to be closed connected surfaces, but one can similarly formulate
and prove corresponding statements for any pair of closed manifolds of the same
dimension.

2.2.1. Degree of a branched covering. Suppose a map f : M — N is orientation-
true. This means that it takes orientation-preserving/reversing loops in M to
orientation-preserving/reversing loops in N, respectively. Clearly, this is equivalent
to the equality f*(w;(N)) = wi(M) for Stiefel-Whitney classes, or to the fact
f*(ZN) >~ Zy, where Z; denotes the orientation local system of M with fiber Z.
Then f induces a homomorphism H*(N;Zy) — H?*(M; Zy). Here both groups
are isomorphic to Z, so the homomorphism Z — Z is a multiplication by an integer
called the cohomological degree of f, denoted by deg f.

Note that for non-orientation-true maps one can similarly define a cohomological
degree as a residue (mod 2), but not as an integer because of H>(M; f*(Zy)) ~ Z,.
For more details on local systems, see, for example, [Spanier 1993] or [Whitehead
1978, Chapter VI].

Proposition 3. Ifthe map f : M — N is orientation-true, then Deg f > deg f.
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Proof. Homotope f so that a regular value y € N has Deg f preimages. Choose a
local orientation of M and N. That allows us to define the sign for every preimage
xi € f~1(»), so that the sum equals deg f. (Formally, here we use local cohomology;
see, e.g., [Hirsch 1976, Chapter 5]). O

In fact, the opposite inequation also holds, so we have Deg f = deg f for an
orientation-true f. The idea of a proof is to cancel a pair of preimages of y which
have different signs (see, e.g., [Epstein 1966, p. 380] for dimension > 2), but for
surfaces, this strategy is quite a bit more complicated (see, e.g., [Melikhov 2004,
Lemma 2]). Another strategy is to apply Theorem 2 (our proof uses Proposition 3,
but not the equality deg f = Deg f for an orientation-true f).

Corollary 4. For a k-sheeted branched covering f : M — N we have Deg f = k.

Proof. Clearly, f is orientation-true and deg f = k, so by Proposition 3 we have
Deg f > k. On the other hand, the regular values of f have k preimages, so
Deg f <k. O

Corollary 5. If p : M — Q is an orientation-true pinch map and g : Q — N is a
k-sheeted branched covering, then we have Deg(q o p) = k.

Proof. The reasoning is the same: use the functoriality of cohomology and
Proposition 3. U

2.2.2. Degree of the composition of maps.

Proposition 6. Take any map f : M — N. Let g : N' — N be a k-sheeted covering
such that N' is connected and f lifts to N', i.e., there is f' : M — N’ such that
f=gof. ThenDeg f =k-Deg f'.

Proof. Homotope f so that the regular value y € N has Deg f preimages. This
homotopy can be lifted to a homotopy of f’. So we obtain that every y’ € g~ (y)
is a regular value of f’, and this immediately implies that Deg f > k - Deg f’.
The opposite inequality is true since for any finite subset P C N’ we can homotope
f' so that each point of P becomes a regular value with Deg f’ preimages. ]

In fact, the last argument shows that Deg( f>0 f1) < Deg fi -Deg f, for any maps
f1, f>. The opposite inequality in Proposition 6 is nontrivial (and does not hold if
g is a branched covering) because of the following pathology.

Remark 7. If f; : §> — RP? is the universal covering, then Deg f; = 2 by
Corollary 4. If f, : RP? — §? is a map collapsing a projective line | C RP?
to a point, then Deg f> = 1 since it is nonnullhomotopic (the homomorphism
5 H*(S% Z») — H?*(RP?; Z,) is nonzero).

However, the composition f; o f; is nullhomotopic: it takes both hemispheres
of the domain S? surjectively to the range S2, but with different orientations. So

Deg(f20 f1) =0.
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Remark 8. If f, : RP?> — S? is as above, we have Deg f» = 1. If f3: 5% — §?
is any map of degree 7 as an element of m,(S?), then Deg f3 = 7 according to
Corollary 4. However, Deg(fz o f) =1, and fzo fo ~ f>.

Indeed, as one can see, there are exactly two homotopy classes of maps RP? — S2,
since the obstruction for such maps to be homotopic lies in H2(RP?; 5(5%)) ~ 7,
(see, e.g., [Whitehead 1978, Chapter VI, §6]). One also can directly construct a
homotopy of f3 0 f, to f,. So we have another example when Deg(f3 o f>) #
Deg f; - Deg f>. In particular, we note that here f, is homotopic to a pinch map,
and as f3 we can take a branched covering.

3. The factorization theorem

3.1. A map with a minimal graph.

Proof of Theorem 2. Take some triangulation of N and denote its 1-skeleton by
T C N. Consider maps & : M — N homotopic to f which are transversal to 7.
Then A~ (T) is an embedded graph in M, call it I", possibly with isolated circles
whose images do not cover the vertices of 7.

We take A such that I" has a minimal number of edges E(I"). Each isolated circle
is counted as one edge. Then we observe that I' has the following three properties
which we will prove in Section 3.2.

Claim 9. For every edge of I' the images of its endpoints do not coincide.

For every component A C M \ T its image h(A) is contained in a certain triangle
B C N and h(dA) C 0B. By Claim 9, for every component o« C d A we may assume
that either « is an isolated circle, or « is mapped to d B monotonously with index
iy # 0. In the last case, we call « essential.

Claim 10. Either I" has no isolated circles, or I" is a union of such circles and has
no vertices.

In the case when I" is a union of isolated circles, the image /(M) is contained in
N\ sko(ﬂ. Note that N \ sko(ﬂ can be deformation retracted onto the dual graph
of 7. This proves the theorem in that case.

Further we will assume that I" has no isolated circles. Take a triangle B C N and
a component A C h~!(B). Orient 3B ant dA so that h|4 preserves the orientation.

Claim 11. The boundary dA consists of one component with index 1, or A is
orientable and all the components of 9 A have the same orientation with respect to A.

If A is nonorientable, then /|4 is homotopic to a pinch map so that the homotopy
is stationary in a neighborhood of dA. Indeed, in that case by Claim 11 the
boundary A is a circle with index 1. Since 4 takes d A to d B monotonously, the
restriction of /4 to a small neighborhood W D 9 A is injective. Then h|4 is homotopic
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O

Figure 1. Presentation of A as the connected sum.

to the composition of the collapse of A\ W to a point and a homeomorphism
A/(A\ W) — B because of contractibility of B.

Otherwise, orient A. We can present A as a connected sum of a certain number
of disks Dy, ..., Dg, and a closed surface S (which is possibly a sphere). We may
assume that they are joined by cylinders Cy, ..., Cy in that order; see Figure 1.

Homotope & so that each C; is mapped to a single point as well as S. Then
on every D; we can homotope / to a branched covering with one critical point
of index iyp, or to a diffeomorphism if i3p, = 1. This is possible because the
restriction hlyp; : dDj — 9B is a iyp,-sheeted covering. The homotopy is assumed
to be stationary in a neighborhood of d A and the resulting /4 is assumed to preserve
the orientation. Finally, homotope /& near Cy, ..., Cx_; to a branched covering
with two branched points of index 2 (see, for instance, [Gabai and Kazez 1987,
Figure 2.1]). The subsurface C; U S C A remains pinched.

Repeat this for all components A C M \ I', and the proof of Theorem 2 is
complete. ([

3.2. Properties of the minimal graph.

Proof of Claim 9. Recall that h takes vertices of I' to vertices of 7 and takes
interiors of edges of I' to interiors of edges of 7. By transversality of / to the
vertices of 7, the half-edges of any vertex v € I" are in bijective correspondence
with the half-edges of #(v) € T. Therefore, since 7 has no loops, I" has no loops
either.

Take an edge e C I" with endpoints v and w. Suppose h(v) = h(w). Lete’ C T
be a (closed) edge that contains %(e). Take a small tubular neighborhood U D ¢’
and a tubular neighborhood V D e such that 4#(V) C U and h(dV) C 9U.

Since h(v) = h(w), the image h(V) does not cover the whole of ¢’. Then we
can homotope # on V and squeeze i (V) outside U, so that h(V) C dU. When we
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Figure 2. Collapsing of an edge with the same images of the endpoints.

redefine I" as the preimage of 7 under new %, we will see that the edge e disappears
and other edges incident on v and w are modified as in Figure 2.
Thus, E(I") decreased at least by 1, which contradicts the minimality. U

Proof of Claim 10. Suppose I' has isolated circles as well as vertices. Then find a
component A C M \ I whose boundary includes at least one isolated circle o and
at least one essential component ¢¢; (to do this, one can consider the dual graph of T,
mark blue the edges dual to isolated circles, mark red the edges dual to essential
curves, and then find a vertex incident to edges with different colors).

Take a triangle B C N such that #(A) C B. Take points xg € ap and x; € o1 such
that 2(xg) = h(x;) = y € 0 B. Take a non-self-intersecting path y in A from xg to
x1. Then h o y is a loop inside the triangle B with basepoint y € 9 B.

Similarly to the proof of Claim 9, we can homotope / to compress A(y) to y
and then to squeeze h(y) outside B, so that the homotopy is stationary outside a
small neighborhood of y.

As aresult, when we redefine I' as the preimage of 7 under new 4, the edges «g
and o will join together in one curve; see Figure 3. Thus E(I') decreased by 1,
which contradicts the minimality. ([

Proof of Claim 11. Suppose the hypothesis of the claim is violated. Then one
can find two points x;, x; € 0A such that 2(x;) = h(x;) =y € N and a non-self-
intersecting curve y in A from x; to x, which admits a coorientation agreed with
the orientation of dA at x; and x;. (Indeed, if A is nonorientable, we can take any

al

i) ’y

) A A

Figure 3. Join of an isolated circle with an essential curve.
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x1, x with the same image and then choose y properly. And if A is orientable, we
take x; and x; on the components of d A with different orientations with respect to
A and take any y.)

Then we can homotope % in a small neighborhood of y similarly to the proof of
Claim 10. Suppose x; belongs to the oriented edge vyw; of I', and x, belongs to
the oriented edge vow,. Then after the homotopy I" modifies as in Figure 3 so that
these edges will be replaced by the edges v;v, and wjws.

Note that the homotopy will not change E(I"). But also note that 2 (v{) = h(vy)
and h(w;) = h(w,), which contradicts Claim 9. O

Remark 12. Clearly, if f is the composition of a pinch map with a branched
covering, then Deg f # 0. In the case Deg f = 0 one can strengthen Theorem 2 as
follows: f is homotopic to the composition of a retraction of M to a graph T' C M
with a projection T'" — N. Note that as I’ we can take the dual graph of I" above,
but it may be not isomorphic to the dual graph of 7.

4. Estimation of the degree

Note that in Theorem 2 the pinched subsurface of M may be assumed to be connected
(or empty). Also, in order to prove Theorem 1, we note the following remark.

Proposition 13. The resulting map in our proof of Theorem 2 cannot both pinch a
nonorientable subsurface of M and have a branch point.

Note that this assertion refers to the decomposition obtained just in our proof
of Theorem 2. Of course, one can compose a pinch of a crosscap with a branched
covering (e.g., as in Remark 8), but this is not our case.

Proof. Suppose that the obtained pinch map p : M — Q collapses a Mobius
band L C M (and, possibly, some other subsurface). Note that we can “move” L
across M. Namely, we can replace L by a point and for any component A C M\ T’
glue a Mobius band instead of any point inside A defining p on it as a collapse to a
single point.

For such an A we take a component of M \ I with a disconnected boundary
or a component whose boundary has index > 1. Otherwise, if there is no such
component, the resulting map will have no branched points, as we can see from the
final part of the proof of Theorem 2, and our proposition holds.

Then, after the “moving” of L into A, the statement of Claim 11 does not hold
for the obtained map. But the moving of L does not change I', which contradicts
the minimality of E(T"). O

Proposition 14. For the factorization M > Q <> N from our proof of Theorem 2,
if q is a d-fold branched covering, then Deg(q o p) =d.

This assertion is nontrivial in view of Remark 8.
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Proof. Note that a pinch map p cannot be contractible since the homomorphism
p*: H*(Q; Z,) — H*(M; 7,) is nonzero. Therefore Degp =1.
Suppose p is not orientation-true. Then by Proposition 13 we have that g is a
covering (without branch points). Then Deg(g o p) = d by Proposition 6.
Suppose p is orientation-true. Then Deg(g o p) = d by Corollary 5. ([

Proof of Theorem 1. We are given a map f : M — N of geometric degree d > 0.
Applying Theorem 2, we obtain a factorization M > Q 4> N. Denote the set
of critical values of ¢ by B C N (it is finite, possibly empty). By Proposition 14
the number of sheets of g equals d. Then

x(Q\q ' (B)=d- x(N\B),

and therefore x (Q) <d - x(N) (this is similar to the reasoning in the Riemann—
Hurwitz formula). To complete our proof, note that y (M) < x(Q). ([

Appendix: Stable maps and apparent contours

Now let us show one unexpected application of the factorization theorem.

A map of surfaces f : M — N is called generic if its critical points Xy are
folds and cusps. A generic map is called stable if the set of its critical values
f(Z¢) has only transversal self-crossings, called nodes. For more details, see, for
example [Arnold et al. 2012, Part 1] or [ Yamamoto 2017] (see also [Ryabichev
2020]). Denote the number of nodes by n(f).

Note that stable maps form a dense open subset in C*°(M, N). Pinches and
branched coverings, which we have considered above, are not stable, but one can
deform them to stable maps by an arbitrary small homotopy.

Theorem 15. Every map of closed surfaces f : M — N is homotopic to a stable
map f' such that n(f') =0, i.e., the set of critical values f'(X ) is a collection of
nonintersecting non-self-intersecting curves (possibly with cusps) in N.

@ =

Figure 4. Collapsing of a handle adds a fold curve with 4 cusps.



154 ANDREY RYABICHEV

%

Figure 5. Collapsing of a Mobius band via adding two fold curves
with 1 cusp.

This fact connects the study of apparent contours of T. Yamamoto with the theory
of branched coverings; see, e.g., [Gabai and Kazez 1987]. Note that if N = R2,
then Theorem 15 can be proved without the factorization theorem, and in the case
N = 52, Theorem 15 was proved in [ Yamamoto 2010, Theorem 1.4].

Proof. Applying Theorem 2 to the map f, we obtain a factorization M 2> Q 45 N.

The branched covering g can be homotopied so that each branch point of index i
will turn into a fold circle with i + 2 cusps. See, for example, [Arnold et al. 2012,
Part 1, §1.8] for more details.

A collapsing of an orientable handle can be turned into a fold curve with 4 cusps,
just as a projection of a plane with a handle in R? to the plane; see Figure 4 (see
also the discussion in [ Yamamoto 2017, §3.2]).

Finally, a collapsing of a M&bius band is homotopic into a map with a fold curve
along the Mdbius band and with a fold curve with one cusp around it; see Figure 5
(on the left, the opposite points on the inner circle should be identified, we show
them connected by dotted lines; see also [ Yamamoto 2010, Figures 11 and 12]).

The described homotopies are local, the images of these curves are small and we
may assume that they do not cross each other. ([
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A VIRO-ZVONILOV-TYPE INEQUALITY
FOR Q-FLEXIBLE CURVES OF ODD DEGREE

ANTHONY SAINT-CRIQ

We define an analogue of the Arnold surface for odd degree flexible curves,
and we use it to double branch cover Q-flexible embeddings, where Q-
flexible is a condition to be added to the classical notion of a flexible curve.
This allows us to obtain a Viro—Zvonilov-type inequality: an upper bound
on the number of nonempty ovals of a curve of odd degree. We investigate
our method for flexible curves in a quadric to derive a similar bound in two
cases. We also digress around a possible definition of nonorientable flexible
curves, for which our method still works and a similar inequality holds.

Let F C CP? be a flexible curve of odd degree m. We denote as £= and ¢° the
number of ovals of the curve RF C RIP? that bound from the outside a component
of RP? \. RF which has positive, negative or zero Euler characteristic, respectively.
In particular, £ is the number of empty ovals, and £° + ¢~ is that of nonempty
ones. O. Viro and V. Zvonilov [1992] proved the following upper bound for the
number of nonempty ovals:

0 ~ _ (m=3)?*  m?—h(m)?
C+0 < ) + Thm?
with h(m) denoting the biggest prime power that divides m. Their proof relied
on taking a branched cover of CPP?, ramified over the surface F. Usually, it is a
good choice to take doubly sheeted branched covers, but this is not possible in this
setting where m is odd. Odd degree curves are a different story compared to even
degree ones, one reason being the nonexistence of the Arnold surface in S* (RF is
not null-homologous in H; ([R[P’z; Z7/2), and neither is F in HQ(CU:D2; Z7/2)). In the
present paper, we give a definition of an analogue of the Arnold surface in CP? for
odd degree curves. This means that, under a certain condition of being Q-flexible
(up to taking another conic Q with empty real part and pseudoholomorphic, this is
always satisfied by pseudoholomorphic curves), we are allowed to take the double
branched cover of CP? ramified over a perturbation of this Arnold surface. This
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condition is also always satisfied by algebraic curves. We will show the following
result, by methods analogous to Viro and Zvonilov.

Theorem 3.11. Let F be a Q-flexible curve of odd degree m. Then

O+ < (m—1)?
X 4 .

If equality holds, then the curve is type I.

It is worth mentioning that this is not quite Zvonilov’s bound (m — 1)(m — 3) /4
[1979], which works for any flexible curve that intersects a real line generically
(this condition being the degree-one analogue of our Q-flexibility), and in particular
for any pseudoholomorphic curve. However, it appears that Q-flexibility and this
condition by Zvonilov are independent for general flexible curves.

In Section 1, we discuss some constructions in CP? and CP? seen as 2-fold
branched covers of the standard 4-sphere. In Section 2, we construct the Arnold
surface for odd degree curves, and we describe the behavior of the real part of the
curve under this construction. In Section 3, we prove the inequality. In Section 4,
we review our method for curves in a quadric to produce a result which, to our
knowledge, is new even for algebraic curves. In Section 5, we compare our inequality
to Viro and Zvonilov’s, and we investigate the possible notion of nonorientable
flexible curves, for which our method still applies to derive a similar bound.

1. Preliminaries

Throughout this paper, all surfaces will be assumed to be connected, and all embed-
dings are smooth.

The complex conjugation conj : CP?> — CP? is defined in homogeneous coor-
dinates by conj([zo : z1 : 221) = [Zo : Z1 : Z2], and RP? C CP? is the fix-point set
Fix(conj). Here, Q will always denote a generic real conic with empty real part (for
instance, the Fermat conic given by the equation z% + z% + z% = 0). In particular, it
is a smoothly embedded 2-sphere Q C CP? which represents the homology class
[0]= 2[CP'1in H, (CIP’Z; Z7) = Z, the choice of a generator being the homology
class of any complex line.

Flexible and Q-flexible curves. A real plane algebraic curve is a real nonsingular
homogenous polynomial X € R[xg : x; : xp]. By the real part of the curve, we mean
the set

RX = {[x0 : x1 : x2] € RP? | X (xo, x1, x2) = 0},
and by the complexification of the curve, we mean

CX ={lzo:z1:22] € CP? | X (z0, 21, 22) = 0}.
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Evidently, CX is invariant under complex conjugation. If m = deg(X) > 1, then
we see that [CX] = m[CP'] HZ(C[P’Z; Z), and that CX is a surface of genus
g = (m—1)(m—2)/2. Also, the tangent space of the complex curve is related to
that of the real curve in the following sense:

forallx e RX, T,CX=T,RX®i- T,RX.
We define a flexible curve, in the sense of Viro [1984], as follows:

Definition 1.1. Let F be a closed oriented surface embedded in CP?. The surface F
is called a degree m > 1 flexible curve if

(1) conj(F)=F;
(i) x(F)=—m*+3m;
(i) [F]=m[CP'] € Hy(CP% 2);
(v) forallx e RF, T, F = T\RF ®i - T,RF, where RF = FN RP2.
The following classical results are known for flexible curves (see [Rokhlin 1978]):

(1) If by denotes the 0-th Betti number, then by(RF) < g+1=m—1)(m—-2)/2+1.
Curves with bo(RF) = g + 1 are called M-curves. On the other hand, curves
with bg(RF) = 0 if m is even and by(RF) = 1 if m > 3 is odd are called
minimal curves (note that there are no minimal curves in degree one).

(i1) If m is even, then each component of RF is contractible in RP2, and if m is
odd, all but one components of RF are. Contractible components of RF are
called ovals. An odd degree curve can never have RF = & (it always has the
noncontractible component).

(iii) A flexible curve F is said to be a type I (resp. type II) curve if F . RF has
two connected components (resp. is connected). An M-curve is always type 1,
and a minimal curve is always type IL.

What makes flexible curves so different from algebraic curves is the lack of
rigidity, mainly seen with the Bézout theorem, which, in particular, implies that a
degree m algebraic curve generically intersects Q transversely in exactly 2m points.

Definition 1.2. A flexible curve F of degree m > 1 is called Q-flexible if F h Q
consists of 2m points, necessarily swapped pairwise by complex conjugation.

Two double branched covers. There is a well-known diffeomorphism between
CP? /conj and S* (see [Kuiper 1974]). We denote the associated (cyclic) 2-fold
branched cover as p : (C[P’Z, RP?) — (S*, %), with Z = p(IRIPZ) an embedded RP?
in S*. We also let 2 = p(Q), the image of the preferred conic under that branched
cover. From the fact that Q does not intersect the branch locus RP?, we see that the
restriction p : Q — £ is an unbranched 2-fold cover, with the conjugation being
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an orientation-preserving involution generating the group of deck transformations.
As such, we see that 2 is also an embedded RP? in S*.

Given a closed embedded surface F? in a (closed oriented) 4-manifold X*, we
denote as e(X, F) the normal Euler number of the embedding F C X; that is,
the Euler class of the normal bundle vF. It is also equal to the self-intersection
number F - F, which is defined by counting signed intersection points between F
and a small perturbation F’ of F in the normal direction. If F' is oriented, then it
corresponds to the intersection form of X evaluated on [F] € Hy(X; Z).

Proposition 1.3. We have the following normal Euler numbers:
e(CP?,RPH=~1, e(CP* Q)=+4, e(S" Z)=-2 and e(S* 2)=+2.

Proof. The conic Q is oriented and [Q] = Z[CIP’]] € Hz(CIPZ; Z), so we obtain
e(CP?, Q) = +4. Next, because RP? is Lagrangian in CP?, we have that the normal
bundle vRP? and the tangent bundle TRP? are anti-isomorphic, and thus, for the
Euler class, e(WVRP?) = —e(TRP?) = —X (RP?) = —1. Finally, the computations
of e(S*, #) and e(S*, 2) come from the next lemma. O

Lemma 1.4. Given a 2-fold branched cover f : (Y#, 1§2) — (X%, B?), and given
F an embedded closed surface in X, we denote as F the lift p~'(F).

(1) If F B, possibly with F N\ B = &, then e(Y, I:”) =2e(X, F).
(ii) If F C B, thene(Y, F) = fe(X, F).

Proof. One has to inspect what happens in each case individually. In the first, note
that the lift of a perturbation is a perturbation of the lift, and one can ensure that the
self-intersection points occur away from the ramification locus B. As such, each
of these points lifts to two intersections, and the orientations agree because f is
orientation-preserving.

The second case can be deduced from the first. Let F’ be a small transverse
perturbation of F. Letting 7 : ¥ — Y denote the involution that spans Aut( f), and
letting F' = f(F"), we see that F” is a perturbation of F and F’ U t(F’) is the lift
of F'. By the first case, we obtain e(t (F’)) = e(F') = 2e(F') = 2e(F). Moreover,
we have 2e(F) = e(F'UT(F")) = e(F') + e(t(F')) = de(F). O

We now wish to consider the 2-fold branched cover of $*, ramified over 2 this
time. It is possible to make some computations to find an orientation-reversing
involution of S* which swaps # and 2. Alternatively, taking any orientation-
reversing free involution of S*, this maps Z to a projective plane with normal Euler
number +2, and this is always isotopic to 2 in S*. Tracking this isotopy produces
the involution needed. As such, we see that the smooth 4-manifold obtained as the
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RP? ¢ CP? > Q
I Pl l
% c S* o 2
T Tﬁ !
Q c CP? > RP?
Figure 1. The two branched coverings of interest and their associ-

ated branch loci. The arrows marked —»> denote an unbranched
2-fold cover from a 2-sphere to a real projective plane.

double branched cover of S* ramified along 2 is diffeomorphic! to CP2. We let
5 : CP? — S* denote that double branched cover.

Define Q = p~ ! (#). We see that RP? and Q are respectively embeddings of RP?
and S? in CP?2. Using Lemma 1.4 again, we can compute the normal Euler numbers.

Proposition 1.5. We have e(CP?, RP?) = +1 and ¢(CP?, Q) = —4.

In Figure 1 we depict a summary of the different maps in play.

2. The Arnold surface of an odd degree flexible curve

For a flexible curve F C CP?, let AT (F) = F/conj = p(F). It is an embedded
surface in S* with boundary dA™ (F) C % identified with RF, and it is orientable
if and only if F is type L.

If the curve has even degree, then RF is null-homologous, and thus exactly one
component of RP? ~. RF is nonorientable (it is a punctured Mobius band). Let
RP2. be the closure of the two possible subsets of RP? < RF that have dRP; =3 F.
We choose RP? to be the one containing the punctured Mébius band (i.e., Rﬂj’i is
orientable, and RIP? has exactly one nonorientable component). In the case where
F is an algebraic curve of even degree, the polynomial P defining it can be chosen
in such a way that

RP% = {[xo : x| : x2] € RP? | £P(x¢, X1, x2) > 0}.
In Figure 2, we depict such an example for an algebraic curve.

Definition 2.1. Given a flexible curve F of even degree, we let
A(F)=AT(F)Up[RP2) C S*,
and we call it the Arnold surface of F.

I fact, it is sufficient to obtain that the double branch cover of 4 ramified over 2 is a homol-
ogy CP2, as will be the case for curves on quadrics in a later section.
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Figure 2. The set [RQ[P&, shaded, for Gudkov’s M -sextic.

In odd degrees, it is not possible to define a surface in this way; we need to go
to CP? first. Take F to be a flexible curve of odd degree. We denote as J C RP?
the noncontractible component of RF and as o an oval of RF. Let J* = p(J),
ot = p(o), and set J = p~'(J*) c Q and 6 = p~'(0") C Q. Observe that p
restricts to an unbranched 2-fold covering p: J — J* and p: 6 — o™.

Proposition 2.2. We have J = S' and 6 =S' US', and the unbranched coverings

+

p:J— JVtand p:o— ot are respectively the nontrivial and the trivial 2-fold

coverings of the circle.

Proof. Isotope J in RP? to be J = RX with X € R[xo : x1 : x2] a degree-one
nonsingular homogeneous polynomial. Note that we do not need to look at what
happens outside of RP? for the claim. In particular, CX r Q is two points. Letting
G = p(CX) and G = p~'(G™1), we obtain

JT=0GT and J=0G.

Moreover, G th 2 is one point, for the two points in CX M Q are swapped pairwise
by conjugation. In particular, the covering j : G — G is a 2-fold branched cover
of the disc G* (for in degree one, CX is a sphere and RX is type I), with one
branch point in its interior. This is unique, and it is known to induce the nontrivial
cover on the boundary, so the first claim follows (see Figure 3).

For the other claim, an oval o bounds a disc D embedded in RP?, and is thus
disjoint from Q. Therefore, the disc D/conj C % bounded by ot lifts in CP? to
two disjoint discs in Q. This means that p : 6 — o™ is the trivial covering, and 6 is
two circles. (]

We let RF be the set
JU U ocO.
o oval

The previous statement implies that every oval of RF gets doubled in RF, whereas
the noncontractible component J does not.
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CXhQ
//
2, L

J+

Figure 3. The restrictions p : CX — Gt and p: G — G™, the
second one being a branched covering. On the right, the rotation
by 180° generates the group of deck transformations.

Proposition 2.3. Let 01 and 0, be ovals of RF.

(i) The set Q ~. J is two open discs, each containing one of the two components of
0].

(ii) If o1 C 02 (Where inclusion means that o, is contained in the orientable
component of RP?Z < 03), then 01 C 02, in the following sense: Q ~ 03 has
three components, one being a cylinder containing J, and the other two being
discs each containing a component of 0;.

Proof. This comes from the observation that the covering j : Q — 2 is the quotient
of the 2-sphere Q by a fixed-point free involution (that is, the antipodal map), as well
as the fact that p : (RP?, RF) — (%, p(RF)) is a diffeomorphism of the pair. [J

This means that the real scheme RF can be seen doubled in RF, as Figure 4
depicts. Now, define A*(F) = p~'(A*(F)) = p~'(F/conj). For the analogue
of IRIP%L, there are two subsets Q4 of Q . RF that have d 0+ = RF, and those are
diffeomorphic, exchanged by “symmetry” of Q along J. To be more precise, we

pPRF)CZ RFCQ

Figure 4. The set O, shaded, for an algebraic curve of degree 7
with real scheme (J L1211 1(1)) (in Viro notation), obtained as a
perturbation of three ellipses and a line.
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denote as Q. the closure of these two sets, with a choice involved in labeling one
Q. and the other Q_.

Definition 2.4. The Arnold surface of a flexible curve F of odd degree is the surface
A(F)= AH(F)U Q. c CP2

3. Proving the inequality

The idea is that we would like to take the 2-fold branched cover of CP? ramified
along the Arnold surface. This is not yet possible in this odd degree setting, for the
surface A(F) is not null-homologous in H,(CP?; Z/2) (we will see that it has an
odd self-intersection number). In fact, this limitation is what led Viro and Zvonilov
to consider & (m)-sheeted branched covers, where i (m) denotes the highest prime
power that divides m. However, in our favorable setting, we can perturb the Arnold
surface, with the important feature that it preserves the structure of the curve RF
inside Q. One last remark is that we could nor apply the same construction to a
Q-flexible curve F C CP? directly, because the conic Q has an even homology class.

Branching over the Arnold surface. We are first interested in computing the
normal Euler number of A(F) C CP2. Recall that if F C X is a closed surface in a
closed oriented 4-manifold, then the Euler class e(vF) € H*(F; Z,,) corresponds
to the self-intersection of F (here, Z,, means coefficients twisted by w; (v F), and
w1 (X) =0 implies w (vF) = w; (F), from which twisted Poincaré duality readily
gives H>(F; Z,)) = 7).

In the case where 0 F # @ however, one needs to choose a fixed nonvanishing
section 6 of vF|3r, and consider a relative Euler class (see [Sharafutdinov 1973]):

eo(X, F)=ey(vF) e HX(F,0F;Z,) = Z.

This Euler class corresponds to the integer obstruction to extend this section 6 to
the whole vF. However, if one needs to glue two surfaces F; and F, along their
common boundary d F; = d F, and compute the Euler number of F; Uy F, in terms
of relative Euler numbers of F) and F;, there are two things to be careful about:

(1) The bundle A = (vF1 NvF,)|sF, over 0F; needs to be rank one.
(2) This bundle A needs to have a nonvanishing section 6.

If both conditions are satisfied, the section 8 gives rise to the same section of
VFi|aF, and vF2|5F,. This can be used to define relative Euler numbers eg (X, F;).
Since, in the closed case, the number e(X, F') does not depend on the choice of the
(possibly vanishing) global section of v F, we obtain the relation

e(X, F1Uy Fy) = eg(X, F1) +eq (X, F).
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For instance, if F C CIP? is a flexible curve of even degree m = 2k with nonempty
real part RF, one sees that A = (v[R{[F"i NV F)|rr is the trivial line bundle over RF'.
If © denotes a section of the normal bundle RF in RP?, then i is a section of A,
and letting #Z, = [RiI]J’%r /conj and AT (F) = F/conj, it also induces a section 6 of
(wZ+ N vA*(F))|3A+(F). By a careful examination, one can use Lemma 1.4 to
compute

e;(S*, AT (F)) = Leig(CP?, F) = JF - F =2k,

because F is closed, and
ep(S*, Z4) = 2ei(CP?, RPY) = —2x (RP?),

because RP? is Lagrangian. This means that the Arnold surface A(F) C S* has
normal Euler number

e(S*, A(F)) = 2k* — 21 (RP2).

If F C CP? is now a flexible curve of odd degree, the normal bundle of RF in
RP? is a nontrivial line bundle over RF (to be more precise, exactly one connected
component of this bundle is the nonorientable line bundle over the circle: the
component associated to the pseudoline J C RF). As such, there is no nonvanishing
section 6 of A, and it does not give rise to a section i0 of vF|rr. However, the
subbundle i A C vF|gr can be seen as a field of lines of v F'|gp (instead of a section
being a vector field).

In general, let A C vF|3F be a line subbundle. As done in [Guillou and Marin
1980, §3], one can still consider the integer obstruction

éx(X,F)e H*(F,0F:Zy)

to extend this field of line to the whole vF. In the case where A does have a
section 6, we have ep (X, F) =29 (X, F).

Back to where F is a flexible curve of odd degree, and letting A" (F) = F/conj,
we see that i A induces a line subbundle A of VAT (F)|ya+(r). From an application
of Lemma 1.4,

¢:(S*, AT(F)) = 16;5(CP?, F) =} -2¢(CP?, F) = m?,
because F is closed. This means that, in the above sense, we have e(S*, AT (F)) =
m? /2, although this is a noninteger value.

To ease out the exposition, we will allow ourselves to write half-integer Euler
numbers and to use Lemma 1.4 with half-integers. It will be understood that we
use the obstruction ¢ when needed. We will also omit the choice of the field of
lines in the subscript, as all surfaces will ultimately become closed at the end of

computations.
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Proposition 3.1. We have e(CP?, A(F)) =m?—2.

Proof. Recall that we defined AT (F) = p~ (A1 (F)), and A(F) = AT (F)U Q..
Using Lemma 1.4 twice, we compute that e(CP?, AT (F)) = m?. Now, we simply
make use of the fact that e(CP?, Q+) = —2. Indeed, Q0 = Q+ U Q_, thus

—4 =e(CP?, Q) = e(CP?, Q1) +¢(CP?, Q_),

and because Q. and Q_ are swapped by the (orientation-preserving) involution of
CP? spanning Aut(p), we obtain

e(CP?, 04) =e(CP?, 0.),

from which we derive e(CP2, Q1) = —2. Alternatively, this can be obtained from
the following lemma. ([

Lemma 3.2. Let X be a submanifold of Q. Then e(CP?, X) = —2x(X).

Proof. The submanifold RP? ¢ CP? being Lagrangian, and the covering p : CP? -
S* being branched exactly on p(RP?), we observe that v2 = —T % in S*. However,
the covering p : CP? — S* is unbranched in a regular neighborhood of %, whence
vQ = —2TQ. In particular, for the Euler classes, we have e(CP?%, X) =e(vX) =
—2e(TX) =—-2x(X). (]

Because A(F) has an odd self-intersection, we see that it cannot be null-
homologous in H>(CP?; Z/2). In fact, because this group has rank one, being
Z /2-null-homologous is equivalent to having an even self-intersection. There is
another surface, however, which is not null-homologous and transverse to A(F): the
surface RP2. If F is a Q-flexible curve of odd degree m, the transverse intersection
F h Q is 2m points. This implies that A(F) intersects RP? transversely in m points.
The surface A(F) URP? is therefore immersed with m transverse crossings only.
We will describe how to resolve those double points to obtain an embedded surface.

Firstly, in a closed oriented 4-manifold X, let ¥ C X be the image of a closed
surface through an immersion, with only one transverse self-intersection point
x € X. Take B C X to be a small 4-ball around x, which meets X in two disks
intersecting transversely at their common center x. The boundary of those discs is
a Hopf link dBNX C dB = S3, which bounds a Hopf band H C B. We call the
surface X’ defined by a choice of a gluing of a Hopf band H to ¥ \. B a smoothing
of the singularity of the immersed surface X C X.

Lemma 3.3. The resulting surface ' is an embedded surface in X with x (Z') =
x(X)—1,e(X, ) =e(X, ) %2, and we have freedom in the choice.

Proof. Regarding the claim about the normal Euler numbers, we use similar
arguments as in [Yamada 1995, §5]. Note that if B is a small 4-ball around the
double point x € X, then the Hopf link 0 BN X comes with two possible choices of
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e(X)=e(X)£2 e(X)=e(X)F2

Figure 5. The two possible smoothings of a singularity of an
immersion, given by both choices of orientation of the Hopf link.

orientations. Each determines a unique (up to isotopy fixing the boundary) oriented
Hopf band H inducing that orientation. A transverse push-off s(X) of X can be
assumed to be parallel to X near x, and the intersection s(X) N X N H is two points
with the same sign. Finally, we see that those signs are opposite to one another in
both choices of orientations of d B N ¥ (see Figure 5).

The fact that x (X') = x (X)—1 is simply a matter of using the formula x (AUB) =
x (A) + x(B) — x (AN B) twice (here, all the sets involved are cellular subspaces).
Indeed, if H denotes the Hopf band that is glued to X \ B, then

X(E)=x(ENBUyH) = x(Z~B)+ x(H)— x(S'uS") = x(T\ B),

and
X(Z)=x(E~BUyBNE) = x(E~B)+x(BNX)—x(S'USH = x (T~ B)+1,
by noting that B N X is topologically a wedge of two discs. ([

Consider F C CP? a Q-flexible curve of odd degree m. The Arnold surface
A(F) needs not be orientable, and as said before, there is no 2-fold branched cover
of (CP2, A(F)). Recall that A(F) th RP? is m points, and as such, A(F) URP? is
an immersed surface with m double points. Applying the previous smoothing of
the singularities at each of those m points, this yields a surface X' (F) C CP2, with

X (X(F)) = x (A(F) URP?) — m;
e(CP?, X(F)) = e(CP?, A(F)URP?) +2r, re{-m,..., m).

Here, r is not free to take all the possible values in {—m, ..., m}. However, the
extremal values =m are always realizable. Define X'(F) to be the one where we
pick up a 42 every time (that is, » = +m). Two applications of the topological
Riemann-Hurwitz formula give x (A(F)) = x (F) —m + 1. Therefore, we have

X(X(F)) =—m*+2.
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Next, we compute
e(CP?, X(F)) = e(CP?, A(F) URP?) +2m = m* 4+ 2m — 1.

Take Y* to be the 2-fold cover of CP? branched over X (F). This has been
made possible because the surface X'(F) has zero homology mod 2: [X (F)] =
0e Hg(@z; Z/2) (see [Gompf and Stipsicz 1999, §6.3] or [Nagami 2000, Corol-
lary 2.10]). Indeed,

Hy(CP?%; Z/2) = {0, [RP?]},

and A(F) intersects RP? in an odd number m of points. Therefore, we deduce
that [A(F)] = [RP?] in HZ(C_[P’Z; Z/2). Now, adding RP? and smoothing the
singularities means that X (F)NRP? =@, and as such [X(F)] =0 in H,(CP?; 7]2).
We denote as © : Y* — (CP?, X(F)) the 2-fold branched cover. The previous
computations of y (X (F)) and e(CP?, X (F)) will allow us to obtain homological
information about the 4-manifold Y.

Proposition 3.4. The homology groups H\(Y; Z) and H3(Y; Z) are torsion. In
particular, for Betti numbers, we have by (Y) = b3(Y) = 0.

Proof. In order to show that H|(Y; Z) is torsion, it is sufficient to know that
H((Y; Z/2) =0, for any free part Z” < H((Y; Z) would give p copies of Z/2 in
Hy(Y; Z/2). We use a generalization of the Gysin sequence, as stated in [Lee and
Weintraub 1995, Theorem 1]:

H\(CP?, X(F); Z)2) — H, (Y, *; Z/2) — H{(CP?, X(F); Z/2).

Here, H|(Y, *;Z/2) = I:Il(Y ; Z/2) the reduced homology group, and we have
H(CP?, X(F); Z/2) = 0, by looking at the homology long exact sequence of the
pair (CP2, X (F)). This provides H;(Y; Z/2) = 0, as claimed. For b3(Y) = 0, this
is a consequence of b (Y) = 0 and Poincaré duality. Ul

An educated guess is that Y may be simply connected, just like the usual branched
cover of CP? branched over an algebraic curve {P (xg, x1, xo) = 0}, given as the
algebraic surface {P (xg, X1, x2) = w?} c CP(1, 1,1, m/2), is simply connected
(see [Wilson 1978]). However, we have enough information to compute all the
homological invariants of Y that will be useful. We recall the Hirzebruch formula
for the signature of 2-fold branched covers.

Theorem 3.5 [Hirzebruch 1969, Section 3]. Let f : (Y, B) — (X, A) be a cyclic
2-fold branched cover, with X and Y both closed oriented 4-manifolds, A a closed
surface and f orientation-preserving. Then, we have

o(Y)=20(X) — 1e(X, A).
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Proposition 3.6. We have

—m2_ _
X (V) =m2+4, by¥)=m?+2, a(Y)zw,
3m24+2m+7

by =TT and by vy = 2T

where b;r (Y) and b, (Y) respectively denote the maximal ranks of the subspaces of
H,(Y; Z) on which the intersection form Qy is positive and negative definite.

Proof. First, the topological Riemann—Hurwitz formula again yields
x (Y) =2x(CP% — x(X(F)) =m>+4.
Next, we use the Theorem 3.5 with the branched cover ® to obtain

_ m?4+2m—1 _ —m?>—2m—3
2 2

Now, because of Proposition 3.4, we see that x (Y) =2+ bo(Y). This provides

o (Y) =20 (CP?) — 1e(CP?, X(F)) = -2

by (Y)+by (Y) =ba(Y) and by (Y)—b, (V)=0(Y),
which we can easily solve for bzi(Y). U

Proving the inequality. We will now mostly mimic the proof of Viro and Zvonilov
[1992]. Note that the construction of X' (F) from A(F) U RP? happens away from
a neighborhood Q. In particular, we still see RF embedded inside X'(F). Given an
oval o C RF, recall that RP? < o has two connected components, one of which is a
punctured disc (the other being a punctured Mdobius band). Letting C(0) C # be
the image of that component under p : CP? — S*, we see that p~1(C(0)) C Q is
diffeomorphic to two disjoint copies of C(0). We denote as C4(0) each of these
copies, with the property that C+(0) C Q. (see Figure 6).

C_(0)C O- C+(0) C Oy

Figure 6. Using the same scheme (J L1211 1(1)) as in the example
of Figure 4, we take o to be the only nonempty oval. In the shaded
regions, we depict C+(0), where part of the boundary dC (o) is o.
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x(0)=—1

Figure 7. The “pseudo” branched cover C (0) = C_(o).

We see that C, (o) is totally included in the ramification locus of the branched
cover © : Y — CP2, and that C_(0) intersects this ramification locus only at its
boundary dC_(0) D 6. We let C(0) = ®~'(C_(0)). The restriction ® : C(0) —
C_(o) is not a branched cover, but it is close enough: it maps the boundaries
aC (0) — dC_(o0) diffeomorphically, and is two-to-one on the interior. Because
C_(o) is planar (that is, a sphere with holes), we have that C (0) is obtained as
gluing two spheres with holes along their boundary components. Additionally,
Aut(®) is a Z/2 spanned by T : Y — Y an orientation-preserving involution. This
involution T swaps those two planar surfaces in Y that glue to C(0) and fixes their
common boundary. As such, we have shown the next result.

Proposition 3.7. For any oval o C RF, C(0) is an oriented surface in Y of genus
b the number of ovals directly contained in o. The restriction © : C (0) — C_(o0),
shown in Figure 7, is the result of the quotient of the surface Xy, by reflection along
a plane of symmetry that cuts it into two planar surfaces. [l

The same construction works for J: there are two path-connected subsets D (J)
of Q4 that have J as a part of their boundary. Letting ﬁ(]) =0~ 1(D_())), we
have that D(J) is a surface of genus e the number of exterior ovals in RF (those
not included in any other), and the restriction © : D(J ) — D_(J) is again the
quotient of X, by reflection along a plane in the middle.

Given an oval o C RF, we denote as x (0) = x (C_(0)) the Euler characteristic
of the connected subset of RP? \. RF bounded by o from outside. Similarly, we let
x(J) = x(D_-(J)). One remarks that x (o) < 1, with equality if and only if o is
empty, and that x (J) = 1 — e with e the number of exterior ovals.

Proposition 3.8. Let o, o' CRF be ovals, and denote again by J the noncontractible
component of RF.

(1) We have Qy(C(0), C(0)) = —4x(0) and Qy(D(J), D(J)) = —4x(J) =
4(e —1).

(2) We have Qy(C(0), D(J)) =0. If o # o, then Qy(C(0), C(0")) = 0.
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Proof. For the first claim, observe e(CP2, C_(0)) = —2x (o) and e(CP2, D_(J)) =
—2x(J), by using Lemma 3.2. Next, from Lemma 1.4, we can see that

e(Y, C(0)) =2¢(CP?, C_(0)) and e(Y, D(J)) =2e(CP?, D_(J)).

To derive Qy(C(0), C(0)) and Qy(D(J), D(J)), we remark that C (o) and D(J)
are orientable surfaces, so the self-intersection and the evaluation of the intersection
form agree.

For the second claim, distinct ovals o and o’ cannot satisfy C_(0) NC_(0') # @,
even if one is included inside the other (but it is possible that C_(0) N C (0") # D).
The same goes for C_(0) N D_(J) = &. As such, the surfaces C (0), C‘(o’) and
D(J ) are nonintersecting in Y. [l

The homology classes of the surfaces C (0)),i €11, 2], and l~)(J ) were respec-
tively denoted as §; and By by Viro and Zvonilov (where £ denotes the number of
ovals in RF'). They showed the following result.

Lemma 3.9 [Viro and Zvonilov 1992, Lemma 1.3]. Let h = p” be a prime power.
Letv:Y — X be an h-sheeted cyclic covering between two n-manifolds, branched
over a codimension-two subset A C X. Let B C X be a membrane, let b be the
class in Hy (X, A) determined by B, and let B be the class in Hy(Y) determined by
v~Y(B), oriented coherently with B. Let T : Y — Y be a generator of Aut(v), and
let o =1—1 € (Z/p)[Aut(v)]. Recall the Smith long exact sequence in homology
(with coefficients in 7/ p):

o HEL (V) 25 Hi(X, A) @ Ho(A) 25 H (V) 25 H2(Y) — - - .

Then, the restriction &y : H(X, A) — Hy(Y) maps b to B, and
(1) ay_y is monic if H?(Y) =0;
(2) &n—o is monic if X is connected and H,_(Y) = 0;

Q) ifl(n+1)/2] <k <n-—2,then oy is monic if X and A are connected and if
H;(Y)=0forallk+1<i<n—1.

We can now prove an analogue to their Corollary 1.5.C.

Corollary 3.10. The set {C(0;) | 1 <i < £}U{D(J)} has rank at least £ (where ¢
is the number of ovals o1, . .., o¢ of the curve). If the family has rank £ + 1, then
the curve is type L

Proof. We can apply Lemma 3.9 in our setting, where v =0 : Y — (CP?, X(F))
and i = 2. We then see that

&> : Hy(CP?, X(F); Z/2) — Hy(Y;Z/2)
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is injective, because CP? is connected and Hs(Y; Z /2) =0 (Proposition 3.4). Noting
that &> (C_(0)) = C(0) and aa(D_(J)) = D(J), the claim follows from the very
same arguments as in [Viro and Zvonilov 1992, §2.4]. O

Recall that £% and £° denote the number of ovals of the curve that bound from the
outside a component of RIP?~. RF with positive/negative or zero Euler characteristic,
respectively. The previous results finally wraps up to yield our main theorem.

Theorem 3.11. Let F be a Q-flexible curve of odd degree m. Then

O < m=-1)?

If equality holds, then the curve is type I.

Proof. Take the maximal subset P of {é(oi) |1 <i< U {D(])} that spans a
subspace of Hz‘L (Y), and let » = rank(?). Then, we obtain r < b; (Y). Moreover,
because of Qy(C(0), C(0)) = —4x(0) and similarly for D(J), observe that P
has exactly £° + £~ + 1 elements (assuming that there is at least one oval to have
5(] ) € P; if there are none, the theorem is vacuous). Therefore, because of
Corollary 3.10, we deduce r > #P — 1 = £° 4 £~ This produces

E©+0 <3,

which is the claimed inequality. The extremal case also follows from an almost
word-for-word proof as in [Viro and Zvonilov 1992]. U

4. Curves on a quadric

We investigate our method for flexible curves in CP! x CP!, with either of its
antiholomorphic involutions ¢ (x, y) = (x, y) or ca(x, y) = (¥, x). This is motivated
by recent work from Zvonilov [2022], which generalizes [Viro and Zvonilov 1992]
to flexible curves on almost-complex 4-manifolds. For a survey of results regarding
curves in CP! x CP!, we refer the reader to [Matsuoka 1991] or [Gilmer 1991].
We will also need the following result.

Theorem 4.1 [Letizia 1984, §3]. There are diffeomorphisms CP! x CP! /¢ = S*
and CP! x CP! /¢, = CP2.

More precisely, the differential structure on CP' x CP' Fix(c;)/c; extends to
the standard one on S* or CP2, respectively.

Note that in the present work, we do not make any assumption regarding gcd(a, b)
with [F] = (a, b) € Hz(([:[lj’1 x CP), contrary to [Zvonilov 2022] where there is
no result if ged(a, b) = 1.
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Curves on a hyperboloid. Consider the space X = CP! x CP! with its involution
c1:([xo:x1], o : yiD = ([x0 : xX11, [yo : y11). We call (X, cy) the hyperboloid. Let
R = Fix(c;) = RP! x RP'. We consider Q to be a generic real algebraic curve of
bidegree (2, 2) and with empty real part RQ = @ C R. We will prove the following
result.

Theorem 4.5. Let F be a Q-flexible curve in the hyperboloid with bidegree (a, b)
where both a and b are odd. Let ¢* and €° denote the number of ovals of the
curve that bound from the outside a subset with positive, negative or zero Euler
characteristic, respectively. Then

ab+1
—

Note that H>(X; Z) is a Z @ Z spanned by the homology classes of algebraic
curves of bidegree (1, 0) and (0, 1). We have a notion of a (Q-)flexible curve in
this setting too.

4+ 00«

Definition 4.2. Let F C X be a closed, connected and oriented surface. We call F
a bidegree (a, b) flexible curve if the following conditions hold:

(1) conj(F)=F.

Q) [Fl=(a,b)in Hh(X;7)=7&® 7.

B) x(F)=2-2@—-1DbB-1).

4) f RF = FNAR, then for all x e RF, T\ F = TxRF @i - T,RF.

If, additionally, F rh 9 is 2(a + b) points, then F is said to be Q-flexible.

Note that if both a and b are odd, then RF is some number of ovals (null-
homologous curves in fR), and some nonzero number of parallel copies of a curve
with homology class (o, ) in HH(R; Z) =7 & Z, where 0 <o <aand 0 < S <D
are both odd and coprime, and 1 (R) = H|(R; Z) = Z @ Z is spanned by the real
parts of bidegree (1, 0) and (0, 1) algebraic curves. In the case of an oval o, the
complement R \ o has two connected components, one of which is a disk and is
called the interior of that oval, and we say that o bounds it from the outside.

We observe that fR is a null-homologous torus, and £ is a torus with homology
class (2, 2), both in H>(X; Z). Therefore

e(X,R) =0 and e(X,N)=8.

Denoting as p : X — X/c; = S* the 2-fold branched cover, we set Z = p(R)
and 2 = p(2). Observe that Z is a torus and 2 is a Klein bottle. Finally, letting
P : X — S* be the 2-fold branched cover of S* ramified along 2 (which exists
because [2] = 0 € Hy(S* Z/2) = 0), we set R = p~1(2) and Q = p~1(#).
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Q ¢
Figure 8. The branched covers in the case of CP! x CP! with its

hyperboloid structure, with the same notation conventions as in
Figure 1.

Consecutive applications of Lemma 1.4 yield
e(SY, #) =0, eSS 2 =4, eX,R) =2 and e(X,Q) =0.

The situation is depicted in Figure 8.

The topological Riemann—Hurwitz formula gives x (X) = 4, and Theorem 3.5
provides o(X) = —2. A similar reasoning as in Proposition 3.4 ensures that
Hi(X;Z/2) =0, and thus that H,(X; Z) is torsion. In particular,

biX)=b3(X)=0 and by(X)=—0(X)=2.

This suggests that X may be diffeomorphic to CP?#CIP2, but this will not be needed.
Consider a 9Q-flexible curve F C X of bidegree (a, b), where a and b are both
odd. In particular,

X (F)=—2ab+2a+2band e(X, F) =2ab.
Letting AT (F) = p(F) and AT(F) = p~ (AT (F)), one checks that
x(AT(F))=—2ab+a+b and e(AT(F))="2ab.

In order to understand RF = pHOAT(F)) C Q, it is necessary to describe the
unbranched 2-fold covering p : Q — %, which is a nontrivial 2-fold cover of the
torus (nontriviality can be deduced by the same argument as in the proof of the next
proposition). There are only three such coverings, each given by the subgroups
277, 7®27 and G = {(x,y) € Z> | x +y =0 mod 2}.

Proposition 4.3. The covering p : Q — % corresponds to the subgroup G.

Proof. Assume it corresponds to the subgroup 27 @ Z (the argument is the same
with the other). Let y be a curve with homology class (0, 1) in Z. Its preimage is
therefore two parallel copies of it. The situation is depicted in Figure 9.

Now, let C be a generic bidegree (0, 1) algebraic curve, so that dA™T(C) = y.
Then A*(C) th 2 is one point, so that the map p : AT(C) — A*(C) is a branched
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()

-

Figure 9. The unbranched 2-fold covering of the torus correspond-
ing to the subgroup 2Z @ Z, and its effect on the curve with homol-
ogy class (0, 1).

covering that restricts to an unbranched covering of the boundary. An application
of the Riemann—Hurwitz formula gives x (AT (C)) = 1, and A*(C) has at most two
boundary components. Therefore, there is no other choice but the same situation as
depicted in Figure 3. That is, AT (C) is a disk, and p~!(y) = dA1(C) is connected.
This is excluded, by assumption. The same argument with a bidegree (1, 0) algebraic
curve works for the subgroup Z ¢ 27. O

The covering corresponding to the subgroup G is depicted in Figure 10. If a
curve y C Z has homology class («, 8) with both @ and 8 odd (and coprime), then
its preimage is two parallel copies p~'(y) C Q.

Recalling that RF' is some ovals and some number of parallel copies of an («, 8)
curve with « and g8 coprime and odd, we have the following immediate facts:

(1) Each copy of the (&, B) curve is doubled (indeed, the homotopy class of that
curve belongs to the subgroup G).

(2) Each oval is doubled.

//;

Figure 10. The unbranched covering p : Q — Z corresponding
to the subgroup G = {(x, y) € Z* | x +y =0 mod 2} C Z>. On
the left, the preimage of the (3, 1) curve is two parallel copies of a
(1, —2) curve. It is understood that the two tori are represented by
the two squares, whose opposite sides are identified.
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Figure 11. Inthe middle, a curve with real scheme ((1, 1), TL1(2)).
On the left and on the right, the two possible choices Q..

(3) The preimage respects mutual position of ovals, as in Proposition 2.3 (that is,
an oval inside another lifts to two copies inside the other two copies).

Hence, we see that Q ~. RF has two diffeomorphic subsets Q. with the property
39+ = RF (we provide an example in Figure 11). We therefore have

x(Q)=x(Q-) and x(Q) = x Q)+ x(Q-),

so that x (Q4) = 0. The same argument gives e(X,Q4)=0.

Therefore, we can define the Arnold surface of the curve as A(F) = AT (F) U55+.
Note that A(F) R is a + b points (coming from the 2(a + b) points in F th Q).
We consider the immersed surface A(F) U%R, and we let X (F) be the smoothing
of its singularities, as provided by Lemma 3.3, where we choose the smoothing that
satisfies

e(X, X(F)) =e(X, A(F)UR) +2(a +b).

Proposition 4.4. Let F C X be a Q-flexible curve of bidegree (a, b) with both a
and b odd. The surface X (F) has zero homology in H,(X; Z/2) and satisfies

x(X(F)=—-2ab—a—b and e(X,X(F))=2ab+2a+2b+2.

Proof. Computing x (X (F)) and e(X, X(F)) is straightforward. To prove that
[X(F)] =0 e Hy(X;Z/2), it suffices to show that A(F) and % are homologous
mod 2. Note that by the previous computations, b>(X) = —o (X) = 2, so that X
is a negative definite smooth 4-manifold. By virtue of Donaldson’s theorem, this
means that the intersection form of X is, up to a change of basis, that of CP2#CP>.
We consider a basis of Hy(X,Z/2) = 7/2 @ 7/2 that diagonalizes this intersection
form, and we will show that A(F) and R both realize the homology class (1, 1) in
Hy(X;Z)2).
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Because e(X, A(F)) and e(X, R) are both even, this rules out the two classes
(1,0) and (0, 1). As such, it suffices to show that A(F) and R are both not null-
homologous in H>(X; Z/2) (if A(F) was null-homologous, we could directly take
the 2-fold covering of X ramified along A(F), without adding 9R).

By Theorem 5.5, we have the congruences

e(X, A(F)) +2x (A(F)) = q(LA(F)]) mod 4,
e(X,R)+2xR) =q(R]) mod 4,

for some quadratic function g : H»(X; Z/2) — 7 /4. From the previous computations,
this yields

2ab=q([A(F)]) mod 4 and 2= q([f)_‘i]) mod 4.

Since a and b are both odd, t_his means that 2ab £ 0 mod 4. As such,_we cannot
have g ([A(F)]) = 0 and g ([R]) = 0, thus implying [A(F)] #0 and [R] 0. O

Let ¥ denote the 2-fold covering of X ramified along X' (F). By Proposition 3.4,
H{(Y) is torsion, and computations of x(Y) =2ab+a + b+ 8 and o(Y) =
—ab —a—b—5 yield

ab+1

by (Y)= R

This implies the following result.

Theorem 4.5. Let F be a Q-flexible curve in the hyperboloid with bidegree (a, b)
where both a and b are odd. Let ¢* and €° denote the number of ovals of the
curve that bound from the outside a subset with positive, negative or zero Euler
characteristic, respectively. Then

000 < 9ot
2

Proof. We denote as ® : ¥ — X the double branched cover of (X, X (F)). For any
oval o C RF, R \ RF has exactly two path-connected components that have o
as a part of their boundary. One is a punctured disc, and the other is a punctured
torus. We denote as C(0) C # the image under p : X — S* of the punctured disc
component, and as C+(0) C Q. the preimages under p : X — S* of C(0). We set
C (0) = ®~1(C_(0)). For an analogue of D(] ), there is a subtlety. Indeed, in RF,
there may be several parallel copies of an («, 8)-curve in H;((R; Z), where « and
B are both odd and coprime. Each of these curves will lift in Q to two copies.
If RF contains ovals, then it is possible to choose one connected component D_
of 9~ RF that has one of those curves as a boundary component, and at least
one oval as another boundary component, and which is included in Q_. Define
D=60""(D_). By computations analogous to the CP? case, we have the following:
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(1) If o C RF is an oval, then e(Y, C’(o)) = —4x(0), where x (o) = x(C_(0)). In
particular, e(Y, C (0)) 0 if and only if o is a nonempty oval.

(2) Qy(D, D)<

(3) If 0 # 0 are two distinct ovals, then Qy (C(0), C(0'))=0and Qy(C(0), D) =0.

We can now apply Lemma 3.9 to the family composed of the collection of the C (o)
and of D. O

Curves on an ellipsoid. We now consider the other antiholomorphic involution
e ([xo:x1), 1yo:yiD) = (Do: v, [%0:%1]) on X =CP! x CP'. This time, we have

R = Fix(cy) = {(x, X) | x e CP'} = S?,

and X/c, = CP?. Algebraic curves in (X, ¢;) necessarily have a bidegree of the
form (m, m) for some m > 1. Consider a purely imaginary bidegree (2, 2) algebraic
curve £, and define flexible curves and Q-flexible curves as before. Note that we
still keep the same basis for H(X; Z) as in the case of the hyperboloid.

Theorem 4.6. Let F be a bidegree (m, m) Q-flexible curve on the ellipsoid, with m
odd. Let £* and £° denote the number of connected components of R~ RF with
positive, negative or zero Euler characteristic. Then

€o+£ <m+1

We have
e(X,R)=-2 and e(X,Q) =8,

because [R] = (£1, F1) € H>(X; Z) (depending on a choice of orientation) and
[Q] = (2, 2). Denoting the branched cover as p : X — CP?, we see that, letting
Z = p(R) and 2 = p(Q),

e(CP*, %)= —4 and e(CP? 2)=

In particular, 2 is a null-homologous Klein bottle in H> (@2; Z]2), because it has
even normal Euler number. This means that there is a well-defined 2-fold branched
cover p: X — CP? ramified along 2. We let R = p~'(2) and Q = p~ (%), so that

e(X,R) =2 and e(X,Q)=—
A direct computation provides
x(X)=6 and o(X)=—

with H;(X) torsion. This is evidence to think that X = 4CP2. What will be
useful is knowing that X is negative definite, and so has intersection form — I, by
Donaldson’s theorem.



A VIRO-ZVONILOV-TYPE INEQUALITY 179

Figure 12. The two possible subsets 9., shaded. It is understood
that the two spheres in the first row are Q;, and the two in the
second are Q».

This time, the restriction p : Q — Z is a two-fold covering of the 2-sphere, and
is necessarily trivial. We set Q = QU Q. Let 7 : X — X be the involution of
X spanning Aut(p). Denote as Ry and R; the two subsets of Z ~. p(RF) with
0R; = p(RF), and define

Q= 0iNp " (RHUQNT(F(R)),
Q- =0Np ' (RHUQINT(F ' (R)).

We refer to Figure 12 for a representation. Of course, this definition depends on the
choices of the labeling Q; of the two components of £, as well as the choice of
the labeling of the R;. But ultimately, the inequality we obtain will not depend on
these choices.

This allows for a definition of A(F) such that e(Q,) = %e(ﬁ) and x(Q,) =
% % (). We obtain

Y(A(F)) = —2m>+2m+2 and e(A(F)) =2m>—4.

Another key difference from the cases of CPP? and of the hyperboloid is that the
second homology H> (X; Z/2) now has rank four (the intersection form of X is —I).
To show that A(F) and % are homologous mod 2 and not null-homologous, we
need to eliminate more cases. We consider a basis of H»(X; Z) that diagonalizes the
intersection form of X. It also descends to a basis of H»(X; Z /2). If (a, b, c,d) €
H>(X; Z /2) denotes the homology class of A(F') or R, witha, b, ¢, d € {0, 1}, then
the fact that e(X, A(F)) and e(X, R) are even implies that a+b+c+d =0 mod 2.
There are 8 remaining cases: (0, 0,0, 0), (1, 1, 1, 1), and the six cases of the type
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R; \ D; £;

D;

Figure 13. The core of a Mobius strip can be seen as a real line in
the associated real projective plane.

(1, 0, 1, 0) with two nonzero coefficients. Theorem 5.5 rules out the zero homology
class, as well as the (1, 1, 1, 1) one. Let X (F) be A(F)UR with all 2m singularities
removed accordingly to Lemma 3.3. This gives

X(X(F))=—2m*>—=2m+2 and e(X,X(F))=2m"+4m—2.

One last application of Theorem 5.5 provides g ([X(F)]) =0 mod 4. In particular,
if, without loss of generality, we have [9_%] = (1, 1,0, 0), then this means that there
are only two choices:

[A(F)]=(1,1,0,0) or (0,0, 1, 1).

That is, either X' (F) is null-homologous, in which case [R] = [A(F)], oritis a
characteristic surface if [9%] # [A(F)]. Assuming that X' (F) is characteristic, the
Guillou—Marin congruence (Theorem 5.10) applies and gives

B(X,X(F))=—(m+1)>=00r4 mod 8,

by inspection of the squares of odd integers mod 8. Because the surface X'(F') has
high genus, this method will a priori not yield any contradiction.

Proposition 4.7. The surface A(F) is homologous to R mod 2.

Proof. We start by describing the generators of the homology H»(X; Z/2). Consider
a complex line CP! ¢ CP? such that CP' N 2 = @. This means that CP! lifts to
two spheres S| and $; in X, each with e(X, S;) = —1. Moreover, because they are
disjoint, we have Q X.z /2(51, S$7) =0 mod 2, i.e., they are linearly independent.
There are two more generators that come from the following construction.

2 is a Klein bottle, which can be seen as the desingularization of two real
projective planes Ry and R, with Ry h R, = {*} and e(C_Ipz, R;)=1. By Lemma 3.3,
we see that this is possible from the computation e(@z, 2)=4.Letxe R;h R, be
the transverse intersection, and let D; C R; be a small disc centered at x. R; \.D; isa
Mobius strip, whose core £; can be seen as a real projective line in R; (see Figure 13).
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This real line separates a complex line L; into two components Ll.jE with 8Ll.jE =Y.
Let X; = ﬁ_l (L;r). From Li+ M2=¢ = 8Ll.+, we see that X; is a sphere in X with
e(X, ;)= —1. Moreover, 07/2(21, ¥2) =0 mod 2 because X1 N X, = . Finally,
because Lft NCP! c CP? \ 2, we have 3; M Sy is an even number of points, and
thus 07,2(%;, §;) =0 mod 2. As such, (S1, $2, X1, X) is a basis for the homology
H>(X; Z/2). From [Nagami 2000, Lemma 3.4], the surface 5~ (CP') UR is mod 2
characteristic in X, and as such, we have [R]7 2 =[S1]1+[S2]. In order to show that
A(F) and R are homologous mod 2, it suffices to prove that Ox.7n (A(F), ;) =
0 mod 2 for i = 1, 2. Equivalently, we need to show that A(F) M X; is an even
number of points for i = 1, 2. Intersection points in A(F) rh 3; come in two types:

(1) intersections between p~'(F*) and %;; this number equals that of intersection
points between FT and CP!, which is itself even because ¢(CP?, F) = 2m?;

(2) intersections between §+ and %;, itself also equal to #% CP!, which is
even because e(CP?, Z) = —4. [l

To prove Theorem 4.6, we apply the same method as before. Given a connected
component U C SR\ RF (or equivalently, U C Z ~. p(RF)), the lift p~!(U) is two
disjoint copies of U. We let C(U) denote those copies, with the condition that
C+(U) C Q4. As before, let C(U) = ©1(C_(V)), with ® : ¥ — X the double
branched cover of X ramified over X' (F). We have

e(Y,C(U)) = —4x(U).

If Qy is the intersection form of Y, and if U and V are two distinct components of
R\ RF, then there are two possibilities:

(1) UNV =@, in which case C_(U)NC_(V) =, and thus Qy (C(U), C(V))=0.

(2) UNYV is acomponent of RF, in which case C_(U) C Q; and C_(V) C Q;,
with {i, j} = {1, 2}. In particular, we still have C_(U)NC_(V) = @.

Finally, one applies the same arguments as before to the family {C (U)} X (U)<0
to obtain the claimed bound.

5. Further comments

Other ways to resolve the singularities. In order to take the 2-fold branched cover,
we added RP? to A(F). This led us to resolve the m singularities that arose. As
suggested by Zvonilov in a personal communication, one could be tempted to use
blow-ups and see what effect this has. But in order to ensure that the new surface
X (F) is still connected, we cannot blow-up all m singularities. Doing this procedure
to m — 1 of those, and gluing a Hopf band for the last as we did previously, leads
to the very same bound. That is, the 4-manifold ¥ which is the double branched
cover of (mCP?, X (F)) still has b} (Y) = (m — 1)2/4.
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Comparisons of our inequality. Given a prime number p and an integer m € N*,
we denote as v, (m) =max{n € N | p" divides m} the p-adic valuation of m. Define
the function /2 : N* — N by
h(m) = max pUrm
p prime
That is, #(m) is the largest prime power that divides m. Viro and Zvonilov’s
inequality, which holds for flexible curves, is

(m—3)? n m?—h(m)?

04 <
Eres 4 4h(m)?

We denote as V Z(m) and S(m) the bounds obtained by Viro and Zvonilov and
ours, respectively. That is,

(m—1)°
R

(m—3)? i m%—h(m)>?

VZim) =", 4h(m)?

and S(m)=
For infinitely many degrees m, one has S(m) < V Z(m). But in infinitely many
others (e.g., when m is a prime power), the converse holds. However, both are far
from sharp estimates that can be obtained from considerations for algebraic curves
that come from Bézout theorem computations. That is, there are degrees m for
which V Z(m) and S(m) are both not realized as upper bounds for ¢° 4+ ¢~. For
instance, Zvonilov [1979] has the sharper estimate, valid for pseudoholomorphic
curves,
Ot < (m—1)(m=3)
4

If one starts with Viro and Zvonilov’s inequality in the case where m + 2 is a
prime power and the curve is Q-flexible of degree m, then one can perturb its union
with the conic Q into a nonsingular degree m + 2 flexible curve (which will have

the same real set, for RQ = @), and obtain
> A2’ —h(m42)* _ (m—1)°

0, p- < (m=1
Cre s/ 4h(m+2)? 4

That is, one can derive our Theorem 3.11 from Viro and Zvonilov’s when m + 2 is
a prime power. On a side note, if the famous twin prime conjecture happens to be
true, this means that there are infinitely many degrees m for which VZ(m) < S(m)
and the bound S(m) is a corollary of their bound.

By some easy number-theoretic considerations, one can show that there are
infinitely many odd degrees m such that neither of m and m + 2 are prime powers,
and for which S(m) < VZ(m). Indeed, the difference of the upper bounds in both
inequalities is

VZ(m) — S(m) = i([%r —4m +7).
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With m, = 1287 x 42912741 one has 5| m,+2 and 7| p+2, and h(m ) € o(m ' *").
In particular, the difference diverges to +oo on the degrees m .

The same conclusion can be derived when comparing the inequalities of The-
orems 4.5 and 4.6 with Zvonilov’s work [2022]. It turns out that, for a curve of
bidegree (a, b) with a and b coprime, Zvonilov has no possibility to take a cyclic
covering, and there is no inequality in those cases.

Nonorientable flexible curves. There is a new object that could be interesting to
study: nonorientable flexible curve. The motivation comes from the observation that
in the operation of taking double branched covers, orientability of the ramification
locus is disregarded. This is not the case for other cyclic branched covers (and the
methods from [Viro and Zvonilov 1992] cannot apply to nonorientable surfaces).
We propose the following nonorientable analogue of Definition 1.1.

Definition 5.1. Let F C CP? be a closed, connected and nonorientable surface.
We call F a nonorientable degree m and genus h flexible curve if the following
conditions hold:

G) x(F)=2—h.

(i1) conj(F)=F.
(iii) e(CP?, F) =m?2.
(iv) For any x € RF = FNRP?, we have T, F = T,RF @i - T,RF.

What plays the role of asking that the integral homology class of F is m times a

generator [CP'] in H>(CP?; Z) is the condition e(CP?, F) = m?. In the traditional

orientable case, we also had the condition that x (F) = —m? + 3m. This was a
requirement of extremality in the genus bound proved by Kronheimer and Mrowka.

Theorem 5.2 (Thom conjecture, [Kronheimer and Mrowka 1994]). Let F C CP?
be a smoothly embedded oriented and connected surface with [F]1 =m [(D[P’l]. Then
x(F) < —m?+3m.

One could ask whether the implication

e(CP?, F)=m? = x(F) <-m*>+3m

holds for closed, connected, nonorientable surfaces F' smoothly embedded in CP2.
In fact, self-intersection numbers of nonorientable surfaces need not be squares.
Given any m € Z, set X (m) to be the collection of all smoothly embedded, connected
and nonorientable surfaces F C CP? with e(C[P’z, F) = m. We can define the
following nonorientable genus function of CP*:

ng—)Zgl,

m— max x(F).
FeX (m)
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We will later prove the following result.
Theorem 5.3. Here, k € N* denotes a nonnegative integer.
(1) We have g(0) =0.
(2) Let £ € {0, 1} have the same parity as k. Then, on negative integers, we have

F(ky =2 — k£l
§—h =212

(3) On even positive integers, we have
gdk)=4—-2k (fork>=?2) and g4k +2) =3 —2k.

We also have the special values g(2) = 1 and g(4) = 0.
(4) On odd positive integers, we have the bounds

(4k+1)>2—2k and §(@4k+3)>1—"2k.

We also have the special values g(1) =0,2(3)=1,g(5) =0, g(7) = —1 and
g0 =-2
In the previous theorem, one can now look at the values of g(m?). We obtain
{g(m2) = 8_—2’"2 if m is even,
gm?) =3 if m s odd.

In particular, we see that the nonorientable analogue g(m2) < —m? + 3m of
Theorem 5.2 has the quadratic term off by 50%. Nonorientable flexible curves still
share some properties with traditional flexible curves. More precisely, we show the
following.

Proposition 5.4. Let F C CP? be a nonorientable flexible curve of degree m. Then
(1) x(F) is an even integer;
(2) RF realizes the nontrivial homology class in Hy(RP?; Z) if and only if m is
odd, and it has exactly one pseudoline in this case;
(3) F satisfies the Harnack bound: by(RF) <3 — x (F).

Proof. The first claim is a consequence of the following result, which is a general-
ization of the well-known Whitney congruence.

Theorem 5.5 [Yamada 1995, Theorems 1.2 and 1.4]. Let X be a closed, connected,
oriented 4-manifold.

(D) If H(X; Z) =0, define q : Hy(X; Z]2) — Z/4 by setting, for & € Hy(X; Z/2),

q(&)=0x(&,&) mod 4, where & € Hy(X; Z) is any integral lift of €. Then, for

any embedded, closed, connected (not necessarily orientable) surface F C X,

e(X, F)+2x(F)=q(F]) mod 4.
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(2) Without the assumption that H|(X; Z) = 0, the map
q:H)X;7/2)— 7/4
defined by q([F]) = e(X, F) 4+ 2x(F) is a well-defined 7 /4-quadratic map.

Indeed, if e(CP?, F) = m?, then one inspects two cases, depending on the parity
of m. If mis even, then [F]=0¢€¢ Hz(Cl]j’z; Z7/2), and if m is odd, then [F] is the
generator of Hz(CIPZ; Z/2). Both cases yield x (F) =0 mod 2.

For the other claims, the classical proofs for flexible curves, found, for instance,
in Viro’s lecture notes, work word for word. ([l

We call a nonorientable flexible curve of degree m Q-flexible if, as before, the
intersection F th Q is 2m points. Then, we have the following result.

Theorem 5.6. Let F C CP? be a nonorientable Q-flexible of odd degree m. Then

2_
go+g—<_@_m71+m

Proof. The only difference with traditional flexible curves is that one needs to do all
the computations in terms of x (). Indeed, starting at the level of S*, the surface
F /conj needs not be orientable anymore. One checks that, for the Arnold surface,
we have

X(A(F)) = x(F)—m+1 and e(CP? A(F)) =m?*-2,
and for the smoothing X (F), we obtain
X(X(F))=x(F)=3m+2 and e(CP? X(F))=m>+2m—1.
This gives, denoting as Y the double branched cover of (CP2?, X(F)),

2
bH(Y) = _@_mTH_m

Note that x (F) < 0 is necessarily even, as seen in Proposition 5.4. ]
In regards to Theorem 5.3, we conjecture the following.

Conjecture 5.7. The lower bounds for g over nonnegative odd integers are equali-
ties.

If this holds, then one may add to the definition of a nonorientable flexible
curve F of degree m that they must satisfy the extremal bound x (F) = g(m). In
this case, Theorem 5.6 becomes

O+ <m—1,
whereas the Harnack bound gives

2
bo(RF) < ’"T“
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This is to be compared to

2 2 2
bo(RF) < T-—3m+4 ;m+4~’"7 and (04 gm=2mEl i’"“ ~

for traditional Q-flexible curves.

Proof of Theorem 5.3. The two steps of the proof are to
(1) obtain upper bounds for x (F) given e(CIPz, F)=m, and
(2) construct a surface realizing that upper bound.
To this end, we will use the following.

Theorem 5.8 [Levine et al. 2015, Theorem 10.1]. Let X be a closed, connected,
oriented, positive definite 4-manifold with H\(X; Z) =0, and let F C X be a closed,
connected, nonorientable surface with nonorientable genus h(F) = 2 — x(F).
Denote as U(F) the minimal self-intersection of an integral lift of [F] € Hy(X; Z/2).
Then

e(X, F)>U(F)—2h(F).

This allows us to obtain the upper bounds

_k+t

§(=k) < 5

for k € N* and ¢ € {0, 1} having the same parity as k. Indeed, if F C CP? has
e(CP?, F) = —k, then £(F) = ¢, because [F] # 0 € Hy(CP?%; Z/2) if and only
if —k is odd, in which case a complex line is an integral lift of F with minimal
self-intersection.

Another method (which worked for the orientable Thom conjecture in degree 4,
for instance) is to make use of homological information of the double branched
cover of CP? ramified along F. More precisely, we have the following.

Proposition 5.9. Let F C CP? be a closed, connected surface such that [F]=0 €
HZ(CPZ; Z/2) (or equivalently, such that e(CIP’Z, F) is even). Then

e(CP?, F)

< —
X(F) <4<

Proof. Let Y denote the double branched cover of CP? ramified over F. We
compute
2
Xx(Y)=6—x(F) and o(¥)=2— M.
Moreover, by reasoning analogous to the proof of Proposition 3.4, we have b (Y) =
b3(Y) = 0, so that br(Y) =4 — x(F). If one considers any orientable surface

¥ C CP? which is not null-homologous in H» (C[P’z; 7Z), and which is transverse
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to F, we see that e(CP?, £) > 0, and X lifts in Y to a surface  with e(Y, ) =
2¢(CP?, ) > 0. This implies that

bf(r) = 200D 5y,
yielding the inequality that was claimed. U

Note that unless e(CP?, F) > 8, the previous result only gives trivialities, since
x (F) <1 for a nonorientable surface. This is enough to obtain the upper bounds

g(4k) <4—-2k and gM@dk+2)<3-—-2k
for k € N*. Note that if k = 1, then the bound g(4) < 2 is vacuous.
What remains to do is
(1) compute the special values of g at 0, 1, 2, 3,4, 5,7 and 9;

(2) construct surfaces F C CP? that realize the upper bounds for §(—k), g(4k)
and g(4k 4 2);

(3) construct surfaces F C CP? to derive lower bounds for g (4k+1) and g (4k +3).
To obtain upper bounds for ¢ on odd integers < 9, we will need the following.

Theorem 5.10 [Guillou and Marin 1980]. Let F C X be a mod 2 characteristic
surface in a closed, connected, oriented 4-manifold with H|(X; Z) = 0. Then

o(X)—e(X, F)=28(X, F) mod 16,
where (X, F) is the Brown invariant of the embedding.
We shall recall what (X, F) is. The Guillou—Marin form

¢ H\(F;Z)2) — Z/4

is defined as follows. Because H{(X; Z) = 0, any immersed circle ¥ 3= F bounds
an immersed orientable surface ¥ & X. Isotope Z (relatively to its boundary)
such that it is transverse to F'. The normal bundle vZ of 2 in X is trivial, and as
such, so is vZ|,. Considering the normal bundle v#¢ of % in F as a subbundle
VE < v9|y, count the number n(2) of right-handed half-twists with respect to the
fixed trivialization v2|4 = ¢ x R?. Define

() 0(@)=n(2)+22-F+2e(F,%) mod 4,

where 2 - F is the number of transverse intersection points F rh 2 taken mod 2.
Then this definition does not depend on any of the choices made, and ¢ (%) depends
only on the homology class [¢] € H|(F; Z/2). This defines a quadratic map

¢:H(F;Z/2) — Z/4,
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Figure 14. The standard basis for the first homology of the Klein bottle.

to which one can regard its Brown invariant

(%) B(X, F) % (L>bl(F;Z/2) R

V2 xeH\(F;Z/2)

For instance, we can compute the possible values of S(CP?, K) where K C CP?
is a Klein bottle. We refer to Figure 14 for a choice of generators a and b of
H\((K;7)=1{0,a,b,a+b}.

From ¢(a +b) = ¢p(a) + ¢ (b) +2a - b = ¢(a) + ¢(b) + 2, it suffices to compute
@(a) and ¢(b). One checks that p(a) € {1, 3} and ¢(b) € {0, 2}, by computing each
term in (x). Therefore, it suffices to inspect each of the four cases individually, and
plug the values in (xx) to obtain

B(CP?, K) € {0, 2, 6}.
Proposition 5.11. We have 3(1) <0, 3(3) <1, 3(5) <0, 3(7) < —1 and §(9) < —2.
Proof. Note that Theorem 5.5 gives
e(CP?, F) e {1,5,9) = x(F) is even,
e(CP?, F) e (3,7} = x(F) is odd.

In particular, from x (F) < 1 always, we see that the only nontrivial bounds are for
&(7) and g(9).

(1) Assume that F C CP? has e(CP?, F) =7 and x (F) =1 (that is, F is diffeomor-
phic to a projective plane). Then, the Guillou—Marin congruence (Theorem 5.10)
gives

1—7=2B(CP? F) mod 16.

A simple calculation as before for the possible values of B(CP?, K) gives that, in
the case of the projective plane, B(CP?, RP?) = 1, a contradiction.
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(2) If F now has e(CP?, F)=9and x(F) =0 (that is, F is a Klein bottle), we
can use the Guillou—Marin congruence again to derive

B(CP?, F)=4 mod 8.
The previous calculations gave 8 (CIPz, K) € {0, 2, 6}, which is a contradiction. [J

Now, the only things that remain to do are to construct surfaces that realize the
upper bounds obtained thus far, and compute upper bounds for g in the special
cases not covered yet. For constructions of surfaces, we will make use of local
surfaces. Recall the so-called Whitney—Massey theorem.

Theorem 5.12 [Massey 1969]. Let F C S* be a closed, connected, nonorientable
surface. Then

e(S*, F) € 2x(F)—4,2x(F), ..., 4—2x(F)}.

All tuples (e, x) satisfying this condition are realizable by a closed, connected,
nonorientable surface.

A surface F embedded in the 4-ball B* that realizes an admissible tuple (e, x)
will be called a local surface. Note that the previous theorem ensures that those
always exist for any admissible tuple.

Proposition 5.13. All upper bounds obtained for g so far are sharp. We have
gdk+1)>2—-2k and g(4k+3)>1-2k.
Proof. Fix k € N* a nonnegative integer.

(1) If k = 2p is even, consider a local surface F ¢ B* ¢ CP? of genus p and
self-intersection —2p. Then x (F) =2 — p =2 —k/2 and e(CP?, F) = —k. If now
k =2p+1is odd, choose F C B* alocal surface of genus p+ 1 and self-intersection
—2(p+1). Embed the 4-ball B* in CIP? away from a fixed complex line L C CP?,
and consider the surface F#L obtained by connecting F' and L with a small tube.
Then, by noting that L is a 2-sphere with self-intersection +1, we have

X(F#L) = x(F)=2— (p+ 1) =2 &£

and
e(CP?, F#L) = —2(p+ 1) +1=—k.
In both cases, this implies that

g(—k) =2 K+t
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(2) Assume that k > 2. Let F C B* be a local surface of genus 2(k — 1) and
self-intersection 4(k — 1). Embed the 4-ball away from the conic Q, and consider
the surface F#(Q (again, by connecting them with a small tube). We compute, using
that Q is a 2-sphere with self-intersection +4,

Y(F#Q)=4—2k and e(CP?, F#Q) = 4k,

yielding the lower bound g(4k) > 4 — 2k. Note that in the case k = 1, this works,
but gives an orientable surface (the 2-sphere Q).

(3) Let F C B* be a local surface of genus 2k — 1 and self-intersection 4k — 2.
Tubing with the conic Q gives

x(F#0)=3—2k and e(CP? F#Q)=4k+2,
which provides us with g(4k +2) > 3 — 2k.

(4) One can do the same to derive the bounds
gdk+1)>2—-2k and g@k+3)>1-2k.

Indeed, taking F to be a local surface of genus 2k (resp. 2k + 1) and self-intersection
4k (resp. 4k 4 2), this can be embedded away from a complex line L. Looking at
the surface F#L gives the lower bounds. The special cases for g(5), ..., g(9) are
covered by this construction. For g(1), it suffices to consider a local Klein bottle
with self-intersection 0 and tubing it with a complex line, and for g(3), the conic Q
can be tubed to RP? = Fix(conj). O

To conclude the proof of Theorem 5.3, there only remains to compute three
special values that have not been covered yet:

(1) g(0) = 0, because the Euler characteristic must be even, and a local Klein
bottle with zero self-intersection gives a lower bound.

(2) g(2) =1, since a local projective plane with self-intersection +2 works.

(3) g(4) = 0, as the Euler characteristic must be even, and a local Klein bottle
with self-intersection +4 suffices.

Acknowledgements

The author is very grateful to T. Fiedler for all the insight he gave and for all
the discussions. The author would also like to thank M. Golla for his very nice
explanations, and D. Moussard for all the precious time she gave. The author is also
deeply thankful to the anonymous referee for helpful comments and suggestions.
This work received support from the University Research School EUR-MINT (state
support managed by the National Research Agency for Future Investments program
bearing the reference ANR-18-EURE-0023).



A VIRO-ZVONILOV-TYPE INEQUALITY 191

References

[Gilmer 1991] P. Gilmer, “Algebraic curves in RP(1) x RP(1)”, Proc. Amer. Math. Soc. 113:1 (1991),
47-52. MR Zbl

[Gompf and Stipsicz 1999] R. E. Gompf and A. 1. Stipsicz, 4-manifolds and Kirby calculus, Graduate
Studies in Mathematics 20, American Mathematical Society, Providence, RI, 1999. MR Zbl

[Guillou and Marin 1980] L. Guillou and A. Marin, “Une extension d’un théoréme de Rohlin sur
la signature”, pp. 69—80 in Seminar on Real Algebraic Geometry (Paris, 1977/1978 and Paris,
1978/1979), edited by J.-J. Risler, Publ. Math. Univ. Paris VII 9, Univ. Paris VII, 1980. MR Zbl

[Hirzebruch 1969] F. Hirzebruch, “The signature of ramified coverings”, pp. 253-265 in Global
Analysis (Papers in Honor of K. Kodaira), edited by D. C. Spencer and S. Iyanaga, Univ. Tokyo
Press, 1969. MR Zbl

[Kronheimer and Mrowka 1994] P. B. Kronheimer and T. S. Mrowka, “The genus of embedded
surfaces in the projective plane”, Math. Res. Lett. 1:6 (1994), 797-808. MR Zbl

[Kuiper 1974] N. H. Kuiper, “The quotient space of CP (2) by complex conjugation is the 4-sphere”,
Math. Ann. 208 (1974), 175-177. MR Zbl

[Lee and Weintraub 1995] R. Lee and S. H. Weintraub, “On the homology of double branched
covers”, Proc. Amer. Math. Soc. 123:4 (1995), 1263-1266. MR Zbl

[Letizia 1984] M. Letizia, “Quotients by complex conjugation of nonsingular quadrics and cubics in
P3C defined over R”, Pacific J. Math. 110:2 (1984), 307-314. MR Zbl

[Levine et al. 2015] A. S. Levine, D. Ruberman, and S. Strle, “Nonorientable surfaces in homology
cobordisms”, Geom. Topol. 19:1 (2015), 439-494. MR Zbl

[Massey 1969] W. S. Massey, “Proof of a conjecture of Whitney”, Pacific J. Math. 31 (1969), 143-156.
MR Zbl

[Matsuoka 1991] S. Matsuoka, “Nonsingular algebraic curves in RP! x RPY”, Trans. Amer. Math.
Soc. 324:1 (1991), 87-107. MR Zbl

[Nagami 2000] S. Nagami, “Existence of Spin structures on double branched covering spaces over
four-manifolds”, Osaka J. Math. 37:2 (2000), 425-440. MR Zbl

[Rokhlin 1978] V. A. Rokhlin, “Complex topological characteristics of real algebraic curves”, Uspekhi
Mat. Nauk 33:5 (1978), 77-89. In Russian; translated in Russian Math. Surveys 33:5 (1978), 85-98.
MR Zbl

[Sharafutdinov 1973] V. A. Sharafutdinov, ‘“Relative Euler class and the Gauss—Bonnet theorem”,
Sibirsk. Mat. Z. 14 (1973), 1321-1335. In Russian; translated in Sib. Math. J. 14 (1973), 930-940.
MR Zbl

[Viro 1984] O. Y. Viro, “Progress during the last five years in the topology of real algebraic varieties”,
pp. 603-619 in Proceedings of the International Congress of Mathematicians, I (Warsaw, 1983),
edited by Z. Ciesielski and C. Olech, PWN, Warsaw, 1984. In Russian. MR Zbl

[Viro and Zvonilov 1992] O. Y. Viro and V. I. Zvonilov, “An inequality for the number of nonempty
ovals of a curve of odd degree”, Algebra i Analiz 4:3 (1992), 159-170. In Russian; translated in Sz.
Petersburg Math. J 4:3 (1993), 539-548. MR Zbl

[Wilson 1978] G. Wilson, “Hilbert’s sixteenth problem”, Topology 17:1 (1978), 53-73. MR Zbl

[Yamada 1995] Y. Yamada, “An extension of Whitney’s congruence”, Osaka J. Math. 32:1 (1995),
185-192. MR Zbl

[Zvonilov 1979] V. 1. Zvonilov, “Strengthened Petrovsky and Arnold inequalities for curves of odd
degree”, Funktsional. Anal. i Prilozhen. 13:4 (1979), 31-39. In Russian. MR Zbl


http://dx.doi.org/10.2307/2048438
http://msp.org/idx/mr/1062388
http://msp.org/idx/zbl/0748.14022
http://dx.doi.org/10.1090/gsm/020
http://msp.org/idx/mr/1707327
http://msp.org/idx/zbl/0933.57020
http://msp.org/idx/mr/700837
http://msp.org/idx/zbl/0562.57010
http://msp.org/idx/mr/258060
http://msp.org/idx/zbl/0208.51802
http://dx.doi.org/10.4310/MRL.1994.v1.n6.a14
http://dx.doi.org/10.4310/MRL.1994.v1.n6.a14
http://msp.org/idx/mr/1306022
http://msp.org/idx/zbl/0851.57023
http://dx.doi.org/10.1007/BF01432386
http://msp.org/idx/mr/346817
http://msp.org/idx/zbl/0265.52002
http://dx.doi.org/10.2307/2160729
http://dx.doi.org/10.2307/2160729
http://msp.org/idx/mr/1224618
http://msp.org/idx/zbl/0837.57001
http://dx.doi.org/10.2140/pjm.1984.110.307
http://dx.doi.org/10.2140/pjm.1984.110.307
http://msp.org/idx/mr/726490
http://msp.org/idx/zbl/0538.14008
http://dx.doi.org/10.2140/gt.2015.19.439
http://dx.doi.org/10.2140/gt.2015.19.439
http://msp.org/idx/mr/3318756
http://msp.org/idx/zbl/1311.57019
http://dx.doi.org/10.2140/pjm.1969.31.143
http://msp.org/idx/mr/250331
http://msp.org/idx/zbl/0198.56701
http://dx.doi.org/10.2307/2001497
http://msp.org/idx/mr/986695
http://msp.org/idx/zbl/0746.14025
http://projecteuclid.org/euclid.ojm/1200789207
http://projecteuclid.org/euclid.ojm/1200789207
http://msp.org/idx/mr/1772842
http://msp.org/idx/zbl/0989.53029
http://msp.org/idx/mr/81m:14024
http://msp.org/idx/zbl/0437.14013
http://msp.org/idx/mr/348672
http://msp.org/idx/zbl/0299.55022
http://msp.org/idx/mr/804717
http://msp.org/idx/zbl/0571.14012
http://msp.org/idx/mr/1190775
http://msp.org/idx/zbl/0793.14021
http://dx.doi.org/10.1016/0040-9383(78)90012-5
http://msp.org/idx/mr/498591
http://msp.org/idx/zbl/0394.57001
http://projecteuclid.org/euclid.ojm/1200785873
http://msp.org/idx/mr/1323110
http://msp.org/idx/zbl/0855.57018
http://msp.org/idx/mr/554408
http://msp.org/idx/zbl/0437.14016

192 ANTHONY SAINT-CRIQ

[Zvonilov 2022] V. L. Zvonilov, “Viro—Zvonilov inequalities for flexible curves on an almost complex
four-dimensional manifold”, Lobachevskii J. Math. 43:3 (2022), 720-727. MR Zbl

Received May 15, 2023. Revised February 15, 2024.

ANTHONY SAINT-CRIQ

INSTITUT DE MATHEMATIQUES DE TOULOUSE
UNIVERSITE PAUL SABATIER

TOULOUSE

FRANCE

anthony.saint-criq@math.univ-toulouse.fr


http://dx.doi.org/10.1134/S1995080222060348
http://dx.doi.org/10.1134/S1995080222060348
http://msp.org/idx/mr/4459807
http://msp.org/idx/zbl/1495.14092
mailto:anthony.saint-criq@math.univ-toulouse.fr

Guidelines for Authors

Authors may submit articles at msp.org/pjm/about/journal/submissions.html and choose an
editor at that time. Exceptionally, a paper may be submitted in hard copy to one of the
editors; authors should keep a copy.

By submitting a manuscript you assert that it is original and is not under consideration
for publication elsewhere. Instructions on manuscript preparation are provided below. For
further information, visit the web address above or write to pacific@math.berkeley.edu or
to Pacific Journal of Mathematics, University of California, Los Angeles, CA 90095-1555.
Correspondence by email is requested for convenience and speed.

Manuscripts must be in English, French or German. A brief abstract of about 150 words or
less in English must be included. The abstract should be self-contained and not make any
reference to the bibliography. Also required are keywords and subject classification for the
article, and, for each author, postal address, affiliation (if appropriate) and email address if
available. A home-page URL is optional.

Authors are encouraged to use IATEX, but papers in other varieties of TgX, and exceptionally
in other formats, are acceptable. At submission time only a PDF file is required; follow
the instructions at the web address above. Carefully preserve all relevant files, such as
IATEX sources and individual files for each figure; you will be asked to submit them upon
acceptance of the paper.

Bibliographical references should be listed alphabetically at the end of the paper. All ref-
erences in the bibliography should be cited in the text. Use of BibTgX is preferred but not
required. Any bibliographical citation style may be used but tags will be converted to the
house format (see a current issue for examples).

Figures, whether prepared electronically or hand-drawn, must be of publication quality.
Figures prepared electronically should be submitted in Encapsulated PostScript (EPS) or
in a form that can be converted to EPS, such as GnuPlot, Maple or Mathematica. Many
drawing tools such as Adobe Illustrator and Aldus FreeHand can produce EPS output.
Figures containing bitmaps should be generated at the highest possible resolution. If there
is doubt whether a particular figure is in an acceptable format, the authors should check
with production by sending an email to pacific @math.berkeley.edu.

Each figure should be captioned and numbered, so that it can float. Small figures occupying
no more than three lines of vertical space can be kept in the text (“the curve looks like
this:”). It is acceptable to submit a manuscript will all figures at the end, if their placement
is specified in the text by means of comments such as “Place Figure 1 here”. The same
considerations apply to tables, which should be used sparingly.

Forced line breaks or page breaks should not be inserted in the document. There is no point
in your trying to optimize line and page breaks in the original manuscript. The manuscript
will be reformatted to use the journal’s preferred fonts and layout.

Page proofs will be made available to authors (or to the designated corresponding author)
at a website in PDF format. Failure to acknowledge the receipt of proofs or to return
corrections within the requested deadline may cause publication to be postponed.


http://msp.org/pjm/about/journal/submissions.html
mailto:pacific@math.berkeley.edu
mailto:pacific@math.berkeley.edu

Maximal degree of a map of surfaces 145
ANDREY RYABICHEV

A Viro—Zvonilov-type inequality for Q-flexible curves of odd degree 157
ANTHONY SAINT-CRIQ



	 vol. 328, no. 1, 2024
	Masthead and Copyright
	01
	1. Introduction
	1A. Categorifying T'i,e and T''i,e
	1B. Symmetries and the internal braid group action
	1C. Compatibility with Rickard complexes
	1D. Applications of the internal braid group action
	1D1. PBW basis and their categorifications
	1D2. Quantum affine algebras
	1D3. Link invariants and skew Howe duality


	2. The quantum group and Lusztig symmetries
	2A. The quantum group U_q(g)
	2A1.  Root datum 
	2A2. The simply-laced quantum group
	2A3. The integral idempotented form of quantum group

	2B. (Anti)linear (anti)automorphisms of U
	2C. Quantum Weyl group action on integrable U-modules
	2D. Lusztig's internal braid group action

	3. The categorified quantum group
	3A. Choice of scalars Q
	3B. Definition of the 2-category U_Q(g)
	3C. Additional relations in U_(Q)
	3C1. Curl relations
	3C2. Infinite Grassmannian relations
	3C3. Bubble slides
	3C4. Triple intersections

	3D. The 2-categories U_Q, Kom(U_Q), and Com(U_Q)
	3D1. Categories of complexes
	3D2. Karoubi envelope
	3D3. Karoubi envelope of U_Q
	3D4. Karoubian envelopes of Kom(U) and Com(U)

	3E. Symmetries of categorified quantum groups
	3E1. Forms of 2-categorical contravariance 
	3E2. The 2-functor sigma 
	3E3. The 2-functor omega 
	3E4. The 2-functor psi 
	3E5. Properties of symmetries of categorified quantum groups


	4. Defining the categorical Lusztig operator T'i,1
	4A. T'i,1 on objects and 1-morphisms
	4B. Definition of T'i,1 on 2-morphisms
	4B1. Definition of T'i,1 on upwards dot 2-morphisms
	4B2. Definition of T'i,1 on upwards crossing 2-morphisms
	4B3. Definition of T'i,1 on cap and cup 2-morphisms


	5. Proof that categorified Lusztig operators are well defined
	5A. Adjunction relations
	5B. Dot cyclicity
	5C. Crossing cyclicity
	5D. Quadratic KLR
	5E. Dot slide
	5F. Cubic KLR
	5G. Bubble relations
	5H. Mixed EF relation
	5I. Extended sl(2) relations

	Appendix: Computation of T'i,1 for composite 2-morphisms 
	A.1. Value of T'i,1 for downward dot 2-morphisms
	A.2. Value of T'i,1 on sideways crossing 2-morphisms
	A.3. Value of T'i,1 on downwards crossing 2-morphisms
	A.4. Computation of T'i,1 on bubble 2-morphisms

	Acknowledgments
	References

	02
	1. Introduction
	2. The symmetric one-boundary Hecke algebra
	2A. The cyclotomic Hecke algebra of level 2
	2B. Central quasiidempotents in H1,2,n
	2C. The symmetric one-boundary Hecke algebra An
	2D. Quasiidempotents in An

	3. The one-boundary Temperley–Lieb algebra and its glN-generalisations
	3A. Definition
	3B. The case N=2 (the Temperley–Lieb situation)
	3C. Quasiidempotents in the one-boundary Temperley–Lieb algebra Cn,2

	4. The fused Hecke algebra
	4A. Definition of Hk,n
	4B. An algebraic description of Hk,n
	4C. Proof of @0=thm.1391=Theorem 4.10
	4D. Towards a definition of An(k) over C[q1]

	5. Centralisers of Uq(glN) and the boundary seam algebra (N=2)
	5A. Definition of C(k)n,N
	5B. Isomorphism with the centralisers
	5C. The boundary seam algebra (N=2)

	Acknowledgements
	References

	03
	1. Introduction
	2. Preliminaries and notation
	3. Main results
	4. Proofs and refinements
	4A. Proofs of Theorems 3.1 and 3.3
	4B. Sugimoto manifolds and further remarks

	Acknowledgements
	References

	04
	1. Introduction
	2. Fourier analysis on compact groups
	3. Pego theorem on compact groups
	Acknowledgements
	References

	05
	1. Introduction
	2. Preliminaries
	2.1. Conventions and notation on surfaces and transversality
	2.2. Geometric degree
	2.2.1. Degree of a branched covering
	2.2.2. Degree of the composition of maps


	3. The factorization theorem
	3.1. A map with a minimal graph
	3.2. Properties of the minimal graph

	4. Estimation of the degree
	Appendix: Stable maps and apparent contours
	Acknowledgements
	References

	06
	1. Preliminaries
	Flexible and Q-flexible curves
	Two double branched covers

	2. The Arnold surface of an odd degree flexible curve
	3. Proving the inequality
	Branching over the Arnold surface
	Proving the inequality

	4. Curves on a quadric
	Curves on a hyperboloid
	Curves on an ellipsoid

	5. Further comments
	Other ways to resolve the singularities
	Comparisons of our inequality
	Nonorientable flexible curves
	Proof of Theorem 5.3

	Acknowledgements
	References

	Guidelines for Authors
	Table of Contents

