ISSN 0012-9593

quatriéme série - tome 54 fascicule 2 mars-avril 2021

ANNALES

SCIENTIFIQUES
de

I/ ECOLE
NORMALE
SUPERIEURE

Timothée MARQUIS

Oyclzcally reduced elements in Coxeter groups

SOCIETE MATHEMATIQUE DE FRANCE



Annales Scientifiques de I'Ecole Normale Supérieure

Publiées avec le concours du Centre National de la Recherche Scientifique

Responsable du comité de rédaction / Editor-in-chief

Yves DE CORNULIER

Publication fondée en 1864 par Louis Pasteur Comité de rédaction au 1 avril 2021
Continuée de 1872 a 1882 par H. SAINTE-CLAIRE DEVILLE S. BoucksoMm D. HARARI
de 1883 4 1888 par H. DEBRAY G. CARON C. IMBERT
de 1889 a 1900 par C. HERMITE G. CHENEVIER S. MOREL
de 1901 2 1917 par G. DARBOUX A.Ducros  P.Suan
de 1918 4 1941 par E. PicARD B. FAYAD J. SZEFTEL
de 1942 a4 1967 par P. MONTEL G. GiacoMIN  S. VU NGoc

D. HAFNER G. WILLIAMSON

Rédaction / Editor

Annales Scientifiques de I'Ecole Normale Supérieure,
45, rue d’Ulm, 75230 Paris Cedex 05, France.

Tél. : (33) 144 32 20 88. Fax : (33) 1 44 32 20 80.
annales@ens.fr

Edition et abonnements / Publication and subscriptions

Société Mathématique de France
Case 916 - Luminy
13288 Marseille Cedex 09
Tél. : (33) 0491 26 74 64
Fax :(33) 0491411751
email : abonnements@smf .emath.fr

Tarifs

Abonnement électronique : 428 euros.
Abonnement avec supplément papier :
Europe : 576 €. Hors Europe : 657 € ($985). Vente au numéro : 77 €.

(©) 2021 Société Mathématique de France, Paris

En application de la loi du 1°7 juillet 1992, il est interdit de reproduire, méme partiellement, la présente publication sans ’autorisation
de I’éditeur ou du Centre frangais d’exploitation du droit de copie (20, rue des Grands-Augustins, 75006 Paris).

All rights reserved. No part of this publication may be translated, reproduced, stored in a retrieval system or transmitted in any form or
by any other means, electronic, mechanical, photocopying, recording or otherwise, without prior permission of the publisher.

ISSN 0012-9593 (print) 1873-2151 (electronic) Directeur de la publication : Fabien Durand
Périodicité : 6 n° / an



Ann. Scient. Ec. Norm. Sup.
4 série, t. 54, 2021, p. 483 a 502

CYCLICALLY REDUCED ELEMENTS
IN COXETER GROUPS

BY TimoTHEE MARQUIS

ABSTRACT. — Let W be a Coxeter group. We provide a precise description of the conjugacy classes
in W, in the spirit of Matsumoto’s theorem. This extends to all Coxeter groups an important result on
finite Coxeter groups by M. Geck and G. Pfeiffer from 1993. In particular, we describe the cyclically
reduced elements of W, thereby proving a conjecture of A. Cohen from 1994,

RESUME. — Soit W un groupe de Coxeter. Nous donnons dans cet article une description précise
des classes de conjugaison dans W, dans I’esprit du théoréme de Matsumoto. Ceci étend a tous les
groupes de Coxeter un résultat important sur les groupes de Coxeter finis de M. Geck et G. Pfeiffer
datant de 1993. En particulier, nous décrivons les éléments cycliquement réduits de W, établissant ainsi
une conjecture d’A. Cohen datant de 1994.

1. Introduction

Let (W, S) be a Coxeter system. By a classical result of J. Tits ([26]), also known as
Matsumoto’s theorem (see [20]), any given reduced expression of an element w € W can be
obtained from any other expression of w by performing a finite sequence of braid relations
and ss-cancelations (i.e., replacing a subword (s, s) for some s € S by the empty word).
In particular, this yields a very simple and elegant solution to the word problem in Coxeter
groups.

The conjugacy problem for Coxeter groups was solved about 30 years later, first thanks
to the work of G. Moussong ([21]) that yields an exponential time algorithm, and then
by D. Krammer in his thesis from 1994 (published in [16]): there exists a cubic algo-
rithm deciding whether two words on the alphabet S determine conjugate elements of W.
However, Moussong’s and Krammer’s solutions do not provide a sequence of “elementary
operations” to pass from one word to the other, as do the braid relations and ss-cancelations
in Matsumoto’s theorem.

*F.R.S.-FNRS Research Fellow.
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484 T. MARQUIS

In this paper, we address the following long-standing open question on Coxeter groups:
Is there an analogue of Matsumoto’s theorem for the conjugacy problem in Coxeter groups?

A very natural elementary operation on words to consider for the conjugacy problem
is that of cyclic shift: by extension, we say that an element w’ € W is a cyclic shift of
some w € W if there is some reduced decomposition w = s1...57 (s; € §) of w such
that either w' = s5...5451 or w' = s481...54_1. Such operations are, however, not
sufficient to describe conjugacy classes in general, as for instance illustrated by the Coxeter
group W = (s,t | s2 = t?> = (st)® = 1) of type A, in which the simple reflections s and ¢
are conjugate, but cannot be obtained from one another through a sequence of cyclic shifts.
Nonetheless, in the terminology of [11, Chapter 3], the elements w := s and w’ := ¢ are
elementarily strongly conjugate, meaning that £s(w) = {g(w’) and that there exists some
x € W with w’ = x~'wx such that either £g(x 'w) = £g(x) + £s(w) or £s(wx) =
Ls(w) + Ls(x).

Motivated by the representation theory of Hecke algebras, M. Geck and G. Pfeiffer proved
in [10] that if W is finite, then for any conjugacy class Cin W,

1. any w € O can be transformed by cyclic shifts into an element w’ of minimal length
in 0, and

2. any two elements w, w’ of minimal length in O are strongly conjugate, i.e., there exists
a sequence w = wyp,...,w, = w’ of elements of W such that w;_ is elementarily
strongly conjugate to w; foreachi =1,...,n.

Together with S. Kim, they later generalized this theorem (see [9]) to the case of §-twisted
conjugacy classes for some automorphism § of (W, S), that is, when O is replaced by
Os = {8(v)"'wv | v € W} for some w € W. The proofs in [10] and [9] involve a case-by-case
analysis, with the help of a computer for the exceptional types. In [14], X. He and S. Nie
gave a uniform (and computer-free) geometric proof of that theorem, which they later
generalized, in [15], to the case of an affine Coxeter group W. In addition, they showed (for
W affine) that

(3) if Ois straight, then any two elements w, w’ of minimal length in O are conjugate by a
sequence of cyclic shifts,

where O is straight if it contains a straight element w € W, that is, such that £g(w") =
nls(w) for all n € N (equivalently, every minimal length element of O is straight, see
Lemma 2.4). Note that the straight elements in an arbitrary Coxeter group were charac-
terized in [19, Theorem DJ; these elements play an important role in the study of affine
Deligne-Lusztig varieties (see [13]), and also exhibit very useful dynamical properties (see
e.g., [18] or [5]). Similar statements to (1) and (2) above were further obtained for an
arbitrary Coxeter group W, but when O is replaced by some “partial” conjugacy class
O = {v"'wv | v € Wy}, for some finite standard parabolic subgroup W; € W (see [12] and
[23]). Finally, we showed in [19, Theorem A] that for a certain class of Coxeter groups that
includes the right-angled ones, (1) and (2) hold using only cyclic shifts.

In this paper, we prove the statements (1), (2) and (3) in full generality, namely, for an arbi-
trary Coxeter group W. Moreover, we actually prove a much more precise version of (2) by
introducing a refined notion of “strong conjugation,” which we call “tight conjugation” (see
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Definition 3.4)—in particular, if two elements are tightly conjugate, then they are strongly
conjugate; when W is finite, the two notions coincide. Here is our main theorem.

THEOREM A. — Let (W, S) be a Coxeter system. Let O be a conjugacy class of W, and let
Cnin be the set of minimal length elements of O. Then the following assertions hold:

1. For any w € O, there exists an element w' € Oy that can be obtained from w by a
sequence of cyclic shifts.

2. If w,w' € Opin, then w and w' are tightly conjugate.

3. If Ois straight, then any two elements w, w' € Oy are conjugate by a sequence of cyclic
shifts.

Note that the proof of Theorem A uses the results of [9] (or [14]), but does not rely
on [15]. In particular, we give an alternative, shorter proof that affine Coxeter groups satisfy
Theorem A.

Recall that an element w € W is cyclically reduced if £s(w’') = £5(w) for every w' € W
obtained from w by a sequence of cyclic shifts. Often, this terminology is used instead
for elements of minimal length in their conjugacy class. An important reformulation of
Theorem A(1) is that these two notions in fact coincide.

COROLLARY B. — An element w € W is cyclically reduced if and only if it is of minimal
length in its conjugacy class.

This proves a conjecture of A. Cohen (see [6, Conjecture 2.18]).

The proof of Theorem A is of geometric nature, and uses the Davis complex X of (W, §)—
here, we assume that S is finite, a safe assumption for the study of Theorem A (see
Remark 6.1). This is a CAT(0) cellular complex on which W acts by cellular isometries.
For instance, if W is affine, then X is just the standard geometric realization of the Coxeter
complex X of (W, S), and the CAT(0) metricd: X x X — R is the usual Euclidean metric
(see Example 2.7). For an element w € W, the subset Min(w) € X of all x € X such
that d(x, wx) is minimal will play an important role; it will also be crucial to investigate
its combinatorial analogue CombiMin(w) (see §4), as highlighted in Remark 5.7. As a
byproduct of our proofs, we are able to relate these two notions of “minimal displacement
set” for w (see §7).

COROLLARY C. — Let w € W. Then Min(w) € CombiMin(w), and CombiMin(w) is at
bounded Hausdorff distance from Min(w).

Note that, while Min(w) is always connected (in the CAT(0) sense), its combinatorial
analogue CombiMin(w) need not be (gallery-)connected, and this is precisely the reason why
cyclic shifts are not sufficient to describe the conjugacy classes in W, and why one needs to
also consider “tight conjugations” (see Remark 4.6).

We conclude the introduction with a short roadmap to the proof of Theorem A. Let
w € W, and let O (resp. Omin) denote its conjugacy class (resp. the set of elements of minimal
length in 0). Let Ch(X) be the set of chambers of the Coxeter complex ¥ (Ch(X) which
can be W-equivariantly identified with the set of vertices {v | v € W} of the Cayley graph
of (W, S)).
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