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EDOUARD FEINGESICHT

ABSTRACT. We define a concept of Hecke algebra for structure groups of set-theoretical
solutions to the Yang—Baxter equation. As a comparison to Artin—Tits groups of spher-
ical type, we study some properties of this construction, while also highlighting some
differences that appear, which shows a difference between finite Coxeter groups and the
"Coxeter-like" group introduced by Dehornoy. We also relate this definition to known
constructions on solutions (retractions). Finally, we study a particular case related to
Torus Knot groups and Complex Reflexion groups.

INTRODUCTION

The study of involutive non-degenerate set-theoretical solutions to the Yang—Baxter
equation ([13, 14]) involves many different algebraic structures: cycle sets ([26]), braces
([4]), I-structures ([16]), etc. The structure group of a solution ([14]), was shown to be a
Garside group by Chouraqui ([6]). In [10], Dehornoy constructed a finite quotient of the
structure group, which plays a role similar to finite Coxeter groups for Artin—Tits groups
of spherical type ([2]). The construction of this finite quotient involves the existence
of a positive integer associated to each solution, usually denoted d and which we call
Dehornoy’s class. In this article, we are interested in this finite "Coxeter-like" group, with
the aim to understand both how it is similar and how it differs from finite Coxeter groups.

For an Artin—Tits group of spherical type A generated by S and with Coxeter group W,
the generic Iwahori-Hecke algebra can be defined as a quotient of the group ring Z[q*!][A]
by the relations s> = (¢ — 1)s + ¢ for all s in S. This algebra has numerous interesting
properties: it has dimension |W|, the generators are invertible, it is semi-simple under a
suitable extension, etc. ([2, 17]). Here, we develop a theory of Hecke algebra for structure
group of involutive non-degenerate set-theoretical solutions to the Yang—Baxter equation.
We show that this algebra satisfies properties similar to the ones of Iwahori-Hecke algebras
of Artin—Tits groups of spherical type, while also highlighting how and why the definition
differs. To do so, we will rely on the fact that the structure group of a solution is a brace
([27, 4]), which in particular means that there exists an abelian structure on the structure
group G such that (G, +) = (Z*, +), and we denote by =¥ the element corresponding to
x4+ -+ xin Z%. We summarize our results from each section in the following:

Theorem. Let (X, ) be an involutive non-degenerate set-theoretical solution to the Yang-
Baxter equation of size n and Dehornoy’s class d. Denote G the structure group of (X,r)
and Gy = G/{zPU) cx its germ associated to 2d (two times Dehornoy’s class). For any
integral domain R, define the following R[q*']-algebra:

H = R[qﬂ][G]/<(gﬂd})2 —(q-1)-2 4 qVre X> .
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Then the followings hold:

e (Theorem 2.8) H is a free R[q]-module with basis indexed by Go. In particular,
H has rank (2d)".

e (Corollary 3.4) If T, denotes the generator of H associated to an element g of Go,
then T, is invertible.

e (Theorem 3.5) The anti-involution R[g*'] — R[q™'] that sends q to ¢~ extends to
a well-defined anti-involution of H that sends T, to Tg_1 for any g € Gs.

e (Corollary 4.11) If R = C then C(q) ® H is semi-simple, and there is bijection
between the irreducible characters of C(q) ® H and the irreducible characters of

In this explicit version of our results, we chose the polynomial P(X) = X2—(¢—1)X —¢q
to remind of the generic Iwahori-Hecke algebra of Coxeter groups, but our results hold
for any polynomial whose leading and constant coefficients are invertible.

In the first section we introduce the necessary definitions on braces that we will need.

In the second section the define of the Hecke algebra is introduced and we show it has
the expected dimension (equal to the cardinal of a Coxeter-like group).

In the third section, we explicitly construct an anti-involution on the Hecke algebras,
as is known for the case Iwahori-Hecke algebra for Coxeter groups.

In the fourth section, we provide an application of Tits’ Deformation Theorem, relating
Hecke algebras and group rings of Coxeter-like groups over a suitable field extension.

Finally, in the fifth section, we focus on a particular example where the naive defi-
nition does work, and relate it to known results about Complex Reflection Groups (a
generalization of finite Coxeter groups).

Moreover, in Appendix A, we explain how our definition of the Hecke algebra arises,
and why, in general, the naive definition (adapting the definition for Artin-Tits groups of
spherical type) doesn’t provide the expected properties.

1. PRELIMINARIES

The goal of this section is to provide the basic definitions of the approaches used in this
article: cycle sets ([26]) and braces ([4]). We also give several technical lemmas that will
be used in the construction and the study of the Hecke algebras.

1.1. Cycle sets

Our basis object to study non-degenerate involutive set-theoretical solutions to the
Yang-Baxter equation are cycle sets, which were introduced by Rump ([26]).

Definition 1.1 ([26]). A cycle set is a set S endowed with a binary operation x: SxS — S
such that for all s in S the map ¥(s): t — sx*t is bijective and for all s,t,u in S:

(sxt)*(sxu)=(txs)*(t*u). (1)

When S is finite of size n, 1(s) can be identified with a permutation in S,,.
When the diagonal map is the identity (i.e. for all s € S, s*xs = s), S is called
square-free.

From now, we fix a cycle set (.5, *).
Definition 1.2 ([26]). The group Gs associated with S is defined by the presentation:
Gs = (S|s(sxt)=t(txs), Vs£te€S). (2)
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Similarly, we define the associated monoid Mg by the presentation:
Mg = (S |s(s*t)=t(t*s), Vs £t e S)".
They will be called the structure group (resp. monoid) of S.

Example 1.3. Let S = {s1,...,8,}, 0 = (12...n) € 6,. The operation s; ¥ $; = S4(;)
makes S into a cycle set, as for all s,t in S we have (sxt)*(s5%5;) = 5,25y = (t*5)*(txs;).
The structure group of S then has generators sy, ..., s, and relations siSqs(;) = 5;jS4(i)
(which is trivial for i = j).
In particular, for n =2 we find G = (s,t | s* = t?).

When the context is clear, we will write G (resp. M) for Gg (resp. Msg).
We also assume S to be finite and fix an enumeration S = {s1,...,s,}.

Remark 1.4. By the definition of 1¥: S — &, we have that s; x s; = Sy(s,)(j), which we
will also write (s;)(s;) for simplicity.

1.2. Braces

The structure group of a brace has an extra "ring-like" structure, which was first intro-
duced by Rump in [27] as linear cycle sets. An equivalent definition was then introduced
by Cedé, Jespers and Okniriski in [5] and then in a large survey again by Ced6 in [4]. We
will use their definition of a (left) brace throughout this article.

Definition 1.5 ([27, 4]). A brace is a triple (B, +, ) such that (B, +) is an abelian group,
(B,-) is a group and for all a,b,c in B:

a(b+c¢)+a=ab+ ac.
(B, +) will be called the additive group and (B,-) the multiplicative group of the brace B.

We now fix B a brace.

Remark 1.6. Note that, if 0 is the additive identity and 1 the multiplicative identity,
then takinga =1,b=c=0 yields 1% (0+0)+1=1%x0+1%0, thus 1 = 0.

Example 1.7. If (G, +) is an abelian group then (G,+,+) is a brace, called the trivial

brace.

‘ ' (a+c,b+d), a+b=0 mod?2
Taking (B.+) = 7.)27. x 7./27. with (a,b) - (c,d) =
aking (B, +) /27 x 71.]27 with (a,b) - (¢,d) (@a+d,b+c), a+b=1mod2

can be checked to be a left-brace, and obviously (0,0) is the identity of (B,-).

Proposition-Definition 1.8 ([4]). For any a in B, the map X\ : (B,-) — Aut(B,+)
defined by A\,(b) = ab — a for all a,b in B, is a well-defined morphism.

This also gives ab = a+ Ay (b). This will be used everywhere to switch between products
and sum of elements.

Example 1.9. From the previous example we have respectively N\, = idg for all g in
G, and in (B,+,-) M(a,b)) = o**® where o permutes the two coordinate of (B,+), and
obuviously (0,0) is the identity of (B,-).

Lemma 1.10 ([4]). For any a,b in B we have:
(1) Aado = Aatrav)-
(2) ab™t = —Xy-1(b) +a
(3) If \a = X\ then ab™' =a —b
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Proof. This first one follows from gh = g + A\;(h).
For the second one, —Ag-1(b) +a = —ab™'b—ab™' +a =ab™'.
And then, Ag-1 = A\, 1 = A ! = idp. O

Lemma 1.11. For any a,b in B, we have a\;*(b) = b); ' (a).
Moreover, A;;l(b))\gl = A;;l(a))\gl.

Proof. Firstly,
a\,'(b)=ala'b—a)=b—1+a=b—-0+a=b+a=a+b=>b\"(a).

Then from the fact that A: (B,-) — Aut(B, +) is a morphism we have that A,;} = A\, 'A; !
S0

“1 y-1 -1 y—1  _ =1 g1
/\AZl(b)/\“ N Aﬂ)\Zl(b) N Ab}\b_l(a) - )\AZI(G)AZ’ '

The following is implicit in [4]:

Lemma 1.12 ([4]). Let S be a subset of a brace (B,+,- such that \;(S) C S for any s
in S. Then (S,4) is a subgroup of (B,+) if and only if it is a subgroup of (B, ).

Proof. This follows from the identity ab = a+ \,(b) (or equivalently a+b = a);!(b)). O

Definition 1.13 ([4]). Let (B,+,-) be a brace.
e S C B is a subbrace if it is a subgroup of both (B,+) and (B,-).
e L C B is a left ideal if it is a subgroup of (B,4+) and A\,(I) C I for all a in B.
e [ C B is an ideal if it is a normal subgroup of (B,-) and A\,(I) C I for all a in B.

Proposition 1.14 ([4]). Let (B,+,-) be a brace and I C B.

e [ is an ideal = I is a left ideal = I is a subbrace.

e If I is an ideal then the multiplicative quotient B/I has an induced brace structure
(B/I,+,-).

e Soc(B) = Ker(A\) ={a € B|Vbe B,ab=a+ b} is an ideal called the Socle of B.

In [14], it was shown that there exists a bijective 1-cocyle II: Z° — G, i.e.a bijective
map such that II(gh) = II(g) - A, (II(R)) for any g, h € Z°. This so called "I-structure’
was shown in [27, 4] to be equivalent to the following:

Theorem 1.15 ([14, 4]). The structure group G of a finite cycle set S has a brace structure
given by (Z°,+, ) such that G with the usual multiplication is isomorphic to (Z°,-).
Moreover, for any s,t in S, we have \;1(t) = (s)(t).

From the I-structure mentioned above we can write any element of G as g = Y. gss
ses

where g5 € Z. Then for any h in G, we have A\,(g) = Y g gsAn(s) with Ap(s) in S.
Because we will work over group rings R[G|, we will use Dehornoy’s notation from [10]
to denote s!*l = ks for any k € Z (to avoid confusion with the element k - s € R[G]).
In [10], Dehornoy constructed a finite quotient of the structure group, which he calls a
'Coxeter-like" group:

Theorem 1.16 ([10, 15]). Let S be a finite non-trivial cycle set. Then there exists a
positive integer d such that dS C Soc(G).

Moreover, for any positive integer I, the quotient G, = G/((Id)s) admits a quotient
brace structure given by ((Z/1dZ)°,+,-).
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In particular, this means that the bijective 1-cocycle II: Z° — G induces a bijective
l-cocycle I1: (Z/1dZ)° — G,.

The smallest positive integer satisfying the condition of Theorem 1.16 is called the
Dehornoy’s class of S, and the set of positive integers that will satisfy the condition are
the multiple of d.

We denote by T the diagonal map of S defined by T'(s) = s*s. The following Proposition
will be useful:

Proposition 1.17 ([15]). The followings hold:

(i) Let o be the order of T and k any positive integer. Consider the euclidean division
of k by o to write k = o - q+r, then we have ks = sT(s)T*(s)...T*(s) =
(0s)4(rs).

(ii) The order o of T divides d. In particular, for any integer k and any s in S, we
have A1 (s) = T*(s) and kds = (sT(s)...T°'(s))".

As in Coxeter group, we can consider reduced word and state an Exchange lemma (see
[22] for the case of Coxeter groups):

Remark 1.18. Consider a word w = s;, - -+ s;, over S, and let g be the associated element
of G;. Then we can write g = > g gss with 0 < g, < Id. Thus the word w is a minimal
expression of g iff k =Yg gs.

So for any g in G; we denote £(g) = S5 gs. Then we say that a word w is reduced if
k= {(g) when w represents g € Gj.

Lemma 1.19 (Exchange Lemma). Let s be in S and g in G . Write g = 3. g5 with
seS

0 < gs <d. Then either sg is reduced ({(gs) =L(g)+1) or gsss =d—1 (i.e.(d—1)(s*5)

left-divides g). Moreover, if it is not reduced, then sg = Y. gsut.
tes
t#s
Moreover, we can go from one reduced expression to another only using the quadratic

relations s(s xt) = t(t * s).

Proof. As the given expression of g is reduced, we know ¢(g) = k, i.e. > gs = k. Now, by
ses

Proposition-Definition 1.8 sg = s+ As(g9) = s+ > ¢:As(f). Reindexing the sum by setting
tes

t =X (u) = s*u for some u € S, we have g = s+ Y gsunt.
ucsS

This is reduced if and only if (sg), < d for all u. Because g is reduced, we have g, < d,
so this sg is reduced if and only if 1+ gs.s < d. Meaning that this is not reduced precisely
when ggs = d — 1. In this case, then (sg)s = d, and we conclude by ds = 0.

Moreover, assume we have two reduced expressions as g = s;, -+ - s;, and g = sj, - - - 5,

Using Proposition-Definition 1.8, we can rewrite both expressions as g = Y. gss and this
seS

is unique by the commutativity of (G, +). This rewriting only involves st = s + A\, (t) =
As(t)+s = )\s(t))\;j(t) (s) which preserves length. Moreover, by Theorem 1.15, we have that
the quadratic relations s;(s; * s2) = $a(s9 * 1) are equivalent to 31)\;11(32) = 32)\;21(31).
Letting s = s; and so = A(t), we see that st = )\S(t))\;:(t)(s) allows us to go from one
reduced expression to the other only with the quadratic relations. 0

We conclude the preliminaries by the following technical lemma:

Lemma 1.20. For any s,t € S the followings hold:

(i) There exists ps with ((ps) = d — 1 such that s\ = sp,. Moreover p, = (s % s)l41.
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(i1) $(ps) = ¥(5)"
(iti) s = (sp,)"

(iv) st = t(t * s)l
(v) pst = (s *1)prus
(Vi) PstPs = Praspr

(vii) (s % t)llp, = p,tld

For simplicity we will write v* = p,slF=D4 = (s x 5)

h) it = (s # )y
Q) Yeke? = e
In particular, when writing s*4 = sg we have g = (s * 5) = peslF=Dd = p (5p,)F1,
This implies that, if s = s1...s4 then (st = s; .. s451...54_1.
Moreover, as all those equalities are true in G, they respect length and also hold in Gj,.

k=11 (giving sy* = stk ),

[kd—1]

Proof. (i) is follows from Proposition 1.8: sl = s 4 (d — 1)s = sA\J7}((d — 1)s).

(i) follows from 1 = (sl) = v(sp,) = ¥()¥(ps).

(iii) and (iv) follow from the definition of d as we have: skl = (kd)s = k(ds) =
dsA;(ds) ... >‘(_k:1—1)ds(d5) = (ds)(ds)...(ds) = (ds)*, and sl = ds + \gs(t) = t + ds =
t-(d\(s)) =t-d(t xs) =t(t*s)

For (v) we have sp,t = st = t(t x s)[ = ¢(t * 5)pyus, applying (¢ * s) = s(s * t) and
canceling the s gives the result.

For (vi) we have peps = Pt + Asit(Ps) = psst + (d — 1)tp 7 (s xt)(s % 5) = pauy + (d —
1)(s * t)(s * s), from the cycle set equation, we have (s x t)(s * s) = ¥(t * s)(t * ),
thus PsxtPs = Psxt + (d - 1)¢(3 * t)(S * S) = Psxt + (d - 1)¢(t * S)(t * S) = Psxt + Ptxs- By
symmetric, we conclude that this is equal to pu.sp;.

(vii) comes from (iv) applied on p; = (t * )[4 and (p;) = ()

(viii) is deduced from the previous ones: ¥t = p st = pt(t * s)F = (5% ) prs(t *
) = (s t)yp

Similarly for (ix): ViR = pe(s  t)F1 ¥ pgsthedl = p pttkrdsleadl = o, py sthedlglird] —
pras(t 5 ) B2l pyplhrdl — 2 . O

-1

2. DEFINING THE HECKE ALGEBRA

We fix a cycle set (S, %) of size n, of Dehornoy’s class d, with structure group G and
germ G; = G/(lds) for some positive integer I.

Recall that, by Theorem 1.15 we have a set bijection, more precisely a bijective 1-
cocycle, cp: G — Z". The inverse of this bijective 1-cocycle is also a bijective 1-cocycle
cp~! =1I: Z" — G: we have II(gh) = H(g))\ﬁ(lg)(ﬂ(h)). In particular, if ¢(Il(g)) = 1,
then II(gh) = II(g)II(h). Moreover, by Theorem 1.16 II induces a bijective 1-cocycle

Let R be a ring, and note that R[Z"] = R[X{',..., X'] by identifying the generator
e; =(0,...,0,1,0,...,0) with X;. The set map IT extends linearly to R[X{™", ..., XF'] —
R[G], sending ZriX? ... X to Srill(sy, ..., 81,y 8n,. .., 8,) for some finite indices i

and correspond;ng integers iy, . .. ,Zz'n and coefficients r;.

We now proceed to construct the Hecke algebra as hinted before: we pick a polynomial,
apply it to sl and use the 1-cocycle Z® — G to show that we have a basis by showing
that the quotients of the associated group rings by appropriate ideals have the same
dimensions.
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I
From now on, fix a polynomial P € R[X] of degree [ > 0 and set P(X) = Y ap X*.
k=0

Remark 2.1. Recall that given an algebra A and R C A, elements of the two sided ideal
generated by R are of the form > a;r;b;, a finite sum where a;,b; € A,r; € R.

Lemma 2.2. Consider the two-sided ideals Ip = (P(Xf), . ,P(Xff)) C R[Z"] and Jp =
(P(s[ld]), ce P(s@)) C R[G]. Then II induces a bijection Ip — Jp.

Proof. First remark that P sends a set of generators of Ip to a set of generators of Jp:

MP(X) = (Y e X)) = 3l (X5) = Y s = 3 an(s)* = P(s)")

where we use that S is of class d with Proposition 1.17 to have syﬂd} = (sgd])'C .
As II: Z" — G is bijective, its linearization IT: R[X7,..., X,] — R[G] is bijective. But
I1 is not a morphism (only a bijective 1-cocycle), so we can’t deduce that II(P(XZ)) =

P(s[d}) to obtain II(/p) C Jp. However, we’ll use that II is a 1-cocycle and S is of

class d, to deduce that, for any 1 < i < n and any f € R[Z"], we have II(X?f) =
TH(XE) - Ay (T(F)) = sTICF).

We'll prove that I1(/p) = Jp by double inclusion:

Let Q1,Q2 € R[Z"]. By the commutativity of R[Z"] = R[Xy,...,X,], we have that
Q1P(XHQy = P(XHQ1Q, for any 1 < i < n. Moreover, as S is of class d and II is
a l-cocycle, we have T (Xg(X{* ... Xb)) = siTI(X]* ... XD). Thus T(Q: P(X1)Qy) =

(P(XN(Q1Qs) = P(s™II(Q1Q,), which is in Jp as Jp is an ideal. So we have
(Ip) C Jp.

Now let f,g € G. Then, by Lemma 1.11, we have for all ¢ € G that gsl¥4 =
A (81N (g) = ¥(g)(s!%)g. Thus, in R[G], we have

fP(SEd})Q = Z akfsgdk]g = Z ak(iﬁ(f)fl(sz’))[dk]fg-
Write t = (¢¥(f)7(s;)) and let Y € {X1,..., X, } be such that TI(Y) = t. As S'is of class d,
we have I (fP(si)g) = S ap T (fsl®g) = S a, Y*II-(fg) = P(YH)II"!(fg), which
is in Ip by Remark 2.1. We conclude that Jp C I1(Ip). O

Example 2.3. Let P(X) =1+ X, g € G and s € S. Write II(X) = 5,Q = I1I71(g),
t=(g) N (s) andY =174 (t). Then (1+g)(1+s) = 1+sld4-g+gsld = 1454 g4tldg =
(1+s!)+(1+2M)g = P(sl)+ P(t%) g = TI(P(X)) +II(Y)I(Q) = II(P(X")+P(Y))Q).

Thus (1 + g)(1 + si9) is an element of (P(s)) C Jp, with preimage P(X¢) + P(Y%)Q
in (P(X?), P(Y") C Ip.

The following examples highlight why we need to take polynomials in X
Example 2.4. Let (S, ) be the cycle set, with S = {s,t,u} and (s) = Y(t) = ¥(u) =
(stu) = 0. Then S is of class 3 and sB = stu,tB) = tus,ul®l = ust. Write R[Z?] =
R[X,Y, Z] where II(X) = s, I[(Y) = ¢,1[(Z) = u. Let P(x) = 1 + 22 and consider the
ideals I = (P(X?), P(Y?), P(Z?)) and J = (P(s?), P(t®), P(u?)).

Note that, for T; € {X,Y, Z} with 1 <i <k,

(T - Ty) = I(Th) - o (I(T2)) - - - o H(IL(T3,))
as IT is a 1-cocycle. Or equivalently, for t; € {s,t,u},
Mty ) = Tt o ) - - - T o " ().
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Now the element f = tt +tstt = t(1+st)t € R[G] isin J, as P(s?) = 1452 = 14 st.
However, T71(tt) = I ()T (o7 (t)) = T 1 ()IT7Y(s) = Y X, and similarly IT7! (tstt) =
Y ()T Y ()TN ) = YZZY . Thus TN f) =YX +YZZY = XY + Y222, and we
claim that this is not an element of J.

To check that XY +Y?Z? & J, suppose XY +Y?Z? = a(1+ X*)+b(1+Y?)+c(1+ Z?)
with a,b,c € R[X,Y, Z]. As we have no X? terms, we deduce a =0, thus XY +Y?Z? =
b(1+Y?) +c(1+ Z?). We have a XY which contains no square term, meaning that XY
appears in b or c. But there is no X in Y222, a contradiction.

We took polynomials in X? instead of X3, and now an element of I does not come from
J. Thus the use of polynomials in X<.

On the other hand , if instead of st we had an element g with trivial permutation (such
as g = stu), we would have II™'(t(1 + g)t) € J. Indeed, t(1+ g)t = tt +tgt, and as g has
trivial permutation, the preimage of the blue t would have been the same as the preimage
of the red t, allowing for factorization by II7'(tt). But with st, the blue t gets acted on,
preventing a factorization.

From now on, we fix P in R[X] of degree [ > 0. We furthermore assume that a;, the
leading coeflicient of P, is invertible. We also fix the ideals Ip C R[Z"] and J, C R[G] as
in Lemma 2.2.

Let H(S, P) = R|G|/Jp. In H(S, P) we thus have that

(S, P) = RG]/ (TSM - li _C”“Ts[kd]> . (3)

k=0
To distinguish between elements of G and their corresponding generator of the algebra,
we will write R[G] = R(T,,g9 € G | T,T}, = Tp).

Lemma 2.5. The followings hold:
(i) We have the isomorphism R[G| = R(Ts,s € S| TsTst = TiT1us, Vs, t € S)
(ii) For any g € Gy, there is a well-defined element Ty € H(S, P) such that T; =
Tsi1 - Ty, whenever s;, -+ 5, (s; € S) is a reduced expression of G in Gj.
(iii) For any g € G with image g € G, if {(g) = ((g), then the projection R|G] —
H(S, P) sends T, to Tj.

Proof. (i) follows from the definition of the group ring R|G] as the free module with basis
G such that T,T}, = T, for any g, h in G.

For (ii), the Exchange Lemma 1.19 tells us that we can go from one reduced expression
to another only using the quadratic relations. By (i) those quadratic relations are also the
defining relations of a presentation of # (S, P). Thus T}, does not depend on the choice of
a reduced expression.

Finally, for (iii), let ¢ € G and write g = s;, - -+ ;. so that {(g) = r. Let g be the
projection of g in G, and assume that ¢(g) = £(g) = r. Then 3 ---35;, is a reduced
expression of g in G. Thus, by (ii), T; = T - - - T is the projection of Tj. O

S5y

Recall that,by Lemma 1.20, we have s/ = s - (s % 5)l!“"1] | Thus, Equation (3) means
that, in H(S, P) we have

TST[ld_l] = Z ;akTs[kd]. (4)

S*S
k=0 @

Even though T4 is not defined in (S, P) from Lemma 2.5, we will often abuse notation
and write T instead of T,7L% " in 7(S, P).
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Lemma 2.6. As an R-module, H(S, P) is generated by {T,}

In particular, this means that H(S, P) is finite dimensional, and that its dimension is
bounded above by #G; = (Id)™.

Proof. Let s € S and g € G;. By Remark 1.18, either sg is reduced and then T,T, = Ty,
or it is not reduced and (s s)4=1 < g (g = (s*5)4"1h is reduced in G) by Lemma 1.19.
Thus, if sg is not reduced, by Equation -4), we have T,T, = TSTS[f:i*l]Th = 22;10 _Tangs[kd] s
where s*¥p is reduced in G as k < [ and g = s~} is reduced. O
Lemma 2.7. The quotient algebra R[Z"|/I is a free R-module of dimension (Id)" and
basis X ... X with 0 < j1,..., 7, < ld.

Moreover, the linearization of I1 provides a bijection between this basis and Gj.

geGy-

The bijection IT allows us to write an abuse of notation: by Ts[d] we will mean 7.

Proof. When quotienting R[X, ..., X,] by P(X¢), we can reduce all polynomials of degree
strictly greater than Id — 1. Meaning that R[Z"]/Ip has a basis given by X7 ... X/» with

By considering the powers of such a monomial, this basis is in bijection with (Z/IdZ)".
By Theorem 1.16, II gives a bijection (Z/IdZ)" — G, finishing the proof. O

Theorem 2.8. H(S, P) is a free R-module with basis {T, | g € Gi}, in particular it has
dimension (ld)".

Proof. From Lemma 2.5 we know that {7}, | ¢ € G,} generates H(S, P) as an R-module,
so in particular dim# (S, P) < (Id)". We just have to show this family is free, but this
follows from Lemmas 2.2 and 2.7:

Suppose we have a linear combination ;.7 ag7; = 0 in H(S, P). By lifting the
elements g € G; to g € G we have >geq, @gly € Jp. Then, applying II-! we obtain
> geq, agll (1) € Ip. Projecting to R[Z"]/Ip, this means that Y. g agll™' (1) = 0 €
R[Z™)/Ip. From Lemma 2.7 the family II7'(73) is a basis of R[Z"]/Ip, so we must have

az =0 for all g € G,. 0
Remark 2.9. Note that in the above proofs we can take a different polynomial P for
each orbit of S under the action of G, as in proof of Lemma 2.2 we just need that two
elements are in the same orbit to obtain that I1(J) C I. If we denote such polynomials by
P = (P,)1<i<n € R[X]" with deg P, =; and such that P; = P; whenever s; and s; are in
the same orbit by the action of G, we obtain the Hecke algebra H(S, P) with dimension
equal to TTi-, (l;d) which is the same as the order of the finite group G/(syidlhggn.

With the same reasoning we can also take a different d for each of those orbits, see for
instance [20], but this will not be used in this thesis.

It was chosen to not consider those generalizations (except in Section 4) to avoid heavy
notation and make the proofs easier to read.

Corollary 2.10. Taking P(X) = X? —pX — q with p,q € R we obtain a definition of an
Hecke algebra for cycle sets with relations of the form

18— 1 ¢ g
Example 2.11. Take S = {s1,...,8,}, 0 € &, and ¥(s;) = o. Then S is of class
d = o(c) (the order of the permutation), and taking P(X) = X? — X — 1 we get

SiSa(j) = 550(i); 1<i<j<n >

_ J
%(S,P)—R<Sl,.,.,8n (Siso—(i)"'sgd*l(i))Q:Sisa(i)"'sgdfl(i)+17 1 Sflgn
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Remark 2.12. For all g € G, by Proposition-Definition 1.8, we have \,(s!9) = (\,(s))l.
So the action of G on R[G] stabilizes J the ideal generated by the P(s\%), meaning that
G acts on H(S, P). As ldG C Soc(G), the action of dG on J is trivial and thus G, acts
on H(S, P).

Remark 2.13. We see one important difference between Hecke algebras for Coxeter groups
and for Structure group of solutions: for a finite Cozeter group W with associated Artin—
Tits group A, one can view the Hecke algebra as a deformation of the quotient R[A] —
R[W]. However, with our approach for solutions, we have to consider the deformation of
a larger quotient R[G] — R[G)] with | > 1 (if |l = 1 then the relations are of the form
T = — 4>, which is not an interesting deformation).

Moreover, It was shown by Coxeter in [7] that the quotient B, /{s*) is finite if and only
if % + % > %, thus for n > 6 the quotient is finite only for k = 2 (the symmetric group).
This means that, in the case of Cozeter groups, we can only expect similar definitions of
Hecke algebra with polynomials of degree 2.

However here, we can work over any degree, which highlights the different behaviours
of the germs and associated Hecke algebra for Coxeter groups and structure groups of

solutions.

We conclude the construction of the Hecke algebra for solutions by relating the Hecke
algebra of a solution with the Hecke algebra of its retraction. As in Proposition-Definition
2.16, we denote by S’ the retraction of S. Then the class d’ of S” divides the class d of S
by Lemma 2.17. We deduce the following:

Proposition 2.14. We have a surjective algebra morphism

H(S, P(X)) = H (S, P(X7)).
Proof. The morphism G — G’ linearly extends to R[G] — R[G’]. By Theorem 1.17, for
any s € S and any positive integer k, we have (s)* = sl*  Moreover, by Proposi-
tion 2.17 we know that d’ divides d, so (g[d/])% = sl Thus we get H (S’,P (X%)) =
R[G"]/ (P ((§[d'])$)) = R[G"]/ (P (§[d])). Thus R[G] — ”H(S’,P(X%)) factors through
H(S, P). O
Example 2.15. If S is of class 4, S of class 2, and we take P(X) = X%+ X + 1, then
we have a morphism H(S, X® + X*+1) = H(S', X® + X* +1).

The retraction of a set-theoretical solution to the Yang—Baxter equation was introduced
in [14]. Here, we relate the Hecke algebra of a solution ahd the Hecke algebra of its
retraction.

Proposition-Definition 2.16 ([14, 26]). The retraction of S is the quotient set S’ by
the equivalence relation s ~t < (s) = ().

The cycle set structure on S naturally induces a cycle set structure on S’. Moreover,
we also obtain a morphism of cycle sets S — S’, and a morphism of braces G — G' from
the structure brace of S to the one of S'.

Lemma 2.17. Let d (resp. d’) be the Dehornoy’s class of S (resp. S'). Then d' divides d.

Proof. Let s be the equivalence classes in S’ of s € S. Then, from the fact that G — G’
is a morphism of brace and that S is of class d, we have in G’

Aas(t) = ds - t —ds = ds -t — ds = Aas(t) = t.
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This means that for all s, we have that ds is in the socle of Gg. So d is a multiple of d’
(the smallest integer such that dG’ C Soc(G')). O

Example 2.18. Consider S = {s1, S2, S3, S4} with ¥(s1) = 1(s3) = (12)(34) and (s2) =
¥(sy) = (14)(23). Then S’ has two elements: t; = {s1,s3} and to = {s9, 84}, and both t;
and ty act on S’ by the permutation (12). For instance, t %ty = s1%S4 = 51 % §4 = S3 = 11,
and this computation does not depend on the choice of representatives for t; and ts.

Proposition 2.19. We have a surjective algebra morphism
H(S, P(X)) = H (S P(X7)).

Proof. The morphism G — G’ linearly extends to R[G] — R|G']. As d is the De-
hornoy’s class of S, for any s € S and any positive integer k, we have (s)F = slkdl,
Moreover, by Proposition 2.17 we know that d' divides d, so (§[d/1)§ = sl Thus
we get H (S P(X7)) = RIG"/(P((s)7)) = RIG)/(P(s9)). Thus RG] —
H(S, P(X%)) factors through H(S, P). O

Example 2.20. If S is of class 4, S of class 2, and we take P(X) = X%+ X + 1, then
we have a morphism H(S, X%+ X* +1) - H(S', X® + X* +1).

3. ANTI-INVOLUTION ON THE HECKE ALGEBRA

Recall that we fixed a cycle set (S, *) of size n, of Dehornoy’s class d, with structure
group G and germ G; = G/(lds). We fix a polynomial P in R[z], written as P(X) =

!
> ap X* with q; invertible. We have previously defined the Hecke algebra for cycle sets
k=0

H(S, P). In this section, the goal is to endow H(S, P) with an anti-involution derived
from the inversion in the group Gj, in parallel to what is known for finite Coxeter groups
(see [17, Exercise 4.8] for instance).

Proposition 3.1. Suppose ag, a; are invertible in R. Then

T*l _ zl: _a’kT[kdfl]'

s 2 gy e
Moreover (Tl = (Ts[f]s)*l.
Proof. From Lemma 1.17 we have, for any positive integer k, sl = s (s * 5)I*. We will
use this to check that kiljl ;—‘;’“T if;l 1 is indeed the inverse of T
Firstly, T, (ka:l —T‘gﬂﬂfﬁ _1]> = = _a—‘;kTs[kd} + ;—?TSTS%_H. By Equation (4) we have

T, = SiL “ Tk We conclude that

l -1

T (Z —%Ts@g—u> _ T N (—ak N az%) T _
=1 a0 ag =1 \ 4o Qo

Then, let X,Y € R[Z"] be such that P(X) = s and II(Y) = s * s. This means that,

for Y/ = Y =Ykl we have II(Y') = T, and II(Y"?) = (T71)4. By Lemma

ag S
1.20, we have $(TI(Y*1)) = v((s * 5)F1) = (py(s  8)ED0) = (p,) = (s)".
Thus, in the sum for 7', all the terms have the same permutation. Now, by Propo-
sition 1.17 we can write sl¥ = ¢,...t, where t; = t;_1 xt,_; and s = t; = t4 * tg (and
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SO t[Qd] = ty...tqt1). By Theorem 1.15, we know that II is a 1- cocycle meaning that
(YY) = II(Y") Anyny (H(Y”)) = H(Y")(s) ' (IL(Y")). As ¢(s)"'(s * s) = s, we have
(s) (T = ka1l — RN Thes TI(Y'Y?) = T3, 'T,,". By induction, we then

taxty
have TI(Y'Y) = T, T T . T = (T, .. T, Thy) ™ = (T 0
Remark 3.2. One has to be careful that T;' # Ty-1. Indeed, by Lemma 1.20 and
Proposition 1.17, we have Ty =T, = = T~ 1], which is only one of the terms occurring
in T 1.

Example 3.3. Tuke R = Z[¢*'] and the polynomial P(X) = X? — (¢ — )X — ¢ =
(X — q)(X + 1), which satisfies the hypotheses of Proposition 3.1. Then

Tsfl _ 1 - T[d 1] + 1T[2d 1].
q

S*S S*8

Corollary 3.4. For any g in G, T, has an inverse in H(S, P).
Proof. If g =t ...t, then the inverse of T, =T}, --- T}  is Tg_1 = Tt:l Tt ([l

1

In a group G, the map ¢ sending an element to its inverse is an anti-involution, that is:
t(gh) = t(h)i(g) and ¢(c(g)) = g. This anti-involution is known to extend to the generic
Iwahori-Hecke algebra in the case of Coxeter groups [17, Exercise 4.8]. We show that
the same holds for Hecke algebra of structure groups of solutions to the Yang—Baxter

!

equation, where the algebra is associated to the polynomial P(X) = 3 a, X* with q
k=0

invertible and [ > 0.

Theorem 3.5. If P splits over R with invertible roots oy, ...,q; (not required to be
distinct), and if there exists an anti-involution v : R — R sending each o to ozi_l.i
Then ¢ extends to an anti-involution of H(S, P) by sending T, to Tg_1 for g in Gj.

Proof. Denote by z the map H(S, P) — H(S, P) defined by i( X ¢,Ty) = ¥ t(cy)T, .

g€l 9eG
We will need that : must send 1 € Rto 1: ;' = t(ag) = t(1-a1) = t(aq)e(1) = a3 (1),
thus «(1) = 1.
By the hypothesis that P is split we have
l
P(T") =0 <= o [[(TI" — o) = 0 (5)

k=1
For the constant coefficient of P we have ag = (—1)la; [T, ax, so % = (=1 TTL_, o .

ag
Multiplying Equation (5) by 4 ((T[d])_l)l yields

!
H s (T[d]_@k)_0<:>aln( —1_%1):0‘
k=1 k=1

This means precisely that i(P(T\4)) = 0.
Recall from Lemma 1.20 the notation 4% = (s*s5)
by Proposition 3.1 we have

11 _ L —ay, lakk l_akk l_akk Lp—1
Ts*tT Z T'yk*t Z 75 = Z fyt*s Z fYt = Tt*s T
k=1 @0 7 k=1 @0 k=1 @0 k=1 0

So Z<TSTS*t) - (TsTs*t)_1 - Ts:%Ts_l - frt;slirtil - Z(Eﬂ*s)

[kd—1] ke _

and that 75*1573 - f)/t*sfyt ThllS,
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This shows that 7 is a well-defined anti-morphism H (.S, P) — H(S, P).

It remains to show that 7 is an involution. For this, we will show that 7(i(7})) is an
inverse of 7(Ty) = T, ', which will imply that (¢(T;)) = T,. As  is an anti-morphism, we
have i(i(T,))i(Ty) = i(T,i(T,)) = (T, T, ") = i(1) = 1. So &(i(Ty)) = T, by unicity of the
inverse.

Moreover, by Theorem 2.8, (T;), .5 is a basis of H(S, P). We conclude that  is an
anti-automorphism. Thus ¢ is an anti-involution. [l

Remark 3.6. In the above proof, one has to be careful that Tg_1 # T,—1 as mentioned in
Remark 3.2. For instance, for the involutivity of T, it is not enough to write 1(i(T,) =

(T, = (T; )" =T, Indeed, for g = s € S, we have i(T;) = Sy o(=2)( T8 ) =

a
g g ago

o L(TT?)KTSUE?I])? which does not so obviously simplify to Ts.

Example 3.7. Consider R = Z[gi', ..., ¢, ¢*']. Let P(X) = ¢(X — q1)... (X — q)
which satisfies the hypothesis of the theorem. It is an analogue of the "generic Hecke
algebra” of a Cozeter group ([17]).

Taking as S = {s,t},¥(s) = ¥(t) = 12 with P(X) = (X+1)(X—q) = X*—(¢—1)X —q,
we have T, ' = %t[l] + %t[?’].

We find (T2 = 1T 4 129 ang (T7)H = 1eg 4 d—g41,
Thus
1 1
e e
q q

4. SEMI-SIMPLICITY

This section is based on [8, 9, 17| and inspired from the lecture notes [12, 21]. For
details on character theory we refer to [8]. In this section we fix a commutative integral
domain R with field of fractions F, K a field with an algebraic closure K, f: R — K a
ring morphism. Let H = H(S, P) be the Hecke algebra of a cycle set S, as in Remark 2.9,
with P = (P;)1<i<n € R[X]", Pi(X) = Sk a; x X" such that P, = P; whenever s; and s;
are in the same G-orbit. From Theorem 2.8, This algebra dimension is equal to the order
of the quotient group G; = G/ <syid}).

Definition 4.1. Let A be a non-trivial K-algebra. Then A is called,
(i) simple if it contains no proper two-sided ideal,
(ii) semi-simple if it is isomorphic to a direct sum of simple algebras,
(7ii) separable if for any extension L/K, L ® A is a semi-simple algebra,
(iv) split if it is semi-simple and it is isomorphic to a finite sum of matriz algebras
over K.

An ideal I of an algebra is called nilpotent if there exists a positive integer n such
that I™ = 0, i.e. any product of n elements of I is 0. The following proposition helps us
characterizing semi-simple algebras:

Proposition 4.2 ([1, Section 9]). Let A be a finite dimensional K-algebra. Then there
exists a unique largest nilpotent two-sided ideal, called the radical of A and denoted rad(A).
Moreover, the followings hold:

(i) rad(A) is the set of elements of A acting as 0 on every simple A-module (modules
without proper submodules)
(ii) rad(A) is the intersection of all maximal left ideals of A
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(iii) A is semi-simple if and only if rad(A) = {0}

In the literature rad(A) is also often called the Jacobson radical of A.

If A is a finite-dimensional K-algebra and a is an element of A, then we denote by
Tra/x (a) the trace of the left-multiplication operator A — A defined by b — ab.

If L/K is a field extension, we denote by A the L-algebra L @ A.

Lemma 4.3 ([8]). Let A be a finite dimensional K-algebra, L/ K a field extension. Then
foranyain A, Trav, (1 ®a) = Tra x(a).
Moreover, Traw,, is equal to id ® Trax defined by sending | ® a to ITry k(a).

Proof. Let (e;) be a basis of A, so that (1 ® ¢;) is a basis of AX. For a in A, write
ae; = Y cije;, so that Try/x(a) = Y. Then (1®@a)(1®e;) = 1®ae; = Y ci5(1 ® €;),
J i J

meaning that Tryz, (1 ® a) = 3 i = Trak(a).
Moreover, for any = € L, we then have (z®a)(1®e€;) =2 cij(z ®e;) = X cijr(l @ e;).
J
Thus Traz,p(r ® a) = v 3 ci = 2Try/k(a). O

The following lemma will be useful to restrict to the base field K when studying the
trace:

Lemma 4.4. Let A be a finite-dimensional K -algebra such that the bilinear map T: A X
A — K defined by T(a,b) = Tra/k(ab) is non-degenerate. Then for any field extension
L/K the bilinear map T": A* @ A" defined by T*((l; ® a), (I ® b)) = Traz,(lilz ® ab)
s non-degenerate.

Proof. Let l®a € L®A. As T is non-degenerate, there exists b € A such that T'(a, b) # 0.
Then, by Lemma 4.3, we have T*((I ® a), (1 ® b)) = T*(l ® ab) = ITr 4,k (ab) # 0. Thus
T* is non-degenerate. O

Proposition 4.5 ([8, Exercice 7.6]). Let A be a finite dimensional K-algebra. If the
bilinear form T: A x A — K defined with the usual trace T(a,b) = Tra/x(ab) is non-
degenerate, then A is separable (and thus semi-simple).

Proof. First we know that non-degeneracy is stable by field extension by Lemma 4.4.

So it is enough to show that A is semi-simple. As A is finite dimensional, by Proposition
4.2 A is semi-simple iff rad(A) is trivial. Also from Proposition 4.2, rad(A) is the largest
nilpotent ideal, so any element in it has trivial trace (any element is nilpotent). Thus
as rad(A) is an ideal, if a € radA then, for any b € A we have ab € rad(A) and so
Tra/x(ab) = 0. If T is non-degenerate, this implies that a = 0, finishing the proof. U

Definition 4.6. A trace over a K-algebra A is a map 7: H — K such that 7(ab) = 7(ba)
for any a,b in K. A trace T is said to be symmetrizing if the map (a,b) — 7(ab) is
non-degenerate.

The following statement is a generalization of Lemma 4.4:

Proposition 4.7 ([3, Proposition 8.7]). If A is a finite-dimensional algebra over a field
K and if T is a symmetrizing trace over A that is a linear combination of characters, then
A is separable.

In particular, if Tra/k is symmetrizing, then A is separable.
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Corollary 4.8 ([12, Exemple 2.10]). Let G be a group and K a field such that char(K)
does not divide |G|. Then the map 7: K[G] — K defined by 7( > r,1,) = r1 (where T,
geG

is the standard basis of K|G|) is a symmetrizing trace and K[G] is separable.
Proof. We have that 7( X ryTy)( X rpTh) = 7( X2 rgrTyTh) = X rgry—r = X ThTn-1,
Prte: heG 9.heG

geG heG
so 7(ab) = 7(ba). Moreover, 7(T,T, 1) = 7(T1) = 1, so 7(( X ryTy)T;, ") = ry is zero for
geG

every h if and only if r, = 0 for every h € G. Thus 7 is non-degenerate, and so it is
indeed a symmetrizing trace.
Then, the trace of the algebra K[G] is given on the basis (7,) by

#G, iftg=1
0, otherwise

Tricyyx(Th = Ton) = #{h | Ton = T} = { = #G - 7(T,).

Thus Trg(g/x = #G7, which is not zero as char K does not divide #G. So T = %

is a linear combination of character and finally, by Proposition 4.7, K[G] is separable. [
Our goal is to be able to apply the following theorem:

Theorem 4.9 ([9, Tits Deformation Theorem 68.17]). Let A be a finite dimensional R-
algebra, recall that we chose F = Frac(R) and f : R — K. I[f KQrA and FRrA (defined
by f) are separable, then they have the same numerical invariants.

Moreover, let R be an integral closure of R in K and f : R — K be an extension of f.
Then f induces a bijection of irreducible characters Irr(K @ A) — Irr(F ® A).

Theorem 4.10. Let K be a field of characteristic p. Suppose that p does not divide d, and
p does not divide l; for any i (the degrees of each polynomial). Let ¢ = (qix)1<i<no<k<i; be
a family of indeterminates such that ¢, = g, whenever s; and s; are in the same orbit
and Py(X) = Y a;x X"* € K|[q][X]. Then K(q) @ H(S, P) is separable and has the same

numerical invariants as K[G].

Proof. Consider the context of Theorem 4.9 with A = H(S, P), R = K|q|, F = Frac(R) =

K(q). We define f : R — K by f(gio) = f(gis,) = 1 and otherwise f(g;;) = 0, so that
the specialization given by f yields the algebra K[G)| = K[G]/(T!54 — 1).
First, by Corollary 4.8, K ® A = K|[G] is separable when char(K) does not divide

n

#Gy = 11 (Lid).

i=1

Then, as R is an integral domain, ' = Frac(R) is a field, so F ® A = K(q) ® H(S, P).
We want to show that Trpga,/p is symmetrizing, so that we can apply 4.7 to have that
F'® A is separable. By Theorem 2.8, (T,) g, is a basis of A =H(S,P). So (1®1T) is

a basis of I'® A. Moreover, Trrga/r specializes to Try g, x, which is symmetrizing by

Corollary 4.8. We have Trpga/p(107,)(1®711)) = Trpga/r(1@TTh) = 10 Tra x (T4Th)
by Lemma 4.3. As Tr4, g specializes to TrK[@,}/K which is non-degenerate, Trrg,/r is also

non-degenerate and thus symmetrizing. )
The conditions of Theorem 4.9 are satisfied, meaning that ' ® A = K(q) ® H(S, P)

and K ® A = K[G,] have the same numerical invariants. O

Corollary 4.11. If H(S, P) is defined over Clg], then C(q) @ H(S, P) and C[G}] have the
same numerical invariants. B -
Moreover, we have a bijection Irr(C[G,]) — Irr (C(D Q@ H(S, B))
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Proof. We apply Theorem 4.9 with: R = Clg], A = H(S,P), FF =C(q), K =C = K and
K®A = C[G)]. Theorem 4.10 already tells us that C(¢)®@H (S, P) and C[G)] have the same
numerical invariants. Moreover, as K = C = K, the last part of Theorem 4.9 says that the

specialization H (S, P) — C[G] induces a bijection Irr(C[G,]) — Irr(C(l) @ H(S, P)). O

5. TWO-GENERATED CYCLIC GROUP

At the beginning of Section A, we mentioned how the naive definition of a Hecke
algebra does not work in general, and we developed a different approach that provides
the expected results. However, we also mentioned that the naive approach does work for
a very particular solution of size. For this solution, the structure group is {(a,b | a* = b?)
and the germ is {(a,b | a® = b*,ab = ba = 1) ~ Z/4Z with algebra R(T,, T, | T? =
T2, T, T, = T, T, = p(T, +Ty) + q) with some p, q in R. The goal of this section is to prove
that in this particular case, the Hecke algebra has a basis indexed by the germ.

Moreover, we study a family of groups for which this approach works: torus knot
group, which are the only knot groups (fundamental groups of complements of knots
in the 3-sphere) which are Garside groups ([11, 19, 18]). For n and m integers strictly
greater than 1, the n, m-torus knot monoid (resp. group) is defined by the presentation
Tom = (a,b ] a™ =0™), and has as a Garside element A = a™ = b"™.

The goal of this section is to show that 7., has a Garside germ given by 7,,, =
Tnm/{ab=ba =1) ~ Z/(n + m)Z, and show that we have a Hecke algebra H, ,.(p,q) =
R(T, T, | T} = 1", 1,1, = Ty, = p(T, + Tp,) + q), i.e. that (Tg)gem is a basis of

Hn,m(p> q)
Proposition 5.1. 7, is a Garside group with germ Ty m = Z/(n + m)Z.

Proof. It is shown in [11, Example 4] that, with the given presentation, 7, ., is a Garside
group, with a Garside element A = a" = b™ and

Div(A) = {1,a,...,a" = b™ b™ L b2 . b},

The additive length ¢: 7, ,, — N can be obtained by setting ¢(a) = m, ¢(b) = n, so that
(a™) = nm = L(b™).
On the other hand,

Thus we have a bijection Div(A) — Ty, sending a (vesp. b) to @ (resp. b).
Let ¢ be the induced map of ¢ in Ty, ,,, i.e. £(a) =m,{(b) =n.
To show that 7y, ,, is a Garside germ of 7, ,,, we need to show that

T = (Tom | Y9, h € Trm, g - h = gh when £(gh) = {(g) + ((h)).

We will prove the isomorphism by showing that the presentation on the right reduces to
the presentation of 7y, ., as (a,b| a™ = b").

As {@,b} C T, Tom generates T, ,,,. Now for the relations, we have to consider the
products a'@’, b't’ and @'b’:

We have ((@') + (@) = im + jm = (i + j)m for 1 < 4,5 < n. Ifi+j < n, then
((a'a’) = €(a7) = (i+j)m. Thus we can omit @ for 2 < i < n from the generators. The

same holds for &, as 0(8') + 0(F’) = in+ jn = (i + j)n = 0(6"), if i + j < m. Thus we
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can omit b for 2 < i < m from the generators. The particular case of %m_l =0 =a
with £(b™) = nim = £(a") recovers the relation @ =0 .

However, the longest length in 7y, ,,, is £(a") = £(b"") = nm. Soifi+j > n, {(@)+0(@) =
in + jn = (i + j)m > nm, so there is no relation for this case. The same also holds for b
whenever i + 7 > m. .

Finally, /(@) + {(b’) = im + jnfor 1 <i<n,1 <j<m. Buta = 571, so ((@b’) =

(@) = (i—j)m, ifi > j

i 7 . =7 . In both cases this is smaller than im + jn, so there is no
(b )= —in,ifi<y

relation.
From this, we conclude that the only relation left that occurs from 7, ,, is a" = ",
showing the desired result. U

Now consider H,,m(p,q) = R(To, Ty | T2 = 17", T.Ty, = T, T, = p(T, + Ty) + q) for some
p,qin R.
Lemma 5.2. The followings hold:
(i) In Hpm(p,q) we have,

k-1 o
(a) T,TF = p" g+ p"T, + ¥ (0 + @)p" 1T} + pTf, for 1<k <m
=1

k-1 L
(b) T,TF = pF=tq+ p*T, + X (p? + )" 71T + pTk, for 1 <k <n
i=1
(it) (Ty) e generates Hpm(p, q)

Proof. For (i) we proceed by induction on k. If k = 1, then T, T}, = q+pT,+pT, = p' 'q+
p'T, + pT} (and the sum is empty). Now assume the equality holds for some 1 < k < m,

k—1 , .
then we have T,Ti" = (T,THT, = (0" ¢+ p"Ta + X (0° + Q" 'T} + pTH)T, =
i=1
k—1 , .
p*rqT, + p*T, T, + Z (P*+q)p k*’*TZH +ka+1 We have p*T, T, = p*(pT, + pT}, + q) =

pH T, + p* T, + pFq and we can rewrite Z (p? + @) Mt = Z (p? + q)p+D=i-1T}.
Thus rearranging the terms, we obtain T T"”Jr1 = phq + pkHT + pk LTy, + pF+iTy +
Z(p 4 q)p*H D=1 L T — q+pk+1Ta+‘;(p +q)p* D=1 L TR A totally

symmetrlc argument holds for T,T*.

For (ii), we can use that T"*! = T,T" = T,T/* (vesp. T = T, = T,T7) and
the apply the relations of (1) to reduce terms of high enough exponents. Thus, with the
relations of (1), any product of generators can be reduced to linear combinations of the
family (7},) O

g€7;1,m :

Theorem 5.3. The family (T,),c7— is a basis of Hnm(p,q). In particular Hpm(p,q)
has dimension n + m.

The proof will follow a common strategy for Hecke algebra of finite Coxeter groups, see
[17, Theorem 4.4.6].

Proof. Consider E the free R-module with basis (ey),7—. We are going to show that we
have an action of H, ,,,(p, ¢) over E induced by T,e; = e, and this will be enough. Indeed,
assuming we have a linear combination > =—7r,T; = 0 then 0 = (3 7—r,Ty)e; =
Y geTim Tg€g and since E is free over (eg) we deduce that r, = 0 for all g.
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We define the following action of 7, ,, on E, and show that it induces an action of
Hpm(p,q) on E:
o Thegr = €qr+t1, for0<k:<n—1
o Toey. = pFlger + pPe, + Z(p + q)p* ey + pewr, for 1 <k <m
o Thepe = eyt for0<k:<m—1
o Tyear = PP lqeq + prey, + Z (p? + @)p" ey + pegr, for 1 <k <n

In particular, T e, = Thepm = p™ Lqe; + pe, + Z (p +qQ)p™ ey + peyn.

We will to show that this action respect the deﬁmng relations of H,, m(p, ).

To verify that the action is compatible with the relation 7,7, = p(T, + T}) + ¢, we only
need to consider the cases of T,Tyey. and T, Tye,r, as the cases of TyT,epr and TyT,eqr
are obtained by symmetry. First assume that k& < m, then, on one hand, T,T,epx =

k .
Toep+r = pFaer + p" e + 3 (07 + )P ey + peyrr. On the hand, (pT, + pTy + q)ey =
i=1

k-1 .
pToe +qeps +pege = pFger +pFle, + 3 (p? + q)p ey +pPeys + qeyk + peyr1 and those
i=1

are easily seen to be equal by just noticing p2ey + qepr = (p* + @)pF Fep

k-1 ‘
Then, for k < n, we have T, Tye,x = T,(p* Lqer + pFey + 3 (p2 + q)p* " teg + pegr) =
i=1

p"ge, + pFThep + Z (p? 4+ q)p* " tegitr + pegrrr and a bit of rearranging the terms (and

changing indices of sum) show that this is equal to Tye,r+1 = TpT,e,x which, again by
symmetry, finishes the case k < n.

n—1 .
Now for k = m we have T, Tyepm = T, Tyean = To(p" Lqer +p e+ 3 (pP* +q)p" Loy +
i=1
Pean), SO
n—1
T, Tyeym = p" Lqeq + p"The, + Z:(p2 + )P egin 4 pTheqn. (6)

i=1
On the other hand,

(pT, + pTh, + q)evym = pTaepm + pTherm + qepm. (7)

The last term of Equation (6) and the first term of Equation (7) match, as ™ = b™. So
we have to show
n—1
Pl geq + " Toey + > (07 + Q)p" " eqint = pTheym + gepn.
i=1
On the left we expand T,e;, and on the right we expand Tyepn = Tyeq,n, where we respec-
tively obtain

pnqel +pn+1€b + Z(pZ + q)p(nJrl)fifleai
=1

and
n—1
p"ger +p" ey, + Z(p2 + q)p("ﬂ)*’*leai + p2egn + gegn
i=1
which also match as (p? + q)eqgn = (p? + q)pT—""len,

For T, T,eym the computation is totally similar.
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Then we can easily deduce that the relation 7' = T;" is compatible with the action:
Tlege = Tregn = Treym = T ey = T\ TFey = T egn

The first equality is obtained by T,e,x = ege+1 for k& < n. The second one by a” = b™.
The third equality is obtained by Tyeyr = eyr+1 for & < m. The fourth one follows from
the fact that we've shown that T,T, = T,T, is respected by the action.

Similarly, we have

Trey. = Tr'Trey = TFT ey = TFegn = TFeyn = T ey,
Showing that the action of H,, ,,,(p, ¢) on E is well-defined, and thus finishing the proof. [

We finish this section by relating this result with a well-known theory for Complex
reflection groups (CRG), following [25]:

Definition 5.4. Let V' be a complex vector space of finite dimension r.
A pseudo-reflection is a non-trivial element of GL(V') that fizes an hyperplane in V.
A complex reflection group of rank r is a finite subgroup of GL(V') generated by pseudo-
reflections. Moreover, a complex reflection group is called irreducible if it does not stabilize
any proper subspace of V.

The classification of all irreducible complex reflection groups was obtained by Shephard
and Todd in [28], involving an infinite family G(de, e, ) with d, e, r positive integers, and
34 exceptional cases Gy, G5, ..., G37. Moreover, the family of complex reflection groups
whose elements are real matrices correspond to finite Coxeter groups. Thus, they are
often seen as a natural generalization of finite Coxeter groups.

In [25], the authors give a topological definition of the Hecke algebra of a CRG. The
authors then show that for the infinite family G(de,e,r), the Hecke algebra admits a
presentation with generators 7 associated to the pseudo-reflections generating the CRG,
and relations of two types: "braid-like" relations, and relations of the form (T —us ) (75 —
Us1) -+ (Ts — s, ) for some integer e.

As in the section we focused on the Garside group 7, ,, of rank 2 with germ 7, ,
Z/(n + m)Z, we provide the statement of [25] for the case G(k,1,1) = Z/kZ:

Theorem 5.5 ([25, Propositions 4.22-4.24]). For the Hecke algebra of Cy = Z/kZ we
have

~

H(Cr) = Zluy, ..., u ) (T | (T — ur)(T —ug) -+ (T — uy) =0).
The specialization of u; at exp (]2%) induces a morphism H(Cy) — C ® Z[C].
Moreover, H(Cy,) is free of rank k, with basis {1,T,T? ... TF1}.

Remark 5.6. [t was remarked by Loic Poulain-d’Andecy ([23]) that, if R = Z, then
Hnm(p,q) is a specialization of H(Crim). Indeed, by Proposition 5.1 we have a bijection
between their respective basis given by T + T, and T""™ 1 s Ty,. The relation T,T;, =
p(T,+Ty) +q can then be rewritten as T"™™ = pT™t™ =1 4+ pT +q. Taking a specialization
of (uy,...,ug) at the complex roots of X" ™™ — pX"t™m=1 — pX — q € Z[X] then induces a
specialization H(Cpim) = Hpm (P, q)-

APPENDIX A. FINDING THE CORRECT DEFINITION VIA A DIAGRAMMTIC APPROACH

The first attempts to adapt the definition from Artin-Tits groups to Yang—Baxter
structure groups would be to quotient R[G] by something of the form T,m = ag_1Tya +
-+ 4+ a,Ts + ag. However, apart from a specific case mentioned in the following sections
(the unique non-trivial solution of size 2), this does not really work. Using the GAP
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package GBNP to compute a non-commutative Grébner Basis, shows that such quotient
won’t have the correct dimension (it collapses, almost always identifying all generators).
For instance, the GAP code in Program 1 checks, for a chosen cycle set of both size and
class 3, that no intuitive definition works.

#Setup
LoadPackage ("GBNP");
A:=FreeAssociativeAlgebraWithOne (Integers ,"a","b","c");
gens :=GeneratorsOfAlgebra (A);
e:=gens[1];a:=gens[2];b:=gens [3];c:=gens [4];
q:=100;
#Construct all subsets of elements of length < 3
words:=[e,a,b,c,a*a,a*xb,b*b,b*c,c*a,c*xc];
comb:=Combinations (words) ;
Remove (comb ,1) ;
sComb:=String (comb) ;
sComb:=ReplacedString (ReplacedString(
sComb ," (1)*","") ,"<identity ...>","e");
sCombx :=ReplacedString(ReplacedString(
ReplacedString (sComb ,"a","x"),"b","y"),"c","z");
sCombB:=ReplacedString(ReplacedString(

ReplacedString(sCombX,"X","b“),"y“,"c" ,“z",“a“);
sCombC:=ReplacedString(ReplacedString/
ReplacedString(sCombX,IIXII,IICII ,llyll,llall ’Ilzll,llbll);

combA:=EvalString (sComb) ;

combB:=EvalString (sCombB) ;

combC:=EvalString (sCombC) ;

l:=Length(combA);

#Compute dimensions of each quotient algebras

for i in [1..1] do

Print ("\r ")

Print(i,"/",1);

x:=combA[i]l;y:=combB[i]l;z:=combC[i];

rels:=[a*c-b*xb,b*xa-c*c,c*b-ax*a,
a*b*c-(gq-1)*Sum(x)-g*e,b*c*xa-(q-1)*Sum(y) -g*e,
c*a*xb-(q-1)*Sum(z)-qg*el;

KI:=GP2NPList (rels);

GB:=SGrobner (KI);

if DimQA (GB,0)=27 then

Print ("\n");

Print (Sum(x));

Print ("\n");

Print (Sum(y));

Print ("\n");

Print (Sum(z));

Print ("\n");

PrintNPList (GB);

Print ("\n");

fi;

od;

PrROGRAM 1. Checking dimensions of quotient algebras
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To do this verification for S = {s,t,u},¥(s) = ¥(t) = ¥(u) = (stu) = o, we consider all
relations of the form

Tga =21+ Y. asyTy, asy,€{0,1} CQ
geG
1<t(g)<2

and Ty = 0(Tya), T, = 0%(T,a) to retain the symmetry. Note that we chose a particular
specialization of the coefficients a;, as we expect the definition of the Hecke algebra to
work for all specializations. We then use the GBNP package functions to compute the
size of the quotient algebra (deduced from a non-commutative Grébner basis). We are
interested in quotient algebras which are free of rank #G = 3% = 27, so that we can

have (T,),.z as a basis. The only relation for which this happen is T,a = 271, i.e. a

non-interesting deformation of the group ring Z[G]. It is also worth to note that, in most
cases, the quotient is small to the point that the generators (7T)scs are identified.

This was tested for many small solutions, in particular the cyclic solutions such that
P(S) = o € G, leading to the alternative approach of Section 5. Thus the approach had
to be changed, and we are going to give a brief idea on how the current one was obtained.
The following approach was inspired by a talk given by L. Poulain d’Andecy in Caen [24].

For the Braids groups B,, whose Coxeter groups are &,, (of type A,_1), the generic
Iwahori—Hecke algebra can be defined by the diagrammatic relations as follows:

/
=(q-1)
( (

which can also be written as

j—qk =(q—1)
4 h

Intuitively, this means that we are "mostly" interested in the permutation associated
to the braid, which is related to the fact that the Coxeter group is &,,. In what follows,
we will explain the diagrammatical construction which gives the intuition of a "good"
definition of Hecke algebra.

J,.

Definition A.1. Let n be a positive integer. Consider the 2n points in R? with coordinates
(1,0),...,(n,0), (1,1),...(n,1). A family of n curves (C;: [0,1] = R?)1<;<,, is called a n-
strand permutation diagram if there exists a permutation o € &,, such that C;(0) = (i,1)
and C;(1) = (0(7),0).

In this case, C; is called the i-th strand.

The inverse of o will be called the permutation associated to the diagram. Equivalently,
the associated permutation can be read as the permutation obtained looking at the diagram
from bottom to top.

Two such diagrams are said to be equivalent if they define the same permutation.
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Example A.2. The following is a 4-strand permutation diagram with associated permu-

(12 3 4\ '
tation (2 3 4 1>_(1234).

If we have two n-strand permutation diagrams, we can stack one on top of the other to
obtain a new one (after rescaling vertically). This is illustrated in this example:

12 3 4
r 2 3 4 1 2 3 4 12 3 4
W -
T2 3 4 1 2 3 4 1 2 3 4
12 3 4

The associated permutation of the first (resp. second) diagram in the product is given by
(1234)71 = (4321) (resp. ((12)(34))"" = (12)(34)). And the permutation of their stacking
is (24)~! = (24), which is also equal to (4321) o (12)(34). The fact that the permutation
of the stacking is the product of the permutation holds in general, as indicated by the
following;:

Proposition A.3. There is an isomorphism between the group of n-strand permutation
diagrams up to equivalence and S,,.

Proof. Consider the stacking of two diagrams with associated permutations respectively
o and 7. The first diagram sends ¢ to (i), and the second one sends (i) to 7(o (7). So we
obtain that the permutation of the stacking is the product of the permutation. This im-
plies that, when considering diagrams up to equivalence (defining the same permutation),
the stacking operation is a group law: associativity is clear, the identity is the equivalence
class of diagrams with trivial permutation, and inverses are given by the equivalence class
of diagram with the inverse permutation. In other words, the map sending a diagram to
its associated permutation is a morphism.

Moreover, diagrams are considered up to the equivalence relation of defining the same
permutation. Thus there is a unique equivalence class of diagrams with trivial permuta-
tion, and so this morphism is an isomorphism. ([l

Definition A.4. Let ' be a group. A T'-marked permutation diagram is a permutation
diagram where strands can be marked anywhere by elements of I'. There can be multiple
ordered elements for one strand. Moreover, a marking by 1 € T" is considered equivalent
to no marking.
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Two markings of one strand are equivalent if they are identified by the group law as

follows:
g
h

Example A.5. We will later focus on Z and 7/dZ markings. As those groups are cyclic,
we can simplify the markings:

For Z, associate to +1 the marking by e and to —1 the marking by o. A marking by a
positive integer n then corresponds to n markings by e, and similarly for negative integers
with o.

For Z/dZ, we will only consider markings by ® which corresponds to the class of +1.

The following is a Z-marked 3-strand permutation diagram, where the strand 1 to 3 are
respectively marked by 2, 0 and -3:

Remark A.6. We can always move all the markings to the top (or bottom) of a strand.
This also applies when stacking two diagrams, as illustrated in the following for 7./37Z-
marked 3-strand permutation diagrams:

where the equality is the stacking operation, the first equivalence is the equivalence of
permutation diagram, and the second equivalence is the fact that we have a Z/37Z-marking
(soeee=3e=0)

Consider the action of &,, on G™ by permuting the entries, i.e. ¢ sends the i-th entry
to the o(i)-th one, or, equivalently, o - (g1,...,9n) = (go-1(1)s- - -+ Jo-1(n)) -

Proposition A.7. The group of I'-marked n-strand permutation group is isomorphic to
' % &, where &,, acts by permuting the entries of I'™.

Proof. Let (g1, ...,9n,0) be an element of [ x &,,. Consider the map f sending such an
element to the permutation diagram associated to o and where the i-th strand is marked
by gi.

We have f ((g1,---,9n,0)(P1,- .. he, 7)) = f(g1ho1(1)s - - - Gnho-1(n), OT).

On the other hand, when stacking f ((g1,...,9n,0)) and f ((hy, ..., h,, 7)) from bottom
to top. The permutation associated to this diagram is o7 by Proposition A.3. Moreover,
the top diagrams has an i-th strand that is followed by the o~!(i)-th strand of the second
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diagram. Thus, the markings on the i-th strand of the diagram after stacking is giho—1(;).
From this, we deduce that f is a morphism.

Now, f ((g1,---,9n,0)) is trivial if and only if the diagram has trivial permutation and
markings, so 0 =id and ¢, = --- = g, = 1. This means that f is injective.

Finally, consider a diagram with associated permutation o and markings g1, ..., g,.
By the definition of f, the given diagram is equal to f(g1,...,gn, o), meaning that f is
surjective. Thus f is an isomorphism. O

We can finally arrive at a diagrammatical representation of structure groups and germs
of solutions, which corresponds to the I-structure of [14, 16] and Theorem 1.15.

Theorem A.8. Let S be a cycle set of size n and class d. Then its structure group G
(resp. germ Gy) is isomorphic to a subgroup of Z-marked (resp. Z/ldZ-marked) n-strand
permutation diagrams. Moreover, an element is uniquely determined by its marking as a
diagram.

Proof. By Theorem 1.15, we know that G embeds as a subgroup of Z" x &,, such that
restricting to the first coordinate is bijective. Theorem 1.16 gives a similar embedding of
Gy in (Z/ldZ)" x &,,. In both cases, we then apply Proposition A.7 to conclude. O

Remark A.9. A way to interpret the quotient G — G, through the diagram is to visualize
the strands as having thickness in 3-dimensions, and consider the markings as twists. In
G, a marking as @ = +1 € Z can be seen as a twists by %. Then, quotienting to G|
amounts to considering a full twist as trivial.

Now going back to the analogy with Artin—Tits group, where the focus to obtain the
Iwahori—-Hecke algebra was the permutation associated to a braid. Here the permutation
of the braid is an obstacle when we only care about the number of circles/twists (the I'"
part). This is why we will consider deformations which only involves elements with trivial
permutation. so in our case using s!%. For instance, the analogue of s> = (g —1)s + ¢ will
be sld? = (¢ —1)s!9 + ¢ (where (s!4)? = s24). This means we will consider bigger germs,
like here Gy = G//(s12¥) to be able to obtain a Hecke algebra.

The visualization through marked permutation diagrams allows us to understand an
important difference between the Garside structures of Artin—Tits groups and Structure
groups of solutions to the Yang—Baxter equation. In particular, it yields the intuition on
why the "correct" definition will involve elements with trivial permutation.
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