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CYCLES OF FREE WORDS IN SEVERAL INDEPENDENT RANDOM
PERMUTATIONS WITH RESTRICTED CYCLE LENGTHS

FLORENT BENAYCH-GEORGES

ABSTRACT. In this text, we consider random permutations which can be written as free words
in several independent random permutations: firstly, we fix a non trivial word w in letters
gL 9r 5 Gk g;l, secondly, for all n, we introduce a k-tuple s1(n),..., sk(n) of independent
random permutations of {1,...,n}, and the random permutation o, we are going to consider
is the one obtained by replacing each letter g; in w by s;(n). For example, for w = glggggggl,

on = s1(n) o s2(n) o s3(n) o sa(n)~*. Moreover, we restrict the set of possible lengths of the
cycles of the s;(n)’s: we fix sets Ai,..., Ay of positive integers and suppose that for all n, for
all 4, s;(n) is uniformly distributed on the set of permutations of {1,...,n} which have all their

cycle lengths in A;. For all positive integer [, we are going to give asymptotics, as n goes to
infinity, on the number N;(o.) of cycles of length | of ¢,,. We shall also consider the joint
distribution of the random vectors (Ni(on),...,Ni(on)). We first prove that the order of w
in a certain quotient of the free group with generators gi, ..., gr determines the asymptotic
order of the random variables N;(c,) as n goes to infinity. We also prove that in many cases,
the distribution of N;(oy) converges to a Poisson law with parameter 1/] and that the random
variables N1 (on), N2(or), ... are asymptotically independent. We notice the surprising fact that
from this point of view, many things happen as if o, were uniformly distributed on the n-th
symmetric group.

1. INTRODUCTION

1.1. General introduction. It is well known that if o, is a uniformly distributed
random permutation of {1,...,n} and for all [ > 1, one denotes the number of cycles of o,, with
length [ by Nj(c,,), then for all k£ > 1, the joint distribution of (Ny(oy,), ..., Nk(oy)) converges
in distribution, as n goes to infinity, to Poisson(1/1) ® --- ® Poisson(1/k). The law of “large
cycles” can be recovered using the Poisson-Dirichlet distribution, but in this paper, we are only
going to deal with “small cycles”, i.e. cycles with a size which does not vary with n.

In [Ni94], Nica was the first to consider the case where oy, is a free word in several independent
random permutations: he fixed £ > 1 and a free word w in the letters g1, g, L Gk gk_l, he
introduced, for all n, a k-tuple s1(n), ..., sg(n) of independent random permutations uniformly
distributed on the n-th symmetric group, and he proved that under the hypothesis that w is not
a power of another word, if one defines o, to be the random permutation obtained by replacing
each letter g; in w by s;(n), then for all positive integer I, N;(o,,) converges in distribution, as
n goes to infinity, to a Poisson distribution with mean 1/I. His result was reproved recently
by Linial and Puder in [LP0§]|, where it appeared that free words in random permutations are
relevant to analyze spectrums of n-lifts of graphs. None of these papers considered the joint
distribution of the N;(o,,)’s.
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2 FLORENT BENAYCH-GEORGES

Independently, in [YO07] and in [BGOT], the authors considered random permutations whose
distribution is not uniform on the whole symmetric group, but on the set of permutations of
{1,...,n} which have all their cycle lengths in a fixed set A of positive integers. This kind of
random permutation has been the subject of study by a number of authors for more than thirty
years (for a review of the literature in this area, see [Y0§]). It was proved [BGO07| that if A is
finite with greatest element d, then as n goes to infinity, such a random permutation tends to
get not far away from having order d: the cardinality of the subset of {1,...,n} covered by the
supports of cycles with length d in such a random permutation is asymptotic to n. It was also
proved [Y07, BGO7] that if A is infinite, then the order of such a random permutation goes to
infinity as n does.

In the present paper, we shall somehow mix both of the previously presented problems: we
shall fix k& > 1, a free word w in the letters gl,gl_l, e ,gk,ggl, and a list Ay,..., Ay of sets of
positive integers satisfying a technical assumption:

1
(1) Vi, A; is finite  or  satisfies Z - < 00.

i>1jgA;”

Then for all n such that it is possible, we shall introduce a k-tuple sj(n), ..., sg(n) of independent
random permutations such that for all ¢, s;(n) is uniformly distributed on the set of permutations
of {1,...,n} having all of their cycle lengths in A; and define o,, to be the random permutation
obtained by replacing each letter g; in w by s;(n).

1.2. Link with a quotient of the free group generated by g1,...,g;. Since, as explained
above, for ¢ such that A; is finite, s;(n) is not far away from having order d; := sup 4;, it is
natural to expect that for large values of n, the distribution of ¢,, will depend firstly on the word
obtained from w by removing all sequences of the type gfcd" for ¢ such that A; is finite. This is
what has led us to introduce the group Fj/ [gfl, ey ggk] generated by free elements g1, ..., gr
and quotiented by the relations gfl" = 1for i € [k], with d; = sup A; (when d; = 400, the relation
gfi = 1 is not included). Our more general results, respectively Theorems B.§ and B.4), are the
followings:

- If the element of Fy/ [gill, . ,ggk] represented by w has finite order d > 1, then, as
n tends to infinity, Ny(o,)/n converges to 1/d and for all [ # d, N;(o,)/n converges
to 0. This means that o, is not far away from having order d: the cardinality of the
subset of {1,...,n} covered by the supports of the cycles with length d in such a random
permutation is asymptotic to n.

- If the element of Fj/ [gfl, . ggk] represented by w has infinite order, then two cases
can occur:
(i) The element of Fj,/[¢f",..., ggk] represented by w is not conjugate to an element

represented by a word of the type ¢, with ¢ € [k], @ an integer: then for all { > 1,
lim inf(E(N;(04,))) > 1/1.

n—~o0

(ii) Thereisi € [k] such that A; is infinite and « a nonzero integer such that w represents
the same element, in Fj/ [gill, . ,ggk], as the word ¢f*: then for all { > 1 such that
l|Oé| € A;,

lim inf(E(N;(0,))) > 1/1.

n—o0o
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This means that the cycles of the letters of w are going to mix sufficiently well to give
rise to cycles of most lengths, at least as much as in a uniform random permutation,
even when the letters of w have very restricted cycle lengths.

1.3. Weak limit of the distributions of the N;(0,)’s. Then, we are going to prove more
precise results: under certain hypotheses on w, for all [ > 1, the joint distribution of the random
vector

(N1(on), ..., Ni(on))

converges weakly, as n goes to infinity, to
Poisson(1/1) ® Poisson(1/2) ® - - - ® Poisson(1/1),

just as if the distribution of ¢, would have been uniform on &,. When all A;’s are infinite
(Theorem @), our hypotheses are that w is neither a single letter nor a power of another
word. If some of the A;’s are finite, we prove this result for w = g --- gx (Theorem B.§), with
the exception of the case k = 2 and A; U Ay C {1,2} (i.e. of the product of two random
involutions), where we prove that the N;(o,)’s are still asymptotically independent, but that
their asymptotic distributions are slightly different (Theorem B.19).

These results extend on the one hand a result of Nica (reproved by Linial and Puder in
[LP0Y]), who proved in [Ni94] that in the case where all A;’s are equal to the set of all positive
integer and where w is not a power of another word, for all [ > 1, the distribution of N;(oy,)
converges weakly to Poisson(1/l) (without considering the joint distribution), and on the other
hand a result of Neagu, who proved in [Ne07 that the number of fixed points of o, is o(n).
Here, we shall mention that much of the methods we use in this paper are inspired by the ones
invented in [Ni94, Ne07], and that we use many of their results.

1.4. Comments on these results and open questions. a) In this paper, only small cycles
(i.e. cycles which size does not depend on n) are considered by our investigations. It would be
interesting to know if it is possible to prove a limit theorem for the whole random partition of
{1,...,n} defined by the cycles of o,. It is natural to expect a Poisson-Dirichlet distribution

[P02, ABT0Y.
b) Another interesting question arising from the similarity between o, and a uniform random

permutation on &, is the following: do we have a characterization of the words w such that for
n large enough, o, is uniformly distributed ?

1.5. Notation. In this text, for n an integer, we shall denote by [n] the set {1,...,n} and by
S,, the group of permutations of [n]. For A a set of positive integers, &,,(A) denotes the set
of permutations of [n] whose cycles have length in A. For 0 € &,, and | > 1, we shall denote
by N;(o) the number of cycles of length [ in the decomposition of o as a product of cycles with
disjoint supports. For A > 0, Poisson(\) will denote the Poisson distribution with parameter A.

2. COMBINATORIAL PRELIMINARIES TO THE STUDY OF WORDS IN RANDOM PERMUTATIONS

2.1. Words and groups generated by relations.
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2.1.1. Words. Let, for k > 1, M}, be the set of words in the letters gl,gl_l, e ,gk,gk_l, i.e. the
set of sequences gi' --- gi", with n > 0, i1,...,i, € [k], a1,..., 0, = £1. A word w € My is
said to be reduced if in its writing, no letter is followed by its inverse. It is said to be cyclically
reduced if moreover, the first and the last letters are not the inverses of each other.

A cyclically reduced word is said to be primitive if it is not the concatenation of d > 2 times
the same word.

For w = gi* - -gmj‘” € My and s = (s1,...,s;) a k-tuple of elements of a group, w(s) denotes
a1 | Gl

S ; .
5 ]

2.1.2. The quotient of the free group with k generators by the relations g‘li1 =1,... ,gg’“ =1. Let
Fy, be the free group generated by g1,...,gx. This is the set of reduced words of M, endowed
with the operation of concatenation-reduction via the relations g;g; =1, 9; lgi=1,i¢ [k]. For
w,wy € My with wg reduced, w is said to represent or to be a writing of the element wq of Fj
if one can reduce w to wq via the previous relations. For example, g19395 L1 is a writing of g3.

Consider dy,...,d; € {2,3,4,...} U{oco}. Let Fk/[gfl,...,g,‘i’“] be the group Fj quotiented
by its normal subgroup generated by the set {gf" ;i € [k],d; < oo}, A word w € My is said to

represent or to be a writing of an element C of F}/ [gfl, cee gzk] if it is a writing of an element
of C (seen as a subset of F},).

Theorem 1.4 of Section 1.4 of [MKS66] states the following facts.

Theorem 2.1. (a) Any element of Fk/[gill,...,ggk] has a writing of the type gf‘ll e gpr with
n>1,i #ig# - F#in € [k], a1,...,ap integers such that 0 < |ay| < d;y,..., 0 < |an| < d;,,
and this writing is unique up to replacements of the type

dij“l‘aj
J J
LN
QZj —dij +a;

gz-

J

if aj <0 and d;; < oo,

if aj >0 and d;; < oo,
with j € [n].

(b) In any conjugacy class of the group Fk/[gfl, . ,ggk], there is an element represented by a
word of the previous type such that moreover, i, # i1, and such a word is unique up to replace-

ments of the previous type and to transformations of the type gi\' -+ g7 — gi" g5\' -+ - gf;”:ll

Let us define the (d; ..., dy)-cyclically reduced words to be the words of the type gf‘ll gf;"
with n > 0, i1 # g # -+ # in # 11 € [k], au,...,q, integers such that 0 < |a1| < djy,. . -,
0< |Oén| < dzn

Consider a cyclically reduced word w € M. We shall call a partial (dy, ... ,dy)-cyclic reduction
of w a word which can be obtained from w in a finite number of steps of the following types:

(a) uwv — vu, with u,v € My,

(b) ugf‘diu_lfu — v, with i € [k], a a nonzero integer, u a nonempty word and v € My, a
cyclically reduced word,

(c) gf‘div — v, with ¢ € [k], a a nonzero integer, and v a word which can be written v = g; v/,
with 8 an integer, || < d; and v" a word whose first and last letters do not belong to

{gi,9; "}
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A partial (dy,...,dg)-cyclic reduction of w which is (dj ...,dg)-cyclically reduced is called a

(dy...,dg)-cyclic reduction of w. In general, there is more than one (d; ..., dy)-cyclic reduction
of w, but if there is only one, we call it the (d; ..., dy)-cyclic reduction of w.
For example, for d; = 4,dy = 5, the following words are partial (dy, ..., dy)-cyclic reductions

—4 -1 -1
of w=g3g1959397 95 91 ' g5
9591959391 *95 97, dSgsar st 92939193, 9391 t9itae, g

The last one is a (d; ..., d)-cyclic reduction of w.

2.2. Admissible graphs and partitions. Colored graphs associated to words and
permutations.

2.2.1. Basic graph theoretic definitions. In this text, we shall consider oriented edge-colored
graphs with color set [k]. These are families G = (V; Ey, ..., Ey), where V is a finite set (its
elements are called the wertices of G) and for all r € [k], E, is a subset of V2 (the set of edges
with color r of G). For e = (u,v) edge of G, u (resp. v) is called the beginning vertez of e (resp.
the ending vertez of e) and is denoted by Beg(e) (resp. End(e)). e is often denoted by u — v.
Note that the E,’s are not supposed to be pairwise disjoint. Throughout this paper, the color
set of the edges will always be [k], so it will often be implicit.

For r € [k], G = (V; Ex,..., Ey) is said to be monochromatic with color r if for all i # r,
E; = (. If moreover,

V=A{vy,...,u}and E, = {v;y - vg — -~ = v} (vesp. E, ={v; » vy — -+ = vy = v1}),

with { > 1 and vy, ..., v; pairwise distinct, G is said to be a monochromatic directed path (resp.
monochromatic directed cycle) with length I — 1 (resp. [).

A subgraph of a graph (V;Eq,...,Ey) is a graph of the type (W, Fy,..., Fy), with W C
V.Fi C Ey,...,F, C E.

A monochromatic directed cycle (resp. a monochromatic directed path) of an oriented edge-
colored graph is a subgraph which is a monochromatic directed cycle (resp. a monochromatic
directed path).

A graph (V; Ey, ..., Ey) is said to be the disjoint union of the graphs (V'; Ef,..., E}) and
(VWE!,...,E)iftV=V'UV" E;, =E{UEY, ..., B = E; UE] and all of these unions are
disjoint.

An isomorphism between two oriented edge-colored graphs (V; En, ..., Ey), (V;Eq, ..., E})
is a bijection ¢ : V' — V' such that for all u,v € V, for all r € [k], one has

u—v € E, < p(u) — pv) € E.

2.2.2. Admissible graphs and partitions. Recall that a partition A of a set X is a set of pairwise
disjoint, nonempty subsets of X (called the classes of A) whose union is X. In this case, for
z,y € X, “e =y mod A” and “A links x and y” both mean that z,y are in the same class of
A. Since A is a set, |A| denotes its cardinality.

For any function 7 defined on a set X, we shall denote by Part(y) the partition of X by the
level sets of 7.

Let G be an oriented edge-colored graph with color set [k] and with vertices set V.
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G is said to be admissible if two different edges with the same color cannot have the same
beginning or the same ending vertex.

We are going to use the notion of quotient graph, that we define now. Let us define, for A a
partition of V', G/A to be the oriented edge-colored graph whose vertices are the classes of A
and such that for all C,C" classes of A, for all r € [k], there is an edge with color r from C' to
C’ in G/A when there is an edge with color r in G from a vertex of C' to a vertex of C.

Remark 2.2. Note that clearly, if A1 is a partition of V and As is a partition of A1, then
the oriented edge-colored graph (G/A1)/As is isomorphic to G /T, where T' is the partition of V'
such that for all x,y € V, x =y mod I' if and only if the classes of x and y in A1 are in the
same class of As.

A partition A of V is said to be an admissible partition of G when the graph G /A is admissible,
i.e. when for all pair (e, f) of edges of G with the same color,

Beg(e) = Beg(f) mod A <= End(e) = End(f) mod A.

In the following proposition, whose proof is obvious, we define the operator Adm on the set
of oriented edge-colored graphs.

Proposition 2.3. Let G be an oriented edge-colored graph. Let A be the partition of the vertex
set of G which links two vertices r,s if and only if there are n > 0, tg = r,t1,...,t, = s some
vertices of G, i1,...,in € [k], and 1,...,e, € {1} such that:

- the reduction of the word gfll ‘e gf:: 1s the empty word,

- for all 1l € [n], the i;-colored edge t;_1 — t; (resp. t;_1 < t;) belongs to G if eg = 1 (resp. if
g =—1).

Then A is the minimal partition P (with respect to the refinement order) such that G/P is
admissible.

With the notations of the previous proposition, the partition A will be called the minimal
admissible partition of G and G/A will be denoted by Adm(G).

Remark 2.4. Let H be an oriented edge-colored graph with vertex set W and let G be a subgraph
of H with vertex set V.. Then Adm(H) can be obtained (up to an isomorphism) from Adm(G),
by adding to Adm(G) the vertices and edges of H which are not in G, and then quotienting the
obtained graph by its minimal admissible partition. More specifically, if, for each verter v of
G, one denotes by T the class of v in the minimal admissible partition of G, then Adm(H) can
be identified, via an isomorphism, with Adm(H'), where H' is the oriented edge-colored graph
whose vertex set is the union of the vertex set of Adm(G) with the set W\V and whose set of
edges of color i, for each i € [k], is the union of the set of edges of color i of Adm(G) with the
set
{w — w'; w,w € W\V,w— w i-colored edge of H}
U{T = w;veV,we W\V,v— w i-colored edge of H}
WHw —7;veV,we W\V,w— v i-colored edge of H}.

Lemma 2.5. Consider an oriented edge-colored graph G = (V; Eq,...,Ex), r,s,t € V, i € [k]
such that s — t € E;. Then for H the oriented edge-colored graph obtained from G by adding,
if it is not already in G, the i-colored edge r — t (resp. s — r), Adm(H) is isomorphic to
Adm(G/{r = s}) (resp. Adm(G/{r = t})), where for u,v € V, {u = v} denotes the partition
of V whose classes are all singletons, except one: {u,v}.
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Proof. The proof is immediate with Remark P.9 and the following observation: for I' an
admissible partition of G, if, for any v € V', one denotes by v the class of v in I, then

T =73 (resp. T=1) <= T —t (resp. S — T) is an i-colored edge of G/T.

O

2.2.3. The graph G(o,w). Fixk,p>1,0 € §yandw = g;," - -- g:w € M, a nonempty word. In

[Ni94], Nica defined G(o, w) (denoted by H,-1%w in his paper) to be the directed, edge-colored
graph with vertex set V' := [p] x [|w|] and whose edges are the followings: for all (m,1) € [p]x[|w]],

m, L+ 1) Tf L, is an 4;-colored edge of G(o,w),
Y(m),1) if I = fwl,

m,l+1) Tf L Jwl, is an 4;-colored edge of G(o,w).
o=t (m),1) if I = Jul,

=1 = (m,l)—>{g
o=-1 = (m,l)<—{g

In the case where p =1 and o = Id, we shall denote G(o,w) by G(w) and identify its vertex
set with [Jw|] by (1,1) ~ [ for all | € [Jw|]. We will also use the convention that if w is the empty
word, then G(w) is the graph having 1 for only vertex and no edge.

For example, for w = 9192939492_19192_195, G(w) is the graph
2—2—>3

S \
e N

—e>
QU<

N A
N e

7=<1—6

where the colors of the edges appear on them. We shall give examples of graphs of the type
G(o,w) after the following lemma, which expresses G(o,w) as a disjoint union of graphs iso-
morphic to G(w®), with a > 1.

Lemma 2.6. G(o,w) is the disjoint union of Ny(c) graphs isomorphic to G(w'), No(o) graphs
isomorphic to G(w?), ..., Ny(o) graphs isomorphic to G(wP).

Proof. Let us denote G(o,w) = (V; Ey,...,Ey). If I,J are disjoint subsets of [p] stabilized
by o, then in G(o,w), there is no edge between elements of Ix[|w|] and Jx[|w|]. Hence G(o, w)
is the disjoint union of the graphs (V(c); E1(c),..., Ex(c)), where c varies over the set of cycles

of o, and where for any such cycle ¢, with support C' C [p], V(c¢) = C'x[Jw|] and for any i € [k],
Ei(c) = E;n (V(c)?).

Hence it suffices to prove that for any d € [p], for any cycle ¢ = (m1ma---myg) of o of length
d, there is an isomorphism between (V(c); E1(c), ..., Ex(c)) and G(w?). The function which
maps (mg, 1) € {mi,ma,...,mg}x[|w|] to (d —1i)|w| 4+ € [d|w]] is such an isomorphism. O
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For example, when w = glgggflgz_l, p = 3 and o is the cycle (123), G(o,w) is the graph
(1,1) —1—= (1,2) —2— (1,3) <-1— (1,4) ==2— (3,1) —1—= (3,2)

i i

(27 4) —l= (27 3) <2— (27 2) <1— (27 1) —2—> (37 4) —l= (37 3)
where the colors of the edges appear on them.

When w is still g1929; 192_ ! but p = 5 and o is the product of disjoint cycles (123)(45),
G(o,w) is the disjoint union of the previous graph and of

(4,1) —1—> (4,2) —2—> (4,3) <1— (4,4)

i i

(5,4) —1— (5,3) =<2— (5,2) <1— (5,1)

2.2.4. Admissible graphs with restricted monochromatic directed cycle and directed path lengths.
Let us fix Ay, ..., A; nonempty sets of positive integers, none of them being {1}. Let dy, ..., dx
denote respectively sup Ay, ...,sup A (which can be infinite).

If an oriented edge-colored graph G is admissible, it is easy to see that for all i € [k], the
graph obtained from G by erasing all edges whose color is not i is a disjoint union of di-
rected paths and directed cycles. If for each i € [k], all these directed cycles have length in
A; (resp. length equal to d;) and all these directed paths have length < d;, G will be said to
be (Ai,..., Ai)-admissible (vesp. (dy,...,dy)-strongly admissible). A partition A of the vertex
set of an oriented edge-colored graph G will be said to be an (Ay,..., Ag)-admissible parti-
tion (resp. a (di,...,dy)-strongly admissible partition) if G/A is (Ai,..., Ax)-admissible (resp.
(dq,...,dy)-strongly admissible).

We define the Neagu characteristic of an admissible oriented edge-colored graph G to be

A k
X(G) = |{vertices of G}| — Z [{edges of G with color 7}| + Z Z lengtdﬂ’
r=1 '

r=1 L directed cycle
of G with color r

with the convention /oo = 0.

Let G = (V; Eq,..., Ex) be an admissible oriented edge-colored graph. A direct extension of
G is a graph G’ of one of the following types:

-G = (VU{T’};El,...,EZ'_l,EZ‘U{S — T‘},Ei+1,...,Ek), with r ¢ V,ie€ [k’], and s € V
such that no edge of G with color ¢ has s for beginning vertex,

-G = (VU{r}Er,...,Ei1,E;U{r — s},Eiy1,...,E;), withr ¢ V, i€ [k],and s € V
such that no edge of G with color i has s for ending vertex,

-G = (V, Ey,....E_1,E; U {7" — S},EZ’+1,. .. ,Ek), with ¢ € [k?] such that d; < oo,
r,s € V such that no edge of G with color ¢ has r for beginning vertex, no edge of G
with color ¢ has s for ending vertex, and there exists ¢1,...,t5, € V pairwise distinct
vertices such that t1 = s,t4, = and t; — to,t0 — t3,...,tq,—1 — ta, € Ej.

In other words, a direct extension of G is an admissible oriented edge-colored graph which
can be obtained from G either by adding a vertex and connecting this vertex to a vertex of G
by an edge of any sense and color, or by adding an edge which closes a monochromatic directed
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cycle with color i € [k] of length d;. In the first case, the direct extension G C G’ is said to be
vertez-adding, whereas in the second one, it is said to be cycle-closing.

For example, for d3 = 4, the graphs G,G',G”,G" below (where the colors of the edges
appear on them) are such that G C G’ C G” C G are direct extensions, the first ones being
vertex-adding, whereas the last one is cycle-closing.

G=1—>2-—2-3, G=1—=92—2-3<3—7
6<1—5—2>4 6<1—5—2>4

G=1 1>2—2-3<3—7, G=1a>2-2-3<3-7

R R

6<1—5—2>4 8 6 <1—5—2>4—3>38

An extension of G is an oriented edge-colored graph G’ such that there is n > 0, Gy =
G,...,G, = G’ such that for all i = 1,...,n, G; is a direct extension of G;_1. Such an integer
n is unique (it is the number of edges of G’ minus the number of edges of G) and will be called
the degree of the extension.

In other words, an extension of G is an admissible oriented edge-colored graph which can
be obtained from G by successively adding vertices and/or edges without adding either any
connected component or any monochromatic directed cycle whose length is not d; when its color
is 1.

Remark 2.7. It can easily be proved, using admissibility, that a vertex or an edge of an extension

of G which is not a vertex of G cannot belong to a monochromatic directed cycle with color i € [k]
whose length is not equal to d;.

Lemma 2.8. The Neagu characteristic is preserved by extension.

Proof. It suffices to prove that the Neagu characteristic is preserved by direct extension. In
the case of a vertex-adding direct extension, it is obvious. In the case where the direct extension
is monochromatic directed cycle-closing, it suffices to notice that the admissibility implies that
exactly one monochromatic directed cycle is closed. O

The following lemma is the key result of this section. Recall that for u,v in a set V, {u = v}
denotes the partition of V' whose classes are all singletons, except one: {u,v}.

Lemma 2.9. Consider an oriented edge-colored graph G which is an extension of the graph
G(w), with w € My, a cyclically reduced word such that the order, in Fy./[gP, . .. ,ggk], of the
element represented by w is either infinite or equal to one. Suppose that for a certain i € [k]
such that d; < oo, G' contains an i-colored directed path tg — t1 — --- — tg, with length d;.
Then there is a partial (dy, ..., dy)-reduction W of w such that Adm(G/{to = tq,}) is isomorphic
to an extension of G(w).

Remark 2.10. Note that by definition of the operator Adm and by Remark B.3, with the nota-
tions of the previous lemma, there is a partition A of the vertex set of G such that Adm(G/{to =
ta,}) can be identified with G/A. Clearly, by definition of {to = tq,} and of Adm, if two vertices
of r,s of G are in the same class of A, then there are n > 0, xg = r,x1,...,Ty, = S Some vertices
of G, iy,...,in € [k], and 1,...,e, € {1} such that:

- the (di, ..., dg)-reduction of the word g;' --- gi* is the empty word,
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- for all | € [n], the i;-colored edge x;_1 — x (resp. x—1 < ;) belongs to G if e =1 (resp. if
g =-—1).

Proof of the lemma. The lemma is a consequence of the following proposition, that we shall
prove by induction on (|w|,n) (for the lexical order <): for all w € My, a cyclically reduced word
such that the order, in Fj/ [gfl, ey ggk], of the element represented by w is either infinite or
equal to one, for all extensions G of degree n of G(w), if for a certain i € [k] such that d; < 0o, G
contains an i-colored directed path tg — t; — - -+ — t4, with length d;, then Adm(G/{to = t4,})
is either isomorphic to an extension of G(w) with degree < n or isomorphic to an extension of
G(w) for a certain strict partial (dy,...,dy)-reduction @ of w.

For |w| =0 and n = 0, then G = G(w) is a single point, thus there is nothing to prove.

Now, let us consider a cyclically reduced word w such that the order, in Fj/ [gfl, R gg’“ ], of
the element represented by w is either infinite or equal to one, and an extension G of G(w) with
degree n such that (0,0) < (Jw|,n), and let us suppose the result to be proved for any word w’
and any extension G(w') C G’ with degree n’ such that (Jw'|,n’) < (Jw|,n). Suppose that G
contains an i-colored directed path tg — t; — --- — t4, with length d;.

e If n =0, then G = G(w), and up to a cyclic permutation of the letters of w (which, up to
an isomorphism, does not change G(w)), one can suppose that one of the following cases occurs:

Case 1: w = ug;" diu_lﬁ), with a a nonzero integer, « nonempty word and w € My a cyclically
reduced word, and there is an integer j, 1+ |u| < j <1+ |u| + (Jo] — 1)d;, such that

tQZj,tlzj—i-l,...,tdi:j—i-di if >0,

to=7+d;,t1 :j—i-di—l,...,tdi =4 ifa<O.
Case 2: w = g d"u?, with o a nonzero integer and w a word which can be written w = giﬁ v, with 8
an integer, || < d; and v a nonempty (except possibly if 3 = 0) word whose first and last
letters do not belong to {g;, g; '}, and there is an integer j, 1 < j < 1+ (Ja| —1)d; + 3],

such that
to=jt1i=7+1,...,tq, =7+ d; if a > 0,
to=7+dit1 :j—l-di—l,...,tdi =j ifa<0.
Note that in both cases, @ is a strict partial (dy,...,dg)-reduction of w. We are going to prove

that Adm(G(w)/{to = tg,}) is isomorphic to an extension of G(w).

In Case 1, let us write u = gfll e g;‘u““, with iy, ..., 9, € [K], €1,...,€]y € {£1}. Let us define
the sequence of direct extensions G(w) = Go C G1 C -++ C GJy4q; in the following way (we
consider a copy 1,2/, ... of the set of positive integers):

1) First add the vertex 1’ and the i1-colored edge 1 — 1’ or 1 « 1" according to whether
€1 =1 or —1. This is a direct extension, because since w is cyclically reduced, we know
that if the last (resp. first) letter of @ is g;, with € € {1}, then e = 1 (resp. —e1).

2) Then add the vertex 2" and the is-colored edge 1 — 2" or 1/ «— 2" according to whether
g9 = 1 or —1. This is also a direct extension, because since w is cyclically reduced, we
know that if i1 = 49, then &1 = 9.

lul) Then add the vertex |u|" and the i}, -colored edge (Ju| —1)" — |ul" or (Ju[ —1)" « |u|
according to whether ¢, =1 or —1.
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4—3—=5—3—=6 4 —3—=5—3—=>0 3 —3>4 —3>15

Vi N\ AN e AN /

/3 3\ 3\ /3 3\ /3
:%3 ............................ linked by P ; {3’ 7} 2/
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The graph G(w) The graph G(w)/P The graph G|y|4.q,
Ficure 1.

|u| + 1) Then add the vertex (Ju| + 1)" and the i-colored edge |u|" — (|u| + 1)’. This is a direct
extension, because we know that 4|, # i: indeed, w is cyclically reduced, and on the one
hand, the letter g:‘:“ appears in before gf‘di in w, whereas on the other hand, the letter

—€|u . o
gw‘ " appears in after gf‘dl in w.

|u| +2) Then add the vertex (Ju| + 2)" and the i-colored edge (Ju| + 1) — (Ju| +2)".

|u| +d; — 1) Then add the vertex (Ju|+d; — 1)’ and the i-colored edge (Ju|+d; —2)" — (Ju|+d; —1)".
|u| +d;) Then add the i-colored edge (Ju| 4+ d; —1)" — |u|’. This is a direct extension because as
explained at the (Ju| + 1)th step, i, # .

Claim: the last graph of this sequence, G|y|44,, is isomorphic to Adm(G(w)/{to = t4,}). To
prove this, let us first notice that by Remark .3, Adm(G/{to = t4,}) is isomorphic to G(w)/P,
where P is the partition of the vertex set of G whose classes are singletons, except that:

- In the “gf‘di part” of G(w), vertices are linked every d; edges: for all z,y € {|u| +1,..., |u| +
|ald; + 1}, x =y mod P if and only if x =y mod d;.

- In the “ug;’d"u_l part” of G(w), symmetric vertices of “the u and u~! parts” are linked by P:
we have, modulo P, 1 = 2|u| + |a|d; + 1, 2 = 2|u| + |a|d;, ..., |u| = |u] + |a|d; + 2.

As an illustration, on Figure [, we draw the graphs G(w), G(w)/P and G|y14, for w =

91929495 ' 91 ' 93919596, @ = gagrgsge and dz = 4, linking by edges of the type - + the
vertices of G(w) which are in the same class of P (but these edges do not belong to G(w)).

Now, to be precise, let us give a bijective map ¢ from the vertex set of G,1q4; to the one of
G(w)/P which is an isomorphism of edge-colored oriented graphs. First, recall that the vertex
set of Gyj4q, 18 [[@[]U{1',..., (Jul +d; — 1)’} and that the vertex set of G(w)/P is

{{17 2|’LL| + |a|dl + 1}7 {27 2|u| + |Oé|d2}, {37 2|’LL| + |a|dl - 1}7 BRI {|u|7 |u| + |Oé|d2 + 2}}U
{lul +1+1di; 0 < T < o[} U{{lul+j+1di; 0<I<|al};j=2,...,di}U
{{2lul + lald; + 2}, ..., {2u] + ald; + @]} }.
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The bijection ¢ is defined by

5 {1,2lu] + |a|d; + 1} ifz =1,
Vr € , =
v e llofl, o) {{2|u| Vlald + 2y ifa>1,
{z+1,2u| + |a|d; + 1 — =} if z < |ul,
1 i 0<1< if x = |ul,
Vo e llul+di— 1], o) = {Jul| +1+1d;; 0 <1< |al} 1 x = |ul
{x+141d;;0<1l<|al} if x > |u] and a > 0,

{2 +di+1—2+1d;; 0<I<|o|} ifz>|uland a<O.

In Case 2, let us define the sequence of direct extensions G(v) = Go C G1 C -+ C Gy,_|g in
the following way (again, we consider a copy 1’,2’,... of the set of positive integers):

1) First add the vertex (]3| + 2)" and the i-colored edge |B] +1 — (|3] +2)" or || + 1 «
(18] +2)" according to whether 8 > 0 or < 0. This is a direct extension, because v is a
nonempty (except possibly if 5 = 0) word whose first and last letters do not belong to
{9i:97 '}

2) Then add the vertex (|8 +3)" and the i-colored edge (|3|+2)" — (|3|+3)" or (|3|+2) «
(18] + 3)" according to whether 5> 0 or < 0.

d; —|B] —1) Then add the vertex d; and the i-colored edge (d; —1)" — d; or (d; — 1)" « d} according
to whether 8 > 0 or < 0.
d; —|5]) Then add the i-colored edge d;, — 1 or d < 1 according to whether 5 > 0 or < 0.

As in Case 1, one proves that the last graph of this sequence of direct extensions, namely
Gg,—|g), is isomorphic to Adm(G(w)/{to = t4}) (which, by Remark R.4, is isomorphic to
G(w)/P, where P is the partition of the vertex set of G whose classes are singletons, except that
in the “giadﬁﬁ part” of G, vertices are linked every d; edges). As an illustration, on Figure fl, we
draw the graphs G(w), G(w)/P and Gg,_|), with w = 9592939497 " 9495 %, W = 9192939497 - 9495
and dy = 4, linking by edges of the type - - the vertices of G(w) which are in the same class
of P (but these edges do not belong to G(w)).

e If the degree n of the extension G of G(w) is > 1, let us introduce a sequence Gy =
G(w) C Gy C --- C Gy, = G of direct extensions. Again, two cases will be to consider.

oo If #y,...,t4 are not all vertices of G,—1:

Since G, is a direct extension of G,,_1, at most one vertex of G, is not a vertex of G,_1.
Hence exactly one vertex of GG, is not a vertex of G,_1, the direct extension G,,_1 C G, is
vertex-adding and the vertex added is at the extremity of exactly one edge. Thus this vertex is
either ¢y or t4,. We suppose that it is ¢4,: the case where it is ¢y can be treated analogously.

- If no i-colored edge of G,_; has t; for ending vertex, then Adm(G,,/{ty = tq4,}) can
simply be identified with the graph obtained from G,_; by adding the i-colored edge
ta,—1 — to: this graph is a cycle-closing direct extension of G,,_1, hence an extension of
degree n of G(w), so the result holds.

- If t; is the ending vertex of a certain i-colored edge t_1 — tg of G,,_1, then notice first
that by Lemma B.§, Adm(G,,/{to = t4,}) is isomorphic to Adm(G,—1/{t-1 = tg,—1}).
Hence by the induction hypothesis, it suffices to prove that t_1,...,t4,_1 are pairwise
distinct: if it wasn’t the case, since tg,...,tq,—1 are pairwise distinct, then we would
have t_1 = t; for some [ € {0,...,d; — 1}, but it would imply that ¢; is the beginning
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vertex of two distinct i-colored edges of Gy, (the edges t_1 — to and t; — t;11), which is
impossible since G,,, as an extension of G(w), is admissible.

oo If #y,..., 14 are all vertices of G,,_1:

There will be no ambiguity for us to also denote by {tg = t4, } the restriction of the partition
{to = t4,} to the vertex set of Gj,_1. By definition of the operator Adm and by Remark P.9,
there is a partition I' of the vertex set of Gy—1 such that Adm(G,—1/{to = tq4,}) is isomorphic
to Gp—1/T. Let, for z vertex of G,,_1, T denote the class of x in I'. We know, by the induction
hypothesis, that G,,_1/T" is either isomorphic to an extension of G(w) with degree < n — 1 or
isomorphic to an extension of G(w) for a certain strict partial (dy,...,dg)-reduction @ of w.
Hence it suffices to prove one of the following properties:

(P1) Adm(G,,/{to = tg,}) is isomorphic to Gp,—1/T’,

(P2) Adm(G,,/{to = t4,}) is isomorphic to a direct extension of G,_1/T,

(P3) there is j € [k] such that d; < oo and G,_1/I' contains a j-colored directed path with
length d; and extremity vertices z,y and such that Adm(G,/{to = tq,}) is isomorphic to

Adm((Gn_1/T)/{z = y}).

(The conclusion, in the (P3) case, requires to use the induction hypothesis again.)

Note that for all w partial (dy,...,dy)-cyclic reductions of w, since the order of the element

of Fp/lg",..., ggk] represented by w (hence by w) cannot be finite and nonzero, we have the
following property:
(Q) for all j € [k] such that d; < oo, G(w) does not contain any j-colored directed cycle.

Now, again, we have two sub-cases to consider:

- If the extension G,,_1 C G, is vertex-adding: there is j € [k], a vertex r of G,,, a vertex s
of GG,,_1 such that G, can be obtained from G,,_1 by the addition of the vertex r and of the
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j-colored edge s — r (or r — s). Now, if no edge with color j has 3§ for beginning vertex
(or respectively ending vertex) in G,_1/I", then by Remark P4, Adm(G,,/{to = t4,})
is isomorphic to the vertex-adding direct extension of G,,_1/I' obtained by adding the
vertex r and the edge 3 — r (or respectively r — 5). On the other hand, if an edge
with color j has S for beginning vertex (or respectively ending vertex) in G,_1 /I, then
Adm(Gy, /{to = tq,}) is isomorphic to G,,—1/I". In both cases, (P1) or (P2) holds.

- If the extension G,_1 C G, is cycle-closing: there is j € [k] such that G, can be
obtained from G,_; by adding an edge with color j between two vertices of G,,_1 which
are the extremities of a j-colored directed path with length d; — 1. Let us denote by
v1,...,vq; the successive vertices of this directed path: the edge added in the direct
extension G,—1 C Gy is vg; — v1, with color j. Notice that v7,...,7g, are pairwise
distinct vertices of G,,—1/T". Indeed, if it wasn’t the case, since G,,_1 contains the j-
colored directed path v — --- — Vd; Gy —1/T would contain a j-colored monochromatic
directed cycle with length < d;, which is impossible by property (Q) and Remark 1.
Again, two cases will be to consider.

a) If no j-colored edge of G,—1/T" has Ty, for beginning vertex or 77 for ending vertex:
then, by Remark P.4, Adm(G, /{to = t4,}) is isomorphic to the graph obtained
from G,_1/T by adding the vertex V4, — V1, which is a cycle-closing extension of
Gpn—1/T: (P2) holds.

b) If a j-colored edge of G,—1/I" has Tg; for beginning vertex or o7 for ending vertex.
We can suppose that a j-colored edge of G,,_1 /T has 77 for ending vertex: the other
case can be treated analogously. Hence there is a vertex Vj of G,,—1/I" such that
Gy—1/T contains the j-colored edge Vy — v1. Now, notice that by Lemma .,
Gn/{to = ta,} is isomorphic to (Gy—1/T)/{va; = Vo}: (P3) holds.

0

The following lemma is a consequence of the previous one, by induction on the sum, over
J € [k], on the number of j-colored paths of G with length > d;.

Lemma 2.11. Consider a cyclically reduced word w € My, such that if w admits a (dy,...,dy)-
cyclic reduction of the type g, with i € [k] and o a nonzero integer, then d; = co and |a| € A;.
Consider an oriented edge-colored graph G which is an extension of the graph G(w). Then G
admits an (Ay, ..., Ax)-admissible partition A such that G/A is isomorphic to an extension of
G(Wyeq), for a certain (di,...,dy)-reduction wyq of w and such that if two vertices of r,s of
G are in the same class of A, then there are n > 0, tg = r,to,...,t, = s some vertices of G,
i1,...,0n € [k], and e1,...,e, € {£1} such that:

En

- the (dy,...,dg)-reduction of the word gjfll - g;" is the empty word,
- for alll € [n], the i;-colored edge t;_1 — t; (resp. t;_1 < t;) belongs to G if e; =1 (resp.
ifeg =—1).

The previous lemma allows us to prove the following Theorem, which is the main result of

this section.
Theorem 2.12. Consider a cyclically reduced word w = gf‘ll .- -gZ

w

‘“"‘ € My, such that if w admits
a (di,...,dg)-cyclic reduction of the type g, with i € [k] and o a nonzero integer, then d; = oo
and o] € A;. Then G(w) admits an (Ax,. .., Ax)-admissible partition A such that:

. 1 if w admits the empty word for (di,...,dy)-cyclic reduction,
() X(Glw)/A) = { (i)

0 in the other case,
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(ii) for allr < s € [|w|], r = s mod A implies that one of the words
Qg—1 YNw| o Qr—1

(e 78 Os
9i, Gis_1 > Yis gi\w\ iy Gip 4

admits the empty word as a (di,...,dg)-cyclic reduction.

Proof. Note that by hypothesis, for any (dy, ..., dg)-cyclic reduction wyeq of w, G(wyeq) is an
(Aq,..., A)-admissible graph with Neagu characteristic equal to 1 if the only (dy, ..., d;)-cyclic
reduction of w is the empty word, and to 0 in the other case. Hence by Lemma P.§, for any
partition A of the vertex set of G(w), to have (i), it suffices to prove that G(w)/A is an extension
of G(wyeq). Hence this Theorem is an immediate consequence of the previous lemma, applied
for G = G(w). O

We shall use the following Corollary later. For alll > 1, (1---1) denotes the cyclic permutation
of [I] which maps 1to2,2t03,...,1—1toland! to 1.

Corollary 2.13. Consider a positive integer | and a cyclically reduced word v € My,.

a) Suppose that the order, in Fk/[gill, - ,ggk], of the element represented by v is infinite and
that in the case where v admits a (di, ..., dy)-cyclic reduction of the type g, with i € [k] and o
an integer, we have l|la| € A;. Then G((1---1),v) admits an (Ay,..., Ax)-admissible partition
A such that:

(i) x(G((L---1),v)/A) =0,
(ii) for allm #m' €[l], (m,1) # (m/,1) mod A.

b) Suppose that the order, in Fk/[g‘lil, - ,gzk], of the element represented by w is equal to [.
Then G((1---1),v) admits an (A, ..., Ag)-admissible partition A such that:

() x(G((L---1),v)/A) =1,
(ii) for allm #m' €[l], (m,1) # (m/,1) mod A.

Proof. Note that by Lemma B.§, for all I > 1, the function (m,i) € [I]x[|v|]] — (I —m)|v|+i €
[I|v]] realizes an isomorphism between G((1---1),v) and G(v!), hence we are going to work with
G(v') instead of G((1---1),v) (and the condition “for all m # m/ € [I], (m,1) # (m/,1) mod A”
gets “for all m £ m’ € [l], (m — 1)|v| +1# (m' —1)|v] + 1 mod A”). Then it suffices to apply
Theorem R.13. O

3. WORDS IN RANDOM PERMUTATIONS

We fix, until the end of the article, £k > 1 and Aj,..., A; nonempty sets of positive integers,
none of them being {1}, satisfying (). We also fix a cyclically reduced word w € M. For all n
such that &,,(41), ..., 6,(Ag) are all nonempty (which is equivalent, for n large enough, to the
fact that for all ¢ € [k], n is divisible by the greatest common divisor of A; [Ne07, Lem. 2.3]),
we consider an independent k-tuple sq1(n),...,sg(n) of random permutations chosen uniformly
in respectively 6,,(A1), ..., 6,(Ar) and define o, = w(s1(n),...,sg(n)): the permutation
obtained by replacing any g; (or gi_l)in w by s;(n) (or s;(n)~h).

3.1. A key preliminary result.

Proposition 3.1. Consider p > 1 and o € &,. The probability of the event
(2) {Vm=1,...,p,0n,(m) =0c(m)}



16 FLORENT BENAYCH-GEORGES

is equivalent, as n goes to infinity in such a way that S,(A1), ..., 6,(Ak) are all nonempty, to

1
il (G(ow)/A)
(3) — > nX ,
AeC(ow,Ar,...,Ay)
where C(o,w, Ay, ..., Ay) is the set of (A1,...,A,)-admissible partitions A of G(o,w) such that

for allm # m' € [p], (m,1) # (m/,1) mod A.

Proof. Set w = g;\' ---g:lu“(‘, with i1,...,4, € [k] and a1,...,a), € {—1,1}. We denote by

V the vertex set [p] x [|w|] of G(o,w), fix n > 1, and define, for any s = (s1,...,s;) € (&,)F,
the function
O‘\w\(

Vs (m,1) €V s sites, " (m) € [n].

U]
Note that since all s;’s are one-to-one, Part(7,) is an admissible partition of G(o,
that if v is a fixed function from V' to [n] such that for all m = 1,...,p, v(m,1)
for all s = (s1,...,5) € (6,)F, 75 = 7 if and only if

(4) for all r € [k], for all edge e of G(o,w) with color 7, s.(y(End(e))) = v(Beg(e)).

w). Note also
= o(m), then

Note at last that since the joint distributions of the s;(n)’s is invariant under conjugation, for
such a function -, the probability of the event {’y(sl(n) ) = ~} only depends on Part(y).

A

Hence probability of the event of (f]) is the sum, over all admissible partitions A of G(o,w),
of the number of functions v : V' — [n] whose level set partition is A and which satisfy v(m, 1) =
o(m) for all m € [p], times the probability that (s, () y) is a certain (fixed, but the choice
is irrelevant) of these functions.

yeensSE (M

Now, note that for A admissible partition of G(o,w), the number of such functions is

nn—1)--(n—|Al+p+1) if¥m#m' € [p],(m,1)# (m',1) mod A,
0 in the other case.

Suppose this number to be nonzero. Then by ([), the probability that Vs (n) is a certain

(fixed) of these functions is

yeeesSE (M)

Hlep%AT)((G(a,w)/A)[r]) if Ais an (Aj,..., Ag)-admissible partition of G(o,w),
0 in the other case,

where for all r € [k], (G(o,w)/A)[r] is the graph obtained from G(o,w)/A by removing all

edges which do not have color r and all vertices which are not the extremity of an r-colored
edge, and where for all set A of positive integers and F' monochromatic oriented graph, pSLA) (F)
is the number defined in 3.8(a) of [Ne07].

So by definition of C(o,w, Ay, ..., Ag), the probability of the event of () is equal to

k
> n(n—1)---(n— Al +p+1) [[ i (Glo,w) /D)),

AeC(o,w,Ar,...,Ak) r=1
and Proposition 3.8 of [Ne07 allows one to conclude the proof. O
The following result is a direct application of Corollary 1.3 of [BGO7].

Corollary 3.2. If w cyclically reduced is such that for all p > 1, for all 0 € &, for all A €
C(o,w,Aq,...,Ax), one has x(G(o,w)/A) < 0, with equality for exactly one A € C(o,w, Ay, ..., Ag),
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then for alll > 1, the law of (N1(on), ..., Ni(on)) converges weakly, asn goes to infinity in such
a way that &, (A1), ..., 6,(Ak) are all nonempty, to

Poisson(1/1) ® - - - ® Poisson(1/1).

Remark 3.3. The hypotheses of this corollary do not always hold: for w = g3ga, p = 1, with
Ay = {3,4}, As = {1,2}, the quotient of the graph G(w) by the partition {1 = 4} has Neagu
characteristic 3 —4+3/4+1/2 > 0.

3.2. Asymptotic order of the N;(c,)’s.

3.2.1. Case of a word with infinite order in Fk/[gfl, . ,gzk]: existence of cycles of most lengths.
Here, we shall see that even though the lengths of the cycles of s1(n),..., six(n) are supposed
to belong to the specific sets Aq,..., Ar of positive integers, these cycles are going to mix
sufficiently well to give birth to cycles of most lengths in o,, at least as much as in a uniform
random permutation.

Theorem 3.4. Suppose that the order, in Fk/[gfl, e ,ggk], of the element represented by w is
infinite. Then two cases can occur:

(i) None of the (di,...,dy)-cyclic reductions of w is of the type g, with i € [k], a an
integer: then for all I > 1, as n goes to infinity in such a way that for all T =1,... k,

Sn(Ar) #0,
lim inf (E(N(0))) >

~| —

(ii) There is i € [k] such that A; is infinite and the (d1,...,dy)-cyclic reduction of w is gf*,
with o nonzero integer: then for all | > 1 such that l|a| € A;, as n goes to infinity in
such a way that for allr =1,...k, &,(A,) # 0,

lim inf (E(N;(0,))) >

~| =

Remark 3.5. In fact, we prove the more general result: if ¢; denotes the cycle (1---1), then

. E(Ni(04,)) 1
(5) VA € C(Cl,w,Al,...,Ak), lim inf (m > 7

Proof. We have

E(Ni(0n))=1 E

~| =

n n
Z 1i belongs to a cycle of length [ of Un] = Z P({Z belongs to a Cyde of length l})
=1

i=1

But in the last sum, since the law of o, is invariant under conjugation, all terms are equal.
Moreover, by this invariance principle again, each term is equal to the number of cycles of
length [ containing 1 times the probability that o,, contains the cycle ¢; := (1---1). So

E(Ny(on)) = %(z " 1) (I —D)IPAYm=1,...,1—1,00(m) = c;(m)}).

Thus, by Proposition B.J, (f]) follows, and then Corollary allows us to conclude. O
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3.2.2. Case of a word with finite order in Fy/ [gfl, e ggk]. The following theorem states that

in the case where the element of Fj/ [gih, . ggk] represented by w has finite order d > 1, o,
is not far away from having order d: the cardinality of the subset of {1,...,n} covered by the
supports of the cycles with length d in such a random permutation is asymptotic to n.

Theorem 3.6. Suppose that the element of Fk/[gih, e ,ggk] represented by w has finite order
d > 1. Then, as n goes to infinity in such a way that for allr =1,... k, 6,(A;) # 0, for all
p € [1,400), Ny(on)/n converges to 1/d in LP and for alll # d, Ni(oy)/n converges to 0 in LP.

Proof. Notice first that for all n,

(6) > INi(on)/n =1,

>1

which implies that for all positive integer [, the sequence N;(o,)/n is bounded by 0 and 1/1.
Now, recall that for a sequence (X,,) of random variables, if there exists M < oo such that for
all n, 0 < X,, < M, the convergence of X, to a limit X in all LP spaces is implied by this result
for p = 1 (indeed, under this hypothesis, if for a certain p > 1, X,, does not converge to X in
LP, then a subsequence of (X,,) converges to X almost surely but not in LP, which is impossible
by the Dominated Convergence Theorem).

Hence by (f]), it suffices to prove that liminf(E(Ny(o,)/n)) > 1/d. This follows from ()
(which has been established in the proof of Theorem B.4 without using the specific hypothesis
of this theorem) and of Corollary P.13. O

3.3. Case when all A;’s are infinite.

Theorem 3.7. Suppose that all A;’s are infinite, that |lw| > 1 and that w is not a power of
another word. Then as n goes to infinity in such a way that for allr =1,... k, &,(4,) # 0,
for alll > 1, the law of (N1(oy), ..., Ni(oy)) converges weakly to

Poisson(1/1) ® - - - ® Poisson(1/1).

Proof.  This result is a direct consequence of Corollary B.4. Note first that since all A;’s
are infinite, for all 4, d; = oo. Hence for all p > 1, for all 0 € &, for all A an admissible
partition of G(o,w), x(G(o,w)/A) is the number of classes of A minus the number of edges of
G(o,w)/A, hence is not positive by Proposition 2.4.3 of [Ni94]. The last sentence of Corollary
2.6.6 of the same article also says that there is only one admissible partition A of G(o,w) such
that x(G(o,w)/A) is null and such that for all m # m’ € [p], (m,1) and (m’,1) are not in the
same class: it is the singletons partition. It remains only to prove that the singletons partition
isin C(o,w, A1, ..., Ag):

- this partition is admissible and does not link (m, 1) and (m/, 1) for m # m/,

- there is no monochromatic directed cycle in G(o,w): indeed, by Lemma R.6, G(o,w) is a
disjoint union of graphs of the type G(w?) (d > 1), where there is no monochromatic directed
cycle since w is primitive and |w| > 1. O

The previous theorem, with the fact that for any permutation ¢ and I,p > 1, we have
Ni(oP) = ZNlp/h(a)p/h, where the sum runs over the positive integers h such that h|p and

ged(h, 1) = 1, allows us to compute easily the limit distribution of (Ny(o,), ..., Ni(0,)) whenever
w is not a power of a g;.
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3.4. Case where w = g1 - - - g;. Now, we are not going to make the hypothesis that all A;’s are
infinite anymore, but we are going to suppose that w is a particular word: w = gy - - - gg, with
k > 2 (the case k = 1 has already been treated in [BGOT)).

3.4.1. Case where k > 2 or Ay U As ¢ {1,2}.

Theorem 3.8. Under this hypothesis, asn goes to infinity in such a way that for allr =1,... k,
Sn(A) #0, for alll > 1, the law of (N1(op), ..., Ni(oy)) converges weakly to

Poisson(1/1) ® - - - ® Poisson(1/1).

In order to prove the Theorem, we shall need the following lemmas.

Lemma 3.9. Let X be a finite set, let B be a set of subsets of X which have all cardinality 2.
Let A be a partition of X such that for all {z,y} € B, x =y mod A. Then |A| < |X|—|B|.

Proof. Let us define the set I' of subsets of X by I' = BU{{z}; z € X, 2 ¢ U, yen{z,y}}. By
hypothesis, any class of A is a union of elements of T, so |A| < |T'| = |X| — |B]. O

Lemma 3.10. Consider w = g1--- gk, with k > 2, and 0 € &,, with p > 1. Let A be an
admissible partition of G(o,w) such that for all i # j € [p], (i,1) # (j,1) mod A. Then

(i) two different edges of G(o,w) with the same color cannot have their beginning vertices
in the same class of A, and the same holds for ending vertices,
(i) the following inequalities hold:

k
(a) if k> 2, then |A| < pk — Z Z length of L,
r=1 L directed cycle of
G(o,w)/A with color r

(b) if k=2, then for all7 = 1,2, |A| <pk— > length of L.

L directed cycle of
G(ow)/A with color r

Remark 3.11. Note that (i) implies that there is a canonical identification between the set of
edges of the graph G(o,w) and the set of edges of the graph G/A: if, for all vertex x of G(o,w),
one denotes by T the class of x in A, then for all r € [k|, the function from the set of r-colored
edges of G(o,w) to the set of r-colored edges of G(o,w)/A which maps any edge x — y toT — 77
1$ bijective.

Proof. Note first that since for all i # j € [p], (4,1) # (j,1) mod A, and by definition of an
admissible partition, one has (by an obvious induction on 1):

(7) Vi#jelpl,vielk], (i,1) # (j,1) mod A.

Since two edges of G(o,w) with the same color have beginning vertices (and ending vertices)
with the same second coordinate, it implies (i).

Now, note that, as observed in Remark B.11], the edges of G(o,w)/A can be identified with the
ones of G(o,w). Let, for r € [k], L[r] be the set of edges of G(o, w) which, via this identification,
belong to an r-colored directed cycle of G(o, w)/A and define £ := UF_, L[r].

Claim: no edge of G(o,w)/A can belong to more than one monochromatic directed cycle of

G(o,w)/A.

Indeed, if it where the case, there would be r € [k], e,€’,€” € L[r] such that ¢’ and €” both
follow e in r-colored directed cycles of G(o,w)/A and €’ # €”. Since €’ and €” follow e in directed



20 FLORENT BENAYCH-GEORGES

cycles of G(o,w)/A, we have Beg(e') = End(e) = Beg(e”) mod A, which implies ¢’ = ¢” by (i).
Contradiction.
The first consequences of this claim are that
k

(8) |L| = Z Z length of L,

r=1 L directed cycle of
G(o,w)/A with color r

and that for all r =1,...,k,
(9) L]r]| = > length of L.
L directed cycle of
G(o,w)/A with color r

Another consequence of the claim is that one can define a permutation ¢ of £ which maps
any edge e € L to the edge which follows e in the monochromatic directed cycle e belongs to.
Let us define, for e € L,

S(e) == {End(e), Beg(¢(e))} C [p]x[|w]].
Note that since k > 2, for all edge e of G(o,w), the color of e is not the same as has the one of

the edge whose beginning is the end of e. This allows us to claim that for all e € £, |S(e)| = 2.

For all e € L, since p(e) follows e in G(o,w)/A, we have End(e) = Beg(y(e)) mod A. So,
in order to apply the previous lemma, we have to minor the cardinality of

A:={S(e);ec L} (to prove (a))
or, for r € [k], of
Alr] :={S(e); e € L, e has color }  (to prove (b)).
Suppose that there are e # f € L such that S(e) = S(f). One has either
(Bnd(e), Beg(¢(c))) = (End(f), Beg(¢(f)))

or
(End(e), Beg((e))) = (Beg(p(f)), End(f)).

But (End(e),Beg(p(e))) = (End(f),Beg(¢(f))) is impossible because two different edges of

G(o,w) cannot have the same end, since no letter of w has the exponent —1. So one has

(End(e), Beg(p(e))) = (Beg(p(f)), End(f)).

If k> 2: let us prove that S(e) = S(f) with e # f is impossible. We have End(e) =
Beg(¢(f)), so the color following the one of e in the cyclic order 1,2,...,k,1,... is the one
of o(f), i.e. of f. In the same way, the relation End(f) = Beg(y(e)) implies that the color
following the one of f in the same cyclic order is the one of e. To sum up, in this cyclic order,
one has the following direct sequence:

..., color of e, color of f,color of e, ...
which is impossible, since k > 2.

So the cardinality of A is the one of £, and by (f), the result (a) of the lemma is an immediate
application of the previous lemma, for X = [p]x[|w|] and B = A.

If k=2: End(f) = Beg(y(e)) implies that the color of f is different from the color of ¢(e),
i.e. of e. So for all r = 1,2, the cardinality of A[r] is the one of L[r], and by (), the result (b)
is an immediate application of the previous lemma, for X = [p|x[|w|] and B = AJr]. O
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Proof of Theorem B.§. Again, we are going to apply Corollary B.J. Let us fix p > 1
and 0 € &,. Note that the singletons partition, denoted by Ay, is in C(o,w, Ay,..., Ag)
(the proof is the same one as in the proof of Theorem B.7). Moreover, using Lemma P.6, one
easily sees that the Neagu characteristic of G(o,w) is 0. Hence it suffices to prove that for all
A € C(o,w, Ay,...,Ag) such that A # Ay, the Neagu characteristic of G(o,w)/A is negative.
Let us fix such a partition A. By Remark B.I1], we have to prove that

k
length of L
(10) |A| <pk—z Z — 4

r=1 L directed cycle of
G(o,w)/A with color r

e If there is no monochromatic directed cycle in G(o,w)/A, then, since A # A, |A| <
|[p)x [[w]]| = pk, and hence (Id) holds.

e If there is a monochromatic directed cycle in G(o,w)/A and k > 2, then since for all r,
dr > 2> 1, by (ii) (a) of Lemma B.I(, (I{) holds.

e If there is a monochromatic directed cycle in G(o,w)/A and k = 2. First note that adding
(ii) (b) of Lemma for r =1 and r = 2, and then dividing by 2, one gets
=
(11) |A| < pk — 3 Z Z length of L.

r=1 L directed cycle of
G(o,w)/A with color r

By hypothesis, one has either di > 2 or do > 2. By symetry, we will suppose that d; > 2:

- If there is at least one directed cycle of color 1 in G(o,w)/A. Then ([Iq) holds, because
since d; > 2, the right hand term of ([L1) is strictly less than

2
ok — Z Z lengtclllr of L'

r=1 L directed cycle of
G(o,w)/A with color r

- If there is no directed cycle of color 1 in G(o,w)/A. Then there is at least one directed
cycle of color 2, and, since da > 1, the right hand term in (ii) (b) of Lemma B.1q is
strictly less than

length of L of L length of L
K — Pk — cnetror &
R L L
L directed cycle of r=1 L directed cycle of
G(o,w)/A with color 2 G(o,w)/A with color r

i.e. than the right hand term of ([[0). So ([Ld) holds.
g

3.4.2. Case where k = 2 and Ay U Ay C {1,2}. Here, for n positive integer, we consider o, =
s1(n)se(n) with s1(n), s2(n) independent random involutions. There are three cases:

(i) s1(n),s2(n) have both uniform distribution on the set of involutions of [n]: A1 = As =

{1,2},
(ii) s1(n),s2(n) have both uniform distribution on the set of involutions of [n] without any
fixed point: A; = As = {2},
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(iii) one of the random involutions has uniform distribution on the set of involutions of [n]
and the other one has uniform distribution on the set of involutions of [n] without any
fixed point: since for s, s’ involutions, ss’ and s’s are conjugate, one can suppose that

Ay =1{2}, Ay ={1,2}.

Theorem 3.12. (i) If Ay = Ay = {1,2}, then as n goes to infinity, for all ¢ > 1, the
law of (Ni(oy),...,Ny(on)) converges weakly to p11 ® -+ & pg, where for all 1 > 1, 1y
is the law of P1+2 P%, with Pl’P% independent random variables with distributions
Poisson(1), Poisson ().

(ii) If Ay = Ay = {2}, then as n even goes to infinity, for all ¢ > 1, the law of

%(Nl(an), e ,Nq(an))

converges weakly to Poisson(1/2) ® Poisson(1/4) ® --- ® Poisson(1/2q).

(iii) If Ay = {2}, Ay = {1,2}, then as n even goes to infinity, for all ¢ > 1, the law of
(Ni(on), ..., Ny(opn)) converges weakly to p11 ®@ - - @ piq, where for all 1 odd, 1y is the law
of 2 P% and for all | even, py is the law of P% +2 P%, with P%,P% independent random

variables with distributions Poisson(3 ), Poisson ().

To prove the Theorem, we shall need the following lemmas.

Lemma 3.13. Consider a,b positive real numbers and define the measure
+0o0
_1+2ab E[(X +a)"]
Vgb i = € T2 Z 47’!” T
r=0
with X standard Gaussian random variable. Then v,y is the distribution of P% +2 P%, with
2b

Pa, P independent random variables with respective distributions Poisson(a/b), Poisson (1/(2b%)).

2b

Lemma 3.14. Consider Ay, As as in (i), (ii) or (iii) of Theorem B.13. Fixp > 1 and o € G,,.
Then the following holds:

e for all A € C(0,g192, A1, A2), x(G(0,9192)/A) =0,
e the cardinality of C(o,g192, A1, Ag) is

P E((VIX + 14 1)N(@) if Ay = A = {1,2},

11021 E((l + \/ZX)NI(U)) if Ay = Ay = {2};

I1 E(vVix + )M@] T] E[(VIX +1/2+ D)NO] if Ay = {2}, Ay = {1,2},
1l§ld§dp %SISP

where X is a standard Gaussian random variable.

Proof. Let, for [ positive integer, co; be the cycle (12---2[).

First, we are going to use Lemma P.§: up to a renaming of its vertices and edges, G(c, g192) is
the disjoint union, for (I,7) such that [ € [p],i € [N;(o)], of the graphs H(l, i), where each H(l,1%)
is the oriented edge-colored graph with color set {1,2}, with vertex set {(l,4,7); j € [2]}, with
1-colored edge set {(I,4,7) — (I,4,c9(j)); j € [2l] odd} and with 2-colored edge set {(l,7,7) —
(I,i,¢9(5)); j € [2] even}. An illustration is given in Figure [J. With this renaming, for A a
partition of the vertex set of G(o, g192), the condition

Vm #m' € [p], (m,1) # (m/,1) mod A
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(1,i,2) —o—> (1,4,3) —1—= (1,4,4) —2— (1,4,5) —1—> - --
7
-

(1,i,1) N

1

(1,4, 21) V
.
S

(1,3,21 — 1) <2— (1,4,2l — 2) =<—1— -~ e
FIGURE 3. The graph H(l,1).

gets
ViU € [p],V(i,1') € [Ni(o)]x [Ny ()], ¥(5, ") € [20]x[20'],

(12) [(1,4,5) # (', 5") and j = j" mod 2] = [(1,i,j) # (I',i’,j") mod A].

Now, let us fix A € C(0, g1g2, A1, A2).
a) By Remark B.I1], G(o,w)/A has 2p edges.
b) By ([[2), the classes of A cannot have more than two elements.

c) Aisan (Aj, A)-admissible partition, so no directed path of color either 1 or 2 of G(0, g192)/A
can have length at least two. This implies that if two distinct edges of G(o, g192)/A have the
same color and an extremity in common, then these edges are the ones of a directed cycle of
length two, i.e. that the beginning of each of them is the end of the other one and vice versa.

d) Let us consider two distinct vertices (I,4,7) # (I',7, ") of G(o,g192) which form together
a class of A.

() By ([J), j and j' do not have the same parity, hence the edge which begins at (I, i, j)
has the color of the edge which ends at (I’,4’,j'), and vice versa. So by an immediate induction
on |m| (using ¢)), one has:

(13) Vm positive or negative integer, (I,,¢5}(j)) = (I, i, 3" (') mod A.
() Suppose that [ # I'. One can suppose that [ < {’. Then by (1) for m = 2I, (1,4,j) =

(1,1, cgﬁ](éj))bi)s 111 the same.‘}c)ilmeI}Iinked,l byl/A, with (I',i', ¢ (5)) and (1,4, j') which are not the
same. By b), it is impossible. Hence [ = ['.

(71)Suppose that i # . Then by ([J) for m = —j+1,—j+2,...,—j+2l, there is a unique
q € [l] such that the classes, in A, of

(1,,1),(1,4,2),...,(1,3,20), (1,7, 1), (1,7,2),...,(1,7,20)
(14) {41,029, {(1,42), (07 20, -y {0620, (17 ™ (29)))

Note that ¢ depends on i and i’ in a symmetric way, since the set of ([[4) can also be written

(L0, (L 20)), {(L12), (i a)) <o {0, 20), (i Y (2))).
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////% ;\\\\
I S S {23} 7. {32}
,/ N -/ D

4/ _____ A 1 4 """ A 1/ {1, 4/} {47 1/}
5 A 8 5o 8 {8, 5/} {5, 8/}
\1 1/ \\1 ' /
AN 1 o
1 7T<2—6 1 N N < 2— ’ -
A (7.6 22 (6.7)
A a
6:/ — 7:/
restriction of the graph G(o, g1g2) to restriction of the graph G(o, g1g2)/A to the set
{(1,3,1),(1,7,2),...,(1,5,8) Yu{ (1,7’ ,1),(1,¢',2),...,(1,i',8) } of classes of (1,:,1),(1,2,2),...,(1,2,8),(1,i’,1),(1,¢',2),...,({,7,8)

FIGURE 4.

On Figure fl, we give an illustration of the case (y1) with [ = 4, ¢ = 2. In the inner (resp. outer)
octagon, the vertices where not denoted by (1,4, j) (resp. (1,47, 7)) but by j (resp. j'), for j € [g],
in order to lighten the figure. In G(o, g1g2), vertices linked by A are linked by edges of the type
A+ (but these edges do not belong to G(c,g192)). On this figure, it appears clearly that if
two vertices of the left graph linked by an edge of the type ---A-- are in the same class of A,
then, since no directed path of color either 1 or 2 of G(o,g192)/A can have length at least two,
all the other pairs of vertices linked by an edge of the type ---A- must form classes of A.

(72) Let us prove that if ¢ = ¢/, then there is jy € [2l] such that the classes, in A, of the
elements (1,i,1),(1,4,2),...,(l,4,2l) are

(15) {(l7 iajO)v (la i» (&) (]0))}7 {(lv i» 02_11 (]0))7 (l7 ia C%l (]0))}7 {(l7 iv 62_[2(j0))7 (lv i» Cgl (]0))}7
e AW T Go), (L ey Gio))
and that this jg is unique up to a replacement by clzl (Jo)-

Note first that if such a jj exists, then its uniqueness up to a replacement by clzl (Jo) is obvious.
Indeed, if one denotes clzl (j0) by j§, then since cg; is a cycle of length 21, the partition of ([[J) is
equal to

(,4,30), Wi ean GO}, L a e o)) (i R GaNY, i e (o)), (1 i, G,
oy AW eV, U,y G,

and {(lyiajO)v(lai>c2l(j0))}7 {(l7i762_[(l_1(j0))7(lai>cl2l(j0))} (: {(l727](/))7 (l727621(](,]))}) are the
only classes of the type {(I,i,2), (I,4,cy(x))} in the partition of ([L§).

To prove the existence of such a jo, it suffices to notice that by ([[3) and b), jo = (j' +j—1)/2
is convenient.

On Figure ], give an illustration of the case (y2) with [ = 4, jo = 2. The comments on this
figure are the same as the ones on Figure [l.
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"y
SN ( )
1 1
/ N
$ ........................ Ao 4%1 {1,4}
Lo t
AN / {8,5}
1 1
N A 1< )1
7<2—6
{76}
)
restriction of the graph G(o, g1g2) to restriction of the graph G(o, g1g2)/A to the
{(,i,1),(1,3,2),...,(1,3,8)} set of classes of (1,i,1),(1,i,2),...,(1,,8)

FIGURE 5.

(v3) Now, notice that the case (7y2) implies the existence of two monochromatic directed
cycles with length 1 in G(o, g1g2)/A: indeed, the edges

(1, 5o) = (i, ean (o)), (i, cy(do)) — (1, s (jo))
of G(o,g192) give rise to the edges

{(1,4,50), (i, eanGo)} ) i, ey (o)), (i &5 (o))} )

in G(o,g192)/A. The respective colors of these edges are

1,1 if jp is odd and [ is even,
1,2 if jg is odd and [ is odd,

2,2 if jg is even and [ is even,
2,1 if jg is even and [ is odd.

Hence this case is excluded if A1 = Ay = {2}, and if A; = {2}, Ay = {1,2}, then jy and [ have
to be even.

e) So we have proved that the only non singleton classes of A are of two types

L {(l,4,7), (1,7, 5")} with I € [p], i # i € [Ni(0)], 4,7 € [2l], and if there is such a class
{(1,4,7),(1,7',5)} in A, then there is a unique ¢ € [I] (depending symmetrically on ¢ and ')
such that the classes, in A, of (1,4,1),(l,4,2),...,(,,20)(,i,1),(,7,2),...,(l,7,2l) are given
by ([4). We shall denote this integer ¢ by ga(l,{i,'}).

IL. {(1,4,7),(1,4,5")} with I € [p], i € [Ni(0)], 7,4 € [2l], and that if there is such a class
{(1,4,5),(1,4,5")} in A, then there is jo € [2{], unique up to a replacement by ch;(jo), such that
the classes, in A, of (I,4,1),(1,4,2),...,(l,4,2]) are given by ([[§). We denote by Tj(A) the set
of such #’s in [N;(0)]. If Ay = As = {2}, then this case cannot occur, hence T}(A) = (. If
Ay = Ay = {1,2}, then there is no restriction on [ and jy, and we shall denote the unique
element of {jo,ch,(jo)} N [1] by ga(l, {i}). If Ay = {2}, Ay = {1,2}, then the only restriction on
1, jo is that they have to be even, and we shall denote the unique element of {%jo, %clﬂ (Jo)} N [%]
by ga(l,{i}).
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If i € [Ny(0)] is such that for all j € [2[], the singleton {(I,7,7)} is a class of A, then we define
qa(l,{i}) to be 0.

f) Let us define, for [ € [p], P(A) to be the partition of [N;(c)] which links to elements %,
if and only if there is 7,7/ € [2I] such that (I,4,7) and (I,7, ;') are linked by A (we use the
convention that the empty set has a unique partition, that this partition has cardinality zero
and that if N;(o) =0, F;(A) is this partition).

g) It is easily seen that the number of vertices of G(o,w)/A is > _1_; 21| P(A)| —I|T;(A)], that
the sum of the number of 1-colored directed cycles of length two and of the number of 2-colored
directed cycles of length two in G(o,w)/A is Y ) 2l{C € P(A); |C| = 2}| + (I — 1)|Ti(A)]
and that the sum of the number of 1-colored directed cycles of length one and of the number of
2-colored directed cycles of length one in G(o,w)/A is Y_7_, 2|T;(A)|. Hence by a), the Neagu
characteristic of G(o,w)/A is

(1 20 P(A) = T (A)]) = 2p + (202, 2H{C € Pi(A); [C] = 2} + (1 = 1+ DITi(A)])
= —2p+ 23 I(R(A)] + [{C € R(A); |C] = 2}).

But since for all [, P;(A) is a partition of [IV;(0)] where all classes have cardinality one or two,
[P(A)] + {C € P(A); |C| = 2}| = |[Ni(0)]| = Ni(0). Hence since >7;_; INi(0) = p, the Neagu
characteristic of G(o,w)/A is null.

i) In the case where Ay = Ay = {1, 2}, let us prove that cardinality of C(c, g192,{1,2},{1,2})
is [, E[(VIX + 1+ 1)N@)], for X normal standard random variable. Note first that if C(o)
denotes {l € [p]; Ni(o) # 0}, then this reduces to

[Ni(a)/2]
H Y ( )lE(XQZ)(lJrl)Nl()

leC(o =0

Let us define, for N > 1, Party 1(IN) to be the set of partitions of [N] in which all classes have
cardinality 1 or 2. It is easy to see that the function

@ - C(Ua 9192, {17 2}7 {17 2}) - {(Pl7 (q(lu A))AEP[)IEC(U) ; vi e C(U)u B € PartQ,l(Nl(U))7
VA € P, such that |A] =2, q(I, A) € [I] and
VA € P, such that |A| =1, q(I, A) € {0} U [I]}
A = (F(A),(qall, A)) aepa))iec(o)
is a bijection. Hence it suffices to prove that for all [ > 1, N > 1, the cardinality of the set

of pairs (P, (q(A))aecp) such that P € Party(N) and for all A € P, q(A) € [l] if |[A| =2 and
q(A) € {0} U[l] in the other case, is equal to

/2]
> @Z) IE(X*) (1 +1)N -2,

i=0
It follows easily from the well known fact (called Wick’s formula) that for all i > 1, the number
of partitions of a set with cardinality 2i in which all classes have two elements is equal to E(X?).

To prove that cardinalities of C(o, g192,{2},{2}) and of C(o,g192,{2},{1,2}) are the ones
given in the statement of the Lemma, we use the same technique, replacing the bijection ¢ by
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¢ : 0(07 9192, {2}7 {2}) - {(Pl7 (q(l7A))A€Pl)l€C(O') ; vl e C( ) P)l € PartZ 1(Nl( )) and
VA € P, such that |A| =2, q(I, A) € [l],
VA € P such that |A] =1, q(I,A) = 1}
A = (P(A), (qa(l, A)) acpa))icc(o)

¢ : 0(07 9192, {2}7 {17 2}) - {(Bu (Q(Z7A))A€Pl)l60(0') ; Vi € C(U)7Pl € PartQ,l(Nl(U))a
Vi € C(0),VA € P such that |A| =2, ¢(I, A) € [1],
Vi even, VA € P, such that |A| =1, ¢(I, A) € {0} U[l/2]}) and
VIl odd, YA € P, such that |A| =1, q(I, A) = 1}
A = (P(A), (qa(l; A) aepa))iec(o)
O
Proof of Theorem B.13. Let us prove (i). (ii) and (iii) can be treated analogously. We are

going to apply Theorem 1.1 of [BG07]. For ¢ > 1, ki,..., kg > 1, for p = k11 +--- + kyq and
o € &, such that Ny(o) =k, ..., Ny(o = k) , by Proposition B.] and Lemma B.14,

np N . .
1k1 "'qukll---k 'P({VZ = 1,...,p,0n(z) :g(z)}

converges, as n goes to infinity, to []{; kil!E[((\/ZX+l+1)/l)kl], where X is a standard Gaussian
random variable. Hence we have to prove that for all r1,...,r, > 0, the series

3 S st () (O T gy st

k1>71 kq>rq

converges to [[{_; pu(r;), which is equal, by Lemma B.13, to [[}_,e™ "= % Since this

series factorize and by Remark 1.2 of [BG07], it suffices to prove that for [ > 1, » > 1, the series

S (—1)F (T)E [(VIX 41+ 1)/1)*] converges to e~ EK}{;){) |, This follows from an
application of the Dominated Convergence Theorem. O
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