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Abstract

In operator algebra, the linearization trick is a technique that reduces the study of
a non-commutative polynomial evaluated at elements of an algebra A to the study of
a polynomial of degree one, evaluated on the enlarged algebra A ® M,.(C), for some
integer r. We introduce a new instance of the linearization trick which is tailored to
study a finitely supported random walk on a group G by studying instead a nearest-
neighbor colored random walk on G x {1, ...,r}, which is much simpler to analyze. As
an application we extend well-known results for nearest-neighbor walks on free groups
and free products of finite groups to colored random walks, thus showing how one can

obtain explicit formulas for the drift and entropy of a finitely supported random walk.

1 Introduction

Let A be a complex unital algebra and consider a non-commutative polynomial P =
P(zx1,...,x,) in the variables x1,...,2, € A. In many cases, a detailed study of the
relevant properties of P is possible only when the degree of P is small, typically when P
is of degree one, in which case P is just a linear combination of the x;’s. The linearization
trick precisely consists in constructing another polynomial P of degree one, which can be
related to the relevant properties of P. It thus can be used to make computations that
were not a priori possible for P. The price to pay is an enlargement of the algebra: writing
P as a finite sum of monomials

P = Z Qg g, Tyt Ty

U100k

with o, 4, €C, P is generally constructed as

75=zdi®x¢
7

*Institut de Mathématiques de Marseille, CNRS & Aix-Marseille University, Marseille, France.
TDépartement d’Informatique de ’'ENS, ENS, CNRS, PSL University, France and INRIA, Paris, France.



where é; € M,(C) are complex matrices. Therefore P is no longer in the algebra A but in
the algebra M, (C) ® A for some integer r that depends on P (usually through its degree).

Under various names, the linearization trick has been used in several domains such as
electrical engineering, random matrices, operators algebras, automata theory, etc, we refer
to the survey [13]. A famous application of the linearization trick in operator algebra is the
computation of the spectrum of a non-commutative polynomial. If a € A, the spectrum of a
is defined as o(a) := {z € C, zI —a is not invertible}. Given a non-commutative polynomial
P(x1,...,2,) € A, it is possible to construct a linear P € M, (C) ® A for some integer r,
such that (21 -7P) is invertible in A if and only if (A(z)®I4~7P) is invertible in M, (C)®A,
where A(z) is the r x r matrix with only zero elements except the (1,1) entry which is z.
Moreover, (zI —P)~! is then precisely the (1,1) entry of (A(z)® L4—P)~" (seen as a rxr
matrix of elements in A). Such a construction can be found for instance in the monograph
[22, Chapter 10].

As illustrated in this last example, we note that the relevant properties of P (here
its spectrum and its resolvent) dictates the linearization procedure. In this paper, we
introduce a new linearization of the Markov kernel of a random walk with finite range
on a group. This linearization is a new Markov kernel on an enlarged state space and it
corresponds to a nearest-neighbor random walk on the group. Classical quantities such as
speed or entropy rate of the original random walk can be read on the new random walk.
We illustrate our method on free groups and free product of finite groups. Notably, we

establish new formulas for drift and entropy of finite range random walks on these groups.

1.1 The linearization trick and colored random walks on groups

We let G be a finitely generated group with identity element e and we fix a finite set of
generators S. We assume that S is symmetric, meaning that g € S implies g™ € S. Let
p = (pg)ge be a probability measure on G. Consider the Markov chain (X, ),>0 on G with
transition probabilities

P[Xy = h| Xp-1=9g] =pg14,

for all g,h € G. Such a Markov chain is called a convolution random walk.

The random walk is said to be finitely supported, or to have finite range, if the measure
p is finitely supported. It is a nearest-neighbor random walk if p is supported on the set
of generators S.

As for any Markov chain, the transition kernel of a right convolutional random walk
can be seen as an operator acting on square integrable functions: f = f(z) » (Pf)(z) =

>y P(z,y)f(y). In the present case, it can be written in terms of the left multiplication



operators A(g), g € G, defined as: for all f e ¢*(G),
Ag)- f:a~ f(gz).

Letting P(g, h) = pg-1j, it is then possible to write

P = Zpg)‘(g)- (1)

geG

This sum is finite if and only if the random walk is finitely supported. Furthermore, A is a
group morphism so A(gh) = A(g)A(h) for all g,h € G (X is the left regular representation).
Writing each element g in the support of the walk as a product of elements of .S, it is thus
possible to write P as a non-commutative polynomial in the operators A(g),g € S. In other
words, P is an element of the left group algebra which is generated by the A\(g)’s, g € G.
The polynomial P is of degree 1 if and only if the random walk is nearest neighbor. With
this point of view, the linearization trick potentially allows to study any finitely supported
random walk by considering instead a “nearest-neighbor operator”

P= %ﬁg ®A(g) (2)

for some well-chosen matrices py € M;.(C) such that 3, p, is a stochastic matrix, that is, the
transition kernel of a Markov chain on [r] where for n > 1 integer, we set [n] = {1,...,n}.

Then, it turns out that this operator P is the transition kernel of a Markov chain
(X»)n on the state space G x [r], which at each step moves from a pair (g,u) to a pair
(h,v) with probability p,-1,(u,v). Equivalently, if one interprets [r] as a set of colors,
X, can at each step be multiplied by ¢ € G while the color is updated from u to v with
probability pg(u,v). Such a Markov chain will be called a colored random walk and can

thus be defined similarly to a classical convolution random walk.

Definition 1. Let p = (pg)gec be a family of matrices with non-negative coefficients of
M, (R) such that

P=>3" p, (3)

geG
is a stochastic matriz. A colored random walk is a Markov chain (Y,,), on the state space

G x [r], with transition probabilities

P[Yy = (h,v) | V-1 = (g9,u)] = pgflh(uvv)'

The support of the random walk is the set of elements g € G such that py # 0. The colored
walk is finitely supported if the support is finite, nearest-neighbor if the support is included
in S.

By looking only at the color coordinate, (Y;,) induces a Markov chain on the set of

colors [r] whose transition matrix is exactly the matrix P in (3).



Irreducibility assumptions. For standard convolution random walks, it is generally
assumed that the support generates the whole group, which then makes the random walk
irreducible. For colored random walks, we will make the same assumption but suppose as
well that the matrix P defines an irreducible Markov chain on the colors. Note this assump-

tion does not necessarily make the colored walk irreducible, for there may be unreachable

pairs (g,u).

Definition 2. A colored walk is quasi-irreducible if the marginal of its support on G gen-

erates the whole group and the matriz P is irreducible.

Reversibility. An important property satisfied by some Markov chains is reversibility.
Recall that, if X is a countable set, v a measure on X and @ is a Markov chain, then Q
is said to be reversible with respect to v if for all z,y € X, v(z)Q(x,y) = v(y)Q(y,x). In
other words, @ seen as an operator on ¢?(X,v) is self-adjoint. In our setting, P defined
in (1) is said to be reversible if it is reversible for the counting measure on G. This is
equivalent to the condition: for all g € G, py = pg-1. Similarly, consider a colored random
walk P of the form (2). Assume that P defined by (3) has invariant measure 7 on [r].
Then P is reversible if it is reversible for the product of 7 and the counting measure on G.

This is equivalent to the condition, for all g € G, u,v € [r],
ﬂ-(u)pg(ua ’U) = 7T(,U)pg‘l (Ua u)

1.2 Main results

Linearizing random walks. The main contribution of this paper is to formalize a way

to apply the linearization trick to random walks on groups.

Definition 3. Let G be a a group generated by a finite set S, with identity element e. Let
(Xn)ns0 be a random walk with kernel P as in (1) and with finite support generating G. Let
(Yn)nso on Gx[r] be a quasi-irreducible, nearest-neighbor colored random walk with kernel
P as in (2). We say that (Y;,)nso linearizes (Xy,)nso (o7 P linearizes P ) if the following
two property holds: (i) if Yy = (e,1) there exists a sequence of stopping times (Tn)ns0 with
70 = 0 such that (Yz, )ns0 is a realization of the random walk (X, )n>0 with initial condition
e, and (ii) these stopping times are a renewal process, that is the variables Tp+1 — T, are

iid with finite mean.

To be precise, in the above definition, when saying that Y is a convolution random
walk, we of course identify Y;, with its G coordinate and forget about the color, which in

this case is constant equal to 1.



We remark also that because of a transitivity property, namely one can always translate
the starting point to e € G by left multiplication, there is no loss of generality in supposing

that the walks are started at e € G. More details on this are given in Section 3.

Theorem 1. Let G be a a group generated by a finite set S, with identity element e.
Consider a random walk with kernel P as in (1) with finite support generating G. Then
there exists v > 1 and a colored random walk on G x [r] with kernel P as in (2) which

linearizes P. Moreover, if P is reversible, then P can be chosen to be also reversible.

Theorem 1 has been stated in a non-constructive manner for ease of notation. The
proof of Theorem 1 in Section 2 will exhibit two simple linearization constructions which
have a vector p = (pg)gec as input and gives as output the integer r and the family of
matrices (Pg)ges. There is one construction in the general case and one construction which
preserves reversibility. We refer to Remark 4 for the number of colors r needed in both
constructions. We note also that the previous spectral linearization tricks reviewed in [13]
did not preserve the Markov property and could not be used to prove Theorem 1.

There are possible extensions of the Markovian linearization trick. It is possible with
the same proof techniques to linearize a colored random walk on G x [r] with finite range
and obtain a colored nearest-neighbor colored random walk on G x [r'] with ' > r. In
another direction, it is possible to linearize random walks on GG which do not have a finite
range provided that we allow a countable set of colors, see Remark 2 below. Finally, in this
paper we focus on groups only but our first linearization construction applies to random

walks on monoids as well.

Application to the computation of drift and entropy. Initially, our goal was to use
the linearization trick to try to compute explicit formulas for various invariant quantities
of interest, mainly entropy and drift.

Elements of G can be written as products of elements in S, which will be called words.
A word ai---ap, with the a; € S such that g = a;---ay, is called a representative of the element
g € G. The length with respect to S of g € G is

lg| := min{k, g = a1---ax, a; € S}. (4)

Consider a convolution random walk (X, ),>0 on a finitely generated group G, started
at e. Assuming finite moment E [|X|] < oo, which is always satisfied if the walk is finitely
supported, the sequence (E[|X,|])nz0 is easily shown to be sub-additive (see Section 3),

which implies the existence of the limit



The scalar v is called the drift, or rate of escape, of the random walk. The drift ~ is in
fact also an a.s. and L' limit, as can be shown using for instance Kingman’s sub-additive
theorem. Therefore

X
|| a.s. and in L'

~v:= lim
n—00 n

Similarly, from the definition of the entropy of X, as
H(X,):= —EP[XH =gllogP [ X, = g]
g

one can define H(X
h:= lim ( n)

n—oo mn

as an L! limit or as an a.s. limit:

1 e, X
h: 11m _ ng (67 n)

n—oo n

a.s. and in L

where P the n-th power of the transition kernel of the random walk. h is called the Avez
entropy, or entropy rate, or asymptotic entropy, of the random walk. In fact, this entropy
can be interpreted as the drift for the Green pseudo-metric, see [1]. In this paper it will
often simply be referred to as the entropy of the random walk. We refer the reader to
Woess [15] for a general reference on the topic.

These notions can be extended to colored random walks: it is straightforward to extend
the definition of H (X)), while for the drift we set |z|:=|g| for all z = (g,u) € G x [r].

Proposition 2. Let (X,)ns0 be a quasi-irreducible colored random walk on a group G.

The following limits exist and do not depend on the starting color:

| X

v = lim [Xu] a.s. and in L, (5)
n—o0 n
1 " Xn )
h = lim — og P"((e,u), Xn) a.s. and in L', (6)
n—00 n

for all starting color u € [r].

The proof is given to Section 3. The a.s. convergence of the entropy and drift combined

with the law of large numbers yield the following corollary.

Corollary 3. Let (X,,)ns0 be a finitely supported random walk on a group G and (Yn)ns0
a colored random walk that linearizes (Xp)nso in the sense of Definition 3. The drift 7

and entropy h of (Yy)nso can be related to the drift v and entropy h of (X,)nso by:

v =E[n]7, (7)
h=E[n]h. (8)



The expected time E[71] has a simple expression in the two linearization constructions
given in Section 2, see Remark 1 and Remark 3.

In this paper, we have chosen to focus on drift and entropy but there are other numerical
invariants associated to a random walk such as the spectral radius of P or the index
of exponential decay of the return probability: lim,_.o P> (e,e)'/(?") (they coincide for
reversible walks). Our linearization technique could also be used to study these last two
quantities but this is less novel since these quantities can be read on the resolvent operator
and previous linearization techniques allow to compute resolvent of operators of the form
(1), see [13] for such linearization and [19, 6| for examples of computation of resolvent

operators of the form (2).

Entropy and drift for plain groups. Most of the time the exact computation of the
drift and entropy is not accessible. However for nearest-neighbor random walks on groups
with an underlying tree structure like free groups |15, 18] and free products of finite groups
[14, 21, 9, 7], there exist techniques that yield explicit formulas. This paper shows how
to extend extend some of these techniques to the colored setting. Combined with the
linearization trick, our results give explicit formulas for finitely supported random walks.
By ’explicit’, we mean that we express drift and entropy in terms of the unique solutions
of some finite dimensional fixed point equations.

Following [14], we combine the case of free groups and free product of finite groups.

These groups are called plain groups in [14, 12].

Definition 4. A plain group is a free product of a finitely generated free group and a finite
family of finite groups.

Write Fy for the free group on d generators a1, ...aq and let G1, ..., Gy, be finite groups.
Consider the plain group G = Fg * G1 * -+ * GG, with the set of generators

d m
S = H{ai,agl}U(HSj).

In the above expression, for all j = 1,...,m, Sj := G \ {e} is the set of elements of G,
distinct from the identity element, and | | denotes a disjoint union.

Introducing the notation from [14],

S\ {g_l} if gelFy

. ) (9)
S\ S; if ge S;

VgeS, Next(g):= {

we see that every element g € G writes as a word g = g1---gy, with n = |g| and g1 € Next(g;)

foralli=1,...,n—-1.



If we set aside the trivial cases where G is isomorphic to Z or Z/27Z * Z|2Z, G is a non-
amenable group which implies any irreducible convolution random walk on G is transient
(see for instance [25, Chapter 1]). Therefore if X,, is a convolution random walk on G,
| X| = o0 and X,, converges in some sense to an infinite word X, made of letters in S.
The law p* of X is called the harmonic measure and it provides much information on
the asymptotic properties of X,. It can in particular be used to compute its entropy and
drift. Given g € S, let pg = p* [&1 = g] be the probability under p* that an infinite word
starts with letter g. The most explicit formulas for nearest-neighbor random walks on
plain groups express the entropy and drift in terms of the parameters p, and pg.

In this paper we extend this technique to the colored setting. It had already been shown
that such techniques could be adapted to nearest-neigbhor random walks on more general
free products, see notably [23, 9, 10]. Here, the non-commutativity of M, (C) creates new
difficulties. We consider a natural generalization of the harmonic measure pS°, u € [r]

being the starting color, and a matrix version of the parameters p,, which satisfy

pa(§1=9)= ) pg(u,v), Vue[r].
ve(r]

The family of parameters (i) ges is uniquely characterized by a family of matrix relations
(22), called the traffic equations, which arrives as consequences of the stationarity. The
traffic equations can be solved quite explicitly for the free group. The precise definitions

and properties of the harmonic measure are given in Section 4.
We start with a formula for the drift. In the sequel, 1 denotes the vector R" with
all coordinates equal to 1 and 1, the indicator at w € [r], that is the vector with zero

coordinates except the u entry equal to 1. The usual scalar product is denoted by (, ).

Theorem 4. Let (Y,)ns0 be a nearest-neighbor quasi-irreducible colored random walk on
G x [r] defined by a family of matrices (pg)ges. Let m be the unique invariant probability
measure of the stochastic matriz P =Y, p,. The drift of (Yn)ns0 is given by

v= 2 AL (— g+ Y )

ges heNext(g)
=Y Y w@py(w0)(—pgr(vw)+ Y p(o,w)).
gesS u,v,we[T‘] heNext(g)

Theorem 4 is the exact counterpart of the already known formulas for colorless walks
(corresponding to r = 1).
For the entropy, we first provide an integral formula in Theorem 5 which is again the

counterpart of a known formula in the colorless setting.



Theorem 5. Let (Y,)ns0 be a nearest-neighbor quasi-irreducible colored random walk on
G x [r] defined by a family of matrices (pg)ges. Let w be the unique invariant probability
measure of the stochastic matriz P =¥ ,py. The asymptotic entropy of (Ya)nso is given by

dg™'p\
h=- > W(u)pg(u,v)flog( gdoo )dpv. (10)
geG Py

u,ve[r]

For nearest-neighbor convolution random walks on plain groups, it is then possible
to derive an explicit expression from this integral formula. For colored random walks,
adapting the computation naturally leads to the problem of determining the limit of infinite
products of random matrices, which in turn leads to a formula of the entropy in terms of
the parameters (pg)ges and the law of a family indexed by [r] of random probability
measures on R” whose law is uniquely characterized by some invariance equation.

To state our result more precisely, we first introduce the hitting probabilities defined
as follows. Given g € G,u € [r], let 7(4,) := inf{n : X;, = (g,u)} be the hitting time of a
pair (g,u), so that 7, := min, 74, is the hitting time of g. For g € S, set

qg(u,v) :=P[1y < 0o and 74 = T(gvv)]. (11)

As we will check, the matrices g, and pg satisfy a simple relation (28) and the hitting
probabilities (gg)g4es are characterized by a quadratic equation (27) which can be solved
quite explicitly for the free group. In the statement below, P, denotes the open simplex

of probability measures [r]:
P+:={$GRT:Zajizlanda}i>0,we[r]}. (12)
i€[r]

Theorem 6. Suppose the matrices (qq)ges satisfy (43) defined in Section 3. Then the

entropy of the colored random walk is given by

h=- Z Z W(u)pg(uav)lﬂg‘l (an) [ IOg(%) dljw(z)

g€S u,v,we(r] 441 (uv ) y %

qg\v,-), 4z
2 pm(vw) flog(M) dvp(z)  (13)
heNext(g) <]lu ) th)
(QQh(v7 ) ’ Z)
+ (v, w) / log| ————— | dvw(2) |,
heS:zg:heS (Qh(u, ) ) Z)
where (l/u)ue[r] is the unique family of probability measures on P* satisfying

[1@an)= % [ fa2ugwe)dn(z), vuelr)

for all bounded measurable functions f on P*.
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Figure 1: Numerical simuation of a finite range random walk (X;)¢0 on Fy = (a, b) with 12
generators of length 1,2 and 3, and with random transition probabilities. The linearization
procedure gives r = 16. On the left, an average of | Xy| over n = 20000 trajectories compared
to the line v¢. On the right, an average of H(X;) over n trajectories compared to the line
ht. For computational efficiency, the entropy H(X;) is approximated with the entropy
of a random walk on [n] where A(g), g € {a,b}, are replaced by an independent uniform
permutation matrix of size n (in other words, we consider a random action of Fo on a set

of size n). This approximation is valid as long as ht < Inn, see [2].

The technical condition (43) is described in Section 3. Let us simply note that this
condition is automatically satisfied for colored random walks arising as a linearization of
a finite range random walk on G (this is the content of Proposition 17 below). Applying
Theorem 6 to a nearest-neighbor walk for which r = 1,7 = 1,v = §;, we get back formula
(22) in [14]:

dgh
+ ) mmloggg+ YL pplog = |
9g-1 heNext(g) heS: gheS an

h==3p (ugl log
ges
As alluded to above, in Theorem 6, the measure v, on P, will arise as the convergence in
direction toward a random rank one projector of the product of matrices g4, g4,°*-qq4, Where
J1,92,-..1n S are the successive letters of X, with law p*> conditioned to start with g; = g.
For finite range random walks on plain groups, fine qualitative results on drift and
entropy were already available such as [16, 17] and even on general hyperbolic groups [11, 8|
and references therein. As pointed in [18, 8], the computations for drift and entropy for
nearest-neighbor random walk on the free group have been known for around 50 years but
it was however unexpected that these explicit formulas could be extended to finite range
random walks. To our knowledge, Theorem 4 and Theorem 6 provide the first formulas

for finite range random walks on plain groups, see Figure 1 for a numerical illustration.
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Organization of the paper. In Section 2 we propose a general construction of linearized
colored walks, with some variations, that lead to Theorem 1. Section 3 is devoted to the
proof of Proposition 2. In Section 4 we define the harmonic measure for a random walk
on a plain group. Mimicking results for standard random walks, we prove the Markovian
structure of the harmonic measure, which is the main ingredient for computing drift and
entropy. The computations leading to Theorem 4 and Theorem 5 and additionnal formu-
las for the entropy are given in section 5. Finally Section 6 provides a modest example

illustrating the use of the linearization trick.

Acknowledgments. Part of this work was performed during a visit of both authors to
Kyoto University. Both authors gratefully acknowledge the support of JSPS and Kyoto
University. CB was supported by the research grant ANR-16-CE40-0024-01.

2 Linearization: proof of Theorem 1

Let (X,)ns0 be a finitely supported random walk on G. In this section we construct a
nearest-neighbor colored random walk (Y},),50 from (X, ),>0 in such a way the entropy and
drift can easily be related. What seems the most natural is to directly look for Y,, as the
walk that follows the same trajectory as X, but decomposes a transition in several steps
in order to be nearest-neighbor. What follows formalizes this idea and adds two possible
improvements. The first improvement allows to reduce the dimension of the matrices, the
second is a linearization that preserves reversibility.

From now on, let aq,...,aq be the elements of the generating set S, and ag :=e. Let
K denote the support of the probability measure p and £x be the maximal length of an
element of K. For each g € K choose a representative s(g), which can always be assumed
to be of length |g|. We will generally identify g with its representative and write simply
g = a;,-a;, to refer to the fact that s(g) = a;,---a;,, for some i1,...,i € [d]. Similarly, set
Diy-ij, = Pg, With in particular pg := p. and p; := p,;, whether a; € K or not. Since we look
for a nearest-neighbor colored random walk, the colored random walk (Y},)ns0 is defined

by the r x r matrices p;,i € [0:d].

Initial construction. As mentioned previously, one can first construct Y;, as the walk
which, when X, is multiplied by ¢ = a;,---A;, € K, visits each a; consecutively. Colors can
be used to impose Y,, to follow the trajectory of the initial random walk X,,. For instance,
consider a neutral color, written 1 and given g = a;,---a;, € K, consider k-1 different colors
w1(9), - u1(g) and set 5, (1,11(9)) = pg, iy (u1(9),1ua(9)) = 1, - iy (u(9),1) = 1.
Here the color 1 is to be interpreted as a neutral color: supposing the colored walk Y, is at

11



(e, 1), it goes to a;, with probability p;,..;,, and is then forced to go through a;,---a;, until

k
it is back at color 1. Except for the color 1, all the colors serve only for the intermediary
steps. If one considers now another element h € K,h = Qg @y, One can take k' — 1 new
colors to distinguish between the intermediary steps which lead to g and those which lead
to h. Repeating the process with each generator in the support of the walk, one can

(9

construct a colored random walk (Y},),s0 such that Y, =" X,, for all n, where 7,, are the

successive hitting times of the color 1.

2.1 Linearization in the non-reversible case

We now describe more precisely a construction which reduces the number of colors needed
in the initial construction by noticing that elements with common prefixes can use the
same colors when visiting these prefixes.

Recall that a representative of minimal length has been fixed for each element of K.
These representatives are called the representatives of K. Given g,h € K,g = a;,---a;,,h =

aj,--aj,,, the prefix of g and h is defined as g A h = a;,---a;,, where m := max{n > 0 :

m

i1 =J1,--y0n = jn}. his a strict prefix of g if g A h = h and |g| > |h|. For k € [{x] and
il...,ike[d],let

[ir-ix] = {g € K, g Aaiaiy = aiy-ai, gl 2k + 1}

and

Dliy-wiy] = Z Dy

ge[i--i]
be the cumulative mass under p of all words in K for which a;,---a;, is a strict prefix. Then

for k e [{x], we set
Pliy--iy]

Qiy-ig, =

Pliy-in_1]
where the denumerator is to be taken as equal to one in the case k = 1.

Here we will make use of the operator point of view in order to write all the matrices
defining (Y, )ns0 at once. As M,(C) ® A is isomorphic to M,(A) for any unital algebra
A, the transition kernel P can be written as one matrix whose coefficients are operators
on /2(G). In this case, the matrix has coefficients which are linear combinations of the
multiplication operators. The matrices p;, € [0,d] can easily be deduced: to obtain p; it
suffices to replace A(a;) by 1 and the A(a;),j #i by 0.

For all k € [{x], let

ry = Card {(il, R ,’ik) € Sk, [’lek] ¥ @}

12



be the number of strict prefixes of elements of K that have length k. Then, we define the

following matrices: C(k) is the r5_1 x 1 column matrix

C(k) = ( y Pl A(aj)) ,

jeld] Plin-ip-1] e

which is indexed by strict prefixes of K of length k£ — 1. Given a representative i1--+i_1,

define the row matrix
L(il, e 77:]@—1) = (qil"'ik—lj )\(aj))j

indexed by all j such that d--+ip_17 is the strict prefix of a representative of K. Then
use these row matrices to form the r;_; x 7, diagonal block matrix D(k), whose 41--+ij_1

diagonal entry is L(i1, -, ig_1):
D(k): L(ila""ik—l)

Finally combine all the preceding matrices to construct:

Yic[o:q) PiA(a;) D(1) 0 0
C(2) 0 D)
. c() 0 0 D) | (14)
Clg-1) D(lk -1)
C(lx) 0

Example 1. The construction will certainly be clearer on a concrete example. Consider
a random walk on the group G given by the presentation {(a,b|ab = ba), which is in fact
isomorphic to Z2. Suppose the random walk is supported by all words in a and b of length
less than 3, that is

K ={e,a,b,a’, ab,b? a®,a*b,ab? b*}.

To avoid large matrices, we forget about the inverses a™*,b~" but they should not be dis-
carded in a general case.

Because of the relation ab = ba, there can be several ways to write an element of G as
words in a and b, for instance bab = ab®. Therefore we fix a representative for each element
of the support. In the present case, group elements can be written uniquely as a*b* so it is
natural to choice these words as representatives.

Applying the preceding construction, one eventually obtains the following operator ma-

trix:

13



peA(e) + pa(a) + ppA(b)  qar(a) gpA(D) 0 0 0

FEINa) - BEAB) 0 0 geMa) @A) 0
% A(D) 0 0 0 0 geA(b)
Pap? ) (p) 0 0 0 0 0
Plab]
L3 \(b) 0 0 0 0 0
Pp2)

where
Ga = Pla] = Pa2 * Pab *+ Pa3 + Pa2b + Pav?2; b = P[b] = P2 + Pb3s a2 = Pla2]/P[a] = (Pa3 + Pa2b)/P[a]

Qab = Plab]/P[a] = Pav2[P[a]s W2 = P[521/P[s] = P [P[b]-
Proof of Theorem 1 (non-reversible case). On row iy---ig, the sum of entries of the matrix
P=%p;is
> PUtatd S iy = e D Pirwiprj + Pligeig 1)) = 1-

jeld] Plirin-1]  je[d) Pliy-ix-1] je[d)

Thus P is stochastic and P defines indeed a colored random walk (Yn)ns0-
Suppose now Y;, = (gn,uy) is started at color 1. Then define (7,),50 as the successive

return times at the first color: 79 :=0 and for n > 1
Tp = 1nf{m > 7,1, up, = 1}

By the Markov property, the random variables 7,, — 7,,_1 are iid with the same law as 7.

For all g =41+ in K, the probability that Y, =g is

Diroi
P[YTl = g] = iy Qivip " Gigevig_q —k
Pliy-ip_1]
_ Plivia]  Plir-iga]  Piy-vi,
= p[11] cee
DPliy]  Pliy-in—a] Plir-ig-1]
= pil'“ik = pg-

By Markov property and the fact that the increments are iid one easily deduce that
d
Y., @ X, for all n > 0. Finally, the irreducibility of X,, implies the quasi-irreducibility of

Yo O

Remark 1. The expectation of the hitting time 71 is very simple to compute: Y7 can go
through each g € K with probability py, in which case it needs |g| steps to get back to the

color 1. Hence the expectation of 71 is just the average length of elements in K:

E[71]=pe+ Y, pglgl = pe + E[|X1]].
geK
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K x {1}
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‘ 1/2 wi(9) us(9)  uk-2(9) 7 ur-1(9) ag .

Figure 2: The linearizing reversible random walk

Remark 2. If P is not of finite range, then the construction produces a countable set
of colors. The construction could nevertheless be useful if the expected time E[r] =
pe + E[| X1|] is finite.

2.2 Linearization in the reversible case

In the previous constructions, it is impossible for the colored random walk to backtrack
and hence to be reversible.

To correct this, we propose the following variation of the initial construction. We
assume that for all g € K, the representative of g = a;,---a;, is chosen such that the

representative of ¢g7! is ai‘:---a-‘l. We start with the neutral color 1 and, for each pair

i1
(9:97") with [g] = |g7'|
up(g7t) = ujgl-x(g) for all 1 <k <[g[-1. Suppose g is written as g = a;,---a;,,. For all h e G,

> 2, we add |g| = 1 new colors ui(g),...,u4-1(g) and we set

the transition probability to go from (h,1) to (hai,,u1(g)) is set to some value ¢ to be

determined, such that ay =g 1 and ¥ gy = 1. All other transition probabilities on the

g
segment joining (x,1) to (zg,1) are set to 1/2, see Figure 2.
In matrix form, the construction is as follows. Given o € R, and g = a;,---a;,, k > 3,

consider the following operator-valued matrix of size k x k

0 aX(a;,) 0 0 a)\(ai_kl)
1/2 M(aj} 0 1/2 X(ai,) 0 0
0 1/2 A(a;! 0 . :
Aey=| 0 A ; :
0 : 1/2 X(a;}, 0 1/2 Mai,_,)
-1
1/2 X(ai, ) 0 0 1/2 M(a;!) 0
If k=2, let
0 aX(ai, ) + a(a;}
Aailaiz (a):= -1 ' 2 :
1/2 Mai,) +1/2 Ma; 1) 0

If k=1, let Ay, () = (aX(a;) +aX(a;')) and finally for k =0 set A.(a) = (aA(e)). In the

15



case k > 2, one can write
Ag(Oé) — flﬂk(a) ’
Cim'k A

where L;, ; («),Cy, i, are respectively a 1 x (k- 1) row matrix and a (k—1) x 1 column

197 Tk—1

matrix, while /NliQ,..ik_l is a tri-diagonal (k—1) x (k- 1) matrix depending only s, ..., ik 1,
with zero diagonal. Now given a square matrix M of matrix m xm, use A4(«) to form the
matrix of size m+ k-1
L; i (a
MuAy(a):= M 175( ) ,
Cirip 0 Aiyiny

where 0 is the null matrix of the appropriate size. If k € {0,1}, simply set M u A4(a) :=
M +diag(Ay(),0,...,0).
The transition kernel eventually considered is

P= U Ag(ay). (15)

geK

Thanks to the constraint } g ag =1, P is indeed a Markov transition kernel. However,
the colored walk can now make steps that would not have been possible in the initial
construction. For instance, it can go from (e, 1) to some (g,u) and then come back to
(e,1), even if p. = 0 for the initial walk. Therefore, the stopping times cannot be taken
directly as the return times at color 1. Instead define, if Y;, = (g, u, ) has transition kernel
P,
i { inf{fm>7m1:um=19m#*9r_,} g 1+1#9r,,
Tn-1t 1 if 971+1 = 97y

Theorem 1 in the reversible case is now contained in the following lemma.

Lemma 7. Suppose X,, is a finitely supported random walk on G defined by a probability
vector p and started at e. Setting for each g e K
(I-pe)lglpg
Qg = Y hex [RIpn ng ¥e (]_6)
Pe ifg=e

the preceding construction yields an operator P which defines a reversible colored random

walk (Yn)nso satisfying Y, @ Xy, for all n >0 if started at (e, 1).

Proof. As already pointed, the construction define a colored random walk as long as
Y ges &g = 1, which is true for o, defined as in (16). Furthermore such a colored walk

is reversible: for all (g,u) € G x [r], letting

1 ifu=1
2ap  if u=up(k) for some k < |h|.

(g, u) = {
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defines a reversible measure for the random walk, as it can be checked directly.

Consider now the colored walk (Y},)ns0 defined by (16), started at Yy = (e, 1). Suppose
first that pe = 0, so that 7y is the hitting time of the set (K \ {e}) x {1}.

At step 1 the colored walk necessarily enters the segment joining (e,1) to (h,1) for
some h € K. If the walk escapes this segment at h, then Y, =h. Otherwise, it necessarily
goes back to the starting state (e,1). Now on each of these segments, the colored walk
is simply performing a simple random walk so the escape probabilities are given by the
standard gambler’s ruin problem. Namely the simple random walk on [0 : n] reaches n
before it gets to 0 with probability k/n when started at k € [0: n]. Therefore by Markov’s
property

Pleay (Y = 9] = ag/lgl+ > an(1 =1/ [h)Pe,1y [Yr, = g].
heK

We deduce that

g/ 9|
Pty [Yr = 9] = =—2— =p,.
o =01 =5 TRl =

For the general case p. # 0, Y, = (e,1) if and only if Y7 = (e,1) which occurs with
probability a, = p.. For g # 0, consider the random walk conditionned to move at every
step, written (Y,)),s0. If ¢(x,y) is the transition probability for Y,, between two states z
and y, then the transition probability for Y, is 0 if y = x and q(x,y)/(1-q(z,z)) otherwise.

The previous argument apply to this walk, so

, ag/((1=pe) lg]) P
P A g =,
(e1) [ n g] ZheK\{e} ah/((l _pe) |h|) 1 ~ Pe

with 7{ is the obvious extension of 71 to Y,,. Coming back to Y,: to reach g # e it it is
necessary that Y7 # e, which occurs with probability (1 - p.). Conditional on that event it
no longer matters whether the random walk comes back at e and possibly stays there, so

one can reason with Y, instead. Hence

P(e,l) [YTI = g] = (1 _pe)P(e,l) I:YT,{ = g] = pg.
The conclusion follows. O

Remark 3. The expected time E[71 ], although not as simple as in the non-reversible case,
can nonetheless be computed quite easily using for instance the electric network paradigm.

Using [20, Prop 2.20], we found in the case p. =0

E[n]= Y pelol® =E|Xuf*. (17)
geK

Remark 4. In the initial construction, we have that the total number of colors is

r=1+3 (lg]-1).

geK
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In the reversible construction, there is a factor 1/2 on front of the sum (because we use the
same colors for g and g™1). In the improved construction of Subsection 2.1, this is an upper
bound, the actual value is r = 1+ Card(K"') - Card(K ) where K’ is the set of words which
are a suffix of some element in K (in the chosen representatives). In a concrete application,
it is often possible to design linearization procedures which are more economical in terms

of number of colors, see Section 6 for an example.

3 Entropy and drift for colored random walks

In this section we extend the notions of entropy and drift to colored random walks, proving

Proposition 2.

Transitivity properties. If (X, ),>0 is a Markov chain with transition kernel @ on a
discrete state space V', (X,,) is said to be transitive if for all ,y € V' there exists a bijection
¢ :V =V such that ¢(x) =y and for all zeV, Q(x,z) = Q(y, ¢(z)). Transitivity has the
consequence that the Markov chain can be translated in order to start on a specific state.
Sometimes a weaker notion of transitivity is satisfied: there exists a finite partion of the
state space such that a bijections as above exist only between states that are in the same
set of the partition. In this case the Markov chain is said to be quasi-transitive.

Transitivity is an essential property of convolution random walks on groups, bijections
being simply given by the left multiplications. It is the property that makes the sequences
(|Xn])ns0 and (H(X,))ns0 sub-additive and hence allows to define drift and entropy.

On the other hand, for colored random walks it is possible that no bijection as above
exists between pairs (g,u) and (h,v) € G x [r], but there is one between (g,u) and (h,u)
for all g,h € G,u € [r], given by the left multiplication by hg~'. Hence colored random
walks are only quasi-transitive. For this reason it is slightly less straightforward to define
entropy and drift for colored random walks than it is for convolution walks.

Let (Xy,)ns0 be a colored random walk defined by a family of matrices (pg)gec. Thanks
to quasi-transitivity it can be without loss of generality to be started at e € G. Write
Py = P(cy) for the law of this colored chain when started at (e, u).

The definitions of entropy and drift can naturally be extended to colored random walks:
recall that if X, = (gn,un) € G x [r], | X,| :=|gn| and set

Hu(Xn) == ZPU [X?’L = (g’v)] logpu [Xn = (g,v)] .

Let m be the unique invariant probability measure of the stochastic matrix P. Let

P, denote the law of the colored Markov chain started at e with the starting color being
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chosen according to m, that is

Pr= > m(u)Py.

uer]
Then Hy(Xpn) = Yyer) m(u) Hy(Xy) forms a sub-additive sequence. Indeed, for k <n, the
Markov property yields

Hy(Xn | Xg) = gZUP(e,u)(Xk =(9,v))Hy(Xpn1)
= iPk(u, VYHy(Xpp).
If we multiply by 7(u) and sum over u € [r], this proves that
Ho (X | Xi) = He(Xo ) (18)
thanks to the invariance of m. Therefore one can bound
Hy:(Xnsm) € He (Xnam, Xm) = He (Xon) + He(Xpam|Xm) = He (Xon) + He (X0).

and prove the existence of the limit

hy:= lim M
n—oco
The previous computation is very simple but only give limits in expectation. By ap-
plying Kingman’s subadditive theorem one can obtain L' as well as a.s. limits. Because
the color set [r] is finite, one can also expect that the limits do not depend on the starting
color in the case P is irreducible. This is exactly the content of Proposition 2. To prove

this proposition, the following lemma will be needed:

Lemma 8 (|20, Lemma 14.11]). Let (X, ), be a Markov chain on a state space V' and let
f: VN S R be a Borel function. If the law of f = f(Xo,X1,...) does not depend on X
and f(X1,Xo,...) < f(Xo,X1,...) a.s., then f is a.s. constant.

Proof of Proposition 2. We make use of the following explicit construction of the proba-
bility space. Let Q= (G x [r])Y, let F be the product sigma-algebra and 6 : (wp)ns0 =
(wn+1)ns0 the shift operator. The coordinates of w; € G x [r] are written here w; = (g5, u;).

Consider the measure Py, on {2 defined on cylinders by

IP>g,u [WO = (907u0)7w1 = (glaul)a sy Wn = (gnaun)] = ]]-g():g,uo:u Pg1 (U,Ul)"'pgn(un—hun)-

Then X, := (g0g1--gn, Un ) is a realization of the colored random walk defined by p and Py ,,
is indeed the law of the random walk started at (g,u) where wy, is the pair generator-color

chosen by the walk at time n.
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Thanks to the invariance of m with respect to P, the measure

Pﬂp = Zﬂ-(u)pg(uav)]}bg,v
g7u
is invariant by the shift 6. Let IP’;U denote the law of X,, under P, , and consider the
function f,, on  defined by

Jn =—logP% [Xn].

By the Markov property, IP’%}*" [Ximin] > P [Xm]IF”}(m [Xn+m], so fn is sub-additive in the
sense that fpim < fin + fn 0 0™ . Because the walk is finitely supported, f; is integrable
so Kingman’s sub-additive theorem ensures that (f,/n) converges both a.s. and in L' to
a function f € L'(P,,), invariant under § and such that [ f dPq, = lim,, [ f,/n dP,, =
inf, [ fn/n dPrp.

The last step is to use the lemma to prove that f is constant. By abuse of notation let
us write f = f(Xo,X1,...). Since P [X,] > Px,[X1]P% '[X,], by taking logarithms and
dividing by n, we get that a.s. f(X1,Xs,...) < f(Xo, X1,...).

It then remains to see that the law of f does not depend on Xy. Thanks to quasi-
transitivity, the law of f can only depend on the starting color. On the other hand the
matrix P is irreducible so for all starting color u there exists a.s. a random integer m such
that X,, has color v. Suppose m is the first time color v is visited. Then, by the strong

Markov property, for all n > 0

Pe [Xnem] 2 PO [ X Py o[ Xnim]
= P [ X IPC o [ Xn],

with f(n = W1 Wn. Now take logarithms, divide by n and take n — oo. The left-hand
side converges a.s. to f((e,u),...) while the right-hand side converges to f((e,v),...).
Thus a.s. we have f((e,u),...) > f((e,v),...). By symmetry the converse inequality also
holds true so there is in fact equality, which proves f is constant. Hence the entropy is
well defined on almost all trajectory and does not depend on the starting color.

The result is proved similarly for the drift. O

4 Colored random walks on plain groups

Closed formulas for the drift and entropy of nearest-neighbor random walks on free groups
were obtained in [15, 5, 18|. Similar approaches can be carried out for free products of
finite groups, of monoids, of finite alphabets [9, 7, 21]. The case of free groups and free

products of finite groups is very similar in nature and they can be handled together as
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done in [14]. As a preliminary step for closed formulas, in this section, we define and study
the harmonic measure for colored random walks on plain groups.
Let G1,...,G,, be finite groups and consider the plain group G = Fg * G1 * - * Gy,

with the set of generators
d m
S= L_Jl{alaazl}U(l_JS]) )
i= j=

where for all j = 1,...,m, Sj := Gj~{e}. Recall the definition of the map Next in (9). Every
element g € G writes uniquely as a word g = gq--g, with n = |g| and g; € S, gi+1 € Next(g;)
for all 4. Such words will be called reduced.

If for all j=1,...,m, Gj = Z/2Z, then we say, with a slight abuse of vocabulary, that

G=Fy*7Z[27 %+ 7|27 is a free group (two generators are free if there are not inverse).

4.1 The harmonic measure on the boundary

Consider a colored random walk (X, )n>0 on Gx[r] defined by a family (p,) of matrices. We
assume that the walk is quasi-irreducible and nearest-neighbor. We assume furthermore
that G is not isomorphic to Z or Z/2Z * Z/2Z. This implies the colored walk is transient,
as will be proved in particular in Proposition 9 below.

Define the boundary 0G as

OG = {€o&1En-, Vi 2 0,& € G, &1 € Next (&)} .

The multiplication action by G on itself can be extended to 0G: given g € G, £ = £y €
0G, define
g&o&1+ if §o € Next(g)
98 =4 (9€0)&i ifgéoeS : (19)
§1€o if g=¢&*

The boundary dG, which can be seen as a subset of G, is equipped with the product
topology and the corresponding o-algebra. Given a measure v on 0G, let g-v be the image

measure of v under the mutiplication by g, that is the measure defined by the fact that

[ r©dg-n)© = [ 19 av(©),

for all bounded measurable function f on 0G.

Definition 5. A colored measure is a family v = (Vy)yer] of probability measures on 0G

indexed by colors. A colored measure v is stationary if for all u € [r],

Vy = Z pg(uvv)g'yv‘ (2())
geG,ve(r]
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The following result extends Theorem 1.12 in Ledrappier [18] to colored random walks.

The proof is exactly the same and is reproduced below.

Proposition 9. There exists a random variable X € OG such that X,, converges a.s. to
Xeo. The law of Xo is called the harmonic measure and is the unique stationary colored
measure on the boundary OG. It will be denoted (py )ye[r] where the index u is to be

interpreted as the starting color of (X )n0-

Proof. Consider the topology on 0G defined by the distance
d(e,€) = e,
with € A ¢'| being the length of the prefix common to £ and £’

This topology makes 0G a compact set so by the Lévy-Prokhorov theorem, the set
P(IG) of probability measures on G is a non-empty convex and compact Hausdorff set
when embedded with the weak-* topology. Let ( : vy = ¥ geq ve[r] Pg(u,v)(g - ). The
multiplication in G by an element of G being continuous,  is also a continuous map
from P(OG) to itself. By the Schauder-Tychonoff theorem, ¢ admits a fixed point, which
is exactly a stationary measure.

Consider now a stationary measure v. Since G is not isomorphic to Z or Z/2Z x 7|27
the orbits under multiplication are dense in G, that is for all £,¢ € G and € € (0,1)
there exists g € G such that d(g¢&,&") < e. From this we deduce that the only closed subsets
of OG that are invariant under multiplication by G are the empty set and 9G itself. In
particular the support of v must be G and v must be continuous: otherwise the set of
points with the largest measure would be invariant and finite, so distinct from 0G.

Stationarity implies that the sequence (X,,-v) has the martingale property, in the sense
that for every measure set A the sequence (X, -v(A)) is a martingale. This martingale is
positive and bounded, so (X, - ) converges a.s. and in L' to a random measure Z. This
implies in particular that a.s. | X,,| - co. Indeed, one could otherwise extract a subsequence
on which X,, = g for some g € G, with positive probability. Hence Z = g-v and because v is
continuous and has support 0G, this would imply X,, - ¢ and consequently X,, would be
stationary with positive probability. By the quasi-irreducibility assumption, the support
of the colored walk is not reduced to e, so Borel-Cantelli lemma shows this is not possible.
Note that |X,| - oo shows in particular that X, is transient.

We prove now that Z must be a Dirac mass. Since |X,| - oo and v is continuous the
measure under X, - v of any cylinder has to tend to 0. Therefore the limit measure Z(w)
is exactly a Dirac mass on a point Xo (w). This proves a.s. X, > Xoo.

Markov property then shows that the law of X* is indeed stationary. Finally by the

martingale property and the L' convergence :

V= E[Xpv] > Ee[Lyx.] = Pe[Xoo € ].
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Hence v is also equal to the law X, which proves uniqueness of the stationary measure. [J

4.2 Markovian structure of the harmonic measure

A measure on JG is uniquely determined by its mass on cylinders. Given a measure v, we
will write v(&;--+§,,) for the mass of the cylinder containing all infinite words which start
with the prefix &;---&,.

In the colorless case, the tree structure of the group G implies the harmonic measure
is Markovian. It can be computed entirely from the solutions of a set of equations derived
from the stationarity of the harmonic measure with the following interpretation.

For all £ > 0, let Xéf ) be the restriction of X to the first k-th letters. Thus for all
k > 1 the mass under the harmonic measure of cylinders of size k is given by the law of
ng ). On the other hand (Xﬁf ))kzl is a non-backtracking walk which one can interpret
as the loop-erased random walk formed from (X, ),s0. In the standard colorless setting,
the tree structure of the group makes the loop-erased random walk a Markov chain whose
transition probabilities can be computed easily.

In the colored setting, one can expect to have similar properties but the loop-erased
random walk of the process is no longer being a Markov chain and this is not the right
process to consider. Instead let 74 := inf{n > 0,X,, = (g,-)} be the hitting time of g by
the random walk X, and wu; the color at time Ty Thus uy is the first color seen by
the random walk X,, when it visits the same element as the k-th step of X, but it is not
necessary the color visited at the step X,, where the k-th letter of walk starts coinciding

with ng) forever. Given g € S, set

g (1, v) 1= P ) [ X = 9. X7, = (9,0)]. (21)

In words, pg(u,v) is the probability that the random walk, starting from (e,w), visits g,
with color v for the first time, and later escapes at infinity in direction g. The process
considered which is the equivalent of the loop erased random walk in the colored setting
is (ng ),uk) k>1, which is a colored Markov chain with increment distribution u.

As we shall check in Lemma 10, the family of matrices p = (1g)ges is solution of the

following set of matrix equations:

Tg = pgA(x)g + Z PhZp + Z ph71th($)Ell'g, Vge S7 (22)
h,h'eS heNext(g)
hh'=g

where A(z)y is the diagonal matrix with entries, for u € [r],

Al@)g(u,u):= Y, > xp(u,v). (23)

heNext(g) ve[r]
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In the sequel, A(u), will be simply written A,.
These equations generalize the so-called traffic equations of Mairesse [14]. Beware that
the products are to be understood as matrix products. In particular one has to be careful

not to change the order of the different terms when considering products.

Lemma 10. The family pn = (jg)ges s the unique family of matrices with non-negative
entries which sum to a stochastic matriz and which is solution of Equation (22). Moreover,

for all starting color w € [r] and all cylinder &+ &,,

Py [XG) = €1 un = 0] = Lopte, A ey Ag ) pe, Lo, (24)
and
P (&1 &n) = Lipie, Ag pey g e, 1. (25)

Proof. For n =1 equation (24) is a consequence of the definition of the py. Now if n > 2,
the probability that Xc(,f) = &€, Uy = v conditional on Xgl_l) =& €p1,Up_1 = u is just
the probability the random walk escapes at infinity in direction &,, conditionned on the

fact it cannot backtrack (in the group), that is

,ugn(u,v) —
ZheNext({n_l) Zwe[r] K, (uv w)

Ag,,},l /’Lgn ('U,, U)'

An immediate induction yields (24). Summing over colors then gives (25).

Let us now prove now that the matrices p14 are characterized by Equation (22). Consider
any family (v)ges of non-negative matrices, solutions of (22) and such that Y gv, is a
stochastic matrix. Then for all u € [r] define the measure v;° on OG by setting for each
cylinder &1-+- &,

vy = IluyglA(l/)gllu&---A(y)giilVgnIL
The fact that ¥ .5 v, is a stochastic matrix proves that v is indeed a probability measure
on 0G.

Let us prove that the hypotheses on v, necessarily imply v;° = pg° for all u e [r].
By uniqueness of the harmonic measure, it suffices to show that v* is stationary. From

(19)-(20), to prove stationarity, we need to show that for all cylinder &;--- &,, for all u € [r],

Vso(gl 6”) = Z pfl(uvv)ygo(fT”gn)"' Z pg(uvv)ygo(hf?” fn)

ve[r] gthES
=¢1
oy pe(w ) (g7 e ).
gesS

g t&1¢Su{e}

We use the expression of v* in this equation and notice there are matrices appearing in

both sides of the equation. Furthermore, the case where there exist g,h € S such that
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gh = & can only occur if g,h and & belong to the same finite group Gj, in which case
Next(h) = Next(&;). Combining these two observations, we find that a sufficient condition

for stationarity is

ve, = pe, A(V)e, + Z PgVh + Z pgyg71A(y);_11l/51.

g.heS ges

gh=&1 g '&1gSu{e}
This is precisely ensured by the fact that the v, are solutions of (22). Indeed, by con-
struction, for a € S, Next(a) = {ge S:ag ¢ Su{e}} and thus {ge S:g7l¢ ¢ Su{e}}) =
Next(&71).

Thus we just proved that for all g € S,u € [r], pi*(9) = Eoer] g (1 V) = Toefr] Vg (u,v).

In particular, this yields that Ay, = A(v)4 for all g € S. Consequently the matrices j, and
vy can be seen as the fixed points of a map f: M = (Mgy)ges = (f(M)g)ges from the set

of non-negative matrices to itself, where

f(M)g = Ag + Z prMps + Z phfthBng
h,h'eS heNext(g)
hh'=g
for all g € S, and Ay, B, are non-negative matrices that do not depend on M.
One can now argue as in the proof of [14, Lem. 4.7] to deduce that pg4 = v4. Let < be
the coordinate-wise ordering for matrices: M < N if and only if M (u,v) < N(u,v) for all

u,v € [r]. Consider the matrices m, defined by

mg(u,v) = pig(u,v) A vg(u,v)

As each map f,: M ~ f(M), is obviously non-decreasing with respect to the coordinate-
wise ordering, one must have f(m)y < f(v)y = vy and f(m)g < f(p)g = pg for all g € S, so
f(m) <m. By Brouwer’s fixed point theorem, f must therefore admit another fixed point
m’ < 'm. with the same properties as p and v. This m' is thus another solution of (22)
and so must satisfy ¥ ,e(,) Mg (4, v) = Xyer] tg(u,v) for all u € [r], but since m’ <m < p

we deduce p=m'=v. O

Hitting probabilities. Let us discuss here another way to compute the harmonic mea-
sure through hitting probabilities. It is less direct but we believe it makes the computation
more natural in several examples such as free groups.

Given g € G,u € [r], recall that 7, is the hitting time of g. Let 7(4,, = inf{n : X, =
(g9,u)} be the hitting time of a pair (g,u), so that 7, := min, 7, ). For g €S, set

qg(u,v) :=P[1y < 00 and 74 = T(gﬂ))]. (26)
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Conditioning on X; and applying Markov property, one obtains that the family of

matrices ¢ = (qq)ges satisfy the matrix equation

Ty =Dpg+ Z DR + Z Ph-1ThTg. (27)
h,h'eS heNext(g)
hh'=g

In the case where G = Fy * Z/27 * --- x ZL|2Z is a free group . This equation can again be
found for classical nearest-neighbor random walks in |18, 14, 21] but here the equation is

a matrix equation.
Lemma 11. The family q = (qq)ges is the unique solution to Equation (27) among family
of matrices (mgy)ges such that pg(u,v) <mg(u,v) <1 for all u,v e [r].

Proof. One can argue as in the proof of lemma 10 or the proof of [14, Lemma 4.7]: solutions
of Equation (27) can be seen as fixed points of quadratic maps that are non-increasing with

respect to the coordinate-wise ordering, which cannot have two fixed points. O

The relation between the matrices g, and g, is the following. Suppose the random
walk is started at u. In order to have Xéol) = g,u1 = v, the random walk has to visit g with
first color v, which occurs with probability gg(u,v). Arrived at (g,v), it has to escape at

infinity in some direction h € Next(g). Hence by Markov property,
Mg(u7v) = qg(u,v)Ag(v,v), Vg €s. (28)
This gives yet another way to write equations (24) and (25):

P, [ng) =&, up = U] (e, qer-1pe, ) (u,v), (29)
Py (&&e) = > (e qen-1e, ) (u,v). (30)

v

4.3 Solving the traffic equations

General case. We have seen in the previous section that the harmonic measure is fully
described by the family of matrices u = (1g)ges on [r] defined by (21). By Lemma 10,
these matrices are uniquely characterized by the traffic equation (22). It is possible to
evaluate numerically p by iterating the map defining the traffic equations.

The hitting probabilities ¢ = (gg)ges satisfy a simpler quadratic equation (27) than the
traffic equation of u. As explained in the proof of Lemma 11, it is possible to evaluate
numerically from above and from below ¢ by iterating the map f defined in (27) such that
q = f(q). Moreover, once the hitting probabilities are computed, it is easy to compute .
Indeed, using (28), the traffic equation reads (21)

g =PgDg+ Y Dhpuy+ Y, Dp-1Qnplg, Yge€S. (31)
h,h'eS heNext(g)
hh'=g

26



Observe that y, := Ayl = ugl and y, € R™ is equal to the diagonal of the diagonal matrix
Ay. By construction, we have that Y, y, = 1. If we evaluate the matrix equation (31) on
the vector 1, we obtain a linear equation for y = (y4)ges, seen as a vector with coordinates
in R", of the form Ty = 0 where T is matrix on S x S with matrix-valued coeflicients in
M, (R). Finally, once, A, is known, Equation (31) becomes linear in p seen as a vector of

matrices.

Case of a free group. In some special cases, one can find additional relations allowing
to write the matrix p, as an explicit function of the matrices g,. This case occurs for
instance when G = Fy % Z[2Z * ---+ Z[2Z is a free group. Given g € S, let d, be the diagonal

matrix with diagonal entries
dg(u,u) = qu(u,w).
w

In words, dg4(u,u) is the probability to ever reach g, starting from the pair (e, u).

Proposition 12. When G =Fy % Z[2Z * ---» Z|27 is a free group, for all g € S the matrix
(I = q4-1qy) is invertible and
pg(u,v) = qqg(u,v) Z (I- qgf1qg)_1(l —dg1)(v,w) VgeSuvelr]. (32)

we[r]

Proof. In the case of a free group, for all g € S,u € [r],

:ug(uvv) = qg(uvv) (1 - Z 441 (v,w) + Z qg-1 (U7w)lu’g(waz)) :

wer] w,z€(T]
In particular gg(u,v) = 0 implies py(u,v) = 0. Otherwise, rewrites this equation as

g (1 v) =1-dg1(v,v)+ ), qgfl(v,w)qg(w,z)M

QQ(uv /U) w’zg[r] QQ(w7 Z) .
The right-hand being independant of u, so is the left-hand side. Consequently let x, :=
pg(u,v)/qg(u,v). Then one can again rewrite the above equation as the matrix linear
equation

r=(I~-dyg1)l+q1q4w

Provided I - g4-1q, is invertible, solving this equation yields the desired expression for
Mg(u7v)'

Therefore we are left to prove that I —qg-1q, is invertible. This can be justified by the
fact that Yoerr] Xnz0(gg-199)" (uw,v) is the average number of times the walk goes to g !
and comes back to e when starting at color u. By transience of the walk, this number
must be finite. Hence the sum ¥,,50(q,-1g4)" is convergent and the inverse of this matrix

is precisely I —qg-1qq. O
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We now further study the matrix equation (26) satisfied by the hitting probabilities
(gg)ges in the case where G = Fg % Z/2Z % --- + |27 is a free group. As already pointed, in

this case, we have for all g € .5,
Qg =Pg+ ), Ph-1dndy- (33)
h#g~1

In the colorless case, it is possible to reduce Equation (33) to a scalar equation, see for
example [18]. We extend this computation to the colored case. We define the matrix in
MT(R)a

z=1-) pg1qq. (34)
geS

We now express g, as a function of (z,py,p,-1) and find a closed equation satisfied by z.
For simplicity, we assume that for all g € G, the matrix p, is invertible. If this is not the
case, a similar argument holds but one should be careful with pseudo-inverses.

We define the matrices in Mo, (R):

0 0 0
P, = Py , 4= : and Qg = 19 .
Dy-1 0 0 =z dg-1 0

From our assumption, P, is invertible and

P—l — 0 (pg’1)71 )
g9 p;1 0

Applying (33) to g and ¢!, we find that, for all g € S, 2qg = Pg — Pgqq-1qy and thus
ZQq = Py - PyQ3.
We set Z, = P/ 1Z. The above equation rewrites
(Zg+Qq)Qq =1. (35)

In particular Z, = Q;l - Qg so Zy and @)y commute. We may thus solve the quadratic
equation Qg +ZyQq — 1 =0 with )y as unknown as in the scalar case. Completing the
square yields

(Qg+ Zg[2)* =1+ Z; /4.

Therefore, for some proper choice of the matrix square root function, we get

Qg = % (:/41 +(Py12)? - Pg‘lZ) , (36)

where (/- is a notation to stress that the choice of the square root is unknown. First, as Z,

and @, commute, the eigenvalues completely determine the square root. Also, since @)y is
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a block antidiagonal matrix, for every of its eigenvalue A, —\ must also be an eigenvalue
with the same multiplicity (algebraic and geometric). In particular, we are left with at
most 2" choices for the square root to pick in (36) (a choice of sign for each eigenvalue pair
(A -N)).

There is one useful property to further determine the square root. Consider

-1
_ Y 0
R,=Q.P; = 9 .
0= Qaly ( 0 qglp;‘ll)

We observe from (33) that qugl = (I = Xpegr Ppt qn)”". The matrix Y heg-1 Ph-1Gn is sub-
stochastic: it has non-negative entries and the sum over each row is less or equal than one
(from a starting color, it corresponds to the probability that the colored walk killed when
visiting g comes back to e after some time). In particular, the matrix »,.,-1 p,-1q, has
spectral radius less than one. Thus all eigenvalues of qu;1 and R, have positive real part.
Using (34), the same argument shows that z and Z have all their eigenvalues with positive
real parts.

Finally, from Equation (34), we have Z = [ - ¥, P,Qy = I - ¥, PyR,P;. We deduce

that
Z=1- % > (Pg:/4f+ (P;12)? —Z). (37)

ges
Up to this issue of square root, we thus have found a fixed point equation satisfied by
z (in Equation (37)) and expressed g, as a function of (z,py,pg-1) (in Equation (36)). If
r =1, we can retrieve a known formula for colorless random walks. We note that Equation
(37) should be compared to Proposition 3.1 in Lehner [19] where a related formula is
derived in a self-adjoint case (it can be checked that 2z is the inverse of the diagonal term
of the Green function (I —P)!(e,e) where (I -P)~! is seen as an infinite matrix indexed
by G x G with coefficients in M, (C)).

5 Computing drift and entropy

5.1 Computation of the drift: proof of Theorem 4

A proof of Theorem 4 in the colorless case is given in [18] for the free group. The proof can
be adapted for more general free products, as mentionned in [14, 21]. Tt is also presented
in a slightly different way in [9]. This is the latter proof that we here extend in the colored

case.

Proof of Theorem 4. We aim to compute the limit of E|X,,| /n. This can be seen the Cesaro
limit of the sequence (E|X,,+1| — E|X,|)ns0. Here we deliberately omitted to precise the
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starting color, as the final result does not depend on it by Proposition 2. In particular one
can choose the starting color to be distributed according to the measure w. By Markov

property and the invariance of 7, for all n >0

Eﬂ' |Xn+1| - Eﬂ' |Xn| Z 7T(u)pg(ua U)Ev |an| - Z 7T(u)Eu |Xn|

w,ve[r] u

= Z T(u)pg(u,v) (Ey |gXn| = Ey | Xn])
u,ve[r]

= >, m(w)pg(u,v) (By [|gXn] - Xal])-
u,ve[r]

We fix a color v. The random variable Z,, := |gX,| —|X,| takes values in {-1,0,1}. On
the other hand, X, converges to the random variable X, as n goes to infinity. Conse-
quently gX,, converges to gXo € G and Z,, converges to a random variable Z, € {-1,0,1}.

It is now easy to see what happens:

1 it x® =gt
Zoow=1 1 if X e Next(g) -

0  otherwise

Hence, by the dominated convergence theorem, we find
E, [Zn] = By [Zeo] = f o dp°
= - Z Mg—l(’l),’lU)‘l‘ Z Z Mh(vvw)a

we(r] heNext(g) we[r]

as requested. O

5.2 Entropy: : proofs of Theorem 5 and Theorem 6

The following computation is originally due to Kaimanovich and Vershik [15] and is here
adapted to the matrix case. Given a discrete random variable X and a o-algebra F, the

conditional entropy of X with respect to F is defined as
H(X|F)=E —ZP(X=:U|.7:)10gP(X=:U|}') .

Let T := Npso 0{ Xk, k > n} be the tail o-algebra. As one can check easily, the tail o-algebra
is also the o-algebra generated by Xo. Therefore a function is T-measurable if and only

if it writes as a function of X.

Proposition 13. The entropy of a colored random walk satisfies

h=Hr(X1) - He (X1 |T). (38)
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Proof. By the Markov property for all n > 1
Hr (X1 | Xp, Xns,--.) = He (X1 | X5)
When n — oo the left-hand side converges to H;(X1|7). On the other hand,
HW(XI ‘ Xn) = HTI'(XlaX’Vl) - HT((XTL)
= H,(X1)+ H: (X, | X1) - H: (X))
= Hr(X1) = (Hr(Xp) - Hr(Xn-1)) .-
In the last line we have used equation (18). Since H.(X,,)/n converges to h as n goes to

infinity, one must also have that H,(X,) - H;(X,-1) converges to h, hence the result. [

Given a o-algebra F and g,h € G,u,v € [r], let P[(g,u), (h,v)|F] be the conditional
transition probability with respect to F, that is

P[(gau)a (h,’l)) |‘7:] = ]P)g,v [Xl = (h’7v) |f] .
The stationarity of the harmonic measure

pa = ), pe(w,v) g Py (39)
geG
ve[r]

implies in particular that the measures g-p;’ are absolutely continous with respect to p;°

if pg(u,v) > 0.

Proposition 14. The conditional probabilities with respect to T are given by:

d hp®
P[(Q?“)v (hav) | T] :pg’lh(uav)d poo
gp

u

a.s.. (40)

Sketch of proof. The result is true when replacing 7 with the invariant o-algebra Z which is
the g-algebra generated by all bounded invariant functions, that is, all bounded functions
f:(Gx[r])YN - R such that f(xg,z1,...) = f(x1,2,...). This is the content of [20,
Lemma 14.33].

Generally, the invariant and tail o-algebras do not coincide but they do for transitive
Markov chains, up to negligible sets. The proof goes basically like this: there is an equiv-
alence between the set of bounded invariant functions and the set of bounded harmonic
functions. There is a similar equivalence between bounded tail functions and bounded
space-time harmonic functions. Using a zero-two law, one then shows that space-time
harmonic functions do not actually depend on the time parameter and hence are classical
harmonic functions. The equivalences between functions thus prove the equivalence of the
o-algebras. See [20, Section 14.6| for details.

For colored Markov chains, the arguments extend naturally, using quasi-irreducibility

and quasi-transitivity. Therefore the above formula is correct with 7 instead of Z. O
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Proof of Theorem 5. By Proposition 13 and Equation (39),
h=Hx(X1) - He (X1 [ T) = He(X1) + EW(U) f 108 P(e,u) [ X1 | T](Xoo) dPy

= Hx(X1) + ) m(u) 3 fpg(u v)10g P (e[ X1 = (9,0) | T1(9S) dpy’ (§)

gesS
ve[r]
=H.(Xp)+ z[:]w(u) z% pg(u,v) flogP(g-1 W[ X1 = (e,v) | T](E) dpy (§)

ve[r]

Now, using Proposition 14, we find

h=H;(X1)+ Zw(u) Z pguv)[log(pg(uv) = 00(5)) Py (£)

gelF g,ve[r]

:—;ﬂ'(u) Z pg(u, v)flog( g pu (5)) Py (£).

g<Fq 7U€[ ]

It concludes the proof. O

Equation (10) is the matrix version of the known formula for colorless random walks
[15, 18]. It shows that the computation of the entropy ultimately comes down to the
computation of some Radon-Nikodym derivatives. In the colorless case, this computation
goes basically as follows.

Consider a cylinder &;---&,. Compute g - p*°(&1---&,) distinguishing the different cases

occurring:

o if g=& then g-p™(&i--&n) = p™ (€2-6n)

o if & € Gi,g # & and there exists h € G; such that gh = &, then g-p®(&--&,) =
p* (h&+6n)

o otherwise, g-p® (&1-6,) = p (g7 &1--En).

As one can check, the last case occurs if and only if & € Next(g™!). Expand now the

expressions above into products using from (30) that p*°(&1-+-&n) = qe,+qe,,_, Mg, to get

1/Qg if 61 =9,
=1 qg1 if & € Next(g™!),

an/de, = dg1e,/de, if heS and gh=§.

g-p=(&1-+6n)
P (&1-+6n)

As will be proved after, the left-hand side converges to the Radon-Nikodym derivative as
n — oo. One can then easily express the integral (10) in terms of the scalars pg, ¢, and pg

and obtain the formulas given in [18, 21].
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For colored random walks, the same computations can be made with matrices except
that the cancellation between products no longer takes place. Instead, one has to deal with
an infinite product of random matrices. For example, as one might guess from (19)-(30),
it is true that

dan®™ 17 a.- _ 1

dpg? n—eo 1 qerqen—1pienl

if £, € Next(g™1). In the subsection, we prove that this kind of convergence holds and that
the limit can be expressed thanks to random probability measure on [r] which is uniquely

characterized by an invariance property.

5.3 Convergence in direction for inhomogeneous products of matrices

In this final subsection, we prove Theorem 6. The computation of the Radon-Nikodym
derivatives in the integral formula of the entropy requires to investigate infinite products of
random, non-negative matrices (that is, with non-negative entries). We use first use results
for non-negative, deterministic matrices [24] to justify limits of infinite matrix products.
This yields formulas like (41) and a first expression for the entropy (45). Then we use
results for products of random matrices [3, 4] to describe the law of the limits obtained,

which yields eventually Proposition 6.

Convergence of the Radon-Nikodym derivatives. Instead of the general results in
[24], it turns out that we can directly use a result from Lalley who already had to inquire
about infinite matrix products in his study of finite range random walks [16]. It does not
seem however that his methods can be interpreted as an application of the linearization
trick.

Let X be a finite set and Y a subset of X x X such that for all x € X, the set
{y € X,(x,y) € T} is non empty. Let ¥ := XZ be the space of doubly infinite sequences
(&n)nez with values in X, such that (§,,&,+1) € Y for all n e Z. Let 0 : (§n)nez = (&nt1)nez

denote the standard shift on ¥ and given a function f:¥ - C and n € N, write
Spfi=f+foo+...foo™ L
Recall the definition of P* in (12).

Proposition 15 ([16, Prop 5.2|). Let (My)zex be a family of r x r matrices with non-

negative entries. Assume there exists integers m > 0,k > 1 and a function B : X* —
2"l {@} (the set of non-empty subsets of [r]), such that for every n >m and every family
X1y.eoy Tpek € X with (x;,x41) €Y for all i,

(Myy My, My, Vuw>0<v€B(Tpity. s Tnsk) Vu,v e [r] (42)
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Then there exist constants C' >0 and 0 < a <1, maps p,v:35 >R and V,W : ¥ - P* such
that for all £ € X,

[e75#© M, Mg My, ~7(0u6)V(OW (0"0)T| < Ca, (43)

where V =V (&1,&s,...) depends only on the “forward coordinates®, while W = W (&p,&é-1,...)

depends only on the “backward coordinates”. Furthermore,
Mg,V (0€) = #OV(¢). (44)

Proposition 15 states shows under condition (42), the product Mg, Mg,--- Mg, tends
up to renormalization factor to a rank one matrix whose range is spanned by the vector
V(£). This result is well known for powers of a matrix with positive entries, in which case
the vector V' is nothing but the Perron-Frobenius eigenvector. Proposition 15 is thus a
generalization of the Perron Frobenius theory to inhomogeneous products of non-negative
matrices with possibly zero columns (condition (42)). We refer to [16] for additional
properties of the functions ¢, v with the vectors V, W which will not be needed here.

To apply Proposition 15 in context of linearized random walks, take X =S and (z,y) €
Y if and only if y € Next(g).

Corollary 16. Suppose the matrices (qq)ges satisfy the hypothesis of Proposition 15 and
let V: 0G - P* be the corresponding map. Then for all u,v € [r], £ € G,

(1, V() pe _
{q9(u,), V(c8)) if &1 =g,

dgpy’ (@1 V() . _
goo_(f) = qg@lluw if & € Next(g™), (45)

sty Vo) T eS andgh=61

Proof. From (19)-(30), for any cylinder &;---§,

L3 Ges G, He, 1 if & =g,
9Py (§1+6n) =4 1ag14e, e, pg, 1 if & € Next(g7"),
17qnqe, - pe, 1 if heS and gh=¢&;.

Let £ € 0G. Combining the previous computation with Proposition 15, there exist A, > 0,

uniformly lower bounded, and « < 1 such that if & =g,

gy (&1-:6n) _ 1; (qéz"'qﬁn—l) (an]l)
P (&10+6n) QQ(uv )7 (q£2.“q£n71) (“Enﬂ)
B 1,V(c&)A, + O(a™)
= 20TV (7€) + O(a)
(1,, V(cf))
n=eo (gg(u,), V(0€))
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The other cases are treated similarly.
On the other hand

g-py (§1--€n) _ f dopy” Leen 4o
P (€1++6n) oG py pr (&)
but as n — oo the measure % dpy’ converges to the Dirac mass at &: for all integer

k and € > 0, the mass of all k-cylinders except the cylinder &;--- £ is bounded by € for n
large enough. Thus the above limits give indeed the Radon-Nikodym derivative. O

The next proposition asserts that for the colored random walks that we are mainly

interested in, Corollary 16 applies.

Proposition 17. Suppose the colored random walk (X,,)ns0 s a linearized random walk
obtained from a finite range random walk (Y )nso via one of the procedures presented in
Section 2. If (Yn)nso s irreducible, then the matrices (qq)ges, satisfy the hypothesis of
Proposition 15.

Proof. Beware that the notations are the contrary to those of Section 2: here (X,,)ns0 is
the colored walk linearizing the finite range walk (Y},)n50-

Let us first review briefly a relevant argument in [16]. Lalley proves that the hypothesis
of Proposition 15 is satisfied by matrices H, which are related to the walk (Y},)n>0. These
matrices are defined as follows. Letting K denote the support of the finite range random
walk (Y7,)ns0, define L := max{|g|,g € K} and B:= {g € G,|g| < L}. The matrices H, will
be taken in RB*B. Given g € G, define

Ty :=inf{n >0,Y, € gB},

that is T} is the first time the representative of Y,, writes as g times an element in B. When
G is a plain group, representatives are unique so T, is well defined. For all a,b € B, the
(a,b)-entry of Hy is then defined as

Hy(a,b) :=P[T, < 00, Yy, = gb| Yy = a]

In [16], Lalley only considers the case of a free group. The following properties can however
be easily extended to plain groups.

The matrices Hy, g € S have the property that if g = g1--- g, then Hy = Hy,---H,, , see
[16, Prop 2.3]. Thus proving that the family (Hg)ges satisfies condition (42) is equivalent
to prove that there exists k£ > 1 and B : S¥ - 258\ {2} such that for all g € G with length
lg| large enough,

Hy(a,b)>0<=beB (46)
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where B is a subset of B that depends only on the last k letters of g. This is exactly what
is done in [16, Proposition 5.3], under the condition that (Y},)ns0 is irreducible.

We now come back to the proof of Proposition 17. As for the matrix Hy, if g writes
as a reduced word g = g1+ gn, then we set g4 = qq,--* qg,,, S0 one can argue as for the Hy,
namely prove that gq(u,v) >0 for |g| large enough if and only if v is in some subset of []
that depends only on the last letters of g.

The two constructions of the linearized random walks considered are made so that if
Yy = e and Xy = (e,1), one can couple (X;,)ns0 and (Y, )ns0 to have Y, = X, where 7,
always corresponds to a return time at color 1.

Moreover, colors are associated to elements of K: for all v € [r],v # 1, the colored walk
X,, when at color 1, needs to be multiplied by specific elements of K in order to pass
through the color v. More precisely there exists (at least one) h € K with representative
h = hy---hghge1---hy, with the property that when at color 1, the random walk (X,,) reaches
color v when being multiplied by h;---hg. The main difference about the two constructions
is the number of such h that one can associate to the color v, but this has no consequence
for what follows.

Let K(v) be the set of such elements h. For each h = hy-hihgyi--hy € K(v), set
p(h) := hy---hg and s(h) := hg,q---hy. By what precedes, to have color v when visiting g, X,
has first to get to (gp(h)~!,1) for some h € K (v), and then be multiplied by p(h). Arrived
at g, it has no other choice then than to be multiplied by s(h).

The same goes for the starting color u: if the walk is at (e,u), then it is bound to
arrive at (s(h'),1) for some h' € K (u).

Thus using that X, =Y, one deduces that the colored random walk can go from (e, u)
to (g,v) if and only if the finite range random walk can go from one of the s(h’),h' € K(u)
to gp(h)! for some h € K (v) and then to gs(h). Hence for any h e K(v),h' € K(u),

qq(u,v) > Hy(s(h'), s(h)).

Provided |g| is large enough, Equation (46) precisely states that the right-hand side is
positive if and only if s(h) is in some subset of B that only depends on the last letters of
g. Consequently the positivity of ¢4(u,v) does not depend on u for |g| large enough, which

proves the result. O

Law of Radon-Nikodym derivatives. The previous result is purely deterministic and
does not take into account that the process (X c(xf" )7un)n20 is a Markov chain. Our goal in
this paragraph is to determine the law of the probability vector V appearing in Corollary
16. The monograph [3] (see also [4]) state results for products of iid random matrices

which, as we shall see, apply to Markovian products as well.
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Remploying the general framework of Proposition 15, consider a Markov chain (Z,,)ns0
on the finite state space X with transition matrix Q and Y := {(z,y) € X x X, Q(z,y) > 0}.
Let (M,)zex be a family of 7 x  non-negative matrices, such that condition (42) holds.

Consider the sequence defined by Y;, :== Mz ,n > 1. By Proposition 15, a.s. the product
Y1---Y,, is non-zero and converges in direction to a rank one matrix spanned by a random
vector V' € P*. If one multiplies the product on the left by another matrix M,, one still
has a products of matrices M,, so one can expect the law of V' to satisfy some invariance
property.

For all non-negative matrix A € M,.(R) and all z € P*, we define Az to be the normalized
image of z (identified with a vector in R") that makes it a probability vector, provided
Az # 0. The latter case will not be an issue: condition (42) implies in particular that
matrices M, have no zero row, and vectors of P have no zero coordinate so M,z is well
defined for all z € X,z ¢ P™.

Since Z, is a Markov chain, the law of V may depend on the starting state of Z,.

Hence it is natural to think of it as a colored measure (colors being here the states x € X).

Definition 6. A family v = (vy)zex of probability measure on P* is called a colored

measure. Let QQ *» v denote the colored measure defined by
[ 1@ a@*v)u(x) = % [ 104,2)Q(w,y) dvy (=)
y

for all bounded measurable function f on P* and x € X. The colored measure v is said to

be invariant if Q * v =v.

Lemma 18. Let v, be the law of V when Z,, is started at x, the colored measure (V) zex

is the unique colored measure which is invariant with respect to Q.

Proof. We use Markov property together with (44) to obtain the invariance of the law of
V.

The proof of uniqueness is similar to the proof for the harmonic measure in Proposition
9. Consider another invariant colored measure (p;)zex. By invariance, for all bounded

measurable function f on P* the sequence

M= [ f(Vi Yaw) dps, (w), 120

is a bounded martingale with respect to the filtration F,, := o(Zy, Z1,...,%y), so M,
converges a.s. and in L'. This being true for all bounded measurable function, this implies
the measures Yi--- Y, * pz, converges weakly to a measure. Now, because the product

Y1---Y,, converges in direction to V', the limit is necessarily the Dirac mass at V.
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On the other hand, the martingale property with the L' convergence gives that for all

bounded measurable functions f on P*, for all x € X,

BV [ £ov]- [ fdn

Therefore p, must be the law of V when Zy = z, that is p, = vz, and is consequently

unique. [l
We are finally ready to prove Theorem 6.

Proof of Theorem 6. We apply Lemma 18 in the context of colored random walks, with
X =Sx[r] and Q((g,u)(h,v)) = pp(u,v). Due to the form of the transition probabilities
the law of V' is only indexed by colors. It remains to use Corollary 16 in conjonction with

the integral formula of the entropy given by Theorem 5. O

6 Application

We now give an example of how the linearization trick can be used in order to compute
the drift of a random walk. The example is simple enough so that the linearization trick is
actually not needed. However it is a good illustration of its usefulness: whereas the direct
computation requires some thought and can appear tedious, the linearization trick allows
to hide all the technical aspects into matrix multiplications. The computation in the end
is the same, but it can be handled quite smoothly with the linearization trick.

Let G1, G be finite groups and consider the group G = G1 * G5 with the usual set of
generators S = G| |Ga \ {e}. Elements g of G can be written as words of length |g| with
letters alternatively taking values in G or Gbs.

Let k; denote the cardinality of G; \ {e}, i=1,2, L <1 be a fixed integer and consider
the following random walk (X¢)so supported on the set of words of length smaller than
L. At each step the walk is multiplied on the right by an element chosen uniformly among
words of length n < L that start with 7 € {1,2} with probability p;(n). In other words for
all g = gi,-g;, of length n < L, with i1,...,i, € {1,2},i1 # g # ip,

pil(n)
ki, -k ’

in

Dg =

where p = (pi(n))n<ri-1,2 is a probability vector : ¥, ,pi(n) = 1. Of course in the de-
numerator above, one could regroup powers of ki, ko together. This random walk is the
generalization of an example given in [21] for which the drift is explicitly computed in the

nearest-neighbor case L = 1.
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As seen in the proof of Theorem 4, the drift is given by
7= Jim z E [|X | - X))

In this model, the knowledge of what group the last letters of X; belongs to is enough to
determine the quantity Z; := | X1 —|X¢|. Neglecting the case where X; or Xy, og-f length
smaller than L, Z; can thus be determined from a Markov chain on the state space {1,2}.
The drift of X; can then be easily deduced from the stationary measure of this Markov
chain. This is the computation done in [21] for L = 1.

This argument remains valid both for the finite support case L > 1 and for colored
random walks. Hence the computation can be made with or without the linearization
trick.

Direct computation. Given g€ G, let g, resp. g denote the first, resp. last letter of g.
If g=e,g=9=1. Suppose that at time ¢, | X¢| > L so that neither in X; nor X;,1 can equal
e.

At time t+1, X is multiplied by some element g. Here are the different cases occuring.
If g is not in the same group as X, , there is no cancellation when concatenating X; and g,
so X;41 = X;g ends with the same letter as g, ie X;41 = g. Otherwise there might be some
cancellations and X, = g if and only if there is no complete cancellation between X; and
g. By complete cancellation we mean that g is exactly the inverse of the word formed by
the |g| last letters of X;. If complete cancellation occurs, then Xy,1 is bound not to be in
the same group as g.

Since there are only two groups, g = g if and only if |g[ is odd. Thanks to the simple
form of the transition probabilities in this model, one can deduce thus deduce that the

probability the last letter of X; goes from G to G is

Qo= Yrn+1)+ ¥ B s onya -

T n+lpn nLn
n>0 n>0 k k nx1 k k

);

and the probability to stay in G

)oY s on.

n+1g.n nr.n
kl k2 n>1 k1k2 n>1

Qii= Y m@n+1)(1-

n>2n+1

The sums above are finite as p;(n) =0 if n > L. By symmetry, exchange the roles of 1 and
2 to get Q2,1 and Q22. In the end, one obtains a 2 x 2 stochastic matrix ) which is the
transition matrix of the Markov chain induced by the last letter of X; in the sense that
P [m €eG, | X; e Gy, | Xy > L] = Q;,j for i,j € {1,2}. Since X; is transient it spends only a
finite amount of time in the ball {g € G,|g| < L} so the ergodic theorem for Markov chains
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shows that the average amount of time X; is in G; converges to converges to (i), where
7 is the unique invariant measure of the transition matrix Q.

Now what is Z; = |X¢1| — | X¢|? Consider the cases previously identified. If g and
X; belong to different group, then Z; = |g|. Otherwise, each cancellation occuring when
concatenating X; and g make the distance decrease by one. Hence in case of complete
cancellation Z; = —|g|. Otherwise, once the cancellations have been dealt with, the first
step simply updates X; and consequently does not increase the distance, while the other
remaining steps increase it by one. Therefore the contribution of g is —|g| in case of
complete cancellation and |g| — 1 — 2i otherwise, where i is the number of cancellations
occurring when concatenating X; and g.

Combining all these observations, the change in distance when going from group G to

group Go is
Q12 = Y (@n+1)pe(2n+1) - > (2n+ 1)P1(2nl+ 1)
n>0 20 kn+ kn
1
+n§>j1p1(2n)2(2n 1-2i-1) k:z_ ( _k:_z-) (47)

and when staying in G1:

2n+1

Qi= 3 Y (@n- 2(1—1))p1(2n+1)k k“( ‘kll)

n>2n+1 1=1

_ Z(gn)pl(zn) + S (2n)pa(2n). (48)

nL.n
n>1 kle n>1

As before, Q271,Q~2’2 can be obtained by exchanging the roles of 1 and 2. In the end the
drift of X; is given by

v=m(1)(Q1,1 +Q1,2) +m(2)(Q21 + Q22). (49)

Computation with the linearization trick. Since we know specifically the random
walk (X;), we do not follow exactly the construction of the linearized random walk in
Section 2 but adapt it to the example. What seems quite natural is the following: consider
matrices pg = (Pg(i1--+in) )i, indexed by reduced words i1 # g+ # iy, of length n <L -1,
including the case n = 0 of the empty word, written exceptionnally 0. For all g € S and all
reduced word 41--+i,, of length n < L — 1, set

pig(n+l) . ' .
pg (0,11 zn):{ o — ifgeGi, and ig # i1

%0

0 otherwise
(50)
~ (. . . ) ?L' ifg E(;h
p Zl“'Z ,7/2“"5 = 11
g " " 0 otherwise.
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It is easy to see that Y .qp, is a stochastic matrix. Thus the matrices p, can be used
to define a colored random walk (Y7):»0. In Equation (50), the color 0 is to be interpreted
as a neutral color, while ¢;---4,, is to be interpreted as the “remaining step” for Y;, meaning
that Y; will be mutliplied by successive elements of Gy, ,...,G;, before it arrives at the
color 0. For instance the probability to go from (e, 0) to (g,212) with g € Gy is p1(4)/k1.
From (g,212), the walk then goes to some (gh,12), h € Gy with probability 1/ky, then
to (ghg’,1),¢" € Gy with probability 1/k; and finally to (ghg’h’,0) with probability 1/ks.
Hence with probability pj(4) it moved between two states with color 0, from e to a uniform
element of length 4 starting in group ;. This should make clear that that Y; linearizes
the initial random walk X; in the sense of Theorem 1: if Y; starts at (e,0), then it behaves
exactly like X; when evaluated at the ¢-th return time at color 0.

Let us now apply the previous argument to this colored random walk. Let r be the
number of colors used in the linearization and for i = 1,2 set P; := Ygeq; Pg- When Yy is
far from e, it induces a colored Markov chain on the state space {1,2} x [r]. Because the
random walk is nearest-neighbor, we are spared of all the considerations necessary to deal

with finite support. The transition matrix we are looking for is simply

_ (1—-1/k1)fﬁ fﬁ/k1+-f§ (51)
P1+P2/k‘2 (1—1/]{2)})2
which is the exact block analog of the matrix in [21].
Likewise the change in distance is simply given by the matrix:
~ 0 -ifﬁ kl +.F§
Q- [l ), (52)
Py - Py /ks 0

The matrix @) defining an irreducible Markov chain, it admits a unique stationary measure
. As before, the ergodic theorem gives the drift of Y; as ZUE[T](TFQ)(U) and by Theorem
1 the drift of X; is

L ~
-\ (z pr(n) +p2<n>) S (0)(w).

ve[r]
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