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Regular expansion for the characteristic exponent of a product
of 2 X 2 random matrices

Benjamin Havret*

Abstract

We consider a product of 2 x 2 random matrices which appears in the physics literature in the
analysis of some 1D disordered models. These matrices depend on a parameter ¢ > 0 and on a
positive random variable Z. Derrida and Hilhorst (J Phys A 16:2641, 1983, §3) conjecture that
the corresponding characteristic exponent has a regular expansion with respect to € up to — and
not further — an order determined by the distribution of Z. We give a rigorous proof of that
statement. We also study the singular term which breaks that expansion.

Keywords : Product of random matrices, Lyapunov exponent, Disordered systems.
AMS subject classification (2010 MSC) : 82B44, 60B20, 37TH15.

1 Introduction

Random matrix products appeared in the physics literature as a powerful tool to study disordered
systems, ranging from Anderson model [1, 17] to disordered harmonic chains [8, 23] or disordered
Ising model (discussed below). Among that wide range of models, the present work focuses on a very
specific one, introduced by B. Derrida and H. Hilhorst in [6] to study the strong interaction limit of a
1D disordered Ising model.

Let (Z,) be iid non-negative and non-deterministic random variables, with law u. For ¢ > 0,

consider the matrices
1 €
lwnyﬁ - <€Zn Zn) . (]‘1)

We will write Z for a random variable with law p and M, for the associated matrix. In fact, we will
use Z instead of u to formulate our assumptions and results. The (leading) Lyapunov exponent —
also called characteristic exponent — is the growth rate of their product:

. 1
L(e) = Lz(e) :nglfooﬁlog”M”’e.“Ml’EH . (1.2)

We will be particularly interested in the behaviour of £(¢) in the limit ¢ — 0.

2 x 2 matrices of the form (1.1) have appeared several times to express the free energy of the
disordered 1D Ising model [2, 5, 6, 19], where the limit ¢ — O represents a regim of very strong
interactions. It is also used in the celebrated work by B. McCoy and T. T. Wu [18] to study a 2D
Ising model with 1D disorder, as well as in a similar model proposed by R. Shankar and G. Murthy
[24] which includes frustrated interactions.

From a mathematical point of view, a wide literature proposed to study these models and more
general matrix products. One should cite the seminal work by H. Furstenberg et al. [9, 10] and
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Oseledec’s theorem [20] (see [25] for a review). Looking at our own task, Furstenberg-Kesten theorem
[10] asserts that the limit (1.2) exists almost surely and is deterministic, as long as E[log, ||Mc||]
is finite (here E[log, Z] < oo suffices). When e vanishes, the matrix M, . tends to a diagonal
matrix and the Lyapunov exponent can be explicitly computed thanks to the law of large numbers:
£(0) = max(0, E[log Z]). However, diagonal matrices are a degenerate case in the theory developed by
H. Furstenberg et al. and one expects, in most cases, that € — L(e) is singular around 0.

It is worth stressing from now that the diagonal matrix M,, ¢ is still random. Therefore we are not
in the framework of weak disorder limits such as [3, 7, 22| in which the matrix M, ¢ is deterministic.
The main reference paper for our analysis is rather [6].

1.1 General conjecture and known results

The present work is motivated by the recent mathematical progress by Genovese et al. [12]. In
this paper some physical predictions, about the limiting behaviour of £(¢) when e vanishes, mainly
stated in [6] (see also [2, 5, 19]), are proven. However the physical predictions go beyond. We now first
formulate these predictions in the form of conjectures, which detail the expected limiting behaviour
of L(e€), depending on the distribution of Z. Then we explain what has been proven and what our
contribution is.

Definition 1.1. A real-valued random variable £ is said to be arithmetic when there exists a constant
¢ > 0 such that ¢& € Z U {£oo} almost surely.

Conjecture 1.2. Assume that log Z is nonarithmetic.
1. Suppose in addition that there exists o € (0,+00) such that E[Z%] = 1.
o Ifa ¢ {1,2,...}, then, as € goes to 0,

L)

L) =Y (~D)F0e 4 (~1)[ 1T 0z 4 o(*), (1.3)
k=1
where, for k < |a, £y is a positive rational function of E[Z], ..., E[Z*]; and Cz is a positive

real number.
o Ifae{l1,2,...}, then

a—1

Le) = Z(—l)kH&Cezk + (=) Cze** log(1/e) + o0 (62" log e) , (1.4)
k=1

where the coefficients (¢x) are the same positive rational functions of Z’s moments as before;
and Cyz 1is still a positive constant.

2. IfEllog Z] =0 — it is the “a = 0” case — then

L(e) = mg%z/e) +o((log1/e)71). (1.5)

The same references motivate further comments.
Remark 1.3. The coefficients (¢x) appearing in the conjecture can be computed recursively. For instance

E[Z]

_ (1+E[Z])’E[Z?] + 2E[Z]*(1 — E[Z?))
- 1-E[2) '

2(1 - E[Z])*(1 - E[2?])

I3 0y = (1.6)



Precise recursive formulas will be derived in Section 3. However it is not clear that a simple closed
formula for ¢, can be derived. By contrast, apart from a few special situations, the calculation of the
constant Cz is a very hard problem [5, §4.2.1]. On another note, in all the instances developed in
Conjecture 1.2, the constant Cz should be replaced by a multiplicatively periodic function of e if log Z
is arithmetic. A precise computation of such a multiplicatively periodic function Cz is made in [6] for
a very specific (and singular) distribution of Z.

Remark 1.4. We discuss in this remark the instances which are excluded by the conjecture. The
conjecture actually covers almost all the cases where E[log Z] < 0 and P(Z > 1) > 0, except the one
discussed in the item 4 of Remark 1.6.

1. The case E[log Z] > 0 (which corresponds to oo < 0) boils down to E[log Z] < 0 by factorizing Z in
the matrix Mc: Lz(e) = E[log Z] + L1,z (¢€). Similarly, by conjugating by the matrix Diag(—1,1),
one observes that £ is an even function: L(¢) = L(—e¢). It implies that the behaviour €2 is
rather |€|??, so it is actually singular even when « is a half-integer.

2. If Z < 1 almost surely (that is “a = +00”), then L(€) admits a regular expansion with respect to
€2 up to any order. Is it smooth or analytic in a neighborhood of 0? The problem is still open,
except if Z € 0,1 — n] almost surely, for some 1 € (0,1). If so then it is a consequence of a result
by D. Ruelle [21] that L(e) is a real analytic function of € around 0.

3. That same theorem of D. Ruelle also ensures that the Lyapunov exponent L(¢) is always an
analytic function of € on (0, +00).

Very little of Conjecture 1.2 has been made mathematically rigorous. To our knowledge only (1.3)
has been successfully tackled [12], and only for o € (0,1). When « € (0, 1), that is E[log Z] < 0 and
E[Z] > 1, the singularity €¢2“ happens to be the leading behaviour of £(¢) and (1.3) takes the form:

2«

L(e) o Cy e, (1.7)
This simplifies in a substantial way the analysis: Derrida and Hilhorst in [6] (see also [2, 6, 19]) explicitly
give, based on a two scale argument, a probability measure that is expected to be close, when € is
small, to the invariant probability for the action of M, on the projective space P'(R) (that is, the
distribution of X, in the next paragraph’s notations). Then, they use this probability to compute
the Lyapunov exponent. This two scale analysis is made rigourous by G. Genovese et al. [12], who
show that this probability measure is indeed close to the invariant measure in a suitable norm, and
this control is sufficiently strong to yield precisely (1.7). It appears to be rather challenging to follow
the same steps for @ > 1: the guess for the invariant probability would have to be tuned to yield
the |« terms of the regular expansion and the singular €2® term. Even at a heuristic level, such a
construction is lacking. Note, in particular, that in [6], the o > 1 case is treated in a expedite way,
without reference to the invariant probability, and without capturing the singularity €2*.

On the other hand, a weak disorder limit of the model has been investigated. In this limit, the
product of random matrices becomes a stochastic differential equation system. An exactly solvable
structure emerges from that SDE and the analog of (1.3) and (1.4) has been shown to hold (see [13]
for the case a € (0,2) and [4] for the general case). As pointed out in [4], it is rather remarkable that
the structure of (1.3) and (1.4) holds also in the weak disorder limit and this appears to be a rather
deep fact. Nonetheless, the fact that the conjecture holds in the weak disorder limit is far from being
a mathematical proof of the conjecture for products of matrices.

The main aim of our work is to approach (1.3) and (1.4). Our results are the following.

1. L(¢) admits a regular expansion in powers of €2, up to order € L) or €2(@=1) in the integer case
(that is the regular part of (1.3) and (1.4)).



2. We prove that the next order term after this regular part, call it R(e), satisfies, as € goes to 0,
for instance in the non-integer case

2lo) « R(e) < Ll (1.8)

Since ¢ — L(¢) is an even function, only even powers of € are non-singular (see Remark 1.4
item 1). Hence, R(e) is necessarily singular. A quantitative and explicit control on this term is
given, but it falls short to prove the expected €2® behavior of (1.3).

1.2 Assumptions and main result
We will work under the following assumptions, supposed to be satisfied in the whole paper.
Assumptions 1.5. The random variable Z is positive, non-deterministic, and
(a) E[log Z] < 0 (can be —o0);
(b) There exists > 0 such that E[Z°] < +oo0.

Introduce
o/ = {vy € [0, 40o0] such that E[Z7] < 1}, (1.9)
and
a=sup .« € (0,+00]. (1.10)

The Assumptions 1.5, together with a convexity argument, ensure that ./ is an interval of positive
length. Note that « = 400 if and only if Z < 1 almost surely. In any case o/ takes the following
form: either E[Z%] = 1 and then & = (0,«), or E[Z?] < 1, and then &/ = (0,«]. In the latter case,
necessarily, E[Z7] = 400 for every v > «. Here is the main result of this work.

Theorem A. There exist positive coefficients ({1), where £y is a rational function of the moments
E[Z],...,E[Z¥], such that the following expansions hold, as ¢ goes to 0.

1. Ifa =400 (ie., if Z< 1 a.s.), then for every K > 0,

K
£(€) — Z(_l)k+1€k52k + O(€2<K+1)). (1.11)
k=1

2. Ifa€{1,2,...} and if E[Z*] =1, then

a—1
L(e) = Z<_1)k+1£ke% + (1) R(e), (1.12)
k=1
where R(e€) is nonnegative and
2 < R(e) < Ce** log(1/e), (1.13)

for some C > 0. The lower bound can be improved if, in addition, Z has a bounded support, to
obtain, for some C' > ¢ > 0, the sharper estimate

R(e)

< ——-— . .
€S 2 log(1/e) ¢ (1.14)



3. If a € (0,4+00)\{1,2,...} and if there exists v > « such that E[Z7] is finite, then

o]
L£(e) = 3 (-1 e + (—1)[ 1 R(e), (1.15)
k=1

where R(¢€) is nonnegative and
Il « R(e) < Ce, (1.16)

for some C > 0. The lower bound can be improved if, in addition, Z has a bounded support: in
that case, there exists 0 € (o, [a]) and ¢ > 0 such that R(e) > ce??.

log E[Z[a]]

Remark 1.6. 1. The constant 6 is explicit: 6 = [a] — Tos 2=

2. When « is finite, the lower bounds of the error in (1.13) and (1.16) assert in particular that the
regular expansions (1.12) and (1.15) cannot be continued beyond K = [a] — 1: L(e) is singular.

3. When « is not an integer, the assumption “there exists v > « such that E[Z"] is finite” can be
replaced by the weaker assumption “E[Z log, Z] < +00” (see Remark 5.4).

4. Suppose that « is finite and E[Z%] < 1 (and E[Z"] = +oco for every v > «). Whether « is
an integer or not, under some technical assumptions on the distribution of Z, the Lyapunov
exponent is slightly regularized (see Remark 5.4 for a sketch of proof):

Lo
L(e) = Z(_l)k+1£k62k + (—l)L“J“R(e), 2(lel+1) o R(e) < 20 (1.17)
k=1

5. We mention that, when o € (0,1), Theorem A gives an estimate of £(e) which is rough, and of
course strongly weaker than [12].

1.3 Strategy of the proof and structure of the paper

A classical result in the theory of product of random matrices ensures that the Lyapunov exponent
can be written
L(€) = E[log(1 + € X,)], (1.18)

where X, is an invariant measure for the random transformation, on [0, +00),  +— Z 1};5‘1 In other
words it satisfies

@ ., 1+ X,
x @y T
1+e2X,

where Z is independent of X, (on the right hand side). Existence and uniqueness of such a random
variable X, will be justified in Section 2, as well as formula (1.18). A very useful uniform stochastic
dominance of the random variables (X,).~ will also be proved.

From that point on, the work will only be based on formula (1.18) for the Lyapunov exponent and
the fixed point equation (1.19). Thanks to the former, the problem will readily boil down to studying
X’s moments. That study can be split into two subproblems. We will know since Section 2 which
ones of X.’s moments are bounded as € goes to 0 and which diverge. The two subproblems then are:

(1.19)

e Deriving a regular expansion for X.’s bounded moments, involving an error in terms of a divergent
moment of X, (Sections 3 and 4);

e Estimating the divergence speed of X.’s unbounded moments (Section 5).



The former point is addressed in Section 3. The analysis is based on a bootstrap procedure, based
on recursive uses of the fixed point equation (1.19). It gives more and more precise expansions of these
moments. Eventually, it will provide the regular expansion (1.12) or (1.15) with an upper bound on
the error R(e), involving a divergent moment of X.. That work will be generalized in the appendix A,
for matrices of size d, with more general entries.

That same strategy, using a bootstrap procedure to obtain a more and more precise estimate of
X’s moments, can also provide a lower bound on the error, involving a divergent truncated moment
of X : Section 4 will be devoted to that analysis.

At the end of these sections, the following theorem will be proved, which, unlike Theorem A, does
not require any extra assumption on Z (apart from Assumptions 1.5).

Theorem B. Fiz B > 0, and an integer K € o/ U{0}. One has, for all e > 0,

K
£(6) _ Z(_l)k+1£k€2k + (—1)K+2RK(6), (1.20)
k=1

where, for all § € (K, K + 1], and for some positive constants ¢ and Cjg,
c?ETVEXET bk 5] < Ri(e) < Cpe?E[XY). (1.21)

Remark 1.7. The coefficients (¢)) are the same as in Theorem A. The neat thing about that theorem
is that, unlike the lower bound (1.16) of Theorem A, the estimate (1.21) should be “sharp” in the
following sense. If one proves that, as e goes to 0, P(X. > ce~2) > Ce2® for some positive constants
¢ and C (the precise analysis of M.’s invariant measure conducted in [12] provides such an estimate
when a € (0,1)) then (1.21) becomes ce?® < Ry () < Ce?™ (with a log correction if « is an integer). It
is the good order of ¢ predicted by Conjecture 1.2. Without such an estimate, (1.21) is not satisfactory
yet for it is not explicit enough.

To obtain the explicit bounds given in Theorem A, a study of the divergence speed of X.’s divergent
moments is needed. It is conducted in Section 5. The derivation of upper bounds is based a stochastic
dominance found in Section 2 (namely X, < Xj), and on renewal theory results describing the limiting
behaviour of the tail of Xy. The lower bounds are only derived when Z is bounded. The analysis is
again based on a recursive use of the fixed point equation (1.19). It is the point where the sharpuness
of the lower bound (1.21) of the singularity is lost. Theorem A is proved at the end of Section 5.

2 Existence and first properties of the invariant measure X,

In this section we prove the existence of the random variables X, and derive formula (1.18). A first
result on X.’s moments is also proved: it spells out which moments of X, are bounded as € goes to 0
and which diverge.

We start by introducing an invariant measure of the random matrix My (e = 0). It will play a
central role to define the random variables X, and control their moments. First I need to fix a notation
for the stochastic dominance.

Definition 2.1. The stochastic dominance will be denoted by <. Formally, if X and Y are two real-
valued random variables, X < Y means that P(X > z) < P(Y > x) for every 2 € R. Equivalently,
there exist two copies X and Y, of X and Y respectively, such that X <Y almost surely.

Lemma 2.2. Fix a sequence (Z,,) of iid copies of Z. The series

+oo
Xo=> 212y (2.1)
n=1



converges almost surely. It is the unique random variable (in distribution) satisfying

Xo @ 21+ Xo), (2.2)

with Z independent of Xo. Moreover Ellog, Xo] is finite; and for every ~ > 0,
E[X]] < 400 if and only if E[Z7] < 1. (2.3)

Proof. Recall that E[log Z] < 0. The almost sure convergence of the series follows from the law of
large numbers, whereby
Zy - Zy = enBllog Zl+o(n) as n — +00. (2.4)

Of course
+o0 too
X0:ZZ1~--Zn:Zl<1+ZZ2~-~ZH> (2.5)
n=1 n=2

satisfies the identity (2.2). Let’s turn to the uniqueness. If X, is another random variable satisfy-
ing (2.2), then, applying this identity N times we get

N

~ (d ~

XO (:) E Zl"'Zn+Z1"'ZNX07 (26)
n=1

where Zy, ..., Zx are iid copies of Z, independent of X,. With (2.4), the last term vanishes (in distri-
bution) as N goes to +oo, whereas the first sum converges monotonically towards Xy. So eventually,

Xo @ Xp. The uniqueness is proved.

Now fix v > 0 such that E[Z7] < 1. We want to prove that E[X]] is finite. If v > 1 we use
Minkovsky’s inequality:

+oo +oo
E[Xg]l/‘Y < ZE[(ZI e Z ) = Z E[27]"/7. (2.7)

Thus E[X{)] is finite. On the other hand, if v € (0,1), then for all z,y >0, (z +y)” < 27 +y7. So
+oo
BIX7) < Y E[2]", (2.8)
n=0

which is again finite. Now, if E[Z7] > 1, then with the identity (2.2),
E[X,] = E[Z"]E[(1 + X0)"] = E[(1 + X,)"], (2.9)

which can hold only if E[X]] = 40 (or v = 0). Eventually, pick v € & so that E[Z7] < 1. With the
foregoing, we then know that E[X] < +o00. Thus, by Jensen’s inequality, Eflog, Xy is finite. O

The next lemma provides the existence of the random variables X, and the desired formula for the
Lyapunov exponent.

Lemma 2.3. For all € > 0, there exists a non-negative random variable X., unique in distribution,
such that
@ , 1+ X

x, Wy -T2 2.10
1+€e2X, ( )



with Z independent of X.. Moreover, for every e >0, Z < X, < Xq. Furthermore,
L(e) = E[log(1 + €2 X,)], (2.11)

and L(€) is also the growth rate of the entries of My, -+ M c: for every &,y € R* with nonnegative
entries,

1 log (Z, My -+ My i) — L(e) a.s. and in L'. (2.12)
n n—-+o0o

Remark 2.4. There could be other distributions, supported on R, satisfying (2.10). We only claim

uniqueness for non-negative invariant measure. However, if Z does not have a finite support, then one

can prove, using classical results of products of random matrices (see [1, Chapter 3]), that there exists

a unique invariant measure on R. With Lemma 2.3, we know that it must be supported on R .

In what follows, X. will always denote the unique non-negative invariant random variable of
Lemma 2.3.

Proof. We begin with the proof of the existence, for which we use a standard procedure. Fix an iid
sequence (Z,) of copies of Z, set xp = 0 and define recursively the random variables

1+,

_ 2.13
1+ €2z, ( )

Tp+1 = Zn+1
Denote by v, the distribution of x,, and consider the measure py = % Zg;ol Vpn. Observe that for any
n > 0, x,, is nonnegative and x,,+1 < Zp+1(1 + z,,). Thus, by an easy induction,

n—1
020 <Y Zn Znk < Xo: (2.14)
k=0

the random variables x,, are uniformly bounded by X,. Consequently the sequence (py) is tight.
Pick a limit point p., of that sequence and fix a random variable X, with distribution p.,. The
limit distribution pe, must be invariant under the random transformation (2.13). In other words it
must satisfy (2.10). The existence of an invariant measure supported on R is proved. Incidentally
we obtained X. < Xy. As for the stochastic lower bound X, = Z, it directly follows from the
identity (2.10).

To deal with the uniqueness, assume that XE(O) and Ye(o) are two such random variables and fix an
iid sequence (Z,,) of copies of Z, independent of Xe(o) and Ye(o). We introduce, for n > 0,

1+ x™ 1+ Y™
X(nJrl) _ Zn+1 + , Y(n+1) — Zn+17+ . (215)
€ (n) € (n)
14+ e2X, 1+ €Y.
Observe that, almost surely,
1—¢2 Xe(") _ Ye(n)
X0 _y o)) = 7, L=l < Zu X YL (210

(1 + €2X€(”))(1 + EQYS(”))

Thus, with (2.4), \Xe(n) — Ye(n)| vanishes almost surely as n goes to +00. On the other hand, note that,

with the construction (2.15), for all n > 0, X{™ D %O and v @y O The uniqueness follows.
Then py actually converges (without extraction) towards X.’s distribution.

We are left with the proof of formula (2.11). Thanks to a result by H. Hennion [14], since M.’s
entries are positive, the convergence (2.12) holds. On the other hand, for every n > 0,

n—1
1 1
M, .- M. = 1+e2xH 2.1
, 1, <6X§0)> [T +ex®) exm (2.17)

k=0




So, by taking the log and the expectation,
1 1
~Ellog | My,e - M ' (1,eX )] = Ellog(1 + €2 X)] + ~Ellog (1, X)) (2.18)

Since E[log, X.] < E[log, Xj] is finite (Lemma 2.2), the last term vanishes as n goes to +00. On the
other hand, one has, for every n > 0,

(L O)Mn,é e Ml,st(lao) < ||Mn7e T Ml,et(la 6Xe(o))” < ”Mns e M17€||(1 + Xe(o))~ (2-19)

Since we know that both the lower and upper bounds goes to L(¢) (after taking log and expectation)
as n goes to 400, almost surely and in L', we get the result. O

Remark 2.5. Formula (2.11) can also be proved with a classical result by H. Furstenberg and Y. Kifer
[11, Corollary of Theorem 3.10], which gives an explicit formula for the Lyapunov exponent in terms
of invariant measures as soon as M is an invertible random matrix of size d x d with no deterministic
proper invariant subspace. We could also have used the convergence p, — L(X.) to prove (2.11)
and (2.12) without using H. Hennion’s results.

Remark 2.6. If one notes that the map ¢ — 1}:222 is monotone, one obtains, with the previous

construction, that the random variables X, are stochastically decreasing with e: for all € > € > 0 one
has Xel ‘\< Xe % Xo.

Lemma 2.7. X, — X, in distribution when ¢ — 0.

Proof. The stochastic dominance X, < X, ensures that the family of random variables (Xe)eso 18
tight. Consider a limit point Xy of X, as € goes to 0. Since X, satisfies the identity (2.10), the limit

point X, must satisfy Xo @ Z(1+ XO). That means, using Lemma 2.2, that X is the only possible
limit point of X, as € goes to 0. The convergence of X, towards X, (in distribution) follows. O

Using classical integration theorems, one readily obtains the following limiting behaviour of X.’s
moments, or truncated moments, which will be needed in the proof of Theorem A.

Corollary 2.8. For any v > 0,
1. If E[Z7] < 1 then, as € goes to 0, E[X?] = O(1).
2. If E[Z7] > 1 then for any B > 0,
e—0
Proof. Recall that E[X{] is finite if and only if E[Z"] < 1 (Lemma 2.2). With the stochastic dominance
Xe < Xy provided by Lemma 2.3, we get E[X?] = O(1) when E[Z?] < 1. On the other hand if

E[Z"] > 1, then E[X] = 400 (Lemma 2.2). Since X < Xy, one can pick representatives X, and X
such that X, < X, almost surely. It gives the lower bound

B[Xlax.<n] > B [X7105,05] (2.21)

for any B > 0. By Fatou’s lemma and the convergence in distribution provided by Lemma 2.7, the
latter lower bound goes to +o00 as € goes to 0. O



3 Regular expansion (Theorem B: upper bound)

In this section we prove the existence of a regular expansion for the Lyapunov exponent L(e).
We also lay out the method, which will be used twice more: for the generalization of this result in
Appendix A and in Section 4 to obtain the lower bound of the error. It is based on the study of a
regular expansion for the moments of X, which are bounded as € goes to 0. Let us first state the main
result of the section.

Proposition 3.1. Pick an integer K € o/ U {0}, and fix 8 € [K,K + 1]. The following expansion
holds when € goes to 0,

K
=3 (-1 e + O(EPE(XY)), (3.1)
k=1
where, for k < K, the coefficient (. is a positive rational function of E[Z],... E[Z*].

Remark 3.2. With some extra effort, O(¢2’E[X’]) can be replaced by O(E[(¢2X.)"* A (e2X,)2]) for
any 1, 051 € [K, K+1]. It will only be needed to explain some generalizations discussed in Remark 1.6.

Proof. We use identity £(e) = E[log(1 + ¢2X,)] (Lemma 2.3) and expand the logarithm. There exists
C' > 0 such that for all z > 0,

K J+1
log(1 + x) Z < 2P, (3.2)
j=1
Consequently
KL (—1)i+t
Z E[XI] + O (PE[XP]). (3.3)
Lemma 3.3. For alll < K, the followmg expansion holds,
K-l
EX!] =Y (-D)Fgre® + O(PVEXP)), (3.4)
k=0
where, for all | > 1 and k > 0, the coefficient g, 1, is a positive rational function of E[Z],... E[Z!TF].

We first admit Lemma 3.3 and conclude the proof of Proposition 3.1. The substitution of (3.4)
into (3.3) yields

K K—j .
1)i+k+1
L= (=1) ——20R g+ O (PE[XP)) . (3.5)
j=1 k=0 J
It can be rewritten
K K K—j
L) =Y (~1)"*ee® + 0 (PE[XF]),  with =30 Bk, (3.6)
=1 =1 k=0 7
s J
and ¢, is a positive rational function of E[Z], ..., E[Z¢] by inspection. O

We are left with the proof of Lemma 3.3, for which we briefly explain the strategy. Write the

identity .
1+ X
E[X* = E[Z*E | [ —=—5 ) .
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Then by expanding the denominator one gets

E[Xf] = E[Zk} i: (;k> B [(1 + XE)ng] + Remainder. (3.8)
j=0

It gives a relation between the moments of X, which will be used via a bootstrap procedure: the sub-
stitution of a regular expansion for X.’s first moments into (3.8) will provide a more precise expansion
of E[X*]. That new expansion will in turn be injected into (3.8) (for another k), to obtain a more
precise regular expansion for that other moment, et caetera. Of course that procedure should be done
in a specific order. Doing it rigorously will require a double induction, on k£ and the length of the
expansions. Let’s now proceed to the detailed proof.

Proof of Lemma 3.3. Set 6 = § — K. We prove, using a course-of-values double induction with the
lexicographic order on (m, j), that if j + m < K, then E[X?] has an expansion up to the order €™

= Y (~Dgine™ + 0 (HIB[X)), (3.9)
k=0
where for every j > 1 and k > 0, the coefficient g; ;. is a positive rational function of E[Z], ..., E[Z/*F].

Of course E[X?] admits such an expansion, up to any order. All that remains is the inductive step.
Fix I > 1 and n > 0 such that | + n < K and suppose that (3.9) holds

(A) forall j S Kand m< (n—1) A (K —j);
(B) forall j <1—1, and m < n.
We want to show that it also holds for (j,m) = (I,n). To this end, write

)] e Ol o

E[X!|=E

€
r=

We want to expand the denominator with respect to e. Let C > 0 be such that for any = > 0 and

I,m< K,
1 % =l i m—+§
o § (Z>x < O™t (3.11)

Thus, for every r < [,

b i) £ (e

=0

< CEMTIE[XTTH] < 09 max E[XF+°]. (3.12)
0<k<K

Actually

max E[XF) = O(E[XP)). (3.13)

Indeed, if 1 < k < K — 1, then E[Z¥9] < 1, so E[X*+%] < E[X}™] < 400 (Lemmas 2.2 and 2.3). On
the other hand E[X/X+°] = E[X/] > E[Z”] > 0 (Lemma 2.3). Thus, with (3.12) and (3.13), we can
write, for every r <,

E [(1::2)()1] = z: (‘Zl> EXTT] 4+ O HIE[X ). (3.14)

11



And then, injecting it into (3.10), we get

l n
B(X! =E[Z) <i) > (__Z)E%E [XIT] + O(ETIE[XA). (3.15)

- (2
r=0 =0

We then isolate the term “(i,7) = (0,1)” — that is E[Z'|E[X!] — on the left-hand side and divide by
1 —E[ZY], to get

E[X!] = _BlZ N er [(XIT] + O(ETIE[X]) (3.16)
< 1-E[ZY 4 r i € € '
0<r<L, 0<ikn
(4,m)#(0,0)
We claim that the induction hypothesis provides expansions for all these terms, up to the required
order. The induction hypothesis (3.9) on E[X!*"] (induction hypothesis with j =i +r and m =n — i,

which is contained in the item (B) if ¢ = 0 and in the item (A) if ¢ > 1), states that

n—1i

ELX 7] = 30 (1) g + O (0 HIB[X]]) (3.17)
k=0

We then inject it into (3.16). It yields

E[X]] = EEZ{}ZI] > (i) (—/) <62i§e%(—1)kgi+r,k+o (62("+5)E[Xf]>>. (3.18)

0<r<l, 0<ign k=0
(¢,7)#(0,0)

One can already observe that it is a regular expansion of E[X!] up to the order n, as expected. The
following lines intend to derive a recursive formula for g; 5, so as to check its sign. First note that

<_Zl> = (—1)i(l+ii_ 1). (3.19)
Thus (3.18) becomes

E[Z1] N /l+i—1 , ,
l 2(k+1) k+i . 2(n+96) B
ElX] =1 BIZ1] 0<T<l§0<i<n (T) ( ! >e (=) gisrs + O (e E[X ]) . (3.20)

(@,m)7#(0,0)
0<k<n—1i

Eventually, it can be written as

BIX]) = > (=1 g + O (0 E[XT)), (3.21)
s=0
with, for every s < n,
E[Z]] N(l+i-1
s = — . 1+ 11 =g .22
gi, 1—E[Z]] ‘ - i GitrkLitk (3.22)
0<r<i, 0<isn

(4,r)#(0,0)

0<k<n—i
Thanks to the induction hypothesis, it is a positive rational function of E[Z],..., E[Z!*"]. The induc-
tive step is proved, and the lemma follows. O
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4 Theorem B: lower bound on the error

We prove here the lower bound on the error given in Theorem B, formula (1.21). We already
saw in Proposition 3.1’s proof, when we studied the signs before the coeflicients ¢;; or g; ;, that when
expanding the algebraic fractions (1 + €2X.)~", the term €*" always comes with the sign (—1)". The
same occurs for the error, at each step, at the order ¢X*1: it comes with the sign (—1)X*!. As a
result, the error terms, which invariably accumulate with the same sign, effectively add up and cannot
offset one another. In practice, these error terms can also be bounded from below. It yields the next
result.

Proposition 4.1. Fiz an integer K € o/ U{0} and B > 0. There exists ¢ > 0 such that, for all e > 0,

K
(1K [ae) =3t
k=1

2 062(K+1)E[X€K+1162X€<B], (41)

where the coefficients ((x) are the same as in Proposition 3.1.

Unsurprisingly, a similar scheme as in Proposition 3.1’s proof will be used. We will proceed to
a double induction, corresponding to an underlying bootstrap procedure. The only actual difference
compared to Section 3 is that the estimate (3.11) is replaced by the lower bound

1 L [—m\
— — > C(—2)" M, 4.2
T Z()x () L (12)
We begin with the equivalent of Lemma 3.3 in this new perspective.

Lemma 4.2. Fiz an integer K € o/ U{0} and B > 0. There exists ¢ > 0 such that for all1 <1 < K,
and 0 < n < K — 1, the following holds, for the same real coefficients (g, ) as in Lemma 3.3

n > e(—1 n+1 2(n+1)E Xl+n1 ; 13
BIXY = S e iy e
= <o) HLEMHDE[X " Ly ) if n+1 is odd.

Proof. If K = 0 the statement is empty, so suppose K > 1. It will be useful to recall formula (3.19).
Fix B > 0. There exists C > 0 such that for all 1 <I < K +1and n < K + 1, and for all z > 0,

n—1 . . .
1 I+i-1 i ]2 C(—x)" 1.« if n is even,
Earpnv IR ( : )(—ﬂf) ( )n P (4.4)
(1+az) i <C(—2)"l,<p  if nisodd.

As in Lemma 3.3, we carry out a proof by course-of-values double induction. More precisely, set

~ ) E[Z]]
We prove that if j > 1, m > 0 and j +m < K + 1 then
m—1 B
EX]] = Y & (-1)Fgu > O(-1)"E[X] " Lax, <5 (4.6)
k=0

if m is even; and the same with an inequality in the opposite direction if m is odd. The base case
m = 0 is immediate. For the inductive step, we fix [ > 1, n > 1 such that [+ n < K + 1 and we
suppose that (4.6) holds for all (j,m) with m <n—1and 1 < j < K+ 1—m, and for all (j,n) with
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1 <7 <1l-1. We want to prove (4.6) for (j,m) = (I,n). For the sake of simplicity, the proof will
only be written for n even (inequalities would be in the opposite direction if n is odd). First write the

identity l l
(i) | = ooy, () [y 4

r=

l n—1 .
E[XiJ>E[ZﬂZ{(Z>_ (’“.1><1>ie2iE[X:+’“]+c<1)“8“E[X2“1€2X5<B1}. (1.9

7

We subtract the term E[Z!|E[X]] (term (i,7) = (0,1)) and divide by 1 — E[Z!] (which is positive) to

obtain
1 i— . )
E[X!] > 11_3[5[]21} Z 1 (i) { (l + i 1>(_1)z€2zE[XZ+T]
(4.9)

+ C(*I)REQnE[X?jLTl@XEgB] } .

We use the induction hypothesis on E[X?*"] (induction hypothesis (4.6) with j = i+r and m = n—1i),
that is

B[X ] - Z Ve gisns > C(=1)" 1O DE[XI M o), (4.10)

if n —i is even, and the opposite if it is odd. In any case, injecting these lower bounds into (4.9) yields

s B s (O () (S

0<r<l, 0<i<n—1
(i) #(0,0) (4.11)

+ é(—l)n€2nE[Xg+T1€2XE<B]> + C(—I)HEQHE[XS_‘—TleQXEgB]}.

The first line corresponds to the regular part already found in Lemma 3.3 equations (3.21) and (3.22);
the second line contains the e2”-terms which we want to bound from below:

n—1
EIX] 2 ) (=) g+ (=1)"€"Qn, (4.12)
s=0
with
E[Z!] I I+i—1\ ~
L= 2] E[X71, . 4.1
@ 1-E[Z]] Z <T>{< ; )C+C} (X lex <B (4.13)
0<r<t, 0<i<n—1
(i,m)#(0,1)

Since all the terms in @),, are non-negative, it is larger than any of them

E[Z! -
Qn > 1[E[]]CE [(X'*M1ex.<p] 2 CE X1 ex.<p] (4.14)
This concludes the proof of the inductive step and thus the proof of the lemma. O
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Proof of Proposition 4.1. Let ¢/ = ¢/(B, K) > 0 be such that for all z > 0,

(—x)”l
log(1+x) > ——+ ()52 1,¢p (4.15)
=1

if K is even; and the same with an inequality in the opposite direction if K is odd. For the sake of
simplicity we suppose that K is even in what follows. Writing £(¢) = Elog(1 + ¢2X,), we get

-1 +1
ﬁ(e)>z( l) AEIXY + (1) EP2EEFVE XK 2 ), (4.16)
=1

and Lemma 4.2 provides a lower bound for each term in the sum: for every 1 <[ < K,
K-l
(~DEEX] > ()TN Y (=) g 4 o 1) (=D EEEDEX by gl (4.17)
k=0
The conclusion results from the latter two inequalities. O

5 Limiting behaviour of X .’s divergent moments

First note that Theorem B is an immediate consequence of Propositions 3.1 and 4.1. The goal of
this section is to obtain estimates of the error Ry (¢), for which we now have

e UHDEX I 4y ] < Ricle) < Cpe B[X7). (5.1

In order to give explicit estimates of Rk (€) in terms of powers of €, one needs to understand the
limiting behaviour of X.’s moments (or truncated moments). The issue was partially addressed by
Corollary 2.8, which pinpointed the regimes of convergence or divergence of these moments. Namely
E[X7] is bounded as € goes to 0 if E[Z7] < 1 and diverges if E[Z?] > 1. In the following section we
address the issue of the divergence speed when E[Z7] > 1.

The first paragraph, based on renewal theory results, describing the heavy tail of X, will provide
upper bounds for X.’s divergent moments. The second paragraph will give lower bounds for these
moments under the restriction that Z is bounded.

5.1 Upper bounds

We will need the following result, which combine results by H. Kesten and A. K. Grincevic¢ius
depending if log Z has an arithmetic support or not (see [16, Theorems 1, 3] for a review).

Lemma 5.1. IfE[Z%log, Z] < 400, then, as x goes to +00,
P(Xo = z)=0(z™%). (5.2)

It readily gives the next two results. They provide explicit upper bounds for the speed of divergence
of X.’s moments. If you believe Conjecture 1.2, these upper bounds (except the first one when
E[Z?] < 1) are of the good order of . The first one will be used for o € {1,2,...} whereas the second
will be needed when « is not an integer.

Lemma 5.2. IfE[Z%log, Z] < 400, then, as € goes to 0,

E[X¢] = O (log(1/€)) - (5.3)
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Proof. The identity X. 2 Z-1+Xe vields, for v > 0,

1+e2 X,
1+ X\ o\
E[X?]=E[Z2VE || ———= < E[ZME | ((1 + X, 2
A=A [<1+62X6>} 71 [(( RN )} (5.4)
<E[Z]E [((1 + Xo) A 6*2)”} .
It can be rewritten
2
E[X]] < E[Z7] <7/ 7P Xy >z —Dde+e P(Xg > e 2~ 1)) . (5.5)
0
With v = «, Lemma 5.1 gives upper bounds for these two terms:
672
e 2P(Xg =2 e 2-1)=0(1) and / 2 'P(Xo > o — 1)dz = O(log(1/€)). (5.6)
0
O
Lemma 5.3. Fiz v > « and assume that E[Z7] is finite. Then, as € goes to 0,
E[X]] = O(e2*727), (5.7)

Proof. We reuse inequality (5.5). Lemma 5.1, which applies here, yields

—2

EP(Xg=e?2—1)=0(2*"%)  and / 27TIP(Xg > 2 — 1)de = O(2™ ). (5.8)
0

O

Remark 5.4. If E[Z%log, Z] < +00, the same techniques yields E[(e2X.)* A (¢2X,)?1] = o(e?®). So,
with Remark 3.2, we get a proof of the result claimed in Remark 1.6, item 3. Similarly using again
the upper bound on the error provided by Remark 3.2, one obtains (1.17). To this end, an alternative
version of Lemma 5.1 should be used: when E[Z¢] < 1, and under some extra technical assumptions,
one has P(Xy > z) = o(z™%) (see [15, Theorem 1.3] and [16, Theorem 8§]).

5.2 Lower bounds when 7 is bounded

We start with a quite general, albeit quite complex, lower bound for X.’s moments.

Lemma 5.5. Firy>1,C>0,B>1and N €N andsetrzﬁ(%—i—C). One has

N
E[X7] > Y E[Z271z<5]" exp (-7’ B¥) P(X. < O). (5.9)
k=1

Proof. Let XE(N) be a copy of X, and (Z;) be iid copies of Z, independent of XS(N). Define recursively,
for0<k<N-1,
1 +X€(k+1)

(k) —
A e oy

(5.10)
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@

For every k < N, one has X (k) Xc. On the other hand, one can derive the following lower bounds:

(1)yy v v
(xOy = gy WX 4 L (xyr, (5.11)

"at+exOp T a+exMy 1+ exMy

Here the condition v > 1 is used through the convexity inequality (1+x)7 > 1+2z7. Then, inductively,

xOp s A4 A Zy ﬁ Z (5.12)
A+exMr  1+exPy 1+ ex? o (1 exPy
By taking the expectation we get
E[X)] >§:E ﬁzij . (5.13)
el 2 2 = 1+ €2X6(j))'y

If X* < Cand 2, < B, then, with definition (5.10), xF < < B(1+C). So, inductively, if x® < C,
and Zy,...,Z;, < B, then, for every j < k,

J
X* ) <> B'+ BIC < B <Bl + C) ig, (5.14)
i=1
with o = % + C. Thus,
k 'Y k o
i ( 1+€2Xj le (14 oe2Bk=i)y < S
We compute
k 1 k oy
I ey zow | -d L8 | 2w (‘szBk) = exp (~7¢?BY). (5.16)
Jj=1 j=1

Taking the expectation in (5.15) and using that Xe(k) and Z1,...,Zy are independent, we obtain

k
Z7
E — | > E[2"14<p)  exp (—7¥B*) P(X. < O). (5.17)
j1;[1 1+ GQXE(])W ( )
The conclusion follows by injecting this lower bound into (5.13). O

One could expect to use that general lower bound for any given Z. However it only gives satisfac-
tory results when Z is bounded. In that case we can get rid of the indicator 1z<p in (5.9).

Lemma 5.6. If Z has a bounded support then X, < € 2||Z||z~ almost surely.

Proof. Tt is an immediate consequence of the invariance identity X, @ Z 11+t§x and of the inequal-
ity 1:22””36 < €72, which holds for every = > 0. O

17



Lemma 5.6 justifies that we only study X.’s moments instead of its truncated moments: as long as
B is chosen larger than ||Z]| L~ one has

E[XF M ax cp] =E[X]. (5.18)

In the next two lemmas we give a lower bound for X .’s moments when Z is bounded. In that instance,
note that E[Z%] = 1: the set < cannot takes the form &/ = (0, a]. Lemma 5.7 will be used if « is an
integer, and Lemma 5.9 when « is not an integer. However, both of them hold true regardless of the
nature of a.

Lemma 5.7. For a > 1, if Z has a bounded support then, for some ¢ > 0, and € sufficiently small,
E[XZ] > clog(1/e). (5.19)
Proof. Recall that since Z is bounded, E[Z%] = 1. Choose v = a and B = ||Z||« in Lemma 5.5 to get

N
E[X] > Y E[2°]  exp (—7¢2B") P(X. < C) > Nexp (—re*BY) P(X, < C). (5.20)
k=1
First note that, thanks to Lemma 2.7,
P(X. < C) — P(Xy < O), (5.21)
which is positive if C' is large enough. Choosing N = N, = |2 long log %J, we obtain
E[X&] > Neexp(—7)P(X:. < C) = clog(1/e). (5.22)
O

Remark 5.8. If Z is not bounded but E[Z"] < 400 for some xk > « then, with another choice of B,

and N, one can get the slightly weaker lower bound E[X?] > c%.

Lemma 5.9. If Z is bounded, and if v > 1 is such that E[Z7] > 1, then, for some ¢ > 0, and for ¢
sufficiently small,

_ logE[Z27]

E[X7] > ce™ 2, where n=———¢€ 0,y —a). 5.23
(X1 og [ ]| ( ) (5.23)
Proof. Set B = ||Z||1~ in Lemma 5.5 to get
N
E[X?] =Y E[2 exp (—72B*) P(X, < C) 2 E[27])Y exp (72 BY) P(X. < C). (5.24)
k=1
Choosing again N, = L2ﬁ log 1], we obtain E[X?] > E (27N exp (=7) P(X, < C) = ce 20, O

5.3 Proof of Theorem A

We recall here the upper and lower bounds provided by Theorem B:
c?ETVEXEH o ¢ 5] < Ri(e) < Cpe?PE[XP, (5.25)
If @ = +oo then Ri(e) < Cx 2 KHVE[XEH] < SEHVEXET] (Lemma 2.3). Since E[XE ] is

finite (Lemma 2.2), the result (1.11) follows.
From now on we suppose that « is finite and E[Z%] = 1 and we set K = [a]| — 1. By Corollary 2.8,

R(e) > c?EHVE[XEH 1 5y p] > HEFD, (5.26)

If « is an integer then the lower and upper bounds given by (1.13) or (1.14) follow from Lemmas 5.2
and 5.7. If « is not an integer then the lower and upper bounds (1.16) given by Theorem A are a
consequence of Lemmas 5.3 (with « such that E[Z7] < +00) and 5.9 (with v = K + 1). O
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A Generalization to higher dimension

The techniques developed in the previous sections are sufficiently robust to be used in more general
settings. We apply them to a square matrix of size d + 1 which is a perturbation of a matrix alike
Diag(1, Z), which still have a preferred direction. Since the proofs are only slightly different from the
previous sections, they will be only sketched in this appendix. We will just point out the arguments
that must be adapted and many details will be omitted.

We now consider the (d + 1) x (d + 1) matrix

1 €L,
- (), "

where L. and C. are random vectors of size d, and N, is a random matrix, of size d x d. We are still
interested in the Lyapunov exponent, defined by the limit

1
L(e) = lim - log | My,e -+ - My ||, (A.2)

n—-+oo

where (M}, ¢)r>1 are iid copies of M,. This limit exists almost surely and is deterministic (see again [10])
as soon as for every € > 0, E[log, [[M||] < +oo0.

We derive in this section a regular expansion for L(e), alike the expansion provided by Proposi-
tion 3.1 in the previous setting. However, no lower bound on the error will be given here. We start by
deriving a formula alike “£(¢) = E[log(1 + ¢ X,)]” (Lemma A.3).

In the whole section || - || will denote a given norm on R? or R%*!, as well as the induced operator
norm on .#4(R) or .#;.1(R). On another note, if z,y € RY, we will write z < y if the inequal-
ity holds coordinatewise. Similarly the stochastic dominance < will be extended to random vectors:
X < Y means that there exists a copy X of X and a copy Y of Y satisfying X < Y almost surely
(coordinatewise).

Let’s introduce the assumptions under which we will work in the section. Observe that under these
assumptions, the condition E[log, ||[M.||] < 400 is fulfilled so the Lyapunov exponent is well defined.
Assumptions A.1. We assume that the following holds, for every € € (0, €9).

(a) The random matrix M, has non-negative entries. And, almost surely, there exists N > 1 such
that the product My . --- M; ¢ has positive entries.

(b) There exists d. > 0 such that E[||N.||°:] < 1 and E[||Cc||%] < +oc.
() Ellog, [IL]]] < +oc.

Before deriving the formula for the Lyapunov exponent, we introduce the random vector Y, which
will play the same role as X in our new setting (except that here it will depend on €). Namely it will
be used through stochastic dominances.

Lemma A.2. Fiz e € (0,¢) and let (Ney,Ce ) be iid copies of (Ne,Ce). The series

400
Y, = ZNe}l o.New1Cep (A.3)
n=0

converges almost surely. Moreover Ellog, ||Yc||] is finite. If, in addition,

limsup E[|| N||?] < 1 and limsup E[||C¢|”] < 400, (A4)
e—0 e—0
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then E[||Y.]|?] = O(1) as € goes to 0.

Proof. Since all the entries of M, are non-negative, the sum (A.3) is always defined. A priori, some of its
entries could be +00. Denote by Y, the random vector defined by this infinite sum. Using Minkowski’s
inequality or another convexity inequality as for Lemma 2.2, one proves, under Assumption A.1 (b),
that E[||Y,||%] is finite. So Y.’s entries are almost surely finite. With the same technique, we prove the
rest of the lemma. O

The next lemma provides the desired formula for £(e).

Lemma A.3. There exists a random vector X. € R%, with non-negative entries, satisfying

(6)1( ) @ (eé’ ez\[f) (6)1( ) in the projective space P4(R), (A.5)
or equivalently,
@ Cc+ NeXc
XS Trenx, (40

where C¢, N. and L. are the blocks of the random matrixz M., independent of X.. One has X. X Y..
Moreover the Lyapunov exponent can be written as

L(e) = Ellog(1 + €L X,)]. (A7)
And for every Z,y € Rﬂlfl, ,
L(e) = 1i_>m - log (%, My, e - - M1 ) - (A.8)

Proof. The method is the same as in Lemma 2.3’s proof for 2 x 2 matrices. We fix iid copies (M)
of M, and set zp = Og«. Then define inductively, for n > 0, the random variables

Cemn + NenTn
€T - — A9
et 14+ €2Le nxn (A.9)
Observe that since all the vectors have non-negative entries, one can write, coordinatewise,
LTn41 < Ce,n + Ne,nwn- (AIO)

So, by an easy induction, z,, < Y for every n > 0. The end of the proof is the same as for Lemma 2.3.
We do not reiterate all the details here. Just note that we do not claim the uniqueness of a non-
negative solution to (A.6) and that Assumption A.1 (a) is a sufficient condition for H. Hennion’s result
to apply. O

To state our main result, and more precisely to formulate its premises, some multi-index notations
will be required, which we set in the next lines. The norm of a multi-index A € N? will be denoted
by |A:

For every [ > 0, there are (‘?]") multi-indices with norm I: it is the number of (weak) compositions
of [ into d non-negative integers. For a vector z € R? and a multi-index A € N9, we define the

multi-index power
e =M x---xxé‘d. (A.12)

Similarly, for a matrix A € .#4(R) and a multi-index w € N% ~ ., (N), define

A¥ = H(Ai,j)“i*f and |w| = Zw’?j' (A.13)
i,

.3
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There should be no confusion with a standard matrix power since w is a multi-index.

For | > 0, consider the square matrix G with size (Z‘Zle), whose elements are
Vv = > lmE[N] for A, X" € N? such that |A| = |X'| =1 (A.14)
AN 50 e 1 ) . .
wENdz
Zj Wi, j :)\i
> wi i =N

Note that all the multi-indices w in the sum have norm |w| = [. The matrix G will play a similar
role as E[Z!] in this generalized context. Of course these matrices, which require the existence of
lim._,o E[N¢], are not always defined.

We have set enough notations to state the generalization of Proposition 3.1, giving a regular
expansion of the Lyapunov exponent L(e).

Proposition A.4. Fiz K >0 and 8 € (K, K + 1]. Suppose that

1. For all multi-indices A\, p € N9, w € N¥ such that | = |A|+|p| + |w| < K, E[LACEN®] is finite
and admits a regular expansion, as € goes to 0, up to the order 2(K —1):

2(K-1)
E[L?CGHN:)] = Z Ck,u,w,rgr + O(Gz(ﬁ_l)); (A15)
r=0

2. For all1 <1< K, the matriz I — GO s invertible;
3. limsup,_,o B[||L||?] is finite.
Then there exist real coefficients qo,...qox such that, as € goes to 0,

2K
£(0) =3 quet + O(2PEL + [ X.|1). (A.16)
k=2

Remark A.5. For Proposition A.4 to be usable, one needs to control E[[|X.||”]. With Lemmas A.2
and A.3, one has E[|| X(||’] = O(1) as € goes to 0 as soon as (A.4) hold.

Remark A.6. One could be surprised that the upper bound involves E[1+ || X.||”] instead of E[|| X |?].
Such a caution was not necessary in the previous context since the latter was bounded form below as
€ goes to 0. Here, a priori, it could happen that E[||X.|?] vanishes as ¢ goes to 0.

Remark A.7. The existence of GV)| for | < K, is ensured by the assumption (A.15), which gives
lim o E[N*] = c0.0.w,0- The invertibility of I — G is the counterpart of the assumption “E[Z!] < 17
in Proposition 3.1.

Proof. The same proof as for Proposition 3.1 works: one expands the logarithm:

K (_1)l~c+1
Eflog(1 + L. X.)] = Z TE%E[(LEXE)’C] + O(?°E[(L X))

(A.17)
+ O(EQBE[(LEXE)ﬂ])7

k
H Lgm)

i=1

K
-1 9
:Zi( ]3; Ek Z E

k=0 1<ry,..., 1 <d

k
e T

i=1
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where (") stands for the r*® coordinate of z. Note that

EI(L.X.)°] < E[|LJPIEIIX.]*) < CE[|X.] "], (A.18)

and that for any r1, ..., 7, there exists A € N¢, with norm k such that E [Hle Xe(”)} = E[X]. Thus
we need expansions for X.’s moments. They are given by the next lemma. By substituting the regular
expansion (A.19), given in Lemma A.8, in the expansion (A.17) of L(e), the proof of Proposition A.4
will be complete. O

Lemma A.8. Under Proposition A.}’s premises, for all | < K, and A € N%, such that || = I, the
following expansion holds, for some real coefficients (gxr):

2K —1)
EX) = Y €gar+O0EEPVEL+ | X|7]). (A.19)
k=0

Sketch of proof of Lemma A.8. We can follow the same proof as for Lemma 3.3. We go back to that
proof to understand how the present one must be adjusted. The only point which merits special
attention is the line (3.16) where the term E[Z!|E[X!] is isolated on the left-hand side. That line could
be summarized as follow: we wrote

E[X(] = E[Z']E[X{] + (¢0), (A.20)

€

where ({;) stands for all the terms in the expansion of E[X!] for which the induction hypothesis
provided an expansion up to the required order. To be explicit,

O =E[Z7 > (l> (‘.l) ¥ [XIH] + O(TIE[X ). (A.21)
o<j<t o<i<n !
(4,3)#(0,1)
Then we could conclude by writing

1

= 1wz ) (A.22)

and applying the induction hypothesis. That is where was used the condition “E[Z!] < 17 (actually
E[Z'] # 1 was enough), and this is where will be used the invertibility of 1 — G,

In our generalized setting, we still carry out an induction on (n,l = |\|) (equipped with the
lexicographic order). For the inductive step, there are a lot of multi-indices with given norm I. They
will be solved simultaneously, by writing a joint system satisfied by all these multi-indices moments
E[X2] with |[A| = {. To this end, use the identity

Ce + N XN\ (Ce+ N XN
EX}M =E || 5" =B | 5. A.23
- | (S| e [ a2
Then develop the denominator
n
EX}] =E [(Cc+ NX)* [ > (‘,l) (LX) +EMHDO(LX)" ) | | . (A.24)
. J
7=0
Eventually, after manipulation, that moment takes the form
EXN = 3 GUVEXY]+(0n), (A.25)

A=l
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where, again, ({x) stands for all the term in the expansion of E[X2] for which the induction hypothesis,
and the premise (A.15) of Proposition A.4, provide an expansion up to the required order. Then, since
I — GW is invertible, one can solve that joint system satisfied by the family (E[X}]):

Al _ n)y-1 _ _ (y-1 ,
B = (-6 )] = 3 (=697 0w, (A.26)
N A=l
That concludes the proof of the induction step and thus the proof of the lemma. O

Remark A.9. The same methods as in Section 4 can produce the lower bound on the error
()5 2R (e) = c®ETVE [(L X)X 1L, x <] + O(EED), (A.27)
as long as (A.15) holds with 8 = K + 1.

Application to a 1D Ising model The product of random matrices considered in the first sections
appeared in [6] to express the free energy of the nearest-neighbour Ising model on the line with
inhomogeneous magnetic field. The generalization considered in this appendix allows finite range
interactions to be included. Let us be more precise. Consider the Ising model on Ty := Z/NZ, with
homogeneous interactions up to the distance d and inhomogeneous magnetic field (hy). It is the spin
model with configurations® ¢ € {0,1}T~ whose Hamiltonian is

d
H(g) = Z <hko-k + Zallak;éak+,> . (AZS)

keTyn =1

The magnetic field (hg)geT, is supposed to be iid. Thanks to a transfer matrix approach, the free
energy in the thermodynamic limit can be expressed through a random matrix products:

N
1
T)= lim —logTr A A2

f(T) = Tim < log (Hl n> (A.29)

n—=
where A, is a 2¢ x 2¢ sparse matrix (two non-zero entries on each line and each column) whose entries
are the following. If 7,v € {0,1}¢, which represent the partial configuration (c,,...,0,14-1) and its

shift (6y41,.-.,0n+4), then

An(Iy Q) = exXp < Tlh ZalTlvl> T2=U1,...,Td—1=Uqd " (A30)

One can check that Assumption A.1 (a) holds with N = d. Proposition A.4 provides an expansion for
the free energy f(T') when the coupling constants a; tend to be very large. Set Z,, = exp(—h,,/T) and
€, = exp(—ay/T) for every I < d. The parameters ¢; vanish when the coupling constants «; tend to be
very large. Then A, is a random perturbation of Diag(1,0,...,0, Z,) if one writes the configurations
7,0 in lexicographic order. Thus, Proposition A.4 yields

d

f(T) _ Z C)\G{\l e eil\d +0 (Z 653) , (A31)
AEN: | X< =1

as soon as E[Z#] < 1 (note that 3 is not the inverse temperature here).

Remark A.10. Similarly, the results apply for an Ising model on a strip of finite width s (i.e. [N]x [s]),
or a cylinder ([N] x Z/sZ) with an inhomogeneous magnetic field and finite-range interactions, with
free, fixed or periodic boundary conditions.

*We choose {0,1}T~ instead of {—1,1} T~ to simplify the formulas. They are equivalent by easy manipulations.
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