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LYAPUNOV EXPONENT FOR PRODUCTS OF RANDOM ISING
TRANSFER MATRICES: THE BALANCED DISORDER CASE

GIAMBATTISTA GIACOMIN AND RAFAEL L. GREENBLATT

ABSTRACT. We analyze the top Lyapunov exponent of the product of sequences of two
by two matrices that appears in the analysis of several statistical mechanics models with
disorder: for example these matrices are the transfer matrices for the nearest neighbor
Ising chain with random external field, and the free energy density of this Ising chain
is the Lyapunov exponent we consider. We obtain the sharp behavior of this exponent
in the large interaction limit when the external field is centered: this balanced case
turns out to be critical in many respects. From a mathematical standpoint we precisely
identify the behavior of the top Lyapunov exponent of a product of two dimensional
random matrices close to a diagonal random matrix for which top and bottom Lyapunov
exponents coincide. In particular, the Lyapunov exponent is only log-Holder continuous.

AMS subject classification (2010 MSC): 60K37, 82B44, 60K35, 82B27

Keywords: disordered systems, transfer matrix, singular behavior of Lyapunov expo-
nents.

1. INTRODUCTION AND RESULTS

1.1. Background. The simple two dimensional matrix of the form

M= M(e, 7) = <€1Z ;) , (1.1)

with |e| < 1 and Z > 0 repeatedly appears in physics, notably in the Ising model context,
with and without disorder. In particular, it is the transfer matrix of the Ising chain (see
for example [15] 25], but we refer to Section for an extended discussion, also about the
two dimensional Ising model and the one dimensional quantum case). In the context of
disordered models, Z is a non negative random variable: we consider the case (Zj) j=1,2,...
IID, so (M(e, Zj))j=1,,.. is a sequence of IID random matrices. From now on we denote
Z a random variable with the same law of the Z;’s and our results rely on the hypotheses
that Z has a density and that E[Z?] < oo for z in a neighborhood of the origin. It is useful
to stick to this framework from now, even if occasionally in this introduction we will take
some freedom.

Our work focuses on the top Lyapunov exponent of the product of the random matrices

(M(e, Zj))j=1,2,.

1
Lz(e) := lim —Elog||M(e, Z1)M(e, Zs) - M (e, Zy)|| , (1.2)
n—oo n
where || - || is an arbitrary matrix norm. The existence of the limit in (1.2)) and the

independence of the choice of the norm holds under very mild assumptions [3]: in particular

this holds under our hypotheses (of course the case e = 0 can be analyzed by elementary

methods). Moreover we can pass from ¢ to —e by conjugation via the diagonal matrix

with (1, —1) on the diagonal, so Lz(¢) = Lz(—¢) and it suffices to analyze the case € > 0.
1
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In [13] B. Derrida and H. Hilhorst — henceforth DH — one finds the claim that when
Eflog Z] < 0, E[Z] > 1 and E[Z] < oo

L2(e) "~ Cglel, (1.3)
where a € (0, 1) is the only nonzero real solution of E[Z¢] = 1 and C7 is a positive con-
stant (existence and uniqueness is an elementary convexity issue, see however Remark
below). Note that means that £z(e) is singular at the origin, while it is real analytic
for ¢ € (0,1) (analyticity follows by applying the main result in [2§], see also [8] and
references therein). For the physical relevance of this singularity we refer to [I3] and to
Section below. Mathematically instead the lack of regularity may be seen as a result
of the qualitatively different dynamical properties of the action of the diagonal € = 0 ma-
trices, all of which have two nontrivial invariant subspaces in common (the two coordinate
axes), compared to the the € > 0 case for which the matrices have no nontrivial invariant
subspaces in common (for nontrivial distributions of Z).

Remark 1.1. Since we can pass from M(e,Z) to ZM(e,1/Z) by conjugation with the
matriz with (1,1) on the anti-diagonal and (0,0) on the diagonal, in the case Ellog Z] > 0,
E[1/Z] > 1 and E[1/Z] < 0o (1.3)) yields

Lz(¢) — Ellog 2] °R° Cy e 27, (1.4)

where a € (—1,0) is the only nonzero real solution of E[Z%] = 1.

The claim in [I3] goes beyond the case of Z variables with a density. Possibly (1.3
holds just assuming that Z is not restricted to a discrete set of values of the form {0} U
{. 212,22, } In this direction, in [I3] it is pointed out that the case in which Z
takes just two values 0 and z > 0 is explicitly solvable. In this case Cz must be replaced
by a log-periodic function of ¢.

In [16], has been proven under the assumption that Z has a compact support
bounded away from zero and that Z has a C'' density. Beyond the several motivations set
forth in [I1),13] (and partly presented in Section (1.5 below), this result identifies a singular
behavior of the Lyapunov exponents and enters the field of inquiry into the regularity of
Lyapunov exponents (e.g. [21 2, 31]) as a case in which the singularity is sharply identified.

Remark 1.2. The function x — E[Z"] is convex and, by assumption, it is bounded in
a neighborhood of the origin. It takes value one at the origin where its derivative is equal
to Ellog Z]. Therefore if E[Z] < oo then the function is continuous in the whole interval
(0,1), so E[log Z] < 0 and E[Z] > 1 do imply that E[Z*] = 1 has only one solution in
(0,1). The issue of whether holds also when E[Z] = oo but E[Z*] = 1 has a solution
n (0,1) (which is unique by convezity) may be approachable with the techniques used in
[16], which however is restricted to compactly supported random variables and removing
this assumption up to allowing E[Z] = oo does not appear to be straightforward.

The results presented up to now are for choices of Z such that E[log Z] # 0 and such
that |a] < 1 (we will discuss in Section [1.6| what is known about the case |a| > 1). In this
work we focus on the case E[log Z] = 0 and we will refer to this case, in agreement with
the physical literature (see e.g. [26, p. 1220]), as the a = 0 case: in this case E[Z*] =1
implies £ = 0 and the non trivial solution matches the trivial one. This is a first reason
to consider the case as critical. We will see that the random matrix product we consider
is is directly linked to random walk in random environment or random iteration problems
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[1, 4] [6l, 32], see also Sections and the case E[log Z] = 0 has a critical nature in
this context and and it is sometimes referred to as balanced. The critical nature of the
balanced case in the Ising context is discussed in Section [1.5

In view of , one definitely expects that Lz(g) is singular when ¢ — 0 also if
E[log Z] = 0. In this work we obtain a mathematical control on the behavior of Lz(¢g) for
e \ 0 for a wide class of Z such that E[log Z] = 0: in particular, we capture the sharp
leading asymptotic behavior of the singularity.

1.2. The main result. For what follows it is more natural to work with z; := log Z; and
let z be a variable that is distributed like the z;’s. On z we assume:

(1) exponential integrability, namely that there exists 6 > 0 such that
P(jz| > z) = O (exp (—dx)) . (1.5)
(2) z has a density ¢ which is uniformly #-Holder continuous, for a 6 € (0, 1], i.e.

up [6(2) = <)

< 0. 1.6
Y |l‘ - y|9 ( )

We remark that these hypotheses imply that ¢ is locally bounded and that ((z) =
O(exp(—0'0|z|/(1+0)) for every &' € (0,6) (see Lemma[B.1(1)). In particular, ( € L for
every p € [1, 00].

Of course we assume E[log Z] = 0, that is E[z] = 0.

Theorem 1.3. There exist three constants k1 > 0, ko € R and n € (0,1) such that, for
e —0,
K1

£2E) = gD T ra

+0 (") . (1.7)

The constants k1, k2 and 7 depend only on the law of Z. For x; we have a semi-explicit
expression, see (13.12]), and for n we give an explicit lower bound.

Theorem [1.3] shows in particular that £z(-) is not Hélder continuous: this is not in
contrast with [21IL 2] because we are looking at the neighborhood of random matrices
in which there is no separation between the two Lyapunov exponents (in the Osedelec
sense [3, Ch. IV]). Theorem actually provides an example that saturates the general
bound given in [10]. Another nontrivial example is the well known Halperin example in the
context of Anderson localization [31, App. 3], but the singularity identified by Theorem
is present also if { is C'™° or even analytic and it is not related to low regularity of the law
of z, like in the Halperin case.

In [26, (4.34) and pp. 1218-1220] one finds the statement (1.7)) for a specific class of
laws of Z (superposition of one (bi-)exponential and one Dirac delta) and E[log Z] = 0.
The expressions for k1 and ko are more explicit, however we are unable to say whether
the computations in [26] can be made into a mathematical proof (in particular, the laws
of Z considered in [26] do not satisfy our hypotheses).

The result ([1.7) is known in the simpler framework of the so called weak disorder limit
(see Section [1.6)). Moreover, the 2-scale approach of [13] can be generalized and leads to
a prediction in the spirit of for arbitrary distributions of Z such that E[log Z] = 0
[12]: this is very relevant to us because, as we explain next and above all in Section
our proof of stems from the DH 2-scale idea.
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1.3. A first look at the strategy of proof. As we just announced, like in [16] we
start from the 2-scale idea of [I3]. What is done in [13] for E[log Z] # 0 is to guess a
probability measure — we call it the DH probability — that should be sufficiently close to
the Furstenberg probability (on the projective space, i.e. simply the sector [0, 7/2] because
we work with positive matrices in dimension two) with which one can explicitly express
the Lyapunov exponent [3]. The measure essentially concentrates near 0 (we are assuming
Ellog Z] < 0, it would be near 7/2 if E[log Z] > 0), but a much finer description is needed.
The 2-scale idea is about gluing together two € ™\, 0 limit problems: one near 0 and another
near 7/2. Both problems are non trivial and they require a quantitative understanding of
the invariant measure of a chain that appears in the context of one dimensional Random
Walks in Random Environment (RWRE) [7, 19, 18] and in random affine iterations [6].
Even if the problems at 0 and 7/2 are in a sense dual problems, when E[log Z] # 0 they
are different in nature: one of the two chains is positive recurrent, the other is transient.
In [16] we first gave a rigorous construction of the DH probability — this is essentially an
asymptotic matching problem — and then we showed that this probability is sufficiently
close to the Furstenberg probability to yield . In the key second step we exploited a
contraction property, under the random matrix action, of a suitable norm that depends
on a parameter 3 € (0,a): the contraction factor is precisely E[Z”] < 1.

When El[log Z] = 0 there are two major changes with respect to the E[log Z] # 0 case :

(1) The two limit problems change nature: they become two qualitatively identical prob-
lems — if Z has the same law as 1/Z they are the same problem — and they are both
null recurrent. These chains are associated to a balanced RWRE, also known as Sinai
walk, and they are a particular critical random difference equation [I} [4]: these chains
do not have an invariant probability, but each of them does have a unique o-finite
invariant measure on which we need a sharp control in order to perform the gluing
procedure. The gluing procedure builds the DH measure, which is a probability mea-
sure and is close to the invariant probability of the chain we are interested in (which
is positive recurrent), from the two o-finite invariant measures, see Fig. 1] .

(2) E[log Z] = 0 means o = 0, so there is no room to apply the contractive procedure of
[16]. As a matter of fact, this lack of contraction makes clear one of the reasons to
consider the problem as critical (and this is why it is considered critical also in [I} [4]).

We will nevertheless take the DH path: we are going to explain in § how we do it,
notably how we deal with the lack of the contraction property.

1.4. More on the approach: the DH strategy for the balanced case. We now go
into some of the details of the construction of the DH probability and we explain the idea
of the proof that this measure is sufficiently close to the Furstenberg probability.

A change of perspective on the problem is notationally useful: we set

k = —loge, (1.8)

so that the original matrix M of (1.1]) becomes

<exp(—1k: +z) effé@?) ’ (1.9)
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and if we parametrize P(R?) = R with the coordinates (1, exp(z))T we readily see that the
action of the matrix (1.9) is

ek 4 e

xr Z+log(]w

) = 2+ hi(x). (1.10)
We observe that hg(-) is odd and z — x — hy(x), which is also odd, is small if x € (—k, k)
and far from the boundary points +k:

x — hi(x) = log (%) =0 (ef(kf’”)) +0 (ef(k““")) , (1.11)

so hp(xz) is very close to x on an interval that approaches R in the limit k& — oo (see
Fig. .
Denote by X = (X;)n=0,1,.. the Markov chain generated by the map (L.10]), that is
Xn+1 = Zp+1 + hk (Xn) . (112)

Since the image of hy is (—k, k) the process (X,) hardly leaves (—k,k) and when the
process is in (—k, k) and far from the boundaries it is close to being a random walk with
centered increments.

X is an irreducible positive recurrent Markov chain (see the beginning of Appendix
and via its invariant probability v, one has that

L(k) == Lz(exp(—k))) = / log(1 + exp(—k — z))vi(dx) . (1.13)
R

The formula will be further explained later on (see in particular (2.7)), but it is

what follows by specializing the Furstenberg formula for the top Lyapunov exponent [3]

Th. 3.6] to our context.

Since X is close to being a symmetric random walk in the bulk and because of the strong
containing effect at the boundary, it is natural to expect that the invariant probability
is going to be close to the Lebesgue measure times a suitable constant 1/Cy in the bulk,
and this measure should decay quickly outside (—k, k). If this is the case Cy ~ 2k in the
k — oo limit. If we insert this guess into we readily see that the leading contribution
comes from x close to —k on the scale k: by this we mean an interval centered in —k of
diverging length o(k). We are therefore interested in focusing on how the process looks
from —k. So we consider (X,, + k) and we readily see that the process that appears for
k — oo is

Yit1 = zZnt1 +h(Yn)  with h(y) = y + log(1 + exp(—y)) . (1.14)

This new Markov chain, of which we will give a detailed treatment, has a strong repulsion
at zero, forcing Y to live most of time in the positive semi-axis. But there is no mechanism
that bounds Y from above: in fact, Y is null recurrent and the non normalizable invariant
measure does approach a multiple of the Lebesgue measure far from the origin. The
random iteration is the critical random difference equation that emerges in the
analysis of Sinai walks [Il 4 [6, B2]; consequently, the literature is extensive, notably on
the behavior of the invariant measure of the Y process at +oo. However the focus for us
is twofold:

(1) characterizing the local part of the invariant measure and the behavior at —oc;
(2) obtaining a sharp estimate on the behavior at +oo.
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While point (1) is central because it determines the leading behavior of , point
(2) is as important because the invariant measure of Y just provides the DH guess on
the negative and positive semi-axes, separately (they are essentially symmetric problems).
But we need a sharp asymptotic analysis at 400 of the two measures, i.e. at the origin
which is very far from both +k and —k, to glue them together. The results available on
this problem are obtained in too general a context and they are too weak for our purposes:
we therefore perform an ad hoc analysis.
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15 1o =5 0 5 10 15

FIGURE 1. The solid line gives density of the invariant probability for £k = 10 and
z=2¢&(—1/24+3n/10)+ (1 —&)(n+1), with £ a Bernoulli with success probability 2/3 and
n a standard Gaussian, with £ and 7 independent. The distribution of z is asymmetric
and bimodal. The densities of the two non normalizable measures that build the DH
measure are (essentially) given by the prolongation of the plateau to the right for one
measure, and to the left for the other one (dashed lines).

Once the DH probability I/]?H (explicit!) is built, its closeness to the invariant probability
v (not explicit!) has to be established. What is directly accessible is the action of the
(one step) Markov Kernel 7' = T}, on V,?H and we certainly want TV}?H - V,?H small. In
[16] this closeness is estimated for o > 0 in terms of a norm ||| 5 indexed by 8 € (0, a).
And the key point is that ’HV,?H — Vk:”‘ﬁ is bounded above by CB‘HTV]?H — V,?HH 5 with
cg=1/(1 —E[Z°])+ (if a <0, i.e. E[Z?] > 1, we work with E[Z7A]). |||, is well defined
too: it is simply the L! norm of the primitive of - which is in L!. And in fact |||, is, or
could be, a good norm for our purposes: the problem is that ¢y = +oc.

To get around this problem we take an approach that avoids using contraction prop-
erties. In fact we show that the bound holds with ¢y = co(k) which is O(k?) (up to

logarithmic corrections). The divergence of cyo(k) can be overcome if ‘HTV,?H — I/]?H‘H 0

decays faster that k~2. With our hypotheses, this decay is exponential in k.

Remark 1.4. At this stage the dominant role of —k with respect to +k may appear strange.
But this is just an artifact of the choice of (L.13|) which is the formula that one obtains
when looking at the exponential growth of the (1,1) entry of the matriz. But +k takes the
leading stand if we consider the formula stemming out of the exponential growth of the
(2,2) entry, see . Of course, the Lyapunov exponent does not depend on the choice
of entry. This is discussed further in Remark[3.3.

1.5. Exactly solvable Ising models and matrix products. In [IT],[I3] the role of the
two by two matrix ([1.1]) in the solution or analysis of several physical models is discussed
and exploited. Here we focus on cases related to the Ising model.

(I1) If d = 1 the transfer matrix of the Ising model with external magnetic field h and
nearest neighbor interaction potential .J is equal to et times (1.1]), with ¢ = e=2/



ISING TRANSFER MATRIX WITH BALANCED DISORDER 7

and Z = e 2". Therefore, without disorder the free energy density of the model in
the thermodynamic limit is equal to h + J = (—loge + log Z)/2 plus

lim - log Trace [(M (¢, Z))"] , (1.15)
n—oo N
which in turn is given by the largest among the two eigenvalues of M (e, Z).

With disorder in the magnetic field, Z takes a sequence of IID values Z1, Z», ... and
the free energy density coincides with (—loge + E[log Z])/2 4+ Lz(g). Therefore the
€ \¢ 0 analysis captures the behavior of the free energy density of the one dimensional
Ising chain with disordered magnetic field in the infinite coupling interaction limit.

(I2) For the Ising model in two dimensions (on the square lattice) with horizontal and
vertical couplings J; and Jy the transfer matrix is much larger, but for h = 0 it
can be rewritten in terms of a tensor product of matrices of the form with
different values of e: explicit eigenvalue computations lead to the celebrated Onsager
determination of the critical behavior of the model. Remarkably, this tensor product
structure stands also when the couplings vary in one of the coordinate directions
but remain constant in the other (so-called columnar disorder; this model was first
understood in [24] and is now known as the McCoy-Wu model [24] 25| [30]). But
of course, the problem is no longer solvable by computing eigenvalues: now the free
energy density can be expressed in terms of Lyapunov exponents. More precisely,
in the non disordered case the free energy density in the thermodynamic limit is
given by an integral over a parameter € of the largest eigenvalue of M (e, Z), with
an adequate choice of (0, J;) and Z = Z(J1,J2). 6 can be understood as a Fourier
transform parameter, and long distances (and hence critical phenomena) appear in the
behavior of this eigenvalue for # — 0, and limg_,g (6, J1) = 0. In the disordered case,
the formula is formally the same, with largest eigenvalue replaced by top Lyapunov
exponent (several details can be found in [8, Appendix A], but of course also in
[24, 25, [30]).

(I3) The partition function of the one-dimensional transverse field quantum Ising model
can be written using the Trotter product formula as a limit of that of the two-
dimensional classical Ising model. Disorder in the one-dimensional quantum model,
either in the transverse field or in the couplings, can be shown to correspond to
columnar disorder in the two-dimensional classical model. So, once again the same
matrix product appears and the the analysis of the ground state, i.e. a suitable zero
temperature limit, of the quantum model corresponds to analyzing the ¢ — 0 limit.
We refer to [22] [14] for several details on the correspondence between quantum chain
and two dimensional model.

In case, with or without disorder, there is no phase transition, i.e. the free energy is
a real analytic function. This is elementary to establish without disorder. In the disordered
case one has to resort to more advanced techniques [28] and a crucial point is the (strict!)
positivity of all the entries of the two by two random matrices. In fact, positivity is lost
precisely when the coupling strength diverges and the emerging singularity (that we study)
may be seen as a pseudo-critical behavior.

On the other hand it is well known that, without disorder, for d = 2 and in the d = 1
quantum case (see and there is a phase transition. This is possible due to the
fact that (0, J1) = 0 for § = 0, so we are no longer in the context of matrices with positive
entries and one verifies by an explicit computation that the transition happens if and only
if at € = 0 the two eigenvalues coincide. The important claim by McCoy and Wu [24], 25]
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(see also the weak disorder limit in Section is that also in the columnar disorder the
transition happens if and only if at ¢ = 0 the two Lyapunov exponents coincide, and
this means precisely Ellog Z] = 0. Mathematically this claim by McCoy and Wu is an
important open problem. We do analyze exactly this critical case, but we do not study
the (non-)analytic dependence of the Lyapunov exponent on the inverse temperature 3.
In fact there is no 8 in our model because it is mathematically irrelevant: § appears in
the model as a multiplicative factor on the interactions (i.e., Z = Z(5J1, 8J2)). Since we
are looking at the singular behavior in e, there is no loss of generality in setting 8 = 1.

1.6. Generalizations, more on the literature and organization of the paper.

Distributions with |o| > 1. When E[log Z] < 0 but E[Z] < 1 then E[Z%] = 1 may have
a (unique) solution solution for o > 1. Existence requires integrability conditions (see
Remark and also that P(Z > 1) > 0. The situation is analogous for E[log Z] > 0 and
E[1/Z] < 1. One can find in [I3] an argument in favor of Lz(g) = Z]LiJo Cie¥ + Cpe®™ +
0(2%) for € \, 0, at least for & ¢ N (and analogous formula for o < 0). Results in this
direction can be found in [17]. Let us point out, however, that identifying the singular
behavior, that is capturing the term Cue2l®l, is an open problem and the approach we
employ does not seem to be appropriate when this is a subleading term (i.e., |a| > 1).

Weak disorder limits. The weak disorder limit corresponds in dynamical terms to a very
slow dynamics. This allows to rescale time and the arising dynamics is a two dimensional
system of stochastic ODEs that can be solved. This limit dynamics has the remarkable
property that the Furstenberg probability has an explicit formula which leads to an ex-
pression for the Lyapunov exponent in terms of Bessel functions (to our knowledge this
appeared first in the works of McCoy and Wu [24], but similar computations for related
systems were already in the literature, see[8, [9) 11}, 22, [29] for recent works on weak disorder
limits and historical overviews). Deriving the full asymptotic expansion of the Lyapunov
exponent is then a somewhat cumbersome, but straightforward, exercise [8, Prop. 1.3].
Particularly relevant for us is the € \, 0 limit behavior of the Lyapunov exponent for
a =0 [8 (1.11)] which can be refined to [8, end of Sec. 4]

1
4 (log(1/e) —log2 — )
where + is the Euler-Mascheroni constant and the O(g?), which can be explicitly expressed,
is non zero. Of course the last formula should be compared to our main result .

As already pointed out in [8], the extremely sharp matching of the finite disorder case
and the infinitesimal disorder case is mathematically quite surprising: not only the leading
order matches, but the structure of the subleading terms is the same (to the extent of what
is known). However there does not appear to be any way to recover finite disorder results
from infinitesimal disorder computations. This is particularly unfortunate for the d = 2
columnar disorder case (see [24], 25, [30] and Sec. [L.F): McCoy and Wu used the weak
disorder limit to infer results about the model and setting forth a precise and highly non
trivial prediction for the critical behavior that represents a challenge for mathematicians
(see [8, App. A] and references therein).

+0(). (1.16)

What about lower regularity of the distribution of the disorder? Our approach does not
capture only the leading behavior, but also all the subleading corrections in powers of
1/log(1/e), much like which stems instead from an exact computation. Clearly in
estimating the error term there seems to be a lot of room: for example, it would be sufficient
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to show (the one step estimate, see Sec. that | TvP" — vPH ||} = O(k™°), for a ¢ > 2.
But our approach naturally yields an exponential estimate, see . This approach (i.e.,
estimating the inverse Laplace transform) strongly relies on an appropriate regularity of ¢,
i.e. asymptotic decay in Fourier space (the imaginary direction for the Laplace transform),
and yields leading term, subleading corrections and exponential bounds (in the k variable).
It is really not clear whether our one step bound procedure could go through with less
regularity.

More general matrices. All we did can be greatly generalized (and this discussion applies
to [16] too). Matrices of the form

!

(gZZ 5ZZ> and (E;,, 55) , (1.17)
can be dealt with in a straightforward way under suitable hypotheses: for the first example,
if Z > 0 too, with no independence requirement with Z, simply because Z can be factored
out and the key variable becomes Z/Z. For the second example, the analysis does not
contain much novelty if Z, Z’ and Z” are independent and positive and if we require on
the marginal laws of Z’/ and Z” the same integrability and regularity we have required for
Z. A complete analysis of two dimensional matrices with positive entries approaching for
e N\ 0 a diagonal matrix might be of interest (but it is probably rather cumbersome and
the Ising model motivation is lost). Some higher dimension matrices generalizations are
treated in [I7, App. A].

Organization of what follows. In Section [2| we study the main Markov chain X. We state
in Proposition the crucial bound that we call reduction to one step estimate. We also
study the auxiliary chain Y that is central in the construction of the DH probability.

In Section [3] we construct the DH probability and perform the one step bound: the
proof of our main result, Theorem is in this section (right after Proposition [3.3)).

In Section [4] we prove the reduction to one step estimate, i.e. Proposition

2. THE UNDERLYING MARKOV CHAINS

In general, if Z is a random variable, we use Gz(z) = P(Z > z) and Fz(z) = 1 —
Gz(x). This notation is used also for finite measures pu: G,(z) = p((x, 00)) and F),(z) =
w((—o0,z]). We will work also with non normalizable (o-finite) measures, notably with
measures j such that p((—oo,z]) < oo for every x, and the notation F,(x) will be used
also in this case.

2.1. About the main Markov chain X. We start the analysis of the X chain defined
by (1.12)).

Lemma 2.1. We have

TGy, (z) = Gx, (%) = Ga(k+ ) + /R G, WL )C (& — hi(y) dy,  (2.1)
and
TFy, () = Fx,,\(z) = Fa(—k+2) + /R Fr, )¢ (@ — hi(y) dy.  (2.2)
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Proof. By using that hy(-) is an increasing bijection from R to (—k, k) we see that

Gxpii () = P(zZpy1 + hi (X)) > )
=Pz —zpt1 < k) +P(he (Xn) > — 2n41; |2 — 2n41] < k)

=Pz>r+k) +P(Xn>h' (¥ —2041); [T — Zpga| < k) (2.3)
k+x

= Gz(k:—i—x)—l—/ Gx, (hy'(z = 2)) ¢(2) dz,
—k+x

and by the change of variable z = x — hi(y) we complete the proof of the first identity.
The proof of the second identity is of course exactly analogous (or can be directly derived
from the first). O

The map T" can then be extended by linearity to act on G defined by G(x) = G, (x) —
G,_(z), v+ finite measures (so |G(—o0)| < 00):
k+x
TG(x) = G(—00)Gz(k+z) + / G (hy'(z —2)) ¢(2)dz. (2.4)
—k+x
In the applications we consider v is the difference of two probability measures, so G(—o00) =
0 and T reduces to Tp:

TyG(z) = /R G ()¢ (= — huy)) dy . (2.5)

which is well defined also in the slightly different set-up of G € L! because (1.6]) implies
that ||¢|lec < 0.

The following bound will be crucial; Section [4] is devoted to its proof.
Proposition 2.2. There exists C > 0 and kg such that for every k > ko and G € L'(R;R)

Y ITEGly < K (logh)” (|Gl - (2.6)

n=0

It is well known that the Lyapunov exponent can be expressed in terms the invariant
probability for the action of the random matrix on the projective circle [3, Ch. 2] and
for two by two matrices with positive entries we can work on (0,7/2) or, considering the
tangent of this angle, on (0, 00) (see [16], (1.6)] or [13, Sec. 2]). Our parametrization choice
P(R?) = R, recall —, just corresponds to applying the logarithm to the tangent
of the angle and it suffices to apply this change of variables to the expressions in [13], [16]
(which take advantage of the specific form of the matrix under consideration to obtain a
simpler expression than the standard Furstenberg formula): we obtain that, by writing vy
for the invariant measure on R, the Lyapunov exponent L£(k) is equal to Ly[G,, | with

LG = /1G(x)dw _ /Rl(l—G(a:))dx, (2.7)

R 1+ekz 1+ ehte
which will be used for G(z) = v((x,00)) and v a probability. We readily see that
|Lr[G1] = Li[Ga]| < |Gy — Galls - (2.8)

We thus have the following important corollary to Proposition [2.2
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Corollary 2.3. With C and ko as in Proposition for k > ko and any probability ~
such that TG, — G € L

L(k) = Li[G]| < [1Gu, = Gyl < K (log k) |ITGy = Gy |, - (2.9)

Proof. Since the Markov chain (X,,) is irreducible and positive recurrent (see the beginning
of Section[A]), lim,, T"G+(x) = G, () for every z € R which is a continuity point of G, (-)
(we will see that G, (+) is continuous, see Remark but at this stage this is not needed
since the set of discontinuities of G,, () is countable, hence of Lebesgue measure zero).
Therefore, by Fatou’s Lemma, we have that

HGllk - G'yHl < 1imNinf HTNny _ G'YH1
< DITE (TG, ~ Gyl < K (0sh) TG = Gylly - (2:10)

n=0

and the proof is complete by (2.8). O

2.2. Looking from the edge: the reduced chain Y. If we sit on —k, that is if we
make it our new origin, in the limit as K — oo the Markov chain becomes

Yit1 = zpt1 +h(Yy)  with A(y) = y + log(1 + exp(—y)) . (2.11)
15} PR
10} et
5 L
35 10 5 5 0 15
5L
-10f 35 10 5

FIGURE 2. For k = 10: on the left the plot of hx(-) (solid line) and of z — h(z + k) — k
(dashed line); on the right the derivative of the same functions.

Proposition 2.4. The Markov chain Y has a wunique invariant measure v with
v((—o0,x]) < oo for every x € R, but v(R) = co.

For non-normalizable measures uniqueness is of course meant up to a multiplicative
constant and we note that v is characterized by

/g(z)y(dz) = //g(z + h(y))((2)dzv(dy) for every measurable g > 0. (2.12)

The proof of Proposition [2.4] is given for completeness in the Appendix: the Markov
chain Y is a (very) particular case of the critical random difference equation problem,
see [1}, 4, [6] and references therein. We sketch a concise proof of Proposition because
the context of [II, [4l [6] is really much wider and Proposition can be proven with
substantially easier arguments.
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We conclude this section by studying the asymptotic behavior of F;,. From the results
of [4,[6] one can extract that F, (z) = v((—oo, z]) ~ cx for z — oo; however our techniques
require a stronger result, see below, which requires substantially more constraining
requirements than the hypotheses in [4, [6].

Here is a preliminary result that allows the use of the Laplace transform. Besides being
an immediate consequence of the analysis in [4, [6], it can also be extracted from [0,
Lemma 3.3]: since context and notations here are slightly different, we give the proof in
the appendix. We make a definite choice of F,, by stipulating that F), (xg) = 1 for an xg
which is (strictly) inside the support of v.

Lemma 2.5. There ezists ¢ > 0 such that F,(z) < cexp(cz) for every x > xg.
Here is the main result of this section:

Proposition 2.6. There exist three constants m¢ > 0, ¢ € R and o € (0,1) such that

for x — oo
F,(x) = mex 4+ cc + O (exp(—ocx)) - (2.13)
Moreover, for every §' € (0,9) (recall (L.5]) for §) we have for x — —oo
F,(z) = O (exp(0'z)) . (2.14)

The constants carry the subscript ( because they are primarily determined by (, but
m¢ and ¢ depend also on the arbitrary choice of zg: ¢¢/m¢ and o¢ instead depend only
on (.

Proof. We start with . We are going to use the Laplace transform for (non
negative) functions and measures supported on [0, 00): f(u) = [pexp(—ux)f(dz) =
f[()po) exp(—uz)f(dx) and, if f is absolutely continuous, f(u) = [y exp(—ua) f(z) da. If

~

F¢(x) < exp(cx) for x large, then f(u) is analytic in the complex half plane $u > ¢ and

|fw)] < f(Ru). B
In order to use the Laplace transform to study the right-tail of v we introduce Y;, :=
log(1 + exp(Yy)); then (Y;,) is a Markov chain with

Y41 = log (1 + exp <zn+1 + 37”)> = Zpy1+ f”n + log (1 + exp (— (Zn+1 + 17”>>) ,

(2.15)
analogous to (2.11)). The chains (Y,,) and (Y;,) are equivalent and the invariant measure p
of (17”) is directly related to v. In particular p is o-finite, F),(z) = 0 for every < 0 and,
by Proposition F,(z) < oo for every x. In fact, we have F,(x) = F),(log(1 + exp(x)))
so we can replace Fy,(x) with F,(z) in obtaining an equivalent expression. Note the
following characterization of u: for measurable g : (0,00) — [0, 00)

Joau= [ [gtos(1+exp(-z 2 ¢(das)n(ar). (2.16)

By Lemmam we have that ﬁu(u) is analytic in the domain Ru > ¢ > 0. We recall also
that, in the same domain, zi(u) = uF),(u). We call b, the optimal value of c:
by, :=1inf{u € R: pi(u) < oo}, (2.17)

so b, < c¢. On the other hand Proposition tells us that b, > 0, because v(R) =
1([0,00)) = co. What we are going to show now is that b, = 0.
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By we readily see that
Aw = [ [+ exple +4) ool dy). (2.18)

We now use the identity [27, (5.13.1)] (with a =0, b = w and s = w, a, b and s are the
notations in [27])

1 wo+100
1 = I'(w)'(u — —vd 2.1
(427" = gy o T ) du, (219)
which holds if wy € (0, Ru) and for every z € C\ i(—00,0). We recall also the generalized
Stirling formula [27), (5.11.9)]:

ID(z + iy)] = 2y "2 exp(—rlyl/2) (2.20)

for |y| — oo, uniformly for = in bounded intervals. Therefore by inserting (2.19)) into
(2.18)) and by using the Fubini-Tonelli Theorem we obtain that for b, < wg < Ru we have

o~

1 w4100
fi(u) = / L(w)I'(u — w)¢(w)p(w) dw . (2:21)
2711 (1) Sy —ico

The next step is moving wg to the right of Ru: more precisely to (Ru, Ru + 1). Given the
decay for large imaginary part of the Gamma function, this can be done, but the stripe
{z € C: wy < Nz < wy+ 1} contains the simple pole of I'(w — u) at w = u. Since the
residue of the integrand (times the prefactor) is —((u)zi(u) and by remarking that we are
performing the integral in the clockwise sense, we obtain that for wy € (Ru, Ru + 1)

R R R 1 wo—+100 R N
ite) = S + 5 /w T wlwe de,  (222)

which, bringing the first term to the left hand side and dividing by 1 — E (w), we rewrite
as

~

m ! wOHOOF r p(w)d P(u)l 2.23
W) = e ) LT wlw)a) dw = Pule, (223

where P(u) denotes the pre-factor and I(u) the integral in the second expression. We
remark that this form makes it possible to analytically continue I(u) to smaller values of
Ru, even down to Ru < wy — 1 and wy is chosen larger (but arbitrarily close to b,). But
P(u) has a singularity at v = 0 as we are going to explain:

o I'(u) ~ 1/u has a simple pole at u = 0 (like for all the negative integers) and these
are the only singularities; moreover the I' function has no zero.

-~

e u— 1—((u) is an entire function with 1 — ((u) ~ —0?u?/2, 0% := [2%¢(dz) > 0:

~

so, 1 — ((u) has a double zero at the origin. We remark also that (with standard
probabilistic notation) ((—it) = ¢,(t), i.e. it is the characteristic function of a

o~

continuous random variable which yields |((it)] < 1 for ¢t # 0 (|¢.(t)| = 1 for a
t # 0 directly implies that z is discrete). By the Riemann-Lebesgue Lemma we

~

have |((it)| = o(1) for || large. Therefore there exists ¢ > 0 such that 1 —((u) =0
for Ru > —p only for u = 0. We assume from now on that ¢ < 1 (in any case, I(+)
has been analytically continued only up to Ru > —1).
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So P(-) does contribute a simple pole at z = 0: a priori there is still the possibility that
I(0) = 0 making this singularity removable, but in fact this is not possible because we
have already remarked that b, > 0.

We have therefore proven not only that b, = 0, but also that 7i can be meromorphically
extended to {z € C: Rz > —p} and the only singularity in this region is the simple pole
at zero

i) = % +ce+uH (u), (2.24)

with m¢ > 0 because ji(u) > 0 for u > 0, ¢, € R and H(-) is an analytic function on the

domain {z € C: Rz > —p}. This of course tells us that also F, . can be meromorphically
extended to the same domain and

-~ m C
Fl(u) = u—§ + EC + H(u). (2.25)

We now use the classical Mellin-Bromwich formula for the inverse Laplace transform:
for every b > b, =0
1 b+iR N

F, = — i F du . 2.26

W@) = g fim [ F(w) exp(ur) du (2.26)

We introduce the rectangular contour Cr made of the segment of integration in ([2.26)),

the segment {u : Ru = —p¢ and Su € [-R, R]} and by the two segments {u : Su = £R

and Ru € [—p¢,a]}. The orientation is counter-clockwise and o is chosen in (0, ). The
integration along this contour is equal to the residue of the double pole at the origin:

me ¢+ mex

B (u) expluz) = (%+%+0(1)) (1+au+0(u?) = = + <=2 10(1), (2:27)

hence the residue is ¢ + m¢x and

1 ~
— | Fu(u)exp(uz)du = c¢c +mex. (2.28)
27 Je,

We are therefore left with showing that:

(1) the contribution of the integrals along the segments {u : Su = £R and Ru €
[—o¢,al} vanishes as R — oo;

(2) the contribution of the integrals along {u : Ru = —p¢ and Su € [—R, R]} is
O(exp(—o¢x)) for x — oo.

Both estimates rely on

Lemma 2.7. We consider wy > 0 and a closed interval I C (wo—1/2,wp). For |w1| — oo
and uniformly in Ru € T

wo+100
e [ R = )] dw = 0 (j9u?) (2.29)

Lemma [2.7|is [16, Lemma 4.4], but the proof can also be obtained directly from (2.20)).
We remark that the dominant contribution comes from integrating for w in a neighborhood
of the real axis.
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Moreover for both (1) and (2) the crucial formula is (2.23]) because, in conjunction with
(2.29) and recalling that F),(u) = ji(u)/u, it tells us that

[Fulw)] = 0 (|| 1Su]77?) (2:30)

for |Su| large and uniformly for Ru in the interval we consider.
Therefore the contour integration in point (1) is O(1/RY?) and for what concerns point
(2) we have that for every R

o

—o¢ct+iR
/ F,(u) exp(ux) du
—o¢c—iR

with the integral in the right-hand side that converges because of (B.1). This completes

the proof of ([2.13]).
For (2.14)) we use (2.12) with g = 1(_ 4, that is

F(z) = / / 1oy (2 + h(y))(dy)C(d2). (2.32)

By splitting the integral in the y variable into positive and negative values and by using
that h(y) > 0 for y negative and h(y) > y for y positive we see that

(@) < F,(0)F(a) + / / 1ol (2 + 1)1 000y ()2 dy)C(d2)

< eXp(—ch)/ ’ﬁu(_QC"‘iy)’ dy, (2.31)

—00

< BOF@) + [ [ 1 a0l e~ 2(d)(d2)

— F,(0)F:(x) + / Fy(a — 2)1 g0 (z — 2)((dz) < Fy(0)Fe(x) + C /0 T ycle —y)dy,
(2.33)

where in the last step C' is a positive constant and we have used (2.13). But fooo yC(z —

y)dy = [*__ Fc(z)dz and (2.14) is established.
The proof of Proposition [2.6] is therefore complete. O

Remark 2.8. ([2.32)) also characterizes vy, if we replace h(-) with hg(-). From this we also

have the characterization
Fuo) = [ Felo = m(m)ndy). (2.34)

from which we see that F,, is C1, so vy has a density, because 0 < ((x — hg(y)) < ||¢]]oo-

Similarly v has a density, but the argument needs to be refined. Equation still
holds also without the subscripts k, but because v(R) = oo we need an appropriate upper
bound for {(x—h(y)) in order to take the derivative under the integral. Since v((—oo,x]) <
oo for every x, ( € L reduces the problem to finding and upper bound for y > 0 and
large (of course we can focus on x in a compact set). But this follows because there exists
e >0 and zg such that ((z) < exp(ez) for z < zg. In order to show this and to make the
argument more readable, let us replace ((z) with ((—z). If ((2) < exp(—ez) for z larger
than some value 2o is false, then there exists a sequence (z;) with lim; z; = oo and ((z;) >
exp(—ez;). Uniform 0-Hélder continuity implies that ((2) > exp(—ez;)/2 for |z — zj| <
((e=5%)/2C)Y?. So, possibly for j large, fzoo/z C(2)dz > exp(—ez;)((e75%) /20)0. Since
the left-hand side decays exponentially, by cjhoosz'ng e > 0 small we reach a contradiction.
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So we have shown that ¢ vanishes exponentially fast: using that v((—oo,x|) has linear
asymptotic growth, F, € C' follows.

3. THE DH PROBABILITY, THE ONE STEP BOUND AND THE PROOF THE MAIN RESULT

We now define the DH probability, i.e. the measure that we expect (and will prove) to
be close to the invariant probability vg. It is built by gluing together the invariant measure
for the edge process at k and for the one at —k. Unless ( is symmetric, the two edge limit
problems are not the same, since the one on the left involves z — ((x) as jump density
probability and the one one the right involves z — ((—z). So the cumulative function on
the left (respectively, right) edge will be denoted by F(-) (respectively, F.(-)). Moreover
we choose to normalize the cumulative functions so that they are, for x — oo, equivalent
to z. Proposition then says that there exist ¢; € R, sis < or >, and ¢ € (0,1) such
that for © — oo

Fs(z) =2+ cs+ O (exp(—ozx)) . (3.1)

We define the DH probability by giving its integrated tail probability Gy (x) = v2H((z, 00))
(cf. Sec. [L.4):

Rk —2)/Cy if >0,
Grl(@) := {1—(F<1(x+k)/0k) ifz <0, (32)

where the fact that the definition must be consistent at x = 0 fixes the value of C} > 0
which, therefore, by (3.1)), satisfies

Cr = 2k+cq+ cx + O(exp(—0k)) . (3.3)
We register also that for the cumulative probability Fj(-) =1 — Gi(-) we have

{1 — (Fo(k—2)/Cy) ifz>0,

F; =
k(@) Fa(z + k)/Cy ifz<0.

(3.4)
The next fact is straightforward computation, but it is of course central for us:

Lemma 3.1. For k — oo

LiGy] = 1/RF>('”) dy + O(exp(—k)) = — /RF<’('”) dy + Oexp(—k)).  (3.5)

Cy, 14 ey :ac 14+ev

Proof. By the first equality in (2.7) we have
1 [ F.(k—ux) O Gir(x)
Li[G] = — —d ———dx. 3.6
k(G C’k/o 1+ eh—e x+/_w1+ek—r * (36)

Using G (x) € [0,1] we readily see that the second addendum is smaller than 2 exp(—k).
Moreover

(k- x) /FD(Z/) /OO P (y) I (y)
/0 1+ek—$ . R1+€y Yy k 1—|—€y Yy R1+ey y+0( exp( ))a
(3.7)

where in the last step we used ({3.1]).
Repeating the same argument starting with the second equality in (2.7)) gives the same
expression with F, replacing Fi.. [l
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Remark 3.2. (3.5) of course implies [(1+ e¥)"'F(y)dy does not depend on s. Equiva-
lently, by integration by parts:

/ log (1+e7¥)va(dy) = / log (1+e7Y) va(dy). (3.8)
R R

One way to see this directly is to observe that by (L12) and (L.10) we have [,(x —
hi(x))vi(dz) = 0, with vy, the invariant probability of the Markov chain defined by (1.12]).

But this is equivalent to

/Rlog <1 + ek_$> vp(de) = /]Rlog (1 + e_k_z) vp(dx), (3.9)

and (3.8) follows by exploiting the strong form of convergence — see Remark — we have
for 2k:1/k@:]1€ towards v4 and for Qka@lzl towards vs: here ©q4(x) := = + a.

Proposition 3.3. There exists n > 0 such that
TGy = Gill, = O (exp(=nk)) . (3.10)

The proof is written so that the constant 7 in can be chosen arbitrarily in
(0,min(6/2,0)/2, o), with § in , 6 in ([1.6) and p is the constant ¢ in Proposition
a slight modification of the proof yields that we can choose n € (0, min(d, 6, 0)).

Before proving Proposition we remark in an official way that it is the last brick
needed for our main result.

Proof of Theorem Recall that v, is the invariant probability of the main chain X. It

suffices to choose G, = G}, and apply Corollary [2.3] By using Proposition [3.3 we obtain
that

£(k) = LilGill < [1Guy, = Gilly = O (k2 (tog k) exp(—k)) - (3.11)
We then conclude by Lemma and by exploiting the expression (3.3|) for C. We obtain
1 Fa(y) 1 / F(y) 1
= - | I gy = = | 22 == . 12
K1 =5 R1+eydy 5 R1+eydy and Ko 2(c<1+c>) (3.12)
O

Remark 3.4. We remark that a byproduct of the L' control in (3.11) is that 2kl/k9:li

converges vaguely for k — oo towards v and 2kuk0;1 converges vaguely towards vy.
Vague convergence, i.e. with test functions that are compactly supported and C°, is an

elegant statement, but (3.11)) is much stronger and, in particular, it solves the issue raised
in Remark[3.2

Proof of Proposition[3.3. Of course
ITGy, — Gill; = [[(TGr = Gr)1 (00|, + (TG = Gr) 1000, » (3.13)

and, even if the two terms on the right may be (and typically are) different unless ¢ is
symmetric, they can be treated in the same way because both of them can be written as

0
Apy = / ) /R Fy)h,(0)C(x — hi(y)) dy — F(z)| de, (3.14)

with F(-) which is Fj(-), given in (3.4)), for the first addendum in the right-hand side of
(3.13), and F(-) that is instead replaced by the right-hand side in (3.4) with < and >
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exchanged. Arbitrarily, we choose to work with the first addendum and the bound we are
after is achieved in two steps.

The first step in controlling Ay, ; is to remark that we can avoid the nuisance of the fact
that Fj(y) has two different expressions according to the sign of y. Namely, we want to
switch to:

1 0
Apg = —
2 Ck /oo

We can do this because

0 [e'e] _
A= Al < [ i /0 ]Fq(’””gk Fo (k y)—1]hz<y><<x—hk<y>>dydx, (3.16)

and, by (3.1)) and (3.3)), for y > 0 we have

‘Fq(k+y)+F>(k—y)_1' o O Jew(—e(k—y)) ifye(0,H,
Ch - C y—k+1 ify>k,

[Pt D = )y = Pofo + ) e (315)

(3.17)
for a suitably chosen C' > 0. So |Ay 2 — Ag1] is bounded above by

k o)
/O exp(—o(k — y)) Fe(—hw(y))hi.(y) dy+/k (y =k + D) Fe(=he(y)hi(y)dy,  (3.18)

times C'/Cy. So, by keeping in mind that F;(—z) = O(exp(—dz), that h} (y) = O(exp(—(y—
k))) for y—k — oo, that h} (y) € (0,1) and by remarking that y—hs(y) < log2 fory € [0, k],
with adequate choice of C

k 00
Az — Agal < = ( [ eetmesay et [Ty -k ne b dy) = 0 ro¥),
Cr \Jo k

(3.19)
with 0 A ¢ = min(d, o).
The second step is the control of Ay . For this we introduce
hg(x) == h(x + k) —k (3.20)
and remark that
O(exp(z — k)) forxz—k — —o0,
0<h —h = log(1+ —k)) = 3.21
< () — (@) = log(1 +exp(e — b)) {O@_k) L (321)
_ f _ _
0 < W.(2)— Bh(2) = 1/(1+exp(k—z)) = 4 QEP@ k) Horz—k=—co, ),
<1 for every xz and k.

Moreover we stress that h)(z) and hj(z) are in (0,1) for every x and, with reference

to Figure [2] the two functions almost coincide for x <« k. They start to differ when x

approaches k from the left because hj (z) keeps being very close to one and hy(x) ~ z.
Since by the characterizing property of F(-)

AFq(y+k)hk(y)C(x—hk(y))dy—Fq(erk) =/RFq(y)h’(y)C(w—h(y))dy—F<(:v) =0,
(3.23)

we have

1 0
Apy = —
h2 Ck /—oo

/R Faly+ k) (hp(0)C(z — hi(y)) — Wy(m)¢ (@ — h(y)) dy| dz, (3.24)
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We split the integral over R according to y < —3k/2, y € [-3k/2,k/2] and y > k/2. We
have

.

dox <

/k jo Faly + F) (W(u)¢(x — hi(y)) — Ba(w)C(x — my(w))) dy

0 e
c / / (1 k) (H()C(e — hi(y)) + C( — Bi(y))) dydar =
—o0 Jk/2

C | (y+k) (M () Fe(—hi(y)) + Fe(—hi(y))) dy < C’/
k)2 k/2

o0

y (e(kfy)/\of%k _i_eféy) dy,

(3.25)

which is O(k? exp(—6&k/2)). Similarly with ¢’ € (0,6) (recall (2.14)))

/0
—3k/2

—3k/2 /
C / ¥ WP TR (F(—hi(y)) + Fe(—hy(y)) dy < 2C e Wk etk qy |
(3.26)

—3k/2
/ Faly+ k) (Hy(@)C( — hi(y)) — )¢z — hi(y))) dy

—0o0

dor <

which is O(exp(—k(1 +¢")/2)). We have therefore obtained that Ay o is equal to

1 0
ol

For the last estimate we use

k/2 )
/ Fa(y + k) (hi(y)¢(x = hi(y)) = i (y)¢(z — he(y))) dy| dz+0 (ke_gk) '

—3k/2

(3.27)

/2
[ o Foly ) GG = ) = B )<~ )

<

k/2
/%/2 Fa(y+k) (|l (y) — b ()| (@ — hi(y)) + 1y (y) [¢ (@ — hk(yl) — ¢z —hp(y)|) dy,
1 2

(3.28)

and we write the last line as 71 (x) 4+ T»(x) in the obvious way. Since F4(y + k) < 2k for
y<k/2

0 k/2
/ Ty () dz = / Fu(y + k) B (y) — W(0)| Fe(—he(y)) dy

—o0 —3k/2
k/2 k/2
<o [ ) s dy < Ok [ okay < Okexn(—k/2).
—3k/2 —3k/2

(3.29)
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Moreover
0 k/2
/ Ty(z)dz = / / oy PR G~ hely) = ¢~ huly)| dyla
k/2
/ / Faly + K)C¢ |hi(y) — () [° dy dz
2k J—3k/2
k/2
+o/ Faly + k) (Fe(~2k — hi(y)) + Fo(~2k — he(y))) dy
3k/2
/ k)2 _ 2 _ o 2 x _ Q
<C’I<:/2kd:n/3k/2exp (y —k))dy + 8Ck“F¢(—k) = O(k e p( <2/\5> k‘>>,

(3.30)

where in the second step we have exploited the regularity of ¢ for z € (—2k,0) — the
constant C¢ is the left-hand side in — and, for smaller z’s we have just bounded
|¢(x — hi(y)) — ((z — hg(y))| with {(z — hx(y)) + ((z — hi(y)) and we have performed the
integral over z, using once again F4(y + k) < 2k in the range we consider.

The proof of Proposition [3.3]is therefore complete. O

4. DIFFUSION ESTIMATE: THE PROOF OF PROPOSITION 2.2]

In this section we essentially estimate the speed of convergence to stationarity of the
chain X. The process is essentially a symmetric random walk far from the boundary, but
the positive recurrent character crucially depends on the visits to the boundary. By a
preliminary manipulation we reduce the estimate we need to estimating the expectation
of the time of first exit from (—k, k) and this is achieved by diffusion approximation on
(—k + 2loglogk,k — 2loglogk) and by a rough estimate on the remaining portions of
length 2loglog k.

Proof of Proposition[2.3. In order to work with more explicit constants we give the proof
under the assumption that both P(z > log2) > 0 and P(z < —log2) > 0: we explain in
Remark [4.2) how the proof can be easily generalized.

Our proof involves two auxiliary Markov chains, closely related to X, which we now
introduce.

The first one is X~ = (X, )nen, with state space R U {C}. For X~ the state C is
absorbing (cemetery), that is X, = C implies X, = C for every m larger than n. On
the other hand if X' = y € R the probability that X", = C is 1 — hj(y). Therefore
if X;7 = y € R the chain survives with probability b (y) and, in this case, it jumps to
x with transition density ((x — hg(y)). Note that h?c(x) is even, decreasing for x > 0,

hj.(xz) = O(exp(—k + )) + O(exp(—k — x)) and
IS

2 e?k 41 2’
so hy(z) < 1/2if |z| > k, and h}(z) < hj(0) = 1 for every .

h(+k) = (4.1)

By the observations we just made it is easily seen that the chain X~ can be coupled
with a simpler chain X~ = (X[),en, that has a smaller death probability. The transition
kernel for X* from y € (—k,k) to z € R is given by ((z — hx(y)) and it is therefore a
probability: transitions from (—k, k) to C are forbidden. On the other hand the kernel from
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y € R\ (—k,k) tox € Ris ((z—hi(y))/2 and the probability of going from y € R\ (—k, k)
to C is 1/2. C is absorbing also for this chain.

Of course these two chains are dominated by the even simpler chain X = (X,)nen, for
which the death probability is zero: its natural state space is just R, but of course we can
keep R U {C} as state space and the absorbing state does not communicate with R, and
the transition kernel from y to x is the probability density ((z — hi(y)). In fact X is just
the main Markov chain we consider in this walk, i.e. .

We denote by P, the (joint) law of the chains X, X~ and X~ and the index y denotes
the (common) initial condition.

Let us assume that G(-) is non negative (the general result is recovered by linearity).
Of course

L/ﬂG@WM=:/hMmdw—M@DG@My, (4.2)
R R

and a direct computation shows that for n = 2,3, ...

/ nGla) da = / (o) Hc B ) Wisn) | dune dya.  (43)

Therefore for n € N we have the probabilistic representation and bound:

/ "Gz dx—/G (X5 #C) dy</G S (XE£0)d

= /G(y)Ey 2_H(n)} dy,
R

with H(n) == [{j = 0,1,...,n : |X;| > k}|. Let us set 7{ = 0 and, for j € N, TJH =
inf{n € N: H(n) = j}, so 7'] is the time of the j'" entry of X into R\ (—k, k). With
these notations, by the Fubini-Tonelli Theorem, we have

Z / Gly 2—H<”> dy = / G(y [i 2—H<n>] dy, (4.5)

n=0

(4.4)

and, again by the Fubini-Tonelli Theorem and using the definitions:

E, [ZTH(")] =D 27K, Zlmn)—j] 22 By [ = 7] < 250y [+1]
n=0 7=0 n=0

(4.6)
For every r > 0 we set 7, := inf{n > 0: X,, € R\ (—r,7)}. So 7f! = 7 and the steps we
have just developed yield that for G(-) > 0

Z/T(?G(x) de < 2supE, [Tk]/G(:IZ) dz, (4.7)
5 y R
which readily implies for G € L'
mem<z/%wnw<%wEmwm (4.9
n=0

We are going to show:
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Lemma 4.1. There exists C' > 0 and kg > 0 such that for every k > ko

1
supE; [1x] < 5]4;2 (log k) . (4.9)
X
Lemma and (4.8) imply (2.6)) and Proposition is proven. O

Remark 4.2. The purpose of the assumption that P(z > log2) and P(z < —log?2) are
non zero is to guarantee that the chain X can exit (—k, k). Under this assumption in fact
P(Xp+1 > k| Xy, = x) > 0 for x sufficiently close to k (and analogous statement at —k):
note in fact that hy(xk) = £(k — log2 + log(1 + e~2¥). If either P(z > log2) = 0 or
P(z < —log2) = 0, the definitions of the chain X~ should be modified by stipulating that
the chain may step to the absorbing state C only when |z| > k — ¢, with ¢ > 0 such that
(k—c)—=hg(k—c)(>0) and (k—c) + hi(—(k —¢))(< 0) are in the interior of the support
of C. Of course in this case the probability of jumping to C is no longer 1/2: since
1 1 1

e+ 1 e%_c—i—l< e+ 17

we can choose this probability equal to 1 — 1/(e“+ 1). These changes do not affect Propo-
sition [{.9 because they only affect the constants C and ko, whose precise values are unim-
portant.

hi(£(k—¢c)) = 1— (4.10)

Proof of Lemma . We recall that ¢ is centered and o2 = fx2C(:1c) dx > 0. We claim
that it suffices to show that for k > kg

inﬂgpw (7 < k:2) > 2(logk) ¢ =: py. (4.11)
Te
In fact (4.11)) implies that for j € N and every z
P, (Tk > (] + 1)k2) <Py (Tk > jk2) (1 _pk) ’ (412)
and therefore (also for j = 0)
Tk . . j
P, ([kQ] >]) = P, (1x > jk*) < (1—pi) (4.13)

which implies

E, ] < k2K, H%H = 123 P, (7 > jk?)
=0
< k2§:(1 — ) = B 1p2 (logk)C . (4.14)
- P 2

Let us prove (4.11)): it suffices to prove that both
. 2 . 2
érzl% P, (Tk <k*, X7 > O) and irgl%IP’x (Tk <k X; < 0) (4.15)

are bounded below by 2(log k)~C. These two estimates are equivalent up to the fact that
¢ is not symmetric (but this affects only the choice of the constants and in an obvious
way). So we just treat the first expression, i.e. when the chain exits on the right.

We take this occasion also to remark that if we take two chains X and X', with Xo =z
and X(, = 2/, both satisfying , coupled by the common randomness (z,), we have
Xng1— X = (X)) — hi (X)), with hy(-) increasing, so the sign of X, — X], does not

n
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depend on n. Therefore Py (Tk < k2, X5 > O) > P, (Tk < k2, X7 > 0) for x > 2'. So it
suffices to check that
Po (15 < k%, X, > 0) > 2(logk)™“. (4.16)

Moreover, what the process does outside (—k,k) is irrelevant, so, when |X,| > k, we
replace hy(X,) in with X,,. This means that hy(z) is redefined as hy (7)1 (_ 5 () +
TR\ (—k k) (). Note that this corresponds to choosing a different increasing function hy(-).

To show that holds we choose § > 0 so that inf, (g ) Pu(X1 — Xo > 0| Xo = ) =
ps > 0. Note that this infimum is achieved at = k and, since we have trivialized the drift
outside (—k, k), the infimum over x € [0, k) can be taken over z € [0,00). We introduce
also the stopping time

T i= Inf {n > 7 _210gk : | Xpn — (k —2logk)| > 2logk — 2loglog k} , (4.17)

and we remark that

>k—2logk,

—2logk

Py (1 < k2, X, > 0) > B (THlog k< k2/2 and X,
Th — Th—210gk < (2log k)? and X > k—2loglogk,
X

k—2loglog k+] -

X

Tk—2loglog k+j—1

>§forj=1,2,...,[(2/6) 1og1ogm) . (4.18)

Let us read this complicated-looking expression: each item in the list that follows corre-
sponds to the three lines of the right-hand side of (4.18]).

(1) We ask that in less then k?/2 steps the chain exits the interval (—k + 2logk, k —
2log k) from the right: we will show that, by Brownian motion approximation,
this probability is positive uniformly in k. For this to work we need the drift to be
negligible on the relevant (diffusive) time scale, which given the form of hj requires
us to stop sufficiently far (i.e. 2log k) from the boundary.

(2) We ask that the chain exits on the right the interval of length 2(2log k — 2 loglog k)
centered in k—2log k in 4(log k)? steps or less. Note that in the unlikely (favorable)

event that 7, = T,_210gr then X orgr = k — 2loglogk is verified, so we can
assume Xr,_,, . € [k —2logk, k — 2loglog k) and again we can treat this step by
Brownian motion approximation. The drift is larger, but still negligible because
the time span is much shorter than what we considered before. This will cost a
probability factor bounded away from zero, like for (1). We also remark that, on
this event, 7/, = Tk_210g log k-

(3) Once the chain is at a distance at most 2loglog k from the right boundary point
k, we ask that it goes straight out of the domain by making steps of length at
least 6 > 0: this will cost a factor smaller than one (but bounded below by
ps > 0) at each step. Since the number of steps is proportional to loglog k this
costs a probability factor that vanishes like a power of 1/log k. Note that we have
modified the chain outside of (—k, k), by removing the boundary repulsion, so that
this ballistic strategy can be performed also once the chain is beyond k.

Before starting the lower bound estimate for the right-hand side of (4.18)) we anticipate
that, by the Strong Markov Property, we will be able to perform three separate estimates:
each estimate corresponding to one of the three items in the list.

Corresponding to the first item we aim at showing that

Po (Th—210gk < k*/2 and X >k — 2logk) (4.19)

k—2logk
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is bounded away from zero, uniformly in & > kg. The event does not change if we replace
hi(x) with = for |z| > k — 2logk in defining the Markov chain X: so we will do so.
Moreover we define the process X; i, := X2 /k if tk? is an integer and otherwise we define
X by affine interpolation so the trajectory is continuous. We are going to show, via
a diffusion approximation, that the sequence of processes (X.j)ren, with X.; a random
element of C°([0,T);R) (with T' > 0 arbitrary), converges in law to a Brownian motion
with variance 0 = [ 2((x)dx. This is formally stated in the following Lemma.

Lemma 4.3. For every continuous and bounded function F from C°([0,T);R) to R we
have that
lim [Eo [F (X.1)] — Bo[ F(B?)]| = 0, (4.20)
k—o00

where, under Py, B = oB. with B. a standard Brownian motion.

Proof of Lemma . We apply the diffusion approximation procedure detailed in [34], pp.
266-272]. By [34, Assumptions (2.4)-(2.5)-(2.6), Theorem 11.2.3] it sufficed to check three
conditions:

(1) The (vanishing) drift condition:

[ =)t = ety as| = 0. (4.21)

lim sup k
k=00 y: |y|<k—2logk

Note that we can restrict to |z| < k — 2logk because the process has been mod-
ified so to be centered outside of this interval. (4.21]) holds because, using first

J 2¢(x)dz = 0 and then (I.11]), we obtain

1
‘/(w —y)S(a —hi(y)) dz| = |h(y) —yl < exp(=2loghk) = 5, (4.22)
and (4.21)) is verified.
(2) The control of the variance:
lim sup /($ —y)%¢(z — hp(y))dz —o?| = 0, (4.23)
k=00 y: [y|<k—2log k

and this is a direct consequence of the fact that, in the range of y that we consider,
ly — hi(y)| is bounded by the boundary case y = k — 2logk and the resulting
expression vanishes as k — oo.

(3) The control on large jumps: for every ¢ > 0

kl;m ]{JSUEP (’21 + (hg(z) — 2) 1[7(k7210gk),+(k72logk)](x)‘ > e’-:k:) =0, (4.24)
0 ze

which is (largely) verified because hi(z) —z = O(1/k?) for |z| < k — 2logk and
because z; has finite exponential moments.

This completes the proof of Lemma [4.3 O

Lemma [4.3] implies

Po (Te—210ak < k2/2 and Xry . >k —2logk) = Py (v, <1/2, B, =1) =: p,,
(4.25)

and t, is the hitting time of (—1, 1)[J by B?. Hence for k sufficiently large
Po (Tk_210gk < k2/2 and X, >k —2logh) > %. (4.26)

k—2logk
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We now restart from time 7;_210g% and use the Strong Markov Property. X, _,, ., €
[k —2logk, k — 2loglog k) and we apply a Brownian motion approximation to the chain
(XTk72log ft )j=o0,1,... on the time scale (log k)2: the steps are analogous to the ones of the
previous step. Also in this case it is more concise to resort to the comparison argument
explained right before , so that the starting point of our chain can and will be
chosen equal to k — 2log k. Therefore, by recentering, i.e. by translating the system so
that k& — 2log k becomes the origin (of course we have to shift accordingly the repulsion),

it suffices to show that
klggo Py (7—210gk—210g10gk < (2 IOg ]{3)2, X‘f'zlogk—moglogk > 0) =R (7_ <t,, Bg(, = 1) >0,

(4.27)
But is just a close analog of Lemma and the key point is that the proof is
essentially the same up to replacing k with logk: note notably that now the repulsion
is much stronger, O(exp(—2loglogk)) = O(1/(log k)?) uniformly in the interval, but this
yields a negligible drift because time is O(log k).
Therefore we arrive at: there exists p/. > 0 and ko such that

inf PO <7k7210gk < k2/2 and XTk

>k—2logk,
E>ko

—2logk
T — Te—210gk < (2logk)? and X7 >k —2loglog k:) > pl (4.28)
k=

Now we apply again the Strong Markov Property using the fact that X, _210g10g
k — 2loglog k and the last estimate is just a product estimate that leads to (recall (4.18))

1
Po (1 < k2, X, > k) > pl, pyl/0 etk > = 4.2
0 (Tk‘ = ’ K = ) Z Do Ps = (1ng)c ) ( 9)
with C' = (3/8) log(1/ps) and k sufficiently large. This completes the proof of Lemma [4.1]

O

APPENDIX A. COMPLEMENTARY RESULTS ON THE AUXILIARY CHAINS

The analysis of the basic properties of the X chain can of course be found for example
in the first two chapters of [3]: by basic properties we mean existence and uniqueness of an
invariant probability, that follow from irreducibility and positive recurrence. We choose
not to discuss these issues in detail because we do give below more details about the Y
chain that is a bit more delicate to deal with — in particular, the invariant measure is not
normalizable — and because for the Y chain we need a few results that depend on our
restricted framework. For Y we are going to exploit [23] and we will in particularly give
a Lyapunov function to show recurrence: for X we have positive recurrence because of
the rather evident confinement properties that can be made explicit using for example the
Lyapunov function  — (|z| — k)2) and [23, Th. 11.3.4].

Proof of Proposition[2.]] We distinguish here among the case in which the support of ¢ is
bounded away from —oo and when it is not.

In the first case it is straightforward to see that if —c¢ = inf{z : {(z) > 0} < 0 then
the process eventually enters (—log(exp(c) — 1),00) and does not leave this set: in fact
—log(exp(c) — 1) is the fixed point of y — h(y) — c. Moreover Y is irreducible, more
precisely -irreducible in the terminology for example of [23], with ) any probability with
a density that is positive on (—log(exp(c) — 1), 00) and zero on the complement: this is a
direct consequence of the fact that z has a density, of and of the fact that —c is the
left edge of the support of the transition probability. Recurrence of Y follows for example
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by applying the criterion in |20, Th. 3.1], or we can apply [23, Th. 8.0.2] with a Lyapunov
function equal to log((z — M)y + 1), with M = M (o) > 0 suitably chosen.

If the support of ¢ is not bounded below, then the process is still y-irreducible and
this time 1) is any probability with positive density. Recurrence can be established in the
same way: the repulsion from the left is very strong. An explicit Lyapunov function is
2?1 Zo0,0)(x) + Lj0,00) () log((z — M)4 + 1) [23, Th. 8.0.2] .

So in both cases v exists, it is o-finite and it is unique [23, Th. 10.4.9]). Of course v is
characterized by . In particular for every bounded Borel set B

vB) = [ ([ ot~ nwpmian) az, (A1)

and we use this formula to show that v(B) < oo for every bounded Borel set. To show
this we use the fact that ( > €1, for suitably chosen positive constants €,a and b.
Assume that there exists a bounded Borel set By with v(Bj) = oco. Then there exists
xo € Bj such that v((zg — 1/n,z0 + 1/n)) = oo for every n and this directly yields
Jz ¢(z — h(y))v(dy) = oo for every z such that z + h(zo) € (a,b). But in this case, by
, v(B) = oo for every B C (a— h(xg),b— h(zo)) of positive Lebesgue measure, which
is impossible because v is o-additive.

To establish v(R) = co we suppose that v(R) < oo, and we assume that v is a proba-
bility. In this case we remark that the process defined recursively by Sp1+1 := zp41 + Sy
and by Sp := Y satisfies S, <Y, for every n. Hence P(S, > /n) < P(Y,, > /n).
But the Central Limit Theorem implies that the left-hand side converges as n — oo to a
positive number, while the right-hand side vanishes in the same limit because (Y},) is tight
by the Ergodic Theorem applied to our (supposedly) positive recurrent process. Hence
v(R) = oo.

For the left tail property we start by remarking that using with g = 14 p41)s
a < b, and restricting the integral in the right-hand side to y € (—oo,log(e — 1)), i.e.
h(y) € (0,1), and to = € (a,b)
v((a,b+1)) = vx(({(y,2): a<z+h(y) <b+1}) = v({y: h(y) € (0, 1)})C((a,(112) :

2
that is v((a, b+1)) > v((—o0,log(e—1))){((a,b)). By choosing a and b such that {((a, b)) >
0 we see that v((—oo,log(e —1))) < oco. Therefore v((—oo,z]) < oo for every x and the
proof is complete. O

Proof of Lemma . By setting g = 1(_ ) in (2.12) we see that for every z € R

Fufa) = [ Fe(o~ hy)w(dy). (A3)

Since both h(-) and F¢(-) are non decreasing we have that y — F¢(x — h(y)) is non
increasing. So, by (A.3)), we have that for every x and every z

@) 2 [ Fla-hw(dy) = Bl —hE)R(E). (A1)

Set —¢ := inf{y : F¢(y) > 0} € [—00,0): one extracts form that inf{y : F,(y) >
0} = —log(exp(¢) — 1). Now consider the sequence (z;), o the value we have chosen
for F,,(z9) = 1, and, for j € N, z; = xj_1 + p with p > 0 such that g — h(z1) =
xo — h(zo + p) > —¢, so that q := F¢(xo — h(z1)) > 0. Such a choice of p > 0 is possible
because zg > —log(exp(c) — 1) so

xo — h(zg) = —log(1l + exp(—xp)) > —c. (A.5)
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Note moreover that for j € N we have z; — h(zj41) = —p — log(1l + exp(—zj4+1)) >
—p—log(1+exp(—x1)) = g —h(x1). So F¢(xj —h(xj11)) > ¢ for every j. Therefore from
(A.4)) we infer that

Fy(xji1) <

i] (A.6)

Since F,, is non decreasing this yields the claim. O

APPENDIX B. ABOUT THE FOURIER TRANSFORM OF (

With our Laplace transform notation C (—it) = p,(t) is the characteristic function of z,
that is the Fourier transform of the law of z. In this Appendix we show how our hypotheses
(1.5) and (1.6) on the distribution ¢ imply that the characteristic function satisfies the

bound
2 (
/ ; lf ’5’31/2 dt < oo, (B.1)

and Lemma E dlrectly yields (B.]] - thanks to our hypotheses ((1.5) and (| . We use
f(t) = = [p f(z)exp(itz) dz.

Lemma B.1. Assume that there exists 6 > 0 such that |f(x) — f(y)| < |z — y|? for every
x #y € R and that there exists ¢ > 0 such that [ |f(z)|exp(c|z]) dz < co. Then

(1) f(z) = O(exp(—blz|)) with b= cf/(1—0);
(2) Je(F @)/ + |E)Y/?) dt < oo

Proof. 1t suffices to consider the case © — oco. We proceed by contradiction: assume
that there exists a sequence of positive numbers (z,,) with lim,, z,, = +o00 and |f(z,)| >
2exp(—bx,) for every n. Then for every = € [zp,x, + exp(—bx,/0)] we have |f(x)| >
exp(—bx,). Therefore

Tntexp(—bxzn/0)
/ |f(z)|exp(cz)dz > exp(—bxy/0)exp(—bxy,)exp(cz,) =1, (B.2)

which is impossible because [ | f(z)] exp(c|z|) dz < oo. Therefore (1) is established.
For (2) we start by remarking that (1) implies that the continuous function f is in LP

for every p > 1, in particular for p = 2. Letting (wa(h = g (f(z+h) f(a:))2 dz, for
€[-1/2,1/2] and K > 2 we have

K 0
(ws(h))? < /_ ) = @) do O [ exp(-2m)da -

2K|h|* + " exp(—2bK),

IN

so if we choose K = (0/b)log(1/|h|) — if (8/b)log(2) < 2 we just choose a smaller value
for b — we have that there exists C' > 0 such that for |h| < 1/2.

wy(h) < C|n|"\/log(1/[n]) ; (B.4)

also evidently supj, wa(h) < V2| f|l2. These estimates imply that for every o € (0,6)

/Wdh < 00, (B.5)

R |h[IT2e
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which implies [33, Ch. 5: (46) and paragraph after (47)] that

/ |FOF(1+ [¢)**dt < oo. (B.6)
Since
1 th*dt | ——————dt, B.7
favim) < [Horam®a | o D
the proof of part (2) is complete. O
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