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Coincidence of critical points for directed polymers
for general environments and random walks

Stefan Junk and Hubert Lacoin

For the directed polymer in a random environment (DPRE), two critical inverse-temperatures can be
defined. The first one, S., separates the strong disorder regime (in which the normalized partition
function W,f tends to zero) from the weak disorder regime (in which Wf converges to a nontrivial limit).
The other, f., delimits the very strong disorder regime (in which w? converges to zero exponentially
fast). It was proved in earlier work that 8, = B, when the random environment is bounded above for the
DPRE based on the simple random walk. We extend this result to general environments and an arbitrary
reference walk. We also prove that 8. = 0 if and only if the L? critical point is trivial.

1. Introduction

We start by defining the directed polymer in a random environment with a general reference random walk.
For the simple random walk case, an overview of known results can be found in the lecture notes [Comets
2017] and the survey [Zygouras 2024]. We let X = (X )r>0 denote a random walk on 74 starting from
the origin and with independent identically distributed (i.i.d.) increments. The associated probability is
denoted by P. We let 1 € [0, co] denote the exponent associated with the tail-decay of | X;|, defined as

log P(|X1| >
_llm Sup w =7 c [0, OO], (1)
U— 00 10gu

where here and in what follows | - | stands for the Euclidean norm in R?. Our main results are proved
under the assumption that n > 0.

Additionally, we consider a collection @ = (w x)g>1 yez¢ Of 1.i.d. real-valued random variables (we
let P denote the associated probability) and make the assumption (throughout the whole paper except for
Theorem 2.9) that wy , has exponential moments of all order, that is

A(B) :=log E[eP”19] <00 forall B €R. ()

The above assumption implies that w o has finite mean and variance, and without loss of generality we
may assume that

Elwi0] =0 and E[w],]=1. (3)
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Given a realization of w (the random environment), 8 > 0 (the inverse temperature) and n > 1 (the
polymer length), we define the polymer measure P‘f, » as a modification of the distribution P which favors
trajectories that visit sites where o is large, namely

Pf,n(dX) — Lﬁez;f:l(ﬂwk,xk—k(ﬂ))P(dX)’ where Wnﬂ — E[eZZ:mﬂwk‘xk—x(ﬂ))].
Wa
The quantity W,f (the dependence in w is omitted in the notation for better readability) is referred to as
the (normalized) partition function of the model. A direct application of Fubini yields E[Wnﬂ ] =1. Using
Fubini for the conditional expectation, it was observed in [Bolthausen 1989] that the process (Wf Jn>0 18
a martingale with respect to the filtration (F,,) defined by

Foi=0(wgx:k<n,xe Zd).

As a consequence, (Wf JneN converges almost surely as n — oo, and we let Wé denote its limit. By
Kolmogorov’s 0-1 law, [IJ’(W!,SO =0) € {0, 1}. Using terminology established in [Comets et al. 2003], we
say that strong disorder holds if [P’(Wf;, =0) = 1 and that weak disorder holds if IP(WO% > (0) = 1. Finally
(relying on [Comets et al. 2003, Proposition 2.5] for the existence of the limit, which easily generalizes to
the case of general random walks) we define the free energy of the directed polymer by setting

— lim L p_1 g
f(B) = nlgrolo . log W), = n[E[log Wl

We say that very strong disorder holds when f(8) < O (that is to say when Wf converges exponentially
fast to zero). It was established in [Comets and Yoshida 2006] that the “strength of disorder” is monotone
in B in the sense that there exist 8, and BC in [0, oo] such that:

(a) Weak disorder holds when 8 < B, and strong disorder holds when 8 > f..
(b) Very strong disorder holds if and only if 8 > S..

The weak and strong disorder regimes correspond to different asymptotic behavior of X under Pa’in as
n — 0o. When weak disorder holds, in the simple random walk case (see [Comets and Yoshida 2006], and
see also [Lacoin 2025] for a recent short proof) the scaling limit of (Xj);_, under Pf’ pon the diffusive
scale is the same as under P, i.e., Brownian motion. Analogous results have been proved in the case
when X is in the domain of attraction of an «-stable law [Wei 2016].

On the contrary, when strong disorder holds, the polymer is believed to exhibit a different behavior:
the trajectories should localize around a favorite corridor along which the environment w is particularly
favorable. This conjectured localized behavior has been corroborated by several mathematical results
[Carmona and Hu 2002; 2006; Comets et al. 2003; Bates and Chatterjee 2020], the stronger results being
obtained under the assumption of very strong disorder and additional technical restrictions.

This distinction between strong and very strong disorder is however not crucial: it was conjectured
in [Carmona and Hu 2006; Comets and Yoshida 2006] that the two critical points 8. and Bc coincide,
and this conjecture was proved to hold true in [Junk and Lacoin 2024] under the assumption that the
disorder is bounded above. We remove this assumption and extend the result to arbitrary random walks.
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We refer to the introduction of [Junk and Lacoin 2024] and to the recent survey [Zygouras 2024] for a
more detailed discussion on the localization transition.

Let us also mention — although the present paper does not bring any new perspective on the topic — that,
in the case where X is the nearest-neighbor random walk in Z¢, beyond the change from delocalization
to localization, the critical point B, is also expected to mark a transition from diffusive to superdiffusive
behavior. This is captured by the transversal fluctuation exponent &, defined informally through the relation
E); # [1X,]?] = n?T°D under the polymer measure P(f,n. In the weak disorder phase, the invariance
principle implies & = % while in the strong disorder phase it is expected that the polymer becomes
superdiffusive, with § > % Proving this for the standard model is a major open problem in this field.

To our knowledge, superdiffusivity results have only been obtained for models for which it is known that
Bc = 0. For the DPRE introduced above, it is predicted that £ = % for all 8 > 0 when d = 1, a conjecture
which has proved to hold true in the specific case log-I" distributed environment in [Seppildinen 2012].
Upper and lower bounds for £ have been achieved in [Petermann 2000; Mejane 2004] for a polymer
model in which both the environment and the random walk are Gaussian. In addition, results have been
obtained for DPRE with heavy-tailed environments [Auffinger and Louidor 2011; Dey and Zygouras
2016; Berger and Torri 2019] as well as related models where the environments displays long-range
correlations [Lacoin 2011; 2012a; 2012b]. The question of finding a directed polymer model for which
&= % for small values of 8 and & > % for large values of 8 remains widely open.

To facilitate the discussion of the results, let us finally introduce the L? critical point

B = sup{ B=0: (2B )N per(xiV = x) < 1}, 4)
k>1
where P®? is the law of two independent copies X () and X of the random walk X. It is not difficult to
check that sup,, [E[(Wf)z] < oo if and only if B € [0, B2) U {0}, which implies that (W,f)neN converges
in L? for B < f, and hence B. > B,. We also note the equivalence

Br=0 <= XV — X®);- is recurrent. (5)

Historically, the B, critical point was used as a sufficient criterion to ensure 8. > 0 in the case when
XM — X is transient (in particular in the simple random walk case in d > 3; see [Imbrie and Spencer
1988; Bolthausen 1989]). Here we show that this condition is also necessary in the sense that 8, = 0
whenever X() — X® is recurrent. We refer the reader to [Cosco et al. 2021] for a previous work exploring
the relation between 8, = 0 and 8. = 0 considering a more general setup in which X is only assumed to
be a Markov chain on a countable state space.

2. Results

2.1. Coincidence of the critical points. As mentioned earlier, it had been conjectured in [Carmona and
Hu 2006; Comets and Yoshida 2006] that there is a sharp transition from weak to very strong disorder, or
in other words that 8. = f.. This conjecture was formulated in the case where the reference walk P is
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the simple random walk on Z¢, and it was recently proved to hold true under the additional assumption
that the environment  is bounded above [Junk and Lacoin 2024]. We extend the validity of this result by
relaxing the assumptions on the random walk and on the environment; recall (1).

Theorem 2.1. If > 0, then B, = B.. Furthermore, if B. > B> then weak disorder holds at B..

Remark 2.2. The assumption 7 > 0 is necessary and the result may fail to hold when the assumption
is violated. For instance, it was proved in [Viveros 2023] that for a very heavy-tailed one-dimensional
random walk, one may have B, = oo and B. € (0, 00). To illustrate this point further, we show in
Proposition 2.11 that it is even possible to have . = 0 and B, = .

In the case of the simple random walk on Z¢ with d > 3, we have B. > S, (see [Birkner and Sun
2010, Section 1.4] for d > 4 and [Junk and Lacoin 2024, Theorem B] for the full details concerning the
case d = 3). This strict inequality is however not always valid. A simple counterexample is that of the
simple random walk when d = 1 or 2 (for which 8, = 8, = 0, and weak disorder trivially holds at .).
We later show that the equality 8. = B> is in fact valid whenever B, = 0; see Theorem 2.9. We may also
have 8. = B, when 8, > 0, for instance if either n =d = 1 or n = d = 2; see [Junk and Lacoin 2025,
Corollary 2.22]. It is an interesting question whether weak or strong disorder holds at S, in that case.

To complement our result and to highlight the gap between what we can prove and what we believe to
be true, we present a sufficient condition for 8. > B,. This criterion is related to the tail distribution of
the first intersection time of two independent walks

T :=inf{n > 0: XV = x@},
with the convention inf & = co. We then define the exponent o by

log P®(T
a := —lim sup o8 (T €, %)) € [0, oo]. (6)
n— 00 10gn

Proposition 2.3. If B, > 0 and a > 1, then f. > .

Remark 2.4. The example with 8, = 8, from [Junk and Lacoin 2025, Corollary 2.22] has « = 0. We

believe that one should have 8. > 8, for all « > 0, but the ideas used in our proof — which combine

the observations made in [Birkner and Sun 2010, Section 1.4] with pinning model estimates adapted

from [Derrida et al. 2009] — clearly stop working whenever « < % Note that ¢ = %a’ — 1 for the simple
1

random walk and thus the assumption « > 5 is satisfied when d > 4 but not for d = 3.

2.2. Integrability of Wf at criticality. We defined the integrability threshold exponent as
p*(B) :=sup{p > 1:supE[(W})"] < o0}.
n>1
It was introduced in [Junk 2025a] and provides detailed information concerning the tail behavior of the
partition function. When strong disorder holds, we have p*(8) = 1. On the other hand, by [Junk and Lacoin
2025, Corollaries 2.8 and 2.20], if n > 0 we have p*(8) > 1 in the weak disorder phase and in that case we
have IP[W& >u]l =< u"P"® (where f(u) <g(u)if f(u)/g(u) is bounded away from 0 and oo as u — o).
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As observed in [Junk and Lacoin 2024], the fact that weak disorder holds at 8. combined with results
from [Junk 2025b] allows us to deduce the value of p* at the critical point. The proof of the following
result is identical to the one found in [Junk and Lacoin 2024]. It relies on an extension of [Junk 2025a,
Corollary 1.3] to the case of unbounded @ which is proved in [Junk and Lacoin 2025].

Corollary 2.5. Assuming (X;)i=o is the simple random walk on 7¢ and d > 3, we have p*(B.) = 1+2/d.

Proof. From [Junk 2025b, Theorem 1.2] it is known that 8 — p*() is right-continuous at points where
p*(B) e (1+2/d, 2]. Since p* jumps from p*(B.) > 1 to 1 at S, and since B, > B, implies that p*(8.) <2,
we necessarily have p*(8.) < 1+2/d. On the other hand, from [Junk and Lacoin 2025, Corollary 2.8]
we have p*(B.) > 1+2/d. O

Corollary 2.5 can be extended beyond the case of the simple random walk. We let D denote the
transpose of the transition matrix of X (defined by D(x, y) := P(X| = x — y)). With a small abuse of

notation we set

log | D
||Dk||<>o 1= max Dk(O, X) = max Dk(x, 0) =max P(X;r=x), v:=—limsup M. (7)
xezd xez4 xezd k—> 00 log k

Let us note that if X' — X is transient, 1, & and v (recall (1) and (6)) satisfy the following inequality

(we provide a proof in Appendix B for completeness):

via—i—lizi—n. (8)

Proposition 2.6. If B, > 0 and weak disorder holds at B., then

Py e[1+ 22—’7, 1+ ﬁ]
Remark 2.7. From Theorem 2.1, the assumption made in Proposition 2.6 is satisfied when 8. > B, but
we do not require that latter condition. At the moment it is not known whether weak disorder holds at 8,
in general. Moreover, the interval [1 + (2 A n)/d, 14+ 1/(v Vv 1)] is ill-defined if d = 1 and n > 1, but in
that case the walk X — X is recurrent and B, = 0; recall (5).

Remark 2.8. There are plenty of examples for which v=d /(2An) =a+1. This includes all d-dimensional
random walks where X has a finite second moment and a support that generates Z¢ (or a subgroup of finite
index), and symmetric 1-dimensional walks satisfying P(X; =x) = |x|~'777°() as x — co. In these cases,
Proposition 2.6 allows one to identify the value of p*(8,) if one assumes that weak disorder holds at j,.

2.3. Absence of phase transition in the recurrent case. It was established in [Carmona and Hu 2002;
Comets et al. 2003] that 8. = 0 in dimensions 1 and 2 (see also [Comets and Vargas 2006] and [Lacoin
2010] for proofs that B, = 0 when d = 1 and d = 2, respectively). These results —and their proofs —
suggest that there is no weak disorder phase as soon as 8, = 0. We provide a proof of this statement
under the minimal assumption that « admits some finite exponential moments,

(B> 0:E[ef*10] < 00} # 2. 9)

Note that Wf is only defined for § such that A(8) < oo in that case.
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Theorem 2.9. Assume that (9) holds. If B, =0, then B, = 0.

For the rest of this section, we return to assuming (2). Combining the above and Theorem 2.1, we obtain
as a corollary that very strong disorder holds for all 8, provided that the power-tail assumption is satisfied.

Corollary 2.10. If n > 0 and > =0, then B. =0.

To illustrate the necessity of the assumption n > 0 for this last result, we present an example of a
polymer model for which g, = 0 and BC = 00. We define the tower sequence (ax)r>0 by ap = 1 and
ap41 := 2%, and a function f(x) on Zby f(x)=1if |[x] <1 and

fx) =

— if |x| € (ak_1, ax] for k> 1.

Qax + a}_,

With the above definition, we have erz f(x) <5. We can thus define g(x) = f(x)/ ZyeZ f(y) and
consider a simple random walk on Z whose increment distribution satisfies P(X| = x) = g(x).

Proposition 2.11. For a directed polymer based on the above random walk, we have , = B, = 0 but
f(B) =0 for every g > 0.

2.4. Organization. In Section 3, we present three technical results. These results are adapted from [Junk
and Lacoin 2024] and are used to prove Theorems 2.1 and 2.9, and Proposition 2.3.

In Sections 4 and 5, we prove Theorem 2.1. The proof largely follows the reasoning used in [loc. cit.]
to treat the case of an upper-bounded environment, but a couple of technical innovations are required
to deal with an unbounded environment and general random walks. While we shortly recap some of
the main ideas, we direct the interested reader to [loc. cit.] for more in-depth explanation of the proof
mechanism.

In Section 6, we prove Theorem 2.9 using the material from Section 3.

The proof of Proposition 2.3 is based on an observation made in [Birkner and Sun 2010, Section 1.4]
and on an adaption of the methods used in [Derrida et al. 2009], which is developed in Appendix A.

One of the bounds in Proposition 2.6 can be derived directly from [Junk and Lacoin 2025, Corollary 2.20]
but the other one requires an extension of [Junk 2025b, Theorem 1.1] to the case of an arbitrary random
walk. This is done in Appendix B.

Finally, the proof of Proposition 2.11, which is a result of illustrative value, is detailed in Appendix C.

3. A toolbox of preliminary results

We present here a couple of technical results required for our proof of Theorems 2.1 and 2.9. These
results can be found in [Junk and Lacoin 2024, Section 3]. We present them here with a couple of key
modifications to fit our setup.

3.1. A finite volume criterion relying on fractional moments. By Jensen’s inequality, for any 6 € (0, 1),

E[log W, 1= 6"'E[log(W,)?] < 6~ log E[(W,)?]. (10)
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Hence, to show that very strong disorder holds, it is sufficient to show that E[(W,,)?] decays exponentially
fast in n. Adapting the argument used to prove [Comets and Vargas 2006, Theorem 3.3], we show that
such an exponential decay holds if there exists some n such that [E[W,‘f ] is smaller than a large power of n.
To make this statement precise, we need to fix the value of 6, so, recalling (1), we set!

3 i 20d
=npAl, 0:=1—-L and K=2=2, (11)
= 4d 7

Proposition 3.1. Assume that n > 0. There exists ng such that, if for some n > ng we have

E[(W.)?] < 2n~ %, (12)
then very strong disorder holds.
Proof. From (10), we have

.. 1 P

f(B) < lggloréfM log E[(Wym)” 1. (13)
Given x, ..., xy, € 7%, we let an (x1, x2, ..., xp,) denote the contribution to the partition function of
trajectories that go through x1, x», ..., x,, at times n, 2n, ..., nm, that is,
an (X1, %2, ..., Xp) 1= E[eﬁ L% wk’Xk_nmk(ﬁ)1{Vi€[[l,m]],Xni=x,'}]-

The case m = 1 defines the point-to-point partition function,
Wi (o) = E[ef Mo on Oy ), (14)

which will play an important role later. Now, using the inequality
0 0
<Za,-) <y, (15)
iel iel
which is valid for an arbitrary collection of nonnegative numbers (a;);c; and 6 € (0, 1) —in the remainder

of the paper we simply say by subadditivity when using (15) — we obtain

m

E[(Wom)?1 < S EH(Wan (1, %2, xn))] = ) [T EL(W,(xi —xi-1))°]
(X1,eees X ) E(ZYm (X150 Xm)E(Zdym i=1
= ( T EHW))

xezd
where the factorization for the first equality is obtained by combining the Markov property for the random
walk with the independence of the environment. In order to conclude using (13), we need to show that
under the assumption (12) we have ) ;4 [E[(Wn x))?1 < 1.
We set R = R, := n'%". Using the inequality A (x) < W, for |x| < R and Jensen’s inequality for
|x| > R, we obtain

3 E[(W, ()1 < QR+ DIE[(W)’1+ Y P(X, =x)’. (16)

xez4 |x|>R

1Throughout the paper we use the notation @ A b = min(a, b) and a Vb = max(a, b) fora, b € R.
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Let us show that both terms on the right side of (16) are smaller that % for n sufficiently large. For the first
term, it is simply a consequence of the assumption (12) and our choice for R. To bound the second term, for
any k > 0, we use Jensen’s inequality for the uniform measure on the annulus {x € Z¢ : |x| € (2¥R, 2t1 R}
to obtain

Y. PXa=x)"<@PRIOP(X,| € @R 2R (17)
|x|€(2kR 2K+ R]

Recalling (1), we have P(| X 1| > u) < u~"? for u sufficiently large. Hence
P(IX,] € @R, 2°T'R]) < P(IX,| > 2R) <nP(IX1| > @*R/m) < Q*R)™2n!+12. (18)

Since by choice d(1 —0) —07j/2 = —ij/4+7%/8d < —ij/8 < 0, by combining (17) and (18) and summing
over k we obtain that there exists C > 0 such that

3 P(Xy =x)° < Ca? TP RIS — Cpf 2402,

[x|>R

Since 1, 8 < 1, this concludes the proof. O

3.2. Bounding the fractional moment using the size-biased measure. We introduce the size-biased
measure for the environment defined by ﬁn (dw) := Wf P(dw). Intuitively, strong disorder holds when
P, and P are “asymptotically singular” (meaning that there exist typical events under PP that become
increasingly untypical under P, asn grows). The following result (which is a reformulation of [Junk and
Lacoin 2024, Lemma 3.2]) is a quantitative version of this statement:

Lemma 3.2. For any measurable event A and 6 € (0, 1),
E[(WH'1 < PA) 9 4+ B, (49"

Proof. We adapt the proof found in [Berger et al. 2025, Lemma 2.2]. We split the expectation in two and
then bound the first part using Holder’s inequality and the second part using Jensen’s inequality,

LW’ T = E[(W) 4]+ ELWS) Lac] < EIWSIPP(A) 7 + EIW Lac )%,
which gives the desired result. (|

To prove that f(8) < 0, our strategy is to combine Proposition 3.1 with Lemma 3.2 and find an event A,
which is unlikely under the original measure [P and typical under the size-biased measure P,.

3.3. Spine representation for the size-biased measure. In this section, we recall a well-known represen-
tation for the size-biased measure. We define (®;);>; as a sequence of i.i.d. random variables — whose
distribution is denoted by [®P — with marginal distribution given by

Pld € -1 =E[ePor 0B, ], (19)
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and X a random walk with distribution P. Note that P and & are unrelated to the notation Wnﬁ (x) for the
point-to-point partition function introduced in (14). Given w, @ and X, all sampled independently, we
define a new environment @ = (X, w, ®) by

- Wi, x ifx;éXi,
Wix ‘=1 . .
W; if x = X;.

In words, @ is obtained by tilting the distribution of the environment on the graph of (i, X;)72,. The
following result states that the distribution of @ corresponds to the size-biased measure. We refer to [Junk
and Lacoin 2024, Lemma 3.3] for comments on and a proof of the following classical statement:

Lemma 3.3. Pr((@i)icpingxezt €)= PP QP(@;)icqinyrezd € -)-

In the course of our proof we refer to the above as the spine representation of the size-biased measure.
Under P, the distribution of the environment has been tilted along a random trajectory X, which we
refer to as the spine.

4. Organization of the proof of Theorem 2.1
Let us start by reformulating the result. We want to show that the following implication holds:

P(WE =0)=1and B> = f(B)<O. (20)
It is a simple task to check that (20) implies both statements in Theorem 2.1.

4.1. Identifying the right event. Recalling (11), we introduce a new family of parameters. We set

Kg:zg(iﬂ)ﬂ and K= 1+dK,+ 25 @1)
n\1-6 1-6
Using a union bound, we have, for n sufficiently large,
P( max |X¢| =) <nP(Xi| = n®7) < g K070, (22)
kell1,n]
We introduce the shifted environment 6, . by setting
(en,za))k,x = Wptk,z4x>» (23)

and let 6, ; act on functions of w by setting 6, x f () = f (6, w).

Proposition 4.1. Assume that strong disorder holds and 8 > B,. Then there exist C > 0 and ny € N such
that for all n > ng there exists s = s, € [0, C logn]l such that, setting

Ap =30y, m) € [0,n—sT x [-n">, n*1? : 0,, ,WF > n3},
we have
P(A,) <n K/ and P, (AS) <n K/
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Proof of Theorem 2.1 assuming Proposition 4.1. We assume that strong disorder holds and that g > $,.
Combining Lemma 3.2 and Proposition 4.1, for 6 and K given by (11), we have, for any n > ny,

E[(WD)'] < (0= H/ )0 4 (07800 = 207K,
and we can conclude the proof of (20) using Proposition 3.1 for n sufficiently large. 0

Bounding P(A,) is not difficult (and the bound is valid for any choice of s). Indeed, by translation
invariance for w, a union bound and Markov’s inequality, we have

P(A,) <n@n®2 + DIPIWE > nk3] < n@2n®2 4+ 1) =5 < n=X/9 (24)

where the last inequality is valid for n sufficiently large, due to our choice of parameters (21).

The harder problem is to estimate P, (A;). The strategy we use for this is the same as in [Junk and Lacoin
2024]. The main task is to obtain a good lower bound on [P( Wsﬂ > nX3) —and hence on @S (Wf >nks)y —
in the strong disorder regime. For this, we extend the validity of [loc. cit., Proposition 4.2] (which is
proved only for upper-bounded disorder and the simple random walk):

Proposition 4.2. If strong disorder holds and B > B, then for any € > 0 there exist C = C(B, €) > 0 and
ug =uo(B, €) > 1 such that for every u > uy,

PIWE > ul > u="* for some s € [0, Clogu]. (25)
Note that P[W’ > u] > u~(+9 immediately implies that
PoW/ = ul =E[WPL s 1= 0" (26)

The proof follows the same road map as in [Junk and Lacoin 2024], but several technical adaptions are
required. This is detailed in the next subsections.

4.2. Tail distribution of the maximum of the point-to-point partition function. The starting point in
proving Proposition 4.2 is to establish that the tail distribution of max, > Wf decreases like u~! in
the strong disorder regime. In the case of upper-bounded disorder, this is an easy consequence of the
martingale stopping theorem; see [Junk and Lacoin 2024, Lemma 4.3]. Without this assumption, the
proof is more subtle, but it has already been obtained in [Junk and Lacoin 2025, Corollary 2.6 and

Proposition 2.19] (we consider the special case when p*(8) = 1).

Lemma 4.3. If strong disorder holds, then there exists ¢ > 0 such that, for any u > 1,
PEn>0:WF>u) e [5, 1].
u' u
Proof. The lower bound is due to [Junk and Lacoin 2025, Corollary 2.6] and the upper bound holds for
any nonnegative martingale due to Doob’s martingale inequality. (|

To prove Proposition 4.2, we show that a similar lower bound holds for the maximum of point-to-point
partition functions introduced in (14).
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Theorem 4.4. If strong disorder holds and B > B, then there exists ¢ > 0 such that for all u > 1

P[ sup WP(x)>u]=E. (27)

n>0,xez4 u
Proof of Proposition 4.2. The inequality in (25) is deduced from (27) in [Junk and Lacoin 2024, Section 6],
without relying on the assumption that the environment is bounded above. That argument also does not
rely on the specifics of the simple random walk, so we merely sketch the proof. We set
Ay m = { sup Wf(x) > v}
nell0,M], xe[-M, M]¢

to be a truncated analog of the event considered in (27). For fixed v > 1, using (27) we can find M (v) such
that P(Ay m@)) > ¢/2v. On A := A, m), we let (T, Y) be the minimal element (for the lexicographical
order) in [1, M| x [—M, M such that Wﬁ (Y) > v. Choosing (T, Y) minimal guarantees that the shifted
environment 67 yw is independent of the past and distributed like w. Note that on the event AN6r y A
we have max, yye1,2myx—2m,20m7¢ Wt(y) > v2, and by independence P(AN6O7yA) = P(A)? > (c/2v)>.
Repeating this argument, we find that

k
P@En <kM, WP > vk) > (%) > yk+e/2)

where the last inequality holds for v large enough (depending on ¢). From this lower bound, (25) is
deduced easily (with ug = v and C =2M/log v) by replacing u by v* with k = [log, u] and observing that

max [P’[Wf >ul>

P[3s e[1,C1 WP > ul. O
sel[1,C logu]] ~ Clogu [3s el ogull: Wy = ul

To conclude, we need to show that Proposition 4.1 follows from Proposition 4.2, and we need to

prove Theorem 4.4. The first task is accomplished in the next subsection. The proof of Theorem 4.4 is
technically more demanding and is detailed in Section 5.

4.3. Proof of Proposition 4.1. The following adapts the argument presented in [Junk and Lacoin 2024,
Section 6] to the setup of a generic random walk.

Recall from (24) that the required bound on P(A,,) is valid for any choice of s. We can thus focus
on bounding ﬁ(A;), assuming that Proposition 4.2 holds. We apply Proposition 4.2 for u = n*3 and
¢ = 1/(3K3) and we consider s € [0, C" logn]], which is such that (recall (26))

Py (WP > nf3] > n=K8 = =173, (28)

Using the spine representation, we wish to bound P ® PRP[&e Ac]. Clearly {0 € A}} C BV uB?,
where

BV = {krr[ﬁlxﬂ 1Xel > nf2), BP = (Vi € [0, [n/s] — 11 : 65 x,, WP < n®3},
elll,n

and where we recall that (X )0 denotes the spine. Now from (22) we have

PRP®P(BY) = P(BM) < 1n=K/0-0)
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To estimate the probability of B?, we observe that, by construction, the variables 6;; x;, Wsﬁ are i.i.d.
under P ® P ® P (see [Junk and Lacoin 2024, Lemma 5.1] for a proof of this claim). Hence

PRPRPBP]=PRPQPIW, < nfs)/sl =B wh < nfs]l0/s) < (1 —p=1B3) /sl < o=V,

where the second equality is a consequence of Lemma 3.3, the first inequality comes from (28) and the
last (valid for n sufficiently large) from the fact that s = s, is O (logn). Overall, we obtain that, for n
sufficiently large,

Pa(AS) < POPRP[B" ]+ PRP@P[BP] < Jn K/0=0) 4 o=V < p=K/0=0), m

5. Proof of Theorem 4.4

5.1. Overview. The reasoning we use to prove Theorem 4.4 is analogous to that in [Junk and Lacoin 2024].
We explain here how it can be decomposed in three separate steps. For this we require some notation. We
let u,, denote the endpoint measure for the polymer and 7, the probability that two independent polymers
share the same endpoint. More precisely, recalling that D is the transpose of the transition matrix of X
(see above (7)), we set
P
ub) = PL (X, =x) = ngfgx) =Y (Dl () (29)
n

xezd

We have D,uf_l(x) = Pf’n_ 1 (X, = x) —the only reason why we introduce D as the transpose of the
transition matrix is for the convenience of multiplying on the left by D rather than on the right. To
justify the expression of I, let us mention that the quantity naturally appears when computing the bracket
increment of W,,

ELWS — WP )2 | Fuil = x(BYWE_ )21, where x(B) = P28 _ 1. (30)

n

We introduce the notation I, ] 1= Zz: atl

that if W, increases from level u to u K, the accumulated sum of /,, increases by an amount proportional
tolog K.

I,, and set 7, :=inf{n : W,, > u}. The first step is now to show

Proposition 5.1. If strong disorder holds then there exist { > 0 and Ko > 0 such that for all u > 1 and
K > Ky we have

Pty <00 Iz, 14, < ¢ logK) < u 'K

The second step establishes that with large probability, if I, ;] is large then I, cannot be small on
the whole interval (t,, Tg,].

Proposition 5.2. If strong disorder holds and B > B, then for any ¢ > 0 there exists § > 0 such that, for
allu > 1 and K > Ky large enough,

P(‘L’Ku <00 Iyt 1= ¢logK; max [, < 8) <u 'K
n€(ty,Tkul
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Finally, in a third very short step we guarantee that with large probability there are no significant dips
of Wf between 7, and tg,. We set ok , ;= min{n > 1, : Wf <u/K}.

Lemma 5.3. P(ok.u < Tku <00) <u 'K

Proof. Note that {0k , < Tk, <00} C {7, <00;3n >0, w? > KZWfKV“}. Applying the optional

n+UK.u
stopping theorem to the martingale (W,l,3 +ox ) (considering the filtration 7544 ), We obtain that on the

event {7, < oo} we have

PEn>0: W), > KWl |Fp 1<K2
We conclude by taking expectation on the event {7, < oo} and using Lemma 4.3. (|

We can now deduce Theorem 4.4. Before presenting the proof, let us explain how Propositions 5.1
and 5.2 are proved. Proposition 5.1 is the analog of [Junk and Lacoin 2024, Proposition 8.1] but it requires
a different proof since several of the arguments used in [loc. cit.] are specific to upper-bounded disorder.
All the details are provided in Section 5.2. On the other hand, the proof of Proposition 5.2 is identical to
that of [loc. cit., Proposition 8.2], and we only provide a sketch of the argument in Section 5.3.

Proof of Theorem 4.4. We have

{rKu<aK,u; max In>8}§{ max Wf(x)z%}. 3D

n€(ty, Tkul I’lZO,XGZd
Indeed, if n € (v, tk,] is such that [, > 6, and t¢, < ok ,, we have Wf_l > u/K and thus

B B _wh B Su
max W,_ (x)> max DW,_(x)=W,_, max Dpp1(x) =W, _ I, > X

We estimate the probability of the left side event in (31) as follows: first we observe that

IP(tKu <oy k; max [, > 8)
ne(Ty, Tkul

>P(rgy <00) —Poku < Tku < 00) — [F"(rKu < 00; ne?rlf?m] I, < 5), (32)
and then that
U:D(‘L’Ku < 00; ne{g&};{ﬂ} I, < 6)
< P(tgu <00 Iyt < £ 1og K) + P(tku < 005 Iz, 10,1 > ¢ l0g K ne{gz’l?m] I, <3). (33)

Using Propositions 5.1 and 5.2 in (33), we obtain that

[P’(tKu <o0; max [, < 8) < 2u" K2,
I’lG(Tu,fKu]

Then, combining this with Lemmas 4.3 and 5.3 in (32), we obtain that

c 3
Pltg, <o, xk; max [,>68)>— — —,
( Ku K ne(t,,tkul " ) — Ku K2u

which allows us to conclude using (31) by taking K > 6/c. O
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5.2. Proof of Proposition 5.1. Note that in an unbounded environment, we have to deal with the possibility
that 7,x = 7, and thus (7, ;] = 0 (for upper-bounded @ we a priori have Wg < Lu for some fixed L,
and one may choose K > L). There is another more serious reason why the argument used in [Junk and
Lacoin 2024] requires modification, but to explain it we need to recall it. The argument relies on the
martingale M, defined by My =0 and
B B

~ ~ W =W,

Myt =M, + Lﬂ"
W
We have, by construction, M, — M, > log W,’? —log W,g for any n > m, and the quadratic variation of
this martingale is directly related to I, via the relation (recall (30))

(M) — (M) = x(B)a.p)-

We observe that if Wnﬂ increases by a multiplicative amount K, then M has to increase by at least
log K. Such an increase can occur only if the increase of the bracket (1\71 ) is large. In order to derive
satisfactory quantitative estimates from this line of reasoning, we rely on Azuma-like concentration results
for martingales that require boundedness of the increments of M;; see [Junk and Lacoin 2024, Lemma 8.4].
In the present setup, the assumption (2) only guarantees that the moments of (1\7,2+ 1 — Mn)nzl are all
finite, and thus such an exponential concentration result cannot hold with full generality.

For this reason, we consider, instead of (1\71,,), the martingale (M,,) defined as the martingale part in

the Doob decomposition of (log W,,),en, that is to say

n
M, =Y (log(Wf/W{_ ) — Ellog(W{ / W{_ ) | Fiil).
k=1
This martingale enjoys similar properties as M. For instance, since the conditional expectations in the
previous display are nonpositive by Jensen’s inequality, we have for n > m

M, — M, >log WP —log WP, (34)

and the increments of the bracket of M,, are also proportional to I, (recall the meaning of =< introduced
at the beginning of Section 2.2),

(M) — (M)y_1 :=E[(My — My—_1)* | Fn1] =< 1. (35)

One of the two inequalities implied by the < symbol is proved in [Comets et al. 2003] and can be deduced
directly from (37) in Lemma 5.7 below. The other one is left as an exercise to the interested reader and is
not used in the proof.

Our strategy is thus to adapt the argument used in [Junk and Lacoin 2024] by applying it to the
martingale (M,,),en. In addition to (34) and (35), we also need a concentration result similar to [Junk
and Lacoin 2024, Lemma 8.4]. To prove it, we require an overshoot estimate which guarantees that Wé
is much smaller than u K with large probability, which has been proved in [Junk and Lacoin 2025].
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Proposition 5.4 [Junk and Lacoin 2025, Proposition 2.3]. For any p > 1 there exists C,, such that, for
all u > 1,
EL(WP)? | 7, < 00] < Cpu”.

Now let us turn to our replacement for [Junk and Lacoin 2024, Lemma 8.4], which we derive from the
following technical estimate:

Lemma 5.5. Let (U;);>1 be a sequence of positive, i.i.d. random variables with moments of all orders
(positive and negative) and E[U;] = 1. There exists ¢ : Ry — Ry such that for every r > 0 and every

nonnegative sequence (¢;);>o such that Zizl o, =1,
Ele’V] < e#® Xiz1 7
where V :=1logU —E[logU] withU =} ;- o; U;.

We postpone the proof of Lemma 5.5 to the end of this section. Applying Lemma 5.5 to the increments
of M,,, we obtain the following estimate, which is going to yield the desired concentration property:

Lemma 5.6. Let ¢ be given by Lemma 5.5 in the case where U; has the same law as eP®10~*B)_ For
every v > 0and u > 1, we have

[E[eU(MTK“_MIL‘)_(D(U)I(T“’TK“]1{fl<u<oo} | 7. <oo] < 1.
Proof. Recalling (29), we have

w)
B
Wn —1

— Z Dug_l(x)eﬂwn,x_)\(ﬂ)‘

xez4

Since Du,—1(x) is F,—1 measurable and wy , is independent of F,_1, we can apply Lemma 5.5 with
(ej)i=1 replaced by (Dpy—1(x)),eze and (Uy)i=1 by (eP®=»=*P)) 4. This yields

IE[ev(Mn_Mnfl) | ]:n—l] < e(p(v)ln‘

Applying this observation at times t, +7n — 1 and 7, 4+ n yields, with G, := F 4.,

[E[ev(MnJrTu_Man»m)_(p(U)I‘rqun |Gl <1

’

and hence (eVMmu=¢@ @), o is a supermartingale for the filtration (G,). Combining the optional
stopping theorem (at time n A (tg, — 7,)) and conditional Fatou (to let n — c0), we obtain

[E[eU(MrKu_Mru)_(/)(v)l(m,fKuJ1{rKu<Oo} | Gol < [E[liminfeU(MrKu/\m_Mru)_(p(v)l(ru.rKu/\mJ | Gol <1,
m—o0

which yields the result after taking expectation over the Gy-measurable event {7, < oo}. O

Proof of Proposition 5. 1. For this proof only, we set P, :=P(- | 7, < 00). From Lemma 4.3, it is sufficient
to prove that
Pu(tku <005 Iz, 10,1 < ¢ log K) < K2
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We have
P, (tku < 00; I, tx 1 <¢logK) < [I_j’u(sz > x/Eu)-l—[I_j’u(tKu < 00; Iz, 15,1 < ¢ log K Wé <VKu).

We are going to prove that both terms in the right-hand side are smaller than %K ~2. Using Markov’s
inequality and Proposition 5.4 , there exists a constant C > 0 such that

Ell(We)°] _

-3
K36 = CK™,

Pu(WE > VKu) <
yielding the right result if Ko > 2C. For the second term, if ¢, < co and ij < +/Ku then (34) implies
that M., — M., > % log K. Hence Lemma 5.6 for v = 6 implies that

T [p0Mep, —Mz, ) =@ (6) (1, tx 1
> 17¢ Tu u-Tg
1> Eule ! ! 1{7:Ku<00§W5¢S\/iml(ru,r](u]fflog K}]

Z K3_¢(6)§@M(TKM < OO’ I(fmrKu] S C IOgK ’ Wtﬂu S \/?u)
Setting ¢ = 1/(2¢(6)), this implies that, for K > 4,

U?DM(TKM <00 I(ru,rKu] =< UOg K; Wg < \/?M) =< K_S/z =< %K_z,

and thus the desired result. O

It remains to prove Lemma 5.5. We rely on an estimate for the two first moments of log U (as defined
in Lemma 5.5) proved in [Comets et al. 2003]. More precisely, in [loc. cit.] the result is stated in the case
of convex combination of finitely many variables, but the proof extends immediately to countable sums
by passing to the limit. Let us display it here:

Lemma 5.7 [Comets et al. 2003, Lemma 3.1]. Let (U;);>1 be a sequence of positive i.i.d. random variables
such that [E[U13 + (log U))?] < oo and E[U;] = 1. There exist ¢, C > 0 such that, for any nonnegative
sequence (a;);>q such that Zizl a; = 1 and setting U := Ziz] o;U;,

¢ af <Elog(1/U)]<C Y eof, (36)
i>1 i>1
and
E[(logU)*1 < C Zaiz. (37
i>1

Proof of Lemma 5.5. Without loss of generality we may assume that r > }1. Setting V = log U, we have
[E[erV] _ [E[erv]e—r[E[log Ul

and we use (36) to control the second term on the right-hand side. For the first term, note that Taylor’s
formula implies that

Ele' ] < E[1 47V + 1r2(V)2e V] < 1+ E[Lr2 (V)2 7],
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where x; := max(x, 0) denotes the positive part of x. Hence, using the inequality 1 4+ x < e*, we can
conclude, if we can define ¢ which does not depend on the «; and satisfies
[E[%rz‘_/zeﬁ*] <o) Y otiz.
i>1
We have
[E[%r2x72e"/+] < e rZ[E[V2 ylt [E[l{v>1}ezrv]
To bound the first term we simply observe that by (37) we have
E[V*1y_y] <E[(logU)*]1 < C Y of.
B i>1

As for the second one, we have
[E[l{VzuezrV] <PV > 1)]/2[E[e4’V]1/2.

To bound the second factor in a way that does not depend on the «;;, we observe that by Jensen’s inequality
(recall that we assume 4r > 1) we have

Ele*V]=E[U*] < E[U}"].
To conclude the proof it is sufficient to show that
P(V>1)<CY of, (38)

i>1

)1/2

and to observe that ()", o) '~ <", o7 by subadditivity. We have

P(V>1)=P[U>el<P[3i:U; >a, +|P[Zla,U Lz e]
1>
The first term can be bounded by E[U 8] Zl>1 oz using union bound and Markov’s inequality for U;’. 8 The
second term can be controlled using Chernoff’s inequality: for any a > 0,

Pl S ailily, i z | <P[Sai@i= D1y, _m ze—1]
l

i>1
< E|exp(a( X @i (Ui = D1y, oy — (= D)) |

i>1
Using it with a = (otmax)~ /% we obtain (using the inequality e* <14 x +x2, valid for |x| < 1)

[E[exp((xr;;){zai(Ui — 1)1{U,-§a._1/2})] <1+ [E[o{r;;){zai(Ul -1l (U< —1/2}] + [E[OlmaX ; (U1 ) ]
Ca;

<1+4+Coyla? <1+Ca;<e

max—i
The penultimate term in the first line above is nonpositive due to the FKG inequality. Multiplying over all
i > 1, we obtain

Cg

B e~ 8!
Pl:lZOliU 1{U< —1/2} > e] < CXP(C (@max) 1/2(6 D)< ——— ( 1)4 ;4ndx’

concluding the proof of (38) (in the last inequality we use V¥ < 81x~* for x > 0). O
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5.3. Proof of Proposition 5.2. Our proof closely follows the one presented in [Junk and Lacoin 2024].
However, since some technical adjustments are necessary, we provide a sketch of it. In this section we
are going to condition on the event {7, < oo} and consider the conditional probability P, :=P[- | F¢,].
Welet T =T u, ¢, K) :=inf{m > v, : Iz, m] > ¢ log K} and we are going to prove that if 8 > B, then
there exists a § > 0 such that

Pu(T <oo; max I, <8) <K 2 (39)
ne(t,T]
Since {/(z, 7,1 = ¢ log K} C {T < oo}, the bound (39) directly implies that
[FDM( max In =< ) ; I(ru,rKu] = ; IOg K) =< K_z» (40)
ne€(Ty,Tkul

and we obtain Proposition 5.2 by taking expectation in (40) on the event {7, < oo}, which has probability
smaller than 1/u (see Lemma 4.3).

Let us now describe the main idea we use to prove (39). Recalling from (30) that x (8) := 2P =22(B) 7,
we introduce a parameter ¢ > 0 defined by (recall (4) and the assumption 8 > 0)

oo
X(ﬁ)ZP@’z(X,S“ =XP)=:1+4e. (41)
n=1
We show that I, < 4, for § sufficiently small, implies that a certain bounded stochastic process (J,,) —
which is obtained by considering a positive quadratic form based on the Green function evaluated at
and is defined below — has a “positive drift” proportional to 7, in the sense that

In 55 = [E[Jn_Jn—l |]:n—1]2281n- (42)

The above implies that on the event {7 < 00 ; max,e(,, 7] In < 8}, the accumulated drift of J on the
interval (t,, 7] is large (at least 2¢¢ log K') and since J is bounded, it must necessarily be compensated
by the martingale part of J taking a large negative value. We then show that the latter is unlikely using
martingale concentration estimates.

Let us now introduce the functional J. Recalling (41), we fix ng > 0 such that

X(B) ) PTXPD =X = 143 (43)

n=1

and introduce Gy, the Green function associated with X" — X@ truncated at time ny,

no

go(x) =Y PXP —XP =x), Golx,y):=goly—x).

n=1

The transition matrix of XV — X is given by T := D D* = D* D (note that since we are only considering
convolution operators on 74 they all commute) and Go = (T — T@0+Dy /(1 — T). Next we define

(WF, GoW?)

Jn = (/'Ln’ GOMn) =
(Wh)2
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where, if a and b are such that ) ;. a(x)||b(x)| < 0o, we use the notation

(a.b)="Y_ a(x)b(x).

xezd

At this point, it is maybe difficult to see the intuition for choosing J, in this way, and we refer to the
discussion following [Junk and Lacoin 2024, Proposition 7.7] as well as its proof.

The truncation to level ng in the definition of g is necessary to treat the case when the random walk
XM — X@ is recurrent, but even in the transient case there is a technical reason why we prefer to consider
Gy rather than G := T /(1 — T'). This is because it is convenient to have ||go||; < oc. Indeed, using first
the Cauchy—Schwarz inequality, then ||g * f|l2 < |lgll1]|f]l2 and finally ||go|l1 = no, we have

0 < Jp < IGoiP 1211?12 < llgoll i ll? 113 = nolln?12. (44)

While the above inequality is not required to establish that J,, is bounded (we have J,, < ||gollo0), it plays
a crucial role in the proof of Lemma 5.9. We consider Doob’s decomposition of J,,,

Jn_JOZNn+An’
where A, and N,, are defined by Ag =0, No =0 and
An—',—l = An + [E[Jn—',-l - Jn | fn]a Nn+1 = Nn + (Jn+1 - Jn) - [E[Jn—H - Jn | fn]

The implication (42) is proved using the following lower bound on the increments of (A,) (recall that
x(B)go(0) — 1 > 0 by construction):

Lemma 5.8. We have

An— A1 = (X(B)80(0) — DI —4x (BY(Dph_ )%, Goply_) —2x3(B) Y Db (x)*.  (45)

xezd

where x3(B) := E[(eP1074B) _ 1)3] = 2 GH=31B) _ 302CH=22B) 1 2 As a consequence, there exists a
constant C (which depends on B) such that

Ap—An1 > (x(B)go(0) — )T, — CI)/2. (46)

Since J, > 0, the above bound can be used to control the increments of (N,). Next, we obtain the
following:

Lemma 5.9. We have, almost surely for every n,
E[(Ny = Na-1)? | Fact] < k1,
where (recall (7)) « = n}(| D] + e*EHTAH8/2),

The proofs of Lemmas 5.8 and 5.9 replicate those of the analogous statements proved for the simple
random walk [Junk and Lacoin 2024, Lemmas 8.5 and 8.6]. At the end of the section we provide
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indications about the changes that are required. The last input needed for the proof of Proposition 5.2 is a
concentration result for bounded martingales from [loc. cit.].

Lemma 5.10 [Junk and Lacoin 2024, Lemma 8.4]. Let (N,) be a discrete-time martingale starting at 0,
with increments that are bounded in absolute value by A > 0. For v > 0, let T, be the first time that (N,)
hits [v, 00). For any a > 0, we have

PUN)7, <a; T, < o] < ¢~ V/(A+Dogv/a(A+1)=1)
As a consequence, for any stopping time T we have
PN}y <a:T < o00: Ny > v] < e~V/(A+Dlogv/a(a+1)=1)
Proof of (39) assuming Lemmas 5.8 and 5.9. If I,, < §, recalling (43), we have from (46),
An— A1 = Li(x (B)go(0) — 1 = C8'/2) = 2el,,

where the second inequality is valid for § < §o(¢) sufficiently small. Thus, if 7 < oo and max, ¢, 77 In <9,

we have
AT — A, >2¢elogK. 47)

Using (44) and the trivial bound ||[,LS l2 <1, we have
Nr—N;, =A,, —Ar+Jr—Jy, <Ay, — AT +nyo. (48)
Hence (48) and (47) imply that, for K > Ky(ng, ¢, ¢) sufficiently large,
Ny —N; <—t¢elogk.

On the other hand, if max,¢(, 71 I, <6, we have, from Lemma 5.9 and the definition of 7T,

T T-1
(N7 —(N);, <k Z 1} < K(5 Z I, +32> <k8(clogK +8) <28 1log K.
n=r,+1 n=t,+1

Thus we obtain

IPM( r?axﬂ I, <6;T < oo) <P,(T <o00; Nyt =N, <—¢elogK ; (N)7T — (N), <2«8¢logK).
ne(ty,,

Using Lemma 5.10 for the martingale (N, — N¢,4m)m>0, stopping time 7 — 7, with A =n¢ (which is a
bound for the increments of N; see (44)), v =¢elog K and a =2k ¢S log K, we have

Pu(No, = Ny 203 T < 003 (N)7 = (N)g, < @) < e /00t D0os0/atms DD,

To conclude the proof of (39), and hence of Proposition 5.2, we need to check that the exponent is smaller
than —2log K, which is immediate if one chooses ¢ sufficiently small (since ¢ is fixed). Il



COINCIDENCE OF CRITICAL POINTS FOR DIRECTED POLYMERS 109

Proof of Lemma 5.8. Let us first explain how (46) is deduced from (45). We have
Y Dulb_ (0 < LD llee < 1,
xezd
no
(D)%, Goy_1) < Tl Gorty_llow < nllgoll 1t _ylloo < e

0”00 "

where in the last inequality above we used the fact that ||/L£_1 loo < IID ,uf_l lloo/ I D&ollso- These bounds
replace those given in the display following [Junk and Lacoin 2024, (61)]. The proof of (45) is now
identical to the one presented in the simple random walk case, namely [loc. cit., Lemma 8.5]. The only
modification needed is to replace D> by T = D D* in [loc. cit., (67)]. O

Proof of Lemma 5.9. Using (44), we have
E[(Ny = Nu—))* | Footl = E[(Jy = Ju)* | Futl = ElJy — Juy | Fud P < ELJ> +J2 | Fuil
< n2ELP 13 1 Foil 4 1P 1.

To bound the second term we observe that (D) (x) > || D|leoft(x + Zmax), Where zmax € Z¢ satisfies
D(0, Zmax) = || Dllco, and thus I, = IIDMf_l 13 = I D113 1820 Mf_l I3 = IIDllioII/tf_l 13- To conclude,
we need to prove that

ELIRIS | Far] < eHEOHHESIN2LE,

which can be done by replicating the argument in the proof of [loc. cit., Lemma 8.6]. U

6. Proof of Theorem 2.9

6.1. Proof strategy. Let us assume that 8, = 0 and fix 8 > 0 such that L(28) < co. We are going to
identify a sequence of events A, which is such that

lim P(A,)=0 and lim P, (A7) =0. (49)
n—oo

n—oo

From Lemma 3.2, this implies that lim,,— o [E[(Wf Y¥1=0for0 e [%, 1) and hence Wf converges to
zero in probability. More precisely, we are going to prove that (49) holds along a diverging sequence of
integers n (which is of course sufficient for our purpose).

The key point is to find an observable R, (a function of @) whose value is greatly affected by the size
biasing. Aiming for the simplest possible choice, we take a linear combination of the (wy ). We set
pr(x) := P(Xy = x) and define

n
R,:=)
k=

Y P«
1 xezd

The choice of the coefficients is made with the spine representation in mind (recall Section 3.3), since
pr(x) is the probability that the site (k, x) is visited by the spine. By (3), we have E[R,] = 0 and

FRZI=Y Y p(x)?=3%,. (50)
k=1xezd
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On the other hand, from Lemma 3.3 we have
n
Eu[R.] =[E®E[Zpk<xk>@k} = X(B) S, (51)
k=1

where in the last identity we used that [E[&)k] = A/(B), (which is an immediate consequence of the
definition (19)). Recalling (5), since 8, =0 and X, is the expected number of return to zero before time n
of (X,E]) — X,Ez))kzo, we have lim,,_, .o X, = 00. Now (50) implies that the typical order of magnitude of
R, under P is at most 4/%,,. On the other hand, (51) indicates that R, may be typically much larger — of
order X, — under @n This motivates our definition for the event

A ={R, > T4 (52)
We are going to prove the following:

Proposition 6.1. For any B > 0 such that L(28) < o0 and A, defined as in (52), we have
lim P(A,)=0 and liminfP, (A7) =0.
n—oo n—oo

A consequence of the above and Lemma 3.2 is that lim inf,,_, o E[( Wf Y¥1=0for 6 e [%, 1) and thus
that strong disorder holds, proving Theorem 2.9.

6.2. Proof of Proposition 6.1. The first equation directly follows from (50), since lim,,_, oc %, = 00 and
P(A,) < E[RI(S,) 2 = (572
For the second we use Lemma 3.2. We have
P.(A) =P®P® P(@(w, d, X) € AS).
To estimate the above, we split R, (®) into two parts:

Ru(@) =2(B) Y peXi)+ Y Y pel)@sx — X (B)Lix,=) =: RS (X) + R (0, &, X).
k=1 k=1 xezd

Hence
PRP® P(R,(@) <3/ < P(R?(w, 6, X) < -+ PP e P(RV(X) <253/4).
We are going to show that along some subsequence, both terms on the right-hand side converge to zero.

Starting with R,(f) (w, @, S), we have for every realization of X

EQE[RY (@, @, X)’1 < B+ 1(B)— 1) Y pr(Xp)” < max(1, 2" (B)) 2,
k=1

(we have used that E[(w — 1 (8))%] = 1”(B)), so that by Chebyshev’s inequality

PRP® P(R?(w,d, X) < —X* <max(1, 2" () x; /%
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Hence we have the desired convergence to zero. To conclude, we need to show that

liminf P(R(V(X) <223 =0. (53)
n—oo

Contrary to R,(lz), the variable R,(,l) is not—in full generality — concentrated around its mean. This is the
reason why we do not employ the second moment method to prove (53). To add symmetry to the problem,
it is convenient to consider, rather than R,(ll)(X ), a random variable with an extra layer of randomness
whose conditional mean is equal to R,(ll)(X ). More specifically, we let X’ denote a simple random walk
which is independent of X and has the same distribution (we let P ® P’ denote the distribution of (X, X")),
and set

0n(X, X) =2 (B) D Lix,—x)).

k=1
We have R\"”(X) = E'[0,(X, X')], and thus
PRV (X) <254 <2P ®@ P'(Qu(X, X') <454, (54)
Let us quickly justify (54). If f(X, X’) is a nonnegative function and u > 0, we have by Markov inequality
Elf(X,X)<u = P'(f(X.X")<2u) > 3,
and thus, using Markov inequality again for the variable Y = P'(f (X, X') < 2u),
P(E'Lf(X, XY <u) < P(Y > 1) <2E[Y] =2P @ P'(f(X, X) < 2u).

The remaining step is to bound the right-hand side in (54). For notational simplicity, we set P := P ® P’
and introduce the renewal process
T:={k>0: X, =X,}.

With this new notation, we have
P® P'(Qu(X,X") <4%)H =P(V(B)|tN[1,n]| <4E[ N[1, n]I/*).

We conclude the proof of (53), and hence of Proposition 6.1, by applying the following technical result

(proved in the next subsection) to the renewal 7. O

Lemma 6.2. Given ¢ > 0 and t a recurrent renewal process, we have
liminf P (| N[1, n]| < cE[lr N[1,n][1¥*) =0. (55)
n—oo

6.3. Proof of Lemma 6.2. With a small abuse of notation, we identify the set  with an increasing

sequence (7;);>0. We set a,, := E[71 An] and K(n):= P(t; > n). Setting 7y := Zle(f,- —Ti_1)An, we

have for any k£ > 1

E[tiq1] (k4 Day
no n '

P(ltN[l,n]l k) = P(tg1 > n) = P(Tj1 > n) < (56)
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On the other hand,
P(cn[l,n]l=i) <P(Njell,il:tiqy—7u <n)=(1-K@®n),
which implies after summing over i that
E[ltN[L,n][1< (K@)~ An.
Replacing k in (56) by c((K (n))~! An)3/*, we obtain that (55) holds if
liminf((K (n))~" Am)¥428 — 0. (57)
n— 00 n

~1/4 = 0, then there is nothing to prove. Otherwise we consider 7 such that

If liminf,,_, o an
app1(n+ 17 > qn15 (58)

(the fact that ar,n~!/3 diverges implies in particular that it is not eventually decreasing, so that one can find
an infinite sequence satisfying the above). Since o, +1 =y, +K (n), (58) implies that for n sufficiently large

K(n) > ((1 + %)1/5 — l)an > Z—Z,

and we obtain that, along the subsequence satisfying (58),
(R~ AmY4EE < 6(a /m)'/*
n

Since «;, = o(n) by dominated convergence, this is sufficient to conclude that (57) holds. Il

Appendix A: Proof of Proposition 2.3
Assume that 8, > 0 and « > % (recall (6)). We will show that there exist 8 > , and y € (0, 1) such that

sup E[(W/)!7] = sup E,[((WF)"] < o0. (59)
n>0 n>0
This implies uniform integrability of Wf , and hence that weak disorder holds at 8 > f,. The first step
of the proof, inspired from [Birkner and Sun 2010, Section 1.4], is to reduce the problem to the control
of the partition function of another model, the disordered pinning model. The argument is based on the
size-biased representation from Lemma 3.3. Let W,f =F [eZLl(M‘“"L —Hp ))] (where X’ with law P’ has

the same distribution as X), and observe that
EL(WH1=E®E® E[(WF)"] < E[(E® E[WF])"]. (60)

Now, using the notation §, := l(x,=x;} and P = P ® P’, we introduce notation (21) for the partition
function appearing in the right-hand side of (60), as well as a counterpart /Z\ﬁ with constrained endpoint:

Zz —E® E[Wf] — E[eZﬁzl(ﬂ@k—k(ﬂ))Bk]’ /Z\fa — E[eZﬁzl(ﬂ@k—l(ﬂ))ﬁk(gn]’ 61)
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with the convention Zy = 28 =1. With (59) and (60), the proof of Proposition 2.3 is reduced to proving that

sup [E[(?n)y] < 00.

n>0
To show the above, we rely on a method developed in [Derrida et al. 2009]. The notable differences with
[loc. cit.] are that we are trying to control the unconstrained partition function rather than the constrained
one and that we make no regularity assumptions on the interarrival law K (n) := P(t; = n), but these
differences only result in minor modifications in the argument. We refer to [loc. cit.] for more insight
concerning the proof.

We fix an integer m > 1 and set y = 1 — 1/logm and B = B, + 1/m?. We define the shifted
environment ;& by setting (6;®)x = 1« and the shifted partition functions 6; Z,, by replacing & by 6 i
in (61). Decomposing the partition function according to the value of the last renewal point before m
(variable a) and first renewal point between m and n (variable b), we obtain that

A m—=1 __ n N ~
Z,=Y z;( Y Kb —a)ef@Pg,7, 4 P(t>n— a)).
a=0 b=m

Thus, setting A, = [E[(fn)y] and B, = [AE[(/Z\,‘;)V]I/V and using the subadditivity of x — x?, we obtain

m—1 n ~ o
Ap< Y Bg( S K(b—a) ke —r*BA, 4 P(z > n— a)V). (62)
a=0 b=m
Let us now set A, := max(Ay, ..., A,) and observe that with our choice for 8 and y,

[E[eyﬁ&)l—)/)t(ﬁ)] — [E[e(1+y)ﬂ!?)1—(1+y)/\(ﬂ)] < B =20(f2 1) . .

The inequality (62) implies that

Ap < p(r:g ém BYK(b—a) ) Ay + <m§; BY) < 2p<j§ [2 BYK(b—a) ) Ay p+m. (63)

To obtain the first line we used that P(t > n —a)? <1, and in the second line we used the bound B) <2,
which will be proved below in (67). From (63), we deduce that (A,),cn is bounded if

m—1 oo

2,0( D> BgK(b—a)V) <1 (64)

a=0 b=m

We are going to prove that (64) holds for m sufficiently large. We do so by combining two arguments.
The first is the observation that by taking y sufficiently close to one, we can, at the cost of some small
error term, drop the power of y in our sum.

Lemma A.1. Fory =1—1/logm and B = B> + 1/m?, there exists C > 0 such that for all m sufficiently

large we have

m—1 oo m—1 oo

Y S BYK(b—a) 50( Y Y BaK(b—a)>+Cm_1.

a=0 b=m a=0 b=m
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The second point is to demonstrate, via a change of measure argument, that for most n we have
B, « [E[Z‘;], and that, as a consequence, the sum we wish to control is small.

Lemma A.2. Fory =1—1/logm and B = B, + 1/m?, we have

m—1 oo
lim Z Z B,K(b—a)=0.
meee a=0 b=m

The combination of Lemmas A.1 and A.2 allows us to conclude that (64) holds.

Proof of Lemma A.1. The idea is that B} K (b —a)? < CB,K (b — a) for the values of a and b that most
contribute to the sum and bound the remainder of the contribution by Cm~!. Letting « be a large integer
and using that y =1 — 1/logm, we have

m—1 oo
> Y BIK(b-a)
a=0 b=m
m—1 oo m—1 oo
=YY BaK b=k ayzn + D ) BIK (O = O Lk pay <y
a=0 b=m a=0 b=m

To control the second term, we split it into two. As the double sum below contains m* —1 terms, we have

m—1m+m*—2-1

-1
Z Z BZI/K(b—a)yl{B‘Jl’K(b_u)y<m—K} E m .
a=0 b=m

On the other hand, using again B, < 1, we have

m—1
> > BIK®b-a) =m Y K@)

a=0 b>m+m+—2 r>mk=2
Finally, we observe that for m sufficiently large,

D K@) = Y max(r*PK(r), ) < Com~ B 4w ) <m 2 (65)

r>mk=2 r>mK=2

The first inequality above boils down considering separately the cases K (r) > > (for which the first
bound holds provided that logm > 9/a) and K (r) < r— (for which the second bound holds provided that
m is not too small). For the second inequality we recall the definition (6) of @ and observe that, grouping

terms, we have for n sufficiently large,
D PR <Y @ PP e [n21 n2h) <Y @ )P @) T <l
r>n k>1 k=1

The last inequality in (65) is valid provided « is chosen sufficiently large (we have not chosen an explicit «
to underline that this step of the proof only requires o > 0). O
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Proof of Lemma A.2. Given XV and X® two independent random walks with distribution P, we let
L(XWD, x@y =%, Lixm_x®
L(XM, X®) is a geometric random variables with parameter

| denote the number of times they meet. By the strong Markov property,

PEAL(XD, XP)=0)=1-> " K(n).
n>1

Hence by (4) we have

anl K(I’l)
1= Kn)

K”(n) = 1. We let t” denote a renewal

1= (e)»(2/32)—2)»(/32) _ 1)E®2[L(X(l), X(Z))] — (81(2/32)—2)»(,32) -1 (66)

Let us set K" (n) = e*?F)=22B) K (). By (66) we have Y
process with interarrival law K” (let P” denote the distribution). We are going to show that

n>1

m—1 oo
lim Z Z B,K"(b—a)=0.
meoee a=0 b=m

A first idea might be to note that, by Jensen’s inequality, we have
B, < [AE[?c] = E[e?CP=21(B)) ZZ:lak(Sa] < eca/sz[e(x(zﬁz)—zx(ﬁz))Zgzlakaa] <2P"(aet") (67)
— a — — b
where in the second inequality we used the fact that with our choice of 8,

(A(2B) —21(B)) < (A(2B2) —24(B2)) + Cm 2,

and the last inequality is valid for m sufficiently large since a < m. Hence

m—1 oo m—1
Y Y BK'(b—a)<2) P'laet)P'(x/ =m—a)=2
a=0 b=m a=0

(the summand in the right-hand side is the probability that a is the last renewal point before m). Since
this is not sufficient for our purposes, the idea in our proof is to use something sharper than Jensen’s
inequality in (67). We use Holder’s inequality instead, and observe, for any positive function g(®),

B, < Elg(@) ZE1E[g(@) 7/ -7 d=nlr, (68)

We set g(&) = e~ em Xiz @itmAB)=2B—en)l with g, := (m logm)~ /2. We have

— & — 2
L 1og Blg(@) 710 = m(ITVx (ﬁ " %) A8~ em) iz\(ﬁ)) <o

The last inequality is Taylor’s formula at order 2 with C being a bound for 1" in an interval around S
(say [0, B2 + 1]). With our choice of g,,, we obtain that [E[g(cb)_y/(l_y)](l_y)/y is uniformly bounded
in m. Summing over a and b in (68), we can conclude, if we can show that

-1

lim E
m—0o0
a=

0

3

> Elg@)ZK" (b —a) =0. (69)
b=m
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Note that, since [AE[g(c?))] = 1, we can interpret g(®) as a probability density. It has the effect of tilting
down the values of ® while keeping them independent. We have, for any i <m,

[AE[g(cf))e'B&)"_}”(ﬂ)] — o it 2P =20 ()

where

Cn = A2B2) — A(2B — &m) — 20(B2) + A(B) + A (B —m) "~ £m(X (2B2) — X (B2)).

Recall that B = B(m) = B> + 1/m?, and in particular that |8 — 2| < &,,, and hence B can be replaced by
B2 when computing the asymptotic equivalence. Setting 8, = 1(,¢,» and using Fubini as in (67) as well
as the definition of K”, we obtain

[AE[g(C?))ZZ] — E[eZ‘Z:.(A(Z,Bz)—%(ﬂz)—im)akaa] — E”[e—é'm > k=i 512’3;/]‘ (70)

Considering a decomposition over the last renewal point in [0, m — 1], we deduce from (70) that

m—1
3 g (@) Z] = E"leon T 4,
=0 b=m

Q

Furthermore,

E/[e"%n I Lken] < %4— P'(t"N[l,m—=1]| < (&n)~" logm).

Using the same truncation method as in (56), we have

kE[tl”/\ (m—1)] -
m—1 -

P(x = (m—1) = o~ (4ol

where the last inequality follows from the definition of «. Replacing k by (£,,) ™" logm (which is m!/2o(D)

and recalling that o > %, we conclude the proof of (69). O

Appendix B: Proof of Proposition 2.6

Recall that X and X® are two independent random walks with distribution P (starting from the origin).
We assume that (X ,(11) - X ,(12)),,22 is transient (which is equivalent to 8, > 0).

B.1. Preliminaries. We first prove the inequality (8). Let us denote by N, := ) ,_, 1{ XD _x @) the
- k — %k
number of collisions after time 7. The first thing we want to show is that (recall (6))
log P®2(N, > 1
o =limsup 282" Mz ) 1)
n— 00 10g n

The inequality < is an immediate consequence of P®2(T € [n, 00)) < P®%(N, > 1)). For the other
direction, observe that if N, (e ,)2 > 1 then either Ny > (log n)? or there exists a gap larger than n between
two consecutive collisions, and thus by the strong Markov property,

PP (Nyogme = 1) < P2(Ny > (logn)?) +log(n)> PE*(T € [n, 00)).
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Since N; is a geometric random variable, we obtain

P®X(T € [n, o0)) > (PP (Nygogny = 1) — P(T < 00)12"%),

(logn)?
Since P(T < o0) < 1, this allows us to conclude the proof of (71). Next we observe that by the strong
Markov property applied at the first intersection time after n,

1 2
E®’N,] Y, POX =X

®2 _
PN = D= Faaing = E®2[Ny]

(72)

Since the denominator is positive and does not depend on n, we can relate the “tail exponent” for
P®2(N, > 1) to that of a the sequence P®2(X,(,l) = X,(,2)) using the following elementary lemma (the
proof is left to the reader):

Lemma B.1. If (fu)n>1 is a sequence of positive numbers such that ), | fn < 00 and F, :=) -, fx,

we have

— log F, — 1 log F, 1
fm 08 o o8 i 198 F S i 08
n—oo logn n—oo logn n—ooo logn n—ooo logn

A particular consequence of the above and of (72) is that

P®2 X(l) =X(2) 1 P®2 N, >1 o P®2 X(l) =X(2)
X=X _ gy loe ("_)§1+klim X=X

1+ L

k— 00 Ing n—>00 logn

Proving (8) then reduces to proving that

p2x( _ x@
(X i) <. (73)

P®2(x(1) — X(z))
lim inf k k2> and limsup
k—00 logk nAa2 k00 logk

The second inequality in (73) follows from the fact that P®2(X " = X ) = | D*||2 < || Dl To prove
the first inequality in (73) we first use Cauchy—Schwarz to observe that, for any x € 79,

2 1 2
PEX - X0 =x) =) D'r+x,0D 0 < ) D', 0 = PEEX = X,
yezd yezd

As a consequence, for every L > 1,

1 2 1 2
PE2(xV =x?) > PE(x" - x| < L).

QL+ 1)4

Taking L = k'/CAmM+¢/d for ¢ > O arbitrary, we prove below that

lim PE2(X - XD < ke — (74)
—00

which implies that for  sufficiently large P®(X ,(Cl) = X,(f) ) > (17241 k=4/CAmM=¢ and hence, by sending
& — 0, that the first inequality in (73) holds.
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We can restrict the proof of (74) to the case d = 1. Moreover, the inequality follows from Chebyshev’s
inequality if n > 2. If n < 2, we truncate the increments of X! and X® at level L = k!/7*¢ before
applying Chebyshev’s inequality: given § > 0 and recalling (1), this yields, for k > k(8) sufficiently large,

PO (IX\" —XP|> L) <2k P(1X1| > L)+ L 22k E[X 31 x,1<L] <2kL ™" 4 L 722k L2770 <4k L 19,
from which (74) follows by taking, for instance, § = n’e. g

B.2. Proof of Proposition 2.6. The bound p*(8) > 1+ %(n A 2) is proved as [Junk and Lacoin 2025,
Corollary 2.20] under the assumption that weak disorder holds, so we only have to prove the upper bound
p*(Bc) <1+1/(vVv1). Moreover, if 8, > 0 then by [loc. cit., Corollary 2.11] we have p*(8,) = 2; hence
p*(B:) < 2. Therefore we only have to prove p*(8.) < 1+ 1/v in the case v > 1, which we assume in
the following. This claim is a consequence of the following result, which partly generalizes [Junk 2025b,
Theorem 1.2] to the case of an arbitrary reference random walk.

Proposition B.2. If p*(8) € (1+ 1/v, 2] then B < B, and limu_o4 p*(B +u) = p*(B).

Given T > 0, we set 71 ;= inf{k > T : X,(cl) = X,((z)}. Given this value T > 0, we introduce a new
partition function by setting, for# > 7 and n e N,

n
Z;f (t,x):= E®2 |:exp( Z[’B(wk,XQ) + a)k’Xl((Z)) - 2)»(,3)]) 1{7'1:t and X,('):x}i|’

k=1

and Z,’f (t,x)=0if r < T — 1. Proposition B.2 follows from the combination of two technical results.
The first one is a bound on [E[(W,’Z3 )?] which is uniform in n and follows from a decomposition of the
squared partition function (W,’,S )2. We recall the definition yx (8) := e*@AH =228 _ 1,

Lemma B.3. We have, forany > 0,n > 0and p <2,

J
ELW/)P1 < EL(W7_ )] Z((l +xBNY Y E[zﬁ_la,x)ﬂ/z]) .

Jj=0 t>T xezd
Of course, the above result is meaningful only if
B /2 1
DO EEZ 0P <
= = 1+x(B)

As a consequence of our second technical result, this condition can be satisfied by taking T sufficiently
large, if p lies in a certain range,

LemmaB4. (i) If pe (1+1/v, p*(B)), then

lim > Y 2P (0P =0.

T—o0
t>T xezd
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(i1) If the value of T is fixed and p > 1+ 1/v, then the function
B> Y EHZD (1,077

t>T xezd

is continuous in B.

Proof of Proposition B.2. Assume p*(8) € (14 1/v, 2]. Since p*(B) is nonincreasing in 8, we need
to show that for any p € (1+ 1/v, p*(8)) there exists u > O such that p*(8 + u) > p. First, using
Lemma B.4(i), we choose T in such a way that

B p/2 ;
2 2 HEr (0" = g

t>T xezd
Then, using (ii) and the monotonicity of x (8), we find u € (0, 1) such that

B+u p/2 1
2 2 EZ 0™ S 5 Gy

t>T xezd

Finally, we use Lemma B.3 to conclude that

sup E[(W/*)P] < 2E[(WET)P] < oc. O

n>0

B.3. Proof of Lemma B.3. We introduce, fori > 1,
T c=inflk > T+ 7T : X"V = x2).
Givenn, j>1,t:=(t,...,tj) € N/ and x := (x, .. X)) € (Z4)7, we define the event
Anjt,x)=(Viell, j1: T =1 and X" =x;} N {t; <n).

For j =0 we set A, 0 = {71 > n} and define, for j > 0,

n
2z, (%) = E® [exp( D _1B@, ypp + 0 ) = 2’\(/3)]) 1A,l‘,-<t,x>} :
k=1
With this notation we have Ztﬂ (t,x)= Zf 1 (2, x). Since the events (A, ;(f, x)) ;¢ x partition the probability

whHr=>" > 2z,

J=0 (¢,x)eNJ x (z4)J

space, we have

Note now that Zf’ ;@ x) can be factorized using the Markov property for the random walks X"
and X@ at time 7; and iterating. Recalling the definition of (23), for j > 0 and ¢; < n we obtain, setting
(to, x0) = (0,0) as well as A;t =1t; —t;_1 and Ajx = x; — x;_1,

J
zZhtx)= (Het,._l,x,._lzg.,m,-t, A,‘x))et,,,x,. z) o

i=1
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Assuming that p <2 and combining subadditivity with shift invariance, we obtain that

EWAHP1<Y " Liyy<m ]‘[[E[z (Db, Ax)PPIEZL, )P, (75)

j=0 (t,x)

For the last factor, we now observe that
E[(ZF )P/") < E[ELZD ) | Froa1P/%) < EL(WS_ )P,

where for the last inequality we simply used Fubini as follows:

T-1

[E[Zf,o | Fr_i1] = E®? |:exp( Z[’B(a)k,Xi]) +a)k’X152>) - 2)»(/3)]) 1{W>T1X,~(l)7éxi(2)}i| < (Wﬁ_l)Z.
k=1

Similarly, for each of the factors in the product in (75), we estimate
KAt AP < E[ELZR (Ajt) | FroalP2) = ELZ0_ (Ait, Ax)P1(1+ x)P72,

where the factor 1 4 x comes from the fact that X1 and X® collide at time A;¢. Taking the sum over

all ordered sequences of (1, ..., t;) instead of restricting to ¢; < n, we obtain
J j
SN TTEER (At Ax)P?) < Z((l +0 Y. EHZP G x)f’”]) : (76)
Jj=0 (¢t.x) i=1 Jj=0 t>T,xeZ

and hence the desired result follows from the combination of (75)—(76).

B.4. Proof of Lemma B.4. Recall that D is the transpose of the transition matrix of X, and also recall
the definition (29) of u,. We have

20 (T =145, 0P =WE_)PPE (XD =XP =x,¥r e[[L,s — 1], XV # X))/

< (Wh_)P(D*ur—1 (x)? = (D Wr_1 (x))". (77)
Setting Y7 := szl Y reza (D pur—1(x))?, the above yields

SN2 )P < (WP )PYr < (sup W) Yy

1>T xezd nz0

To prove item (i) of the lemma, it is thus sufficient to show that

fim E[sup(WF)?Yr] = 0. (78)

T—o0 n>1

We are going to show that there exists some C > 0 such that almost surely

Yr<C and lim Yy =0. (79)

T—o0
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The convergence (78) follows from (79) and dominated convergence for . To ensure domination, we use
the fact that, by [Junk and Lacoin 2025, Theorem 2.1], sup,,~, (Wf ) € L? for p < p*(B). To prove (79),
we observe that
3 (D wro1(0))” < min(lur—i 12, 1D*1Z7). (80)
xez4
The bound ||p7r—_1 ||’,; comes from the fact that convolution contracts £ norms and the other bound comes
from the fact that (D*ur_;(x))? < ||DS||é’O_1DSuT_1(x). Since p > 14 1/v, the definition of (7) implies
that || D* ||£O‘1 is summable, which implies the first part of (79).

We then note that weak disorder implies lim7_,  ||;t7—1]|, = O (this is, for instance, a consequence
of [Comets et al. 2003, Theorem 2.1], which proves that lim,,_, o, I, = 0). Hence, using the dominated
convergence theorem for the sum over s (|| D* ||£o“ is used for the domination), we obtain the second part
of (80).

Now let us prove item (ii), which is an exercise in applying the dominated convergence theorem. For
B’ < B” and every k and x, we have the bound

(Bwr,x —2(B)) < B"(@k x)+ (81)

valid on [B’, 8”]. For fixed t > T — 1 and x € Z¢, and almost every w, applying dominated convergence
to P and using (81) as the domination, we obtain that 8 — Z?q (t, x) is continuous. Next we apply the
dominated convergence theorem to the counting measure on N x Z%. From (77) we have
sup 27, (1, 0)"7 < sup (DTW ()7,
BelB'.B"] BelB'.B"]
and we have, in the same way as (80),
sup (D'TWP_(0))’ < sup (Wp_pPIDTT L
Lo BElB B Belp'.B"]
The first term is finite by (81) and the second is summable in #; hence S — Z,ZT erzd Z?_l(t, x)P/?
is continuous for almost every w. Finally, using the combination of the above inequalities, we have

sup 3320 PP < s (WE_ )P IDTL

BelB B ' Fa1=1 Belp.B"] o

Since the right side is in L' (again by (81)), we apply dominated convergence with respect to [P to obtain
the claim of (ii). Il

Appendix C: Proof of Proposition 2.11

Before starting the proof let us explain its mechanism. Our choice for the distribution of X; was made so
that it has a varying tail exponent, namely

.. dog P(1X1] > n) ) log P(|X1| > n)
liminf —————>=—-4 and limsup———~ =
=0 logn n—00 logn

0.
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The statement about the lim inf ensures that (Xj),>0 is recurrent, which will be proved in Section C.1,
and thus by (5) this implies that 8, = 0 (the fact that 8. = 0 is then implied by Theorem 2.9). On the other
hand, the information about the lim sup allows us to replicate the argument given proof given in [Viveros
2023, Theorem 1.1], which proves that f(8) = 0 for all g if the tail distribution of X is sufficiently fat.
This is the content of Section C.2.

C.1. Proving the recurrence of (Xi)x>0. Note that g(x) is symmetric and has a unique local maximum
at zero, and thus P (X = x) = g**(x) has the same property for every k. This implies that

mayiP(Xk =x)=P(Xx=0) and P(X;=0)> P(X¢y1=0).

xeZ¢
Using these properties, we have for any choice of N and M

2N

_Z (Xi =0z NP(Xoy =0) = 5
i=N+1

P(|Xan| = N).

In view of the above, to prove recurrence of X, it is sufficient to show that
limsup P(|Xon| < N) >0, (82)
N—o00
which we will do by showing that the lim sup is equal to one. In order to estimate P(|X,y| < N), we
truncate the increments and apply the second moment methods. Given M > 1, we set

N
Xy = Z(Xi — Xi—Dlyx,—x,_11=my-

i=1
Using the union bound and Chebyshev (note that E[|X %|] < M?),
P(IXan| < N) = P(IXan| < N3 Xon = Xon) = 1 = P(1Xan| > N) =2NP(IX1| > M)

We take N = M3 and M = a;, for k > 1. In that case 2M?/N = Zak’l, which converge to zero as k — oo.
As for the other term, it is bounded as follows:

1 _ _
N Y f gNzg <4Na* <4a;.
|x|>ag i~k i
Taking k — oo this proves (82) and concludes the proof that (X )i>0 is recurrent. Il
C.2. Proving that §(f8) = 0. Now we replicate the proof of [Viveros 2023, Theorem 1.1] (proved under
a slightly different assumption). Let us consider a large N (whose value will be determined later) and set
Vi (x) 1= EeZio0 Bornnn=b@Ng o0l

VN (x) V)
P(Vke[0, N —1]:|Xk| <N2)  E[Vy@®)]

Vy(x) =
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In words, Vy(x) is the partition function started at time 1 from x whose underlying random walk is
conditioned to remain within distance N2 from the starting point. We have, for any k > 1,

wh =gl g wh_ = Y )V = gllak)) Y V(). (83)
xe”Z [x]<ak [x]|<ak
Setting h(N) = P(Vk € [0, N — 1] : | Xi| < N?), we can rewrite the sum above as
1 —
g(lak]) Z Vn(x) = (20k+1)g(|ak|)h(N)(2ak+l Z VN(X)) =: Qar+ 1 g(laxDh(N)UN k-

[x|=<ax [x[<ax

Now we set N = N := [./ar—; |. With this setup, we are going to show that
lim L log[(2ax + 1)g(lak)h(Nk)] =0,  lim Uy, =1, (84)
k—o0 INg k—o00

where the second convergence holds in probability. The combination of the two limits in (84) ensures that

. 1
Jim = log(g<|ak|> ||Z VNk<x>> =0

holds in probability, and hence from (83) we deduce that §(8) = O (we obtain > from (83) but the other
inequality is trivial). To prove the first line in (84), we simply observe that (2a; + 1)g(|ax]|) is of order
ak__41 (or N 8) and that 2#(N) > P(]X;| < N)V does not decay exponentially fast in N.

For the second line, since by construction E[Uy, ] = 1, we only need to show that the variance goes
to zero. Using the fact that

[E[‘_/Ie(x)] < eV 2B)=21(B))

and that VI%, (x) and VI%, (y) are independent if |x — y| > 2N 2 we obtain

2
Var(U® ) < eNoem 22 VL
’ 2a; + 1
and the result follows from our choice for Ny. O
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