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We study a continuum model of directed polymer in random environ-
ment. The law of the polymer is defined as the Brownian motion conditioned
to survive among space-time Poissonian disasters. This model is well studied
in the positive temperature regime. However, at zero-temperature, even the
existence of the free energy has not been proved. In this article, we show that
the free energy exists and is continuous at zero-temperature.

1. Introduction and main results. We discuss the zero-temperature limit for
a model of directed polymer in random environment. This work is partially moti-
vated by the recent work [13] which studies the number of the open paths in the
oriented percolation. In the directed polymer context, the main result in [13] cor-
responds to the existence of the free energy at zero-temperature for the Bernoulli
environment. What makes this problem nontrivial is that at zero-temperature, the
finite volume free energy has infinite mean, and hence the standard subadditiv-
ity argument fails. The proof in [13] instead relies on an intricate combination of
various techniques developed in the study of the contact process and the oriented
percolation. It would be desirable to know whether the zero-temperature model
can be approximated by the more tractable low positive temperature model. How-
ever, to our knowledge, it is not known whether the free energy is continuous at
zero-temperature.

In this article, we investigate a certain time-space continuous analogue of the
model described above which has a similar nonintegrability issue at zero temper-
ature. We prove the existence and the continuity of the free energy. The argument
for the existence is a suitable modification of the standard subadditivity argument
which is quite different from [13].

1.1. The model. We study the Brownian directed polymer in Poissonian en-
vironment introduced in [9]. We first recall the model at positive temperature
and then introduce a natural zero-temperature version. Let us denote by (B =
{B(t) : t > 0}, P) the standard d-dimensional Brownian motion stating at the ori-
gin, and by (w, IP) the Poisson point process independent of B with unit intensity
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on Ry x R? (d > 1). The process w is realized as a locally finite point measure
as usual but with some abuse of notation, we will frequently identify w, and more
generally any point measure, with its support. Let U (x) C R? be the ball of unit
volume centered at x and V; denote a tube around the path of B:

V,(B) :={(s,x) €[0,1) x R?: x € U(B(s))}.

Then for given 8 > 0, the so-called polymer measure is defined as

B 1
(1.1) AP/ = —— exp(—Bw(V)) dP,
zZ;
where
(12) z[ = Elexp(~ (V)]

is the normalizing constant. Under this measure, the polymer receives a repulsive
interaction from a point (s, x) € w.

REMARK 1.1. In the earlier works [6, 8—11] on Brownian directed polymers,
there is no negative sign in front of g in the definitions (1.1) and (1.2) and general
B € R is considered. We use the above formulation since we focus on the repulsive
case in this article.

In our repulsive case, the above polymer measure can be interpreted as the law
of the Brownian motion conditioned to survive among Poissonian disasters. More
precisely, we enlarge the probability space for the Brownian motion and introduce
an Exp(1) random variable &, independent of B and w, and define the “death time”

(1.3) T8(w) :=1inf{t > 0: Bw(V;) > £}.
Then we have
(1.4) 7P? = P(rp(0) = 1)

and thus the polymer measure admits the aforementioned interpretation. Now in
the zero-temperature limit 8 — o0, the above death time becomes

(1.5) Too(@) :=inf{t > 0: w(V;) > 1},

that is, the process is immediately killed when it gets close to a disaster. Note
that this stopping time can alternatively expressed as the hitting time to the set of
disasters defined by

(1.6) D= [ {s}xU).

(s,x)ew
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1.2. Free energy. As is usual in the study of a model of statistical physics, it
is important to understand the asymptotics of the normalizing constant Z,ﬁ *“_ For
positive temperature, the following result is known.

THEOREM A (Theorem 2.2.1 in [9]). There exists a continuous function
p: [0, 00) = (—00, 0] such that for almost all w,

1 1
(1.7) tlggo p log P(tp(w) > 1) = tlggo ;E[log P(tg(w) >1)] = p(B).

The limit p(B) is an important observable called the free energy and it is for
instance known to characterize a localization transition of the polymer; see [9, 10]
for more detail.

The goal of this article is to extend the above existence and continuity to the
value 8 = co. The methods of proving the above theorem do not seem to cover the
case 8 = oo: First, the existence of the limit is proved by the superadditivity of the
mean E[log P(tg(w) > t)] and a concentration bound for log P (zg(w) > t) around
its mean. However, as we will see in Proposition 1.2, the mean E[log P (to0(w) >
t)] does not exist. One could alternatively use the subadditive ergodic theorem
but this approach also requires the integrability. Second, the continuity for 8 €
(0, 00) is a consequence of the convexity of p(-), which essentially follows from
the Holder inequality. But the convexity tells us nothing about the continuity at the
boundary 8 = oo. In order to motivate the notation used in the statement of the
main result, let us observe why the integrability of log P (7 (w) > t) is violated.

PROPOSITION 1.2. Foranyt > 0, E[log P(tx(w) >t)] = —o00.
PROOF. Let F be the first disaster time close to the origin:
1
F ::inf{t >0: w<[0, t] x EU(O)) ;éO}.

Note that the Brownian motion gets killed if B(F') € %U (0). Thus on {F < t}, we
have

1 C
P(tc(w) > 1) < P(B(F) ¢ EU(O)> < exp(—f).
Since F is exponentially distributed, we have
E[log P(teo(®) > 1)] < —CE[F'1{F <1}] = —cc. O
The proof of this proposition suggests that the nonintegrability is caused by the
existence of a Poisson point near the starting point of the Brownian motion. It is

reasonable to believe that this is the only source of nonintegrability and we will in
fact confirm this intuition in the proof.
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1.3. Main results. In view of the discussion at the end of the previous subsec-
tion, it is natural to consider a modified death time where we ignore the disasters in
the first unit time interval. To this end, for I C R, we write w; for the restriction
|7y pa as a measure and define

inf{t >1: ,36()[0’1]6(‘/1) > f} for B < o0,

1
T =T )=
p(@) =T (@0.r) {mf{rzhwm,uc(%)zl} for = co.

It is often convenient to restrict the Brownian motion to a domain growing at poly-
nomial speed:

(1.8) A= { sup [B(s) = BO)| < [11%}.

0<s<t

The probability of A{ is bounded by exp(—ct?) by the reflection principle, and
hence it should be much smaller than the survival probability.
Now we are ready to state the main theorem.

THEOREM 1.3. There exists p(00) € (—o0, 0] such that the following hold:

() limy— o0 {1 Eflog Pt (@) > 1, A))] = p(o0),
(i) for almost all w, lim,_ oo % log P(too(w) > 1) = p(00),
(iii) limg_. 00 p(B) = p(00).

REMARK 1.4. The proof of this theorem is almost identical for d = 1 and
d > 2, except for one point which we mention in Remark 2.6. For this reason, we
carry out the proof mostly in the one-dimensional setting and then describe the
necessary modification to deal with higher dimensions in the final section.

1.4. Related works. For the general background and known results on the di-
rected polymer in random environments, we refer the reader to [5].

The Brownian directed polymer in Poissonian environment was first introduced
and studied in [9]. One of the advantages of this model is that one can employ
tools from stochastic analysis. In addition to standard results, such as the exis-
tence and phase transition of the free energy, some results on the fluctuation of the
free energy and the displacement of the polymer were proved. The latter results
are sharper than what is known for the models based on the simple random walk.
Later in [10], a more precise localization result for the polymer was established.
Our continuity result for the free energy suggests—but does not prove—that these
results remain true at zero-temperature. This direction is worthy of further investi-
gation.

Next, we turn to other works on the zero-temperature limit. There are not so
many results on the zero-temperature limit for the directed polymer in random en-
vironment. This is mainly because we have a simple answer in a large class of
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settings. To see this, let us consider the most studied nearest neighbor lattice poly-
mer setting. In this case, the environment is given by real-valued random variables
o = (w(k, X))ren xezd and the polymer measure is defined as follows:

(1.9) Pf’%y):Zﬂ exp( ﬂZ (k. v (o) )1{yeNn},

n

where A, denotes the set of nearest neighbor paths of length n on Z¢. Now if the
time constant for the directed first passage percolation

(1.10) w= lim lmmz (k, y (k)

n—-oon
k=1

is nonzero (this holds, e.g., when essinf w # 0), then it is easy to deduce a conti-
nuity result

1.11) lim lim_ Lo zbe =
(L. Pt g M.

On the other hand, if essinfw = 0 and the set {(k, x): w(k, x) = 0} percolates,
then we have pu = 0. In this case, Z;> = limg_. Z,’f’w is the number of open
paths and lim,,, oo %log Z.°>® represents the growth rate. As is mentioned at the
beginning of this article, the existence of this limit is proved in [13] but it is not
known whether the limit equals limg_, o lim;, s oo %log Z,’? " Two recent works

[7, 15] study this type of problem in a nonnearest neighbor model on Z, x Z¢
defined by

1 n
(112)  PP(y) = T exp(— > [Bolk.y k) + [y k= 1) - y(k>|“]>

and proved the continuity of the free energy at 8 = oo. In this case, log Z,'f s
integrable, and hence the existence follows from the subadditivity argument.

Finally, there is a recent work [2] where the zero-temperature limit of the poly-
mer measure is discussed for the model on Z, x R defined by

PP (dy)

(1.13) 1 n
=7 exp( ﬁZ (k.y(®) + |y k= 1) =y (0[] )]_[dyk.
k=1

In the preceding works [1] and [3], the infinite volume polymer measure is con-
structed for every given asymptotic slope, at zero and positive temperature, respec-
tively. Then in [2], it is proved that as 8 — oo, not only the free energy but also
the infinite volume polymer measure converges. This model has a similarity to the
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model studied in this article since the polymer measure in (1.1) has a heuristic
representation

. 1 1t
(1ay PPy = —e(<pov) =3 [[76) s )ar.

t

However, we do not multiply the term fé |y (s) |2 ds by B, and thus the two models
behave quite differently as § — oo. The zero temperature model in [1] is of last
passage percolation type and concentrates on a single path, whereas our result
implies that the entropy is nondegenerate at zero temperature.

2. High-level structure of proof. In this section, we explain the high-level
structure of the proof. In order to make the flow of the argument clear, we discuss
the convergence only for ¢t € N. The complete proof will be given in Section 6.

Convergence of the mean. We first need to prove that E[log Pw(r1 >1)]is
finite. This will follow as a corollary to Lemma 3.1 in Section 3—we refrain from
stating it precisely since it is designed to cover a more complicated situation and
requires a number of terminologies. Now if in addition {E[log P(réo (w) = )]}=0
were a superadditive sequence, then Theorem 1.3(i) would follow. However, the
modification 74 — ré makes it difficult to prove the superadditivity. The standard

argument for the superadditivity (see, e.g., [9], Section 6) yields that, for s > 1,
Eflog P(tl (@) = s +1)]
(2.1)
> E[log P(tL (0) > 5)] + E[log P (to0(w) > 1)],

in which we get 7o, instead of 7). in the second term. For this reason, we shall
instead prove the following almost superadditivity that is known to imply Theo-
rem 1.3(i) by [14], Theorem 2.

PROPOSITION 2.1. Let ag(t) := E[log P(rg(w) > t, A)). For every § €
(0, %), there exists ty > 0 independent of B such that for all s, t > ty,

(2.2) ag(s +1) > ag(s) +ap(t) — (s +1)°.

Almost sure convergence with the modification. In order to upgrade the con-
vergence of the mean to the almost sure convergence, we prove the following con-
centration bound.

PROPOSITION 2.2. Forevery § € (0, %) and all r > 0, there exists to > 0 such
that for all t > tg and B € [0, oo],

(2.3) P(jlog P(th(@) = 1,.A) — E[log P(th(@) = 1, 4,)]| =177 <17
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REMARK 2.3. For fixed 8 < 0o, an exponential concentration bound is ob-
tained in Theorem 2.4.1(b) in [9]. However, it does not cover the case 8 = 0o
since it contains a constant that degenerates at 8 = oo.

Proposition 2.2 together with Theorem 1.3(i) implies the almost sure conver-
gence of i1 log P(ré(a)) >1, Ap).

Continuity of the free energy. Given the concentration bound in Proposi-
tion 2.2, we can derive the following estimate on the rate of convergence by adapt-
ing the argument in [17] for first passage percolation.

PROPOSITION 2.4. For every § > 0, there exists ty > 0 such that for all t > tg
and B € [0, oo],

2.4) [E[log P(t)(@) = 1, A)] — 1p(B)| <137,

We can therefore approximate p(8) by %E[log P(ré (w) > t, A;)] with large ¢,
uniformly over all B € [0, oo], and the continuity from Theorem 1.3(iii) follows
because this expectation depends only on the disasters in a bounded subset of
R+ x R.

Getting rid of the modification. It remains to remove the modification in the
time interval [0, 1]. This might look an easy task but in fact is a subtle problem.
It is possible to replace [0, 1] by [0, €] for any € > 0 and prove that the limit of
%E[log P(rg (w) > t, A,)] is independent of €. If we knew in addition that

(2.5) PP°(B(u) e (=R, R) forall u € [0, 1]) = ¢*®

for large R > 0, then we could restrict the consideration to the above event and
argue that there are no disasters in [0, €] x [—R, R] for sufficiently small € > 0,
which implies rg (w) = 78(w). However, proving (2.5) turns out to be difficult. We
instead prove that the disasters in the time interval [0, 1] do not affect the survival
probability too much, uniformly in the endpoint.

PROPOSITION 2.5. There exists a finite positive random variable A(w) such
that for all x e R,

P(B(2) € dx, Too (@) > 2) > A(w) P(B(1) € dx).

REMARK 2.6. This is the point where we need an extra argument for the
higher dimensions. In fact, the above proposition fails to hold as it is for d > 3. We
defer the description of the extra argument to the end of the article since it requires
several auxiliary definitions. We include the case d = 2 there in order to make the
notation simple in the other sections.
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Key technical steps. The main technical difficulty lies in the proofs of Propo-
sitions 2.1 and 2.2, which share much in common. Indeed, the former consists of
controlling the effect of removing disasters in [z, 7 4+ 1] x R to the survival proba-
bility, and the latter relies on the control on the influence of resampling the disasters
in [i,i + 1] x R, as is usual for concentration bounds. The following proposition
provides those controls.

PROPOSITION 2.7. For every p € N, there exists C > 0 such that for all § €
[0,00],allt > Candr,s >0suchthatl <r <r+s <t andeitherr +s <t —1
orr—+s=t,

E[|log P(t5(w) >t | T4(@prr1s10) = 1. Ar)|7]
(2.6) =E[[log P(tj(w) > t, A;) — log P(t4(@rrrs1c) = 1. Ar)|7]
<C(1+sP)+C(1+log™1)C.

The proof of Proposition 2.7 is the technical core of this work and will take up a
large portion of the rest of the paper. We prove it by sampling the paths according
to the conditional law P(- | rf]; (@[, r+s51c) = t, A;) and then estimating the cost
for the paths to avoid the additional disasters in [r,r + s] x R. This requires a
lower bound on the survival probability for the Brownian motion whose initial and
terminal distribution at time r and r 4 s are given by the above conditional law.

We will prove such a lower bound in three steps. First, in Lemma 3.1, we prove
a lower bound on the survival probability for the Brownian bridge with a further
additional restriction that it stays in a tube around the line connecting its initial and
terminal points (Section 3). Then in Lemma 4.1, we prove a moment bound for the
general initial and terminal distribution (Section 4). This is done by duplicating the
tube strategy provided by Lemma 3.1. In order to make use of many tubes, we need
the endpoint distribution to be dispersed (see Figure 1). Finally, in Lemma 5.1,
we show that the distribution of (B(r), B(r + s)) under the conditional law P (- |
ré (@[r.r+s1¢) > t, A;) is indeed dispersed (Section 5).

Sections 3, 4 and 5 are isolated in the sense that nothing beyond the main lemma
is used later on.

Notational convention. In the proof, we use ¢ and C to denote positive con-
stants whose values may change from line to line.

3. Survival probability in a tube. In this section, we provide a lower bound
for the survival probability of the Brownian motion which is conditioned to end at
a fixed point and restricted to a tube.

We start by introducing some notation. To describe the first conditioning, we
write P"*5:Y for the Brownian bridge measure between (r, x) and (s, y). We in-
troduce the following intervals:
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R

r r+s t

FI1G. 1. An illustration of the proof strategy of Proposition 2.7. The survival probability in each
tube is controlled by Lemma 3.1. If the distribution of the polymer (conditioned to avoid the disasters
outside [r,r + s]) at times r and r + s is sufficiently dispersed, then we can choose the best tube
among many in order to construct a good survival strategy on the whole time interval [0, t].

x and y will be chosen from J© := [—%, %],

e the Brownian motion will be restricted to J(© := [—3, 3],
then the survival probability depends only on the disasters in J 7 := [—%, %],

o J® isdivided into J = {Jﬁl), e Jz(l)}, where J,El) =x+ [—%, %).

The role of J7) is to ensure the independence of the survival probabilities in dif-
ferent tubes in our duplication strategy in Figure 1. For ¢ > 0, let F; denote the first
disaster in [0, £] x J7, that is,

Fy:=inf{r €[0,7]:3z € J7 such that (r, z) € o)
with the convention F; =7 if o N[0,¢] x J = @. Similarly, we let
L,:=sup{re0,7]:3z ¢ J7D such that (r, ) € o)

denote the last disaster in [0, 7] x J7, where we set L; = 0 if there is no such
disaster. The goal of this section is the following lemma, which provides a lower
bound on the survival probability in the tube [0, 7] x J©:
LEMMA 3.1. There exists C > 0 such that the following hold P-almost surely:
() Forallx,yeJ®,

E[log PO*" (too(@) > 1, B(s) € J© forall0 <s <1) | F;, L]
(3.1)
> C(t+1{F <t)(F '+t —L)™Y),

(ii) E[log P(tl (w)>1,B(s) e J© forall0 <s <t)]>—C(t+1).
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REMARK 3.2. The tube is assumed to be parallel to the time axis but this
is not restrictive, as we can change the terminal point of the Brownian bridge by
applying a time-space affine transformation which leaves the law of w invariant.
We include this generalization to Lemma 4.1 since the proof of Lemma 3.1 in the
above simple form is already quite long and complicated.

The terms Ffl and (r — L,)*1 above are the costs for the Brownian motion
to avoid the first and last disasters in [0, ] x J @, respectively. Therefore, this
lemma justifies the intuition discussed after Proposition 1.2. To see the reason
why the cost is inverse proportion of F; or (t — L;), we state simple estimates for
Brownian motion without proof, which we will repeatedly use in the proof.

LEMMA 3.3. There exists C > 0 such that for every s,t > 0 and x,y €
{=2,...,2}, almost surely on {B(t) € 1)5”},

P(B(s+1)eJ" and Bu+1) € J© forallu €[0,s]| B(1))

(32) - e—%—Cs if‘-x#y,
B ifx=y.

We are going to bound the probability in (3.1) from below by constructing a
specific survival strategy for the Brownian motion. We will introduce various ter-
minologies in the course of describing the strategy. Given an environment w, we
can find 7; > 0 and D; € J? such that

o N Ry x JP) ={(To, Do), (T, D), ...}
and such that 7o < 71 < - - -. We denote the interarrival times by Ag := Tp and
Ai =T, —Ti—
for i > 1, which are independent exponential random variables with parameter 7.
We say that J)gl) € J is contaminated by (T;, D;) if

JVNU(D)) #2.

It is simple to check that if Jx(l) € J is not contaminated by (7, D;) and B(T;) €
J X(l), then the Brownian motion is not affected by the disaster at time 7. Clearly,
every disaster can contaminate at most two sites, and since | 7| = 5, there exists
a sequence (s(0),s(1),...) €{0,1,..., 4}N such that JS((I}) is not contaminated by
(Tj, Dj) or (Tj41, Dj11); see Figure 2. The interval Js((l}) is safe in the sense that
the Brownian motion can survive during [T, T;42) simply by staying there.

Note that if there is no disaster in [0, 7] x J7) (that is, on {F, =t} = {F, =
t, Ly =0}), we get (3.1) from Lemma 3.3 since

P(t(w)>1) > P(B(s) € J© forall s € [0,1]) = e~ ".
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FI1G. 2.  Anillustration of the survival strategy until the first regeneration time Rj. In this figure, we
have p1 = 5. At every disaster time, (typically) two intervals are contaminated (marked by the thick
lines). The left ends of the striped regions are safe intervals. The arrows indicate to which interval
the Brownian motion is supposed to move.

For the remainder of this section, we only discuss the case {F; <t} = {F; <'t,
Ll‘ > 0}

The first interval. The survival strategy up to Ty = F; is prescribed by the event
(3.3) 8(0) == {B(Ty) € J{ g, and B(u) € J© for u € [0, Ty]}.
From the estimates in Lemma 3.3, we get

log P(S(0)) > —C(F, + F ).

Renewal construction. After Tp = F;, we define the sequence of survival

strategies by using a renewal structure. Let pg := 0 and for i > 0,
pi+1 =1nf{j > p; + 1:A; > Aj;_1}.
We write the corresponding disaster time by
Ri :=T,,.

We now recursively define events S(i) (i > 1) as follows: B(u) € J © for all u e
[Ri_1, R;) and in addition,

(Sh) B(T)) € g}y forj=pi-t,....pi =2
(S2) Bu)e ) 5 forue[Ty 2.Ty]:
(S3) B(T,) € ).
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In words, the Brownian motion moves to the safe interval in each time interval
(Tj, Tj4+1) except for j = p; — 2. Note that we may have p; = p;—1 + 2 and then
the step (S1) is to be skipped. The second step (S2) is possible in this case since we
have B(T,,—2) = B(Ty,_,) € J(g by the definition of S(0) ( =1)and S — 1)
(i > 2). Now on the event {p; = k} (k > 2), Lemma 3.3 yields

k
(3.4) logP(S()1SO)=-C > A7'=CY A
i=1,...k j
li;ék—l
It is important that the term A,:_ll = max{A_l, e Ak_l} is omitted from the

first sum on the right-hand side, due to the unusual strategy in (S2) above. In-
deed, if that sum was taken over 1 <i <k, it would be the sum of inverse ex-
ponential random variables, which is not P-integrable. On the other hand, the
other terms {AT!, ..., Ak__lz, A,:l} gain one extra degree of integrability from
the l;nowledge1 that they are the £k — 1 smallest members from the collection
(A7, .. A )

Last interval. It remains to prescribe the behavior after the last renewal time
before time ¢. Let us denote by

N(s):=) 1{T; <s} and
i=1

o0
M(s):=) 1{R; <s}
i=1
the numbers of disasters and renewals up to time s, respectively. We further set
o := N(L;) — M(L,) = the number of disasters in [Rasz,y, L] x J,

U :=L; — Ry, = the duration from the last renewal to L,.

Then the survival strategy in [Rps(z,), ] is prescribed by the event 7 defined as
follows: B(u) € J© for all u € [Ry(z,), t] and in addition,

(S4) B(Tj) e Jy), for j=M(L;).....N(L) -1
(S5) B(u)e Ny, foruelTnw,-1. L)
(S6) B(t)=y

In the case where the last disaster time L, is a renewal time, both (S4) and (S5) are
to be skipped. In words, the strategy 7 for the terminal part is the same as for the
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previous cases except that we choose to remain in J Y((l]i, (L)1 after the last disaster
before L;, regardless of whether a renewal occurs after L; or not. Then exactly as
in (3.4), on the event {o = n}, we have

log PO* 0 (T 8(0), ..., S(M(L))))

n—1 n
> —C(Z ATV A+ —L)+ - Lt)_1>,

i=l i=l

where the last term (r — L;)~! appears since the Brownian motion has to move
from Js((llz,( L)1 tO the endpoint y during [L;, ¢]. Note that since there is no re-
newal in [Rys(z,). L], the strategy 7 makes the Brownian motion survive without

moving in the shortest interval among {[T;, T 11 ]}y:(ﬁ})(ztl). Therefore, for the same

reason as before, we can expect that the sum Z;’:_ll Al-_l gains an extra degree of
integrability.
Collecting the above strategies, we define

M(Ly)
S=80)n (] SGHNT.
i=1

Then the probability that the Brownian motion survives in the tube [0, 7] x J© is
bounded from below by

log PO%"Y (oo (w) = 1, B(s) € J© forall 0 <5 <1)
> log P(S;)

(3.5) M(Ly)
=log P(S(0) + Y_ log P(SGi)|SG — 1))

i=I

+1og P(T | 8(0), ..., S(M(L))).

Expectation conditioned on {R;};>1. We are going to bound the P-expectation
of the last line in (3.5) conditioned on F; and L;. What makes the argu-
ment complicated is that the number of summands M (L;) is random, depend-
ing on {R;};>1. Thus we need to estimate E[log P(S(i) | S — 1)) | R;], in-
stead of E[log P(S(i) | S(i — 1))], which can easily be seen to be finite. Sim-
ilarly, the last term log P(7 | S(0),...,S(M(L,))) also depends on Ry,
through U, and hence we need to consider E[log P(T | S(0),...,S(M(L,))) |
U, L]

To this end, it is instrumental to understand the inter-dependence structure
among {A;}i>1, {pi}i=0 and {R;};i>1.
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LEMMA 3.4. The following hold:
1. Both
{pj}j=1 wunderP and
{(Ap+0k=1,...pjs1-p; 2 J = 1} underP(-| pj:j>1)
are independent families.
2. The pj+1 — pj (j = 1) has the same law as py, which is given by
k—1
P(p1 =k) = e forall k> 2.
Moreover, conditioned on {p1 = k}, Ry — R is Gamma distributed with parameter
(k, 7). That is, it has the probability density
7k
(k+ 1)

3. Let {E;}ieN be independent exponential random variables with rate 7.
Conditioned on {p1 =k, Ty, — Ty = s},

r=le= T 1{r > 0).

i={1,....k}\{k—1} i=2 Lj=1k—; FJ

PROOF. The first assertion follows from the fact that (p;);>1 are stopping
times for the process (7;);>0.

To prove the second and third assertions, it is useful to realize the interarrival
times in such a way that the dependence structure between p;, T — To = Zle A;

and Ai_l is clear. To this end, let (Agk))f-‘zl be an increasing order statistics of
independent Exp(7) random variables and let = be a uniform random variable on

the permutations &y over {1, 2, ..., k}, which is independent of A® Then we can
realize the interarrival times as
k
(3.6) (Aii<i<k = (A;(T<)l))1<,<k
Now, since {p1 = k} depends only on 7, we find
k—1
P(pl :k) :P(A] > Az > e > Ak,1 and Ak,1 < Ak) = X

by simply counting the number of permutations satisfying the above ordering.
For the same reason, {p; = k} is independent of Zle A = Zle Agk), which

1
is Gamma distributed with parameter (k, 7). Thus the second assertion is proved.

Finally, Zl 1 A; is independent of {A;/ Z ]; 1> see [12], Chapter IX,
Theorem 4.1. Therefore, conditioned on {p; =k, le] A; = s}, we have
k A (k) -1
1dl A;
(3.7) > ATTE - ( (k)> ,
iell, . kN k—1) SA\YE A,
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where A® is an independent copy of A® . The third assertion follows from the
following distributional identity proved in [16], §1:
)' O

2
GG, Ky df_Er Ej E
AT AL A )= ,
L (S D0 3
Now we state the bounds on the conditional expectations mentioned before.

j
—J

J=1

LEMMA 3.5.

(a) There exists C > 0 such that almost surely,

23
(3.8) E[log P(S(1) | SO) | p1. R1] > —c(R1 + —1),

and

E[log P(T | S0), ..., S(M(Ly))) | U, o, L;]1{U > 0}

(3.9) o3 |
Z—C(U—F?—F(I—Lt)‘i‘(f—lq)_ )

(b) There exists C > 0 such that almost surely,
(3.10) E[log P(S(1) | S(0)) |R1]2—C(R1+Rf1),

and

aan Eflog P(T | S(0), ..., S(M(L)))) | U, L, ]1{U > 0}
' >—CU+U"+¢—L)+@—Lph.

PROOF. Part (a): By (3.4) and Lemma 3.4, we get forw € {p1 =n+2, T,,12 —
To = s},

logPGSi 1S9z ~C(s+ ¥ )

i=1,....n+2 Al
(3.12) i#n+1
+2 n+2
Lo IS D)
. ; .
S i3 Xi—1 ia7 Ej
Thus it suffices to show that the expectation over {E1, ..., E,4+>} in the last line

is bounded by (1 + 1)3. To this end, we first bound the expectation of the sum as
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follows:
n+2 l’l+2E
SDEREET
i ZZ] 1n+2 ]E.
n+2 ”+2E.
(3.13) <Z(n+2—z)E[L]
IE
n+2 n+2 i -1
:Z(n+2—i)(1+E[ > EJ}E[(ZEj) D
i=2 j=i+1 j=1

Now this is the point where we use the extra 1ntegrab11ity brought by omitting
i = 1, which corresponds to the largest value of {A |- Indeed, since Z
is Gamma distributed with parameters (i, 1), for i > 2 we can compute

5 £)nes i of(50) ]

j=i+1

Substituting these into (3.13), we arrive at

n+2 Z’H‘Z E n+2 1
E[Z#} ZL<("+1)3
i=2 Z/ 1 n+2—j Ej

The proof of (3.9) is essentially the same. We assume U > 0 and o0 = n. Then
recall that by (3), we have

log P(T | S(0),...,S(M(Ly)))

n—1

> —C(Z A"+ U+ — L)+ (- Lt)_l).
i=1

Since the interarrival times of disasters in [Ra(z,), L;] are decreasing, the largest

member of {A;” ! }i'_, is omitted in the sum on the right-hand side. This is the same
situation as in Lemma 3.4(3), and thus conditioned on U, we have

n
yoatdy! =L Ei
i=1,...,n—1 1221 lnj J
Then the same computation as in the previous case yields the desired bound.
Part (b): In order to take an expectation over p; conditioned on R;, we estimate
the conditional probability
Por=n+2|Ri=r)=P(or=n+2|Ty, —To=r)

. P(or=n+2,T42—To=r)
P(Ty, —To=r)

’
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where here and in what follows, conditions like 74> — Tp = r should be under-
stood in the sense of probability density. Since {p; =n + 2} and 7,42 — Ty are
independent, by using Lemma 3.4, we can bound the numerator from above by

n+1
To=r) < (et 1) Gr) e .
n+2)! (n+1)!

On the other hand, the denominator is bounded from below by

(3.14) P(pr=n+2,Thyr —

P(p1=2,T»—To=r)
=P —To<Dh—-T, I, —-To=r)

(3.15) = %P(Tz —To=r)

3 _
=re ",

2
Combining (3.14) and (3.15), we find the bound

n+1) (7r)"*tt 2
=)= =
(n+2)! (n+1)!3r

(7r)"

=Y

P(py=n+2|R

In particular, we get that if R} < % then

4
IP>(,01=”‘|‘2|R1)§W

and consequently,

E[p] | Ri]=) (n+2°P(p1 =n+2|Ry)

(3.16) n=0 .
< (42
< 54 D2 < 00

If R; > %, then we use n! > (%)% to see that for all n > +/28 R, we have

P(pr=n+2|Ry) < Ion

and consequently,

(n+2)>3

(3.17) E[p} | Ri] <28°Ri +4 ) 3on

n>+/28R|
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Since the sum on the right-hand side converges, we can combine the two estimates
(3.16) and (3.17) to find C > 0 such that for all R; > 0,

E[p® | Ri] < C(1+ R}).

Plugging this in (3.8), we get (3.10).
Finally (3.11) follows in a similar way. We consider the probability of {o = n}
conditioned on {U = u, L, = [}, which can be written as

Ploc=n|U=u,L;=1I)
M(l 1
_PQLQZﬁ]Af=%AMWH>-~>AMmH+O

= M) to+1 .
IP’(Z,-:(A}B’I] Ai =u, Aypy+1 > > AM@)+o+1)

The two events in the numerator are independent, and hence the numerator is
bounded (in the sense of density) from above by

11
—(Tu)"e™ ™,
(n+D!n!

(3.18)

On the other hand, the denominator is bounded from below by considering the
special case 0 =0:

M)+o+1
P( Y Ai=u Aygyrr > > AM(l)+o+1)
i=M()+1

(3.19)
>P(Apypy+1=u)
=T ",

From (3.18) and (3.19), we find that

1 (Tu)"
]P’(<7=n|U=u,L;=l)§n+1 e

The rest of the argument is the same as for (3.10). [
We are now ready to prove Lemma 3.1.

PROOF OF LEMMA 3.1.  Part (i): Note that on the event {M (t) = m}, we have

log P(S;) = log P(S(0)) + Zlog P(SG) 1SGE—1))
i=1

+1log P(T 18(0), ..., S(m)).
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By using the bounds (3.10) and (3.11) and denoting R; — R; 1 by AR;, we get on
{Ft <t}
E[log P(S) | Fy, Ll‘]

M)
> —C(F, +F! +E[Z AR; + U]

(3.20) i=1

M(t)

+E[Z (AR)™' + U—l} + (= L)+ — L[)‘l).
i=1

Since we have F; + ZM(” AR; +U + (t — L;) =t by definition, it remains to show

that the third expectation in (3.20) is bounded by Ct. We use that A; <st Ai Zqt

AR;, where A; is Gamma distributed with parameter (2, 7) and A; is exponentially
distributed with parameter 7, respectively. Since

1
(r1,...,ri) = r—]P)(rl ++ri <1)
1
is decreasing, the above stochastic domination implies

M) 0
E[Z (ARI')_I} = E[(AR)'U{AR  + -+ AR; <1}]

i=1 i=1
<ZE AT A+ A+ A <1))

By using the form of the probablhty density of A1, we find
E[AT'2{A; + Ay + - + A} <1}]

o0
:/ a'Pla+ Ay 4 -+ Al <1)49ae™ "% da
0

=TP(A} +---+ A} <1)

and hence

M(t) o0
E[Z (ARi)_l] =7 P(A| +---+ A} <1).
i=1 i=1
The sum on the right-hand side is nothing but the expectation of a Poisson process
with intensity 7 on [0, ¢], which is equal to 7¢.
Part (ii): We follow the same strategy as in (i) but we skip (S6) in our strategy.
Then we obtain the bound

Eflog P(td (@) > t, B(s) € J© forall 0 < s <1)|F,]
> —C(t+1{F, <t}F ).

Since F;(wio,1}c) > 1, we are done. [J



3840 R. FUKUSHIMA AND S. JUNK

4. Higher moments with general endpoints distribution. In this section,
we use Lemma 3.1 to get bounds on higher moments for the survival probability
with more general initial and terminal distribution for the Brownian bridge. We
first introduce some more notation. Given 0 <r < s and v € M(]Rz), we denote
by PY"S the law of the the Brownian bridge in the interval [r, s] with initial and
terminal points chosen according to v. More precisely, let us recall that P"**Y
denotes the Brownian bridge measure between (r, x) and (s, y) and define

4.1) PV () = /Rz PIESY (v (d(x, ).

As we mentioned in Section 2, we will derive our moment bound by considering
the survival probabilities in many disjoint tubes. For x € R and i > 1, we define

55
IO = 7i [——,—]CR,
O ) :=x+7i + 53| S

JO@) :=x +7i +[-3,3] CR,
and for a given probability measure v € M(R?) and p > 1,
(4.2) MP():= sup min v(JOG) x IO ().

x,yeR’:O ..... P

This is a measure of (local) dispersion of v. If M7 (v) is large, then under P""%,
there is a good chance to find the initial and terminal points of the Brownian motion
in J,§5> (i) x Jy(s)(i), foreachi =0, 1,..., p. Note that from our choice of JD the

tubes connecting J}S)(i ) and Jy(s) (i) are independent for different i. Since we can
apply Lemma 3.1 to get a lower bound on the survival probability for each tube
by itself, we should be able to get a better bound on the survival probability in the
time interval [r, s].

The following lemma is the goal of this section, which formalizes the above
intuition.

LEMMA 4.1. Forevery p > 1, there exists C > 0 such that forany 0 <r <,
t€[0,s —r] and v e M(R?),
4.3)  E[Jlog P""* (too(@prs) = r +1)|[P] < C(1 +17) + [log M (v)|?.
If in addition v is supported on [—A, A)* € R? for some A > W, then

E[[log P""* (too(@pr.5) = r + 1, |B(u)| < A forallu € [r,r +1])|"]

(4.4)
< C(1+17) 4 [log MPF2(v)|P.

PROOF. We assume that the supremum in (4.2) is attained at x, y € R, and set
V16 1yx 10 i (05 1))
5) . 5) .
() x 1))

Vi (d(x, y)) :=
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R? R?

(r.9)

FI1G. 3.  The law of w is invariant under the affine transformation that maps (r, x) to (0,0) and
(s, y) to (r —s,0). Note that the shifted tube connecting {r} x (x +[—3,3]) and {s} x (y +[-3,3])
is mapped onto [0,s —r] x J (6), the tube considered in Lemma 3.1.

Then we have

PV (Too(w[r,s]) >r+ t)

> max

P (1o (@) = 7 + 1) (d(u, v)
i=0,..., P/(u,v)eff)(i)xjf)(i) (oo (@1 )v( )

= max V(I (@) x TP D) P (Too (@]rs)) = 7 + 1)

.....

> min v(JO @) x Jy(s)(i)) ‘max  P"" (tog(wprs)) =7+ 1).
i=0,....,p i=0,....p

In order to apply Lemma 3.1 to the probability in the last line, we perform a time-

space affine transformation that maps (r, x) to (0,0) and (s, y) to (s — r,0) (see

Figure 3), and write @ for the image of @ and v; € M(J(gs) (i)?) for the image

measure of v;, respectively. Under this transformation, @ has the same law as o

while PVi-"5 is transformed to PV = PVi-0:5—" Therefore, we have

P (too (@) Z 7 + 1)
4.5) - - (6)
> pi (Too(w) >t,Bu)eJ, (i)forall0 <u < f)

and for different i ’s, the probabilities on the right-hand side depend on @ in disjoint
sets and hence are independent under PP. Let us introduce

4.6)  X;:=[log P (teo(@) > 1, Bu) € J\® (i) for all 0 < u < 1)),
so that we can write

llog P""* (too(@prs) = 1 +1)|P < op-1 (]log MP )| + ( r(r)lin X[)p).
i=0,...,
It remains to bound the p-th moment of min;—, . , X;. Recall that @ has
the same law as @ and that X; = X¢ o 6y 7;, where 6 7; is the time-space shift
operator. To simplify the notation, we write F;; and L;; for F; o 6y 7;(®) and
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Ly 0 6p.7; (), respectively. By Lemma 3.1, we have the following upper bound for
i=0,1,...,p:

1 1
E[X; | Fis Lidl<c (t +U{Fi, <t} (E + — Li7,>> :
where c; > 0 is a constant. In this proof, we keep the constants indexed and clar-
ify their dependence on parameters. Using Jensen’s inequality, the above bound
and that the marginal laws of F;; and L;; are the exponential law with rate 7
truncated at ¢, we obtain that for any € > 0, there exists c2(€) > 0 such that for
i=0,1,...,p,

e 1 1 1—e
E[(X; — e} ] <aE|1{F, <1) —
— Lag

it

< c2(€).
This bound and the Markov inequality yield
P((X; —c1t)4 > u) < ca(e)u™!

foralli =0,1,..., p and u > 0. As a consequence, if we choose € sufficiently
small, we have

p
P( min (X; — c10)4 > u) — B (X —c1t)s = u)
O<i<p i=0

< c2(6)p+lu—p—1/2

for all u > 0, where we used that X, X1, ..., X, are independent. From this tail
bound, we can deduce that

P P
E[( min X,-) ]SE[( min (Xi—c1t)+—|-c1t) }
i=0,....,p i=0,....,p

<a(p) (t” +E [(i:%fi.?,p(xf B “”*)pD

o0
<c3(p) (t” +f pu”_lcz(e)”“u‘p‘”zdu)
0

<c4(p.e)@” + D).

This completes the proof of the first assertion.

The second assertion is essentially proved in the above argument once we ac-
count for some issues with the boundary. Note that the bound (4.4) is trivial unless
MP+2(v) > 0, and in that case we again write (x, y) for the values where the
supremum in (4.2) is attained. Since A is large enough, we observe that among
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there are at least p + 1 indices iy, ..., i, such that
TOj) x JO(ij) S[-A, AT forall j=0,...,p.
For such an index i, we note that the event considered in (4.6) ensures that the

Brownian motion does not leave [—A, A] in [r, r + t]. We then obtain (4.4) by the
p Xi has to be replaced by

.....

.....

5. Midpoint distribution of polymer. In order to prove Proposition 2.7, we
will apply Lemma 4.1 to the midpoints distribution under the following polymer
measures

v;’fg(d(x, y))
= P((B(r). B(s)) € d(x, y) | T4(@[r.5)) = 1. A;) € M(R?).

Thus we need to estimate the dispersion M? of this measure, which is the goal of
this section:

(5.1)

LEMMA 5.1. Let p > 0 and q > 1. There exists C > 0 such that for all B €
[0,00] and all 1 <r~ <rT <t such that either r ™ <t —lorrt =t,

(5.2) E[[log M”(v], ;" ")[*] < C(1 +1log* 1)C.

PROOF. Let us recall the notation

11
J(1)= |:_7_>a
p X+ )
55
1;5)(i)=x+7i+[—§,ﬂ,
JO @) =x +7i +[-3,3],
MP(v)= sup min v(J;S)(i)ny(s)(i)).
x,yeRi:O ..... p

Observe first that thanks to the truncation A;, for every 0 <r < s <t and every w,
there exist x, y € R such that

(5.3) vy (T x Iy = e,

The bound (5.2) for p = 0 follows by setting r =r~ and s =r 7.

In order to prove (5.2) for p > 1, we need to find sets of intervals {1)55) (i )}f’:0
and {Jy(s)(i)}f’zo for which v;T/;ﬁ’[(J)Es)(i) X Jy(s) (i)) are not too small for all i €
{0,1, ..., p}. Our strategy is to use (5.3) for some r < r~ and s > r™ first and then

sprinkle the mass on the time intervals [r, r~] and [r™, s]. To this end, we have to
findr <r~ <r* <s and x, y € R such that
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e (5.3) is satisfied,
e there are no obstacles inside [r, 7] and [r, 5], close to (7, x) or (s, y).

The latter condition would ensure that the disasters do not prevent sprinkling the
mass.

For now, let us assume that ¥~ > 2 and r* <7 — 1. We denote ry, :=r~ — 1
and rar :=rT+1andfori>1,

R A 6 .
5.4) r;i=r +;Z} 2 and r;r :=r5r—p2] 2,
j=1 j=1

Note that r;” < r~ and r;r > rT for all i. From (5.3), we know that there exists
(jiF, j;) such that

-+
q,q,t

(5.5) A (J;p X J;i)) >t

For i > 0, let A; : [0, 00) — R be the affine linear function with 4,;(r;”) = j;” and
Ai (ri+) = ji+, and introduce the slanted space-time boxes

7
SF = {(u,x) tu e [riF r ) hiu) — 3

(5.6) 7
<x <M +T(p+Dig+1) - 5}.

Here, we interpret the time-interval [rl.+, r;_ll) as (”1'11’ rl.+] by a slight abuse of
notation. The same convention applies in the rest of this proof. Let us define the

event
Ci :={w(S;US7)=0].

Observe that since the boxes SijE are disjoint and have decreasing volume, the
events are independent and P(C;) > P(Co) > O for all i > 0. Therefore,

G :=inf{i > 0: C; holds}
has a geometric tail:
(5.7) P(G > i) < (1 —P(Cp))'.

In particular G is almost surely finite, and hence j; and jér are well defined.
Figure 4 provides a schematic picture of this construction.
Now fork € {0,...,q},1€{0,..., p}and u > 0, let

TO K1) = T2 D

6
JOU 1 u) = J)EG)(M)+7(17+1)I<(Z)’
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FI1G. 4. An illustration of the resampling procedure. The dots represent the disasters. The short
J(,],) X J(,p have not too small probability (> ct—2) under the polymer measure with
respect to D= e The gray areas corresponds to S?t In this figure, we have G = 4 since the SZF

black intervals

and S, are free of disasters. The mass of the polymer measure in J(4) can be sprinkled to the long
black intervals.

and for & € {+, —}, consider space-time tubes
IO,y = {u,x):uc [rg.;l, rx € IOk, 1, w)},
I8 =18k, 0)u--- VIO, p).
We define the events
A (k, 1) := {(u, B(w)) € S forall u € [r5. r&.].
B(rg.1) € J(S)(k»l’réﬂ)}’
AE ke, 1) = {(u, Bw) € IOk, D\ D forall u € [rE, ,, rE],
B(r*) e IO (k, 1,r*)),

where D is the set of disasters defined in (1.6). In words, A| (k, ) is the event

that the Brownian motion moves from J;P to the left end of the tube J© (k,I) in
G

[rGsrG1], without leaving S . This guarantees survival since by the definition of
G, there are no disasters in S;. On the other hand, A, (k, ) is the event that the
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Brownian motion survives inside tube J£6) (k,1) in [rg 11,77 ] Weset
Ak, D) == A (k,[)NA; (k, )N A;r(k, hHnN Af(k, D).

By definition, we know that Mp(vcrojl’gr "1y is bounded from below by the
maxge(o,1,...,¢) MiNje(o,1,..., p) Of the following probability:

r ,r+, —
v i IO L) x T (K, 1, rT))

w

EP((BIr). BIr) € IOk 1r7) x IOk, Lr) | th(@p- 1) = 1, Ar)
> P((B(rg), B(r$)) € Jj%) x Jj%), Ak, D) | Th (@, 1) = 1, A,
where in the last line, we have used that
Alk, 1) N {4 (@ ) 2 1} C {4 (@p— 1) > 1},
Let us introduce the distribution
a(x1, y1, dxa, dyy) 1= PTG+ 176412 ((B(r™), B(r™)) € d(x2, y2))

and denote

p(x1, y1,dxz, dy?)
= PTGV (B(rs ) € dxa, B(rd L) € dya, (u, Bw)) € Sg U S&

forallu € [rg.rg, ]V [rér+1”’é;r])-

Note thatrg | —rg = rz;r — ré“H = 6/(712(G + 1)?) and, therefore,

inf p(xt, y1, dxa, dyz)} > oG

5 5 —
<x1,y1>e1;1_>x1;2{/f( Mgy ) I Lrgy)
G G

Note also that since S; and S g are slanted parallel to the line connecting (r, j;)
and (r(J;r , jg ), we can apply an affine transformation and use invariance of the
Brownian bridge to see that this estimate does not depend on the distance between
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Jg and j(}L . Using the above notation and estimate, we get

P((B(r5), B(rg)) € J]%) x JJF:, Ak, | T (@, i1 = 1, Ar)

-+
rG,rG,t
= v d(xl,yl)/ p(x1, y1,dx2, dys)
/Jfljxﬂ_lﬁ op ) TO g, ) IR LrE, D
¢ Jg

x a(x2, y2, dx, dy3) PTo+1727 5 (A7 (k, 1
./](5)(k,l,r—)x‘](S)(k’[’r+) Y Y ( 2 ))

x PTG (AT (k. 1)

-+
rG,rG,t

= Vo,B

2
(I x g D)eme6
JG JG

xdnf  PTonr B (AT (k, D) PTG (AS (k, 1),

X2,X3,¥2,¥3

where the infimum is over J(5)(k,l,r5+1) x JOU, 1, r7) x JOWU, 1, rt) x
IOk, 1, rg+l). Recalling (5.5) and noting that G has all moments by (5.7), we
only need to prove that mingejo,1,.... 4} Max;e(o,1,..., p} OF

Zi = )1og( inf PTG (AT (k, 1) PTG (AT (k)|

X2,X3,2,Y3)
has all moments. Now letting F,:E and L,jf denote the first and last disasters in

Jf) (k), respectively, we get from (3.1) that there exists C > 0 such that

E[ max Zyilop,. FE RO LE L]

1€{0,1,.... p) renle
(it < rel(r 1)
F r——1Ly
+1{F <r§+1 —r+}(%+%)>'
Fe ro — Ly

Then we can argue exactly in the same way as in the proof of Lemma 4.1 to obtain

q
E i Z <C.
[(ke{(gﬂl,r.lwq} le{gllg,l.x..,p} k’l) ] -
This completes the proof forr =~ >2and r~ <t — 1.
In the case r~ < 2, we use the interval [0, 1], which is free of disasters, in place
of [rg,rg +1], and set j; = 0 for all i > 0. More precisely, define ri+ as above and
let j,.+ be such that

1rht

vy s (R X Jl(i)) >Cr2.
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Let A; be the linear function with A;(0) =0 and A; (ri+) = ji+ and define SiJr as
in (5.6). Using an affine transformation similar to before, we see that there exists
C > 0 (independent of w, i or jl-+) such that for all y € J;_P and all k =0,...,

(p+D@+1—1,
ot 5 5
PO’O’rz ’y(B(l) e J)S ()1)(]() B( l+1) S J)Ei()rzt-l)(k)’ (M, B(M)) € Sl+

for all u € [r;, reT )

58 = POy (B(1) € SO (), B(rit ) € IO W), (u, Bw)) € S

forallu e [rlil, rl.+])

1 _Ci2
ZC le Ci

’

where S; := [t .71 x [=3,7(p + D(g + 1) — J]. Now let G :=inf{i > 0:
Si Nw = &} and note that G has a geometric tail, so that in particular j&L is well
defined. By the same consideration as before, it follows that

: Lrgart (5 5)
min J k) x J k
(5.9) im0 g1 " Dan® g, ®)

> C~1o—CG* =2
The rest of the argument is identical to before.
Finally, in the case r™ = t, we simply restrict to x = y in (4.2) to get

MP (v, §)

>Csup min P(B(r~) € JO (i), B(t) € IO () | 14wy 1) > 1).
xeRi=0.....p

Since we do not need to consider the survival strategy after time ¢, we can modify
the previous argument by setting r;r =t and jiJr = j; foralli > 0 to show that
E[(log sup min P(B(r™) € JOG), B1) € IO () | th(wp- 1) = z))"]
xeRi=0,....,p
C(1 +1log* )€, O

6. Proof of the key propositions. In this section, we derive all the key propo-
sitions appearing in Section 2, using Lemmas 4.1 and 5.1.

PROOF OF PROPOSITION 2.7. We write @’ for wy, 4] in this proof for sim-
plicity of notation. We define a random probability measure v(w’) by

6.1)  v(o)(dx,dy):= P(B(r+s) €dx, B(s) edy | ré (o) =1, A).
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Then we can write

LHS of (2.6) = E[[log P(t5(w) = 1 | 15(e) > 1, A;)|"]

<E[[log PP+ (2 @) 2 1, t/gfr‘}yﬂ]lB o] <)}

Since v(w’) depends only on the environment outside of [r, r 4+ s] x R, we may
integrate wr, 45 conditionally on v(w’). Then by using (4.4) and part (i) of
Lemma 5.1, we can find C > 0 such that the above right-hand side is bounded
by

C(1+sP) +E[[logMP2(v(w))[P] < C(14+5P)+C(1 +log+t)c. O

PROOF OF PROPOSITION 2.1.  We introduce a variation of the truncation event
A;:Fors,t >0, let

Al :={sup{|B(t')|: 0 <1’ <5} < [1]%).
We define a random distribution
(@) (dx) := P(B(s) € dx | (@) = s, AT) € M(R)

and we use P*(@ for the law of Brownian motion started with B(0) distributed
according to u(w). Then we have

ap(s +1) = E[log P(r/; (W) >s+1, Agys)]
= E[log P(ré (w) > 5, A1) ] + E[log P (15 (05 (@) > 1, AT)]
=:E[log P(tg(w) = s, AT™)]
+ E[log P*) (t4 (05 (@) = t, ATT)] + b(s. 1)
> ap(s) + E[log pr@ (tp(0s (@) > 1, Ay)] + b(s, 1),
where the remainder term is, by Proposition 2.7,
b(s, 1) :=E[log P(t}(@) = 5 +1 | th(@pss411) = 5 +1, Ags)]
> —C(1+logt(s +1)°.
Since we have by Jensen’s inequality that

E[log P*) (14 (65 () > 1, A/)]
> 5| [ 10g P (0} (00(0) 2 5. ADui@) (@) |

=ag(1),
the proof of (2.2) is completed. [
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PROOF OF PROPOSITION 2.2. First consider the case t € N. We regard w as
the sum of independent random measures: w = ) ;- @Ji.i+1] and apply a moment
bound in [4] for functions of independent random variables. Let w and o’ be two
independent realizations of the environment, and fori =1, ...,¢, let

. /
w; = Cl)[[7[+]]c +a)[i,i+1]‘

In other words, w; is obtained by re-sampling the disasters of w in the stripe
[i —1,i) x R. We set

X :=log P(té(a)) >1, A),
X; :=log P(ré(a)i) >1, A).

Then Theorem 15.5 in [4] and Jensen’s inequality tell us that there exists C > 0
depending only on ¢ such that

E[|X - E[X]*]

< el (Set(ox x|

i=0

62) N CE[(ZIE[«X —X)7)’| ‘”]ﬂ

i=0
<ci! Z_ZIGE[((X — X))+ E[((X - X)7)*)).
i=0

Since (X — X;)T and (X — X;)~ have the same law, we focus on the first one. In
our setting, we have

(X — X)T =1{X; < X}(log P(t5(w) > 1, A;) —log P(tg(wi) > 1. A,))
<1{X; < X}(log P(T,é(w[i,i—l—l]c) >1, A) —log P(Té(a)i) >1,A))
<|log P(t4(w;) > t | tg(@piis10) > 1)].

Noting that the right-hand side depends only on w; that has the same law as w, we
may apply Proposition 2.7 to find a constant C > 0 independent of ¢ and § such
that

E[((X — X)T)*] <E[[log P((@) > t | Th(@}iit1e) = 1. A) ]
<C(1+1log" ).
Substituting this into (6.2), we obtain
E[|X —E[X][*] < Cr9(1 +log™* 1)
and the desired bound (2.3) for ¢ € N follows readily.
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It remains to show that it suffices to consider the case t € N. By Proposition 2.7,
we find C > 0 such that for all # > 1 and all 8 € [0, oo],

E[log P(ts(w) > t, A;)] — E[log P(tp(w) > [t1,A;)] < C(1 +log™ t)c.

Moreover by the same proposition with p = 2¢g + 2, we see that for ¢ sufficiently
large,

Bl—

)

(6.3) <t~ UtDE[(log P(r4(w) = t, A;)] — log P(r4(w) > [1], AP

P(log P(tg(w) = 1, A;)] — log P(t4(w) = 1], A)) > 1

< t*(q+%).
These two bounds allow us to extend (2.3)tor e Ry. [

PROOF OF PROPOSITION 2.4. It follows from Proposition 2.1 and Theorem 2
in [14] that p(B) :=lim; , » ag(t)/t exists and

D < pprra [ pi) 4 g0

In order to prove the other bound, we first prove that for ¢ > 1o,

(6.4) ag(21) < 2ag(t) + C12+.

To this end, we define for all x € [—[7]2, [¢]%> — 1] N Z,
pri=P(BM) elx.x+ 1), 15(w) > 1. A),

wx(@)(dx) := P(B(t) edx | B(t) € [x,x + 1), ré(w) >1, A)) e M([x, x4+ 1)),
Xy 1= PO (1h(0, (@) = 1, Ay),
Yo = P (14(0, (@) = 1, A)),

where as before P* denotes the law of Brownian motion started with B(0) dis-
tributed according to ©. Moreover, we consider events

By := {Yo =max{Y,: x €[>, 1] N Z}},

|log P(tg(w) = 21, Az;) — Ellog P(zg(w) = 21, Ay)| < 20248},

{
{|10gP(Tﬂ(0)) >1, A;) — E[log P(ré(a)) > 1, A)]] < z%*‘s},
{

Yo — E[Yo]| <2},
Since {Y, : x € Z} is a stationary sequence, we have

(6.5) P(Bo) = (262 +1)7".
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Note that there exists C > 0 such that for all © € M ([0, 1]) and all x € R,
P(B(1) edx) v P°'(B(1) e dx) > CP*(B(1) € dx).
This implies that almost surely for all x € [—[1]2, [t]2 — 11N Z,
YoV Yes1 = CX,.
By Proposition 2.3, there exists C > 0 such that for all # and all 8 € [0, oo]
(6.6) P(BiNBNB3)>1—Ct72.

Combining (6.5) and (6.6), we find that B := By N B N B2 N B4 has positive prob-
ability for all sufficiently large ¢. In particular, it is nonempty and we can pick an
w € B. Then since w € By, we have

P(t4(w) = 2t, Ay)

< Z P Xy + P< sup |B(r)| > [11% or sup |B(r) — B(t)| > MZ>

xe[—12,121N7Z r€l0,7] relt,2t]

—_C3
<C Y p(eVYi) 27

xe[—t2,121NZ

< CP(th(@) = 1, A )Yy +2¢C".

Next, by using w € By N By N B3, we can replace the logarithm of the probabilities
by their P-expectation with the error terms, which yields for ¢ sufficiently large,

ag(2r) — (Zt)%—’_s <2ag(t) + 212+8 +log(1 + 26—t3+20/3(t)) LC
<2ap(t) + 207 427 H2CAH 4 0

<2ag(r) + i,

where we have used Lemma 3.1(ii) in the second inequality. This completes the
proof of (6.4), and by applying it repeatedly, we obtain for any k € N,

1
ap(t) = Sap(21) — Crat?
> %aﬂ(m) — €192 oyt

1\k Yt S
> <§) ap(2kt) — cr2t?y 279,
i=0

For any § < %, the sum in the last line converges for k — oo and we get

k
ap (1) +Ct_(%_5) > lim ag(2°t) _
t T k—oo 2kt

PB). O
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REMARK 6.1. When d > 2, we have
P(Bo) = (1 +124)~"
instead of (6.5) and we have to replace (6.6) by
P(B; N By NB3) < Cr24-1,

This causes no problem since Proposition 2.2 gives us an arbitrarily fast polyno-
mial decay.

PROOF OF PROPOSITION 2.5. Note first that there exists C > 0 such that for
all x e R,

6.7) P(B(2) €dx) > CP(B(1) € dx)e ™.

The factor e€* can be regarded as a gain from the 1 extra time. We are going to
impose the additional constraint {7, (w) > 2} on the left-hand side and show that
the additional cost is much smaller than the gain. More precisely, we show that
there exists K (w) such that for some (deterministic) ¢ > 0 and all x > K (w),
(6.8) POO2X (2 () > 1) > ¢ exp(—clx|2).

To see this, denote by A; the linear function with A;(0) = 0 and A;(2) = 5k, and
let Sy € R4 x R denote the slanted time-space box

(6.9) Sk :={(s,x) :5 €[0,2], x € [Ac(s) — 4, M (s) + 4]}

We write R := |w N Si| for the number of disasters in S, and 0 < Tl(k) <<
Tlg];) < 2 for the corresponding ordered disaster times. It is convenient to define

To(k) :=0 and TIEIZ)H :=2. As in Section 3, we also consider the interarrival times

between disasters:

k k k .
AE)::Ti(jL)l—T[() fori =0,..., R.

Note that by our convention Ag = Tl(k) and Ag, =2 — T,E,]Z). Let us define events
& = { Rk < Clog|kl|},

Al(k) > k_fT }
,,,,, Ry,

Since Ry is Poisson distributed with parameter 8 which has an exponentially de-
caying tail, we can find C > O such that

Z P(&) < oo.

keZ
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Thus we have P(£) = 1 for & := {& for all but finitely many k} by the Borel-
Cantelli lemma. Next, note that 7} is nothing but the event that the Poisson process
with rate 6 on [0, 2] has a point in the K~/ neighborhood of the boundary or has
two points within distance k~>/4. It is easy to see that such probability decays like
P(FY) < ck=>/4,

Setting F := {Fy for all but finitely many k} and using the Borel-Cantelli
lemma again, we find that P(€ N F) = 1. Now for w € £ N F, we find K (w) > 2
such that for all |k| > K (w), we have Ry < Cloglk| and min{Aék), e, A%‘k)} >
k=%, Observe that every x € R is contained in [5k(x) — 3, 5Sk(x) + 3] for some
k(x) € Z, and in particular (2, x) € Sk(x). Then for all x with |k(x)| > K (w), we
use the estimates from Lemma 3.3 to get

POO2% (1 (w) > 1)

> PO’O;Z’X(‘Eﬂ(a)) > 2, B(u) € hgxy(u) + [—3, 3] for u € [0,2])

6.10 Rk
(6.10) 3exp<—c—ZL>

5
> exp(—c — clk| log |k|).

This completes the proof of (6.8).
For x € R with |k(x)| < K(w), we can still use the second line in (6.10) as a
lower bound. Therefore, we conclude that

P(B(2) € dx, 100 (w) > 2)

j3/2

> P(B(l) e dx)(C inf Cx*—ck

(6.11) xezd
Ry, c
A i —-c—)>) —1).
|k|21}<‘zw>exp( ‘ EOA,@)) 5

7. Proof of main result.

PROOF OF THEOREM 1.3.  Part (i): This is a direct consequence of Proposi-
tion 2.1 and Theorem 2 in [14].

Part (ii) for d = 1: The almost sure convergence of ¢~ ! log P(r;o (w) =1, Ap)
to p(oo) along ¢ € N follows by choosing r = 2 in Proposition 2.2 and the Borel-
Cantelli lemma. Let us extend this convergence to ¢ € R.. Note that the definition
of the truncation in (1.8) implies A; = A[;. Therefore, we have

P(tl(@) > 1], Ajn) < P(t (@) = 1, A) < P(tl (@) > [t]. Ap).
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On the other hand, one can easily deduce from Proposition 2.7 and the Borel-
Cantelli lemma that almost surely,

log P (t50(@) = 1], Arn) = log P (to @1y, r11) = 11, A1)
<log P(tk (@) = [1], An) +1'/2

for all sufficiently large . Combining the above two bounds, we find
.1 1
tl_l)rgo p log P (15 (@) > 1, A;) = p(00).

Next, we get rid of 4;. Since Lemma 3.1 implies p(c0) > —o0, and since P (Af) <

3.
e~ ", it follows that almost surely,

.1 1 .1 1
tl_l)Igo 7log P(t () >1t, A) = Il_l)rrolo p log P (1o (@) > 1) = p(00).
Finally, we replace 7., by 7. By the definition of 7. (), we have

1 1
li —log P >1) < lim —log P(t) (0) >1) < :
imsup - log P(7eo(@) 2 1) < lim -~ log P(roo(@) 2 1) < p(c0)

On the other hand, using Proposition 2.5, we find that
P (1o (@) > 1) :/ P2 (too(@) > t — 2) P(B(2) € dx, Too(w) > 2)
R

(7.1) > Aw) /R P2 (t0(w) > t —2) P(B(1) € dx)
> A(w) P(td, (01.00) = 1 — 1).

Since lim;_ o0 2~} log P(tolo (61,00) >t — 1) = p(co) almost surely, we are done.
Part (iii): Fix an arbitrary § > 0. We can use Proposition 2.4 to find 79 > 0 such
that for all 8 € [0, oo] and t > 1,

ap(t)

— —P(,B)‘ <34.

Since ag(t) is the expectation of a random variable depending only on the disasters
in a finite area, it is clear that 8 +— ag(¢) is continuous. Therefore, there exists By
such that for all § > By,

1
|p(B) — p(00)| <28 + ;!a,s(t) —as ()] < 38.

This implies the desired continuity. [J
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7.1. Almost sure convergence for d > 2. In this section, we prove the almost
sure convergence lim;_, %log P (to0(w) > t) = p(0c0) in dimension d > 2. As
mentioned in Remark 2.6, the only point that requires an extra argument is the
proof of

1
(7.2) htrggéf; log P(too(w) > 1) > p(00).

Note that Proposition 2.5 does not generalize to higher dimensions: For k € Z¢, let
Lk denote the last disaster in a multi-dimensional version of the time-space box
from (6.9). Then almost surely, there exists a point k € Z¢ with |k| < K such that
2 — Ly < K~4%1/2 for all sufficiently large K. If x is behind the last disaster for
such K, then in d > 3 the second line in (6.10) is smaller than exp(—ch_l/z) =

o(exp(—CK?)), and hence cannot be compensated by the factor T (6.7).
Obviously, the problem in this argument is that we have too many k’s. We solve
this problem in the following two steps:

o first restrict B(1) to an essentially one-dimensional slab,
e then show that the above restriction does not affect the limit.

Fork = (ka, ..., kg) € Z¢471, let

1 1 1 1
Hy =R kr — =,k - kg— =,k -
k X[z 5 2+2>>< X|:d > d+2)

and set
b (,k) := P(tL (®) > 1, B(1) € Hy, A;).

An easy extension of Proposition 2.5 shows that there exists some positive and
finite random variable A’(w) such that for all x € Hy and ¢ > 2,

P(too(®) > 2, B(2) € dx, A;) > A'(w) P(B(1) € dx, A;).
Then, by the same argument as in (7.1), we have
P(too(@) > 1, A;) > P(too(®) > t, B(2) € Hy, A;)
> A'(@)b; (01,0(w), 0).
Thus (7.2) follows once we show that P-almost surely,
(7.3) htn_lggf% log b (w, 0) > p(c0).

The proof of (7.3) is divided into the following two lemmas, which are analogous
to Propositions 2.2 and 2.4.

LEMMA 7.1. There exists ty > 0 such that for all t > ty,

(7.4) P(|logb; (w, 0) — E[log b, (w, 0)]| > t%) <21,
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LEMMA 7.2. There exists ty > O such that for all t > ty,
(7.5) Eflog b (w, 0)] > E[log P(} (@) > 1, A)] — £3.

PROOF OF LEMMA 7.1. The proof is almost identical to that of Proposi-
tions 2.2. Let us introduce a multidimensional version of the notation used before:

1 1\¢
7 :=x+[—— —) :

2’2
J(S)(') 4 Tie +[ 5 5) |: 1 1>d—1
i):=x i -, = | X|==, = )
* ! 2’2 2’2
MP(v):= sup min V(I G) x IO (@),
x,yeRdl_ """ p
where ey, ..., e; denotes the canonical basis of R4, With these definitions, Lem-

mas 3.1 and 4.1 readily extend to d > 2. Moreover, Lemma 5.1 holds for
ap— pt _
D50 T(d(x,y) == P((B(r7), B(r+)) ed(x,y) | ‘L';O(w[r—’rﬂc) >t,
A;, B(1) € Hy)

in place of v@j&f*’ . Given these ingredients, we can follow the same argument to
prove Proposition 2.2.

Let us explain how to verify Lemma 5.1 for 7. Since (5.3) holds with v replaced
by ¥, the proof of Lemma 5.1 works without change in the case r~ > 2. The
case r~ < 2 requires some care because we need to sprinkle the mass on the time
interval [0, 1] under the additional constraint {B(1) € Hy}. We define ri+ as in
Section 5 and choose jl-+ such that

+
Al,ri t

(7.6) Do (Hy x JJSP) >Ct,

Then define A; (1) = (kil (u), A2(u)) with A} R4 — R and Af ‘R4 — R such
that

L )\'l(rl+) = -]l+’
° k} is linear (Ail (0) =0),
° Al.z is piecewise affine linear with Al.z 0) = kl.z(l) =0.

Using this definition, we can replace v by ¥ in (5.9). Observe that, unlike in the
one-dimensional case, Sl-+ is not a slanted time-space box in the last d — 1 co-
ordinates. This is in order to ensure {B(1) € Hp}. As a consequence, we have to
consider the Brownian bridge conditioned on {B(1) € Hp} in (5.8). But this does
not impose any additional cost since we have the same conditioning in the defi-
nition of 7. For the coordinates in time and e;-direction, we can apply an affine
transformation and we get (5.9) for v. [
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PROOF OF LEMMA 7.2. We argue in a similar way to the proof of Proposi-
tion 2.4. Let us introduce events

Bo(r) := {bt(a), 0>  max  biwk) - e—Cf3],

ke{—12,...,12}d
By (1) := {|logbs (, 0) — E[log b, (w, 0)]| < 3},
Bo(t) = {|log P(r) (@) > 1. A;) — Eflog P(tL () > 1, A))]| < 13}

Note that from here on out ¢ should be replaced by [#7, which we omit to ease the
notation. Proposition 2.2 and (7.4) yield that for all ¢ large enough

(7.7) P(B (1) U By (1)) < 2672471,
Moreover, we claim that
(7.8) P(Bo(1)) = (1 422"~V

Postponing the claim for the moment, note that from (7.7) and (7.8), we get that
Bo(t) N B1(t) N By (¢) has a positive probability for all ¢ large enough. In particular,
the intersection is not empty and we can choose w € By () N B1(¢t) NBa(¢). For such
an w, we have

Ellog P(td (@) = t, A;)]

RIS

<log P(th (@) = 1, A;) +1

=log< 3 b,(w,k)) +1i

k={—12,...,r2}d~1

<log((262 + 1) (182 @D 4 o=Cry) | 3

< log((212 + 1) (¢Blloeh@OIHE | =€) | (3

where the first and the last inequality follow from w € B () N Ba(¢), and the sec-
ond inequality follows from w € By(¢). From part (ii) of Lemma 3.1, we see that
Ellog b (w, 0)] decays linearly, which completes the proof of (7.5).

It remains to show (7.8). This is intuitively obvious since b; (w, 0) should have
the highest chance to be the maximum as it imposes least constraint on [0, 1], and
there are (1 + 2¢2)“~D many candidates. To make this argument rigorous, it is
better to drop the truncation .4; and work with

¢/ (0, k) := P(tl(w) > 1, B(1) € Hy).

For k € Z471, let wk := 69 (0.k) (@) be obtained by shifting w by (0,k) € Z¢ in
space, and let K = K(w) be the random index such that

cr(wk, 0) = max cr(wk, 0).
k 2\d—1
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Then by this definition, for every k € {—tz, cee, tz}d_l,

e (. K) :/H Pl OR (21 () > 1) P(B(1) € (0, k) + dz)
0
<[ PLFOR L () > 1) P(B(1) € dz)
Hy
= ¢ (w(0,~k), 0)
S Cl’(va O)'

Here, we use PS5 * for the law of Brownian motion started at time s with initial
. . . . 3
distribution 8. Together with P (A7) < e~ we get

b (k. 0) > ¢/ (k. 0) — ¢~ C"°
= max_ ok k) —e
k=(—12,...,12}d~1
. —cP
> omax b ) e
Now let LL be independent of w and uniformly distributed on (=2, ...,12)9"1 and

set @ := wr,. Since @ has the same distribution as w, we have

P(Bo(®)) = P(bt (@,0) > max b (&, K) — e—CZ3>

k={—12,...,12}d~1
> P(L = K())
— (1 + 2t2)_(d—1)

and we are done. [
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