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ABSTRACT. We consider one-dimensional branching Brownian motion in spa-
tially random branching environment (BBMRE) and show that for almost every
realisation of the environment, the distribution of the maximal particle of the
BBMRE re-centred around its median is tight. This result is in stark contrast
to the fact that the transition fronts in the solution to the randomised F-KPP
equation are, in general, not bounded uniformly in time. In particular, this
highlights that—when compared to the setting of homogeneous branching—the
introduction of a random environment leads to a much more intricate behaviour.

1. INTRODUCTION

The behaviour of the position of the maximally—or, equivalently, minimally—
displaced particle in various variants of branching random walk (BRW) and branch-
ing Brownian motion (BBM) has been the subject of intensive research over the
last couple of decades [Bra78, Bra83, BZ07, ABR09, HS09, A1d13|. While initially
most of the work focused on branching systems with homogeneous branching rates,
there has recently been an increased activity in the investigation of branching ran-
dom walks with non-homogeneous branching rates that depend on either time
or space mostly in special deterministic ways, see [LS88, 1.S89, FZ12a, FZ12b,
BBH'15, MZ16, Mall5, BH14, BH15, CD20, Kri21, HRS22, Kri22].

In this article we continue the study of the maximally displaced particle in the
model of branching Brownian motion with spatially random branching environ-
ment (BBMRE) which was initiated in [DS22|, building on the previous work
[GDQO] on a discrete-space analogue, the branching random walk in i.i.d. ran-
dom environment (BRWRE). The techniques developed in [CDQO, DS22] also
lent themselves to obtain refined information on the front of the solution of the
randomised Fisher-Kolmogorov-Petrovskii-Piskunov (F-KPP) equation [CDS22].
Subsequently, the techniques and results of [CDZO] have been extended to the
continuum space setting of BBMRE in [HRS22].

We complement the above body of findings by addressing a seemingly simple, but
subtle problem that arises naturally, and which has also been formulated as an open
question in [CD20]|. More precisely, we show that the distributions of the position
of the maximally displaced particle of the BBMRE, when re-centred around its
median, form a tight family of distributions as time evolves. While establishing
tightness might a priori not look like an overly intricate problem, we take the
opportunity to emphasise that such a preconception is erroneous, see also [BZ09,
BZ07]. Our result is particularly interesting as it sharply contrasts the result
established in [CDS22] that the transition fronts of the solution to the randomised
F-KPP equation are, in general, unbounded in time. In the homogeneous setting,
such a dichotomy cannot be observed since, a fortiori, there is a duality between
these two objects in that setting in that tightness of the re-centred maximum of
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BBM is equivalent to the uniform boundedness in time of the transition fronts of
the solution to F-KPP.

1.1. Homogeneous BBM and F-KPP equation. To explain this duality more
in detail, we start with recalling the model in the homogeneous situation, which will
also serve as a point of reference throughout the article. For a (binary) branching
Brownian motion with homogeneous branching rate equal to one, started from a
single particle located at the origin, we denote its maximal displacement at time ¢
by M (t), and write

w(t,z) = P(M(t) > x), (1.1)
for the probability that this displacement exceeds x € R. Then, the function
w(t, x) solves a non-linear PDE, known as the Fisher-Kolmogorov-Petrovskii-Pis-
kunov (F-KPP) equation,

Oyw(t,x) = %sz(t,x) +w(t,z)(1 —w(t, x)), t>0,z€R, (1.2)

with the initial datum w(0,-) = 1(_ of Heaviside type, see [INW6S, McK75].
Moreover, it is well known that as t — oo, the solution to (1.2) approaches a
travelling wave g in the following sense: for an appropriate function m : (0, 00) —
[0, 00) one has that

w(t,m(t) +-) = g uniformly as t — oo (1.3)

for a decreasing function ¢ satisfying lim, ., g(z) = 0 and lim, , . g(x) = 1. A
critical ingredient in the proof of this convergence is that, again for m(¢) being
chosen appropriately, one has
w(t,x +m(t)) is increasing in ¢ for z < 0, and L4
w(t, z +m(t)) is decreasing in ¢ for x > 0. (14)
Property (1.3) immediately yields for every e > 0 the existence of some r. € (0, 00)
such that

w(t,m(t) +r.) —w(t,m(t) —r.) >1—¢e  forallt>0. (1.5)

In other words, the family (M (t) — m(t)):>o is tight. Another, essentially trivial,
consequence of (1.3) is the uniform boundedness of the width of the transition
front of the solution to (1.2), namely that for every € € (0,1/2),
limsup diam ({z € R : w(t, z) € [e,1 —¢€]}) < oo (1.6)
t—00
In this context, it is worth pointing out that the above line of reasoning implicitly
uses the reflection symmetry of Brownian motion and the homogeneity of the
branching environment. As a consequence, it breaks down in the presence of an
inhomogeneous environment, and the relationship between the solutions of the F-
KPP equation and the maximum of BBMRE becomes more intricate than that
given in (1.1) and (1.2), cf. Section 3.1.

1.2. Randomised F-KPP equation. In the inhomogeneous setting of a random
potential, as considered in the current paper, the respective randomised F-KPP
equation has been investigated in [CDS22|. In that source it has been established
that for a canonical choice of random potentials &, the transition front of the
solution to the inhomogeneous F-KPP equation (which is discussed in more detail
in Section 3.1)

Ot (t, z) = %agwf(t,:g) Fe@utta)(1 — wb(tz)), t>0zER, (L7)
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with the initial condition w*(0, -) = 1(_w ] does not need to be uniformly bounded
in time, in the sense that the width of their transition fronts can be unbounded.
More precisely, cf. (1.6), it follows from [CDS22, Theorem 2.3| that there are
random potentials £ within the class of inhomogeneities considered in the current
paper, such that P-a.s., for all € € (0,1/2),

limsupdiam ({z € R: w'(t,z) € [e,1 — ¢]}) = +oc. (1.8)

t—00

It is hence non-trivial and might be surprising that for BBMRE in the random
potential ¢& we obtain tightness for the re-centred family of maxima, and a novel
approach is required in order to address this situation adequately.

It is worthwhile to note that the PDE results of [CDS22| have been obtained
by taking advantage of almost exclusively probabilistic techniques. In the current
article, however, the probabilistic main result is proven via a symbiosis of analytic
and probabilistic techniques.

2. DEFINITION OF THE MODEL AND THE MAIN RESULT

We work with a model of branching Brownian motion in random branching
environment (BBMRE) introduced in [CDSQZ, DS22] as a continuous space version
of the branching random walk in random environment model studied in [CDQO].
The random environment is given by a stochastic process £ = (£(x)),er defined
on some probability space (€2, F,P) which fulfils the following assumptions.

Assumption 1. e The sample paths of £ are P-a.s. locally Hélder continu-
ous, that is, for almost every ¢ there exists a = a(§) € (0,1) and for every
compact K C R a constant C' = C(K, &) > 0 such that

() =€) < Cle—y|*,  forallz,y e K. (2.1)
e ¢ is uniformly elliptic in the sense that

0 < ei:=essinf{(0) < esssup&(0) =: es < 0. (2.2)
e ¢ is stationary, that is, for every h € R

(€@))ack 2 (E(x + h))sen: (2.3)

o ¢ fulfils a y-mixing condition: There exists a continuous non-increasing
function 1 : [0,00) — [0, 00) satisfying > >, ¥(k) < oo such that (using
the notation Fy = o({(z) : @ € A) for A C R) forall Y € L'(Q, Fi_wo 1, P),
and all Z € LY(Q, Fii ), P) we have

[E[Y —E[Y] | Firoo)) | <E[IY ¢k - ),

[E[Z —E[Z] | Flece] | < E[ZNJ%(k — ).

(Note that this conditions implies the ergodicity of £ with respect to the
usual shift operator.)

(2.4)

In the current article we do not explicitly make use of the mixing condition.
However, in particular in the Appendix, we will employ some of the results devel-
oped in [CDS22; DS22] which depend on this mixing assumption.

The dynamics of BBMRE started at a position x € R is as follows. Given a
realisation of the environment &£, we place one particle at = at time t = 0. As
time evolves, the particle follows the trajectory of a standard Brownian motion
(X¢)t>0- Additionally and independently of everything else, while at position y,
the particle gets killed with rate £(y). Immediately after its death, the particle
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is replaced by k independent copies at the site of death, according to some fixed
offspring distribution (pg)ren. All £ descendants evolve independently of each
other according to the same stochastic diffusion-branching dynamics.

We denote by P the quenched law of a BBMRE, started at x and write E§ for
the corresponding expectation. Moreover, we denote by N(t) the set of particles
alive at time ¢. For any particle v € N(t) we denote by (X7?)scpy the spatial
trajectory of the genealogy of ancestral particles of v up to time ¢. Our main focus
of interest lies in the maximally displaced particle of the BBMRE at time t,

M(t) :==sup{X/ : v € N(t)}.

Throughout this article we deal with supercritical branching such that the off-
spring distribution has second moments and particles always have at least one
offspring.

Assumption 2. The offspring distribution (pg)x>1 satisfies
kak =:u>1, and Zk2pk =: [ty < 00. (2.5)
k=1 k=1

It is well known that under these assumptions the maximally displaced particle
M (t) satisfies a law or large numbers for some non-random asymptotic velocity
vo € (0,00). The asymptotic velocity can be characterised as the unique positive
root of the Lyapunov exponent A, which is a deterministic function A : R — R
that admits the representation

1
Av) = tlg?o " lnEéH{y eEN(): X > vt}H, P-a.s. (2.6)

Under Assumptions 1 and 2, the function A is non-increasing, concave, and there
exists a critical value v, > 0 pertaining to a linear facet in the graph of A such
that A is strictly concave on [v.,00), see e.g. [DS22, Proposition A.3|. As in
[CD20, CDS22, DS22| we make the following technical assumption.

Assumption 3. We only consider BBMREs whose asymptotic speed satisfies
Vo > . (2.7)

Essentially, this condition allows the introduction of a tilted probability measure,
in the ballistic phase, under which a Brownian particle (X;):>o moves on average
with speed vy up to time ¢, cf. Section 4. We refer also to [DS22, Section 4.4 for
a detailed discussion on the condition (2.7), as well as for examples of potentials
¢ which do and do not satisfy (2.7).

Finally, we also define for ¢ € (0, 1) the quenched quantiles for the distribution
of M(t) where the process is started at the origin,

mi(t) :==inf{y e R: PS(M(t) <) > e}. (2.8)

£

For notational convenience, we drop the subscript when ¢ = 1/2 and write mé(t)
for the median of the distribution.
With this, we can state our main result.

Theorem 2.1. Under Assumptions 1-3, for almost every realisation of the envi-
ronment &, the family (M(t) —m&(t)) . is tight under Ps.

>0

This result should be contrasted with the behaviour (1.8) of transition fronts of
solutions to the inhomogeneous F-KPP equation (1.7) discussed in the introduc-
tion. In [CDS22, Theorem 2.3, Theorem 2.4| environments £ were constructed,
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under the additional requirement that es/ei > 2, and which are within the frame-
work being discussed here, for which solutions w® of the F-KPP equation are not
tight, in the sense that they have transition fronts that grow logarithmically in
time, along a subsequence. More precisely, it is shown that environments satisfy-
ing Assumption 1 exist such that for small enough ¢ > 0, there exist times and
positions (t,)n, (Tn), € ©(n) and a function ¢ € O(Inn) such that

W (ty, 2n) > W (ty, T, + ©(n)) +&. (2.9)

This also implies spatial non-monotonicity of the functions wé(t, ).

The existence of environments for which (1.8) holds and the non-monotonicity
of (2.9) sharply contrast the homogeneous case, as indicated by (1.4) and (1.5),
where the usual argument for tightness of BBM is by the uniform boundedness in
time of transition fronts for the corresponding homogeneous F-KPP solutions.

Questions of tightness also arise naturally and have been addressed in many
other classes of models. In [BZ09| analytic tools have been developed in order to
establish tightness for a class of discrete time models whose distribution function
satisfy certain recursive equations, analogous to the F-KPP equation in the case
of BBM. These tools are powerful and were applied and adapted to show tightness
for several models, e.g. [ABR09, BDZ11, DRZ21, FZ12a, HS09, NZ21| to name a
few. For BBM in a periodic environment [LTZ22| used an analytic result on the
F-KPP front in periodic environment [HNRR 16| which directly implies tightness.

In the context of the discrete space model of [CDQO], sub-sequential tightness
along a deterministic sequence is shown for the quenched and annealed law of the
maximally displaced particle in [Kri21| using a Dekking-Host type argument. Our
method relies crucially on analytic properties of solutions to the F-KPP equation,
and differs from the approaches in the above mentioned articles.

The tightness result of Theorem 2.1 naturally suggests the question whether the
random variables M; — m&(t) converge in distribution as ¢ — oco. Supported by
the numerical simulations presented in Figure 1, we conjecture that the answer to
this question is negative.

15- 50-

30-

20-

1000 2000 3000 1000 2000 3000

FIGURE 1. Numerical simulations suggesting that the distributions
of M(t) — m%(t) do not converge as t — oo. The red line shows
the dependence of the “spread” of this distribution, that is of
M5 0(t) — m o, (t), on the median mé(t). The black line shows the
corresponding potential £(z) as function of z. The simulations were
performed for a discrete-space model, for realisations of £ from two
different distributions (left and right panel).
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2.1. Strategy of the proof. One of the key ideas in the proof is making use
of a powerful analytic technique from the theory of parabolic equations, which
can be called a “Sturmian principle”, see Section 3.3 for details. In virtue of the
duality between BBMRE and the F-KPP equation, the Sturmian principle will
let us translate certain comparisons of the typical behaviour of the maximally
displaced particle to comparisons of the behaviour in regions governed by large
deviation effects. In order to deal with these large deviation effects we employ a
strategy bearing similarities to the ones in [CD20, DS22, CDS22|. In virtue of a
“many-to-one” lemma (Feynman-Kac formula, cf. Proposition 3.3) we introduce a
family of “tilted” probability measures with appropriate tilting parameters, which
are amenable to standard techniques and under which the large deviation events
of interest become typical.

Organisation of the article. In Section 3 we state the exact variant of randomised
F-KPP equation, which is connected to our model and recall the well-known
Feynman-Kac formula for it and its linearisation, the parabolic Anderson model.
Moreover we give a spatial and temporal perturbation result for solutions of the
parabolic Anderson model and discuss a first application of the Sturmian principle
to our setting. Section 4 reviews tilted measures, which, on a technical level, will
play the role of a suitable “gauging-measure” when comparing probabilities in the
subsequent sections. Finally, Sections 5 and 6 deal with the proof of the main the-
orem. Section 5 provides the main argument and Section 6 deals with a technical
lemma which is the driving force behind the proof.

Notational conventions: We often use positive finite constants ¢y, ¢y, etc. in the
proofs. This numbering is consistent within every proof and is reset at its end. We
use ¢, C, ¢ etc. to denote positive finite constants whose value may change during
computations.

3. PRELIMINARIES

This section recalls two important and well known probabilistic tools which will
feature heavily in the proof of our main theorem. Furthermore, we make precise
the Sturmian principle alluded to above.

3.1. The randomised F-KPP equation and its linearisation. As already
mentioned in the introduction, there is a fundamental link between branching
Brownian motion and solutions to the homogeneous F-KPP equation. It is often
attributed to McKean [McK75], but can already be found in Skorohod [Sko64]
and ITkeda, Nagasawa and Watanabe [INWG68]. Such a connection can also be
extended to the setting of random branching rates, as we now detail. For this
purpose, assume given an offspring distribution (py) as in (2.5). We then consider
the random semilinear heat equation

Dt ) = %8§w(t, )+ @) F(w(tr),  t>0z€R,
w(0, ) = wo(x), r € R,

(F-KPP)

where the non-linearity F' : [0,1] — [0, 1] is given by

Fw)=(1-w)=Y p(l-w), — wel01]. (3.1)
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Then the adaptation of McKean’s representation of solutions to (F-KPP) takes
the following form.

Proposition 3.1. For any function wy : R — [0, 1] which is the pointwise limit
of an increasing sequence of continuous functions, and for any bounded, locally
Holder continuous function £ : R — (0,00), there exists a solution to (F-KPP)
which is continuous on (0,00) X R and which, for t € [0,00) and x € R, can be
represented as

wit,z) =1— Eg[ I1 (- wo(xg))]. (3.2)

VEN(t)

A proof of this proposition can be found e.g. in [DS22, Proposition 2.1|; the
formulation in that source is under slightly more restrictive conditions, but it
transfers verbatim to the assumptions we impose above.

A crucial consequence of Proposition 3.1 is that the solution w? of (F-KPP) with
Heaviside-like initial condition w§ = 1, ), for y € R, is linked to the distribution
function of M (t) via the identity

wt(t,x) = BE(M(1) > y). (3.3)

Remark 3.2. It is common practice in the F-KPP literature to normalise the non-
linearity F' in such a way that its derivative at the origin is one. Using (2.5) it
is easy to check that in our case, F'(0) = u — 1. In other words, the standard
normalisation of equation (F-KPP) corresponds to a branching processes for which
the offspring distribution has mean pu = 2, as is also assumed in [DS22]. In (2.5),
we assume only that g > 1 and do not a priori work under the usual F-KPP nor-
malisation. Nevertheless, given any such offspring distribution (py)gen with mean
1 # 2 and a corresponding BBMRE in environment £, one can always transform it
into another BBMRE in a rescaled environment, so that the transformed process
is in the usual normalisation and has the same distribution as the original process.
Indeed, the transformation defined by

p+p—2 Dk

w—1 7 w—1
yields a new offspring distribution with mean two. Moreover, rescaling the envi-
ronment guarantees that (F-KPP), and the law P are invariant under the trans-
formation. After rescaling, it holds F’(0) = 1 and us > 2; hence, in light of this
reasoning, we will from now on always assume that

and pp — for k > 2,

§_>(:U’_1)§7 p1—

pw=2, F'(0)=1, and pp>2. (3.4)
Observe also, that by (3.1) this implies that
F'(w) <1, and F"(w)>—-ps+2  forallwe[0,1]. (3.5)

Another PDE related to BBMRE, which we make use of later on, is the lineari-
sation of (F-KPP), known as the parabolic Anderson model (PAM),

Ot ) = %agu(t, D)+ E@utz),  t>0zcR
u(0,z) = up(x), z €R.

The PAM has been the subject of intense investigation in its own right, see
e.g. [Konl6] and reference therein for a comprehensive overview; our main inter-
est, however, lies in space and time perturbation results that have been developed
for its solution in [CDS22, DS22|. These will be considered in more detail in
Section 3.2.

(PAM)
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An important strategy for probabilistically investigating the solutions to the
equations (F-KPP) and (PAM) is via analysing their Feynman-Kac representa-
tions. In what comes below we denote, for arbitrary = € R, by P, the probability
measure under which the process denoted by (X;);>¢ is a standard Brownian mo-
tion started at x. The corresponding expectation operator is denoted by E,. We
also make repeated use of the abbreviation E,[f; A] for E,[f14].

Proposition 3.3. Under Assumptions 1 and 2, the unique non-negative solution
u of (PAM) is given by

u(t,z) = E, [exp { /Otf(Xr) dr} uo(Xt)], t>0,x €R, (3.6)

and the unique non-negative solution w of (F-KPP) fulfils
w(t,z) = exp / (X w(t—r, X ))dr}wo(Xt)}, t>0,z€eR, (3.7

where F(w) = F(w)/w for w € (0,1], which can be continuously extended to
F(0) = limy 04 F(w) = SUD e (0,1] F(w) = 1.

See e.g. |Bra83, (1.32), (1.33)] for references to the former. Note that the
Feynman-Kac representation (3.7) for the solution of the F-KPP equation is an
implicit expression, whereas the expression in (3.6) is explicit.

Taking advantage of the above, the link between the PAM and BBMRE can
be derived by combining the Feynman-Kac representation (3.6) of the solution to
(PAM) with a many-to-one formula, see e.g. |DS22, Proposition 2.3|, in order to
arrive at the representation

u(t,x) = Ei[ Z uo(Xt”)]

vEN(t)

of solutions to (PAM).

3.2. Perturbation results for the PAM. On a technical level, our primary in-
terest in the PAM comes from results on the sensitivity of its solutions regarding
respective disruptions in space and in time. A variant of these results was devel-
oped in [CDS22, DS22] (cf. Lemmas 3.11 and 3.13 from [DS22], or Lemma 4.1
of [CDS22]) for the study of the fronts of (F-KPP) and (PAM). These perturba-
tion results will be used together with (3.3) and the Feynman-Kac representation,
Proposition 3.3, in order to get bounds on the distribution function of the maxi-
mally displaced particle in Section 6.

To avoid the dependence of various constants appearing in these perturbation
results on the speed, we assume for the rest of the article that the speeds we allow
are contained in some arbitrary but fixed compact interval V' C (v, 00) which has
vp in its interior (in particular, we require (2.7) to hold). As we can otherwise
choose V' arbitrarily large, this does not pose any further restrictions for what
follows in the subsequent sections.

Lemma 3.4. (a) For everyd > 0 and A > 0, there exist a constant ¢, € (1, 00)
and a P-a.s. finite random variable Ty such that for all t > T1 uniformly in

0<h<t andx,y € [—At, At] with x < y, L= —€Vand i €V,

t+h

E,|elo £(Xs)ds. s Xpon > y} < ceME, [ I E(XS)dS;Xt >yl.
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(b) Letd : (0,00) — (0,00) be a function tending to 0 ast — oo, and let A > 0.
Then there exists a constant co € (1,00) and a P-a.s. finite random variable
To such that for all t > Ts, uniformly in 0 < h < ti(t) and x,y € [—At, At]
with x < vy, %EVandWEV,

E, |eh €90 X, > g4 h| < cpe 2B, [eh €599 X, > gl

The proof of this lemma is a rather straightforward, but lengthy adaptation of
the proofs given in [DS22, CDS22|; we will provide it in Appendix A. It involves
comparing the Feynman-Kac representation (3.6) to functionals with respect to the
same family of tilted probability measures that are discussed in Section 4 below.

3.3. Sturmian principle. In this section we present the analytic ingredient of
our proof of Theorem 2.1, which can be motivated as follows: we will later on
be interested in differences of the type W(-,:) = w¥'(-,-) — w¥?(- + T}, -) for some
T > 0, and y2 > y;, where we recall that for any y € R, we denote by w? the
solution of (F-KPP) with initial condition wy = 1}, ). It is immediate that for a
given T' > 0, the function W satisfies the linear parabolic equation

1
oW (t,z) = §8§W(t,x) + G(t, x)W (z,t), t>0,x€R,
W(0,2) = 1y, o) (x) — (T, x), r € R,

(3.8)

where G is the bounded measurable function defined by (using the convention
F'(0) =1, cf. Remark 3.2)

F(wY1 (t,x))—F(wY2 (t+T,x)) . y y
G(t, SL’) _ {g(;p) w9l (to)—wv2 (t+Tx) if w 1(t7 1‘) 7£ w 2(t + T, :E),

3.9

&(x), if w(t,z) =w(t+7T,x). (3.9)

Let us state the following simple observation, which will be used at various
stages in the following: By Proposition 3.1 it follows that

0<w”?(T,z)<1 forall zeR. (3.10)

As a consequence, the initial condition of (3.8) has exactly one zero-crossing, and
it is located at ;.

In the analysis literature, it has been known for a long time that the cardinality of
the set of zero-crossings of solutions to linear parabolic equations is monotonically
non-increasing in time, with the earliest reference dating back to at least an article
by Charles Sturm in 1836, cf. [Stu36]. Nevertheless, despite this result having been
known for almost two centuries by now, it was not until the eighties of the last
century that Sturm’s ideas really revived in the theory of linear and non-linear
parabolic equations, see, e.g., [Ang88, Ang9l, DGM14, EW99, Nadl5] for a non-
exhaustive list. In this list, the ideas in [EW99] stand out, as they involve a
simple and purely probabilistic proof, by interpreting the linear parabolic partial
differential equations as generators of Markov processes and reducing the study of
the zero-crossings to the study of Markovian transition operators acting on signed
measure spaces. A more complete history and a detailed discussion of the Sturmian
principle and its applications can be found in [Gal04].

Remark 3.5. In this context, it is interesting to note that already in their seminal
article on the F-KPP equation, Kolmogorov, Petrovskii and Piskunov also make
use of a Sturmian principle for equations of the form (3.8), see [KPP37, Theorem
11|, which is proved using a parabolic maximum principle.
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We include a version of such results which is formulated to fit our purpose; a more
general version of this result can be found in [Nadl5]. Note that the assumptions
in particular fit the setting of a single zero-crossing in the initial value.

Lemma 3.6 (|[Nadl5, Proposition 7.1]). For any tg € R, let G € L*®((tg,00) X R)
and assume W € C((tg,00) X R) N L*((tg,0) x R) to be a weak solution of

1
oW (t,z) = §8§W(t, z) + G(t,2)W(x,t), t>ty,r €R,
W (to, z) = Wy, (), r € R,

where Wy, # 0 is piecewise continuous and bounded in R, such that for some
zt, € R one has

Wi, (z) <0, if x < 2z, and — Wy (z) >0, if x> z,.
Then, for all t > ty there exists a unique point z(t) € [—o00, 00| such that
Wi(t,x) <0, if x < 2(t), and — W(t,z) >0, if x > 2(1).

As a first application of Lemma 3.6, let us consider the effect on the solution
of (F-KPP) when the discontinuity of the Heaviside-type initial condition tends
to infinity. For this purpose, in order to obtain a non-trivial limit, we perform an
appropriate temporal shift. More precisely, we introduce for a given realisation of
the environment &, any y € R and any € > 0 the “temporal quantile at the origin”
as

7, = inf{t > 0:w’(t,0) > ¢} (3.11)

Since P-a.s. we have lim; . w?(t,0) = 1 (due to, e.g., [Fre85, Theorem 7.6.1]), 7
is finite. By the continuity of w¥ on (0, 00) X R, cf. Proposition 3.1, the quantity 7,
satisfies w¥(7;,0) = e. Moreover, cf. (3.3), as w¥(t,0) = PS(M(t) > y) is increasing
in y, so is 7, and by the law of large numbers for the maximal displacement (cf.
(2.6) and the definition of vy), it follows readily that lim 77 = oo.

Yy—00

The shift by 7; allows to establish the following result, which follows already
from |[Nadl5, Lemma 7.3]. Nevertheless, we provide its short proof here for the
sake of completeness and as an illustration of how Lemma 3.6 can be used in this
context.

Proposition 3.7. For every € € (0,1) and for P-a.a. £, the limit
w(t,z) == lim w!(r; +t,) (3.12)
y—00

exists locally uniformly in (t, ) € R?, and is a global-in-time (that is, for allt € R)
solution to (F-KPP).

The limiting function w2® plays a role comparable to that of a travelling wave
solution of the homogeneous F-KPP equation, cf. (1.3). However, unlike in the
homogeneous situation outlined in the introduction, wZ° does not directly provide
an argument for tightness because we lack a suitable quantitative control of the
random variables 7, as y varies. Nonetheless, the result of Proposition 3.7 plays a
vital role in our proof of tightness. We restrict ourselves to providing a proof of
the convergence for ¢ > 0 only, as this is sufficient for our purposes in what follows.

Proof of Proposition 3.7. Fix y; < yp and for t > —75 = —75 V —7. (recall that
the latter identity follows from the monotonicity of y — 77 observed below (3.11))
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define the function W (t, z) := w¥ (¢t + 72

o) —w¥(t + 75, 7). Then, similarly as
for (3.8) and (3.9), it follows that

Y27

1
oW(t,x) = §0§W(t,x) +G(t,x)W(t, z), t>—1.,0€R, (3.13)

y1?

where G is given by

F(w¥t (t+75) @) —F (w2 (5, 2)) o . y .
G(t,r) = §(z) wil (t+7g @) —wi2 (t+7g, @) if w” (t + Ty s r) # w¥(t + Tyz,fﬂ),
&), if w (475, 0) = w? (t + 75, 2).

Y22

From the assumptions, it follows directly that G is a bounded measurable function.
Due to [Fre85, Theorem 7.4.1], there exists for P-a.a. £ a unique classical solution
to (3.13). Moreover, since w¥' (0, x) = 1, «)(x), it holds that

W(—r; ,x) =w"(0,2) — w(7, — 7, , ) = Ly, o) (z) —w*(7;, — 7, ,x). (3.14)

Y1’ Y2 Y1’ Y2 Y1’
Together with the fact that 0 < wVi(t,z) < 1 for ¢ = 1,2 and for all t > 0 and
r € R (cf. (3.10)), display (3.14) implies that W (-7, ,2) < 0 if z < y and
W(—r;,z) > 0if 2 > y. By Lemma 3.6, for all ¢ > —7; , the sets {z € R :
W(t,z) > 0} and {x € R : W (t,x) < 0} are intervals. But due to the continuity
of w” and w*?, we also know that W (0,0) = w”'(7; ,0) —w*(7;,,0) =& —c = 0.
Therefore, the above reasoning supplies us with

w! (le,x) < w2 (7';2,3:), if z <0,

wyl(Tyal,x) > w2 (7’52,:E), if x> 0.

That is, the function y +— wy(sz ,x) is non-decreasing if < 0 and non-increasing
on z > 0. As a consequence, the limit w2°(0,x) := lim, . w¥(7;, r) exists point-
wise, and thus locally uniformly, for all x € R, and also implies 0 < w2°(0,-) < 1.
As a consequence, the right-hand side of (3.12) converges locally uniformly for
t = 0. (This should be compared to (1.4) in the introduction, which describes the
“spatial stretching” of re-centred solutions to the homogeneous F-KPP equation.)

To prove that the local uniform convergence postulated in (3.12) holds true
for t > 0 also, one uses standard estimates on solutions of quasilinear parabolic
equations (see, e.g., [LSUGS|, Chapter V). As a consequence of these estimates, the
solutions w¥(t, x) together with their derivatives are bounded locally uniformly in
(t,x), uniformly for all y sufficiently large. Hence the set {w¥ : y > 0} is pre-
compact in C’llo’z(RJr x R). It therefore contains converging sub-sequences, and
every limit point of such sub-sequence is a solution to (F-KPP) with the initial
condition w™(0,-). As the solution to (F-KPP) with that given initial condition is
unique, this implies that all subsequential limits must agree and thus (3.12) holds
for all t > 0, as well as the fact that w* solves (F-KPP) for ¢ > 0. We omit here
the proof for ¢t < 0, as it will not be needed later on. O

(3.15)

A direct consequence of Proposition 3.7 that is going to be relevant later on,
is the following: for almost all realisations of the environment &, and given that
we know the value of the solution w¥ of (F-KPP) at the origin at a certain time,
we can find a finite time period after which we can deduce a lower bound for the
value of w¥ at the origin, at least for y large enough. More precisely, we obtain
the following corollary.

Corollary 3.8. For every e € (0,1/2) there exists a P-a.s. finite random variable
T =T(&) such that for all y € R large enough, and any t for which wY(t,0) = ¢,
it holds that

wY(t+t',0)>1—¢/2 forallt €T, T+1].
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Proof. Let y € R and ¢ > 0 be such that wY(¢,0) = . By (3.11) and the finiteness
of 7, deduced below that display, there exists some sy = sp(y) > 0 such that
t= 75 + sg.

Consider w2® from Proposition 3.7 and let

s =1inf{s > sp: w>(s',0) > 1 —¢/4 for all s’ > s};

note that as w2 solves (F-KPP), it follows by [Fre85, Theorem 7.6.1] that for
[P-a.a. realisations of the environment, lim,_,o, w2°(s, ) = 1, and hence s; is P-a.s.
finite. Next, taking advantage of the fact that the convergence in Proposition 3.7
is locally uniform in ¢, due to the continuity of the functions involved and using
the compactness of [s1, s; + 1], it holds for large enough y € R that
sup  |w¥(7; +5',0) —w(s',0)| < /4.
s'€[s1,81+1]

Setting T' = s1 — 5o, we thus obtain for all y large enough and for all ¢’ € [T, T + 1]
(with s = 59 +t' € [s1,s1 + 1]) that

w!(t +1,0) = w(7; +5,0) > w(s',0) —¢/4 > 1 —¢/2.
This completes the proof. U

This result concludes our analytic preparations on how the set of zero-crossings
of solutions to linear parabolic equations evolves, and of how it can be applied to
the difference of temporally shifted solutions of (F-KPP).

4. TILTING AND EXPONENTIAL CHANGE OF MEASURE

The last tool that we introduce is a change of measure for Brownian paths
in the Feynman-Kac representation, which makes certain large deviation events
typical. These measures have been featured heavily in [CD20, CDS22, DS22]
already, including in the proof of Lemma 3.4. In the aforementioned articles this
change of measure has been employed so as to make solutions to (PAM) amenable
to the investigation by more standard probabilistic tools. Here we go a step further
and consider the stochastic processes driving the tilted path measures. This in turn
gives us even more precise control on the tilted measures and allows for comparisons
with Brownian motion with constant drift, see Proposition 4.3 below.

To define the tilted measures we set

(=& —es. (4.1)
Due to the uniform ellipticity (2.2) it follows that P-a.s. for all = € R,
((x) € [ei — es, 0], (4.2)

and ( is P-a.s. locally Holder continuous with the same exponent as £. Moreover,
¢ also inherits the stationarity as well as the mixing property from £. For the
Brownian motion (X;);>o under the measure P,, as used in the Feynman-Kac
representations of Proposition 3.3, we introduce the first hitting times as

H, =inf{t>0: X, =y} foryeR

Analogously to [CD20, CDS22, DS22|, we define for z,y € R with y > x, as well as
n < 0, the tilted path measures characterised through events A € o(Xinp,,t > 0)

via
PS1(A) = LE oJo M (C(X)+m)ds, 4 (4.3)
T,y . Zg’g T X s .

)
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with normalising constant
287 1= B[l 0] ¢ (0,1), (4.4)

By the strong Markov property, it follows easily that the measures are consistent in
the sense that Paf;,(A) = Pgi(A) for x <y <y and A € 0(Xinp,,t > 0). Hence,
for any x € R, we can extend ng; to a probability measure P$" on o(Xy,t > 0)
with the help of Kolmogorov’s extension theorem. We write E$" for the expecta-
tion with respect to the probability measure P$".
Finally, as in [DS22, (2.8)], we introduce the annealed logarithmic moment gen-
erating function
L(n) == E[n 257, (45)

and denote by 7j(v) < 0 the unique solution of the equation L'(7(v)) = + for any
v > v,; observe that the former is well-defined as by [DS22, Lemma 2.4],

7(v) exists for every v > v.; v — 7j(v) is a continuous decreasing
function and lim, ., 77(v) = —o0.

(4.6)

The strong Markov property furthermore entails that, for a fixed realization ¢ and
any 7 < 0, the normalising constants (4.4) are multiplicative in the sense that for
any r <y < zin R,

VAUEAUVALS (4.7)
Defining, for some arbitrary but fixed xq € R, the function
Z6n )t if 2z >
Z5N(z) = (Zal) ™ 1 T = Lo, (4.8)
Zg;go, if x < xo,
the identity (4.7) thus implies that for all z < y we have
Z%M(z)
ANES : 4.9
z,y ZQ”(y) ( )

The following lemma states some useful properties of the function Z¢".

Lemma 4.1. For every bounded Hélder continuous function ¢ : R — (—o0,0]
and n < 0, the function Z" is non-decreasing, strictly positive, twice continuously
differentiable and satisfies

%Azm(m) L (@) 2@ =0, weR. (4.10)
Furthermore, we have
19(2) i= <0 Z297(x) € [uln), )], (4.11)

where v(n) == /2[n| and 5(n) = /2(es — ei + [n]).

Remark 4.2. Let us note here that the notation v(n) and v(n) introduced in the
above lemma is suggestive of velocities. This will be made precise in Lemma 4.4
below.

Proof of Lemma 4.1. The monotonicity and the strict positivity of Z¢" follow di-
rectly from its definition (4.8), using also (4.4).

To show (4.10), we observe that, for any interval [z, 25|, the equation %Au(x) +
(C(z) + n)u(z) = 0, x € [v1,79], with boundary conditions u(x;) = Z%"(x;),
i = 1,2, has a unique classical solution (see, e.g., [GT01, Corollary 6.9]). Denoting
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by T the exit time of X from [zq,xs], this solution can be represented as (see
[Bas98, Theorem 11(4.1), p.48])

u(z) = B, [Z97(Xp)els €(Xo)tnds) (4.12)

On the other hand, for z € [z1,xs], taking y = x5 in (4.9), using (4.4), and the
strong Markov property at time 7T,

ZC»n(x) = ZC’"(y)Zggg
= Z"(y)E, [6fOT(C(Xs)+n) dszgéz,y} (4.13)
— B, [Z97(Xp)el Xt ds],

Therefore, Z%" satisfies (4.10) on [z;, 7). Since the interval [x;, z»] is arbitrary,
(4.10) holds for every x € R.

To show (4.11), note first that b7 is well-defined since Z%" is strictly positive
and differentiable, by (4.10). Therefore, with y > x, by (4.9) and the strong
Markov property again,

b () = di In Z¢(x) = di InZ57
T T ’

— lim 5—1<1n E, [efoHy@(an)ds} “ImE, . [efoHy«(Xan)dsD (4.14)

e—0t
= — lim 5_1 In F e [efon(C(Xs)+7]) ds:| )
e—0t z
It is a known fact that for a > 0 and 21,z € R, it holds that

In B, [e7*=2] = —V2alz1 — 2| (4.15)

(cf. [BS02, (2.0.1), p. 204]). In combination with the bounds (4.2), the expectation
on the right-hand side of (4.14) thus satisfies

—e\2ln = E, . [e"] > InE, . [efon (¢(Xe)+n) ds}

>InE, . [e" 7] — —¢\/2(es — ei + [1)]),
which together with (4.14) implies (4.11). O

(4.16)

The function b%"(x) introduced in (4.11) is useful in describing the law of X
under the tilted measure, as it allows an interpretation of the tilted process as

a Brownian motion with an inhomogeneous drift, by constructing an appropriate
SDE as follows.

Proposition 4.3. Let 2o € R, n < 0 and let ( : R — (—00,0] be a locally Holder
continuous function that is uniformly bounded from below. Furthermore, denote by
B a standard Brownian motion. Then the distribution of the solution to the SDE

dX, = dB, + v"(X,)dt, t>0,

4.17
Xo = @o, ( )

agrees with P&,

Proof. The proof is based on an exponential change of measure for diffusion pro-
cesses. For the sake of simplicity we write b for b" and Z for Z%" if no confusion
is to arise. By (4.11) we obtain that

A4 )’ _AZ <Z’

¥ = (InZ)" = (Z = ~

)2 = —2(C+n)— b2 (4.18)
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Therefore, the bounds (4.11) and (4.2) imply that b is a bounded Lipschitz function
and thus there is a strong solution to (4.17), whose distribution we denote by
Quy = Qg’o’]. Let further, as previously, P,, be the distribution of Brownian motion
started from o, and let Q% and P} be the restrictions of those distributions to
the time interval [0,¢], t > 0. As a consequence of the Cameron-Martin-Girsanov
theorem (see, e.g., [RWO00, Theorem V.27.1] for a suitable formulation), it is well

known that
t

d t 1 t )
ao _ _ 2 _.
2} exp{ /0 b(X,)dX, — 5 /0 b (Xs)ds} . M,, (4.19)

for a P,,-martingale M. (The fact that M; is a martingale follows, e.g., from
[RW00, Theorem IV.37.8], since b is a bounded function.)
With the aim of arriving at a comparison with (4.3), we claim that

Z(Xe)
M(t) = S eloC(Xa)Fmds, 4.20
=75 (1.20)
To see this, note first that applying It6’s formula to In Z(z f b(t) dt yields
Z(Xy) t 1

—exp{ I Z(X,) - nZ(X }: { X)dX, + = [ W(X, }
i — e {200 ~mz(%)} = e { [ ) +2/Ob< )ds

(4.21)

Comparing this with (4.19) shows that

_ Z(X4) { 1

0= Zyer{ -3 /0 ((X0) + (X)) ds (4.22)

which together with (4.18) implies (4.20).

We can now complete the proof of the proposition. For y > zy, let @, , be the
measure (), restricted to the o-algebra H, = a(XsAHy : s > 0). To show that
Quo = P&, it is sufficient to show that Qq,, = Pg,", for all y > z (see (4.3)). For
this purpose, we observe that by Lemma 4.1, 7 is a bounded function on (—o0, y|

and thus the stopped martingale MtHy = Mg, is uniformly bounded from above.
Therefore, by the optional stopping theorem, for any A € H,, using (4.19) for the
second equality,

Quyy(A) = lim E9o Y[Langa, <] = hm EP

t—o00

o[My1 anga,<ty]
= hm EFeo [EPIO [Mt]-Aﬂ{Hy<t} | H,]]

= lim Efe []-AQ{H <t}E Mt | H

t—o00

= lim E™0 [1ang, < Mpu, | = E™0[My,14).

t—o00 v

By (4.20), My, = Z@) oy C(Xe)+n) d *, and thus, also by (4.9),

Z( 0)
Quog(A) = (Z57,) 7 Ey el Ot dsg 1] = pln (4)
as required. This completes the proof. U

We are now ready to reap the fruits of the above considerations. Proposition 4.3
together with the uniform bounds (4.11) on %" allows for a comparison between
the tilted measures (4.3) and Brownian motion with constant drift. The next
lemma provides this desired control and makes it precise. For a given drift o € R,
we write P2 for the law of Brownian motion with constant drift « started at x and
E¢ for the corresponding expectation.
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Lemma 4.4. Let ( : R — [—(es — ei),0] be locally Holder continuous and let
n < 0. Then, for any starting point x € R and any bounded non-decreasing
function g : R — R,

EZ[g(X))] < Bplg(X)] < B [g(X0)),
where v(n) and v(n) have been introduced in Lemma 4.1.

Proof. By Proposition 4.3, the process X; driven by the tilted measure Pﬁé” has
generator L7 = 1A 4 b(x) L. Let further L* = 1A + v% be the generator of the
Brownian motion with drift v. Then, for any non-decreasing g € C#(R), if follows

from (4.11) that

Ly(n)g < LSg < Lﬁ(n)g'
Since, by Kolmogorov’s forward equation, & ES$"[g(X,)] = E$7[(L"g)(X,)] and
analogously for the measures E2 and E?, the statement of the lemma follows

for any non-decreasing g € CZ(R). The extension to arbitrary non-decreasing
functions ¢ follows by approximating g by a sequence of non-decreasing functions
in C(R) and using the dominated convergence theorem. t

5. PROOF OF THEOREM 2.1

Using the duality between BBMRE and (F-KPP) as well as the various results
presented in the last two sections, we are now ready to prove the main theorem.

Proof of Theorem 2.1. By contradiction, assume that the family (M () —m®(t))s>o
is not tight. Recalling the notation from (2.8), it then follows that there exists
e € (0,1/2) such that
lim sup (m?_e(t) —m&(t)) = oo.
t—00

Hence, we can find a sequence (t,,)nen C (0,00) of times with ¢, — oo as n — oo,
as well as sequences (7,)nen; (In)neny € R of positions, with r,,{,, 7, — ,, = o0 as
n — oo, such that PS(M(t,) > r,,) = e and P§(M(t,) > I,) < 1 —e. By McKean’s
representation, cf. Proposition 3.1, this is equivalent to w'™(t,,0) = ¢ and

w'n (t,,0) <1 —e. (5.1)

Due to the law of large numbers for M; (i.e. lim;_,o, M;/t = vp), it also holds that

lim 2 = fim T — g (5.2)
Setting
A, =1y — lp, (5.3)

by Corollary 3.8 and the validity of w'*2»(¢,,0) = ¢, there exists a P-a.s. finite
time T' < oo, such that for all n large enough,

w Ak, +¢,0) 2 1—¢2/2 forallt' € [T,T +1]. (5.4)

Our goal is to infer a contradiction from (5.4) and the fact that w'(t,,0) <
1 — . In order to do so, we want to compare the values of w'(t,,0) with those of
w2 (t, + T, 0) for large n, and argue that

w' (t,,0) > w2 (¢, + T,0); (5.5)

in combination with (5.4) this would immediately yield a contradiction to (5.1).
Instead of proving (5.5) directly however, we use the Sturmian principle to relate
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lp — v, 0 In T'n

FIGURE 2. The top figure shows the graph of the indicator function
w'(0,-) = 1, o0)(+) in black and the function w™ (T, ) in blue. The
lower figure shows the graph of the same functions ¢, > 0 time
units later. By the Sturmian principle, the region where w'(t,,-)
dominates w™ (t,, + T, -) is an interval that contains [l,, — vt,, 00).

the inequality (5.5) at the origin to an inequality at some point on the negative
half-line. More precisely, recall that for every admissible n, the difference

W, (t, x) := wh(t, x) — w2 (t + T, x)

solves a linear parabolic equation of the form (3.8). Moreover, since W,,(0,z) > 0
for x > 1, and W,,(0,z) < 0 for x < [,,, we know by Lemma 3.6 that the set

{z eR:w"(ty,z) > w2 (t, + T,2)} = {x € R: Wy(tn,z) > 0}

is an open interval unbounded to the right; for an illustration of this argument see
Figure 2.

Thus, in order to prove (5.5) it suffices to find some 2 < 0 such that for large n
it holds that W, (t,,x}) > 0, as this implies 0 € {z € R : W,,(¢,,, ) > 0}, which in
turn implies (5.5). The following lemma ascertains that for large n, this is indeed
true and that the choice

xy =1, — vt,, (5.6)

n
where v > 0 is some large value, is adequate. To state it, we introduce two auxiliary
velocities,

v :=+/2(es+1) and (5.7)
vy i=inf{v > v; + 1: [f(v)] > 207 + 2}, (5.8)

where 7j(v) was defined above (4.6); note that display (4.6) also ensures that vy
is finite. Furthermore, by comparing the BBMRE with the BBM with constant
branching rate es, for which the speed of the maximum is v/2es, we obtain

Vo < V1 < Vg

Lemma 5.1. For each u > 0 and each v > vy, there exists Ag = Aop(u,v) > 0
as well as a P-a.s. finite random variable T = T (u,v), such that P-a.s., for all
A >Ny, y€el0,vt] andt>T,

w¥(t,y — vt) > WA (t +u,y — vt). (5.9)
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We postpone the proof of this crucial lemma to Section 6 and complete the proof
of Theorem 2.1 first. Recall the P-a.s. finite random variable 7" introduced above
(5.4), and for u € N define the subset Q, = {T" € [u — 1,u)} of the probability
space on which ¢ is defined. We now consider ¢ € Q,. By (5.4), for such £ and all
n large enough,

WA (t, +u,0) > 1 —¢/2. (5.10)
Let v > vy be as in Lemma 5.1. Since vy > vy and [,,/t, — vo, by (5.2), it follows
that [, € [0,vt,] for all n large enough. In addition, for all n large enough, we
have t,, > T (u,v) as well as, recalling the notation from (5.3), that A,, > Ag(u,v).
Therefore, by Lemma 5.1, for such n we in particular deduce that w' (¢,, 1, —vt,) >
whntAn(t, 4+ u,l, — vt,), which by the previous discussion and with the choice z*
as in (5.6) implies

1 —¢e>wh(t,,0) > w2 (t, +u,0). (5.11)

Combining (5.10) and (5.11), we arrive at the desired contradiction. This proves
that the family (M (t) — m&(t))i>o is tight for P-a.a. £ € Q,. As Q = U,>19,, this
completes the proof. O

6. PROOF OF LEMMA 5.1

It remains to prove Lemma 5.1 which provides the right ordering of the two so-
lutions to (F-KPP). We do so by providing a careful examination of the Feynman-
Kac representations of the respective solutions. We aim to apply the tilting of
probability measures from Section 4 with an appropriate tilting parameter, which
will make the large deviation event in the Feynman-Kac formula typical. Before
we can do so, however, we need to bring the Feynman-Kac formulas into a more
suitable form. In particular, we are going to compare the two solutions in (5.9)
by lower bounding the left-hand side of (5.9) and upper bounding the right-hand
side in a suitable way. In order to get these bounds, we apply the perturbation
result Lemma 3.4 and introduce a large deviation event which can be dealt with
by means of the tilted probability measures.

Proof of Lemma 5.1. We start with upper bounding the right-hand side of (5.9

By the Feynman-Kac representation (3.7) and the fact that sup,epq; F'(w) =
cf. Proposition 3.3, it follows that

).
1

)

WAt +uy — vt) = By [efot+u f(Xs)ﬁ(waFA(t*H.t*s,Xs))ds; Xy >y + A
(6.1)
t+u

S Ey—l)t [e 0 g(XS)dS;XtJ,_u Z Y + A] )

To the right-hand side of (6.1) we now successively apply both parts of the pertur-
bation Lemma 3.4 (with V sufficiently large, as explained before Lemma 3.4 and
A = 2v). In order to apply them, we let t > w VvV 71 V Ty =: T, where 71,75 are
the P-a.s. finite random variables occurring in the statement of the perturbation
lemma. For such ¢, we then obtain

WY (t 4w,y — vt) < 1By [efot EX)ds. x> 4 A}
(6.2)
< 0102661M_A/C2Ey—vt [efot §Xe)dss X > y]

Let us now turn our focus to bounding the left-hand side of (5.9) from below.
We start by considering again the non-linearity F' of (F-KPP). It is a direct
consequence of (3.1) and the normalisation (3.4) of Remark 3.2 that F'(0) = 0
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Yy — vt

R R

FIGURE 3. Sketch of a trajectory of the Brownian motion (Xj)s>o,
started at y — vt, up until the hitting time H, of y, which realises
the good event G. This trajectory does not hit the moving barrier
By.+(s) (thick solid line) in the time interval [0, ¢ — K| and thus avoids
the dashed region. The function w¥(t — s, -) is close to 1 in the grey
region, close to 0 in its complement, and changes its value from 0 to
1 in the vicinity of the thick dashed line whose slope is .

and F’(0) = 1. In addition, recall that by (3.5) we have F” > —pus + 2 on [0, 1].
Therefore, by a first order Taylor approximation with Lagrange remainder,

1 1
F(w) > w+ 3 w*ig[(fm] F'(w*)w® = w — §(M2 — 2)w?,
In particular this implies that F(w) = F(w)/w > 1 — (12 — 2)w.
Plugging this into the left-hand side of (5.9), and using the Feynman-Kac rep-
resentation (3.7) as well as the uniform ellipticity (2.2) from Assumption 1, we
arrive at

w(t,y —vt) > Ey_y oo 6Xa)ds =% (u2-2) [y wy(t—sts)ds;Xt > yl. (6.3)

In order to obtain a suitable control of the second exponential factor in (6.3),
we construct an event restricted to which the second exponential is bounded from
below in a suitable way. For this purpose, we recall the definition of v; from (5.7),
and introduce for given ¢, y the moving boundary

Byt(s) =y —uvi(t—s), s € [0,t]. (6.4)

By Ty == 1inf{s > 0 : X, = (,,(s)} we denote the first hitting time of 5,; by a
Brownian motion started at y — vt. We claim that for K > 1V v;? to be fixed
later, on the good event G := {7, € [t — K, ]}, it holds that

t—K
/ w!(t — s, Xs)ds < 1, (6.5)
0

see Figure 3 for an illustration. Indeed, note that using again the Feynman-Kac
representation (3.7) as well as the uniform ellipticity (2.2) of Assumption 1, in
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combination with the fact that sup,e F (w) = 1 once more, it holds that
(=0 £ B [ 5, 2]
<e=IPy (X > y),

where we write X for an independent Brownian motion started at X, in order to
avoid confusion of the two processes. On G one has that X, < y — vy(t — s) for
s € [0,t — K]. Hence, by a straightforward coupling argument, on G we have

Py, (Xis 2 y) < Po(Xims Z 01t = 5)) = P(Z = 01v/E = ),
where 7 is a standard Gaussian random variable. Using this in combination with
a standard Gaussian bound (see e.g. [AT07, (1.2.2)]) and taking advantage of the

fact that by assumption vi4/(t —s) > v;vVK > 1, it follows that on G we can
upper bound

t—K K
/ wY(t — s, X,)ds < / eSIP(Z > vVt —s) ds
0

L[ s vi/2- (6.6)
< —vl es)(t—s ds = / esz 6.6
_\/27T/0

1

< e K(v?/2—es) <1,
T V2m(v3/2 — es) -

where in the last inequality we used v?/2 — es = 1, which holds by (5.7). This
proves (6.5).

Coming back to the task of finding a lower bound for the right-hand side of
(6.3), we infer by the above discussion that on G we can use (6.5) to bound the
second exponential factor on the right-hand side of (6.3) by

o5 (22) fLwh(t-s.X,) ds 5, e*%(u272)(1+ftt7Kwy(tfs,Xs)ds)
= (6.7)

> o~ F (LK)

where in the last inequality we used that 0 < wY(s,y) < 1 uniformly for all
(s,y) € [0,00) x R. Consequently, by restricting the expectation on the right-hand
side of (6.3) to G, it follows by (6.7) that whenever v > vy, then

Wl(ty —vt) > e DO g [efo Vs, x, > gl (6.8)

In order to finish the proof of (5.9), we need to compare the expectations on the
right-hand side of (6.2) and on the right-hand side of (6.8). This is the purpose of
the following lemma.

Lemma 6.1. Let vy be as in (5.8). Then for every v > vy there exists constants

K = K(v), C = C(v) € (0,00) such that for P-a.a. &, for all t large enough and
all y € [0,vt], one has

Ey—vt [efot E(XS)dS; Xt Z y] S 5Ey—vt [ef(f g(XS)dS; Xt 2 Y, g} . (69)

We postpone the proof of Lemma 6.1 and complete the proof of Lemma 5.1 first.
By combining the lower bound (6.8), the upper bound (6.2) and Lemma 6.1, we
obtain.

wY(t,y —vt) — w? T (t + u,y — vt)
> (67%(;;272)(K+1) _ 50162601u7A/02)Ey7yt |:efot f(Xs)dS; X, > n g] )
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For every A satisfying

A= Agi=cu+ e —2)(K +1)+ n(Cerer)),

the right-hand side is positive, which proves (5.9) and thus the lemma. O

Proof of Lemma 6.1. To prove the lemma, we use the machinery of tilted measures
as introduced in Section 4. We recall the notation ¢ = {—es from (4.1) and observe
that, by multiplying both sides of (6.9) by e~®**, it is sufficient to show (6.9) with
¢ in place of &.

We start by proving an upper bound for the left-hand side of (6.9) in terms of
tilted measures. By Lemma A.4 there exist constants C, L < oo such that for any
n < 0, for t large enough uniformly in y € [0, vt] it holds that

Eyfvt [ef(; C(Xs)dS, Xt 2 y:| S CEyf’Ut [efOHy C(Xs)ds 7]’J’y E I:t _ L7 t]]
< Cezy", Py (Hy, €[t — L,t]).

y—vty

(6.10)

In the next step, we bound the expression appearing on the right-hand side
of (6.9) from below. To this end, let p$(t) := P5"(X, > y). Using the strong
Markov property we obtain

Ey—vt [efot C(XS)dS; Xt Z Y, 7;/,t Z t— Kj|
. H
2 67(957e1)KEy,Ut [efo yC(Xs)ds; Hy c [t o K, t],Xt 2 y,7;/7t 2 t — Kj|
. H
2 67(657617W)K€777tEy7Ut [efo y(C(Xs)+77)ds; Hy c [t . K, t],Xt Z n 7;7t Z t— Ki|

= e (e e e B [P (= Hy) Hy € [t = K t), Ty >t — K]
1 —(es—ei— — s )
> Sl Mz P (Hy € [t — K 1), Ty >t — K),

(6.11)

where in the last inequality we used Lemma 4.4 to infer that for any n < 0 and
s > 0 one has p$(s) > PY " (X, > 0) > 1/2.

In view of (6.10) and (6.11), in order to complete the proof of Lemma 6.1, it is
sufficient to show that

P (Hy €[t —Lt)) <CP (Hy €t — K1), Ty >t — K), (6.12)

y—ut

for some suitably chosen parameter n and constants C, K, L, P-a.s. for all ¢ large,
uniformly in y € [0, vt].

To this end we will need two further auxiliary lemmas. The first one will be
used to upper bound the probability appearing on the right-hand side of (6.12),
and also specifies the range of suitable n’s.

Lemma 6.2. Let n < 0 be such that \/2|n] > vi(1+ 2£), and let 0 < L < K be
such that L/K < 1/3. Then, P-a.s. for every y € R and v > vy,
P (Hy < t,Tyy <t —K) <2P" (H, <t—L). (6.13)

y—ut y—ut

The second auxiliary lemma is a quantitative extension of a part of Proposition
3.5 of [DS22]. It states that under the tilted measure, if the tilting is not too strong,
the probabilities to cross a large interval in ¢ or ¢ — L time units are comparable.
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Lemma 6.3. For every v > v, there is ¢ = c¢(v) < oo such that for all L large
enough and n € ((v) + £,0), P-a.s. for all t large enough and |y| < 2vt,
1
P (Hy <t—L)< =P

y—ut =4 y—ut

(Hy <),

and as a consequence,

y—vt

1
PS" (H, <t—1L)< gPy@_’iﬂt(ﬂy € (t—L,t)).

In order not to hinder the flow or reading, we postpone the proofs of these
two lemmas to the end of the current section. We now come back to the proof
of Lemma 6.1 and complete it by showing (6.12). To this end we choose the
parameters 7, K, and L in such a way that the previous two lemmas can be used
simultaneously. More precisely, for a given v > vy we fix arbitrary 7 so that

7(0)] = 1> | > 207, (6.14)

which is possible by the definition of ve in (5.8). Then we fix L as large as required
in Lemma 6.3. As consequence, due to (6.14), the required assumptions on 7 are
satisfied in our setting. Finally, we fix K > 3L and observe that, in combina-
tion with (6.14), we infer \/2|n| > 2v; > v1(1 + 2£), so that the assumptions of
Lemma 6.2 are satisfied as well.

With this choice of constants, noting that {H, € [t — K,t],T,s >t — K} =
{H, <t,T,s >t— K} (cf. Figure 3 also), the right-hand side of (6.12) satisfies

P (Hye[t— K1), Ty >t - K)

y—ut
=P (Hy <t) — P (Hy <t, Ty <t — K) (6.15)
> PS" (H, <t) — 2P (H, < t— L),

where the last inequality follows from Lemma 6.2. This can be written as

y—ut

P (Hyelt—L,t) — Py (H, <t—L) > gP?f’”vt(Hy €lt— L), (6.16)

where the last inequality is a direct consequence of Lemma 6.3. Now combining
(6.15) and (6.16) we obtain (6.12), which completes the proof. O

It remains to provide the proofs of Lemmas 6.2 and 6.3.

Proof of Lemma 6.2. Using the tower property for conditional expectations we ob-
tain
P (Hy <t—L)> P (Hy<t—L,T,, <t—K)

y—vt

= ngvt [1{7;,t§t—K}Pg§?—nvt(Hy <t-—1L | ]:Ty,t)}’

(6.17)

where JFr. , is the canonical stopped o-algebra associated to 7. It follows from
Lemma 4.4 that the drift of X under the tilted measure PyC’_"vt is always larger than

v/2|n]. On the event {0 < 7, <t — K}, by the strong Markov property at time
T, and using that X7 , = 3, :(7,.), it holds that

ngLn”t(Hy <t-1L| ]:Ty,t) = P)%Zy,i (Hy <t—L-— 7z;t)
> inf PY" (H,<t—u—1L)

= o<u<i—K  Pur(w)

(6.18)
> if PYIN(H,<t—u- L)

= o<u<t—K  Put(w)
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Recalling the assumptions of the lemma, for u € [0, — K| we have that

/2]
EY oy Xiurr) = Bya(w) + /20|t —u— L)
>y —uv(t—u)+o(1+2)(t—u—L) (6.19)
>y—ul+uig(K -L)>y+zul >y,

where for the penultimate inequality we used K — L > %K , by assumption. In

V2l

combination with the fact that X is Brownian motion with drift under Pﬁ“(u)7

it follows that the probability on the right-hand side of (6.18) is at least 1/2.
Plugging this back into (6.17) we arrive at

1
P (Hy <t—L)> §Py<;’7vt (Tys <t—K)
1
> §P§;’Lt (Tye <t—K,H,<t),
as claimed. ]

Next we give the proof of Lemma 6.3.

Proof of Lemma 6.5. The first part of the proof of this lemma follows the same
steps as the proof of Proposition 3.5 of [DS22] (see also the proof of Lemma A.3 in
the appendix.) By Lemma A.1(a), P-a.s. for all ¢ large enough, and all |y| < 2vt,
there exist constants ng_my(v) so that

< v
Egvnyfvt,y( )[Hy] — t. (6.20)

y—ut

To simplify the notation we write 1 = ng,my(v). Using Lemma A.1(b), we can

assume that 7 < 7)(v) + 57, and thus, by the hypothesis of the lemma,

~ c
— > —, 6.21
m=n=57 ( )

By definition of tilted measures (4.3),

1 H
P (Hy <t—L)= e [efo Y ds, <y L]
y—vt,y
C?ﬁ
_ Zy—vt,y { E . |:€f0Hy (C(Xs)+m) dseny(ﬁ*U). H <t— L] . (6 22)
ZCvn ZC:n y—v ! Yy = .
y—ut,y y—ut,y
Z(?ﬁ -
= St gon [ i,y < ¢ - 1
Zcm y—ut y ty = .
y—vt,y
Define random variables 7, = Hy_yyi — Hy_piyi1, @ = 1,..., |vt], and 7y =
H, — Hg_vH lut], SO that ZILZJ Ti + T = H,, and fheir re-centred versions 7; =
T — ng]vt [;] for i =1,..., |vt], and Tpy = 7y — Egﬂvt [7,¢]. Further, let
~ [vt]
}/ycfvt,y = (77;77) (Z ?z + 5—\'ut)y (623)
i=1
where

G =09y, (v) =7 —n Varpes (Hy). (6.24)
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is chosen so that the variance of Y;f_vw is one. Denoting by Mf,_m,y the distribution

of ervt,y under P57 using also the fact that Eg, H,| =t, by the definition

y—ut,y’
of 17, (6.22) can be rewritten as

vt,y[

P (H, <t—L)

y—uvt
Z" 7 [ (n—1)
_ Zy—vty (-t —5Y° .. ¢ n—n
= ZCW 6(77 77) Ey—nq}t |:€ Y t,y, }/;J—Ut,y S |: a_/ 700):| (6 25)
y—vt,y ’
ZC’_ﬁ'Ut - > —ou
= # e(n ?Dt/ e Mg—vt,y(du)-
y—ut,y L(n—n)/c
Setting L = 0 in the above formula we further obtain
¢ 2y e [T —su ¢
nyvt(Hy S t) = % 6(77—77)75/ e_auy’y—vt,y(du)a (626)
2y oty 0

Hence, to finish the proof of the lemma, it suffices to show that the integral on
the right-hand side of (6.25) is at most 1/4 of the integral on the right-hand side

of (6.26).
To see this we proceed as in the proof of Lemma 3.6 of [DS22|. By the strong
Markov property the random variables 7;, i = 1,..., |vt], and 7,; are independent

under sz’_rz,t. Further, it is a straightforward consequence of the definitions of
the logarithmic moment generating functions in [DS22, (2.7)] and their being well
defined for n < 0 that those random variables have uniform exponential moments.
Moreover, recall that ¢ was chosen such that the variance of ,UgC/—vt,y is one. This
allows the application of a local central limit theorem for independent normalised

sequences [BR10, Theorem 13.3], which infers that
Sup 1151y (B) = ®(B)] < e ([wt]) 712, (6.27)

where the supremum is taken over all intervals B in R and ¢ denotes the standard
Gaussian measure. Note that the constant ¢; in the last display depends only
on the uniform bound of the exponential moments of the 7;’s. Without loss of
generality, we can assume that ¢; > 4. We also note that by [DS22, (3.8)] (see also
(A.8)) the variance o2 defined in (6.24) satisfies for P-a.a. ¢ and t large enough

c; '/ [vt] <G < o/ [vt]. (6.28)

We now have all ingredients to finish the proof. For that purpose, we assume
that the constant ¢ from the statement of the lemma satisfies the inequality

L(n — 2
gtz e 200 (6.29)
o 2cov/ vt Vot
To bound the integral in (6.25) from above, we observe that for any interval (a, b)

of length ¢ we have ®((a,b)) < ¢/+/2m and thus Mg—vt,y((% b)) < (L+er/Vot) <20,
by (6.29). Therefore, using (6.28) in the last step,

/L e“?“ﬂg—m,y(du) < Z e_aflig—vt,y((w’ (i+1)0)
i=1

(n—m)/c (630)

20e=t 25le= 7 ¢
< — < — . .
T 1l—e9 — 1—¢et Vot
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On the other hand, using the rough bound ®((0, )) > z/5 which holds for small
enough z, and (6.29),

o ; L(n—7)/25 e
/0 € Uu:uy—vt,y(du) 2/0' € Uu#’y—vt,y(du)
1

> e (0.0/2)) 2 R (000, 6/2) - ) (63D

> e_ag/QC—l.

—_— m
By increasing the value of the constant ¢ and thus of g¢ > ¢/2, the right-hand side
of (6.30) can be made at most 1/4 as large as the right-hand side of (6.31). This
completes the proof of the lemma. O

APPENDIX A. PERTURBATION ESTIMATES

The goal of this appendix is to show perturbation Lemma 3.4. Its proof strongly
resembles the proofs of Lemma 3.11(b) of [DS22] and Lemma 4.1(b) of [CDS22].
However, compared to the proofs of these two lemmas, we should take care of two
key differences:

(A) Lemma 3.4 requires that its estimates hold uniformly over the “starting
point” x and the “target point” y in an interval growing linearly with time
t. In the original statements, the target point is always the origin and the
starting point satisfies © = vt.

(B) Lemma 3.4(b) involves a perturbation by the end point (that is, y changes
to y + h), while the starting point is perturbed in the original statement.

Proving Lemma 3.4 thus requires checking that these two differences can be
dealt with by the original arguments. We will not reproduce the lengthy argument
in completeness here, but describe key locations where the arguments of [CDS22,
DS22] have to be adapted.

We start by recalling the definition of the tilted measure P$" from below (4.4).
Similarly to [DS22, (2.13)], we are interested in the tilting parameter 7§ ,(v) such
that the mean speed on the way from z to y under the tilted measure is v, that is
]:y x’ v>0,z<y. (A1)

ECyng,y (U) [H
v v

Y

(If 75, (v) does not exist, we set 7S, (v) = 0.) We also recall the definitions of
7(v) < 0 from below (4.5) (see also [DS22, (2.10)]), and of the compact interval
V' C (v.,00) containing vy in its interior from above Lemma 3.4. By [DS22,
Lemma 2.4], there is a compact interval A C (—o0,0) which contains 7j(V') in its
interior. In particular,
oo < inf 7j(v) < sup7(v) < 0. (A.2)
veV veEV
The next lemma shows that 75, (v) exists with hight probability and is close to
7. It is an extension of Lemma 2.5 of [DS22] and the first step on the way to deal
with the difference (A) in the above list.

Lemma A.1. (a) For every A > 1 there exists a finite random variable N =
N(A) such that for allv € V and x < y € R such that y —z > N
and |z|,|y| < A(y — ), the solution nS,(v) to (A1) exists and satisfies
ngy(v) e A.
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(b) For each q € N, and each compact interval V. C (v, 00), there exists C =
C(V,q) € (0,00) such that, for alln € N,

P(sup sup  sup |5, (v) —7(v)| = Cy/ ln_n) <Cn™1. (A.3)
veV z€[—n,—n+1] y€[0,1] ’ n

Proof. As in [DS22], (a) follows directly from (b), using the Borel-Cantelli lemma
and (A.2) (with the help of the stationarity and an additional union bound to take
care over the uniformity in y). Part (b) looks essentially the same as in [DS22],
with the additional supremum over y € [0, 1]. Due to (2.3), the proof of this part
runs exactly as the proofs of Lemmas 2.5, 2.6 of [DS22], the modifications due to
the additional supremum essentially require notational changes only. |

We can further adapt Lemma 2.7 of [DS22|, which is used in the proof of
Lemma 4.1 in [CDS22]. Besides [DS22, Lemma 2.5] which we already adapted
to our setting in Lemma A.1, its proof only uses steps that are uniform in the
potential £, and thus requires only notational changes.

Lemma A.2. There exists a constant ¢ > 0 and for every A > 1 there exists a
finite random variable N' = N'(A) such that for all x,y € R withy —x > N and
lz], ly| < Aly —x), v eV, and h € [0,y — x|, we have

ch
y—

Next, we need to extend the second part of Proposition 3.5 in [DS22|. To this
end, for z <y € R and v > 0, we introduce the quantities (cf. [DS22, (3.7)])

11,5 (V) = 15 i (V)] < (A.4)

Y¥(z,y) = B, [efOHy (X, b [y T peus x”,
’ ! (A.5)

v

where K is a large constant fixed as in [DS22, (3.17)]. It turns out that Y, ¥(z,y)
and Y, (z,y) are comparable uniformly in the admissible choices of = and y.

Lemma A.3. For A > 1, let N = N(A) be as in Lemma A.1. Then there exists a
constant C' € (1,00) such that for allv € V and all x < y € R such that y—x > N
as well as |z|, |y| < A(y — x), we have

Y, (z,y)

Ty € (ct, ). (A.6)

Proof. The proof of this lemma contains a computation that is also at the heart
of the proof of Lemma 6.3, so we include it here. We assume that z,y satisfy
the assumptions of the lemma, and, in order to keep the notation simple, we in
addition assume that x,y € Z (cf. [DS22, Section 1.9]). We write 1 := 7S ,(v) and
define

o= ag’y(v) 1= [n[y/ Varpen (Hy), (A.7)
where the variance is with respect of P$. As in [DS22, (3.8)], uniformly in ¢ and
vevV,

cWy—z<os,(v)<cey—a (A.8)

for some ¢ € (1,00). Let further 7, = H, — H, 4, z € [x + 1,y] N Z, and let
7, =1, — E$"[1.]. Then, by the definition of 7, for x,y satisfying the assumptions
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of Lemma A.1, we have Y ES$[H,] = =2, With this notation, as in [DS22,

z=x+1
(3.12)],
~ Hy (g 4 Y R y R
) i=z+1 (49)
o2 A (R S [ _@} o) (TS, ).
x 3 o , .

z=z+1

where (cf. [DS22, (2.7)])

)
— 3 . .
L,m=@g-2)"> In Ez_l[@fo (C(Xs)+n)d]
z=x+1 (A]_O)

= (y—2)"'E, [efo ¢(Xs) +n)d}

Defining 157 to be the distribution of 2 Y~Y 7. under P$", this implies

z=x+1
—Kn
~ 7S o
V(2 y) = e W-(E-TE,0) /O e~ (du). (A11)
Similarly,
—(y—z)(2-I OO —ou
Y (2,y) = e” 0 DG ey ™) /_Kn e ug’;(du) (A.12)

o

The upshot of this computation is that under P47, the random variables 7,, z =
x4+ 1,...,y are centred, independent, have uniform exponential moments, and
(S has unit variance. This allows, as in the proof of [DS22, Lemma 3.6], to
(uniformly) approximate p$7 by the standard Gaussian measure, and to show
that the integrals appearing on the right-hand side of (A.11) and (A.12) are both
comparable to (¢ ,(v)) ™" and thus, by (A.8), to (y—x)~'/?, uniformly in the ¢ and
v € V under consideration and for all z,y satisfying the assumptions of Lemma
A.1. With this the claim of the lemma follows. U

Lemma A.3 has an important corollary allowing to approximate the Feynman-
Kac formula for the PAM by expressions involving Y,*(x,y). This approximation
is used in (6.10), and also in the proof of Lemma 3.4 below.

Lemma A.4. (c¢f. [DS22, Lemma 3.7|) For each A > 1, there exists a constant
C € (1,00) such that for allt € (0,00) and all x < y € R such that y —z > N,
2], [yl < Aly — ) and = €V,

CTYE(x,y) < B, [el €94 X, > 4] < OV (2, y). (A.13)

Proof. The proof of the corresponding Lemma 3.7 of [DS22| only uses estimates
that are uniform in ¢ and the starting/target position, as well as the part of
Proposition 3.5 therein which we already extended in Lemma A.3. It can thus
directly be adapted to the current setting. U

We can now finally show Lemma 3.4.

Proof of Lemma 3.4. The proof of part (a) involving the perturbation in time fol-
lows exactly the same lines as the proof of Lemma 3.11(b) in [DS22]: We denote
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v:i=(y—x)/t, v := (y — x)/(t + h) and observe that by Lemma A.4, for z, y, t
and h as in the statement, by choosing 7; sufficiently large so that y — 2 > N,

t+h
|:ef &(Xs)ds. s Xipop > y} - CK;( y)
E, [efot £(Xs)d5; X, > y] YUN( ) '

(A.14)

The fraction on the right-hand side can be rewritten with help of (A.11). Using
also the fact that the integral in (A.11) is of order 1/y — z, as explained at the end
of the proof of Lemma A.3, we obtain (cf. [DS22, (3.36)])

Yray)  exp{ = o) (4 - T (6, ()}
~ < (A.15)
YE@Y) ™ exp { - (v — o) (B2 - I (1S4 (0))) )
Now—cf. [DS22, (3.4)]—denoting
Seum =y —2) (L -I5,m). (A.16)

the logarithm of the right-hand side of (A.15) can be written as

(S5 (g (v)) = Seip(n , (V') + (S5 (18, (v) = Sgy (05, (') (A.17)

Recalling the definitions of v and v/, the second summand in (A.17) satisfies

(Se 15, (V) = S5y (05, (v)) = —hapg,, (v') < ch, (A.18)
since 5 < n$,(v) < ¢ < 0 for the considered z, y, v/, due to Lemma A.1(a).
Moreover, the absolute value of the first summand in (A.17) can be upper bounded
by ch?/t < h uniformly for z, y, t and h under consideration, exactly as in the
paragraph containing [DS22, (3.39)] (this proof uses again only estimates that are
uniform in ¢). This completes the proof of part (a).

The proof of part (b) follows the lines of the proof of Lemma 4.1 in [CDS22], but
it should accommodate for the difference (B), as explained above at the beginning
of Appendix A. Using the same reasoning as in (A.14)—(A.17), now with the choices
v:=(y —x)/t and v' := (y + h — =) /t, we infer that

B [eli €00t X, >yt h|  ye

E, [efo §Xo)ds, x, > y] Y (z,y)
as well as
Y (x,y+h)
In 2222 < (S0 (nS, (v S (S (v
Y (.y) < (S5 015, (V) = S5 n (S, (0)) (4.20)

(S5 (1,4 (0)) = San (0, ()

By (A.16), the first summand on the right-hand side of (A.20) (which differs
slightly from the one in [CDS22|, due to the difference (B)) satisfies (with 7 :=



m5,(0))

S50, (0) = S5 0, (0)
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_ ‘m E, [efoH”"(c(Xs)wi,y(v))ds} CmE, [efo”y@(xs)wé,y(v))ds]

o (A.21)
_ ‘m E, [efo vt <c<x3)+n£,y<v>>ds}

< h\/Q(es —ei+ |5, (v)]) < ch,

where in the second equality we applied the strong Markov property at time H,,
and used (4.16) for the inequality.

The second summand on the right-hand side of (A.20) is bounded by ch?/t < h
and is thus negligible. This can be proved exactly as in [CDS22, (4.13)(4.16)].
Besides [DS22, Lemma 2.7|, which we already extended in Lemma A.2, this proof
again only uses uniform estimates and thus does not require any modification.

This completes the proof of the lemma. U
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