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ABSTRACT. In this article, we consider two models of directed polymers in random
environment: a discrete model in a general random environment and a continuous
model. We consider these models in dimension greater or equal to 3 and we suppose
that the normalized partition function is bounded in L? (the "high” temperature
case). Under these assumptions, Sinai proved in [@] a local limit theorem for
the discrete model, using a perturbation expansion. In this article, we give a new
method for proving Sinai’s local limit theorem. This new method can be transposed
to the continuous setting in which we prove a similar local limit theorem.

RESUME: Dans cet article, on considére deux modeles de polymeres dirigés en
environnement aléatoire: un modele discret en environnement aléatoire général et
un modele continu. On considere ces modeles en dimension supérieur ou égale
4 3 et on suppose que la fonction de partition renormalisée est bornée dans L?
(cela correspond au cas de "haute” température). Sous ces hypotheéses, Sinai a
montré dans [[[]] un théoréme limite locale pour le modele discret en utilisant un
développement en perturbation. Dans cet article, on donne une nouvelle méthode
pour démontrer le théoréme limite locale ci-dessus. Cette nouvelle méthode peut
étre transposée au cas continu dans lequel on montre un théoreme limite locale
similaire.
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1. INTRODUCTION

Directed polymers in random environment is a model of statistical mechanics in
which stochastic processes interact with a random environment, depending on both
time and space: one studies the path of the stochastic process under a random Gibbs
measure depending on the temperature (as the temperature increases, the influence
of the random environment decreases).

In this article, we will consider two polymer models: a simple random walk model
of directed polymers and its continuous analogue, a Brownian model of directed
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polymers. The discrete model first appeared in the physics litterature ([q]) to mod-
elize the phase boundary of Ising model subject to random impurities and its first
mathematical study was undertaken by Imbrie, Spencer in 1988 ([§]) and Bolthausen
in 1989 ([]). The continuous model we study here was first introduced and studied
by Comets and Yoshida in 2004 ([]). These models are related to many models
of statistical physics. We refer to the survey paper [d] by Krug and Spohn for an
account on these models and there relations.

In the sequel, we will suppose that the dimension of the underlying stochastic pro-
cess is greater or equal to 3 and that the normalized partition function is bounded
in L? (see subchapters 1.1-1.2. for the definition of the normalized partition func-
tion). Under these assumptions, the polymer is diffusive in the sense that a central
limit theorem holds: by scaling by the square root of time, the simple random walk
(Brownian motion in the continuous model) converges in law under the random

Gibbs measure to a gaussian measure (see [{], [, [LJ], [@]). One can sometimes go
a step further than convergence in law by giving an equivalent of the density: this is
called a local limit theorem. In [[LT], Sinai obtained a local limit theorem by using a
perturbation expansion. Unfortunately, it is not clear how to adapt the strategy to
the continuous setting. The object of this work is to give a new method for proving
Sinai’s theorem; this method is sufficiently general to be easily adapted to prove a
similar local limit theorem in the continuous setting. Our approach is simple and
relies only on L? computations and on properties of the simple random walk bridges
(Brownian bridges in the continuous case).

Finally, we remind that some results have been achieved in the case of dimension
less or equal to 2 or when the temperature is low. In these cases, the polymer is non-
diffusive (see remark P.f below) and many conjectures remain open. For an account
on these cases, we refer to [fJ] in a gaussian environment and to [[f] in a general
environment.

The article is organized as follows: each chapter is divided into two subchapters,
one of them being devoted to the discrete model and the other one being devoted
to the continuous model. First, we introduce the two models. In the second chapter,
we will remind the known results at high temperature when the dimension of the
underlying process is greater or equal to 3; we will also formulate an analogue to
Sinai’s local limit theorem for the Brownian directed polymer. In the third chapter,
we will prove the local limit theorem for both models.

1.1. The simple random walk model of directed polymers.

o Let ((wn)nen, (P*)geze) denote the simple random walk on the d-dimensional
integer lattice Z¢, defined on a probability space (€2, F); more precisely, for
z in Z?, under the measure P, (Wn — Wn—1)n >1 are independant and

1
Piwy=2)=1 P%(w, —wy,_1 ==%0;) = 20 j=1,...,d,
where (J,)1 < j < a is the j-th vector of the canonical basis of Z%. In the sequel,
P will denote P°. For x in Z¢, let ¢™(z) be the probability for the random
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walk starting in 0 to be in x at time n:

n def.
q( )(ZL‘) =" P(w, = ).

e The random environment on each lattice site is a sequence n = (7(n, T)) (2 enxz

of real valued, non-constant and i.i.d. random variables defined on a proba-
bility space (H,G, @) such that

VB EeR M) A Q") < oo.

e For any n > 0, we define the (Q-random) polymer measure ¥ on the path
space (£, F, P*) by:

() = - exp(FH(w) — nA()) PF(de)

n

where 5 € R is the inverse temperature,
def. a .
Hy(w) =) " n(j,w;)
j=1

and
72 = P(BH,(w) — nA(9))
is the normalized partition function (Q(Z7F) = 1).
Let (Gn)n >0 be the filtration defined by

Gn = o{n(j,x);j <nx € 2%
For any fixed path w, ((3_7_, An(j,w;)) =nA(B))n >1 is a random walk with indepen-
dent increments thus it is not hard to see that (Z*,G,), >0 is a positive martingale.
Therefore, it converges @Q-a.s. to a limit ZZ. Since the event (Z2 = 0) is measurable
with respect to the tail o-field

() o{nli,2):j = n,x € 2},
n>1
by Kolmogorov’'s 0 — 1 law, there are only two possible situations
QZL =0)=1 or Q(ZL =0)=0.

In the former case, we say that strong disorder holds and in the latter case we say
that weak disorder holds.

1.2. The Brownian motion model of directed polymers.

o Let ((wi)ier, , (P*)zere) denote a d-dimensional standard brownian motion,
defined on a probability space (2, F). In the sequel, P will denote P°. For
t >0 and z,y in R?, let p(t,z,y) be the transition density of the Brownian
motion:
def. 1 _ly==)?

pt7x7y = e 2t
( ) (27t)2
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e The random environment 7 is a Poisson random measure on R, x R? with
unit intensity, defined on a probability space (M, G, Q). We recall that 7 is
an integer valued random measure characterized by the following property:
If Ay,..., A, € B(R, x R?) are disjoint and bounded Borel sets, then

n

- kg
QA = k) =L % |

Jj=1

where ki,...k, € N and | . | denotes the Lebesgue measure in R**!. We
define V; to be the unit volume tube around the graph {(s, w;)}o<s <+ of the
Brownian path:

Vi =Vi(w) ={(s,z);s €]0,t],z € U(ws)}

where U(z) is the closed ball in R? with unit volume and centered at z € R%
e For any ¢ > 0, we define the (Q-random) polymer measure uf on the path

space (§2, F, P*) by:
- exp(6n(V;) — A(P)t
120y = SR = X0))
t
where 3 € R is the inverse temperature and

Zi = P*(exp(Bn(Ve) — A(B)t))

is the normalized partition function (Q(Z7) = 1). In this setting, the random
environment is a Poisson point process so we get the explicit value:

MB)=e?—1¢€]—1,0q].
It is natural to introduce the filtration (G;);~¢ defined by :

P*(dw),

G = o{n(A); A € B(0,1] x RY)}.
As in the discrete setting, it is not hard to show that (Z7,G;);0 is a positive

martingale wich converges (-a.s. to a non negative random variable ZZ that has
the following property:

QZL =0)=1 or Q(ZL =0)=0.
In the former case, we say that strong disorder holds and in the latter case we say
that weak disorder holds.

2. STUDY OF THE DIRECTED POLYMERS WHEN THE NORMALIZED PARTITION
FUNCTION IS BOUNDED IN L?(Q)

From now on, in the rest of this paper, we will only consider the case d > 3 and
we will suppose that that the normalized partition function is bounded in L?(Q). In
that case, the latter converges Q-a.s. and in L*(Q) to the random variable Z% . The
L?-convergence implies that Q(Z%) = 1 and therefore weak disorder holds. Under
these assumptions, the behavior of the typical path under the polymer measure is
diffusive (see [[f] for the discrete case and [fj] for the continuous case).
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2.1. The Simple random walk model. In order to get a nice probabilistic inter-
pretation, we work on the product space (Q%, F?, (P*®PY), ,ez4) and thus consider
another simple random walk (@,,),en independant of the first one (wy,),en under the
same environment.

Let Ao(53) ael A(26) — 2X(B) and Ng, = Nin,(w,w) be the number of ordered
intersections of w and w between k and n:

n
def.
Nk,n = E 1wj:§)j-
j=k

With these notations, the following proposition is straightforward (e.g., [H]):

Proposition 2.1. We have the following identity:
Q((ZE)?) = P* @ P*(eNin)
= P ® P(eM®PNn),

In particular,
sup Q((Z2)?) = P @ P(eM Vi),

n >0
We have the following equivalence

1
P @ PPNy <00 = \y(f) < ln(w—d)

where my el P(3n > 1, w, =0) < 1. Thus, We have the following equivalence:

sngQ((ny)Q) <o <= M) < ln(ﬂid).

A serie of articles [f], [B], [[J] lead to the following central limit theorem:

Theorem 2.2 (Central limit Theorem). Suppose that the normalized partition func-
tion is bounded in L*: )
A2(B3) < In(—).
Td
Then, for all f € C(RY) with at most polynomial growth at infinity,

w 1 x >
(=) ) — —— f(—=)e 2 dz, Q — a.s.
o ( (ﬁ)) =0 (27)% Jia vz

A step further is to try and prove a local limit theorem: one wants to obtain an
expansion of the density P*(e;,1,,—,). As mentioned in the introduction, this has
been done in [[] by Sinai. In this paper, we will give a different proof of the local
limit theorem which can be adapted to prove a continuous analogue in the Brownian
setting.

Let us introduce a few notations that we will use in the rest of this paper. We
define for k < n

def.

Chn = eXp((Z An(d,w;)) — (n =k +1A(B))
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and the time reversed analogue

—_

n—
— def

€en = exp(( ) An(n—j,w;)) — (n =k +1)A(B)).

j=k—1

Il
B

We can now recall Sinai’s local limit theorem in a suitable form:

Theorem 2.3 (Sinai, 1995). Let d > 3, A > 0 and (3 be such that X\o(5) < In ﬂid)
Then, if (I.)n >0 s a sequence of integers that tend to infinity such that l,, = o(n®)
with a < %,
Pie1n |wp=y) = Px(eun)Py(zun) +00Y (2.1)
with
sup — Q(l 6z ) — 0.

ly—z| < Ay nee
This leads to the following formulation that can be found in Sinai’s article:
Pern | wn =y) = Z5LPY(e1,) + 87" (2.2)
with
sup Q| 057 ]) — 0.

ly—a| < Ay n—og

Remark 2.4. Intuitively, the local limit theorem asserts that, conditionnaly to the
event (w, = y), the polymer only "feels” the environment at times k small where it
stays near x and at times k close to n where it stays near y. In between , the polymer
behaves like a conditionned simple random walk.

Remark 2.5. Theorem 2.3 leads to a weak form of theorem [2.3: for all f € C(R?)
with compact support,

i (150) © 2 g [ Fae

This derivation can be found in [[LT].

Remark 2.6. At a heuristic level, we argue that the local limit theorem is a natural
definition for the polymer to be diffusive (more natural than the central limit theorem
itself ). Roughly, the local limit theorem implies

def.
I, = Z o (W, = :c)2

xC€Z4

~ Y (Pr(ern)’e ™ (@)

xE€Z4

~Q(ZY) x> ¢ (x)
xC€Z4

C

~
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With other respects, recall (e.g. [H]) that for d = 1,2 and 8 # 0 or d > 3 and (3
large,

39>0, limI,>6 Q—a.s.

(at least if n is unbounded in the second case). Therefore, it is natural to call these
two cases "non-diffusive” as mentionned in the introduction.

2.2. The Brownian model. This subchapter is the continuous analogue of the
previous one. We work on the product space (9%, F*?, (P* ® PY),  ega) and thus
consider another d-dimensional brownian motion (&;);cr, independant of the first
one (wy)ier, under the same environment.

Let A\o(f3) = A(28) — 2A(B) where we recall that \(3) = e¢® — 1. Let N,; =

N; +(w,w) be the volume of the overlap in time [s,t] of unit tubes around w and &:

t
N, / | Uwa) NU @) | du
With these notations, we can find the following proposition in [H:
Proposition 2.7. We have the following identity:
QU(Z7)?) = Pt @ PO
— P®P(€ 2( )NO,t>.

In particular,

sup Q((Z7)?) = P ® P(eMPNo),

t>0
There exists A(d) > 0 such that:

N €]0,\(d)] = P® P(e¥Vox) < .
In [[], Comets and Yoshida prove the following central limit theorem:
Theorem 2.8 (Central limit theorem). Suppose that (3 is such that:
A2(B) < A(d).
Then, for all f € C(RY) with at most polynomial growth at infinity,

it (155) =g [ SR T dn @
< \/i> (2m)2 Vd
t

As in the discrete setting ,we define for s <

def- Bn(Ve1)=A(B)(t—s)

es,t
where Vj; is the unit tube around the graph {(u,wy)s<u <t}:
Vit ={(u,x);u €]s,t],x € U(wy)}
We also define the time reversed analogue:

- OV 5.0)=A(B) ()
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where

«—

Ver={t —u,x);u€ls,t],x € U(wy)}

We can now formulate a new result: the local limit theorem for Brownian polymers.

Theorem 2.9. Let d >3, A > 0 and  be such that X\a(5) < A(d). Then, if (It): >0
is a positive function that tends to infinity such that l; = o(t*) with a < %,

Pt(eor | we =y) = Pm(eoylt)Py(gO,lt) + 67
with
sup  Q(| 67V *) — 0.
ly—a| < AVE feo

This leads to the following formulation in L*':
Peoy | wp =y) = Z5PY(eqs) + 0,

with )
sup Q| 077 [) — 0.

ly—z| < AVE t—00

Remark 2.10. The remarks and 2.3 apply here too.

3. PROOFS

Our proof of theorem is based on the way bridge measures of the simple
random walk relate to the measure of the simple random walk. This proof can be
translated in the continuous setting because Brownian bridge measures relate to the
Wiener measure in a similar way. The two main relations we use are the absolute
continuity result (B.4) (relation (B.I0) in the Brownian setting) and the inequality
(B-) (relation (B.I3) in the Brownian setting) which can be proved by using potential
theory.

3.1. Proof of theorem R.3. First we state and prove a few results that we will
use in the proof of theorem B.3. We remind the classical local limit theorem for the
simple random walk (cf. [[[0]):

Theorem 3.1 (Local limit theorem). Forn € N and x € Z%, we say that n and x
have the same parity and write n < x if n + Zz:1 zy is even and we define ™ (z)
to be the gaussian approzimation of ¢™ (z):

1 () < oLy exp %
q" (x) ()2 exp™ 2.
With these notations, we have:
n —\n 1
sup | ¢"(xz) — " (2) |= O(—). (3.1)
n<x n2

In particular,

sup ¢ (x) = o<nl—g>. (3.2)
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and if one fires A > 0, there exists ¢ > 0 such that
1
inf  ¢"(x) > e—. (3.3)
nz2

|z < Av/n
We will need the following obvious corollary of theorem B.T wich can be understood

as an absolute continuity result:
Corollary 3.2. Let t €]0,1[ and A > 0. There exists a constant C(A,d) > 0 such

P*® P*(f((wk @k)k < |nt) | wWn = Y, 00 = ¥)

that:
Vf>0Vn sup
ly—z| < Avn
C(A,d) . -
S (1(_ t)‘ZP ® P*(f (W, @)k < [nt)))- (3.4)
Proof. By developping the left hand side of the inequality:
P*® Pm(f(<wk,(;k>k < LntJ> | Wy = y’a}n = y)
= Z ¢z —2) . g (2t — Znt)-1)
Z1yeeny Z|nt) (SYA
21y Z|nt) €7
gz =) g (Z ey — Zaeg—1)
(n=[nt]) (4, —
- - \q (Y — Z{nt))
f(Zl,-.-,ZLntJ721, ..,ZLntJ) q(n)(y—x)
q(nf LntJ) (y — ~LntJ)
¢y — x)
By the local limit theorem B.1],
q(n—LntJ)(y — ZWJ) < C’( n )% o C’
¢y—=) ) n—lt]T T (-8
Similarly,
¢y —2) O
< 7
(1—1)z
OJ

¢ (y —z)

In order to prove theorem P.3, we will also need to use a result that comes from
discrete potential theory. For a complete overview of potential theory for discrete

Markov chains, we refer to [[4]
Lemma 3.3. Ford >3 and v : Z¢ x Z¢ — R a bounded function, define
O(z,y) = P°® Py(ezg;lv(w’“@k)).

0< inf ®(z,y) < sup P(z,y) < oc.

Suppose that
z,y€Z4 z,yeZd
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Then there ezists a constant C' €0, oo[ such that

x r_ i v(wg,w ~ c
sup P ®Py(ezk=1 (wr,&r) | fwn,@n) |) < i Z | f(z,y) | (3.5)

d
Y€ x,ycZ4

for all f in LY(Z*) andn > 1

Proof. We will show inequality (B.3) for n even, the case n odd being similar. Let
(Wn)n >0 denote the simple random walk on Z?. By theorem 4.18 in [[4], (w2n)n >0
satisfies the d-isoperimetric inequality (/.S therein) on its underlying graph. By
remark 4.11 in [I4], (won,@2n)n >0 satisfies the 2d-isoperimetric inequality on its
underlying graph. Consider the Markov chain in Z¢ x Z? with kernel:

K((z,y), (@ y) = ) A (2, y), (2,2)p((2. D), (2, )

(2,2)€724 (I)(:E’ y)
where p is the transition kernel of (wy, Wn)n >0 The transition kernel K is reversible
with invariant measure m(x,y) = (®(z,y))?e"@¥) . By assumption, we have

0 < inf m(x,y) < sup m(z,y) < oo.
x,yeLd z,yEL

By assumption, there exists ¢, C' > 0 such that for all (z,y), (z/,y) in Z¢
p? ((z,y), (', ¢) < K((x,y), (') < Cp?((z,y), (', ¢/))

where p® is the transition kernel of (Wan, Wan)n > 0. Therefore K satisfies the 2d-
isoperimetric inequality on its underlying graph. By corollary 14.5 in [[4],

n ~ - - 1
Pr PSR w0 | flun,, D) | B(wan, Bon)) < Oy S | f(@y) |

sup
x,yCZ4 @(SL’ y)

for all fin L'(Z*?) and n > 1. The inequality (B7) follows by using the boundedness
of v and the assumption on ®. O
We can now state the following usefull corollary of lemma .3

Corollary 3.4. Let A > 0 and x € Z*. Under the assumptions of lemma [3.3, there
ezists C' €0, oo[ such that:

Vn sup  P* @ PT(eXi= V@RS |y =y T, =1y) < C. (3.6)
ly—z| < Avn
Proof. Let y € Z% be such that | y — x| < Ay/n. By applying inequality (B-J) with
[ =14y, we get:
C

P* ® P* 622:1 v(wg,Wk) Wy, = ’(En — < — < (.
( | Y Yy Pr(w, =y, 00 = y) (3

OJ
We can now prove theorem P.3.
Proof of theorem [2.3. Let [,, be a sequence tending to infinity and such that Vn [, < n/2.
First, we compare in L? the quantity P*(eq,, | w, = y) with P*(ey, €n 1, n | Wn = y)
Therefore we compute:
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Q(P*(e1n — €11, €ntyn | wn = y))? = P* @ P*(X2ONn — 2N h2BWNnctnn | ) = ¢ &, = y)
< P @ Pr(eMPNin 20Nt A | w, =y, B, = )

with
A, = 2B Ny n—tn 1

Let § > 0 be such that (14 §)\(0) < ln(ﬂid). We remind that this implies:
sup P* ® Py(6(1+5)>\2(ﬁ)22°:1 1wk:ak) — P* Px(6(1+5)>\2(5)§j;°:1 1%:%)

z,y€Z4
= P ® P(e+9BNe) o,

Using inequality (B.G) with v(x,y) = (14 0)A2(5) 14—y, there exists C' > 0 such that:

sup P*® Pa:(e(1+5)/\z(ﬁ)N1,n | wp =y, 0, =y) < C. (3.7)
n,|y—$| < A\/ﬁ

Let ¢, M be two positive numbers such that e*2(®¢ — 1 < M. By writing
1= 1An<ek2<ﬁ>ﬁf1 + 1vca, + 1wy <A, <M
we get

- C
P (059 Px(eAQ(ﬁ)(Nl’ananiln’n)An | Wn =Y,Wn = y) < C<e>\2(6)6 - 1) + W

+MP* @ P*(1y, 5 oa@e_1€? N |0, =y, T, = y).
Let ¢ > 1 be such that % + ﬁ = 1. By Holder’s inequality and inequality (B.q), we
get
P*® P*(1,, >exg<ﬁ)e_16A2(6)Nl’" | wn = y,W0n =y))
< (P @ P(Ay 2 P — 1 | w, =y, By, = )7
But, since Ny, i, is integer valued, we get uniformly on |y —z | < Ay/n:
P*® P*(A, =P 1 |w, =y,&, =y)
= P"® P*(Niyn-t, 2 1| wp =y, 0n =)
SP"@ P (Niynjpp 21| wy=y,0n=19))
+P"® P'(Nyjon-t, 2 1| wn =y,0n =)
=P"@ P (Niynpe 2 1|wy =y,0n =9))
+ PY®@ PY(Npynjp2 21| wp, = 2,0, =2)) (symmetry)
é)C’P’” ® P*(Ny,ns2 = 1)

+ C'PY @ PY(Ny, 2 > 1)
=2C"P® P(Nj, njp 2 1) — 0.

n—0o0
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We have used in the limit above the fact that Ny. < oo P ® P — a.s. and that
l, — 0. Therefore, we get

S - C
T s PPNt A, | 0, =y, T = g) < OO 1)
ly—z| < Av/n

We conclude that the above limit is equal to 0 by letting € | 0 and M T oo.
From now on, we suppose that [, = o(n®) for some a < % By the Markov property
of the simple random walk, we get:

q(n—2ln) (22 _ 2’1)

¢ (y — x)

Px(el,lnenfln,n ‘ Wnp = y) = Z Pm(‘el,ln 1wln=zl)

lz1—2| <ln,ly—22| <ln

p= (enfln,nlwn:y) .

By symmetry of the simple random walk, we have:

Z PZ2 (en,lmnlwn:y) - Z Py(zl,lnlwnzm)

ly—z2| <ln ly—z2| <ln
= Py(el,ln).
Therefore,
QP (er,e | wn =y) = P*(e1,) P (e1,,))?)
1,1, Cn—1,,n n=—1Y 1,ln 1,ln
—_— Zl 7227$7y Zl 7Z/ 7$7y
= E 5n 5n1 2 X
lz1—z| <ln,ly—22] <ln
|21 —2| <ln,ly—25| <ln
A2(B)N Lo N2(B)N,,_
P*® P*(e (B)N1,1, Loy, 1 1, =21 ) P2 @ P (e (B)Nn -, n Lo —ylz,—y)
where

g (w — 2)
¢™(y — )
The idea is that, by the classical local limit theorem, we get in the previous sum the

following estimate:

5z,w,x,y —
n

—1.

q(n—Zln)(Z2 - Zl) B q(n—an)(Z2 - 2’1)
¢ (y — ) ™ (y — )

Let us make this statement rigorous and obtain inequality (B.§) below. We use the
notations of theorem B.1 and decompose §2**¥ into three terms:

ZW,T,Y __ $Z,W,T,Y Z,W,T,Y Z,W,T,Y
5717 ’ - 51,n + 52,11 + 53,n

~ 1.

where

g2 (w — 2) — @I (w = 2) ey G (0= 2) — ¢ (y — )

g™ (y — x) o g (y — ) ’

(1)
g =1

5z,w,x,y —
1,n -

(y—x)—q™(y—x)
™ (y —x) '
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An application of (B.I) and (B.J) gives for j =1, 3:

1
sup a7 = 0(=) — 0.
|fo‘ < ln,\y7w| < ln | - | <n> n—oo
ly—z| < Ayn
An application of (B.3) gives:
‘ 5Z,w,aﬂ,y :| q(n—an) (w — Z) H _ (j(n) (y — SL’) ‘
2.n q(n) <y - .T) q—(n72ln)<w _ Z)
() (0 —
<Cl1- _(q2l()y ™)
() g (w — z)
— w—z 2 —x 2
<l (n 2l”)%e%*%
n
It is not hard to show that:
n—2,. 4 dw-z>_dy-z?
Sup | ]_ — ( )262(n*2ln) 2n — O
lz—z| <ln,ly—w| <ln n oo
ly—z| < Ayn
so we have
sp | — 0,
lz—2| < ln,ly—w| < ln n—oee
ly—z| < Avn

Finally, we get:
sup QP (e11,6n—ton | wn = y) = P*(e11,)PY(€14,))%)

ly—z| < Ayn
< sup ‘ 5z,w,m,y ‘2 (P ® P(eAQ(B)(1+N1’l")))2 — 0. (38)
o] < b y—] < I n—oo
ly—z| < Avn
Therefore, we get the expansion (B.1]). To get the expansion (B.9), observe that

2
Piery,) =2 72

and, by symmetry,
supQ((PY(e1y,) — P'(e14))?)

y€EZ4
=P® P(eAQ(B)(1+N1,ln—1) _ 6)‘2(6)(1+N1’"_1)) Y

n—0o0

O

3.2. Proof of theorem [2.9. In order to prove theorem P.9, we adapt in detail
the previous proof to the Brownian setting. In the discrete setting, there are three
key intermediate results: the local limit theorem B.J], corollary B.9 and corollary B.4.
In the continuous setting, we do not need any local limit theorem since Brownian
motion is already a gaussian process. Therefore, we only require a Brownian analogue
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to corollary B.3 and corollary B.4. The following construction of the Brownian bridge
can be found in the appendix of [[J]:
Proposition 3.5. For z,y € RY, t > 0, there exists a unique probability measure
P7Y on C([0,1],R?) such that for s € [0,t[, A € F,:
1
FY(A) = ———=P*(1ap(t — 5,ws,9)) (3.9)
t p(t,,y)
y — P is a reqular conditional probability of PP given wy = y.
In the sequel, we will always work with the representation (B.9) of Brownian
bridge. With this representation, we can now easily prove the brownian analogue of

corollary B.2:

Corollary 3.6. Let s €]0,1[ and A > 0. There exists a constant C(A,d) > 0 such
that

ViZ0Vt>0 sup P (f((ww)usst) | we=1)

ly—z| < AVt
C(A, d
<UL 61
Proof. If | y — x| < A/t then
Po(f((wducor) | = 9) = — 2158 (o5 (w0 < )

(2mt(1 —s))2

€A2 /2
< ﬁpx(f((wu)u Sst))'
(1= )3
0
The Brownian analogue to lemma B-J is a slight variation of Lemma 3.1.3. in [fj.

Lemma 3.7. Ford > 3 and v : R — R a bounded, compactly supported measur-
able function, define

b(z,y) = P*® py(efooov@sfws)dS).

Suppose that
0< inf ®(x,y) < sup P(z,y) < oo.

x,ycR2d x,ycR2d
Then there exists a constant C' > 0 such that

b o(@s —ws )ds ~ C
pr®wwM%JMmem<ﬁ/\ﬂmmmw (3.11)
R2d

$7yeR2d
for all f in L*(R*) and t > 0.

Proof. By using the same arguments than the ones in the proof of Lemma 3.1.3. in
[], all we have to prove is

1
VE € CSO(RM) / d(§ Vay F-Vay ®—v(y —2)F(z,y)®(x,y))dxdy = 0.

R2
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Since (Ws/2 —Ws/2)s >0 is a brownian motion, we have that ®(z,y) = ®(y —x) where:
Vz € R? $(z) = P*(el 2vlnds),
By equation (3.19) in the proof Lemma 3.1.3. in [{], we have:

Vg € C(RY) / (V59(9)- V3 © = v(7)g(7)®(7))dg = 0. (3.12)
R4
By making the change of variable (z,y) = (y + =,y — x), F(z,y) = f(Z,y) we get:
VayF. Vay ® = =(Vaf = V3f) V5 @ + (Vaf + Vif) V5 @ =25 f 75 @

Therefore,

1
VF € CER) [ (5 Tay P70y @ = vly = 0)f(0,0)B(z )dedy

= 51 [Vl @) 73 8G) — @ @ D)7y
— 51 [ (93t @D w5 8G) — @1 G D@
i’

O
We can now state the following analogue to corollary B.4:

Corollary 3.8. Let A > 0 and z,y € R, Under the above assumptions, there exists
C > 0 such that:

vt sup P'® Pm(efot s mws)ds | =y B = y) < C. (3.13)
ly—z| < AVt

Proof. Let r > 0 and y € R? such that | y — 2 | < Av/t. By applying (B11]) with
f = 13((y7y)7r), we get:

x x b o(@s—ws)ds ~ c
P @ P (e MO e ) (w0, 30) < 5 | By y),m) |-

Therefore,
P* @ P (el vEme® 1 g o (wr, @)/ PP @ PP ((wi, &) € B((y,9),7))
O | B((y,9).7) | .
td pe ® Pm<<wt7€6t) € B((y,y),'f’))
(3.14)
As r | 0, a classical result on brownian bridges asserts that the left handside of
(B-I4) tends to

P*® Px(efotv@s*ws)ds |we =y, W =y).
As r | 0, the right handside of (B.I4) tends to

ly—z|?

e+ (2nmt)d
td

< (2m)ice®.
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O
Proof of theorem P.3. The proof of theorem P.9 is quite similar but even simpler
than the proof of theorem since brownian motion is already gaussian. We will
not repeat the details but we indicate the main steps for convenience. Suppose that
[ is such that

A2 () < A(d).
There exists 6 > 0 such that (1+0)A\2(8) < A(d). Using inequality (B-13) applied to
vy —x)=(14+0)\(B) | Uy —x)NU(0) |, we get the following analogue to (B.7):
there exists C' > 0 such that

sup P @ P(elTORB@Noe | ), — 9 5 =) < C. (3.15)

Using inequality (B-I19) and inequality (B.I0), we get
Pt(eos | we = y) = P (e, 11,0 | Wi = ).

Using the Markov property and the symmetry of Brownian motion, we get
P*(eopenp | wr = y) = P*(eon) PY(€oy,).

O
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