N
N

N

HAL

open science

On the local time of random processes in random
scenery

Fabienne Castell, Nadine Guillotin-Plantard, Francoise Pene, Bruno Schapira

» To cite this version:

Fabienne Castell, Nadine Guillotin-Plantard, Francgoise Pene, Bruno Schapira. On the local time of
random processes in random scenery. Annals of Probability, 2014, 42 (6), pp.2417-2453. hal-00669858

HAL Id: hal-00669858
https://hal.science/hal-00669858
Submitted on 14 Feb 2012

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00669858
https://hal.archives-ouvertes.fr

ON THE LOCAL TIME OF RANDOM PROCESSES IN RANDOM SCENERY

FABIENNE CASTELL, NADINE GUILLOTIN-PLANTARD, FRANCOISE PENE, AND BRUNO SCHAPIRA

ABsTrRACT. Random walks in random scenery are processes defined by Z,, := ZZ:1 EXi 4 X
where basically (X%, k > 1) and (§,,y € Z) are two independent sequences of i.i.d. random
variables. We assume here that X, is Z-valued, centered and with finite moments of all orders.
We also assume that &y is Z-valued, centered and square integrable. In this case H. Kesten
and F. Spitzer proved that (n_3/4Z[m],t > 0) converges in distribution as n — oo toward some
self-similar process (A¢, ¢ > 0) called Brownian motion in random scenery. In a previous paper,
we established that P(Z, = 0) behaves asymptotically like a constant times n=3/* asn — oc.
We extend here this local limit theorem: we give a precise asymptotic result for the probability
for Z to return to zero simultaneously at several times. As a byproduct of our computations,
we show that A admits a bi-continuous version of its local time process which is locally Holder
continuous of order 1/4 — § and 1/6 — §, respectively in the time and space variables, for any
0 > 0. In particular, this gives a new proof of the fact, previously obtained by Khoshnevisan,
that the level sets of A have Hausdorff dimension a.s. equal to 1/4. We also get the convergence
of every moment of the normalized local time of Z toward its continuous counterpart.

1. INTRODUCTION

1.1. Description of the model and of some earlier results. We consider two independent
sequences (Xi,k > 1) and (§,,y € Z) of independent identically distributed Z-valued random
variables. We assume in this paper that X; is centered, with finite moments of all orders, and
that its support generates Z. We consider the random walk (S,,n > 0) defined by

So:=0 and S5, := ZXi for all n > 1.
i=1

We suppose that & is centered, with finite second moment o2 := E[{g]. The sequence ¢ is called
the random scenery.

The random walk in random scenery Z is then defined for all n > 1 by

n—1
T 1= Z £s, -
k=0

For motivation in studying this process and in particular for a description of its connections with
many other models, we refer to [5, 10, 14] and references therein. Denoting by N, (y) the local
time of the random walk S :

No(y)=#{k=0,....,n—1 : Sy =y},

it is straightforward, and important, to see that Z, can be rewritten as Z,, = Zy EyNn(y).
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ON THE LOCAL TIME OF RANDOM PROCESSES IN RANDOM SCENERY 2

Kesten and Spitzer [10] and Borodin [2] proved the following functional limit theorem :

(n_3/4Znt,t > 0) Ll (ALt >0), (1)

n—o0

where

o Zs:=Un+ (s —n)(Zpnt1— Zy), foralln <s<n+1,
e A is defined by

+oo
At = / Lt(,l?) dﬁm N

—0o0
with (8;)zer a standard Brownian motion and (L:(x), t > 0, x € R) a jointly continuous
in ¢t and = version of the local time process of some other standard Brownian motion
(Bt)t>0 independent of 3.

The process A is known to be a continuous (3/4)-self-similar process with stationary increments,
and is called Brownian motion in random scenery. It can be seen as a mixture of stable processes,
but it is not a stable process.

Let now ¢ denote the characteristic function of &y and let d be such that {u : [p¢(u)] = 1} =
(2w /d)Z. In [5] we established the following local limit theorem :

P <Zn — Ln%xD _ { ga_1p1,1($/0') n=1+o(n"1) ftfengsej Ln%xJ € dZ) =1 @)

with
1

p171(.%') = \/%E

and ||L1||2 :== ([ Li(y) dy) /2 the L%norm of L;. In the particular case when z = 0, we get

[Pl

do=" p1,1(0) nTi 4 o(n’%) if n € dyZ
]P> Z’I’L = = )

( 0 { 0 otherwise, 3)
with do := min{m > 1 : @¢(27/d)™ = 1}. !

Actually the results mentioned above were proved in the more general case when the distributions
of the &,’s and X},’s are only supposed to be in the basin of attraction of stable laws (see [4], [5]
and [10] for details).

1.2. Statement of the results.

1.2.1. Local time of Brownian motion in random scenery. Let T, ..., Tk, be k positive reals. Set
DT17---7TI¢ = det(MTl,...,Tk) with MTIv---yTIc = (<LTi’LTJ>)1§i,j§k’
where (-,-) denotes the usual scalar product on L*(R), and
—-1/2
Crn,..m, = E [IDTl,./..,TJ :

Our first result is the following

1Recall that, for every n > 0, we have

P(né €dZ) >0 <= P(né€dZ)=1 <= n¢cdoZ.
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Theorem 1. For any k > 1, there exist constants ¢ > 0 and C > 0, such that
k k

c[[@-1i0)™* < Cpymy < C© [T —Tim0) ™%,
i=1 i=1
for every 0 < Ty < --- < T}, with the convention that Ty = 0.

The most difficult (and interesting) part here is the upper bound. The lower bound is obtained
directly by using the scaling property of the local time of Brownian motion and the well-known
Gram-Hadamard inequality. Concerning the upper bound, we will give more details about its
proof in a moment, but let us stress already that even for & = 2 the result is not immediate
(whereas when k = 1 it follows relatively easily from the Cauchy-Schwarz inequality and some
basic properties of the Brownian motion, see for instance [5]).

A first corollary of this result is the following:
Corollary 2. For all k > 1 and all 0 < Ty < --- < T}, the random variable (Ary,...,Ar,)
admits a continuous density function, denoted by py . 1., which is given by

_k _ 1 _
Pr1y,.. T, (x) = (2m) 2 E |:DT117-/-?7TI¢ exp <_§<MT11,...,T,€$’$>>} for all x € RF.

Theorem 1 also shows that, for every t > 0, k> 1 and x € R,
Mk7t($) = /[ J Pk 1y,..., Ty, (:C, PN ,CC) dT1 PN di, (4)
0,t

is finite. Define now the level sets of A as the sets of the form
AN z):={t>0: Ay =2z},

for x € R. We can then state our main application of Theorem 1, which can be deduced by
standard techniques:

Theorem 3. There exists a nonnegative process (L¢(x),z € R,t > 0), such that

(i) a.s. the map (t,x) — Li(x) is continuous and nondecreasing in t. Moreover for any
0 >0, it is locally Holder continuous of order 1/4 — 0, in the first variable, and of order
1/6 — 0, in the second variable,

(ii) a.s. for any measurable ¢ : R — Ry, and any t > 0,

[ eanis = [ o i an

(i) for any T > 0, we have the scaling property:
(Lir(x),t > 0,2 € R) @ (TY* L(x T3t > 0,2 € R).
(iv) for any x € R, k> 1, and t > 0, the k-th moment of Li(x) is finite and

E|Li(2)*] = Mys(a), (5)
(v) a.s. for any x € R, the support of the measure dyLi(x) is contained in A~1(x).

The random variable L¢(x) is called the local time of A in x at time t.

We believe that the exponents 1/4 and 1/6 in Part (i) are sharp. One reason is that our proof
gives the right critical exponents in the case of the Brownian motion. Another heuristic reason
comes from a result proved by Dombry & Guillotin [8], saying that the sum of n i.i.d copies of
the process A converges under appropriate normalization, towards a fractional Brownian motion
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with index 3/4. But the Holder continuity critical exponents of the local time of the latter
process are exactly equal to 1/4 in the time variable, and 1/6 in the space variable.

Let us point out that an original feature of this theorem is that it gives strong regularity
properties of the local time of a process which is neither Markovian nor Gaussian, whereas
usually similar results are obtained when at least one of these conditions is satisfied (see for
instance [9, 16]).

We should notice now that previously only the existence of a process satisfying (ii), (5) for
k < 2 and (v) was known, see [19]. The original motivation of [19] was in fact to study the
Hausdorff dimension of the level sets of A. Khoshnevisan and Lewis conjectured in [12] that
their Hausdorff dimension was a.s. equal to 1/4, for every z € R. In [19] Xiao proved the result
for almost every x, and left open the question to know whether this was true for every x. This
has been later proved by Khoshnevisan in [11]. With Theorem 3 we can now give an alternative
proof, which follows the same lines as standard ones in the case of the Brownian motion :

Corollary 4 (Khoshnevisan [11]). For every x € R, the Hausdorff dimension of A=(z) is a.s.
equal to 1/4.

Actually Xiao and Khoshnevisan proved their result in the more general setting where the
Brownian motion B is replaced by a stable process of index a € (1,2]. But at the moment it
does not seem straightforward for us to adapt our proof to this case.

Now let us give some rough ideas of the proof of Theorem 1. The first thing we use is that
Mr, .1, is a Gram matrix, and so there is nice formula for its smallest eigenvalue (8), which

shows that to get a lower bound, it suffices to prove that the term Lp, /T13 /" is far in L2-norm
from the vector space generated by the terms (L7, — Lr,_,)/(Tj — Tj_1)3/%, for j > 2. Now by
scaling we can always assume that 77 = 1. Next by using the Holder regularity of the process L,
we can replace the L?-norm by the L>-norm, which is much easier to control. Then we use the
Ray-Knight theorem, which says that, if instead of considering the term L, we consider L., with
T some appropriate random time, then we get a Markov process. It is then possible to prove that
with high probability, this process is far in L°°-norm from any finite dimensional affine space,
from which the desired result follows.

1.2.2. Random walk in random scenery. Our first result is a multidimensional extension of our
previous local limit theorem. We state it only for return probabilities to 0, to simplify notation,
but it works exactly the same is we replace 0 by [n3/ 4], for some fixed x # 0.

Theorem 5. Let k > 1 be some integer and let 0 < Ty < --- < Ty, be k fized positive reals.
Then for any n > 1,

o If [nT;] € doZ, for all i < k, then

_1\k _ _
P (Z[nTl] = =2 = 0) = (da 1) P, 1, (0,...,0) n 3k/4 4 o(n 3k/4).
o Otherwise P (Z[nTﬂ = =2 = 0) =0.
Moreover, for every k > 1 and every 6 € (0,1), there exists C = C(k,0) > 0, such that
P[Zp, = = Znytom, = 0] < C(ny...n5) "4,
for allmn >1 and all ny,...,n; € [n% n].

As an application we can prove that the moments of the local time of Z converge toward their
continuous counterpart. More precisely, for z € Z, define the local time of Z in z at time n by:

No(z):=#{m=1,....,n : Z,, = z}.
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Then Theorem 5 together with the Lebesgue dominated convergence theorem give

Corollary 6. For all k > 1,

E[Nnm)k] ~ (iy/‘%(omk/‘*,

O'do
as n — 0o, with My, 1(0) as in (4).

A natural question now is to know if we could not deduce from this corollary the convergence
in distribution of the normalized local time N, (0)/n/* toward £;(0). To this end, we should
need to know that the law of £1(0) is determined by the sequence of its moments. Since this
random variable is nonnegative, a standard criterion ensuring this, called Carleman’s criterion,

is the condition: )

Z My;.1(0)" 28 = oo0.
k

In particular a bound for My 1(0) in k?* would be sufficient. However with our proof, we only
get a bound in k°*, for some constant ¢ > 0. We can even obtain some explicit value for ¢, but
unfortunately it is larger than 2, so this is not enough to get the convergence in distribution.
Note that this question is directly related to the question of the dependence in k of the constant
C in Theorem 1, which we believe is an interesting question for other problems as well, such as
the problem of large deviations for the process £ (see for instance [7| in which the case of the
fractional Brownian motion is considered).

Another interesting feature of Theorem 5 is that it gives an effective measure of the asymptotic
correlations of the increments of Z. Indeed, if we assume to simplify that £ = 2, 0 = 1 and
d =1, then (2) and Theorem 5 (actually its proof) show that

~ ~ Y172
E [{IIL1IBIL:) 3 - (£1, L)}
P(Zpim — Zn=0|2Z, =0) [ [ L3l Lell3 = (L1, Ly)

Pin =20 =0) SR

as n — oo and m/n — t, for some t > 0, where L and L are the local time processes of two
independent standard Brownian motions. In particular the limiting value in (6) is larger than
one, which means that the process is asymptotically more likely to come back to 0 at time n+m,
if we already know that it is equal to 0 at time n.

; (6)

The general scheme of the proof of Theorem 5 is quite close from the one used for the proof
of (3) in [5]. However, in addition to Theorem 1 which is needed here and which is certainly
the main new difficulty, some other serious technical problems appear in the multidimensional
setting. In particular at some point we use a result of Borodin [3] giving a strong approximation
of the local time of Brownian motion by the random walk local time. This also explains why we
need stronger hypothesis on the random walk here. Now concerning the scenery, it is not clear if
we can relax the hypothesis of finite second moment, since we strongly use that the characteristic
function of (A, ..., Az, ), takes the form

1/}(91, ceey Hk) =K |le Zi,j:l al,]919]:| ,
with (a; ;)i ; some (random) positive symmetric matrix.

Finally let us mention that in the proof of Theorem 5, we use the following result, which might
be interesting on its own. It is a natural multidimensional extension of a result of Kesten and
Spitzer [10] on the convergence in distribution of the normalized self-intersection local time of
the random walk.
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Proposition 7. Let k > 1 be given and let Ty < --- < T}, be k positive reals. Then
-3/2 (L
<7’L / <Nn1+---+n¢aNn1+---+nj>) % (<LT1’LT1>)1§i,j§k’

asn — 0o, and (ny + -+ +mn;)/n — T, for all i > 1, and where for all p,q,

(Np, Ng) = Z Np(y)Ng(y)-
YEL

1<i,j<k

The paper is organized as follows. In Section 2, we give a short proof of Corollary 2. In
Section 3 we prove Theorem 1. Then in Section 4, we explain how one can deduce Theorem 3
and Corollary 4 from it. Section 5 is devoted to the proof of Theorem 5 and Section 6 to the
proof of Corollary 6. Finally, in Section 7, we give a proof of Proposition 7.

We also mention some notational convention that we shall use: if X is some random variable
and A some set, then E[X, A] will mean E[X14].

2. PROOF OF COROLLARY 2

Let &k > 1 be given and let T} < --- < T}, be some positive reals. The characteristic function
r,,..1, of (Ap, ..., Aq,) (with the convention Ty = 0) is given by

1 y ’
le,...,Tk(a) = [E exp _§/R<ZHZLTZ(U)> du
i=1

= E [exp <—%<MT1,...,Tk979>>] ;

with 6 := (01,...,0;). In particular this function is non-negative. Moreover, a change of variables
(this change is possible since Dr,,...1,, is almost surely non null, thanks to Theorem 1) gives

1k
/ ’IIZ)lenka (9) dg = CTl,...,T,C / e 2 Yimaug duy ... duy
Rk Rk
= (271')% CT17---7T1¢ < Q.

This implies, see the remark following Theorem 26.2 p.347 in [1], that (Ap,,..., A7) admits a
continuous density function py 7, . 1., given by

1 _ito
pk,Th---ka($) = (27T)k /Rk e !l 7$>¢T17---7Tk(9) o
_k 1 _
= (2m) 2E [DTIQ’ T, €XP (—5( T17---7Tkx’x>>:| ,
which was the desired result. O

3. PROOF OF THEOREM 1

Let k> 1and 0 <1} < ... < T}, be given. Set t; :=1T; —T;_1, for i < k, with the convention
that Ty = 0. For every i = 1, ..., k, let (Lgi) (x) = L1,_y+t(z) — L,_,(x),t € [0,t;],z € R) be the
local time process of BY) := (B, 14,t € [0,1;]). Set

Dyt i= det(Myy,..)  with My, = (L, Lg)>)1§m§k,
and
évtl,...,tk =E [571/2 ] .

t1,.tk
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Since 75,517“.7,5,6 = Dr,,... 1, Theorem 1 is equivalent to proving the existence of constants ¢ > 0
and C' > 0, such that

ety )™ < Cyg SO (t .. )74 (7)

for all positive tq, ..., 1.

Let us first notice that 5t1,...,tk is a Gram determinant and is thus nonnegative. So CNtL___,tk is
well defined as an extended real number.

Now we start with the lower bound in (7). We use the well known Gram-Hadamard inequality:

k
Diyve < [ I3
i=1

By using next the scaling property of Brownian motion, we see that (t;
sequence of i.i.d. random variables distributed as ||L1]||2. Therefore,

L i > 1) s a

E {15;}/3%} > ety ... t,) %4,
with ¢ := (E[||L1|]3])* > 0.

We prove now the upper bound in (7), which is the most difficult part. For this purpose, we
introduce the new Gram matrix

_ 3 . _3 )
M.y, = <<t L L§5)>>A .
Z7j

Note that all its eigenvalues are nonnegative and denote by th,___ik the smallest one. We get

then
k k .
_ ) - 5\ -
Dry,...1i. = Doyt = <Ht?/ > det(My,,...1,) = (Htf/ ) Aty oot -

i=1 i=1
Thus we can write

5 ~_1/2

Ctrpty = E {’D / ]

b1,y

t1,..,tk

= (tl...tk)_3/4/ P{X;’fﬁkzt} dt
0

_ 2 [ de
< (tl...tk) 3/4 {1+E/ P[)\tl,...,tk Sg]glJr—kﬂ}
0

Therefore Theorem 1 follows from the following proposition:

< (t...t)E [X_’“/Q ]

Proposition 8. For any k > 1 and K > 0, there exists a constant C > 0, such that
Pyt <€) < CeX,

for alle € (0,1) and all ty,...,t; > 0.
3.1. Proof of Proposition 8. Note first that

_ 3 s
)\t1,...,tk = inf ultl 4 Lgll) 4+ 4 uktk 4 Lgf)

u%+---+ui:1

2
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Note next that if u? +- - - —i—ui = 1, then upyay := max; |u;| > 1/vE. Thus dividing all u; by tmax
leads to

2
) Lo - 4 10 -4 10)
A > — f t.* Ly it * Ly
et 2 B g |0 B 2 R
J 2
Hence, it suffices to bound all terms
2
3 . 3 .
P inf |l LY S vt LD < kel (9)
(vj)j0 o5 1<1 || b ; 7 ti ,

for i < k. By scaling invariance, and changing ¢; by ¢;/t; in (9), one can always assume that

t; = 1. It will also be no loss of generality to assume that i = 1, the case ¢ > 1 being entirely

similar. We are thus led to prove that for any £ > 1 and K > 0, there exists a constant C' > 0,
such that for all € € (0,1), and all ¢; > 0,

2

P inf LV +3 0t <e| <oef. (10)

(vj)>1, |v|<1 =2 ’

= 2

We want now to bound from below the L?-norm by (some power of) the L>-norm using the
Holder regularity of the Brownian local time. To this end, notice that by scaling the constants

9 @) - L)

for j > 1, are i.i.d. random variables. Moreover, the constant of Holder continuity of order 1/4
of the j-th term of the sum in (10) is larger than or equal to Cg)t;3/8. Since this can be large,

we distinguish between indices j such that ¢; is small from the other ones. More precisely, we
define J = {j : t; <%}, and
&y =VUjey Supp(Lg)),
where supp(f) denotes the support of a function f. Set also
Eri={reR : dx,&5) <e}.
To simplify notation, set now for all z € R, and v = (v;);>2,
Fy(x):= Lgl)(ac) + Z vjt;3/4L§f)(m) and Gy(x) = vjt;3/4L§5)(x).
J¢J,j>2 Jjed
Notice that G, = 0 on £5 and that

sup |Fv($) - F;;szy” < 673/2 Z Cg)
7Y |z — | j

Thus if for some z ¢ £, |F,(z)| > €, and if in the same time ), Cg) < 1/(2¢'/%), then
2
; 1
e 3/2 Z 02)611/4 dy > 5613 ‘
j

+

z4ell x4ell

un+@@z/

r—ell

n@ﬁ@z/’

z—ell

Moreover, it is known that the Cg) have finite moments of any order. Therefore it suffices to
prove that for any £ > 1 and K > 0, there is a constant C' > 0, such that for all € € (0, 1), and
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all to, ... 1t >0,
P( inf sup |Fy(z)]<e| <CeX. (11)
vERk—1 z¢€!)
This will follow from the next two lemmas, that we shall prove in the next subsections:
Lemma 9. Let (Li(x),t > 0,2 € R) be a continuous in (t,x) version of the local time process of
a standard Brownian motion B. Then for any K > 0 and k > 0, there exist N > 1 and C' > 0,

such that, for any e € (0,1), one can find N points x1,...,xn € R, satisfying |x; — x| > gl/8
for all i # j, and

P(#{j <N ¢ Li(z;) > V%) gk) < ek (12)
Lemma 10. For any K > 0 and k > 1, there exist a constant C' > 0 and an integer M > 1,
such that for all z € R, € € (0,1), and ta, ..., t; >0,

P Lgl)(az) >el/4 inf sup  |Fy(y)| <e| <CeX.
vERM |y —a|<Me

Indeed, we can first always assume that £; is included in the union of at most & intervals of
length €, since for any j € J and K > 1, by scaling there exists C' > 0, such that

P

5<t; s<et s

sup ‘ng) - Béj)‘ > 6/2] <P

sup | Bs| > 6/2] =P [51<11i)|Bs| > 61/2] <Cel, (13)

Thus, among any k + 1 points at distance larger than £'/® from each other, at least one of them
must be at distance larger than Me from &', at least if € is small enough. Therefore Lemma 9
shows that for any K > 1, there exists C' > 0, such that

P [inf sup |Fy(y)| <e
Y oyge)

N
<Cef + Z P [Lgl)(xm) >et inf sup  |E,(y)| < 6] ,

Y ly—zm|<Me

m=1
where (x1,...,2xN) are given by Lemma 9. Then (11) follows from the above inequality and
Lemma 10. This concludes the proof of Proposition 10. U

3.2. Proof of Lemma 9. We first prove the result for £ = 0. Assume without loss of generality
that K is an integer larger than 1 and set

Xy = {jgl/S . 8K <j< 8K}.
Set also sg := 0 and for every m > 1,

Sm =inf{s >0 : |By| > mel/8}.
Note already that there exists C' > 0, such that for all £ € (0,1),

P(sgg > 1) <P <sup |By| < 8K51/8> < CeX,
s<1

by using for instance [17, Proposition 8.4 p.52|. Thus it suffices to prove that
P <L88K(x) <&t vre XO> <K, (14)

for all e € (0,1). By using the Markov property, and noting that s,, > s,;,—1 + s1 060
0 is the usual shift on the trajectories), we get a.s. for every m > 1,

s, (Where

P (L (Buy 1) = Ly (Bu ) € 4| Fo ) < B(Ly 0) < 279,
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By the scaling property of the Brownian motion, we know that Lg, (0) has the same law as
et/ 8L1(0), with L;(0) the local time of a standard Brownian motion taken at the first hitting
time of {£1}. Moreover, it is known that L/ (0) is an exponential random variable with parameter
1 (see for instance [18] Exercise (4.12) chap VI, p. 265). Therefore, a.s. for every m > 1,

]P) <Lsm (Bsm_l) - Lsm—l(Bsm—l) S 61/4 | ‘Fsm_1> S ]P)(LS(O) S 61/8) S 61/8
Then we get by induction,
P (Loe(@) <4 Vo € %) <P (Lo, (Bosy) = Lupy (B,,y) €4 ¥m <8K) <&F,

s8K

proving (14). This concludes the proof of the lemma for k = 0.

Now we prove the result for general k > 0. For m € Z, consider the set
X = m(16K + 1)/ + Ay,

Then the proof above shows similarly that for any 0 < m < k,

P (Ll(x) </t vrex,U X_m) < X,

The lemma follows immediately. O

3.3. Proof of Lemma 10. Let K > 0 be fixed, and assume without loss of generality that
x > 0. Fix also M > 1 some integer to be chosen later.

For every affine subspace V of R we denote by V. the set
Voi={veRM : d(v,V) <€},
where d(v, V') = min{|v — y|oo : y € V}. Then we can write
P (Lgl)(x) >l inf sup |Fy(y)] < 6)
VERFL |y gz 1< Me
< P [Lgl)(a:) >/t (LW te),..., L@+ Me)) € VE} =P,

where

V= Vect <<L§j)(x+€e))“ e I),

with I :={j >1 : j ¢ J}. Set now
i=inf{s >0 : L(z) > /4,

and for y > 0, Y(y) = L(Tl)(x + y). It follows from the second Ray-Knight theorem (see [18],

Theorem (2.3) p.456) that Y is equal in law to a squared Bessel process of dimension 0 starting

/4 Moreover, with this notation, we can write

P.=P[r<1 and (Y(¢),...,Y(Me)) €V, (15)

from e

with
V= (V) = L (4 )=, + V),
which is an affine space of RM, of dimension at most k — 1 .
Observe now that even on the event {7 < 1}, the space V* is not independent of Y and 7, since

its law depends a priori on 7. However, if this was true (and we will see below how one can
reduce the proof to this situation), then P, would be dominated by

sgp P[(Y(e),...,Y(Me)) € V],
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with the sup taken over all affine subspaces V' C RM of dimension at most k — 1. This last term
in turn is controlled by the following lemma, whose proof is postponed to the next subsections.

Lemma 11. Let Y be a squared Bessel process of dimension 0 starting from €'/*. For any M > 1
and k > 1, there exists C' > 0, such that for all € € (0,1),

sup P[(Y(e),...,Y(Me)) € V] < CePM-HE=DIS, (16)
v
where the sup is over all affine subspaces V.C RM of dimension at most k — 1.

So at this point we are just led to see how one can solve the problem of the dependence between
V* and 7. To this end, we introduce the time 7/ spent by B1) above x before time 7, which by
the occupation times formula (see [18], Theorem (2.3) p.456) is equal to:

T'::/Tl 1) dS:/OOY(y)dy.
o (Bza) 0

Moreover, 7' is also equal in law to the first hitting time of /4 /2 by a Brownian motion (see
the proof of Theorem (2.7) p.243 in [18]). In particular

P(r' < ¥4 = O(X). (17)
Next instead of using Lemma 11, we will need the following refinement:

Lemma 12. Let M > 1 be some integer. Let Y be a squared Bessel process of dimension 0
starting from /%, Set

Me

= {vor - <2 wa [Ty <e).

0

Then P(AS) = O(eK). Moreover, for any M > 1 and k > 1, there exists C > 0, such that for
any affine space V' of dimension at most k — 1, almost surely for all € € (0, 1),

/oo Y(y) dy] < C6(5M74(k71))/8‘
0

]_{fooo Y(y) dy283/4} P |:(Y(€), . ,Y(Me)) S ‘/5, Ag

We postpone the proof of this lemma to the next subsections, and we conclude now the proof of
Lemma 10. First it follows from the excursion theory of the Brownian motion that, conditionally
to 7/, Y is independent of 7. On the other hand, conditionally to 7, V* is independent of 7" and
Y. Let M be an integer such that M > (4(k — 1) + 8K)/5. According to (15), (17) and to the
first part of Lemma 12, we get

P. < P (T <1, 7 > ¥ (Y(e),...,Y(Me)) € VY, A€> + O(5)
< E |:1{T<1,T/263/4}E[f(K V*)|T’ T/]] + O(gK)’
with

FW V) = L), pMe))evanfy(Me)—c1/4|<e1/2 and ¢ y(s) ds<e)

Now, since on one hand Y and V* are independent conditionally to (7,7’), and on the other hand
Y and 7 are independent conditionally to 7/, we have

BVl = [ BV By e (V)

= [ ESOV)I7 Py (V)
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Since moreover, V* and 7/ are independent conditionally to 7, we get

E[f (Y, V")|r, 7] = /E[f(Y, V)] dPy- (V). (18)

Hence, according to our choice of M,

Pe S B |Lpa o [ EUTV 1) +0E)

IN

E [1{T<1,7/253/4}/1b(v,a7T') d]P’wT(V)] + O,
with
b(V,e,) = {1y BV V)7 = ¢] > C=OM-aG-/s L

The second part of Lemma 12 insures that, for every affine subspace V' of dimension at most
kE—1 of RM we have

1pvepy =0 for Pr-almost every t' > 0.

However, since b(V, e, 7") depends a priori on V', we cannot conclude directly. But it is well known
that 7/ admits a positive density function on (0, +00) (see (24) below for an explicit expression).
Therefore, for every V,

1pvep) =0 for Lebesgue almost every t' > 0. (19)

Now it follows from the excursion theory that 7/ and 7 — 7’ are independent and identically
distributed. Therefore (7,7) admits a continuous density function h on (0, 400)? and we have

P. < OEK) +/01 (/Ot (/ Lyvew) d]PWTt(V)) h(t,t’)dt’) dt
< 0EN) +/01 (/ (/Ot 1b(v,€7t/)h(t,t’)dt’> dIP’V*Tt(V)> dt (20)
< OE"),

the last term of (20) being equal to zero according to (19). This concludes the proof of Lemma
10. U

It remains now to prove Lemma 12. Its proof uses Lemma 11, so let us start with the proof of
the latter.

3.4. Proof of Lemma 11. We first prove the following result:

Lemma 13. For every K > 0 and M > 1, there exists C > 0, such that for all e € (0,1),

P[EIEG {1,..., M} : |Y(Le) — e/ >51/2] < CeX.

Proof. Recall that Y is solution of the stochastic differential equation

Yy
Y(y) =€+ 2/ VY (u)dB, forall y >0,
0

where (3 is a Brownian motion (see [18] Ch. XI). In particular, Y is stochastically dominated by
the square of a one-dimensional Brownian motion starting from /3. Then it follows that, for



ON THE LOCAL TIME OF RANDOM PROCESSES IN RANDOM SCENERY 13

some constant C' > 0, whose value may change from line to line, but depending only on K and
M

)

P[aee{L...,M} LY (le) — M4 >51/2}

<P lsup [V (s) — /4| > 61/2]

s<Me
( /0 "y du>

Me Me
< Cal/ E [Y(u)4K] du < Cal/ E [(51/8 + BU)SK] du < Ce¥,
0 0

4K

<Ce KR by the Burkholder-Davis-Gundy inequality,

with B some standard Brownian motion. This concludes the proof of the lemma. O

We continue now the proof of Lemma 11. Set
Boo(e'/4,e1/?) .= {(Zh,...,yM) cRM . ‘yg —51/4‘ <e¥? wvre {1,...,M}}.
Lemma 13 shows that for any V' of dimension at most k — 1,

P[(Y(e),...,Y(Me)) e V.] <P [(Y(e), LY (Me)) € Boo(eV4, e 0 V} +Cef0 (21)
Next observe that By (e'/4,e/2)N VL, can be covered by O(s~*=1)/2) balls of radius e. It follows
that

P [(Y(e), LY (Me)) € Boo(eY4,£12) N 1
< Cek=1)/2 sup  P[(Y(e),...,Y(Me)) € Boo(z,¢)] . (22)

B 2€Boo (e1/4,£1/2)
Now for y > 0, denote by Y, a squared Bessel process with dimension 0 starting from y. An
explicit expression of its semigroup is given just after Corollary (1.4) p.441 in [18]. In particular
when y > €!/4/2, the law of Y, (¢) is the sum of a Dirac mass at 0 with some negligible weight
and of a measure with density

2o alna) = 297 Lo (<222 1 (),

where [; is the modified Bessel function of index 1. Moreover it is known (see (5.10.22) or

(5.11.10) in [13]), that I;(z) = O(e*/\/z), as z — co. Thus

sup sup g:=(y,2) = O(e™/®).
‘y_51/4’§51/2 ‘2_51/4‘351/2
It follows that

sup sup  P[|Yy(e) —z| < €] = O(%/%).
x—el/4|<el/2 |y—el/4|<el/2
| |[<et/? fy—et/t]<

Then by using the Markov property and Lemma 13, we get by induction
sup  P[(Y(e),...,Y(Me)) € Buoo(z,6)] < CPM/8, (23)

TE€Boo (e1/4,61/2)

Since all the constants in our estimates are uniform in V', Lemma 11 follows from (21), (22) and

(23). O
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3.5. Proof of Lemma 12. Let K > 0 be given. Lemma 13 shows in particular that
P [|Y(M€) — el > 61/2] = O(5).

Next, recall that Y is stochastically dominated by the square of a one-dimensional Brownian
motion starting from '/, It follows that

P ( OMEY(y) dy > e) = 0(eh),

and this already proves the first part of the lemma.

It remains to prove the second part. We deduce it from Lemma 11. To simplify notation, from
now on we will denote the integral of Y on [0,00) by [;Y . Likewise fOM€ Y and [, Y will have
analogous meanings. For any affine subspace V C RM of dimension at most k — 1, set

ALV) = {(Y(e),...,Y(Me)) € V.} N A..

Then for any nonnegative bounded measurable function ¢ supported on [53/ 4 00), we can write

([ 0)e ol []] - 2l()- )
e[y ). o],

Now we recall that if Y, denotes a squared Bessel process of dimension 0 starting from some
y > 0, then fooo Y, is equal in law to the first hitting time of y/2 by some Brownian motion, and
thus has density given by

fy(t) = 2(27rt3) 12 exp(—(y/2)?/2t) for all t >0 and y > 0, (24)
see for instance [18] p.107. In particular
t—t
sup sup sup M < 0.

t>e3/4 t'<e ’y—el/“’gel/? f€1/4(7f)

Then by using the Markov property and Lemma 11, we get

HEP L] -l [

crlawefo([7v)]

ccon-snmz[o( [7¥)].
€ qﬁ/o

Since this holds for any ¢, this proves the second part of Lemma 12, as wanted. O

IN

IN

4. PROOF OF THEOREM 3 AND COROLLARY 4

We start with the proof of Theorem 3. We follow the general strategy which is used in the
case of the Brownian motion, as for instance in Le Gall’s course |15, Chapter 2|.

Consider the regularizing function
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and recall that by Fourier inversion

poly) = 5= [ explie - 3eleP)de.

Define then for all € € (0,1], ¢ > 0, and = € R,

L(e, t,x) = /tpE(AS —x)ds.
As explained in [15], it suffices to control the t(}]lree terms:
E|(L(et) - L(e,t,0) 7], B [(L(e t,2) = L, 4,2) "], B[ (L(e,t ) = Lo, 2)) "]
For the first term, some elementary computation shows that

B[(Cta) - L))

2p
< /R?p dér ..d£2pH ‘e*irﬁj — e /, dsy ... ds, ‘E [ezzngSJ}
Jj=1 Ep

with ¢, some positive constant (whose value may change in the following lines) and 2, := {s; <
--- < s9p < t}. We use next that for any v € (0,1], and any y, y’ € R,

(25)

e — eiy" <cly—y'|,

for some constant ¢ > 0. Moreover, if n; = §; 4+ -+ 4+ &p, and t; = 55 — sj_1, for all j > 1 (with
the convention sop = 0), then

E |:€ZZ£]ASJi| — E |:€_%Zi’j Uzﬁ](ng),ng))] _ E |:€_%<JE1 AAAAA t2p7ly77>] ,

with n = (n1,...,m2p). Therefore a change of variables in (25) gives
E [(ﬁ(a,t,x) - E(E,t,x'))zp]

2p —
< cplm—al PP / dn I Inj+1 =il </ dty .. .dty, B |20 tQPW')} ) ;
R2P [0,4)2°

j=1
with the convention 7,41 = 0. Now we make another change of variables: (m1,...,172,) —
(nl/t:f/A‘, . 7772p/t§1{)4). Then we fix some T > 0, and by using also that for all j, and ¢t < T,
—3/4 —3/4 —3/4 ,—3/4 —3/4 ,—3/4
2 e = 5 gl < e max( 47 Inl < et 2T g,

for some constant ¢ > 0, we get for all t < T,

E[(L(e,t,2) — £(e,t,0)) ™

2p -
diy...dty, | [T 0 / dnE o2 Mtz | e,

R2p

[0,t]2P j=1

for some constant ¢, 7 > 0. Now Proposition 8 shows that all moments of 1/ th,...,tgp are bounded
by positive constants, uniformly in (¢1,...,ta,). Therefore by using that for all ,

<Mt17---7t2p77’ 77> > X1517~~~7152p |"7|2’
and the change of variables n — n/(Xth,,_hp)l/?, we get for all v < 1/6,

E {(ﬁ(e,t,x) - E(e,t,x/))Qp] < cpr T — 2|7,
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forall t <T.

A similar computation yields to an analogous estimate for the second term, except that this time
we need to choose v < 1/12: for all p > 1, T > 0, and v < 1/12, there exists some constant
¢, 7 > 0, such that for all ¥ € R, all ¢,¢' > 0, and all ¢ < T,

E [(ﬁ(e,t,x) — E(e/,t,x))Qp] < |e — s/‘Qm .

Now the estimate of the last term is easier. After some calculation and by using Theorem 1, we
get for t < ¢/,

E [(E(e,t,x) - E(e,t’,x))Qp] < ¢ /

1<s1 < Lsop <t/ [1(sj — Sj—1)3/4’

d81 e d52p

which shows that
E |:(£(€,t,.%’) — E(a,t',m))%} <, |t —tP/2.

Then Part (i) and (ii) in Theorem 3 follow from Kolmogorov’s criterion (see [15] for details). For
(iii), first observe that (ii) implies that a.s. for any ¢ > 0 and x € R,

1t
Li(z) = ;1_r)r(1) %/0 1{Ase[x—5,x+6}}ds'
Then (iii) immediately follows from this equation and the property of self similarity of A. For
(iv), we can observe that by using the above computations and the dominated convergence
theorem, we get

E[L:(z)"] = ;I_I)I(l) E[L(e, t,z)"].

Part (iv) follows. Part (v) is immediate, and was already observed in [19].

Concerning Corollary 4, the upper bound was already proved in [19] and [11] and was consid-
ered there as the easiest part. So we only care about the lower bound here. For this we can
use Frostman’s Lemma together with Theorem 3, which directly proves the result (see [15] for
instance).

5. PROOF OF THEOREM 5

In most of this section, t1,...,tx, are fixed positive reals. Moreover, by convention a function
f(nq,...,ng) is said to be a og(g(n)), for some function g, if it converges to 0 after multiplication
by 1/g(n), when n — oo and n;/n — t; for all ¢ > 1. Analogous convention is used for the
notation O (g(n)).

Recall that (S,,,m > 0) denotes the random walk. For every i = 1,..., k, let (Ng) (),1<m <

n;, x € Z), be the local time process of (S,(,? =S+ 4ni14m, 0 <m < n; — 1). In other words,
NO(z) = #{k=0,..m—1 : Spiq 4n,_,4k =}

= Nn1+~~~+ni71+m(l‘) - Nn1+...+ni71(x)?
for all 7 < k. Set also

Doy,.iny = dlet (NS, N))
Lyeees UL det < ni o n]> lgi,jﬁk’

where here (-, -) denotes the usual scalar product on ¢5(Z).
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5.1. Inverse Fourier transform and a periodicity issue. The first step in local limit the-
orems is often the use of Fourier inverse transform. This is essentially the content of the next
lemma. Before stating it, let us introduce some new notation. Recall that ¢ denotes the
characteristic function of &. Let now ¢y, ., be the characteristic function of (Z,,y...in, —
gty )i=1,... k- Since (§,)yez is a sequence of i.i.d. random variables, which is independent
of S, we have for all (6,...,0;) € Rk

Qpnl,---,nk(ela""ek) = E HQDE Za n1+ A y)_an‘f’---‘i’njfl(y))
yEZ
k
= E ] e ZHJN AR (26)
yEZ

We can now state the announced lemma.

Lemma 14. If n; € doZ for all i < k, then

d k
]P (an = = Ldpy ety — 0) = <%> /[\ . Sonl,---,nk (91, e ,ak) d91 e dek;

™
a’

alx

Otherwise P(Zy,, = -+ = Zp,4..cqom), = 0) = 0.

Proof. Since Z is Z-valued, we immediately get

P(Zm = = Lnytdng — 0) = P(Zm == gty T Zn1+---+nk71 = 0)

1
= o /W " O (01, 0r) Oy ... Oy,

Notice now that ¢*70/? = ¢ (27/d) almost surely and that o¢(27/d)? = 1. Hence, for any
integer m > 0 and any u € R,

e (2mm/d 4+ u) = e (2m/d)™ e (u).
We deduce that, for every (Iy,...,l;) € ZF, we have

2hLm 2w y 2l T
1
Pni,...,ny (91 + — 40 ,Hk + > H ©¢ g < > Ng)(y)

YEL 7j=1
k

= ® 27T/d j=1l cp GN(]
3 3 J

YyEZ
= <p§(27r/d) J 1hing Pni,..m (017---7014:)7

since ), Nn]. (y) = nj. But, if n; € doZ for all j < kK, then gOg(Q?T/d) j=mili = = 1, for all
(lh,...,lx) € 7ZF, and the result follows with a change of variables. If not, let j be such that
nj ¢ doZ. Then ¢ (2m/d)™ is a nontrivial d-th root of unity and we can write

P(Zpy = oo = Zpytoim, =0) = Z pe(2m /)"l
1;=0

X/ Je—1 [/[ }90”1,---,nk(91"--,9k)d9j d91...d9j71d9j+1...d9k
w155

= 0.
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This concludes the proof of the lemma. O

5.2. A typical behaviour for random walks. We want to argue that typically the simple
random walk visits roughly /n sites before time n; spends time of order at most \/n on each of
them, and that its local time process is Holder continuous of order 1/2, with a Holder constant in
O(nl/ 4). This is true with high probability if we allow some correction of order n?, with v > 0.
This is the content of the next lemma, which can be proved as Lemma 6 in [5] and is standard.
Set for all i < k,
N} :=sup N,(L? (y) and R;:=#{y : NT(L? (y) > 0}.
y

Lemma 15. For everyn > 1 and v > 0, set Cyy, ., = Q,(lll),___,nk N 9,821)7...7%, where

1
95111)7...,nk = {Ri < anﬂ/ Vi < k:} ,
and . )
T _ 1 1
Qﬁ?ﬂnk 1= < sup [Noi () ]1\71; (2)] < ni4+“f Vi<k\.
o y#2 ly — 2| /

Then, for every p, P(Q ) = o(min; n; ?).

MN1ye.sNk

Note that on €2y, . ., , for every i, we have

S+3v
2.

1 4 .
Ny <n?” and VO =S (VD)2 <n
y
5.3. Scheme of the proof. We follow roughly the same lines as for the proof of Theorem 1
in [5]. However the situation is more complicated here, since we consider multiple times in a

non-markovian context. Moreover, we want upper bounds which are uniform in nq,...,ng, and
this also requires some additional care.

First we have to see that the main contribution in the estimate comes from the integral near the
origin. Recall in particular the notation from (26).

Proposition 16. Let n € (0,1/8) be given. Then, for every ty,...,t; € (0,1), we have

k
V2
/ Oy (01, ..., 01) dBy ... dB), = <—”> Coyoty K/ 0 (n 73K/
U(n)

g

_1i_
where U(n) == {]0;] <n; * "Vi < k}. Moreover, for every 0 € (0,1),

k
sup sup (H n; ) '/U( ) O (015, 0k) dby ... dby,
n

n>1 nf<ng,..np<n i=1

0o

< 00.

The next two propositions show that the rest of the integral is negligible.

Proposition 17. Let n € (0,1/8) be given. Then, for every ty,...,tx € (0,1), we have

/ ’@nl,...,nk (01, . 7916)‘ d@l L. d@k — Ok(n—gk/4)
V(n)

_1 _1i_
where V(1) = {|6;| < n, 2y < k}n{3j : [0 = n;* . Moreover, for every 0 € (0,1),

k 3
sup sup (Hn;‘) /V( ) |Ony,mp (01, ..., 0r)| Oy ... dO < oo.
n

n2l nf<ny,..np<n \;—1
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Proposition 18. Let n € (0,1/2) and 6 € (0,1) be given. Then there exists ¢ > 0 such that

sup sup / by 1Py (B1, - 0)| Oy ... dO), = o(e™™).
np<n J{3i : |6; \>n 2

n>1 pf<ng,...,

This last proposition can be proved by using exactly the same argument as in the proof of

Proposition 10 in [5]. The only difference is that, if say [6;| > n;l/ 2+77? then after having defined
peaks for S@_ we need to work also conditionally to all NT(LJJ.), for j # i. But this does not change
anything to the proof. Since it would be fastidious to reproduce the argument, we will not prove

this proposition here and we refer the reader to [5] for details.

Note that Theorem 5 readily follows from these propositions and Lemma 14.

5.4. Proof of Proposition 16. We will use Borodin’s result 3] on approximations of Brownian
local time by random walks local time. He proved in particular (see Remark 1.3 in [3]) that under
some moment condition on the random walk, and on a suitable probability space, for all T' > 0
and all v > 0, there exist constants C' > 0 and ¢ > 0, such that for all n > 1,

P(ES) < Cn~ 179,
with

B - 2%

S 1
£l <nTaty
v }

n

E, = { sSup ’N[nt}([\/ﬁx]) - \/ﬁLt(x)‘ < CTL% Inn,
(t,z)

€[0,T)xR

where N and L are the local time processes, respectively of the random walk S and of the
Brownian motion B. But a careful look at his proof shows actually that if the random walk
increments have finite moments of any order, then the above holds for any § > 0 (see Formulas
(3.8) and (3.9) and Lemma 3.2).

By using now this result, Lemma 15 and the Markov property of the random walk and of
Brownian motion, we deduce the following:

Lemma 19. Lety € (0,1/4) and k > 1 be given. Then for everyn > 1 and every 0 < nq,...,ng <
n, it is possible to construct the Brownian motion and the random walk on a suitable probability
space, such that for all p > 0,

P () = 0 (o 7).

where Fy n,  ne = Fi(n,n,...,ng) N0~ N Fy(n,ng, ..., ng), and (with t; = n;/n fori <k),

Fi(n,ny,...,ng) = {sup ‘N(l (Vnx) — \/ﬁLgf)(x)‘ < n§+7 Vi < k} ,

By(n,ny,... ng) = {sup{]m — S NO (@) #£ 0} <03t i< k}
Fs(n,ny,...,ng) = {Sup{|x B(Z | : Lg () #0} < t3/2n7 Vi < k‘} ,
Fy(n,ny,...,ng) = {sip N,(Li)(k) < ti/zn%J“’ and sgp Lg) (x) < t3/2n7 Vi < k‘} .

The proof of this result is elementary and left to the reader. Define now for all £ > 0, the set

Qoo {(Hn ) nnm} (27)

We then obtain the following:

MICO
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Lemma 20. Let 0 € (0,1) and 0y € (0,0/4) be given. Then for every L > 0, we have

sup sup sup e FP (Qc (6)) < 00,

) ) N1,
n2l nf<ny,...,np<n e>n=%

and for every p > 0,

sup
n>1 n9<n1 nk<n

< 00.

(HTL ) D;h ) ﬁnl,...,nk(n_eo)

Proof. Let v > 0 be such that 6y < (0/4) — 3vk and let L > 0 be fixed. Thanks to the previous
lemma we can assume that the Brownian motion B and the random walk S are constructed on
a space, where

P(E; ) =0(n"),

n,ni,...,;Ng

for all p > 0. Now for all 4, j, set

A(n) = 3/4ZN(Z N(] (y) and A= (t;t;)~>* /RLg)(x)Lg)(x) dx,

[2¥}

n)

with ¢; = n;/n and t; = nj/n. First, we rewrite A( 7 as follows

/ N (L)) N (L)
ST Vi

Observe next that, on F, ;,, . n,, for all 7,5 and n;,n; < n, we have

W

AP = (tit))

AP <B4 <, (28)

and
(i) 2
No) (Ivnz]) @)
\/ﬁ - Lti (x)

Hence, with the use of the Cauchy-Schwartz inequality, we get

1
dr <t, 22t2n7t2n7§+27 < 2t. 2337,

(2

_1
AZ(Z.) <n¥, A j < n?  and ‘AEZ) —A; ;| < 2\/§ti Tp—1+37 < An 537, (29)

We use next that

<Hn g) oy, = det ((AEJ))@J) and  det My, ¢, = det ((A; 7)) -

Furthermore, for any matrix M:

det (( ,]) ,j) = Z sgn(a) H 1,0(2)>

o€SE

where Sy, is the group of permutations of {1,...,k} and sgn(c) is the signature of o. Therefore,
using (29), on Fy, 1, .n,, When n; <n, for all i < k, we get for n large enough,

(Hn ) ni,...,Ng detMtl,---,tk < Z anﬂ/(k 2 ‘AZU () z,a (%)

g8y, i=1

MICO

< 4(k+ 1)!n37kn_% <n %,

according to our assumption on ~.
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Thus, for n large enough, and every ¢ > n~%_ we get by using Proposition 8

sup P (th . (5))

nf<ni,..np<n

IN

sup P(Fy n ) + P (det Mn,...% < 25)

T,mn1,..
nf<ny,...,np<n

< O(TL_GOL) + P <Xt1,...,tk S (25)%)

= 0 (€L ) )
with th,___,tk as in Proposition 8. So we just proved that for any L > 0, the constant
Cp:=sup sup & sup (th k(e)) ,
n>1 e>n=% nf<ny,...np<n e

is finite, which gives the first part of the lemma. Then we get for any p > 0,

O —0
Hn N17 MK inv---vnk(n 0)
9<n1, ,mc<n
S _3
= sup / P|n% < Hnl 2| Dy <ETVP dt
nf<ni,...,np<n JO i=1
+oo k 3 d
) -5 9
- Sup p/ Pin ™= an > Dnypn Pl
nf<ny,..,np<n n=% i=1 €

1 —+00 d€
< Cpird — <
- p/neo p+1 08 +p/1 ep+1 0,

where for the third line we have used the change of variables ¢ = ¢7P. This concludes the proof
of the lemma. O

The next step is the
Lemma 21. Letn € (0,1/4) and 6 € (0,1) be given. Then

. 3/4
lim H n; /
oo 9<n1, 777/k<77/

<
U(n)

2
Qe O1:-,0) = > (NP () + -+ + NP (1))
Y

P (B0, 03) — E [ Qs 00-00/2) | apy . ap, =0,

where

1
Proof. Recall that U(n) = {|6;| <n, * "vi < k}. Set

Enyym (015, 0 <H (01N (y 4 0N (y))> — e @y, (01,00)/2

We have to prove that
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Observe that

B (O1,- -, 00) = > (H exp <—%2(91N7g?(z) +et GkNr(Li)(z)y))

Y 2>y

X

(sogwlzvé? () + -+ OND () — o7 OV W 0N W)

(H e (91N< + akNg’;><z))> .

z<y

X

Recall now that, since £ is square integrable, we have 1 — ¢¢(u) ~ o%|ul?/2, as u — 0. It follows
that,

%d@—eﬂ%yﬂghwmmDimaﬂueR

with h a continuous and monotone function on [0, 4+00) vanishing in 0. In particular there exists
a constant g > 0, such that

lpe(u)| < exp (—o[u?/4)  for all u € [—e, &) (30)
Fix now v € (0,7) and 6y € (0,0/4). Next recall (27) and observe that on
Q7,00) = Ly, o N gy (75,
if |6;] < n;%_n for all i < k, then (see the remark following Lemma 15) for all z € Z,
LN (2) + -+ 0N (2)] < k2,
which is smaller than g for n large enough. Then we get,
B (01, 0| a0y < h(kn?™)e™ Qi (1 00)/4

% Z o (OUNED W)+ 0N (3))2 (91Nr(ﬁ) (y) + -+ GNP (y)) 2
Yy

2
— 0(1) X ef%in ,,,,, nk(917~~~79k).

Therefore a change of variables gives

/ 1By (01, -+, 01) Loy 00) 401 - .. dO), = o(1) x D2 / e~ I3/8 gy,
U(n) TN JRk
at least when D, . ,, > 0. The result now follows from Lemmas 15 and 20. O

Finally Proposition 16 is deduced from the following lemma.

Lemma 22. Let ty,...,t; € (0,1) and n € (0,1/8) be given. Then

_2 k
/ E |:€_02Q”1 77777 ”k(elv“'vek)ﬂ] dby ...do = (—ﬂ> Cir,..tr n3k/4 4 Ok(n_gk/4).
U(n) o
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1
where I,, ., is the integral over R¥ and J,,, ., is the integral over {35 : |0;] > n;* oA
change of variables gives

According to Proposition 7, we know that

—3k/4 L) 5
n 3K/ Dn,.,...on :)> Dry,.. Ty

as n — oo and n;/n — t;, for t = 1,...,k. This, combined with Lemma 20, shows that

k
V2T B B
Elln, .. n) = <_ Corooty 13 o (3074,

o
and it just remains to estimate E[Jp,, ]

First consider the matrix A,, ., = ((N,S?,N,S?))i,jgk, and denote by fin, . n, its smallest

eigenvalue.

Let now 6 € (0,1), 0 < 6y < % and > 0 be such that 2+ 0 + 3v(k — 1) < 1/4. We know that
on €2

Nk k

N1y,
tr(Ans,n ZZN )2 < kPP (1 + 05(1)).

We deduce that all eigenvalues of Anl,...,nk are smaller than the right hand side of the above

inequality. In particular on ﬁnl,...,nk (n=%), there exists a constant ¢ > 0 (depending only on k
and the ¢;’s), such that

Dnl,...,nk
(kn337(1 + 04 (1)))k1

¢ n3=00-3=1 (1 _ (1)),

Hny,...,ny

Y

Then we get
,U/nl,...,nkn7172n > n%f2n79073'y(k71)(1 _ Ok(l))
> n1/4(1 —ox(1)),

since 2n + 0y + 3y(k — 1) < 1/4 by hypothesis. Note moreover, that
in,...,nk (917 L 76k) 2 ,unh...ﬂlk ‘(617 L 76]{))’%

Therefore a change of variables gives

Jnl,...,nk < ﬂ;ﬁ/% / 6702 ‘T‘%/2 d7”7
{Irl22pal o /2 1}
and it then follows from the first part of Lemma 20 that E[J,, . »,] = or(n~2¥/4). This concludes
the proof of the lemma. O

5.5. Proof of Proposition 17. Let 6y € (0,1/4) be fixed. Consider the events
H(Oy,...,00) = {6 NV () + -+ 0.NF (y)] < e forall y € Z},
where ¢ is as in (30), and

ﬁ((gl, ... ,Hk) = H(@l, ... ,Gk) N th...,nk (nieo).
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Then by using (30) and the argument at the end of the proof of Lemma 22 we get

I

and, thanks to Lemma 20,

sup H n;
n>1 n9<n1 nk<n i—1

/( [H\% 01N (y) + -+ 0. NF (), ﬁ(el,...,ek)] dby .. .df < cc.
V(n)

1) k 7 —3k/4
Hycpg OND(y) + -+ 0 NP (y))], H(Gl,...,é?k)] by ...doy, = op(n3**),

N[

On the other hand by using the Holder continuity of the local time (see Lemma 15), we get
PH©,. .00 #y €Z 5 [BND @)+ + GNP )] € [r0/2,20]} < n¥| = op(n™24),

uniformly in (01, ...,6;) € V(n) and

k 3
sup sup sup H n}
(01,-,0k)EV () n21 nO<ny,...np<n  \;—q

PO 00 #ly € Z < BN )+ + NP )] € lo/2,20]} < 0] < oo

Finally by using again (30), we obtain

[ 91’ .. ’ R Hk;NT'(Li) (y)) > 6_(080/2)2n1/4/4] = Ok(n_gk/4)a
and
k 3
sup sup H nt
n2l nf<ny,...np<n \;—4
[ (01,...,0 ngg 91N(1 R gk]\a(z/;) ()| > e—(060/2)2n1/4/4] < oo,
The proposition now follows Wlth Lemma 20. O

6. PROOF OF COROLLARY 6

We first observe that for k£ = 1, the result follows from (3), since we can write
n Ln/do]
EN,(0)] = Z]P’(Zi =0)= > P(Zig =0)

i=0
,;
~Mn—oo T Z P11 ZdO 4
~n—soo a—dopl’l(o) nt/t = e Mi1(0) n'/4,

and
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We prove now the result for some general & > 1. Fix some 6 € (0,1/4), and write

nEENLOF =0 Y P(Zy = =2 = 0)
N1,y NN
_k
= n 4 Z P(Zmdo:"': nkdO:O)
ni,...,np<|n/do]
3k
= kln1 P(Z\_nuljdo::ZLnudeozo)dulduk
0<uy < Sup < g
3k
= klnz P (ZLnuljdo = ... = Z\_nukjdo = 0) duy ... duk + 0(1)
nf=1 <uy <Sup<gs
Indeed, for the last equality, we use Theorem 5 which implies that for any ¢ > 1,

3k

n+ P(Z\_nuljdo:"':ZLnudeo:O) duy ... duyg

/ogu1§~~§ue§n91§w+1§~~§uk§%
3¢ _ _3
< Cnat0 1V/ (g - up) "1 = o(1),
0<ugpy <Sup<gs

since § < 1/4 and where C is the constant appearing in Theorem 5. Then, by using again
Theorem 5, we can apply the Lebesgue dominated convergence theorem, and we get

_k
i Y P(Zy == Zy, =0)

Ny N

d k
= k! (—) / Pk,uirdo,uado,...,urdo (0,...,0)du + o(1)
’ 0<ur Suz<--<up<1/do

d k
= <_> /[0 o] Pk uido,uado,...,udo (07 e 70) du + 0(1)
) 0

o
d k
pu— _ U U u O’ ... ’0 d 1
<d00'> /[O,l}kpk’ 1,U2500 k( ) du +o(1)
d k
pu— _ O 1 .
() M) +o1)
This concludes the proof of the corollary. O

We notice that similar calculations show that for any » > 1, any ky,...,k. > 1, and any
0<t; <-- <ty

E [Ny O . A 0] ~ (

as n — o0.

g\ kit .
> n E[ﬁtl(o)kl...ﬁtr(o)kr . (31)

ady

At this point, it is also not difficult to see that the sequence (N, (0)/n'/*,t > 0) is tight in the
Skorokhod space D(R). For this, notice that for any 7" > 0 and p > 1, there exists a constant
C = C(T,p), such that for all t € [0,7], h > 0, and 1 > 0,

B (M) (0) = N 0) 2 0! ) < 7?0 P B [Ny (0) = Mg (0)']
< Cn_php/4.

Indeed the second inequality follows from the proof of Corollary 6. Since /\/[nt] (0) is a nonde-
creasing process, the tightness follows for instance from Lemma (1.7) p.517 in [18].
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7. PROOF OF PROPOSITION 7

It was proved by Kesten and Spitzer [10] that the normalized self-intersection local time of
the random walk converges in distribution to its continuous counterpart. A similar convergence
is proved for the mutual intersection local time in Chen’s book [6]. We prove Proposition 7 by
following carefully their proof.

For j=1,....k, and a < b, let

, 1 ,
() — ()

Tn? (a’ b) T n; Z Nnjj (y),

a<n_%y<b

denotes the time spent by S n-| / v/n in [a,b) before time n;. The mutual intersection local time

of S, () / v/n and S / vn before time 1 is defined by:

T3, = (NG N)
VLT n]n] nj i
n] n/

- njn Zzzl{sm—} (59" =z}’
I reZ k=1 =1

For any € > 0, consider the regularizing functions p.(x) := e=v"/2% /V2me, and set

-, ! S( — S(j,) —r
TG L :
€15, 51 TL?”L inj ;Zkzl ;pf?( 7”L >p€( \/ﬁ )
L[ 6)

Tj/a Ly, () dzx,

denotes the time spent by BY) in [a,b) before time T, and let

1
Aj j’ =
’ TjTj/

Similarly, let
Aj(a,b) :=

L%) (x)L(Tjj/) (x) dz,

denotes the mutual intersection local time of B%, ) and Bgl,) Finally set for every € > 0,
J

Acjjri= / < / pe(Bst; — ©)pe(Byr, — x)ds dt) de.
R [0,1]2

We will use the following lemmas:
Lemma 23. (Lemma 5.5.1 in Chen ) For all j # j',
lim limsup lim sup E []T,%’Jnl)/ — 7" ]2} = 0.
7

E,Nj,N 1
=0 n—oo nj/n—Tj,n /n—T; /

Lemma 24. (Theorem 2.2.8 in Chen) For all j # j', The sequence (A. 1, > 0) converges in
L? to Aj i, as € goes to 0.

We can then already deduce the following:

Lemma 25. For any mi,...,my > 1 and any —oo < ajy < bjy < oo (j = 1,...,k and

€: 1,...,mj),
T (ay0.b30) @ )
( ( n; ((Z]7£, ]7£) j:l,...,k,€:17---7mj ’ nj’nj/ 1§]<],§k‘ ’
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converges in distribution to

( (Aj(aje, ijf))jzl,...,k,Z:l,...,mj ) (AM’) 1<j<j'<k > ’

as n — 400, and nj/n — T; for all j < k.

Proof of Lemma 25. Let 0, (for j =1,...,kand £ =1,...,m;) and EM., (for 1 <j<j <k)
be some fixed real numbers. It suffices to prove that

k. my
exp ZZGJ KT a]ﬁ, ]ﬁ Z 9 Js3’ n;,]n)/ ’
j=1 =1 1<j<j'<k
converges to
k. my
exp ZZQMA aj,e; bje) Z HJJ'AJJ
j=1/4=1 1<j<j'<k

")

Lemmas 23 and 24 show that we can replace the T,gj Jnj
A,

, and A; j/, respectively by Ts(%/,%j/ and

7.77.]
Observe now that the map

k my

W NS00 [, o,
=1 r=1 - 7
" Z 7 //01]2 _x)pe(xgjl)_x)dt?dtd%
1<j<j'<k

is continuous on D([0, 1], R¥) for the Skorokhod topology. Observe moreover, that for all fixed

e >0,
T, // ["JS] e (P dsdede + o).
WAl [0 1]2 n \/E

Therefore the weak convergence of (S[(ZZ~]/\/ﬁ’j < k) toward (B%)_,j < k), implies that

k. my
DD 0T ajebi)+ D B
Jj=1/=1 1<5<j'<k
converges in distribution to
k. mj
DD Oiehi(aie b+ D Gy
j=1 =1 1<j<j’<k
The result follows. O

We finish now the proof of Proposition 7. Let 6; (for j =1,... k) and 6, j: (for 1 < j < j' <k)
be some fixed real numbers. We proceed like in [10] by decomposing the set of all possible indices
into small slices where sharp estimates can be made. Define, in the slice [7¢y/n,7(¢ 4+ 1)y/n), an
average occupation time by

Ti(r,0,n) = % TO (1, 7(¢ + 1)),
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Set also i
_ i () ()2
U(T7M7n) _Zejn 2 Z Nn‘z (1’) s
j=1 |z|>Mry/n
0; NN
VirMm) =3 2 3 Gnen)?+ 3 6iy=5t IOl
j=1 —M<I<M 1<j<j'<k
and
A(r,M,n) = Zé?jn_% N Z 0, n]nj 7(5’37’1), — U(r,M,n) — V(r,M,n)
Jj=1 x€L 1<5<j'<k n?
k 2 2
; T:(r,¢
= Yom Y 3 <N£§.)(x)2— - x T(n4m) >+0(1).
Jj=1 —M<U<M a(t,n)<z<a(l+1,n) (Tv/n)

It follows from computations in [10] (see in particular Lemmas 1, 2 and 3) that A(r, M,n)

converges in probability to zero as M73/2 — 0. Moreover,

P(U(r,M,n) #0) <P |3j <k : sup |SY| > Mrvn|,

m<n;

and it is well known that the right hand term goes to 0, as M7 — oo, and n;/n — T}, for all
Jj<k

Now, Lemma 25 shows that V (7, M, n) converges in law to

k
0. +nT 2 ) y
Z?j Z </ L%_)(x)dx) + Z Hj,j//RL%)(m)L%/)(x) dx.

j=1 = —M<t<Mm ET 1<j<j'<k

But the map z — L(j )( ) being a.s. continuous with compact support, this last sum converges,
aST—>0andM7'%oo to

Ze /LU Vdr+ Y 0 /L%)(x)L%’)(x)dx.

1<5<y5'<k

The proposition follows. O
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