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A functional limit theorem for excited random walks

Andrey Pilipenko*

Abstract

We consider the limit behavior of an excited random walk (ERW), i.e., a random walk
whose transition probabilities depend on the number of times the walk has visited
to the current state. We prove that an ERW being naturally scaled converges in
distribution to an excited Brownian motion that satisfies an SDE, where the drift of the
unknown process depends on its local time. Similar result was obtained by Raimond
and Schapira, their proof was based on the Ray-Knight type theorems. We propose a
new method based on a study of the Radon-Nikodym density of the ERW distribution
with respect to the distribution of a symmetric random walk.

Keywords: excited random walks; excited Brownian motion; invariance principle.
AMS MSC 2010: 60K35; 60K37; 60F17.

Submitted to ECP on November 11, 2016, final version accepted on June 14, 2017.
Supersedes arXiv:1611.02841.

1 Introduction and results

Let {X (k),k > 0} be a sequence of Z-valued random variables such that | X (k + 1) —
X (k)| = 1,k > 0. Denote by F,, := 0(X(0), X(1),...,X(n)) the filtration generated by
{X(k)}.
Definition 1.1. A random walk (RW) {X (k)} is called an excited random walk (ERW)
associated to a (possibly) random sequence {¢;,i > 0} C (—1,1) if

P(X(k+1)—X(k)=1|Fx) =1-P(X(k+1)— X(k) = —1|/F) = p;, (1.1

wherei=|{j <k : X(j) =XKk)}, pi = %(1 +&;).

Note that {X(k)} is not a Markov chain, generally, and the study of traditional topics
of the theory of stochastic processes such as recurrence, invariance principles, etc.,
is a non-trivial one for ERW. It demands new ideas and approaches, see for example
[1,5,9, 11, 13, 15, 18] and references therein.

It was proved by Raimond and Schapira [15] that if ¢; = al(.") = iﬂgp(ﬁ), where ¢ is

X™) ([n1))
un

a bounded Lipschitz function, then the sequence of processes { X, (¢) :=
0},>1 converges in distribution in D([0, c0)) to excited Brownian motion that is a solution
to the following SDE

;b=

dY (t) = o(Ly (£, Y,))dt + dW (1), (1.2)
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where W is a Wiener process, Ly (t, z) is the local time of Y at = up to time ¢. Note
that the solution of (1.2) is not a Markov process also. Construction and properties of
such type equations were considered in [12, 16]. For example, questions on recurrence,
transience, positive speed for the solution to (1.2), and a central limit theorem for the
solution were studied in [16].

Raimond and Schapira studied the process v (i, k) = [{j <14 : X(j) = k}| as a function
of the spatial coordinate k. It was proved that some scaling of v taken at some Markov
moments converges to a solution of a Bessel type SDE that appears in a spirit of the
Ray-Knight theorem, see also [12]. Then the sequence X (k) (and the process Y;) were
reconstructed from v (and the local time Ly, respectively). The corresponding proofs
used the neat martingale technique. However the number of details they had to check
was really large.

We propose a different method of proving a functional limit theorem for {X,,(t),t €
[0,T]}n>1. We study the Radon-Nikodym density of {X (k),0 < k < n} with respect to the
distribution of a symmetric random walk (RW). Then we use Gikhman and Skorokhod
result [7] on absolute continuity of the limit process together with the Skorokhod theorem
on a single probability space, and invariance principle for the local times of random
walks [3].

This method was used in [14] for studying the limit behavior of an RW with mod-
ifications upon each visit to 0 whose transition probabilities are defined as in (1.1),
where

) . ) T
i=10 <k s X() =0}, pi= (5 +id) AT,

A > 0 is a size of modifications. In this paper a functional limit theorem was proved in a
series scheme, where A,, =cn™%, ¢ >0, a > 0.

It is natural to obtain the drift in integral form in the limit, see (1.2) or (2.2) below,
because probabilities p; = pz(-") in (1.1) are small perturbations of 1/2 having the order
n~1/2. If these perturbations were independent of n, then the limit process might be
different from (1.2). For example, assume that there are few “cookies” at each state. At
the instant of the i-th visit of the current state the process “eats” the i-th cookie and
changes its transition probability to p;. If the total impact of cookies at each state is
“large”, then a process is transient and may have a positive speed [1, 8]. If the impact of
cookies is “small”, for example, if the average total excitation per site a« = ). (2p; — 1)
lies in (—1,1), then the natural scaling of ERW may converge to a Brownian motion
perturbed at its maximum and minimum [5, 6]. The equation for the limit process is the
following

Y(t) = a max Y(s) —a min Y(s) + W(t),¢t > 0.
s€[0,t] s€[0,t]

Existence of the path-wise solution to this equation with « € (—1,1) was proved in [4].

2 Main result and proofs

Let w = {wy} be a fixed sequence of numbers, ¢ : R* — R be a bounded measurable
function, n € IN.

Set X(™(0) = 0. Define an integer-valued random sequence {X (™ (k),k > 0} with a
unit jump and the distribution defined by

Po (X0 0k +1) = X (k) = UFM) = 1=Po (X (k+1) = X0 (k) = —1F") =pl7),
2.1)
where
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FY 1= o(X(0). X W), X, i =1 <k 2 X0OG) = XO R},

(n _ 1 (n) ) _ —1j2 k@ i
Pix = 5(1 + 5k,x<n>(k),i)> Crai — T @(g> ﬁ, ﬁ,wk)
We will only consider n such that n=1/2||p||« < 1.
Equation (2.1) means that for any k£ € IN and any ¢y = 0, 71, . .., i such that |i; 41 —i,| =

1 we have

i, 1,1

P, (X{" =i, X =iy, X = iy,) = 101 (p(nglmrz‘z:l +(1 —P(n))lml—n:*l) ’

where pgf) are defined above.

Let now {wy} be a stationary ergodic sequence of random variables defined on a
probability space (2, 7, P). For a fixed realization of w = {wy,} the measure P,, is called
the quenched distribution of the ERW {X (")(k), k > 0} with environment w.

The annealed, or averaged, probability is defined by averaging of P, over the envi-
ronment, i.e.,

P() = E(Pu()) = | Pu(JR(d).

Set X, (t) = &\%ﬂ), nel, t>0.
Let D([0,00)) be the space of cadlag functions equipped with the Skorokhod .J;

topology, see [2].

Theorem 2.1. Assume that the function ¢ : [0,00) x R x [0,00) x R — R is bounded and
uniformly continuous. Then the sequence {X,(-), n > 1} converges in distribution in
D(]0,00)) with respect to almost every quenched measure P, and also with respect to
the averaged measure P, to a solution of the SDE

¢
Y, = / o(s,Ys, Ly (s,Ys))ds + W(t), t >0, (2.2)
0

where ¢(t,z,1) = Ep(t, z,l,wi), W is a Wiener process.
Remark 2.2. There is a unique weak solution to (2.2) by Girsanov’s theorem (see [10,

Chapter IV §4] for the general stochastic equations or [12, §3] for a Brownian motion
with a local time drift).

Proof of Theorem 2.1. In order to explain the idea of the proof and to avoid cumbersome
calculations, at first we prove the theorem for ¢ that depends only on the first three of
its coordinates, i.e., ¢(t,z,l,w) = p(t, z,l). Then we explain how to handle the general
case.

Denote by {S(k),k > 0} a symmetric random walk, S(k) = & + --- + &, S(0) =0,
where {¢;} are i.i.d., P(§ = £1) =1/2.

Let Py be a distribution of {X ™ (k)}?_,, Ps be a distribution of {S(k)}7_,,

Then Py < Pgn) and the Radon-Nikodym density equals:

Vig =0,41,...,1, € Z, |ik+1 — Zk‘ =1,

1 (n) , 4 (n) ‘ .
dPxwy ,. . ) n-15(1+ Esin derin) L1 —in=1 — Ek,ik,z(k,ik)1%k+1—1k:—1)
dP. <105117"'7ln) = kli[() 1 = (23)
S(n) = 2
"0 ™ 1. (n) 1. _
k:O( T Ek,ikvl(kﬂ'k) pp1—ip=1 " gk»ikvl(k7ik) To+1 T =T ) -
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1’i —ip=1 " — = ) 9 1ik 1—tlpg=— =
7\/57 \/ﬁ ) kt+1—tk=1 ﬁ@(n \/ﬁ \/ﬁ ) + : 1)

kg Uk, i) 1k dp Uk k)
n

where I(k,i) = [{j <k : XM (5) =4}|.

Hence o
X (n) -
dPgn) (S(O)v S(l)7 ey S(n)) —

:lj; <1 i \/17?%7(7]2’ S\(f];)’ W)ﬁwl) ’ (2.4)

where v(k,i) = |{j <k : S(j) =i}|
Lemma 2.3. Let {X™,n > 1} and {Y",n > 1} be sequences of random elements given
on the same probability space and taking values in a complete separable metric space £.
Assume that
DY, 5 Yo,n— oo;
2) for each n > 1 we have the absolute continuity of the distributions

Px, < Py,;

3) the sequence {p,(Y,),n > 1} converges in probability to a random variable p,
where p,, = P);: is the Radon-Nikodym density;

4)Ep =1.

Then the sequence of distributions { Px, } converges weakly as n — oo to the proba-
bility measure E(p | Yy = y) Py, (dy).

The idea of the proof of the lemma is due to Gikhman and Skorokhod [7]. Since
{pn(Yn),n > 1} are non-negative random variables with Ep, (Y;,) = 1, the condition
Ep = 1 yields the uniform integrability of {p,(Y,),n > 1}. The following calculation
implies the conclusion of Lemma 2.3

VfeCy(E): lim fdPx, = nleréoEf(Xn,) = nlggoEf(Y")p"(Y") =Ef(Yo)p =

n—oo E

EUGwE@Dmﬁjéwa@Dﬁzwﬂd@) (2.5)

Let us continue the proof of Theorem 2.1. It is sufficient to prove convergence in
distribution X 4") =y in D([0, 1]).

We need the following invariance principle for RWs and the local times of RWs.
Theorem 2.4. [3] There is a probability space and copies {S" (k),k = 0,....,n} 4

{S(k),k = 0,...,n} defined on this space, and a Wiener process W (t),t € [0, 1], such
that

(n)
lim sup |2l
n— oo te[O,l] \/ﬁ

(") (Int
i sup sup 2"t loy/D
n—00 4c[0,1] 7ER Vn

W) =0, (2.6)

— Ly (t,z)| =0, (2.7)

with probability 1, where v (k,i) = |{j < k : S (j) =i}|, Lw is the local time of the
Wiener process (we consider a modification of Ly, that is continuous in t, x).
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Let us apply Lemma 2.3, where

XM ([nt)) St ([nt])
X, =X, — Y, = = 1].
(1) = S0 Ya= S = = 1< 0,1
It follows from (2.4) that for all sufficiently large n
dPx,
lo n) =
%8 IPg. = (Sn)
n—1
Lk STk v (kSO (K)o
1 1 - v ) n _
kzz:o 0g< + \/ﬁSO(n’ \/ﬁ 9 \/’E )£k+1>
—1 -1
1% E ST k) v (k,S™ (k). n 15 E ST (k) v (k, S™ (k)
ﬁzgp(ﬁ7 \/é ; \/,ﬁ §1g421 - %Z Q(Ea \/’E )a \/ﬁ )+
k=0 k=0
(S V(”)(k S (k))
Z\ 5 : =17+ 13+ 13,
3n3/2k . NG

where 6 € (-2, 1). Since ¢ is bounded, lim,_, I} = 0 for all w.
By (2.6), (2.7), continuity of Ly (¢, x) in both of its arguments, and dominated conver-
gence theorem we have convergence with probability 1

Lk ST VO SO, 2.

lim —

nHOOZTLk:OSD n’ \/ﬁ ’ \/ﬁ

1, et ST 0 ([nt], SO ([nt]))
lim /0 i (— AN o )dt
1

5/0 O (t, W (t), Ly (t, W(t))dt.

Lemma 2.5. We have convergence in probability

n—1 (n I/(n) (n)
\FZ £ VS <’f>>),<;3ﬁ/ (1, W (), Loy (1, W (1)) dW (£), .~ oc.

Proof. We use the idea of Skorokhod [17, Chapter 3, §3]. Let m € N be fixed. Then

Lk SO OESIE)
D i

- / (6 W (8), Ly (1, W (1)) dW (1)) <

m—1 kS (k) v (k, SM(K)),
Zo Z <<‘0(n7 N vn )

=0 (I k<R

= n  yn vn
+ 1)n/m n/m
[Sr1<k<[52]
ECP 22 (2017), paper 39. http://www.imstat.org/ecp/
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= ¥ n ) \/ﬁ ) \/ﬁ )_
G DD T R Dy
(W([(H;)n/m]) ([Jném])>‘+
S i) gl g Lin/m)
‘Z[jn/m] (w(jn ’W(]n )’LW(jn 7VV(jn )=
j=0 " "

w@ﬁvuLquJva»)mvaﬁ:

Sy L L L

It follows from Theorem 2.4, Lebesgue dominated convergence theorem, and continuity
of Ly (t,x) in both of its arguments that

lim E(Inm) = (2.9)

n—oo

M (k) ™ (k. g0
J;H;onEZ S (o 200 S,

O (i) <k<[UEDR] vn Ve
, . . 2
o lin/m] S™([L2]) V(")([%LS(")([%]))) _
n  yn vn
m—1 . G+D ; 2
BY [ 7 (e WO Lt 0) - o 2w (D) L L wi ) ar
=0 ""m
=l B*
It follows from Theorem 2.4 that lim ;"™ = lim I3"™ = 0 a.s. for each fixed m. So, by
n— oo n— o0

dominated convergence theorem

Ym>1 lim E(I3"™)% = lim E(I3"™)* = 0.

n—oo n—roo

So foranym > 1

: = & s( ,,(n) k, S (k
hmsupE(ZIZ (\/ﬁ ()))£k+1

n—oo

- /0 Lp(t? W(t)7 LW(t7 W(t))dW(t)>

m—1 (J+1)

. 2
J J
sy [ (a0, L 0. W0 ~ LWL, L L L) )
(2.10)
Letting m — oo we complete the proof of the lemma. O
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Since ¢ is bounded,

Eexp{/ cp(t7W(t),LW(t,W(t))dW(t)—%/ O*(t, W (t), Ly (t, W(t))dt} =1 (2.11)
0 0

by Novikov’s theorem.

Therefore, by Lemma 2.3 we have convergence X, :> Y, where the distribution
of Y has a density exp{fo1 o(t, W (t), Ly (t, W (t))dW (t) fO O3 (t, W (t), Ly (t, W(t))dt}
with respect to the Wiener measure. Note that the local time and the integrals are
measurable functions with respect to the o-algebra generated by W. So there was no
necessity for calculations of the conditional expectation in Lemma 2.3. By Girsanov’s
theorem, the process Y is a weak solution to the equation (2.2). The theorem is proved
if p(t,x,l,w) = @(t,x,1).

Consider the general case.

We prove the theorem if we find the corresponding limits in (2.8), (2.9), and (2.10),
where the general summand is replaced by

kSO0 v (kS (R)
(p(n7 \/ﬁ ) \/ﬁ 3 k)v

and the sequence {wy, k > 0} is independent of {S) (k)}.
The next statement completes the proof of the theorem.

Lemma 2.6. Let f : R — R be a uniformly continuous and bounded function, {n, k >
0},>1 be a stationary ergodic sequence of random variables, {,(t), t > 0},>1 be
a sequence of continuous R%-valued processes that locally uniformly converges to a
process &(t),t > 0, almost surely,

VI'>0 lim sup [£,(t) —&(t)] =0 a.s.

n— oo tE[O,T]

Then we have the following almost sure convergence, i.e.,

VT > 0 ngn 3 /f ))dt, n — oo,

k<nT
where f(z) = Bf(z,7c).

Proof. For simplicity let us prove the lemma for 7' =1 and d = 1 only. The proof of the
general case is the same.
Let € > 0 be arbitrary. Choose § > 0 such that

Va,y, |z —yl <6, Vz |f(z,2) = f(y,2)] <e.
Let M > 0, N € IN be such that

P(Vn> N sup |&.(t) —&(t)| <0, sup [&.(H)] < M) >1—e.
te[0,1] te[0,1]

Set Q. :={V¥n >N SUP¢e(o,1] 1€n(t) — E()] <6, SUPte0,1) 1€n ()] < M}
Then for each w € (). and any m > 1/4

%Z F(&n(k/n), ) Z > F(&n(i/m),m)| < e

J=0 j/m<k/n<(j+1)/m

ECP 22 (2017), paper 39. http://www.imstat.org/ecp/
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Observe that for each w € Q. and any m > 1/§

J=0 j/m<k/n<(j+1)/m
25 | Y (a0 — A+
j=o 7= §/m<k/n<(j+1)/m

Since f is bounded, by the ergodic theorem, for any fixed m we have the convergence
9 m—1 _
53 max S (s — F([pa))| 5 0,n - oo,

- [p|<Md | .
j=0 J/m<k/n<(j+1)/m

It follows from the previous estimates that for a.a. w € Q. and all m > 1/4
1

timsup | £ 37 F€a(k/n),m) — | FlE)t] <
k=1

n—roo 0

lim sup —Zf Enlk/n),mK) — — Z Z FE€n(G/m)sme)| +

n—00 J=0 j/m<k/n<(j+1)/m

lim sup |— Z Z f&nG/m),ne) — % 2 Z F(&n(i/m))| +

oo J=0 j/m<k/n<(j+1)/m J=0 j/m<k/n<(j+1)/m
1 m—1 1 m-— _
limsup | " > FEm) - Z Yoo FEG/m)|+
nree 3=0 j/m<k/n<(j+1)/m 3=0 j/m<k/n<(j+1)/m

lim sup 72 Z f(EG/m)) / flE@))dt| <

n—reo J=0 j/m<k/n<(j+1)/m

-1

Z £(j/m)) /f

Jj=

S\H

Passing m — oo we get for a.a. w € Q.

n—oo

1 & .
timsup |3 f(uk/m)om) ~ [ F(ele)dr] < =
"= 0

Since ¢ > 0 were arbitrary, this completes the proof of Lemma 2.6 and hence

Theorem 2.1. O
O

Remark 2.7. Assumption of boundedness and uniform continuity of ¢ may be relaxed.
We used boundedness of ¢ when we applied dominated convergence theorem in
Lemma 2.5, and also when we applied Novikov’s theorem to (2.11), and when we applied
the ergodic theorem in Lemma 2.6.
Using truncation arguments it can be proved that the boundedness assumption on
(o can be replaced by the linear growth condition with respect to the second argument.

To guarantee that pl(»j;c) in (2.1) is a probability we have to define it by pﬁ) =301+

egjm(k),i’wk)) VO) AL
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If ¢ depends only on the first three of its coordinates, i.e., p(t, z,l,w) = p(t, x,1), we
used only the continuity of ¢, so the uniform continuity condition is not needed.

If wy, are bounded random variables, the uniform continuity condition can be replaced
by only continuity assumption too.
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