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ANDREY PILIPENKO AND LYUDMILA SAKHANENKO

ON A LIMIT BEHAVIOR OF A ONE-DIMENSIONAL RANDOM
WALK WITH NON-INTEGRABLE IMPURITY

‘We consider the limit behavior of a one-dimensional symmetric random walk that is
perturbed at zero. For the natural scaling of time and space the invariance principle
is proved. The limit process is a skew Brownian motion.

1. INTRODUCTION
Consider a Markov chain {X (n),n > 0} on Z with transition probabilities
pij = 1/2if |i — j| = 1 and @ # 0;

(1) poj = P(§ =),
where £ is some integer-valued random variable.
Define a stochastic process

X([nt
(2) Xn(t) := M,t > 0.
vn
Under the condition F|§| < oo, Harrison and Shepp [3] showed that the limiting
process of the sequence {X,,} is a skew Brownian motion with parameter v = %, that

is a continuous Markovian stochastic process with transition density

pe(z,y) = pu(z —y) + vsgn(y)ee (|| + ‘y|)7 z,y € R,
where @4 (x) = \/;WG’IQ/%.

The skew Brownian motion can also be obtained as a limit of normalized random
walks that are homogeneous everywhere except on some finite set A C Z, and that have
zero mathematical expectation of the jump and the finite variance of the jump outside
of A. Note that on A it is enough to require only boundedness of the mathematical
expectation of the jump, see different approaches to this issue [6, 9, 7, 4].

We remark that if the tails of the random variable (1) have the form |z|~*I(z),  — oo,
where @ € (0,1), and [ is a slowly varying at infinity function, then the limit process
for {X,} could be discontinuous at the instances of reaching 0, see [8], where the limit
process is a Brownian motion satisfying Feller-Wentzell boundary condition at the origin.

The goal of this paper is to establish the invariance principle for the sequence of the
random processes { X, } in the critical case when @ = 1, but the mathematical expectation
of ¢ does not exist. As it would be seen from the proof, apparently the existence of
continuous limit is facilitated not by existence of the mathematical expectation of &, but
mainly by the asymptotical behavior of its distribution function at infinity. The proof
could have been easily generalized to the case when the symmetry of the random walk
is violated in the finite number of states (as it was done in [7] when the mathematical
expectation is finite), however it would have made the presentation too heavy with many
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technical details. Finally, let us note that if @ < 1, then any limit process cannot be a
continuous process (see Remark 3.2).

The case of multi-dimensional random walk with impurities was considered in the
work of Szasz and Teles [10]. Contrary to the one-dimensional case under rather wide
assumptions on the impurity, the limit of the normalized perturbed random walks turns
out to be the usual multidimensional Brownian motion. In case when the dimension is
greater than or equals 3, this could be explained through transience of the random walk.
For the case of dimension 2, the proof is more complicated since one has to investigate
the number of times the random walk visits the set where the transition probability is
perturbed.

2. MAIN RESULT

Consider the following generating functions

oo 0
Fe(2) = pi2, [-(2) = ) pi#, z€[0,1],
=0

j=—o0
where p; = P(§ = j).
Theorem 2.1. Suppose there exists a slowly varying at infinity function | such that
f+(1) = f+(L=2) ~ B421(1/2),2 1 O,
Fo() = (1= 2) ~ B21(1/2), 40,

where B+ are some positive finite constants. Then the sequence of random processes
{X,}, defined in (2), converges weakly in D([0,00)) to a skew Brownian motion with

parameter v = starting at 0.

=8
By+B-7
Remark 2.1. There are several equivalent ways to define a skew Brownian motion; see e.g.
[5]. For instance, a skew Brownian motion with parameter v € [—1, 1] can be obtained
from a Wiener process w(t),¢ > 0, by directing the excursion of w into the upper half-
plane with the probability p = (1++)/2 and into the lower half-plane with the probability
g = (1 —+)/2 (independently from each other and from the Wiener process itself).
The solution of the following stochastic equation

dX (t) = dw(t) +vdL%(t),

is also a skew Brownian motion with parameter -y, where |y| < 1, see e.g. [3], and does
not have any solution if |y| > 1. Here L% (t) = lim. o4 (2¢)7! fot 1) x(s)|<cds is the
symmetric local time at zero of the unknown process X.

Let us discuss the connection between asymptotics of the probability-generating func-
tions fi at one and asymptotics of the sequence {p;} at infinity. To this end let us recall
the result about the connection between the behavior of the Laplace transform at zero
of a nonnegative random variable 1 and the asymptotical properties of its distribution
function F(z) = P(n < z) at infinity.

Theorem 2.2. [1, Corollary 8.1.7] Let I be a slowly varying at infinity function. Then
the following conditions are equivalent:

(3) 1—FEe " ~sl(l/s), s{0
and

(4) {f[o,z] tdF(t) ~ I(z), x — 400,

[F (1= Ft)dt ~ I(z), & — +o0.
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Remark 2.2. One of the conditions in (4) can be substituted by
z(1 = F(z)) = o(l(z)), x — +o0.

Indeed, this follows from the sequence of the equalities below

l(az)—i—o(l(m)):/Ogc(l—F(t))dt::c(l—F(:c))—&-/m ]tdF(t):

=z(1 - F(z)) + l(z) + o(l(z)), © — oc.

Remark 2.3. Using the previous remark, the conditions of Theorem 2.1 are equivalent to
the following

>0<j<n IPi ~ BLUN), Do n<j<opi ~ —B-U(N), N — Fo0;
N jisnpi =o((N)), N = +oo

Remark 2.4. Applying classical Tauberian theorems, it follows that the condition 1 —
Ee=*" ~ 5% 1(1/s), s ] 0, where § € [0,1), is equivalent to [1, Corollary 8.1.7]

I(x)

1—F(x)~m

, T — +00,

where T' is the standard Gamma function. Note that the condition 1 — F(x) ~ @, x —
+00, is a stronger assumption than (4); see [1, p. 335].

Example 2.1. o If F|§| < oo, then l(z) =1, By = EEVO, - = E((=¢£) V0).
In this case v = F¢/E|£|, which coincides with the result of Harrison and Shepp
[3].

o Let py ~ BeN"2 N — +oo. Then I(z) = Inz,z > 0. Indeed, by the Stolz-
Cesaro theorem

lim 7ZOSJ < IPs = lim Now
N—4o0 In N N—+ooIn N —In(N — 1)
Y Npn .. Npxn
im ——————= lim = [;.
NetooIn(l — =) Notoo

e Similarly to the previous, if py ~ BeaN~2(In|N|)*~1, N — +oco, where a > 0,
then I(z) = (Inz)*,x > 0.

3. PROOF OF THE MAIN RESULT

We are going to apply Theorem 2, remark 8 in [7]. It is enough to check the following
conditions.

Al. VT >0 lim.osup,,>; EfOT Lix, (s)|<cds = 0;

A2. VT >0Ve>036 >0 dng Vn > ng :

P(wg;" (0) >¢e) <e,

where w?((;) '= SUDg se0,17; s—t|<s |F(8) — f(t)] is the modulus of continuity of function

VE
A3. Ya > 0Vaq, || < aV{z,} CZ, im,_ 00 2n/v/n = a1

. _ s(ay) = s(—a)
Jim P (X(07- /na,v/ma) 2 Vna) = S(0) —s(=a)
where o(_ /na /na) = inf{k >0 : [X(k)| > \/na} is the exit time from [—\/na, /nal,
and s is the scale of the skew Brownian motion (see, e.g. [5])

S(x):{ z/p, x>0,

x/q, x <0,
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B+ B-
P=55p"> 97 gitp_

A4. Ya Vo € (0,|a|) Y{z,} C Z, lim, 00 2,/+/n = « the conditional distribution
of the couple (X, (- A T—ay,01]) T—a1,a,]) Under condition X,,(0) = z,/y/n, converges
weakly to the conditional distribution of (W, (- AT—a, a1])s T[—a1,a,]) Under the condition
W,(0) = a, where W, is the skew Brownian motion, and 7[_, 4,] is the entrance time
of the corresponding process into the interval [—ay, a1].

The proof of Al is done similarly to [4] (see also [7] §4.3 and the proof of lemma 2.2).
The idea rests on the comparison of the time spent in the interval [—y/ng, \/ne| by the
sequence {X (k),k = 1,...,[nT]} and by the unperturbed random walk for which Al
obviously holds.

Since the distributions of the skew Brownian motion and the usual Brownian motion
coincide before hitting 0, the condition A4 is well-known.

Let us check condition A3. Denote

2" = PyX (01 yrayia) = @VN),

where x(n) is the probability that the Markov chain X to reach the set [ay/n, 00) before

it reaches (—o0 n] when it starts from 4.
Then a:f m) batlbﬁeb the system of linear equations
) (n)
n K3 + :I:’L
(5) ol = ST 0 < i < o,
(6) zy” =Y a"p;, where p; = P(¢ = ),
J
(7) mgn) =1, i > [avn],
(8) 2™ =0, i < —[ayn).

It follows from (5) that x§”> is a 1inear function of ¢ when i < [a/n] or i > —[ay/n]. This
means that there exist constants a bE such that

9) o™ = af +ibf, 0<i < [ay/n),
(10) 2 = a; + by, —[ov/n] <i<O0.
Conditions (9), (10) for ¢ = 0 imply the assertion a;} = a,, =: a,,.
Set N := [ay/n]. Then from the boundary conditions (7), (8) we obtain
an + NbF =1,
— Nb, =0.
Consequently,
1-a a
b= =
n N ) n N’
.1—a .
n n =, 0<i < N;
(1) R ST
an +i%, —N <i<—1

From (6), (11) we have
—1

) N
n J .1
an, —x((J ) = Z an(l—l—N)pj—i—Z(an—i—]
j=—N §=0

— 9y + P(E > N).
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Then
N
an [ P(IEl>N)+ N2> jlp; | = N7'D jp; + P(¢ > N).
71N Jj=0
Denote
Fi(z) =P >z), F_(z)=P(§ < );
Gi(z)= > jpj, G-(@)= > Jp;
0<j<z —z<j<0
Then

NF.(N)+G4(N)

an

From remark 2.3 it follows that
G (N) B+

lim a, = lim =

n— o0 n—)ooG+(N)—G7(N) ﬁJr—i—ﬁ,’

which yields A3.

It remains to check condition A2 about the modulus of continuity.

Let {e}, {&} be independent sequences of jointly independent random variables with
P(e, = £1) =1/2, & = £. Denote S(n) ==, _, €.

For simplicity we assume that X (0) = 0.

Define a random walk {X (n),n > 0} in the following way:

n—r(n) r(n) r(n)
X(n):= > e+ &=8n-rn)+> &,
k=1 =0 j=0
where r(n) = Y01 1 % (k)=o is the number of times the sequence X visits 0 before the
moment n.

It is not difficult to see that the distributions of the random sequences X and X
coincide. Therefore it is enough to check condition A2 for the sequence X. Without loss
of generality we assume below T = 1.

Note that if § > 1/n, then

2maxo<p<r(n) |k

\/ﬁ b

maxo<p<r(n) |k
vn
where X, (t) := n~12X([nt]), S,(t) :=n"Y28(nt]), t > 0.
Since for the usual random walk S the following condition is obviously satisfied

Ve > 035>0 3ng ¥n>ng Plws,(0) >¢)<e,

<wg,(0) < 2ws,(9) +

then in order to establish A2 it is necessary and sufficient to check that

a’ r n
(12) maXosksr |8k P,

Vn
Let 74 be the moment of the k-th return of the sequence X into 0. The strong Markov
property of a Markov chain implies that o, := 7,41 —7,,n > 1 are independent identically
distributed random variables.
Note that the distribution of o, coincides with that of Z‘,il 7k, where {n;} are jointly
independent and independent of &,

e =7 inf{i >0 : S; = —1}.
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Probability-generating function of o equals (see [2])

S

fals) = Bs® = figi(fo(8)) = fiq (1‘ 1‘) |

Therefore the Laplace transform of the distribution of « has the form

pa()\) _ fa(e_k) — flél(l_— Vl_e_”) =

(25,

Assumptions on the distribution of £ imply that

. 1
L — Flg|(A) ~ A(B- + B4)1 (/\> , A= 0+
Therefore .
VA

Remark 3.1. From the fact that [(x) is a slowly varying function it follows that I(\/x) is
also a slowly varying function.

1—15&(/\)~(ﬁ+5+)\/ﬁl< ),)\—>0+.

Let {a,} be such a sequence that

n(B- + B4)V( /@)

— 1, n — o0.

Van
Then the following weak convergence result holds in D([0, c0))
e O
w = U()’ n — 0o,

where U(t) = Uy/5(t),t > 0 is a non-decreasing stable process with index 1/2, U(0) =
0, Eexp{—\U(t)} = exp{—\'/2t}.

Let
(13) b, =inf{k >1 : a; > n}.
Then
(14) GF T F O (), - o0,

n
Recall that we assume X (0) = 0. Then the following events are equal

{r(n) = [bne]} = {a1 + -+ + ap,a) <n}.

From (14) it follows
Ve >0 3z Ing Yn>ng: P(r(n) > [byz]) <e.
Let § > 0 be arbitrary. Then
P <W > 5) < P(r(n) > [bna]) + P (HWOS\’%’”'&’“' > 5) <
e+1—P([¢] < Vno)'® =
e+ 1—exp{byzIn(l — P(|¢| > /nd))} =
e+ 1—exp{—byzP(|{| > vV/nd)(1+0(1))} =
(/)
Vné

(15) €+ 1 — exp{—byzo( Y1+ 0(1)}, n— oo

In the last step we used Remark 2.2.
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From the definition of b, see (13), it follows that

(B— + B+)V2b,l(V/n)
Vn
That is why the right-hand side of (15) converges to € as n — co. Since both € > 0 and

d > 0 can be taken arbitrarily we obtain the formula (12). The statement A2 and thus
the Theorem are proved.

(16) —1, n— oo.

Remark 3.2. Suppose that ¢ does not satisfy the condition of Theorem 2.1, but 1 —
EeslEl ~ 9 1(1/s), s | 0, where § € [0,1), see remark 2.4. Then the limit of the
sequence { X, } cannot be a continuous process. To check this, similar to the proof of the

Theorem, it is sufficiently to show that the sequence {%W} does not converge

to 0 in probability. Similarly to (15) we have

maxo<k<r(n) |k S maxg<p<b,a] k| 3 < _
p(ﬁ se)>P SR > ¢ ) = P (r(n) < [our]) =

(17) 1 — exp{[bna]In(1 — P([§] > V/nc))} = P (r(n) < [baa]),

where v/2b,1(y/n) ~ Vn%, n — oc.
Let € > 0 be arbitrary. Applying (14) we choose 2 > 0 such that P (r(n) < [byz]) <
e,n > 0. Remark 2.4 imply that

baa P(I¢] > vie) ~ —nftlvne) @ " oo

(Vne)’T'(1 =98)  2e9T(1 - 6)’

Thus, the right-hand side of (17) can be made arbitrary close to 1 by choosing appro-
priate x and c for all sufficiently large n, which implies the non-existence of the continuous
limit processes.

In the work [8] this statement was established using a different approach. They solved a
generalized Skorokhod’s problem for the case of non-negative jumps of the initial Markov
chain out of zero and directly obtained the exact form of the limit process.
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