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Abstract. This paper concerns a random walk that moves on the integer
lattice and has zero mean and a finite variance. We obtain first an asymptotic
estimate of the transition probability of the walk absorbed at the origin, and
then, using the obtained estimate, that of the walk absorbed on a half line.
The latter is used to evaluate the space-time distribution for the first entrance
of the walk into the half line.

Introduction.

Let Sf =x+Y1+---+Y, be arandom walk on the integer lattice Z starting
at x where the increments Y} are independent and identically distributed random
variables defined on some probability space (£2,.%, P) and taking values in Z. Let
Y be a random variable having the same law as Y;. We suppose throughout the
paper that the walk S¥ is irreducible and satisfies

EY =0 and o%:=E|Y|? < oo, (0.1)

where F indicates the expectation by P. In this paper we compute an asymptotic
form as n — oo of the probability

q"(x,y) = Py[Spn =y, S1 #0,5 #0,...,5, #0], (0.2)

the transition probability of the walk absorbed at the origin, where (and in what
follows) P, denotes the law of the walk (S¥)> , and under P, we simply write
Sy, for SZ. The result on ¢" will be used to evaluate q?_myo] (z,y), the transition
probability of the walk that is absorbed when it enters the negative half line, and
the result on the latter in turn to evaluate the space-time distribution for the first
entrance of S7 into the negative half line.
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The local central limit theorem, which gives a precise asymptotic form of
the transition probabilities p"(y — x) := P,.[S, = y|, plays a fundamental role in
both theory and application of random walks, whereas concerning its analogue for
ai- 00,0] (z,y) or ¢"(z,y), for all its significance, there seem lacking, except for sim-
ple random walk case, detailed results such as provide precise asymptotic forms of
them [but see ‘Added in Proof’ at the end of the paper]. According to Donsker’s
invariance principle their distribution functions >Y_ 4 o,0] (z,z) under suit-
able scaling of space variables converge weakly to the corresponding ones of a
Brownian motion which are known explicitly. This however does not mean, of
course, the convergence of the probabilities q(‘_oo’O] (z,y) themselves.

In this paper we observe that the asymptotic forms of both ¢™ and q?foo’o]
are given by the corresponding density of the Brownian motion if space variables
z,y as well as n become large in a suitable way, but obviously they fail to be if
and/or y remain in a finite set. In the latter case the order of magnitude of decay
(as n — o00) does not differ but the coefficients do from the Brownian ones. These
coefficients are expressed by means of either the potential function of the walk or
a pair of ‘harmonic’ and ‘conjugate harmonic’ functions on the positive half line
according as the absorption is made at the origin or on the negative half line.

A primary estimate of ¢" is derived by using Fourier analytic method; after-
wards we refine it by applying the result on the entrance distribution of (—oco, 0]
mentioned above (under an additional moment condition). Our results concerning
q?éoop] partly but significantly rest on a profound theory of the random walk on
the half line as found in Spitzer’s book [5].

The transition probability ¢ may be viewed as the Green function of the
space-time walk, an extremal case of two dimensional walks, absorbed on the
coordinate axis of the time variable. In a separate paper (cf. [9]) we study the
corresponding problem for two-dimensional random walks with zero mean and
finite variances. With the help of some of the results obtained here and in [9] the
asymptotic estimates of the Green functions of the walks restricted on the upper
half space are computed in [10].

We illustrate how fine the estimate obtained is by applying them to a problem
on a system of independent random walks. Suppose that the particles are initially
placed on the positive half line of Z (one on each site) and independently move
according to the substochastic transition law ¢”. Then how does the total number
of particles on the negative half line at time n behave for large n? We shall prove
that the expected number of such particles converges to a positive constant if
E[|Y|?;Y < 0] < oo and diverges to infinity otherwise, provided that the walk is
not left continuous; an analytic expression of the constant will be given.
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1. Statements of results.

Let S¥ be the random walk described in Introduction and P, its probability
law. Put p"(z) = P[S? = z], p(x) = p*(z) and define the potential function

a(z) =Y [p"(0) - p"(~2)]; (L.1)

the series on the right side is convergent and a(z)/|z| — 1/0? as |z| — oo (cf.
Spitzer [5, Propositions 28.8 and 29.2]). Denote by d, the period of the walk
(namely d, is the smallest positive integer such that p?™(0) > 0 for all sufficiently
large n). Put

67u2/2n*

gn(u) = Vo where n, = o’n.

The following notation will also be used: a Ab = min{a, b}, a Vb = max{a, b}
(a,b € R); for functions g and G of a variable £, g(§) = O(G(§)) means that there
exists a constant C' such that |g(¢€)| < C|G(&)| whenever £ ranges over a specified
set; 1(”) denotes the indicator of a statement .7, i.e., 1(.#) = 1 or 0 according
as . is true or not.

We shall denote by a, an arbitrarily chosen constant that is greater than unity
(as in the items (i) and (ii) below), whereas positive constants to be determined
independently of variables z, y, n etc. but may depend on the law of Y are denoted
by C,C1, Cs, ..., whose values do not have to be the same at different occurrences
even though the same letter may be used.

1.1.

Let ¢"(z,y) denote the transition probability of the walk S* that is absorbed
when it hits the origin as defined by (0.2) (which entails that ¢"(z,y) = 0 if
y=0,2# 0 and ¢"(z,y) = 1(z = y)). For convenience sake we put

THEOREM 1.1.  The following asymptotic estimates of ¢"(x,y) as n — oo,
given in three cases of constraints on x and y, hold true uniformly for x and y
subject to the respective constraints.

(i) Under |z|V |y| < aoy/n and |z| Aly| = o(v/n),
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q¢"(z,y) = -~ p 57

ota*(z)a(—y) + zy "y — ) + O((x|\/1)|y|>' (1.2)

(ii) Under ag'y/n < |z, |y| < aoy/n (both |x| and |y| are between the two ex-
tremities),

n

() = dol (0" — 2) 7 0)) [galy — @) — gu(y + )] +(})
if xzy>0, (1.3)

q"(z,y) = 0(\%) if xy<0. (1.4)

(iii) Let 0 < |z| Ayl < v/n < |z| V|y|. Then, if E|Y|**° < oo for some § > 0,

ay) = o(:: . §:g4n<|x v |y>) n o((mfv'?y'ﬁlH)

(gan on the right side can be replaced by g(14c)n with any € > 0.)

As a simple consequence of (i) and (iii) of Theorem 1.1 we have the bound

|zy|

q"(z,y) < CW

(1.5)
valid for all z # 0, y and n. It is noted that if the walk is left continuous, i.e.
P[Y < —2] =0, then o%a(x) = z for z > 0, hence the leading term in the formula
of (i) vanishes for z > 0,y < 0 in agreement with the trivial fact that ¢ itself
does.

If E[|Y[?] < oo and zy < 0, then the assertion (i) can be refined in two ways:
the error term in (1.2) may be replaced by o(|z| + |y|)n~3/2) and the resulting
formula is valid uniformly for |z| V |y| < acy/n. Let Ct be the constant given by

C*:= lim (0%a(z) — z) < oco. (1.6)

xr—00

We shall show (Corollary 2.1 in Section 2; see also Corollary 7.1) that the limit
exists and that it is finite if and only if E[|Y|3;Y < 0] < co and positive unless
the walk is left continuous. It follows that

ota*(z)a(—y) + 2y = CT(z —y)(1 4+ 0(1)) as x A (—y) — oo,
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provided E[|Y[?;Y < 0] < co. In view of this relation and duality the refined
version of (i) mentioned above may read as follows.

THEOREM 1.2.  Suppose that E[|[Y]3;Y < 0] < oo. Lety < 0 < z. Then
uniformly for x V ly| < ao\/n, as x Aly| — oo

o) = T g oy o ). (17)

*

The proof of Theorem 1.2 requires more delicate analysis than that of Theorem
1.1; it rests on Theorem 1.4 below and will be given after the proof of it.

Given a constant a € (0,1), one may consider the absorption which is not
absolute but takes place with probability « each time the walk is about to visit
the origin. Denote by ¢//(z,y) the transition probability of the process subject to
such absorption. In Section 6 we shall obtain the asymptotic estimates

—a)o? a*(x a*(—
iey) — g (ey) = LT CDEED o)) (1)

valid uniformly for |z| V |y| < aov/n. Note that as |z| A |y| — oo under the same
constraint on z,y, the right side divided by ¢"(x,y) tends to zero for zy > 0,
while it is asymptotically a positive constant for xy < 0, provided E[|Y|?] < oo
according to Theorem 1.2.

1.2.
Here we consider the walk absorbed when it enters (—oo, 0]. Let T' denote the
first entrance time into (—oo, 0]:
T=inf{n>1:5, <0},
and q?_oom (z,y) the transition probability of the absorbed walk:

U0 (T Y) = PelSn =y, S1>0,...,8, > 0] = P [S, =y, n <T] (z,y>0).

The next result states that q?

—0Q,

any parabolic region if both = and y get large.

0] (z,y) behaves similarly to ¢™(z,y) within

PROPOSITION 1.1.  Uniformly for n > (x V y)?/a., as x Ay — oo

0oy (@y) = 4" (,9) (L + o(1)).
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Let fi(z) (resp. f—(z)) (x =1,2,...) be the positive function on = > 0 that
is asymptotic to  as * — oo and harmonic with respect to the walk S,, (resp.
—Sy) absorbed on (—o0, 0]:

fr(@) =E[fr(z+Y);2+Y >0] (x>1) and -

=1, (L9)

each of which exists uniquely (Spitzer [5, Proposition 19.5]). (It is warned that it
is not [1,00) but [0,00) on which the harmonic function is considered in [5].)

THEOREM 1.3.  Uniformly for 0 < z,y < ao/n, as zy/n — 0

U co0)(T,y) = %{Kf*(y)p”(y —)(1+o0(1)).

From Theorem 1.3 one derives an asymptotic form of the space-time distri-
bution of the first entrance into (—oo, 0], which we denote by h,(n,y): for y <0

Put
HEG) = Bl (- Y3V <yl= 55 F(ly-7) (<0, (110)
j=1

THEOREM 1.4.  Suppose E[|Y|**9;Y < 0] < oo for some § > 0 and do, = 1.
Then, uniformly for y <0 <z < ao\/n, as n — o0

heln) = DI ey o)+ Loy, ()

with
an(z,y) = o((ly| v vn)~17°),
> lan(@,y)| =o(n™*?) and Y |an(z,y)llyl’ = o(1);

y<0 y<0

and for x > \/n and y <0

ha(n,y) < 0[94:}%93) + o(ﬁl”ﬂH;(y) + \%P[Y <y-— ;x} (1.12)
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and in particular
he(n,y) < CHZL (y)z tn~Y/2, (1.13)

Since P,[T'=n] =}, -, ha(n,y) we have the following corollary of Theorem
1.4. -

COROLLARY 1.1.  Uniformly in x > 1

PZ[T:n]:h(m)gn(w)JrO( z o1 )

n

REMARK.

(a) HY is the probability on (—oo,0] that arises as the limit as z — oo of the
first entrance distribution H; (-) = ", hy(n,-) ([5, Proposition 19.4]). This
in particular gives the identity >-°2, f(j)P[Y < —j] = a?/2.

(b) If the walk is right continuous (i.e., P[Y > 2] = 0) as well as in the case when
it is left continuous we have qi"___ (z,y) = ¢"(x,y) for z,y > 0.

(¢) The formula (1.11) holds true also in the periodic case (i.e., do > 1), if the
leading term on its right side is multiplied by do1(p"(y — x) # 0)) as in (1.3).

(d) The function f_ may be given by the formula

f—(x) = f-(1)(1 + Ep[the number of ascending ladder points € [1,z — 1]])

and its dual formula for fi ([5, pp.201-203]). Under our normalization of
f+ the initial value f_(1) (resp. f1(1)) equals the expectation of the strictly
ascending (resp. descending) ladder height:

f-(1) = Eo[Sr(1,00] and  f1(1) = =Eo[S7((~00,~1])]; (1.14)

where 7(B) denotes the first entrance time into a set B, in view of the renewal
theorem.
(e) If the starting point is 1, the Baxter-Spitzer identity gives

oo

ok
7 1— _ r —Sk.
Ort§ 2 yhl(my)—l—exp(—kg_lk Eoz k’Sk<O}>

y<0

n=

(lz2| <1, |r] < 1) (1.15)

and a similar formula for qé“_oom(l, y) ([1, Theorem 8.4.2], [2, Lemmas 1 and
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2 of Section XVIIL.3], [5, Proposition 17.5]). We shall use these identities not
directly but via certain fundamental results (including those on fi and found
in [5]) that are based on them. Taking z = 1 the above formula reduces to

ok
v (1
1—E [T =v1—- — (= = Py[Sk < 0] |,
1r'] T eXp Lz_l k (2 0[Sk ])}
and, applying Karamata’s Tauberian theorem, one can readily find an asymp-
totic formula of Pi[T" > n], which is also obtained from Corollary 1.1 and
(1.14). Tt would however be difficult to derive directly from the formula (1.15)
such fine estimates of hq(n,y) as given in Theorem 1.4.

1.3.
For x € Z, let QF(n) denote the probability that the walk starting at z is
found in the negative half line at time n without having hit the origin before n:

-1
Qfn)= > ¢"(xy).
Yy=—00
PROPOSITION 1.2. Asz/\/n—0

+n, :U2a*($)—x o lz| + 1Y
@z = Tt (LD, (1.16)

and uniformly inn, as r — oo

Q. (n) = /I gn(u)dull + o(1)]. (1.17)

—T

IfE[|[Y|?Y < 0] < oo, then for x > 0, the error term in (1.16) can be replaced by

o1/ V).

The formula (1.17) follows from (1.16) if z//n — 0 so that it signifies only
in the case r > agty/n.

Let CT be the same constant as introduced in Subsection 1.1 (just before
Theorem 1.2). C7 is finite if and only if E[|Y[?;Y < 0] < oo as remarked there.

THEOREM 1.5. Let v, =Y oo, QF(n). Then lim, . v, = (1/2)C™.

One can extend Theorem 1.5 as follows. We are concerned with the parti-
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cles each of which performs random walk according to the transition law ¢"(z,y)
independently of the other ones. Consider an experiment such that at a time n
that is determined prior to the experiment the experimenter counts the number
of particles lying in any interval of the negative half line for the system of our
particles in which at time O the particles are randomly placed at each site z > 0
whose mean number, denoted by m,,(x), may depend on n as well as z. Let N,,(¢),
£ > 0, denote the number of particles that are found in the interval [—¢,/n, —1]
at the time n. The following extension is a corollary of the proofs of Proposition
1.2 and Theorem 1.5.

COROLLARY 1.2.  Suppose my,(x) = 0 forx < 0, my(z) is uniformly bounded
and for each K > 0, m,(x) =1+ o(1) as n — oo uniformly for 0 < x < K+/n.
Then for each positive number £,

ct [t e
lim E[N,(f)] et /2dt. (1.18)

n—oo = ,/27-[- 0

That v, = > oo ; @F (n) is bounded if and only if E[|Y[*;Y < 0] < oo is easy
to prove. Indeed

n oo —1
va=3 > Y Qi k= Dply —w)Qf (n— k),
k=1w=1y=—0c0
where Q5 (k) = > 07, qé“_oom (z,w). Crude applications of Theorem 1.1 and
Proposition 1.1 give

Cll<—1<jﬁ<0>\|z/i|7§Q;r(n)§C’2% for y<0 (1.19)

and similar bounds for Q%+ (n), respectively, whereupon, noting 3" (k(n—k))~ /2 ~
fol (t(1—t))~'/2dt, one finds that v, is bounded if and only if 2;1:_00 Z;:l_oo p(y+

w)wy < oo, but the latter condition is equivalent to E[|Y]?;Y < 0] < oo.

The rest of the paper is organized as follows. In Section 2 we give some
preliminary lemmas. The estimation of ¢" and that of ¢ and he(n,y) are
carried out in Section 3 and Section 4, respectively. Further detailed estimation
of ¢"(z,y) for zy < 0 that leads to the proof of Theorem 1.2 is made in the end
of Section 4. In Section 5 @ (n) is dealt with. In Section 6 we briefly discuss on
q7(x,y) and prove (1.8).
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2. Preliminary lemmas.

This section is divided into four subsections. In the first one we give some
terminologies and notation as well as some fundamental results from Spizer’s book
[5] in addition to those given in Section 1. Both the second and the third ones
depend in an essential way on the classical results given in the first subsection but
self-contained otherwise.

2.1.

Let B be a subset of Z. Denote by 7 the first time when S,, enters B after
time 0; 7 = inf{n > 1: S, € B}. For a point x € Z write 7, for 7(,;. For
typographical reason we sometimes write 7(B) for 7.

A function p(x) on Z\ B that is bounded from below is said to be harmonic on
Z\Bif E,[¢(51); S1 ¢ B] = ¢(x) for all z ¢ B. From this property with the help of
Fatou’s lemma one infers that for any Markov time 7, E [¢(S;);7 < 78] < ¢(z)
(r ¢ B). The functions fi(z) and a(x) introduced in Section 1 (see (1.9) and
(1.1)) are harmonic on [1,00) and on Z \ {0}, respectively ([5, Theorem 29.1]).
The function f_(x) is harmonic also on [1,00) but for the dual walk, namely the
walk determined by the probability law p*(z) = p(—=x).

Let g(—s0,01(7,y) (z,y > 0) denote the Green function of the walk S,, absorbed
on (=00, 0] g(—00,01(%,¥) = 22021 90" 0,01 (%:¥) = 20l PulSn =y, n < T, where
T = T(_s,0] as in Section 1. It follows from the Propositions 18.8, 19.3, 19.5 of [5]
that the increments

uwFy) = frly) — fr(y—1) (y=1,2,...), f£(0):=0

are all positive and have limits lim, oo u(y) = 1 and with them and with
u*(0) := 0 the function g (—oc0,0) 18 expressed as

Ty

G = 5wy —2) (@y>0. (1)
z=0

Similarly let g(o}(z,y) be the Green function of the process S,, absorbed at
the origin: groy(x,y) = >0 0 q"(x,y). Then, according to Spitzer [5, Proposition
29.4],

910y (x,y) = a(x) +a(—y) —alz —y) (z,y € Z\{0}). (2.2)

The results given in the following Subsections 2.1 and 2.2 are easy consequences
of (2.1) and (2.2).
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2.2,
Let H; (y) denote (as in Remark (a)) the hitting distribution of (—oc, 0] for
the walk S7:

Hi(y) == P[Sr=y] (¢>0,y<0), (2.3)

which may be expressed as

H (y) = 9(—0o,0)(z,w)p(y — w). (2.4)

w=1

In view of (2.1) we have g(_q0)(z,w) < Cf_(w), hence
Hi(y) < CHL(y). (2.5)
LEmMMA 2.1. Forx >0 andy <0,

0
(2) Y H(z)alz—y) =alz —y) — o fi(x).

Z=—00

(b) 3 Hi()a() = lim [a(x) — o> f4 ().

(Both sides of (b) may be infinite simultaneously.)

PROOF. With y < 0 fixed define p(z) = S0 Hf(z)a(z —y) for z > 0

Z=—00 x

and p(z) = a(z —y) for x < 0. Owing to (2.1) and (2.4)
Hf(z)<C i(x ANw)p(z —w) < CzPlY <z] (2<0<ux), (2.6)

which combined with >~__,[2|P[Y < z] < 02 < oo shows that ¢(x) takes a finite
value; moreover, by dominated convergence, p(z)/z — 0 as x — oc. It is observed
that >-00 _ p(z—x)p(z) = p(z) forx > 0and >00 _ p(z—x)a(z—y) = a(z—y)
for  # y. Hence a(xz — y) — ¢(x), vanishing on z < 0, is harmonic on = > 0 and
asymptotic to x/0? as z — co. We may now conclude that a(x —y) — p(x) agrees
with 072 f,(z) for x > 0 since a harmonic function on z > 0 that is bounded
below is unique apart from a constant factor. Thus (a) has been verified. Let
y=0and z — oo in (a). If the left side of (b) is infinite, so is the right side in
view of Fatou’s lemma. If it is finite, the dominated convergence theorem may
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apply owing to (2.5). O

The proof of Lemma 2.1 may be repeated word for word but with a(z — y)
replaced by z to yield

2H+ )zl = fia) - a (2.7)

and
Z HE(2)|2] = Tim [f, (2) — 2], (2.8)

Taking y = 0 in (a) of Lemma 2.1 and combining it with (2.7) we obtain

i H(2)(0%a(z) — 2) = o%a(z) —x (x> 0). (2.9)

Z=—00

Here we advance a corollary of Lemma 2.1 that involves the constant C+
introduced in Subsection 1.1. It is convenient to define it by

Z H (y)lo"a(y) + [y]]

Yy=—00

rather than by (1.6). The relation (1.6) then ensues as stated in the corollary
below. According to this definition it is clear that C is finite if and only if
E[|[Y|3;Y < 0] < oo, and positive unless the walk is left continuous. Define
H~_(y) and C~ analogously to Hf, and C*:

Hoo(y) = S EIf(Y —9)Y >3] (y>0) and € ZH (1) +9).

It holds that C~ < oo if and only if E[[Y|?;Y > 0] < oc.

COROLLARY 2.1.  CF =lim, 4 (0?a(z)—2) and C~ = lim,_, o (0%a(z)—

).

PrROOF. From (2.8) and (b) of Lemma 2.1 one deduces the first relation of
the corollary. The second one is its dual. O
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2.3.

The results in this subsection are somewhat different in nature from and
independent of those of the preceding one (except for the use of (2.5)) although
machinery for the proof is essentially the same. Recall that T is written for 7(_ o]
We shall show that P [T[x o) < To] and P;[Ty < 70| are asymptotically equivalent
(see Proposition 2.1). For the moment we obtain the following

LEMMA 2.2.  Uniformly in0 <x < N, as N — o0

a(z)
a(N)

ola(z) +
2N

> PplTN,00) < To] = Peltny < 70] =

(1+ o(1)).

PrROOF.  We have P.[Tn < 0] = g0} (z, N)/g03 (N, N) and the last relation
of the lemma follows from (2.2) together with

900y (N, N) = a(N) + a(~N) = 25 (14 (1)),

tim [o(~y) — a(l ~ y)] =

Yy—0o0

([5, Proposition 29.2]). Since a(x) is positive and harmonic on Z \ {0} (i.e.
Ela(Y + z)] = a(z), x # 0) and non-decreasing for z > 0 large enough,

a(z) > E, [G(ST([N,OO)))§T[N,OO) < 7'0] > a(N)Py[T[n,00) < To)-

Thus P.[T[n,00) < 70] < a(z)/a(N) provided N is large enough, verifying the first
inequality of the lemma. The second one is trivial. (]

LEMMA 2.3. As N — oo

sup Pty > T = [ ZyH+ )+ ZH;(—y)} — 0.
z>N N

PrOOF. We use the decomposition

Plrx > T) = Y P[Sr((—oon)) = w] (Pu[T < 7y]1(w > 0) + 1(w < 0)).

w< N

Writing the first probability under the summation sign by means of H;" (y) (defined
n (2.3)) and using the bound H; (y) < CHZ (y) (see (2.5)) together with Lemma
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2.2 we obtain

Piy>TI<—“— Y LW+ Y HE),

a(—=N) —N<y<0 y<—N

the right side approaching zero. The lower bound is obtained by an application of
Fatou’s lemma. 0

PrOPOSITION 2.1.  Uniformly in 0 <z < N, as N — o0

(@ Pulri <71 = Py <71 = o 3 )

X

(b) Pu[r(n,00) < To] — Pulrn < 70] = O(N)'

PrOOF. The difference on the left side of (a) is expressed as
Z Py [T[N,oo) < Ta ST([N,OO)) = Z] PZ[TN > T]a (210)
z>N

and hence (a) follows from the preceding two lemmas (and the inequality T' < 79).
The proof of (b) is similar: one has only to replace T by 7y in (2.10). O

The next Proposition refines Theorem 22.1 of [5] where the problem is treated
by a quite different method from the present one.

PROPOSITION 2.2.  Uniformly for 1 <z < N, as N — o0

Pulrinoey < T =7 *A(f) +o(;>-

Proor. By Proposition 2.1

- LA g(—oo,O](*xaN) xz
PI[T[N,oo) < T] = Pm[TN < T} +O<N) = 79(700,0](1\]’]\7) 4+ o0 N/

It is readily inferred that as N — oo

G(—o0,0(x, N) = f+(x)< 2 + 0(1)) uniformly for 1 <z < N,

o2
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in particular, g(_o,0) (N, N) = 2072N +0(N) and substitution leads to the desired
relation. g

PRrROPOSITION 2.3.  Uniformly for 1 <x < N, as N — oo

1 N
;Ex [Sr((N,00)); TIN,00) < T| = ;Px [T(N,00) < T+ 0(1),

or, what is the same thing, E;[S;(N,0c)) — N | Tin,00) < T] = o(N).

PrROOF. That fi is non-negative and harmonic on [1,00) implies that for
z >0,

By [f4(Sr(1v,00))); TIN,00) < T) < [ ().
Hence, employing Proposition 2.2, one first observes that uniformly for 1 <z < N

0 < By [f4+(Sr(v,00)) — f+ (N )i .00y < T
< fr(@) = fr(N)Polriy o) < T

N
— @ (1- L) ot
and then use lim f1 (z)/z =1 to find the formula of the proposition. O

LEmMA 2.4.  Uniformly for 0 <z < N, as N — oo

o?a(z) +

oN (14 0(1)); (2.11)

Py[TiN,00) < T0] =

and

o%[a(z) + a(N) — a(x + N)]
2N

(1+0(1)) < Pu[T(—00,—n] < To]

o%a(z) —x

1 1)).
< TE 1+ o(1)

PROOF.  The first relation (2.11) follows from (b) of Proposition 2.1 and the
last equality in Lemma 2.2. The lower bound of the second relation is obtained
in the same way as the second inequality in Lemma 2.2. For the upper bound we
apply (2.11) (or rather its dual) and (2.9) in turn to see
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—1
Px[T(—oo,—N] <To] = Z Hj(y)Py[T(—oo,—N] < 7o) + Z H;r(y)

y=—N+1 y<—N
—1 2 2
< S g MW =Y gy = T
< 3 HETR o) = T o)
The proof of the lemma is complete. O

PROPOSITION 2.4.  Uniformly for 0 < |x| < N, as N — oo

o%a(x)

Pltz\(-n.N) < T0] = N (1+0(1)).

ProOOF. Use Lemma 2.4 first to infer that for 0 < |z| < N,

P, [T(—oo,—N] V T[N, c0) < 7'0]

x x
< C’% ZSBE (P:[7(—o0,—n] < T0) + P—2[T[n,00) < T0]) = 0<N>;

and then, by employing the inclusion-exclusion formula, to obtain the relation of
the lemma. O

2.4.
In the following two lemmas we suppose that the walk S, is aperiodic (i.e.,
do =1).

LEMMA 2.5. Let d, = 1. Then uniformly for x,y € Z, as n — oo
p"(y —x) —p"(=x) —p"(y) +p"(0)
= gn(y - LU) - gn(_x) - gn(y) + gn(o) + o(myn_3/2). (212)

PrROOF. Let ¢(l) denote the characteristic function of Y: ¢(I) = EellY,
l € R. As in the usual proof of the local central limit theorem choose a positive
constant ¢ so that [¢(I)—1| > 1% /4 for |I] < e and set ) = sup.< ;< [1=6(1)] < 1.
Then the error in (2.12) that we are to show to be o(zyn=3/2) is written as

(2m) 712 / () — R (4 O )
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where K, (1) = e {W=0l — izl _ e~ 4+ 1 Since K, ,(I) = (e — 1)(e™¥! — 1),
we have |K, ,(I)| < |zy|l*> and, scaling | by \/n. and applying the dominated
convergence theorem, we deduce that the integral above is o(wyn*?’/ 2) as required.

O

LEMMA 2.6. Let d, = 1. Then uniformly in y € Z, p"(y) — p"(0) =
9n(y) — gn(0) + 0(y/n) as n — oo; in particular [p"(y) — p"(0)| < Cly|/n.

PrROOF. The proof is similar to the preceding one. We have only to use
|1 — €| < |zl| in place of the bound of K, ,(1). O

3. Estimation of q"(x,y).

In this section we prove Theorem 1.1. The proof relies on the asymptotic
estimate of the hitting-time distribution

FONR) = Pyro =k (k=1,2,..)

as k — oo, where 7y denotes, as in Section 2, the first time that S¥ hits the origin
after time 0. The following theorem is essentially proved in [8].

THEOREM A. Under the basic assumption of this paper, as |z|V k — oo

* —22/20%k 1 1
F10) () = oa*(z)e |z| + A . (3.1)
V2rk3/? k3/2 |72 + 1
PrROOF. Immediate from Theorems 1.1 and 1.2 of [8]. O

We have only to consider the case 0 < |y| <  in view of the duality of ¢"(x, y)
and ¢"(y,x) (i.e., transformed to each other by time-reversal).

Let ¢(I) denote the characteristic function of ¥ as in the proof of Lemma 2.5.
In what follows we suppose that the walk S, is aperiodic so that |¢(I)| < 1 for
|I| <. We shall use the representation

¢"(z.y) =p"(y—2) =Y f%n—-kp"y) (3.2)
k=1

and its Fourier version

"@0) = 5 [ [ee®) = O Om @)™ @0 G3)

—T
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and

0= 5 [ " pltymy(H)e i, (3.4)

2 J_ .

where

1 ™ efizl

o 1tn n _
lrl%rllzp C2m ) 1 eit(b(l)dl (t#0)

and p(t) = 1/mo(¢); it holds that
p(t) =ov-=2it(1+0(1)) as t—0

(cf. [8, Section 2]). Note that ¢"(0,y) = fi(;} (n) by duality (or by coincidence of
the Fourier coefficients), so that Theorem 1.1 in the case x = 0 is immediate from
Theorem A.

The supposition that the walk S, is aperiodic gives rise to no essential loss
of generality. To see this let do > 1 and put w = 27/d,. Then one can find a
number ¢ among 1,...,d, — 1 such that p(z + &) = 0 for all ¢ d,Z. Hence for
all | € (—m, ],

Sl +w) = eIy 4 ) = (1),

Owing to the irreducibility of the walk there exists an integer k such that k{ =
1(mod(d,)). Noting ¢(I + kw) = €™ ¢(I), one observes that

1 T —ix(l+kw) A ok
Lt — - . i =m(t —ix w;
ot = w) 2r /_ﬂ 1 —etewo(l + kw) ma(t)e

in particular p(t — w) = p(t). It accordingly follows that the integrand of the
integral on the right side of (3.3) is invariant by a shift of ¢ by w if (and only if)
(y — 2)kw — nw € 27Z, namely (y — )k = n(mod(d,)) (the only case when
q"(z,y) # 0), hence the general case is reduced to the case d, = 1 since all our
estimation of ¢"(z,y) is based on (3.3).

THEOREM 3.1.  Uniformly for 0 < |y| < x < aoy/n, as n — oo and |y|//n

— 0

ola(@)a(~y) +ay 0( zy )

q"(z,y) = gn(z) n3/2
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PROOF. First consider the case when not only y but also x is o(y/n). Of
the integrand in (3.3) make the decomposition

Ty—z(t) — p(O)T_z () Ty (t) = Ty—y — Ty — My + 7o + a(x)a(—y)p
= pege—y + a(@)pe_y + a(—y)pes,
where
er = €,(t) = m_y(t) — mo(t) + a(x).

Noting that e=¢=m" — =8 —e=n" 41 = ¢80 (€257 — 1)+ 0(£2n0?) = 26n+o0(£n)
as £,m — 0, we apply Theorem A and Lemma 2.5 to see

% _ﬂ [ﬂ-y*w T — Ty + o + a(x)a(_y>p] e—intdt
=p"(y —x) — p"(—x) — p"(y) + p"(0) + a(z)a(—y) 0{0} )
)U4a(ﬂ€)a(_y) +zy N o< Ty )

Ty n3/2

=gn(0

In [8, Section 3] we have made decomposition (27) e, (t) = ¢, (t) + s, (), where

)= [ (=g ~ T oot =

%@:/ZC—LWU_L;m>m”“

and verified the estimates given in the following two lemmas.

LEMMA B1l. There exists a constant C such that

Cx? Cz?
lea(t)] < C2?V/Jt],  |el(t)] < ﬁ, (b)) < [

LeEMMA B2.  Suppose that E|Y|>T0 < oo for some 0 < § < 1. Then, uni-
formly inx #0, ast — 0

smnzmw@,mmn:%mm>,SWN:{WW)

] ] 1| ] 22
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By a simple change of variables we derive the bounds

|79 (6] < Cl|7Y*T (j=0,1,2), (3.5)
which in particular give |pU)(¢)] < C|t|*/277, where the superscript (j) indicates
the derivative of j-th order. With the help of the bounds given above as well
as of Lemmas Bl and B2 we can readily infer that each of the contributions of
peze_y, a(z)pe_,, and a(—y)pe, to the integral in (3.3) is o(xy/n®/?). E.g., writing
g(t) = (pcyc_,)(t), integrating by parts and observing that |g/(t)| < Ca?y?\/]t|
we obtain

/7r g(t)e—intdt = i T g,(t)e—intdt — O(W> +/ g/(t)e—intdt
- n J_, N Lm<lt{<n
(3.6)

Integrate by parts once more and apply the bound |g” (t)| < Cax?y?/ \/m to eval-
uate the last integral to be O(z%y?/n?\/n), which is o(zy/n®/?) since x = o(/n).

It remains to consider the case e\/n < x < aoy/n. This time we use the
decomposition

Ty—g — PR—gTy = Ty—g — T—g + a(—Y)pT_y + pT_ge_,.

Owing to Lemma 2.6 and the present assumption on z, y, p"(y)—p™(0) = o(y/n) =
o(zy/n>/?). Hence, again by Lemma 2.5 and Theorem A,

1 s
2 J_,

=p"(y —x) — p"(—x) + a(—y) f{" (n)
ota(z)a(—y) + zy N 0( xy )

[ﬂ'y_x — T+ a(—y)pﬂ'_x]efi”tdt

= 9n(@) Ty n3/2

In the same way as argued at (3.6) the contribution of pm_ e_, to the integral in
(3.3) can be evaluated to be O(y%/n/2) + o(y/n), which is o(zy/n®?).
Theorem 3.1 has been proved. O

Theorem 3.1 implies (i) of Theorem 1.1 (in view of the local central limit
theorem).

PROPOSITION 3.1.  Uniformly for x,y such that both x and |y| are between

-1

ay'y/n and as\/n, as n — oo



random walk with absorption at a point 695

¢ (z.y) =gn<y—x>—gn<y+x>+o(;ﬁ) iy,

o =) if y<o.

PROOF. We prove the second relation first. To this end we introduce an
auxiliary walk. Let p(x) be any probability law on Z of zero mean and variance
o? such that its third absolute moment is finite and the random walk determined
by p is left continuous, namely p(y) = 0 for y < —2. Let p"(y — «) and ¢"(x,y)
denote the corresponding n-th step transition probabilities and let ¥y < 0 < x.
From the assumed left continuity it follows that ¢"(x,y) = 0, and hence

¢"(@,y) = "y — o) - )= 3 (A R ) — FO )
k=1
= Un(2,y) + Va(z,y) + Wa(z,y), (3.7)
where

Un(z,y) =p"(y —x) = p"(y — ),
n—1

Vala,y) ==Y (£ = 70 () )p ()

1

b
Il

and

n—1

= =S FOR W) - ).

By the local limit theorem U, = o(1/y/n). We apply Theorem A to see that
SUPg>1 |f{0}( k) — ~{O}( k)| = o(1/2?) = o(1/n), which combined with the trite
bound sup, p¥(z) < C/Vk shows V,, = o(1/y/n). The bound W, = o(1/y/n)
is verified e.g. by observing that sup;j<, [p*(y) — P*(y)|[Vk — 0 as n — oo
uniformly in y. o

For the proof of the first relation we write for y > 0

n

q"(x,y) = Zf{O} W)+ Y [ %) = £ )] ()

k=1

=p"(y—x)—p"(y+z)+q"(—2,9) +ru(z,y),
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where 7, (z,y) = >, [f {O}( k)— fio}(k)]p”_k(y). In view of what has been shown
above as well as the local central limit theorem it suffices to show r,(z,y) =
o(1/4/n). There exists a positive integer N such that for 0 <e < 1/2 and n > N,

{0} P:tz[TO < En]
> ) < —

1<k<en

and in view of Donsker’s invariance principle the probability on the right side
above tends to zero as e | 0 uniformly for > \/n/a,. Now the required estimate
follows from Theorem A, according to which f{% (k) — fi% (k) = o(x/k3/2) as
ANk — oc. O

PROPOSITION 3.2.  Suppose E|Y|?*T? < oo for some § > 0. Then, uniformly
for x| < aoy/n and |y| > agty/n, asn — oo

@) =0(Zam) +of 55 ).

PROOF.  Suppose y/2 > \/n, for simplicity. Put 7 = 79 A 7(,/4,00). Then
qn(zyy) = Px[T <n <79, Sy = y]
Yy
=F|><85:<
{4 2’
=I+1II (say).

n<7-07Sn:y:|+Px|:572:gan<7-075n:y

We employ the inequality
ISZ Z P,r=n—k, S: = z|P.[Sk =y
k=1 y/4<z<y/2

The following less familiar version of local central limit theorem is found in [7]
(see its Corollary 6): under the assumption of Proposition 3.2

Po[Su = ] = gu(@)[1 + P (2)] + (\/ﬁl% M) )

(n + |z| — o0), Where v = [6] (the largest integer that does not exceeds ¢),
P =0 and P (z) = Pl( ) -+ ﬁuPy(ﬁ) if v > 1 with the same
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real polynomials P; of degree j as those associated with the Edgeworth expansion.
From (3.8) one deduces

i
Pz = = n
jpax  max [Sk =yl = O(gan(y)) + 0(y2+5

(use (y/2)? > n. for evaluation of the maximum over k). On the other hand

Z Z P”“'[T:n_k’ ST:Z]SPm[T(y/4,oo)<TO]:O<z>.

k=1y/4<z<y/2

Hence
I= O<§g4n(y)> n o(g\@) (3.9)

For evaluation of 11 we begin with

Under Sy > y/2 we have {T =k} = {7 > k — 1}, hence the sum on the right side
equals

ZEI |:Psk_1 |:Sl > %7 Snfk+1 :y:|; T>k— ].:|
k=1

Since P,[r >k — 1] < Py[rg > k — 1] = O(2/Vk) and for z < y/4,
Y n—k 1
> = = < — — =
P, |:Sl > 50 Snkd y} < w>§y/2p(w 2"y —w) 0<y2+51 —r 1>,

we get

. 1 T
IT = E Plr>k—1]x0ol ————) =0 — .
2 =il O(ym nk+1> 0<y2+‘5>

This together with (3.9) shows the estimate of the proposition. O
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4. Estimation of ¢ 0] and hg(n,y).

PROOF OF PROPOSITION 1.1. In view of (i) and (ii) of Theorem 1.1 it suf-
fices to prove that uniformly in n,

q"(%,Y) — 4o 0)(7,y) = 0(713/2) as T Ay — 0.

This difference may be written as
DD ha(k,2)g" (2 y). (41)
k=1 2<0

Employing the identity (2.7) one observes that

Z th(k,zﬂz\§ZH;(z)|z|=f+(x)—x:0(as) as T — oo.

1<k<n/2 2<0 z<0

Combined with the simple bound (1.5) this shows that the sum over k¥ < n/2 in
(4.1) is o(zy/n>/?). The other half of the sum is less than the probability that the
time-reversed walk starting at y enters (—oo, 0] by the time n/2 and ends in z at

the time n and hence estimated also to be o(zy/n%/?). O
LEMMA 4.1.  For each x = 1,2, ..., uniformly for n > y?/a., as y — oo
2f+ (x)y
U oo,0 (@, y) = %gn(y)(l +o(1)).

PrROOF. Given a positive integer x, take an integer N > z and put 7 =
T A T[N,c), the first leaving time from [1, N — 1]. Then

A oo0(T,Y) = Bu a5 0 (Sr )i 7 < T A (n+1)]. (4.2)

Let a be any positive number less than 1. For each £ > 0 we can choose N large
enough that for all k,n,z and y that satisfy 0 < k < n®, 2N < y < /a.n and
N < z < /n/N, the following three bounds hold:

n— 2zy
q(,oli,o] (z,y) — n.

*

ERY
gn(y) < W? (43)

*
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Px[r<T]—f+T(”C> < % (4.4)
E,[S; — N;7 <T]| <ex, (4.5)

according to (i) of Theorem 1.1 and Proposition 1.1 for (4.3), to Proposition 2.2
for (4.4) and to Proposition 2.3 for (4.5). Since 7 equals the sum of the sojourn
times of sites w in the interval [1, N — 1] spent by the walk before leaving it, we
have E,[r] = Z DD o PolSk =w,k < 7] < Zg;ll 9(—o0,0] (2, w) < CxN, and
on using this

S>\/>T<T} ZP[ \]/vﬁ k}

IN

My M T

Px[Yk>\Z/Vﬁ—Sk1,T>k—1]

<

Pt > k]P[Y > % - N] =aN3 x OCL) (4.6)

=~
Il

0

as n — 0o. Since q?:olz () < C’'/y/n if k < n®, this entails that

B, [q?-;,o] (S, 0)i8, > Y r < T n] —o(n3?) (47)

as n — oo (with N,z fixed). On the other hand, using (4.3) we obtain

EI [q?;’o](s‘my); S‘r S %, T<T /\’n,a:|

*

2N
= E, [ 2N o ) S, < Y g < TAna]
n N

+ B, {wgn(y); S, < %, T<TA n"] +7(n,z,y) (4.8)

with |r(n,z,y)| < eyEy[Sr;7 < T]/ni/2. Writing E,[S;;7 < T] = NPyt < T
+E,[S: — N;7 < T] we apply (4.5) and (4.4) to see that the remainder r as well
as the second expectation on the right side in (4.8) is dominated in absolute value
by 3sxy/ni/2. We also have P,[r > n®] = O(e™""") with some k = rxy > 0, and
hence, owing to (4.6),
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1
Pw{ST < \J/VH,T<T/\TLO‘:| :P1[7'<T]—|—0(>.
n

Combining these bounds with (4.7) and (4.2) shows that for all sufficiently large
y and for n > y?/a,,

‘q(—oo,o](xvy) - (y)Px[T < T]‘ < 32
Tox
and substitution from (4.4) completes the proof of Lemma 4.1. O
LEMMA 4.2.  For each x,y =1,2,..., asn — o0
2f4 (x)f-(y
U0, (T Y) = Mgn(o)(l +0o(1)).

Ty

PrOOF. Applying Lemma 4.1 to the time-reversed walk we have

22g0(2)f-(y)| _ ezy
Ny n3/2

Uco0)(2:Y) —
(valid for all z > N) in place of (4.3) and we can proceed as in the proof of Lemma
4.1. O

Theorem 1.3 follows from Proposition 1.1 and Lemmas 4.1 and 4.2 given
above.

PROOF OF THEOREM 1.4. The probability h,(n,y) is represented as

= STl g (@ ply — 2). (4.9)

z>0

Write F(z,n) = 2f(x)gn(z)/ns. In view of Theorem 1.1 and a local limit theo-
rem, for each € > 0 we can then choose 7 > 0 such that for all sufficiently large
n?

‘Q( OOO](.%‘,Z) - F(ac,n)f,(z)‘ < gF(.%‘,n)f,(Z)

whenever 0 < z < ny/n and 0 < & < aoy/n. Hence, on using the second expression
of HE in (1.10), the difference |hy(n,y) — F(z,n)HL (y)| is at most
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eF(z,mHL(W) + D |a{ s (@, 2) = F(z,n)f-(2)|p(y — 2)-
z>ny/n

Owing to (1.5) the summand of the last sum is at most a constant multiple of

n=3222p(y — 2), so that if a,(y) = > 2syyn 2P(y — z), then this sum is at most

—3/2

n~*/“za,(y), hence

|ho(ny) = Fla,n) HE (y)| < eF(z,n)HE (y) + 07 zan(y).

The proof is now finished by observing that if E[|Y|>*?;Y < 0] < oo, then

anl) = o s ) Do anl) =o(n %) and Y anlyf = o)

y<0 y<0

The first half of Theorem 1.4 has been verified.
For the second half we verify that for y < 0 and = > \/n,

o0

> ¢ (w,2)ply—2) < c{gz’;gf) +o<x21+5)}H;( )+1C/2P[Y < y—;x] (4.10)

z=1

Since h;(n,y) is not larger than the sum on the left side, this implies (1.12). For
verification of (4.10) we break the range of summation into three parts 0 < z <
Vi A (1/2)z, \/n < z < /2 and z > z/2, and denote the corresponding sums
by I, II and III, respectively. It is immediate from (iii) of Theorem 1.1 that
I = (O(gun(z)z™") + o(x7279))HL (y). The local limit theorem estimate (3.8)
gives that ¢"(z,2) < p™(z — x) < 2g,(x/2) 4+ o(n/227279) for \/n < z < /2 and
we apply this bound as well as the bound

e A e 2 (o @] e
I R I C it LI

>
z>\/n z21

to have IT = [O(gan(z)n='?) + o(z279)HL (y). Finally I <
Cn=1/2 > .<y—us2P(2). These estimates together verify (4.10). As in (4.11) w
derive PlY < y — (1/2)z] < C1HZL (y)/x. We also have g4, (z) < Cy/x. Hence
the last relation of the theorem follows from (1.12). The proof of Theorem 1.4 is
complete. O

The proof of Theorem 1.2 is based on Theorem 1.4. Put
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|ee€7/2

¥l ="

(t>0,£#£0).

Then Theorem 1.2 (under d, = 1) may be restated as follows.

THEOREM 1.2.  Suppose that E[|Y|*Y < 0] < co. Lety < 0 < z. Then
uniformly for x,|y| < asy/n, as n — 0o and x A |y| — oo

q"(z,y) =C+<I>m+y|(n*)+o< n3/|2 ) (4.12)

PrROOF. We use the representation

= Z Z hz(ka Z)qnik(zay)'

k=1 2<0

Break the right side into three parts by partitioning the range of the first summa-
tion as follows
1<k<en; en<k<(l-¢e)n; 1—-em<k<n (4.13)
and call the corresponding sums I, Il and III, respectively. Here ¢ is a positive
constant that will be chosen small.
Consider the limit procedure as indicated in the theorem. First suppose that

(z A lyl)/+/n is bounded away from zero. Then by (1.13), the last relation of
Theorem 1.4, and (1.5) we have

C |2y f
I's Z k1/2xZH00( )37 n3/2 —Cl

1<k<en z<0

and similarly III < C"/e/n (see also (4.9)). By the first half of Theorem 1.4 and
(1.5)

=y M i H;g(z)q”k(z,y)(leOE(l))Jros(Tll).

en<k<(l—e)n z=—T

Here (and in the rest of the proof) the estimate indicated by o. may depend on
€ but is uniform in the limit under consideration once ¢ is fixed. We substitute
from (i) of Theorem 1.1 for ¢" % and observe, on replacing f, (z) and a(—y),

respectively, by x and —y/o?,
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17— Z z|ylgr(2)gn—k( Z HZ (2 a(z) — Z)(1+Os(1))+05(:l>~

o?k(n —k)
en<k<(l—e)n

Noting zg(v)/k = ®5/5(k), we see

z|y|gr () gn—1(y)
Z UQkk(n - k’;

en<k<(l—e)n

I € 1

no?

Here we have used the assumption that (z A |y|)/+/n is bounded away from zero
as well as from infinity. Since ®¢ is the density of a Brownian passage-time distri-
bution, we have

/0 B (1) B,y (1 — t)dt = B g (1)

Hence

1 € 1
II= Dty /v (1 Z HY (2)(0%a(2) — 2) +O(n> +05<n). (4.14)

Z=—T

Recalling that Ct = > _ HXE(z)(c%a(z) — z) we then see o’nll —
CH®pyyy)y/ymz(1) — 0 (as well as nl +nlll — 0) as n — oo and € — 0 in
this order. Thus (4.12) is obtained.

Next suppose z A |y| = o(y/n). By duality one may suppose that = o(y/n).
From Theorem 1.4 (with § = 1) and from the bound H; (y) < CHX (y) (see (2.5))
one deduces, respectively,

SN ha(k,2)l2] < % and i) > HF(2)z=o(1), (4.15)

k>en z<0 z<—x

Here (and below) M, indicates a constant that may depend on € but not on the
other variables. On using i) above with the help of the bound ¢*(z,y) < C|zy|k~>/?

1< cad g -3/2)

0:(yn
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(as n — oo under the supposed constraints on z,y); similarly on using Theorem
1.1 (i) together with ii) above

Z i Bk 2) o a(;)?é—_yl)f;t zygn_k(y)a + 0.(1)) +o<nf/2>.

1<k<en z=—x

For the evaluation of the last double sum we may replace (n — k)~1g, & by
n~1g,(1 + O(g)). Since = A |y| is supposed to go to infinity, we may also re-
place a(—y) by |y|/o? and in view of (4.15) we may extend the range of the double
summation in the above expression of I to the whole quadrant £ > 1, z < 0; more-
over the sum 2__1700 H(2)[0%a(z) — 2] that accordingly comes out and equals
o%a(x) —x may be replaced by CT (see Lemma 2.1, Corollary 2.1 and (2.7)). This

leads to
I = Cylgn(y)n ' (1+ 0()) + oc(yn™/?).

As to IIT first observe that

En
< Clzyl
k
q"(z,9) = gron (z,y) =7 < C(|2| Aly]) with 0<r
; (2,9) = 9103 (2,9) (Izl A lyl) \/%

as follows from (1.5) and (2.2). If y/4/n is bounded away from zero, then IIl =
O(z/n*'?) = o(y/n>/?). On the other hand, applying Theorem 1.4 we find that if

y = o(v/n),

T = fy(x *IZHJF 2)gq01(2,)(1 4+ O(e)) +05($n73/2),
2<0

hence in view of ggoy(z,y) = a(z) — 07 22(1 + o(1)) (as y — —oo uniformly for
z < 0)

IT = Ctag,(z)n; (1 + O(e)) + o- (xn_3/2).
Adding these contributions yields the desired formula. 0

5. Estimation of Q.

PROOF OF PROPOSITION 1.2.  We apply (i) and (iii) of Theorem 1.1. On

noting that -, o(0%a(—y) +y)gn(y) = o(v/n), as [z|/v/n — 0,
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o%a(z) —

=== 3 (g +o1)
—ao/n<y<0
ofe 3 o) 5)

which shows the first assertion of Proposition 1.2 since a, is arbitrary and
I ue="* 2y = 1.

For the second one, the case = o(y/n) follows from what has just been
proved. In view of Proposition 1.1 and (i) of Theorem 1.1, it therefore suffices to
show that >° qf' . g = [, gn(t)dt(1 + o(1)) uniformly for |z| > ag'y/n,
which however follows from Donsker’s invariance principle together with the re-
flection principle.

The last assertion of the proposition follows from Theorem 1.2, (iii) of Theo-
rem 1.1 and the fact that [ ¢4, (1)dn — (2m)~1/2 as € = 0,a, — o0. O

LEMMA 5.1.  Suppose E[|Y]3;Y < 0] < co. Then uniformly for x > azt\/n,

@t ) < Conte) +o( L )+ CX Py <u-gef )

y<0

in particular 32, - s /m QF(n) — 0 as M — oo uniformly in n.

PROOF. As in the proof of Theorem 1.2 we use the representation

ZZh (k, 2)QF (n — k), (5.2)

=1 2<0

By Proposition 1.2 QF (n — k) < Clz|/v/n —k for all z since Q} (n) < 1. From
the assumption E[|Y[*;Y < 0] < oo it follows that > _, H¥ (2)|z] < co. Note
that S 17—} k~'/2(n — k)~'/? is bounded. Substitution from (1.12) then leads to
the first estlmate (5.1). The second relation is immediate from it if one notes
that Y207 (> o lylP[Y < y — (1/2)z] is dominated by a constant multiple of
E[Y]3Y <0]. O

PROOF OF THEOREM 1.5. Suppose E[|[Y[|};Y < 0] < co. Then in view
of Lemma 5.1 we have only to evaluate }>;. </ m QF(n) for each M. Now
apply Theorem 1.2 with the observation that [._,d¢ [, ®ery(1)dn = (2m)~1/2
. fooo =€/ 2d¢ = 1/2, and you immediately find the first formula of the theorem.
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If E[|[Y]3;Y < 0] = oo, one has only to look at the relation (4.14) which is valid
without the third moment condition; in fact, Y .- ; QF(n) is bounded below by
the sum of IT in (4.14) over 1 < z < /n, —v/n < y < 0 and the latter diverges to
+00. 0

PROOF OF COROLLARY 1.2. Lemma 5.1 shows that if one writes

EIN.O]= ) Yo ma(@)q"(@,y) +em(n),

1<z<M /m, —Lyn.<y<-1

then ep7(n) — 0 as M — oo uniformly in n. According to Theorem 1.2 and the
assumption on my, (x) the double sum on the right side is asymptotically equal to

M 4 1 M R 5
c+/ dg/ Dey,y(1)dn = C+E/ (e78/2 — em (O /2) ge.
0 0 0

Since M is arbitrary, we may let M — oo to find the desired formula. 0

6. Absorption at the origin with probability a € (0,1).

Let o € (0,1) and consider the walk that is absorbed with probability a and
continues to walk with probability 1 — « every time when it is about to visit the
origin (thus the walk visits the origin if it is not absorbed, while it does not and
disappears if it is). Let ¢%'(z,y) be the n-th step transition probability of it (set
q°(x,y) = 1(x = y) as usual) and denote by 77 (x,y) the probability that this walk
starting at = has visited the origin but not been absorbed by the time n when it
is at y, so that

a6z, y) = ¢"(z,y) +ro(2,y).

PROPOSITION 6.1.  Let do = 1. Then uniformly for |z| V |y| < aoy/n, as
n — oo

l—a o?la*(z) + a*(—y)]

ro(@,y) = gn (|7 + [y[)(1 +o(1)). (6.1)

PROOF. Set fé”(k) = ;{O}(k) and, for j = 2,3,..., inductively define
FD Uy =308, 97Dk —1)£89(1) (the probability that the j-th visit of the origin
occurs at time k). Then for n =1,2,.. .,
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n

ri(zy) =YY (1= a) 9 (k)g" (0, y).

j=1k=1

(This is valid even for y = 0 when the second sum concentrate on k = n.) We
have f;j)(t) = fy)(k)eikt = flo (t)[féo}(t)]j_l. One can readily derive

FO ) = mo(®)p(t) (@#0) and  fi"H (1) =1 p(1) (62)

(cf. [8]). We also have ¢*(0,y) = figl}(k:) as previously noted. Now, employing
the second identity in (6.2) we see

{0} oy {0}
k e Ve @OFL (@) 1l-«
E ¥ (z,y)et™ ?’yp(ty) with ~ = o

Hence, for all z,y € Z

{0} {0}
(z,v) / Jz ) e~ mtdt.
T on T 14p(t) —|— yp(t

Since f{o}( )fi%}( t) is the characteristic function of the convolution f{o} *f{o}

0% (g) 1O
n { }* {0} f f ) (t) —in
B R

Under the constraints |z| V |y| < aoy/n and ey/n < |z| A |y| with & > 0 we
apply Theorem A and, making scaling argument, infer that the first term on
the right side above agrees with that of the formula (6.1) with the factor (|z| +
ly))o?[a*(z)a*(—y)]/(a*(x) +a*(—y))|ry| multiplied, which factor may be replaced
by 1 since |z| A|y| — oo. The second term is readily evaluated to be negligible (see
(6.3) below and the argument following it as well as (3.5), which provides relevant
properties of p).
By the first identity in (6.2) we have

FO O 1) = P ra(tmy(t) iz # 0.y #0. (6.3)

As in Section 3 we write m_(t) = e, (f) + mo(t) — a(x). Then
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PP (o (t)y (1) = pPe_vey +a(a)a(=y)p® — (a(—y)e, +a(x)e—y)p* — 1
+ (g + 7y)p.

The contribution to 7 (z, y) of the last term is ~y( {03 (n)+ fig} (n)). Those of the
other terms are all o((|z| V |y|)/n®/?) if || A ly| = o(y/n): for the proof we need
the estimates of ¢/”'(t) and s/)/(¢) (which require no further moment condition) in
addition to those given in Lemmas Bl and B2. Now we may conclude that for

z# 0,y #0,

|lz| Ayl

TR0 (69

o) = T2 (A0 )+ 7S ) (14 0(1)

which agrees with (6.1) owing to Theorem A again. If z = 0, then fio}fi(;}
p(1—p)m, = pmy — p—p®e, + p*a(—y) and we readily obtain (6.4). The case y =

is similar.

ol

7. Appendix.

Under the basic assumption of this paper Hoeflding [3] shows that R{(1 —
e®g* (1)} is summable on {k = 1,2,...} x {—7 < [ < 7}, and hence the series
that defines a(x) is absolutely convergent; and, as a consequence of it,

a(z) = ;ﬁ/: é}%{ll_;:;}dz (7.1)

(see [4] for more information on a(z)). In this appendix we derive an asymptotic
estimate of a(n) under the moment condition E|Y|>*? < 0o (0 < § < 2). We also
include a proof of (7.1) for reader’s convenience.

Put for 0 < |I] <,

bc(1) = Rp(l) = ElcoslY] and ¢4(l) = I¢(l) = E[sinlY].

Then

1 — el 1= ¢e(l) - L(Z)sinx
%{1—MU}IP—MDPG Z%Fu—¢mp L. (7.2)

Noticing ¢4(I) = E[sin Yl — Y], one infers that
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_ - Y | gin g —
/ M<E/ |SmYlYl|l|dl§CE[Y2/ [sinu Zul 4| < oo
0

— |1_¢(Z)|2 - —7 |1_¢(l>|2 u3
(7.3)
hence by the dominated convergence theorem
LT o]
lim — —————|sinzl|dl = 0. 7.4
Lo e (4

From this together with the equality ffooo(l — cosu)u~2du = m we conclude the
following result.

LEMMA 7.1. As|z| — o0

/_: %{;:%Hdhmw) and ;r/_:%{ll:g;;}dl:g+o(x).

The next proposition in particular implies the identity (7.1).

PROPOSITION 7.1.  With a uniformly bounded term oy(1) that tends to zero
as K — oo

K ™ _ eia:l
S BH0) )] = 5 [ R )

k=0 -

PROOF.  Since we have the Tauberian condition [p*(0) — p*(—x)] = o(1/k)
(with z fixed) as is assured by Lemma 2.6, owing to the corresponding Tauberian
theorem it suffices (apart from the boundedness of convergence) to show that the
Abelian sum

[eS) ™ _ eiml
LY o)t = [l as)

—T

converges as r T 1 to 1/ times the right side of (7.1). The proof of this convergence
is routine and omitted. From (7.3) we see that the convergence above is bounded
uniformly in x, which combined with the bound [p*(0) — p*(—x)| < C|z/k| (cf.
Lemma 2.6) implies that the error term o, (1) is uniformly bounded (see the proof
of Tauber’s theorem given in Section 1.23 of [6]). O

REMARK. The remainder term op(1) in Proposition 7.1 does not uniformly
(in x) approach zero since the Abelian sum in (7.5) tends to zero as © — oo for
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each r < 1.
If E|Y]? < oo, put

1 3 P T A 1
X = 55 VY] and C _QW/ [1—¢(z) 1_0051}6”7 (7.6)

—Tr

where the integral of the imaginary part is understood to vanish because of skew
symmetry. Since [j[(1 — cosl)™' — 2(72]dl = 2/, the constant C* may alterna-
tively be given by

o T RS R

The integral in (7.7) as well as the real part of the integral in (7.6) is absolutely
convergent (under E[|Y]3] < co). In fact, in the expression

1 _ —qﬁ 1
%{l_w)}_ T—ef(1—00)  1-o (7.8)

the first term on the right side is bounded and, since ¢.—1+(1/2)0%1? = E[cos Y1—
1+ (1/2)(Y1)?),

” 1 2 Y cosu — 1+ 242
_ < 3 - 27 . )
/ L — 0212}611 < CE[|Y| /0 2| <00 (19)

We write signt = t/|t| (t # 0). Suppose that E|Y|**% < oo for some 0 < § <

PROPOSITION 7.2. If0 <6 < 1, then o%a(x) = |z|+o(|z|'~°) (as |z| — o)
where the error term is bounded if and only if E[|Y|}] < co. If1 <3 < 2, then

o?a(x) = |z| + C* — (signz)Az + o(\x|175).

If § = 2, this formula is valid with o(|z|'~?) replaced by O(1/x).

PrOOF. In the case § = 0 the assertion is proved both in [3] and in [5], and
in fact immediate from (7.1) and Lemma 7.1. The integral in (7.1) may be written
as
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2 ™ T
2 _7 # _ i il i z il
oa(x) = 27r/ L —o0) UQZQ}(l e dl + o | T2 (1 —e")dl. (7.10)

—T

The second term on the right side of (7.10) equals

4 1 —cosl 1 —cosxl 2 1
= i) Y B i I Y ). 11
QWUﬂA . dl.L p dd |ﬂ ﬂ2+o<ﬁ) (7.11)

Let 0 < § < 1. The first term is then o(|z|*~%). In fact, since ¢(I) — 1 +
(1/2)0%1% = o(|1|>*?), for any & > 0 there exists a constant M such that

1
T (]5([)—14—50'2[2 00
1 — et dl<5x175/ w1 — e™|du + M.
e U EE E MU R

The assertion concerning boundedness follows from Corollary 2.1.
Let 1 <4 < 2. Then by (7.10), (7.7) and (7.11)

o?a(z) = 2| + C* + I + I, + O(z~2),

where

o [T 1 2
Ic_—%/_7T {%{1_¢(l)}—02t2}cosxldl and

0_2 ™ (bs

I, =— inzldl.
o) TT—opP sinx

Recall ¢4(1) = —(1/2)0? X3l + o(]I|>T?). Then, employing a truncation argument
with a smooth cut-off function w(t) (i.e., w vanishes outside (—m, 7) and equals 1
in a neighborhood of zero) along with integration by parts one infers that

4 00 T 1
I - _)\307 / 51n1‘ldl + / r(Dw(l) sinzl dl + 0<$3>
0

27 ol -
4

= —\zsignz + o[z 79).

Here the remainder term r(1) = o(|I|°~2) with /(1) = o(]I|°~3). Similarly we obtain
I. = o(Jz|*~%) if § > 1. If § = 1, an application of Riemann-Lebesgue lemma with
(7.8) and (7.9) taken into account shows I. = o(1). The case § = 2 is similar and
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omitted. 0
From Subsection 2.1 we extract the following result.

PROPOSITION 7.3.  Suppose that the walk is not left continuous. Then both
f+(x) — 2 and o%a(x) — fi(z) are positive for all z > 0 and tend to extended
positive numbers as x — oo, which are finite if and only if E[Y3;Y > 0] < oo.
Moreover if E[Y?;Y > 0] = oo, then

lim M - 1
z—oo o2a(x) —x 2

PrROOF. The assertions follow on combining Lemma 2.1 with (2.7) and (2.8).
O

COROLLARY 7.1.  Suppose that E|Y |3 < co. Then lim,_, 4+ (02a(x) —|z|) =
C*F A3 > 0; in particular C* = A3 (resp. —A3) if and only if the walk is left (resp.
right) continuous.

PROOF. The first half follows from Proposition 7.2 and the second one from
the proposition above. O
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