RANDOM WALKS IN CONES

DENIS DENISOV AND VITALI WACHTEL

ABSTRACT. We study the asymptotic behaviour of a multidimensional random
walk in a general cone. We find the tail asymptotics for the exit time and prove
integral and local limit theorems for a random walk conditioned to stay in a
cone. The main step in the proof consists in constructing a positive harmonic
function for our random walk under minimal moment restrictions on the incre-
ments. For the proof of tail asymptotics and integral limit theorems we use a
strong approximation of random walks by the Brownian motion. For the proof
of local limit theorems we suggest a rather simple approach, which combines
integral theorems for random walks in cones with classical local theorems for
unrestricted random walks. We also discuss some possible applications of our
results to ordered random walks and lattice path enumeration.

1. INTRODUCTION, MAIN RESULTS AND DISCUSSION

1.1. Motivation. Random walks conditioned to stay in cones is a very popular
topic in probability. They appear naturally in many situations. Here we mention
some of them:

e Non-intersecting paths, which can be seen as a multidimensional random
walk in one of Weyl chambers, are used in modelling of different physical
phenomena, see Fisher [22]. There are also a lot of connections between
non-intersecting paths and Young diagrams, domino tiling, random ma-
trices and many other mathematical objects, for an overview see Konig
[35].

e Random walks in the quarter-plane reflected at the boundary are often
used in the queueing theory. For diverse examples see monographs written
by Cohen [13], by Fayolle, Iasnogorodski and Malyshev [23] and a paper
by Greenwood and Shaked [32].

e Asymptotic behaviour of branching processes and random walks in ran-
dom environment is closely connected to the behaviour of random walks
conditioned to stay positive, which are one-dimensional cases of a random
walk conditioned to stay in a cone, see [1] and references therein.

The main purpose of the present paper is to propose an approach which de-
termines the asymptotic behaviour of exit times and allows one to prove limit
theorems for a rather wide class of cones and under minimal moment conditions on
the increments of random walks. For that we use a strong approximation of mul-
tidimensional random walks with multidimensional Brownian motion. This allows
to extend the corresponding results for the Brownian motion to the discrete time
setting and to study the asymptotic behaviour of random walks.
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For Brownian motion the study of exit times from cones was initiated by Burkholder.

In [10] he proposed necessary and sufficient conditions for the existence of moments
of exit times. Later on, using these results, DeBlassie [14] found an exact formula
for P(7, > n) as an infinite series. This formula allowed him to obtain tail asymp-
totics for exit times. These results were obtained by Banuelos and Smits [3] under
more general conditions. Garbit [27] defined a Brownian motion started at origin
and conditioned to stay in a cone.

For random walks in discrete time much less is known. A corresponding gen-
eralisation of Burkholder’s results was obtained by McConnell [38]. Namely he
found necessary and sufficient conditions for the existence of moments of exit times.
Varopoulos [47, 48] derived upper and lower bounds for the tail probability under
an additional assumption that the increments of the random walk are bounded.
Moreover, he showed that this upper bound remains valid for Markov chains with
zero drifts and bounded increments. MacPhee, Menshikov and Wade [39] gave cri-
teria for the existence of moments of exit times from wedges for Markov chains
with asymptotically zero drifts and bounded increments. The exact asymptotic
behaviour for the exit times of a random walk is known only in some special cases.
Shimura [45] and Garbit [28] obtained the asymptotics of the tail and some limit
theorems for two-dimensional random walks. There are many results in the litera-
ture on random walks in Weyl chambers. We shall mention them later, in a special
paragraph devoted to Weyl chambers.

1.2. Notation and assumptions. Consider a random walk {S(n),n > 1} on R?,
d > 1, where

S(n) = X(1) + -+ X (n)

and {X(n),n > 1} is a family of independent copies of a random variable X =
(X1, Xs,...,Xq). Denote by S¥~! the unit sphere of R¢ and ¥ an open and con-
nected subset of S%~1. Let K be the cone generated by the rays emanating from
the origin and passing through ¥, i.e. ¥ = K NS% 1.

Let 7, be the exit time from K of the random walk with starting point x € K,
that is,

T, =inf{n >1:24 S(n) ¢ K}.
In this paper we study asymptotics for
P(r, >n), n— oo,

construct a random walk conditioned to stay in the cone K and prove limit theorems
for this random walk.

The essential part of the proof is a coupling with the Brownian motion. Hence
we extensively use related results for the Brownian motion. Let B(t) be a standard
Brownian motion on R¢ and let 7°™ be the exit time of B(t) from the cone K,

P —inf{t > 0: 2+ B(t) ¢ K}.

The harmonic function of the Brownian motion killed at the boundary of K can be
described as the minimal (up to a constant), strictly positive on K solution of the
following boundary problem:

Au(z) =0, v € K with boundary condition u 0.

oK
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If such a function exists, then, see [14] and [3], one can show that

bm
P(r >t)~%tp/2,

x

t — 0. (1)

The function u(z) and constant p can be found as follows. If d = 1 then we
have only one non-trivial cone K = (0,00). In this case u(x) = x and p = 1.
Assume now that d > 2. Let Lga—1 be the Laplace-Beltrami operator on S?~! and
assume that ¥ is regular with respect to Lga—1. With this assumption, there exists
a complete set of orthonormal eigenfunctions m; and corresponding eigenvalues
0 < A <Ay < A3<...satisfying

Lga-1mj(x) = —Ajm;(z), z€X (2)
mj(xz) =0, x€I%.
Then

= VAT @RI - (/2 1) > 0.

and the harmonic function u(z) of the Brownian motion is given by

x
u(z) = |zPmq <) , zeK. (3)
T
We refer to [3] for further details on exit times of Brownian motion.
Unfortunately we are not able to determine the asymptotic behaviour of exit
times for random walks for such a general class of cones. More precisely, we will
use the following additional conditions on the cone K:

e We assume that there exists an open and connected set ¥ C S9! with
dist(9%, d%) > 0 such that ¥ C ¥ and the function m; can be extended
to 2 as a solution to (2).

e K is either convex or starlike (there exists g € ¥ such that o + K C K
and dist(zo + K,9K) > 0) and C?. (Every convex cone is also starlike, for

the proof see Remark 15.)

It is known that if m; can be extended then the boundary 9% should be piecewise
real-analytic. Furthermore, if 0¥ is real-analytic, then m; is extendable, see, e.g.,
Theorem A in Morrey and Nirenberg [41].! Since the boundary of every two-
dimensional cone consists of two points on the unit circle, one can always extend
my to a bigger cone in R%. Furthermore, it is clear that we can extend u(z) to a
harmonic function in the cone K generated by ¥ using (3). We impose the following
assumptions on the increments of the random walk:

e Normalisation assumption: We assume that EX; = O,EXJZ = 1,5 =
1,...,d. In addition we assume that cov(X;, X;) = 0.

e Moment assumption: We assume that E|X|* < co with a = pif p > 2
and some a > 2 if p < 2.

1.3. Tail distribution of 7, and a conditioned limit theorem. Let

K¢ = {y e R?: dist(y,z) < e|z| for some z € K}.

LWe are grateful to Professor Ancona for pointing out the reference.
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This new region is a cone. It follows from our assumptions that we can pick a
sufficiently small e > 0 which will ensure that K C K 4 C K. Recall that u(z) is
harmonic on a bigger cone K and, therefore,
u(z) is harmonic on K*¢.
Having u we define a new function
v(z) = { |1;(|:1E’)_7‘: (i}irwise

where
G=K'n(KU{ze K :dist(z,0K) < |z|'"*}).
We will pick a sufficiently small constant a > 0 later.

Let
f(z) =Ev(x+ X) —v(x), z€kK. (4)
Note that if v(z + S(n)) is a martingale, then f(z) = 0. Then let
V(z) =v(x) — Ev(z + S(1,)) + E zz: f(x+ S(k)). (5)
k=0

It is not at all clear if function V() is well defined. More precisely, one has to show

that v(z + S(7,)) and Z;””:EI (x 4+ S(k)) are integrable. Furthermore, one has to
show that V' does not depend on choice of a and ¢ from the definition of G.
Finally we define

K, :={x € K : there exists v > 0 such that for every R > 0
there exists n such that P(z + S(n) € Dg,, 7, > n) > 0},
where Dg ~ :={z € K : |z| > R, dist(z, 0K) > 7|z|}.
Theorem 1. Assume the normalisation as well as the moment assumption hold.

Then, for sufficiently small a, the function V is finite and harmonic for the killed
random walk {S(n)}, i.e.,

E[V(z+SQ1)), 7 > 1] =V(x). (6)
The function V (x) is strictly positive on the set Ky. Moreover, as n — 00,
P(r, >n) ~ »V(zx)nP? zekK, (7)

where 3 is an absolute constant.

Our moment assumption is optimal in the sense that the asymptotic behaviour
of P(r, > n) is in general different if E|X|? = co. Indeed, consider a cone with
p > 2 and let X be of the form X = R¢, where R is a non-negative random variable
with

P(R>u)~u"% a€(2,p)
and £ takes values on the unit sphere with some positive density on ¥. Clearly,
E|X|P = oo, i.e. the moment assumption is not fulfilled. It follows from the
structure of X that

Pz+X €D 5,) ~n **P(E€SNDy,) >cn /2

for some positive ¢ and all sufficiently small v. Then

> > —a/2
P(r, >n) >P(x+ X(1) € D 5, )P <k1£3§1 |S(k)| < 'y\/ﬁ) > cen~ Y2
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where in the last step we used the functional central limit theorem. Therefore,
the tail of 7, is heavier than that of 75™. We conjecture that this lower bound is
precise, that is,

P(r, > n) ~ 0E7,n~%/2,
Behind this relation is the well-known principle of one big jump: in order to stay
up to large moment of time n inside the cone, it is sufficient to make one big (of
order y/n) jump into the inner part of the cone K near time 0.

We note that assumptions EXJ2 =1,7=1,...,d and cov(X;,X;) = 0 do not
restrict the generality. More precisely, if they are not fulfilled and the covariance
matrix of X is positive-definite, then there exists a matrix M such that Y = M X
satisfies these conditions. (If the covariance matrix is not positive-definite, then the
random walk lives on a hyperplane.) Therefore, we have a random walk confined to
anew cone M (K) = {Mz, x € K}. In the following example we show the influence
of the correlation on the tail behaviour of 7.

Example 2. Consider a two-dimensional random walk with zero mean, EX? =
EX? = 1 and cov(X1,X32) = p € (—1,1). Let K be the positive quadrant, i.e.,
K = R?‘_. In order to apply Theorem 1 we first need to find a matrix M such
that the coordinates of the vector Y = M X become uncorrelated. Let ¢ solve the
equation sin 2 = p. Then the matrix

M= 1 cosp —sing
a 1—p2 \ —sing cosep

leads to uncorrelated coordinates. Therefore, M (K) has opening arccos(—p). Then,
as it has been shown by Burkholder [10], p = 7/ arccos(—p). If E|X |/ arccos(=r) jg
finite, then, according to Theorem 1, we have

P(7, > n) ~ V(z)n~™/28ccos(=p) 55 n — o0,

It is worth mentioning that the minimal moment condition depends on the covari-
ance between X; and Xs.

If V is harmonic for the random walk MS(n) in the cone M(K), we have also
a harmonic function for S(n) in K. Indeed, one can easily verify that V(Mzx)
possesses this property.

We now turn to the asymptotic behaviour of S(n) conditioned to stay in K. To
state our results we introduce the limit process. For the d-dimensional Brownian
motion with starting point x € K one can define a Brownian motion conditioned
to stay in the cone via Doob’s h-transform. For that we make a change of measure
using the harmonic function wu:

PUI(B(1) € dy) = P(x + B(D) € dy. 72 > 1))

This is possible since u(x) > 0 inside the cone and u(z+ B(tA72™)) is a martingale.
Similarly we define a random walk conditioned to stay in the cone K by

~ %4
P (S(n) € dy) = P(x + S(n) € dy, 7, > n)‘/g;, z € {x:V(z)>0}.
This is possible due to Theorem 1, where harmonicity of V' is proved. We note
also, that if we choose the starting point in K then S(n) under P lives on {z:

V(z) > 0}, since this measure does not allow transitions to the set {x : V(z) = 0}.
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Theorem 3. Assume that the normalisation as well as the moment assumption
are fulfilled, then
p( + 5S(n) .
Vn
where w is the probability measure on K with the density Hou(y)e_|y‘2/2, where Hy
is the normalising constant.

Ty > n) — u weakly, (8)

Furthermore, for every x € K, the process X"(t) = % under the probability
measure f)i‘\//)ﬁ converges weakly in the uniform topology on D0, 00) to the Brownian

motion under the measure 13501‘)

This is an extension of the classical theorems for one-dimensional random walks
conditioned to stay positive by Iglehart [33] and Bolthausen [6]. Shimura [45] and
Garbit [28] have proven similar results for two-dimensional random walks in convex
cones.

Remark 4. It is worth mentioning that one can prove Theorems 1 and 3 for more
general cones if one restricts themselves to a smaller class of random walks. If the
jumps of {S(n)} are bounded, then the possibility to extend u to a bigger cone is
superfluous. In this situation one can show that V' is harmonic for arbitrary starlike
cone if we define v by the relation

v(z) = u(z, + ) for an appropriate =, € K.

(For details see Subsection 2.3.) Having constructed the harmonic function V', the
proofs of all asymptotic statements from Theorems 1 and 3 do not require any
change. As a result we get an asymptotic counterpart of the results proven by
Varopoulos [47, 48]. He derived upper and lower bounds for probabilities P(r, >
n) and P(z + S(n) = y,7, > n) in terms of the harmonic function u. All his
bounds have the right order in n. In order to obtain these estimates he constructs
superharmonic and subharmonic functions for {S(n)} in terms of u. (It is equivalent
to construction of super- and submartingale from {S(n)}.) And in order to obtain
asymptotic results we construct a harmonic function (martingale) for the random
walk. This is the main difference between our approach and that of Varopoulos. ¢

1.4. Local limit theorems. In this paragraph we are going to determine the
asymptotic behaviour of local probabilities for random walks conditioned to stay in
a cone. As it is usual in studying local probabilities, one has to distinguish between
lattice and non-lattice cases. We shall consider lattice walks only, and analogous
results for non-lattice walks can be proved in the same way. The reason to choose the
lattice case is an application of the local limit theorems we prove here to lattice path
counting problems, which are very popular in combinatorics. Another interesting
application of local limit theorems could be the study of the asymptotic behaviour
of the Green function for random walks in a cone. This, combined with the Martin
boundary theory, will allow to find all harmonic functions.

o Lattice assumption: X takes values on a lattice R which is a non-degenerate
linear transformation of Z%. Furthermore, we assume that the distribution
of X is strongly aperiodic, that is, for every = € R, the smallest subgroup
of R which contains the set

{y : y = = + z with some z such that P(X = z) > 0}
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is R itself.
We first state a version of the Gnedenko local limit theorem.

Theorem 5. Assume that the assumptions of Theorem 1 and the lattice assumption
hold. Then

sup [nP/2T42P (2 + S(n) =y, 7 > n) — %V (z)Hou (}) vl /2n

— 0. 9
sup ~ (9)

To prove a local limit theorem in the one-dimensional case, i.e. for random walks
conditioned to stay positive, one starts usually from the Wiener-Hopf factorisation,
see [9, 11, 49]. Our approach is completely different, and uses the integral limit
theorem for conditioned random walks (Theorem 1) and a local limit theorem for
unconditioned random walks. Therefore, it works in all dimensions and all cones,
where Theorem 1 holds. In particular, our method gives simple probabilistic proofs
of local limit theorems for random walks conditioned to stay positive.

We next find asymptotic behaviour of P (x 4+ S(n) = y, 7, > n) for fixed y. (Note
that Theorem 5 says only that this probability is o(n=?/2-%/2)))

Theorem 6. Under the assumptions of the preceding theorem, for every fized y €

K,
V(z)V'(y)
where V' is the harmonic function for the random walk {—S(n)} and
0 =2 / u2(w)67|“"2/2dw.
K
Furthermore, for every t € (0,1) and any compact D C K
S([t
P(H\/gn])eDTl.>n,x+S(n):y> — Q¢(D), (11)

where Q¢ is the measure on K with the density
1 1

p(2m)% (1(1 — t))p+d/2u

In the next two subsections we mention some interesting applications of this
theorem.

2(2)6—\z\2/2t(17t)dz'

1.5. Application to lattice paths enumeration. Starting from the classical
ballot problem, counting of lattice paths confined to a certain domain, attracts
a lot of attention. For lattice paths in Weyl chambers associated with reflection
groups one often uses a generalisation of the classical reflection principle of Andre,
which has been proved by Gessel and Zeilberger [29]. Unfortunately the latter
result can be applied only to some special random walks which are not allowed
to jump over the boundary of the chamber. Additionally, the set of all possible
steps should be invariant with respect to all reflections. Grabiner and Magyar [31]
give the complete list of all random walks to which the reflection principle can be
applied. Recently, the reflection principle of Gessel and Zeilberger has been slightly
generalised by Feierl [25]: He derived a new version of the reflection principle for
random walks with steps which are at most finite combinations of steps from the
list of Grabiner and Magyar. Another very popular cone is the positive quadrant
in Z2. Here we mention papers of Bousquet-Melou [7] and of Bousquet-Melou and
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Mishna [8], where the authors obtained exact results for some random walks with
bounded steps in the quarter plane. Raschel [43] and Kurkova and Raschel [37]
also considered a two-dimensional random walk in the quarter plane, and proved
some asymptotic results for the exit position. All these papers are based on the
analytical approach suggested in the book of Fayolle, Tasnogorodski and Malyshev
[23]. This method works for random walks on Z? that can jump only to the nearest
neighbours.

We next show how one can determine the asymptotic behaviour of the number
of walks with endpoints x and y confined to a cone from our results.

Consider lattice paths with the step set S = {s1,52,...,s5}. We assume that
the corresponding random walk on Z< is strongly aperiodic.

If the vector sum of all s; is not equal to zero, one has to perform the Cramer
transformation with an appropriate parameter. For R(h) = N~! Zfil e(hsi) we
set

P(Y =s;) = (hysi)
¥'=5)= NrRm
If there exists hy such that EY = 0, then we have the following formula for the

number of walks with endpoints = and y

n
Np(z,y) = N™(R(hg))"elho:z=v)p (m + Z Y(k)=y, 1. > n) .
k=1

It is clear that EY = 0 if and only if R(h) attains its minimum at h = hg. A
necessary and sufficient condition for the existence of the global minimum for R is
that the step set is not contained in a closed half-space.

There exists a linear transformation with matrix M such that X = MY has
uncorrelated coordinates and

Pz + ZY(k;) =y, 7 >n) =P(Mz+ S(n) = My, 7. > n).
k=1

Since the number of possible steps is finite, we have a random walk with bounded
jumps. Therefore, we may use our results in any starlike cone, see Remark 4.
Applying Theorem 6 to the random walk S(n) and cone M K, we obtain

Nu(e,y) = Cla,y)(NR(W))"n P91+ 0(1) asn—oco.  (12)

It is worth mentioning that not only C(z,y) but also p may depend on h. This
means that p depends not only on the cone K but also on the step set S. An
essential disadvantage of this approach is the fact that we cannot give an explicit
expression for the function C(z,y) and, therefore, we can only determine the rate
of growth of N,,(z,y). Nevertheless, for large values of = and y inside the cone one
can obtain an approximation for C'(z,y) from the relation V(x) ~ u(z).

We also note that upper bounds for N, (x,y) can be obtained from the estimates
due to Varopoulos. It follows from (0.7.4) in [47] that C(z,y) from (12) can be
bounded from above by Cu(x+x¢)u(y+xo) with some appropriate zo. An essential
advantage of this bound consists in the fact that u is more accessible than V.

Finally we mention that our derivation of (12) is purely probabilistic, since we
use a strong approximation to prove Theorem 3. And it is not at all clear how
to prove (12) by combinatorial methods. The only case known in the literature
are random walks with small steps in the quarter plane: Fayolle and Raschel [24]
deerived a version of (12) by means of the kernel method.
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1.6. Random walks in Weyl chambers. As it has already been mentioned,
random walks in Weyl chambers have attracted a lot of attention in the recent
past.

Let us first consider the chamber of type A, that is,

WA::{zGRd:x1<:E2<...<:cd}.

In this case one has u(z) = H(x] —x;) and p=d(d—1)/2. W4 is convex and u is
i<j

harmonic on the whole space R?. Therefore, we may apply all our theorems to all

random walks satisfying normalisation and moment conditions. If one additionally

assumes that the coordinates of X are exchangeable, or even independent, then

f(z) = 0. This has been shown by Konig, O’Connell and Roch [34]. Therefore,

V(z) = u(z) — Eu(z + S(13)). (13)

This form of the harmonic function has been suggested by Eichelsbacher and Konig
[20]. It is worth mentioning that if the coordinates of X are independent, then the
moment condition from the present paper is not optimal. It is shown in [16] that all
the statements in Theorems 1 and 3 remain valid under the condition E|X |~ < co.
For two further Weyl chambers

WC::{xERd:O<x1<x2<...<xd}

and
Wp:={z cR: |z1| <xp < ... <4}

and random walks with independent coordinates Konig and Schmid [36] have proven
versions of Theorems 1 and 3 under moment conditions which are weaker than
E|X? < co. However, they have imposed an additional symmetry condition. More
precisely, they have assumed that some odd moments of the distribution of coordi-
nates are zero. This has been done in order to make u(z + S(n)) a martingale and
f(z) = 0. As a result, they had the harmonic function of the form (13). One can
verify that all the statements of [36] remain valid without the symmetry condition
mentioned above, if one takes the harmonic function from our Theorem 1. (One has
first to show that this function is well-defined under the moment condition imposed
by the authors of [36].)

We next note that if our random walk has independent coordinates, then The-
orems 5 and 6 are valid for Weyl chamber under weaker moment assumptions.
Indeed, as we have already mentioned, one needs an integral limit theorem for the
conditioned random walk. Therefore, the moment conditions from [16] and [36] are
sufficient for the validity of the local limit theorems. Applying (11) to the Weyl
chamber of type A, we then see that the distribution of the excursion at time tn
converges to the measure determined by the density

2

1 1 2
. ) —lz17/2t(1-t)
v 7 I |(z] —z) ] e dz, z¢€ Wy,
p2m)T (1(1 — 1))P T2 i<y

which is known to be the density of the distribution of eigenvalues in GUE. This
result corresponds to Theorem 1 of Baik and Suidan [2].
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1.7. Description of our method. In the one-dimensional case we have only two
cones: positive and negative half-axis. To determine the behaviour of P(75 > n) in
this classical case one uses the Wiener-Hopf factorisation. For an arbitrary starting
point z inside one of the half-axis one has P(r, > n) ~ H(z)P (79 > n), where
H(x) is the renewal function based on ladder heights. And one can easily infer that
H(x) is harmonic. It is worth mentioning that the Wiener-Hopf method is quite
powerful as one does not need to impose any moment conditions on the random
walk.

Unfortunately, there are no general versions of the Wiener-Hopf factorisation for
the multidimensional case. We have found only two such attempts in the literature.
First, Mogulskii and Pecherskii [40] proved some factorisation identities for random
walks on semigroups. However it is not clear how to get asymptotics for exit times
from these identities. The second one is the paper by Greenwood and Shaked [32],
where a factorisation over a family of two-dimensional cones is performed. As a
consequence the authors determined the asymptotic behaviour of some special first
passage times.

The first step in the proof of Theorem 1 consists in the construction of the
harmonic function V', see Section 2. Here we use the universality idea and construct
V from the harmonic function u for the Brownian motion:

Viz) = nh—{%oE [u(z 4+ Sn));7e >n], z€kK.

An additional difficulty arises from the fact that although u(z + B(t A 72™)) is a
martingale the sequence u(x + S(n A 7)) is not. This explains correction terms
f(z+S(k)) in Lemma 11. Another difficulty is that in general we have x + S(7,) ¢
OK with positive probability. This is the reason for introducing the extendability
condition on the cone K.

The second step of the proof is a coupling with the Brownian motion. Although
this idea is quite natural, its naive application (starting from the beginning) gives
only rough asymptotics:

P(r, >n) ~ nP/2HeM) oy .

To obtain exact asymptotics one has to wait until the random walk moves far from

the boundary of the cone. In Lemma 14 we show that this happens with a high

probability. Then in Lemma 20 we couple out random walk with the Brownian

motion using an extended version of Sakhanenko’s coupling, see Lemma 17. This

allows us to obtain the exact asymptotics when starting at y far from the boundary,
P(7, >n) ~ su(y)n /2.

Section 4 is the final step of the proof of Theorem 1. We use the Markov property
at the first time v, when the random walk is far from the boundary and the formula
we obtained from the coupling in Lemma 20. Informally, this results in

P(r, >n) ~ /P(Tx > Uy, Sy, € dy)P(1, >n)

= %/P(TgC > Up, Sy, € cly)u(y)nﬂ”/2

~ 2V (x)n P2,

These relations are proved in Lemmas 21, 24. Proof of Theorem 3 uses the same
ideas.
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It is worth mentioning, that the method of constructing harmonic functions for
random walks described above works also for Markov processes in discrete time.
After the first version of the present paper was finished we applied our approach to
the following two problems.

First, in [18] we found asymptotics for P(7,, > n), where 7, , = min{n > 1:
z+ny+> ._, S(k) <0} and S(k) is a driftles random walk with E[S(1)[**° < cc.
The process Y _,_; S(k) is not markovian, but one can obtain the Markov property
increasing the dimension of the process. More precisely, (>, _, S(k),S(n)) is a
Markov chain and, consequently, 7, , becomes the exit time from the cone Ry x R.

Second, in [15], our joint paper with Dima Korshunov, we investigated the as-
ymptotic behaviour of the stationary distribution for a positive recurrent Markov
chan on R, with asymptotically zero drift. The crucial step was again a construc-
tion of harmonic functions for a chain killed at leaving an interval [z, 00), z¢ > 0.

Based on these two examples we conjecture that our approach should work for
a wide class of Markov chains, which converge, after an appropriate scaling, to
diffusion processes.

2. FINITENESS AND POSITIVITY OF V

This section is devoted to the construction of the harmonic function V. We
consider first the case d > 2. The one-dimensional case will be considered in
Subsection 2.4.

2.1. Finiteness. We first derive some properties of the functions v(x) and f(x).

Lemma 7. Let u be harmonic on K* and |u(z)| < c|z|P,z € K*. Then we have
the following estimates for the derivatives

g, < Claf?™!, @ € K
|0, | < ClalP™?, @€ K*
|tz | < Claf’™®, @ € K=, (14)

Here and throughout the text we denote as C, c some generic constants.

Proof. Since v is harmonic on K*¢ all its derivatives are harmonic as well. Let
y € K3°. It immediately follows from the definition of the cone K¢ that the ball
B(y,nly|) € K* for n = ¢/(1 + 3¢). Indeed, let = be such that dist(y,z) < 3e|z|.
Then, since |y| < (1 + 3¢)|z|, for z € B(y, n|yl),

dist(z, z) < dist(z,y) + dist(y, z) < n|y| + 3e|z| < 4e|z|.
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Hence we can apply the mean-value formula for harmonic functions to function wu,,
and obtain

S
- - @ Uy, AT
Vol(B(y,nlyl) JByuly)

o |
- uv;ds
nlyll?a(d) Jorap)

_ da(d)(nly)*"
Inlyl|4a(d)  zeaB(ymlyl)
d@ +n)”

Uz, | =

u(z)

d _
<c—(1+n)Plylf=c ly[P~1.

nly|

Here a(d) is the volume of the unit ball and we used the Gauss-Green theorem. In
the second line of the display v; is the outer normal and integration takes place on
the surface of the ball B(y,n|y|).
The higher derivatives can be treated likewise. The claim of the Lemma imme-
diately follows.
d

Next we require a bound on f(x).

Lemma 8. Let the assumptions of Lemma 7 hold and f be defined by (4). Let the
moment and normalisation assumptions hold. Then, for some § > 0,

|f(z)| < Clz|P~27°  for all x € K with |z > 1.
Furthermore,
|f(z)| < C  forallz € K with |z| < 1.
Proof. Let x € K be such that |z| > 1. Put g(z) = |z|*~¢, where we pick constant a

later. Fix some 7 € (0, ¢) satisfying n+n'/(1=%) < 1. Then, for any y € B(0,ng(z)),
the sum z + y € G. By the Taylor theorem,

1
(e +y) —ul@) = Vuy = 53 ta,yiy;| < Ra()[yl*
0,J
The remainder can be estimated by Lemma 7

— -3 -3
Ry@) = _ max  max|us,o,0, (2)] < C(L+0)"af ™,

which will give us

1 _
u(r+y) —ulx) —Vu-y— §Zuxixjyiyj < Clz|P~3|y|?. (15)
(2]
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Since v = u on GG we can proceed as follows
|f(@)] = |E (u(z + X) — u(z)) L(|X] < ng(z))|
+ [E (v(z + X) — v(2)) 1(IX] > ng(z))]

IN

1
E||Vu X+ Zumjxixj 1(|X]| < ng(z))
2,7
+Clz[P°E [| X[P1(|X] < ng(x))]
+ CE[|z[” + max(|X + [, 1))1(|X] > ng(z))] .

Here we used also the bound |v(z)| < C'max{1, |z|"}.
After rearranging the terms we obtain

1
|f(z)] < |E |Vu- X + §Zumiijin

tJ
1
B Ve X 5D e, XiX; | 11X > ()
’Lh]
+ Cla|" B [ X1 X| < ng(2))] + CE[(|2]” + max(|X + 2], ))1( X] > ng(x))]

Now note that the first term is 0 due to EX; = 0, cov(X;, X;) = 0 and Au = 0. The
partial derivatives of the function v in the second term are estimated via Lemma 7.
As a result,

|f ()] < C(lep_lE (X[ 1X] > ng(@)] + |« P~E [|X %[ X] > ng(z)]
+ 2P [|X ;| X| < ng(x)] + [«[PP(|X] > ng())
+ B hmax(|XP° 1) X > ng(2)] ).
Hence, from the Markov inequality and

E [max(|X |7, 1); |X] > ng(2)] < B[ X["; |X] > ng(2)] + |["P(|X] > ng(z))

we conclude

@) < o2

— n?*g%(x)

+ CE[IX[7;[X] > ng(z)] (16)

E [|X]%|X] > ng(z)] + ClaP~°E [|X]% |X] < ng(=)]

Now recall the moment assumption that E|X|?72% < co for some § > 0. The first
term is estimated via the Chebyshev inequality,

|z[?
n*g?(x)
The second term can be estimated similarly,

2P PE [|X P 1X| < ng(x)] < |zP2n' =g (2)E|X [T

E[|IX% (X < =]
X% X > ng(x)]

2426
- n2+2692+25(z)E‘X| !

Choosing a sufficiently small, we see that the expectations in the first line of (16)
are bounded by C|z|P~27%. In order to bound the last term in (16) we have to
distinguish between p < 2 and p > 2.
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If p < 2, then, by the Chebyshev inequality,

E[IX]7; |X] > ng(z)] € ——

= WE [|X|2+26] < O|Z‘|p_2_5

for all a sufficiently small.
In case p > 2 we have, according to our moment condition, E[|X|?] < oc.
Consequently,
E[|X[7;[X] > ng(z)] < C.
The second statement follows easily from the fact that v(x) is bounded on |z| <1
and the inequality E[v(z + X)] < C(1 + E[|X|?]). O

Lemma 9. For any x ¢ K,

()] < O+ |7~%).
Proof. If x ¢ G, then the inequality follows from the definition of v. Assume now
that € G\ K. If |z] < 1, then |v(z)| is clearly bounded. But if |z| > 1, then

dist(z, 0K) < |z|'7?. And it follows from the Taylor formula (recall that v|px = 0)
and Lemma 7 that

lv(x)| < Clz|P~dist(z, 0K) < C|a|P~°. (17)
Thus, the proof is finished. ([l
Lemma 10. For every 3 < p we have
B[r2/%) < C(1 + jal?) (18)
and
E[M?(r,)] < O(1 + [z|”), (19)

where M (7,) := maxg<,, |z + S(k)|.

This is the statement of Theorem 3.1 of [38]. One has only to notice that e(T', R)
in that theorem is denoted by p in our paper.
Next we need to define an auxiliary process. Let

Yo = v(z);

Yn_H:v(z—&—S(n—Fl))—if(z—&—S(k)), x € K,n>0. (20)
k=0

Lemma 11. The sequence Y, defined in (20) is a martingale.

Proof. The integrability of the sequence Y;, is immediate from the bound u(z) <
C|z|? and from Lemmas 8 and 9. Further,

EY, 11 - Y, F] =E[(v(z+Sn+1)) —v(@+Sn) — flxa+ Sn)))|Fu]
=—fz+Sn))+E[(v(x+ Sn+1)—v(x+Sn)))I|S(n)
=—f(x+Sn))+ f(x+Sn)) =0,

where we used the definition of the function f in (4). O
Lemma 12. For sufficiently small a > 0, the function V' from (5) is well-defined.
Furthermore,

V(z) = lim E[u(z+ S(n));7. >n], z€K. (21)

n—00
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This equality implies that V' does not depend on the choice of a and € in the defi-
nition of G.
Proof. First, using (20) we obtain,
n—1
Efu(c + ()7, > nl = BYair, >0l + 3 Blf(a+ S0):7, > nl
1=0
n—1
=EY, —E[Y,;7, <n]+ ZE[f(ac + S(0); 5 > n).
1=0
Since Y}, is a martingale, EY,, = EYy = v(z) and E[Y,,;7, < n| = E[Y, ;7. < n].
Using the definition of Y,, once again we arrive at
Elv(a + S(n))i 72 > n] = v(@) — E[o(w + S(r.)), 7 < 7]

Te—1 n—1

+E| Y fla+ SO <n|+ Y E[f(z+S0);im >n].
=0

1=0
Combining Lemmas 9 and 10, we obtain
Elv(z + S(72))] < EMP™%(7;) < C(1 + [2[°7°). (22)
Then the dominated convergence theorem implies that
Ev(z+ S(72)), 72 <n] — Ev(z + S(72)). (23)

To estimate the third and fourth terms it is sufficient to prove that

Te—1

E|Y If(@+50)
=0

< C(1+|z|P70). (24)

Indeed, the dominated convergence theorem then implies that

E Z_: fla+S0)m<n| —E Z_: f(x+S(l))1
=0 1=0
and - »
S Elf(@+ SO >nl| <E| Y [f@+SO)ime >n| -0
=0 1=0

since 7, is finite a.s.

Hence it remains to prove (24). Consider first the case p > 2. Assuming that
6 < p— 2 and using Lemma 8, we get
Te—1

E|> |f(ff+5(l))] < CE[r, MP™27(1,)].
=0

Applying Hélder’s inequality with p’ < p/2 and ¢’ < p/(p — 2 — ¢) and Lemma 10,
we obtain
Tz—1
> 1 f@+50)
1=0

- - (ET£/>W” (E Mq/(p,Q,(;)(Tm))” " C(1 + |z[P~9).

Such a choice of p’ and ¢’ is possible since (p/2)~* + (p/(p — 2 — §))~! < 1. This
proves (24) for p > 2.
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Next consider the case p < 2. We split the sum in (24) into four parts,

S 1w SO)| = Fl@) + SB[+ SO > 1
=0

=1

E

= f(@)+ Y E[f@+SO)le+ SO < L >

=1

+iE {|f(x+5(l))|;1 <|z+ SO <V, 7 > l}
=1

+Y E [|f(z LSOz + S0 > Vi, > z}
1=1
=: f((E) —+ 21 —+ 22 + 23.
According to Theorem 6.2 of [21],
sup P(|S(n) — 2| < 1) < Cn~%2. (25)
z€R4

By Lemma 8, |f(y)| < C for |y| < 1. From this bound and (25), we obtain

L1 <CY Pl SO <1 > 1)
=1

< CiP(Tx >1/2)sup P(ly + S(1/2)| < 1)
=1 4

<CY ITPP(r, > 1/2)
=1

< CE[r(P=9/2] Zl—d/2—(p—5)/2 < CO(1 4 |z[P~?),
=1
where the sum is convergent due to d > 2.
Second, by Lemma 8,

2, <CY E [\x +SWP 1< o+ SO < Vi, T > z}
=1
0o VI
<SCY N E[z+SOP i <le+ SO <j+1,7>1]
=1 j=1

oo Vi

<CY DN PP < lp+ SO <+ 1L > D).
1=1 j=1

Now we note that

P(i<|z+SU)|<j+1,7>1) <P(r, >1/2) sgpP(Iy +5(1/2) € [5,5 + 1))

Covering the region {z : |z| € [j,j + 1]} by Cj¢~! unit balls and using (25), we get
P(j<|z+SO)|<j+1,7>1)<Cj2P(r, > 1/2).
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Then,
o VI
Sp <CY N TP (r, > 1)2)
=1 j=1
<CY IPPTITRP(r, > 1/2)
=1
< CE[r P < O(1 + [2P7°),
by Lemma 10.

Third, by Lemma 8 and the fact that p < 2,

S3<CY E [\x +SOP 2 4+ SO)| > Vi >
=1

<O 1PT2IRP(r, > 1)
=1
< CE[rP P <1+ |2°),

]

2.2. Positivity. In this paragraph we show that V is strictly positive on K and
prove some further properties of this function.

Lemma 13. The function V possesses the following properties.
(a) For any v > 0,R > 0, uniformly in x € Dg~ we have V (tx) ~ u(tz) as
t — o0.
(b) For all z € K we have V(z) < C(1 + |z|P).
(¢) The function V is harmonic for the killed random walk, that is

V(z) =E[V(z+ S(no)), 7z >no], z€K,ng=>1

(d) The function V is strictly positive on K .
(e) If v € K, then V(z) <V (x + x0), for all xg such that o+ K C K.

Proof. To prove the part (a) it suffices to note that t Pu(tz) = u(x), infrep,  u(z) >
0, and use bounds (22), (24). These inequalities together with |u(z)| < C|x|P give
the part (b).

It suffices to prove (c¢) for ng = 1, since for bigger values of ng one can then use
the Markov property of S(n). It is clear that

Elu(x+S(n+1)), 7 > n+1] :/ P(z+S(1) € dy, 7 > 1)E[u(y+ S(n)), 7y, > n.
K
According to Lemma 12, E[u(y + S(n)), 7, > n] — V(y) for every y € K. Further-
more, it follows from (22), (24) that Efu(y + S(n)), 7, > n] < C(1 + |y|?). This
allows one to apply the dominated convergence theorem, which gives
V(z) = lim Eu(z+Sn+1)), 7% >n+1] = / Plz+5(1) edy, 7 > 1)V(y).
n—oo K

To prove the positivity of V(z) assume that x € K,. Then for every R > 0

there exists ng = no(R) such that P(x + S(ng) € Dg,y, 7 > no) > 0 with some
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v = y(z). According to the first part of the lemma there exist R > 0 such that
infyepy, . V(y) > 0. Consequently,
V(z) = E[V(z + S(ng)); 7w > no
>E[V(z+ S(ng)),z+ S(no) € Dg,y, T > ngl > 0.
To prove (e) we first show that the same property holds for u(x). Indeed, if z

is such that zg + K C K, then

{T,ljm >t} C {T;TIO >t} forallz e K, t>0.
Then, in view of (1),

wu(x) = tlim PP (7P > ) < lim PPP(r, > t) = seu(x + xo).

S T+zo
Applying now Lemma 12, we get

Viz)= nhﬂngo E[u(z + S(n)); 7 > n]
< lim Efu(x +xo+ SN)); Totae > 1] = V(x + x0).

n—oo

Thus, the proof is finished. O

2.3. An alternative construction of a harmonic function for random walks
with bounded jumps. In this paragraph we show that V remains well-defined
and a strictly positive harmonic function for random walks with bounded jumps if
we take v(z) = u(z + ).

Assume that P(|X| < R) =1 and let z, satisfy the condition

dist(xz,0K) > R for every x € K, := z, + K.

(One can choose =, = t.xo with sufficiently large t..) Therefore, f(z) = Ev(z +
X) — v(z) is well-defined and the statement of Lemma 8 is valid with 6 = 1. This
implies, by the same arguments as in the proof of Lemma 12, that

Te—1

E|> |f(x+S(l))|] <O +|zP~0).
=1

To show that v(z + S(7,)) is integrable, we assume that
u(z) < Olz|P~Odist(z, OK).
(If K is convex, then this inequality holds with § = 1, see [47, formula (0.2.3)].)
Since dist(z« + x + S(72), 0K) is bounded, then, in view of Lemma 10
Ev(z + S(7,)) < CE|z + S(m,)[P~% < C(1 + |=|P79).
Thus, V is well-defined. Repeating the derivation of (21), we obtain
Viz) = nlLH;O Efu(z + zo + S(n)); 7» > n).

This relation implies that V is harmonic. The positivity follows from Lemma 13.

Formally, V might depend on z,. But one can show, using the coupling with the
Brownian motion from the next section, that V is independent of x,. It is sufficient
to note that one can replace u(y) ~ u(x. + y) under the conditions of Lemma 20
below.
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2.4. Construction of harmonic function in the one-dimensional case. If
d =1 then K = (0,00). Random walks confined to the positive half-line are well
studied in the literature. The main tool is the Wiener-Hopf factorisation. This
method allows one to construct the harmonic function for any oscillating random
walk. It turns out that the ladder heights renewal function is harmonic for S(n)
killed at leaving (0, 00).

For the sake of completeness we indicate how our method works for one-dimensional
random walks.

The harmonic function for the killed Brownian motion is u(z) = zlg_ (x). We
extend it to a harmonic function on the whole axis by putting u(z) = =, z € R.
Since u(z 4+ S(n)) is a martingale, the corrector function f = 0. Therefore,

V(z) = u(z) — E[u(z + S(12))] -

This function is strictly positive on K. It is well-defined provided that the expec-
tation E|u(x 4+ S(7,))| is finite. The latter property can be shown by constructing
an appropriate positive supermartingale. Namely, put

l1—a
W) = (R+7x) ,x >0
|z| ,x <0.

Then, after some computations, one can show that for sufficiently large R and
sufficiently small a the process h(z+S(nAT,)) is a positive supermartingale provided
E|X(1)|>*"% < oo for some 6 > 0. Hence, by the optional stopping theorem

Elz + S(m)| < (R+z)' 7
This shows the finiteness of E|u(x + S(7;))|- In addition, this estimate implies that
V(z) ~z as  — oo.
3. COUPLING
Let € > 0 be a constant and let
Kn.={z e K : dist(z,0K) > n/*7¢} (26)
Define
v, i=min{k >1:2+ S(k) € K, }.
Lemma 14. There exists a positive constant C' such that, for every e > 0,
P(v, >n'"¢, 7, >n'"%) <exp{—Cn°}.
Proof. Set, for brevity, b, = [n'/27¢], where a is a positive number.
Clearly,
P, >n' 5,7, >n' ) <Pz + SB2), 2+ S(2b2),...,0+ S([n°]b2) € K\ K, .)

[n°]
< sup P(y+ S(bfb) €eK\K,.) )
yeEK\K,, -

It follows from the scaling property of the cone that

S (b2
s P+ S € K\K,) = s Py S0 e R\KL).
YEK\Knp e YyEK\K1 ¢ n

Therefore, it is sufficient to show that the right-hand side is separated from 1.
To this end recall that there exists xg with |zg| = 1 such that 2o + K C K and
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dist(zo + K,0K) > 0. Then, by the scaling property of cones, for sufficiently large
to, the distance dist(toxo + K,0K) > 1. Hence, tozo + K C K ..

Let d(z) = dist(z + K, K°¢). Since the boundary of the cone is continuous this
function is continuous. We assumed that d(z¢) > 0. Therefore, the set Ky = {x :
d(x) > 0} is open and non-empty. Since K is a cone the set Ky is a cone as well.
Since Ko + K C K, we have y + Ky C K for every y € K. Consequently,

toxo +y+ Ko Ctozo + K C Ky
for all y € K. This relation yields
S(2)

A n/
nl/2—e

2
sup P (y+ S(bn)

1/2—
yeR\K1,c nt/2-¢

EK\K1’5><1—P< Et()x()-i-K()).

Further, by the central limit theorem,

: S(b7)
lim P | —-"% €toxo+ Ko | =P (B(1) € toxo + Ko) -

n—o00 n1/2_5

Since K is open, the probability P (B(1) € toxo + Kp) is strictly positive. This
completes the proof of the lemma. O

Remark 15. We used in the proof of the last lemma that every convex cone is
starlike. Now we prove this fact. Fix some xy € X. Then, due to convexity, zqg+K C
K. Assume that there exists y € K such that dist(zo +y, 0K) < dist(zo, 0K). Let
x € 0K satisty dist(zo + y, 0K) = dist(xg + y,x). Using the convexity of K once
again, we see that there exists a hyperplane H(z) such that H(z) N K = ) and
dist(xo + y, H(z)) < dist(z,0K). But then dist(z¢ + y, H(z)) < dist(xo, H(z)),
and this implies that the half-line {zo + ty,y > 0} cuts H(z) and leaves the cone
K, what contradicts the fact that zo + K C K.

Lemma 16. For every € > 0 the inequality
E[u(z + S(n'~9));v, >n' ", 7 > n' 7] < O(x) exp{—Cn}
holds.
Proof. Since v, >n'~¢ and 7, > n'7¢,
dist(z + S(n'~%),0K) < n'/27=,

Therefore, applying Taylor formula (and recalling that « vanishes on the boundary),
we obtain

u(z + S(n*79)) < Clz + S(n*~9)[P~dist(x + S(n'~°),0K)
< Olz + S(n175)|p71n1/275.

Hence, by the Holder inequality,

Elu(z +S(n'~%));vn > n' ¢, 7, > n' ¢

< Cn'2f B[z + S(n' )P Ly, > 0t 7, > 0l

< Cn'?E|z + S(n' )PP VPP (1, > n' ¢ 7, > ntmo)VP.
An application of Lemma 14 and a classical martingale bound

E|S(n'~%)P < CnP/?

gives the required exponential bound. (I
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We start by formulating an estimate of the quality of the normal approximation
of high-dimensional random walks which follows from a result of Gotze and Zaitsev
[30], see Theorem 4 there.

Lemma 17. If E|X|**% < oo for some § € (0,1), then one can define a random

walk with the same distribution as S(n) and a Brownian motion B(t) on the same

probability space such that, for any v satisfying 0 < v < ﬁ,

P (sup |S([u]) — B(u)| > n1/2_’y> < On?r+9=9/2, (27)

u<n

Proof. According to Theorem 4 and (1.13) of [30] one can construct on a joint prob-
ability space a copy of S(n) and a standard gaussian random walk W (n) satisfying

_ 1 12—y
P (spaxIS(06) ~ W) > 30

1 —(2496)
<C (2711/2_7) nE[X(1)]*+0
< Cn2w+76—5/2'

But, in view of the classical Lévy construction of the Brownian motion, we may
assume that there is a Brownian motion B(t) on the same probability space with
the property B(k) = W(k), k > 0. Therefore,

1
P (glg}fﬁ(k‘) — B(k)| > 2n1/2_7) < Cp2r+9=d/2, (28)
Moreover,

P (sup|B(u) — B([u))| > 2n1/2~7) < nP (sup |B(t)| > =n1/?
2 2

un t<1
1
< dnP ( sup|Bi(t >n1/27>
< anP (suwpln(0)] =
4dn > 2
< — e "2 du. (29)
V21 Jurr2-v /24

In the last step we used the reflection principle and the bound
P (sup |B1(t)] > m) <2P (sup Bi(t) > x) .
t<1 t<1
By the triangle inequality,
1
P (sup 5((u)) ~ Bw)| 2 0177) < P (a0 — BR)| > o'/ )

uln k<n
1
+P (sup |B(u) — B([u])| > 2n1/2“’> .
u<n

Applying (28) and (29), we complete the proof. O

Lemma 18. There exists a finite constant C' such that

|[?

bm Lhad I
P(r," >t) < OtP/Q’

z € K. (30)
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Moreover,

u(z)
tp/2”
uniformly in x € K satisfying |x| < 0:\/t with some 6; — 0. Finally, the density
bi(z,2) of the probability P(72™ > t,x + B(t) € dz) is

by(x, 2) ~ sept 2611/ 0y () (2) P (32)
uniformly in x,z € K satisfying |x| < 0,/ and |z| < \/t/0; with some 6; — 0.

P(ri™ > 1) ~ 5 (31)

These statements can be derived from estimates in [3].

Proof. According to Theorem 1 of [3],

P( bm>t)_§:B, @ aj/QF QJ +éﬂ . i (33)
Tz = W\ YT 7o )™M o] )

where
d 2
we i (1)
and
a;j+d
r(e5)
Bj = Z m;(6)do
I (a;+9) /s

By the definition,
Filabs=1+22 20+ D2 (34)
B S TR U

Then, for all z € K with |z|? < t, we have

Furthermore, in view of Lemma 5 of [3],
C
1m;j(0)| < ——————m (0) < C2%/2\/T(a; +d/2)m1(F), 6€%, (35)
To;—144/2(1)

where I, (z) = >0 m(xﬂ)"*zm is the modified Bessel function. Ap-
plying (34) and (35) to the corresponding terms in (33), we obtain

|

o aj;/2
bm < i oa;/2 . L I
P(r," >t) < Cmy (|a:|> ;Bﬂ i72y T (aj +d/2) ( o ) .

Using the Stirling formula and (2.3) from [3], one can easily get

B;2%/2\ [T (a; + d/2) < OAY.

00 2\ @5/2
bm < @ a/a (|x]
Ptz om () S0 ()"

j=1

Consequently,

According to the Weyl asymptotic formula, see [12, p.172],
2/ < ) < 02D,
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Z)\d/4 |x‘2 <C @ a1/2
2t

for all z satisfying |z|? g t. Therefore,
2 ay/2

This immediately implies that (30) holds.
The same arguments give also

[e%e} /2 2 2 az/2
2\ a; d —l|z| z z \ (2]

B; F f L) < I (ER)
JZ::Z ( ot B\ et g )M ) SO ) U

Since as > aq,

2\ /2 d —|x|? x
P bm t NB | | F ﬂ D hed B B
(" > 1) < ot 1F1 2,al+2, o my 2]

uniformly in |z| < 6;v/t. Noting that | F} ( 5, a1 + 4 o 7‘$|2> — 1 uniformly in

2t
lz| < 0,1/, we get (31).
According to Lemma 1 from [3],

—(lz[*+2?) /2t = ||| 2] T z
b(z,2) = W Z a;—14d/2 <) m; <|x> m; (|z> :

From the assumptions |z| < 6;v/t and |z| < /t/6; we get uniform convergence as

|||

This implies that

— 0. Recalling the definition of the Bessel functions and using (35), we obtain

b 1 e—(‘$|2+‘z‘2)/2t |x||z‘ a171+d/2 €T z
2~ S t|x|d/21|z|d/21( 2t ) m (m) m (|>

uniformly in |z| < 6;v/t and |z| < /t/6;. Simplifying this expression, and recalling
the definitions of p and u, we get

be(z,2z) ~ nou(x)u(z)e_(|”|2+‘2|2)/Qtt_p_d/Q.

Noting that e~1#°1/2t — 1, we obtain (32). O

Lemma 19. If K is convex then there exists a finite constant C' such that
u(y) > C (dist(y,0K))", y € K.
If K is starlike and C?, then
u(y) > Cly[P~dist(y, 0K), y € K.
Proof. Tt is clear that
{T;jm >t} D {sslgt) |B(s)] < dist(y, 0K)}.

Using the scaling property, we obtain

- dist(y, OK)
P(Té7 >t)>P <21<1[1)|B(5)| < \/1;) .
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If K is convex, then it has been proved in [47], see Theorem 1 and (0.4.1) there,
that

P(r'™ > 1) < 01;572), zeK,t>0. (37)

Using this bound with ¢ = (dist(y, 0K))?, we get

(dist(Q;(,yﬁ)'K))p >CP (T;;m > (dist(y, 0K))?) > CP (ilglrl) |B(s)] < 1) .

Thus, the first statement is proved. The second one follows easily from (0.2.1) in
[47]. |
Using the coupling we can translate the results of Lemma 18 to the random
walks setting when y € K, .
Lemma 20. For all sufficiently small £ > 0,
P(r, >n) = su(y)n P2(1 +0(1)), asn — oo (38)

uniformly in y € K, . such that |y| < O,+/n for some 0,, — 0. Moreover, there
exists a constant C such that

P(r, > n) < c ¥ (39)
v - nP/Q’
uniformly in y € K, .,n > 1. Finally, for any compact set D C K,
P(ry >n,y+ S(n) € vnD) ~ %Ou(y)n*pﬂ/ dzef‘z‘zmu(z) (40)
D

uniformly in y € K, ¢ such that ly| < 0,+/n for some 6,, — 0.
Proof. For every y € K,, . denote
y* =y £ Rozon'/?77,

where x is such that |xg| = 1, 2o+ K C K and Ry is such that dist(Rozo+K,0K) >
1. Note also that this choice of Ry ensures that Roxzon'/2~7 C K, 4.

If we take v > ¢, then for any &’ > ¢ there exists n(¢’) such that y* € K,, . as
soon as n > n(e’) and y € K, ..

Define

An = {ig |S([u]) = B(u)| < nl/z—»y} 7

where B is the Brownian motion constructed in Lemma 17. The choice of Ry
ensures that T;’T > n on the set {7, > n} N A,. Then, using (27), we obtain

P(ry >n)=P(ry >n,4,) +0o(n™")
< P(T;;T >n)+o(n"), (41)
where r = r(0,7) = /2 — 2y — +J. In the same way one can get
P(T;/"_” >n) <P(ry>n)+o(n"). (42)
If |y| < 0,/n then |y*| < 0,,\/n + Roxon'/>~7 = 0,\/n. Therefore, by Lemma 18,
P(Té’i” > n) ~ seu(yT)n P2,
It follows from the Taylor formula and Lemma 7 that

lu(y®) —uly)| < ClylP~y* —y| < Cn?/277 (43)
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for all y with |y| < /n. If K is convex, then, according to the first part of Lemma
19,
u(y)nP/? > C (dist(y, 0K))P n P2 > Cn7P°, yeK,.. (44)
If K is not necessarily convex but C2, then we may apply the second part of Lemma
19, which gives the same estimate u(y) > CnP(1/2=2).
Combining (43) and (44), we obtain for v > pe an estimate

u(y®) = u(y)(1+0(1), Y€ Kne,lyl < vVn.
Therefore, we have
P(T;’Q” > n) = seu(y)n P21 + o(1)).
From this relation and bounds (41) and (42) we obtain
P(r, >n) = su(y)n P21+ 0(1)) + 0 (n™").
Thus, it remains to show that
n~" = o(u(y)n~*/?) (45)

for all sufficiently small £ > 0 and all y € K,, . with |y| < /n.
Using (44), we see that (45) will be valid for all e satisfying

r=20/2—2v— 27§ > pe.

This proves (38). To prove (39) it is sufficient to substitute (30) in (41).
The proof of (40) is similar. Define two sets,

Dt ={z € K : dist(z,D) < (|zo| + 1)n" "7}
D™ ={z € D :dist(z,0D) > (Jxg| + 1)n" " }.
Clearly D~ € D C D*. Then, arguing as above, we get
P(ry >n,y+ S(n) € vnD) <P(ry, > n,y+ S(n) € vnD,A,) +0(n")
<P >n,yt + B(n) € VaDt, Ay) +0(n")
< P(Té’T >n,y" + B(n) € vVnD ) +o0(n""). (46)
Similarly,
P(r, >n,y+ S(n) € VaD) > P(r)™ > n,y~ + B(n) € VaD ) +o(n"). (47)
Now we apply (32) and obtain

d

P(7)0' > n,y* + B(n) € VaDT) ~ su(y™) /f N dze PPy (=3 n P
D

= %ou(yi)/ dze_lzlz/Qu(z)n_p/Q.
DE
It is sufficient to note now that

u(y™®) ~ uly) and/ dze™ 171 /2y _>/ dze= 122 (2)

D=
as n — oo. From these relations and bounds (46) and (47) we obtain

P(ry, > n,y+ S(n) € vVnD) = (39 + o(1))u(y) /D dzei‘Z‘r“/zu(z)wf”/2 +o(n™").

Recalling (45) we arrive at the conclusion. O
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4. ASYMPTOTICS FOR P (7, > n)
We first note that, in view of Lemma 14,
P(ry >n) =P(1p > n,v, <n' %)+ P(1, >n,v, >n' ")
=P(r, >n,v, <n' )+ 0 (e—CnE) . (48)

Using the strong Markov property, we get the following estimates for the first term

/ P (z+S(vy) €dy, 70 > vy, vy <n' ") P(r, > n) <P(r, >n,v, <n'™°)
Kn,s

< / P (z+S(vn) €dy, 7 > Vv <n' ) P(ry, >n—n'"%).  (49)
Kn,s

Applying now Lemma 20, we obtain
P(7, > n;v, <n'™e)

- %%UE [u(z + S(Wn)); Te > Vn, |2+ S(wn)| < Opv/n, v < n'7¢]
n

+0 <1E [|fc + SWn) ;7 > v, lx + S(wn)| > 0pv/n, vy < nlg])
nP/Q

1
= 7%+ 0( )E [U(l' + S(Vn)),Tx > Vp,Vn < TLliE:I
np/g

1
+0 <E [z + SWn)P; 72 > vn, |2+ S(vy)| > Onv/n, vy < n15]> . (50)
np/g

We now show that the first expectation converges to V(x) and that the second
expectation is negligibly small.

Lemma 21. Under the assumptions of Theorem 1,
lim E [u(z + S(vn))i 7o > Vn, v < 0n'7°] = V(2).

Proof. By the definition of Y,

vp—1
w(@+S(wn)) =Y, + Y fz+S(k)).
k=0
Consequently,
E [u(m + S(Wn));Te > Vn, U < nl_e] =E [Y,,n;Tw > Up,Un < nl_a]
VUn—1

+E

> fa+ Sk); e > vn,vn < nl_E] .
k=0

Recall that it was shown in Lemma 12 that
Te—1

E D) [f(z+S(k))] < oc. (51)

k=0
Then, since v,, — 00,

VUn—1

E Z fle+Sk));1e > vn,vn < n'~|| <E
k=0

i |f(z+ S(k))|; 7w > Vn‘| — 0.

k=0
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Rearranging the terms, we have
E [Yyn;Tm > Up, Unp < nlfe] =E [Yun/\nl—z;’rm > v, AntTE u, < nlfg]
=E I:Yl,n/\nl—a;'rg; >vpAn
—-E [Ynl—s;Tm >nl7c u, > nlfa] . (52)

Recalling the definition of Y,,, we get

1—6]

E Yo7 >n' "% v, >n' ] = E[u(z+S(n'9));7 >n'"% v, >n' ]

nt7e—1

- E Z fx+Sk);me >n'"% v, >n'c
k=0

The first term goes to zero due to Lemma 16, the second term vanishes by (51) and
by the dominated convergence theorem. Therefore,

E Y7 > nt=C v, > nlfﬂ — 0. (53)
Further,
E Y, ani-c;7s > vp An' | = E[Y, pi—c] —E[Y,, rpi-c; 7o < vy An' 7]

=EY)—E[Y, np-e;70 <vn An'TF]

=u(z) —E Y. ;7 <v, An'"¢],
where we have used the martingale property of Y,,. Noting that v, A n'=¢ — oo
almost surely, we have

Y, 1{r, <v, An'"°} = Y, .

Then, using the integrability of Y;_, see (22) and (24), and the dominated conver-
gence theorem, we obtain

E[Y, ;7 < v, An' %] - EY,, (54)
Combining (52)—(54), we obtain
E [u(z+ S(vn)); 7o > Vn, vy < '] — u(z) — EY,, = V(2).
This proves the lemma. U

In what follows we will use the Fuk-Nagaev inequalities several times. For the
reader convenience we state them in the following lemma.

Lemma 22. Let & be independent identically distributed random variables with
E[¢1] =0 and E[¢?] < oo. Then, for all z,y > 0,

n z/
P (Z & > . maxg, < y) < oo (2EET) (59)
=1 -

and

Ly

n 2 1‘/1/
(36 2a) <o () e pien ) )

The second inequality is (1.56) from Corollary 1.11 of [42]. The first one is not
directly stated there, but it can be found in the proof of Theorem 4 of [26]. There
are no proofs in [42] and we refer the interested reader to the original paper [26].



28 DENISOV AND WACHTEL

Corollary 23. For all z,y > 0,

z/Vdy
p (|S(n)| > JS,I;lgidX(k)‘ < y) < 2de™/ VW ({3) (57)
and
z/Vdy
P(|S(n)| > x) < 2de®/ VW (g") +nP(IX(1)| > y). (58)

Proof. 1t is clear that

P<|S(n)|>x,r])€a<ar}l<X |<y) ZP(S fmax|X()<y>
d

< éP (Sj(n) > %,rlggg)(j(k) < y) +> P (Sj(n) < —%,glging(k) > —y> :

Applying now (55) to every summand and recalling that E[(X;(1))?] = 1, we get
(57). The bound (58) follows from (57) and inequality

P (|S<n>| > ma [X (1) > y) <P (r,gga;;m(kn > y) < nP(X(1)] > y).

Lemma 24. Under the assumptions of Theorem 1,

lim E [z + Sun)P; 72 > vn, [S(n)| > Opv/n, vy <n'¢] = 0.

Proof. We take 6,, = n=¢/8. Let
[ = min{j > 1:|X(j)| > n'/27/4}.

Since |S(v,)| < n%/2 on the event {j, > vp,v, < n'~°} we arrive at the following
bound

E [|$ + SWa) P 7o > Vs |S ()| > Onv/m, v <05, i > Vn]
< CnPSIAP(1S ()| > Opv/myvn < 0ETE i > 1)

nl—s

< O N P(IS()] > Ouv/n, i > ).

j=1

Applying now (57) with = = 6,,\/n = n'/27¢/8 y = n!/2=/% to every probability
term, we get

7711 € 1 € E/g/f

(ed)j
Z P(|S(j)| > On/7, pin > j) < 2d E (n1 3)6/8> < exp{—Cn®/8}.
j=1

As a result,

E [|z + SWn)[P; 70 > Vn, [SWn)| > Opv/m,vn <0t ~% > 1] — 0. (59)
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Next,
E [|I + S(Vn)|p;7'ac > Un, |S(Vn>| > en\/ﬁy Un S nlisa,ufn S Vn]
< E [|«T + S(Vn)‘p;'ra: > Un, VUn < nl_aalu/n < Vn}
nl—s
<D E[le+ Swn)lime > jovn <0755 < v pn =]
j=1
For each j, we split the sum S(v,,) in 3 parts
[z 4+ Swn)P < Clz + 5G = D" + [ XG)IP + [Sn) = SGIF).
Then,

nlfa

Z E [|S(Vn) - S(])|paTL > ja Un < nlisa.j < Vny Bn = .7]
j=1

1—e
<D EM® ) PP(r > j — 1, pn = §)
j=1

nl—s
<C > nTPEP(r, > - 1)P(IX(j)] > n'/?7)
j=1
nl—s
= Cn1mPEP(IX(1)] > n'/2=M) Y " P(r, > j - 1).
j=1

The bound E|M (n'=%)? < Cn(1=2)P/2 holds due to the Doob and Rosenthal in-
equalities for p > 2 and additionally Hélder’s inequality for p < 2.
There are two cases now. For p > 2, the sum

ZP(TI > j) < oo
j=1

since E7, < co. In addition, by the Chebyshev inequality,
E|X|?
n(1—=)p/2 1/2=¢/4y « p(l=e)p/2 21 —pe/4
TP(X] > ) s e < B =0
Next, for p < 2, we use the fact that E|X|?>T? < oo for some & > 0,
245
n(1=2)p/2 E|X|**

1—e 2 1/2—€/4
n(1=9P2P(|X| > nl/2=e/4) < PCFO(A/2—/0)"

Since ETP/ S oo, for any 3 € (0,10/2)a
1 €
Z P(r, > j) < Er? Cnlt=P/240,
Jj=1 =

Then,

nlfs

Z n(l—s)p/2p(7w >j—1)P(X]| > n1/2—6/4) < Onpl=P/2tBp(=e)p/2y = (249)(1/2-¢/4)
j=1
= Opf—elp—1)/2-6(1/2-¢/4) _, 0,
(60)
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once we pick sufficiently small € > 0 and g > 0. Therefore, in each case,
nl—a

STE[ISwn) = SG)Pi e > jivn <0G < v, pin = 5] — 0.
j=1

Next, we analyse

nlfa

Z E [|X(J)|p77x > J,Vn < nlisaj < Up, i = .7]
j=1

nl—s
<Y E [\X|”; 1X] > nl/H/ﬂ P(r, > j—1).
j=1

As above there are two cases: p > 2 and p < 2. If p > 2 then we apply

Y P(r,>j)<co, E [|X\P; 1X] > n1/2*€/4] — 0.
j=1

If p <2 then

nl—s

S E [|X|P; X] > nl/Q—E/ﬂ P(r, > j)
j=1

< C’n*”/2+ﬁ+1E|X|2+5n*(2*p+5)(1/2*5/4)

< Onf—301/2=2/D+2-p)e/4 _,

once we pick sufficiently small € > 0 and 8 > 0. Therefore,
1—e
S CE[IX(G)Pi7e > jyvn <0t G < vy pn =] — 0.
j=1

Further,

nlfa
STE[lz+SG - DI > v <n'7% 5 < vy = 5]
j=1
nlfe
< PP P(pn <n'70) +27 Y BS( ~ DIi7e > o pn = J]
j=1

nl—s

(61)

(62)

< 2[af"P(un < 0'6) + 2 3 E[IS(G - DISISG - DI > 0!/, = ]

j=1
nl—s
+ 2P Z E |:|S(] - 1)|p; |S(.7 - 1)' < nl/Q_E/SyTz > j7 Hn = J}
j=1

Using the Chebyshev inequality, we obtain

P(Nn < nlfe) < nlfz-:P('X‘ > 7,L1/275/4) < dn75/2.

(63)
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For the second term in (63) we note that on p, = j the sum [S(j — 1)| < n®/2.
Hence,

nlfe

SE[ISG = DIFISG - 1] > 02y =

j=1

<2 P(IS(G - 1| > 0?78y = )
j=1

< CnSp/2+1 exp{_cns/S}’
by the Fuk-Nagaev inequality (57). The third term,

nl—a
STE|ISG - DIISG - DI <02 > G =
j=1
nl=e
< Z nP(l/QiE/B)P(Tw > Jsfin = ])
j=1
nlfa
< np(l/Qfs/S)P(|X| > n1/27€/4) Z P(TT > - 1) -0,
j=1
as has already been shown in (60). Hence,
nl—s
Z E [|I+S(] - 1)|p;7—r > J,vn < nligvj < VUn, in :]] — 0. (64)
j=1

Now the claim follows from equations (59), (61), (62) and (64).
(I

Now we are in position to complete the proof of Theorem 1. It follows from the
lemmas and (48) and (50) that
V(z)

x
P(Tm >’I’L) = W

(1+0(1)).
5. WEAK CONVERGENCE RESULTS

N
verges to the distribution with the density Hoe"y|2/2u(y), where Hy is the normal-
ising constant.

Lemma 25. For any x € K, the distribution P (ﬁén) € |1y > n) weakly con-

Proof. Tt suffices to show that, for any compact A C K,

P(z + S(n) € vnA, 7, >n) _yf?/2
P, > 1) —>H0/Ae I/ 20,y dy. (65)

Take 60,, which goes to zero slower than any power function. First note that, as in
(48) and (50),

P(z + S(n) € VoA, 7, >n)
_P(r, >0+ S(n) € A, vy <01 + 0 (O
=P(r, > n,z + S(n) € VnA, S| < 0o/, vn < 1n'7%) + o(P (1, > n)).
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In the last line we used the following estimates which hold by Markov property,
Lemma 20 and Lemma 24,

P(Tx >n, ‘S(Vn” > an\/ﬁa Up < n176>
= E [|17 + S|P 7w > vn, [S(vn)| > On /1y vy < nlis}
= o(n"P/%) = o(P(7, > n)).
Next,
P(7, > n,z+ S(n) € vVnA, |S(wy)| < 0pv/n, v, < n'e)

- Z P(r, > k,z + S(k) € dy,v, = k)
k=1 Y Kn,eN{ly—=|<0n/n}

xP(ry >n—k,y+ S(n—k) € VnA).
Using the coupling and arguing as in Lemma 20, one can show that
P(r, >n—k,y+ S(n—k) € VnA) ~P(r)™ > n,y + B(n) € VnA)

uniformly in k < n'~¢ and y € K,, .. Next we apply asymptotics (32) and obtain
that

P(ry >n—k,y+Sn—k)evnA) ~x /A dze™ 2P 20 (y)u(z)n P/
uniformly in y € K,, ¢, |y| < 0,y/n. As a result we obtain
P(z+ S(n) € VnA, 7, >n) ~ / dze™ 11" /2y (z)nP/2
o[+ S(n))s > v |50 < Oyt < 1]

N%()/ dze | |/2 ) 7p/2v(x),

where the latter equivalence holds due to Lemma 21 and Lemma 24. Substituting
the latter equivalence in (65) and using the asymptotics for P(7, > n), we arrive
at the conclusion. O

Now we change the notation slightly. Let
P,(S(n) € A)=P(z+ S(n) € A).
Lemma 26. Let X™(t) = (\[/nﬁ) be the family of processes with the probability mea-

sure P! \)f’ x € K. Then X™ converges weakly in the uniform topology on D]0, c0)
u)

to the Brownian motion conditioned to stay in K with the probability measure 1?’9(17

Proof. To prove the claim we need to show that the convergence takes place in

DJ0,!] for every I. The proof is identical for each I, so we let | = 1 to simplify

notation. Thus it is sufficient to show that for every functional f : 0 < f <1
uniformly continuous on D[0, 1] with respect to the uniform topology,

e (X") = B f(B) asn — oo,

We first show that

1

END) E [V(zvn+S(n (n)| > Rvn| < g(R (66)
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where g(R) — 0 as R — oo. Using Lemma 13 (a) and (b), we have, for all R > 1,
1

V(zy/n)

<

E V(27 + S(n)),|S(n)| > Rv/n]

(7P (IS()] > Ry + B[S, [S(n)| > RV

np/2

IN

B (ISP, I5(n)] > RV

If p > 2 then

E[|S(n)[";]S(n)| > Rv/n] ZP/OO LTIP(IS(n)] > 2)dz+RPnPPP(|S(n)] > Ry/n).

Ryn

Choosing y = z/r in the inequality (58), we have

P(IS(n)| > 2) < C(T)(ZL;)T +nP(|X| > /7).

Using the latter bound with r > p/2, we have
P(|S(n)| > Rvn) < C(r)R™>" + nP(|X| > Ry/n/r)

2
o T
< O)R™ + B2, X > B (67)
and
/ PIP(S(n)| > 2)d=
RVA
< C(r)pnr/ Pl PR np/ PTIP(|X| > z/r)dz
RyA RyA
< Ol PR P B(XP K] > RV o]
< Clp,r)n?? (RP~*" + E[|X|”,|X| > R)) (68)

for all sufficiently large n. This implies that (66) holds for p > 2.
If p < 2 then, combining the Markov inequality and (68), we get, for any r >
1+4/2,
E[|S(n)[";|S(n)| > Rv/n] < (RVn)P~>°E[|S(n)[***,[S(n)| > Rv/n]
<C(2+9, r)np/QRQM_QT.
Thus, the bound (66) is valid for all p.

Fix also some £ > 0. It follows easily from Lemma 13 (a), (b) and the central
limit theorem that

mE V(v + S(n), 7y ym > 1, |S(n)| < Ry, dist(zv/i + S(n), 0K) < ev/a]
< CP (dist(zv/n + S(n),0K) < ey/n)

< CP (dist(x + B(1),0K) <e¢).
Since the distribution of B(1) is isotropic,
P (dist(x + B(1),0K) <¢) < Ce.
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Therefore,
1 .
WE [V(zvn+5(n)), 7, /m > n,1S(n)| < Ry/n,dist(zv/n + S(n),0K) < ev/n]
< Ce. (69)

It is clear that similar bounds are valid for the Brownian motion. More precisely,

ek [u(z + B(1)),|B(1)| > R] < g(R) (70)
and
ﬁE [u(z + B(1)), 2™ > 1,|B(1)| < R, dist(z + B(1),0K) < ¢
< C(jz| + R)* e (71)
Define
Dy, :={|S(n)| < Rv/n,dist(zv/n + S(n),0K) > ev/n}
and

D™ .= {|B(1)| < R, dist(x + B(1),0K) > ¢} .

Using Lemma 13(a), one can easily get

1 n
Tavm BV @Vt So)ip,.oym > n]
1
=(1+ 0(1))WE [f(X™u(@vn+ S(n)ip,, Tpym > n]
— (14 o(1)—— (O] o
= (1 o0) g7 |1 (o 22 ) 10, 7>

We next note that u(z + ) f(-)1 pomngrom~1y is bounded and its discontinuities are
a null-set with respect to the Wiener measure on D[0, 1] equiped with the Borel
o-algebra induced by the uniform topology. Thus, due to the Donsker invariance
principle on D0, 1] with the uniform topology,

. 1 N
Jim SB[V (Vi Sm)ip, ey >
— BB + B, > 1),

For details on the invariance principle on D[0, 1] with the uniform topology and on
the Wiener measure on this space we refer to Billingsley’s book [4], Section 18.
From this convergence and bounds (66) — (71) we conclude that

lim sup (E;Vjﬁ FX™) = BWF(B)| < 29(R) + C(Ja| + R)*e.
Letting first € — 0 and then R — oo, we get
lim sup ‘E(V) f(X™) — ]/i\];“)f(B)‘ =0.
n—oo $\/ﬁ

Thus, the lemma is proved. (I
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6. PROOF OF LOCAL LIMIT THEOREMS

6.1. Preliminary estimates.

Lemma 27. Forally € K and alln > 1,

%P(TI >n/2) < C(z)nfp/zfd/? (72)

P(z+Sn) =y, 7 >n) <
Proof. Tt follows easily from (25) that
P(S(j) =2) <Cj~ 42, ezl (73)
Therefore, for m = [n/2] we have
Pz +S(n) =y, >n)

= ZP(x+S(m) =z2,17,>m)P(z+S(n—m)=y,7, >n—m)
z€EK

< Z Plz+S(m)=z71>mP(z+Sn—m)=y)

zeK
< Cn~?P(1, > m).

But we know that P(7, > m) < C(x)m~?/2. This completes the proof of the
lemma. g

Comparing (72) with the claim in Theorem 5 we see that (72) has the right order
for typical values of y, i.e., for y of order n'/2. But for smaller values of y that
bound is too rough.

Lemma 28. For all z,y € K and alln > 1,
P(z+ S(n) =y, 72 > n) < C(z,y)n P~ 2. (74)
Proof. We first split the trajectory S(1),5(2),...,S5(n) into two parts
P(z+ S(n) =y, 7w >n)

= ZP(m+S(m) =z,7, >m)P(z+ S(n—m)=y,7. >n—m),
zeEK

where m = [n/2]. Then we reverse the time in the second part:
P(z+S( —m)=y,T, >n—m)
P(z+Sk)eK,k=1,2,....n—m—1,z4+Sn—m) =y)

2+ 8S(n—m)— Z X(HHeKk=12....n—m—-1,z4+Sn—m)=y
Jj=k+1
=Py—-Sk eK,k=12,....n—m—1,y—Sn—m)=2)
:P(y—S(n—m):z,T >n—m),

where 7, = min{k > 1: y — S(k) ¢ K}. Applying Lemma 27 to the random walk

{=S(n)}, we obtain
P(z+S(n—m)=y,7. >n—m) < C(y)n P92
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Consequently,
P(z+ S(n) =y, > n) < C(y)n P/274/2 Z Pz +S(m) = z,7, > m)
z€EK
< C(y)n P2 420 (2)n~P/2,
Thus the proof is finished. O

Lemma 29. There exist constants a and C such that, for every u > 0,

limsup sup n?P (x4 S(n) = z) < Cexp{—au?} (75)
noo0 jo—z|>uy/n

and
limsup sup n¥%P(z+ S(n) =z 7, <n) < Cexp{—au?}, (76)

n—oo x,2€M,,,
where M, , := {z : dist(z,0K) > uy/n}.
Proof. Put again m = [n/2]. For z and z with |z — z| > u\/n we have
P(z+ S(n) =2) <P (z + S(n) = z,[S(m)| > uv/n/2)
+ P (x4 S(n) = z,|S(n) — S(m)| > uv/n/2).
We first note that from the Markov property and (73) follows
P (z+ S(n) = z,|S(m)| > uy/n/2) < Cn~%*P (|S(m)| > uv/n/2) .
Reversing the time, as it was done in the previous lemma, we infer that
P (24 S(n) = z,1S(n) — S(m)| > uv/n/2) < Cn~%%p (|S(n —m)| > uv/n/2).
As a result we have
P (z+S(n)=2) < Cn~ Y2 (P (|S(m)| > uv/n/2) + P (|S(n —m)| > uyn/2)).

The first estimate in the lemma follows now from the central limit theorem.
To prove the second estimate we note that if dist(z, 0K) > u+/n then, using the
Markov property, we obtain

Px+Sn) =271 <n/2) < max sup  nY?P (y+ S(k) = 2).
n/2SKSN |y —z>uy/m

Furthermore, if dist(z, dK) > uy/n then, reversing additionally the time, we get

P(x+S(n)=2n/2<7, <n)< max sup  n??P(y+ S(k) ==x).
ASRSN Yo >uyn

Applying (75), we complete the proof. a

6.2. Proof of Theorem 5. For simplicity we assume that X takes values on Z¢.
We split the cone into three parts:

KW :={yeK: |yl > AVn},
K@ = {yeK: |yl < Ayn,dist(y,0K) < 2ev/n},
K® = {ye K: |y < AVn,dist(y, 0K) > 2ey/n}
with some A > 0 and € > 0. Noting that
lim  sup u(y/v/n)e W2 =0

T yeK M)
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and

lim lim sup u(y/vn)e W72 =0,
A—»oos—»OyeK(g)

one can easily see that the theorem will be proved if we show that

hm limsup n?/2t42 sup P(x+ S(n) =y, 7 > n) =0,

A—o©0 pn—ooco yeK(l)

lim lim limsup n?/2*%/2 sup P(z+ S(n) =y, 7, >n) =0

A—ocoe—0 500 yeK®

and

lim limsup sup |n?/2t9/2P (x+8(n) =y, 7 >n)
e=0 pooo yEK(3)

_ Y Py —
%V(m)H0u<\/ﬁ>e 0.

This is done in (77), (81) and (87) respectively.
We have
P(x+ S(n)=y,7. >n) =Pz + S(n) =y, >n,|S(n/2)| < Ayn/2)
+P(z + S(n) =y, 7 >n,|S(n/2)| > AV/n/2).
Using the Markov property and (73), we get, for all y € K1),
P(x + S(n) =y, 7. >n,|S(n/2)| > Av/n/2)
< C@n 2P (lz + S(n/2)] > Avin/2 ~ o]

Ty > n/2> .
Applying now (8) in Theorem 3, we obtain, uniformly in y € K,
hm limsup n?/2*42P(z + S(n) = y, 7, > n,|S(n/2)| > AV/n/2)

A—0o0 pooo

< C(2) lim p({z € K || > A/V2}) =0.
Furthermore, applying Theorem 1 and (75), we get, for |y| > Ay/n,

P(z+S(n) =y, 7 > n,S(n/2)] < AVin/2)

<P(rp >n/2) sup Pz +2z+S(n/2) =y)
ly—z>Av/n/2

< C(z)n~¥27P/2 exp{—aA?/4}.

As a result we have

hm limsup n?/?t7/2 sup P(x + S(n) =y, 7 >n) = 0. (77)
A—oo n—oo eK(l)
We next consider y € K. Set m = [n/2]. Using the time reversion from

Lemma 28 and the bound (72), we obtain
P(x+ S(n) =y, 7. >n)
= Z P(z +S(m) =z,7, >m)P(y — S(n —m) = 2,7, > n —m)
zeK
< C(z)ym™P/2=d/2 Z Py — S(n—m) =z,7,>n—m)
z€EK
< C(z)n P72 P (1) > n —m).
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‘We want to show that

limsup sup P(7; >n —m) < g(e) (78)
n—oo yecK(2)

with some g(¢) — 0 as € — 0. Using the same arguments as in (41), we have

P(r, >n—m) < P(T;/’TE\/MO >n—m)+o(n"),
and o(n~") is uniform in y. Consequently, by the scaling property of the Brownian
motion,
sup P(7;, >n—m) < sup P(rlr ., >1/2)+o(n™"). (79)

yeK(2) z€K:|z|<A,dist(z,0K)<2e

Note that if dist(z,0K) < 2e then dist(z + ez, 0K ) < C,e.

The most standard way of bounding P(72™ > 1/2) is the use of the parabolic
boundary Harnack principle which gives

P(rb™ > 1/2) < Cu(x), (80)

see [47, page 336] and references there. If |z| is bounded and dist(z,0K) < Cie,
then (78) is immediate from the definition of u.

But for convex cones there exists an elementary way of deriving (78) from (79),
which we present below.

If K is convex, then there exists a hyperplane H = H(z) such that dist(z +
exg, H) < 2C.e and KN H = 0. If we set T, := inf{¢t > 0: 2z + B(t) € H} then,
obviously,

P, > 1/2) S P(Toyen, > 1/2).

z4exo

Due to the rotational invariance of the Brownian motion, the normal to H compo-
nent of B is a one-dimensional Brownian motion. As a result, we have

< :
P(Totezy >1/2) <P (20*5 + él}ﬁz By (t) > 0)

uniformly in z satisfying dist(z, 0K) < 2e. Applying finally the reflection principle,
we conclude from (79) that

P(r, >n—m) < Ce+o(n")

uniformly in y satisfying dist(y, 0K) < 2e/n.

Summarising,
lim lim limsup n¥/?*?/2 sup P(z+ S(n) =y, 7 > n) = 0. (81)
A—ooe—=0 poo yEK((2)

It remains to consider "typical’ values of y, that is, y € K®). Set m = [¢%n]. We
start with the representation

Plz+Sn) =y,7 >n)
= Z Plz+Sn—m)=z1>n—m)P(z+S(m)=y,7, >m). (82)

zeK
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Let K1(y) :={z € K : |z —y| < ey/n}. Applying (75), we have

S P+ S(m—m) =27 >n—mP(z+S(m) = y,7. > m)
z€K\K1(y)

< Z Plz+S(n—m)=zm1>n—m)P(z+ S5(m)=y)

z€K\K1(y)

< Z P(z+ S(n—m) = 2,7, >n—m)Cn~ V27342 exp{—a/e}
z€K\Ki(y)

< CP(1, >n —m)n~ Y2342 exp{—a/e}

< OV (z)yn~¥27P/12:734/2 expl—a/e} (83)

uniformly in y satisfying dist(y, 0K) > 2e/n.
If dist(y, OK) > 2ey/n and z € Ki(y), then dist(z, 0K) > ey/n. Using (76), we
have
Z Plz+Sn—m)=z1>n—m)P(z+ S(m)=y,7. <m)
zEK1(y)

< Z P(z 4+ S(n—m)=z,7 >n—m)Cn~ Y2732 exp{—a/c}

z€K1(y)
< CP(7p >n —m)n~ Y2732 exp{—a/e}
< OV (z)n~¥27P12e734/2 expl_a/c} (84)

uniformly in y satisfying dist(y, 0K) > 2e/n.
Using the local limit theorem for unconditioned random walks, see Proposition
7.9 in Spitzer’s book [46], we have, uniformly in y,

S(y) = Z Plz+Sn—m)=2zm1>n—m)P(z+ S(m)=1y)
z€K1(y)

= Z P(z 4 S(n—m) = 2,7, >n —m)(2mne®)~¥2 exp{—|y — 2|>/2e°n}
z€K1(y)
(85)

+0 (n—d/2—p/25—3d/2€—a/s) .

It follows from the integral limit theorem for {S(n)} conditioned to stay in K that

P(z 4+ S(n —m) = 2|1, >n —m)exp{—|y — z|?/2e%n}
z€K1(y)

limsup sup
n—oo yeK(S)

- Ho/ u(r)e= I /2= 1A= Proy/V/al?/2e° gl —
|(1—e2yr/2r— | <e

for every fixed €. Set, for brevity,

Ii(y,n,e) := / U(T)e*\’“|2/26*|(1*€3)1/2T*y/\/ﬁ\2/263dr
|(17€3)1/2r7%|<5

and
Ir(y,n, ) :=/ 1= By /22 gy
|(1—83)1/27‘— 4 |<5
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. —|yl? . . .
Since u(r)e~"I"/2 is uniform continuous, we have

|11 (y,n€) — uly/v/m)e” W2 L (y, n, )|

limsupsup sup = 0.
e—0 n>1ycK®) I(y,n,e)
Noting that
Blnye) = (=) 42 [ P
|r|<e
=(1- 53)761/263(1/2/ eI P2yt
|r/|<e=1/2
~ 53d/2/ e~ IrP2ge — (27‘(’83)(1/27
Rd
we conclude that
I _ —lyl*/2n (91 o3)d/2
msupup sup 1108~ ulu/ Ve ety
e—0 n>1 yEK(?’) (2776 ) /
Consequently,

P(z+ S(n—m) = 2|1, > n —m)exp{—|y — 2|?/2e>n}
z€K1(y)

limsup sup
n—oo yEK(3)

— Hou(y//n)e™W7/2n(2me?)4/2| = o(3/2).

From this relation and (85) we infer

lim limsup sup n 2125 () — 50V (2) Hou(y/v/n)e V72| = 0. (86)
€=U n—ooo yeK®)
Combining (82), (83), (84) and (86), we obtain
lim limsup sup |nP/?*%2P (x4 S(n) =y, 70 > n)
e—=0 pooo yEK(3)
Yy —|yl?/2n
— %V (z)Hou ( e~ /2n) — (87)
vn

6.3. Proof of Theorem 6. Set m = [(1 — t)n] and write
P(z+ S(n) =y,7m >n)
= Z Plx+Sn—m)=2z"1>n—m)P(z+S(m)=y,7, >m)
zeK
= Z Pz 4+ S(n—m) =271 >n—m)P(y+ 5 (m)=2z7,>m), (8)
zeEK
where S’ is distributed as —S.
We first note that, according to Theorem 1 and Lemma 27,
Y1(A4,n) = Z P(z+S(n—m)=2zm1>n—-m)P(y+5'(m)=z71, >m)
2€K:|z|>A\/n
< Cla,y)n P~ 2P(S (m)| > AV — | |7} > m).
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Therefore, in view of Theorem 3,

lim lim nP*%/2%(A,n) = 0. (89)

A—o0 n—oo

Applying (9) first to {S’(n)} and then to {S(n)}, we get

Lo(Am) = Y Pla+Sm—m)=z7>n-—mPy+S(m) =27, >m)
z€K:|z|<Avn
<t<1 >>p/”d/2

jeK:zZ<A\/ﬁu (\)%) ! ( (1Z— t)”) o {_Z'; - 2(1|Z|2t)”}

+ o(Ry),

—p—d

where

2
R, = P(1, > n—m)m P22 (n(n—m))P/2=/2 Z U (\/%) exp {|22t|n} .
|z|<Avn

Using Theorem 1 and noting that the sum is of order n%2, we conclude that R, <
Cn~P=4/2 Therefore,

o V(@)V'(yH; .,
Ya(A,n) = x (t(l(_)t))(p?i)2+d0/2n ‘

Kgf <¢%> ' ( = t)n) o {‘|2m ) 2<1|—|t>n}

+ o(n7P42),

Thus, it remains to compute the limiting value of the sum in the latter formula.

Using the homogeneity of u, we get
|22
expd —— b
JAon) P 2o

lim n~%/? E (
—|w|?/2¢(1-1)
p/2/w (w)e dw. (90)

2€K:|z \<A\F
eK: \w\<A

Consequently,

lim lim np+d/2§]2(A n)

A—o00 n—0o0

— 52 V(x)V' (y)H w2 (we— 1w /2t=1) g,
_ (t(lt))p+d/2/l( (w) duw. (91)

Combining (88), (89) and (91), we obtain
lim nP*t42P(z + S(n) =y, 7, > n)

/ u2(w)e_|“"2/2t(1_t)dw. (92)
K

V@V
(E(1 — 1))/
Substituting v = w//t(1 — t) we see that (10) holds with p = ¢ [, u?(v)e —lvl*/2gy,
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Repeating the derivation of (90), we obtain

e (24 S(]) _
nhﬁngon P( n eD,x+Sn)=y, 7. >n
V(2)V'(y)Hf

_ 0 w2 (w 67|w\2/2t(17t)dw'
<2w>d<t<1—t>>p+d/2/fa )

mbining this with (92), we get (11). Thus, the proof is finished.
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