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ABSTRACT. In this paper we examine the rate of convergence of one of the standard algorithms for
emulating exit probabilities of Brownian motion, the Walk on Spheres (WoS) algorithm. We obtain
the complete characterization of the rate of convergence of WoS in terms of the local geometry of
a domain.

1. INTRODUCTION

Brownian Motion (BM) is the most important model of randomized motion in RY. It is the
simplest (but, in a sense, generic) example of a continuous diffusion process. BM has found an
astonishing number of application to diverse areas of Mathematics and Science, including Biomath-
ematics, Finance, Partial Differential Equations, and Statistical Physics [EKM97, KS98, Maz02,
Nel67, Szn98|.

Because of the ubiquity of BM, its effective simulation provides a way to efficiently solve a variety
of problems, such as computation of Conformal Maps, Tomography, and Stochastic PDEs. One of
the main ways in which simulations of BM are used is to study its first hitting probabilities with
respect to some stopping conditions. A particularly interesting stopping condition is of hitting
the boundary of some topologically open bounded connected domain €2. For any starting point z,
the harmonic measure h, on 02 is given by the hitting point distribution. In many of the BM’s
applications, it is enough to obtain information about the harmonic measure, more specifically, to
efficiently sample from it.

One of the immediate applications of the ability to sample from harmonic measures is solving
the Dirichlet problem in R?. The Dirichlet problem on a domain  C R? with continuous boundary
condition f : 9Q — R is the problem of finding a C?-smooth function u :  — R satisfying

(1) {Au(:ﬂ)zo x e
u(x) = f(x) x € 9N

In other words, finding a harmonic function u subject to the boundary conditions f. By the
celebrated Kakutani’s Theorem [Kak44, GMO04], the value of u at € Q is exactly the expected
value of f with respect to the harmonic measure h, on 9Q: u(x) = Ey () [f(2)].

In the present paper we study the amount of time it takes to sample from the harmonic measure
with precision € using the Walk on Spheres algorithm — the simplest and most commonly used
algorithm for sampling from the harmonic measure.
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1.1. The Walk on Spheres algorithm. Let us now define the Walk on Spheres algorithm (WoS).
We would like to simulate a BM in a given bounded domain €2 until it gets e-close to the boundary
0. Of course one could simulate it using jumps of size ¢ in a random direction on each step, but
this would require O(1/62) steps. Since we must take § = O(g), this would also mean that the
process may take O(1/£?) steps to converge.

The idea of the WoS algorithm is very simple: we do not care about the path the BM takes, but
only about the point at which it hits the boundary. Thus if we are currently at a point X,, € Q
and we know that

d(Xn) := d(Xy, 00) >,
i.e. that X, is at least r-away from the boundary, then we can just jump 7/2 units in a random
direction from X, to a point X, 1. To justify the jump we observe that a BM hitting the boundary
would have to cross the sphere
Sp={z : |z —X,|=r/2}
at some point, and the first crossing location X, is distributed uniformly on the sphere. There is
nothing special about a jump of d(X,,)/2 and it can be replaced with any 3 d(X,,) where 0 < 5 < 1.

Let {v,} be a sequence of i.i.d. random variables each being a vector uniformly distributed
on the unit sphere in R?. We could take, for example, 7, = I'?/|T'¢|, where I'Y is a normally
distributed d-dimensional Gaussian variable. Then, schematically, the Walk on Spheres algorithm
can be presented as follows:

WalkOnSpheres(Xy, ¢)

n = 0;

while d(X,,) = d(X,, Q) > ¢ do
compute r,: a multiplicative estimate on d(X,,) such that §-d(X,) < r, < d(X,);
Xnt1 = Xpn + (Tn/2) - Yo
n:=n-+1;

endwhile

return X,

Thus at each step of the algorithm we jump at least 5/2 and at most 1/2-fraction of the distance
to the boundary in a random direction. An example of running the WoS algorithm in 2-d is
illustrated on Figure 1.

dAhbly

FIGURE 1. An illustration of the WoS algorithm for d = 2: one step jump (a), and
a possible run of the algorithm for several steps (b)

As mentioned earlier, it is clear that the algorithm is correct. Moreover, it is not hard to see that it
converges in O(1/ 62) steps. However, in many situations, this rate of convergence is unsatisfactory.
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In particular, if we wanted to get 27 "-close to the boundary, it would take us a number of steps
exponential in n. As it turns out, in many natural situations, the rate of convergence is polynomial
or even linear in n (i.e. logarithmic in 1/¢). The object of the paper is to prove that this is the
case, and give precise condition on when the faster convergence occurs.

While an actual implementation of the WoS would involve round-off errors introduced through
an imperfect simulation, we will ignore those to simplify the presentation as they do not affect any
of the main results. Thus the problem becomes purely that of analyzing the family of stochastic
processes {X;} and their convergence speed to 0f2.

Providing the domain Q) to the algorithm. It is worth noting that the algorithm needs access to the
input domain € in a very weak sense. We need an oracle disto(x) that satisfy the following:

(Bd(z),d(z)) ifxeQ,d(x)> (e
(2) disto(z) € ¢ [0, Be) ifzxeQ,d(x) < e
0 ifx g Q

for some 0 < 8 < 1. Note that distg would also allow us to decide both the size of the jump on
step n and whether X, is sufficiently close to J€) for the algorithm to terminate.

If © is given to the algorithm as a union of squares on a e-fine grid, then distq can be computed in
time poly(1/¢). In many applications, however, this function can be computed in time poly(log1/¢),
because we only need to estimate the distance within a multiplicative error of 3. The precise
condition for this is that the complement set Q¢ is poly-time computable as a subset of R? in the
sense of Computable Analysis. See for example [BW99, Wei00, BC06] for more details on poly-time
computability of real sets. The vast majority of domains in applications satisfy this condition.

Thus, in cases when the domain 2 is sufficiently nice for Q2¢ to be poly-time computable, the rate
of convergence of the WoS becomes the crucial component in the running time of its execution. In
particular, depending on whether the rate of convergence is poly(1/e) of poly(log1/e) it could take
time that is either exponential or polynomial in n to sample points that are 2~ "-away from Of).

1.2. Prior work. The WoS algorithm was first proposed in 1956 by M. Muller in [Mul56]. As we
have mentioned eariler, it is not hard to see that it takes at most O(1/£?) steps for the WoS process
to reach an e-neighborhood of 9. It is also obvious that the the algorithm takes Q(log1/¢e) steps
to finish, since the distance to the boundary is at most halved at each step. It turns out that in
many situations this simple lower bound is tight.

Logarithmic rate of convergence of the process X; to the boundary was established for convex
domains by M. Motoo in [Mot59]. It was later generalized by G.A. Mikhailov in [Mih79] to planar
domains satisfying any cone condition (i.e. at every point of the boundary there is a cone of certain
fixed opening in the complement of the domain), as well for 3-dimensional domains satisfying a cone
condition with large enough surface angle. See also [EKMS80] and [Mil95] for additional historical
background and the use of the algorithm for solving various types of boundary value problems.

In our earlier work [BB07], we established polylogarithmic, but not logarithmic, upper bounds on
the rate of convergence of WoS for planar domains, and for a restricted class of higher-dimensional
domains. Unfortunately, the techniques of [BB07] do not generalize well to general domains in
higher dimensions.

Our present results subsume all prior work on the rate of convergence of the WoS. We introduce
an easily verified dimensional condition on the domain which provides tight bounds for the rates
of convergence. We also show that the condition is tight. For example, we exhibit planar domains
for which the rate of convergence is Q(log?1/¢).
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1.3. Results. Let H?(K) denote the B-dimensional Hausdorff content of I, which is given by the
following formula:
HP(K)=  inf 8,
( ) KCU%I({E]‘,T‘]‘) Z T‘y
Intuitively, H?(K) measures the volume of the set K, when it is viewed as a 3-dimensional set.
For example, if K is the two dimensional unit disc, then H3(K) = 0, but H2(K) > 0.
We use Hausdorff content to introduce the notion of a-thickness.

Definition 1. A domain Q C R is said to be a-thick 0 < a < d if there exists a constant C' > 0
such that for every x € 9N

H*%(B(z,r)\ Q) > Cri=e, r<1.

Roughly speaking, a-thick domains have complements of codimension «, which are uniformly
large at every scale at every boundary point.

We call the constant ¢ the thickness of the domain ). It is not hard to see that the property of
a-thickness is monotone: an a-thick domain is o/-thick for a < o/ < d.

Let us list some examples of a-thick domains.

(1) All d-dimensional domains are d-thick;

(2) all bounded d-dimensional domains §2 such that the complement Q¢ is connected are d — 1-
thick.

(3) all convex domains and all domains satisfying any cone condition are 0-thick;

(4) all domains 2 that are bounded by a smooth hypersurface 992 are 0-thick.

For example, if € is a domain such that the complement €2¢ is connected, then each point x € 0f)
is connected to oo via a 1-dimensional curve, thus implying d — 1-thickness.

It turns out that the a-thickness of the domain is responsible for the rate of convergence of the
WoS algorithm. This idea is formulated precisely in our Main Theorem.

Theorem 2. Let Q be a bounded a-thick domain in R%. Then the expected rate of convergence of
the WoS from any x € Q until termination at distance < € to the boundary is given by the following
table:

| | Rate of convergence |
a<?2 O(log1/e)
a=2 O(log® 1/¢)
a>2] O((1/e)* )
The O(+) in the expressions above depends on the dimension d, on «, on the thickness constant C
from Definition 1 and on 8 > 0 from the definition of the WoS. It does not depend directly on €.
Moreover, the rates of convergence above are tight. That is, for each « there is a family of a-

thick domains QS with some thickness C, such that the rate of convergence with ¢ = 1/n on Q% is
asymptotically given by the formulas in (3).

3)

Recall that the rate of convergence cannot be better than (log1/e). An intuitive explanation
to the phase transition phenomenon occurring at a = 2, is that a BM in R? almost surely “misses”
sets of co-dimension > 2, while hitting sets of co-dimension < 2 with positive probability.

It is worth noting that the main result in [BB07] is the special case a = d = 2 of the theorem.

The following corollaries are implied directly by the Theorem 2.

Corollary 3. (1) Since any planar domain is 2-thick, the WoS converges in O(log? 1/¢) steps;
(2) since any planar domain with connected exterior is 1-thick, the WoS converges in O(log1/e)
steps;
(3) since any domain in RY is d-thick, for d > 3 the WoS converges in O((1/e)2~4/4) steps;
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(4) since any 3-dimensional domain with connected exterior is 2-thick, the WoS converges in
O(log?1/¢) steps;

(5) since for any d > 4, any d-dimensional domain with connected exterior is d — 1-thick, the
WoS converges in O((1/¢)>=* =1 steps;

(6) since any domain bounded by a smooth hypersurface is O-thick, the WoS converges in
O(log1/e) steps.

The rest of the paper is organized as follows. In Section 2 we construct the auxiliary boundary
barrier measures and the energy functions. Using these functions, we prove the upper estimates
of Theorem 2. More technical estimates on the energy function are done in Section 3. Finally, in
Section 4, we present examples of a-thick domains with the slow rate of convergence of the WoS
process.

Acknowledgments. We would like to thank Stephen Cook and Greg Lawler for their valuable
suggestions.

2. UPPER BOUNDS: ENERGY FUNCTIONS

2.1. Construction of an auxiliary measure. In this section we will construct a family of mea-
sures near boundary points of an a-thick domain. These measures will be used to construct energy
functions, which, in turn, play crucial role in the proof of Theorem 2.

Lemma 4. There ezists a constant ¢ = c¢(«, d, C') such that for any a-thick domain Q with thickness
C in R and for any x € 0N, one can find a Borel measure p, which satisfies the following
conditions:

(1) supp(pz) NQ =0, or, equivalently, p, () =0;

(2) for anyy € RY and r > 0, p.(B(y,r)) < rt=o;

(3) for any r < 1, g (B(x,7)) > c-ri=.

With a slight abuse of notation, we will also refer to the constant ¢ from this lemma as the
thickness of the domain.

Proof. The proof of the Lemma follows the standard reasoning that can be found in, say, Chapter
IT of [Car67].

Let us consider the dyadic grid selected so that the point = has coordinates (1/3,1/3,---,1/3).
For an integer d-multi-index v = (y1,...,74), let Dy be the cube

{1, g : W2 F<ap<(m+1)27% n=1,...,d}.

Let Dy (z) be the unique dyadic cube of the size 2% which contains z. Note that z is always at
distance 27% /3 from the boundary of Dy (x).

We will construct inductively the sequence of measures v,. They will satisfy the following

properties:

(a) supprv, NQ = 0.

(b) vn (D) < HIY(Dy 4 \ Q) for 1 <k <n
(¢) vp(Dp(z)) = HY(Dy(x) \ Q) for 1 <k <n

Let 1 be a delta measure in a point of Dq(x) \ © with the total mass H?~®(D1(x)). It clearly
satisfies all of our assumptions.

Assume now that the measure v, has already been constructed. The measure v,41 will be a sum
of delta-measures on the points outside of {2 lying in the cubes from the n + 1-st dyadic generation,
such that vy,41(Dy ) = vn(Dpy) for all 4 (so vy,41 will be obtained from v, by re-distributing the
latter over the cubes of the (n + 1)-st generation). Thus the measure v, 1 would automatically

satisfy the second and the third condition for k < n.
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To construct vy,y1, we use the following rule.
First, we set 1,1 1(Dpy1(z)) = H¥*(D,1(2) \ Q). The measure v, clearly satisfies our
condition (c¢) on Dy y1(z).
Second, for any other dyadic cubes Dy 11, C Dp(x), we assign the mass
(n(Dn(2)) — vnt1 (Dt ()))
ZDn+1,6CDn(m)7 Dn+1,57éDn+1(m) Hd_a(Dn+175 \ Q)’
so that vy, (Dy(x)) = vpt1(Dn(z)). By sub-additivity of the Hausdorff content,

Yo HT(Dapas\ Q) = H(Da(2),
Dn+1,5CDn(m)

(4) Unt1(Dni1,y) = Hd_a(Dn—i-l,w \ Q)

and hence

(5) Un+1 (Dn+1,~/) < Hd_a(Dn—i—lp/ \ Q)
for Dy 41,4 C Dy(x).
Finally, for any other dyadic cubes from (n + 1)-st generation, we set
Vn(Dh)
> Dni1 gDy H*(Dng1,s \ Q)

where D,, is the unique cube from the n-th dyadic generation containing D,, 1. Using the sub-
additivity of the Hausdorff content, as above, we get the estimate (5) for all cubes of the (n+ 1)-st
generation. The construction again satisfies v,,11(Dy,) = v, (Dy).

Let now v be any weak™ limit point of the sequence v,,. v is still supported outside of 2. By the
second property of the measures v,

(7) V(Do) < ) HT(Dys\ Q) <3TH(Dy,) < 37 (V) 27
Dy, 5N Dy o #0

(6) Un+1 (Dn—i-l,“/) = Hd_a(Dn—i-l,“/ \ Q)

for all k. Using the third property of the measures v,, the a-thickness of ), and the fact that
Dy.(z) contains the ball of the radius 27%/3, we get that

() v(Di(x)) > HE(Dy(x) \ Q) > 374 27K

for any k.

Every ball can be covered by certain (d-dependent) number of dyadic cubes of comparable size,
so (7) implies that v(B(y,r)) < r4~®. Every ball centered at 2 also contains a dyadic cube of
comparable (again, d-dependent) size, hence by (8), v(B(x,7)) = r¢ . Now we can set j, to be
an appropriately normalized measure v.

O

2.2. Energy Function of optimal growth. The heart of the proof of the upper bounds in
Theorem 2 is the construction of a subharmonic function with optimal growth at the boundary,
the Energy Function U on Q. We will construct U(z) so that it is “small” in the interior of Q,
and grows to oo as x approaches the boundary 0€2. The a-thickness of the domain allows us to
establish that the value of U(X;) grows in expectation as the WoS progresses. Thus after a certain
number of steps U(X;) will be large in expectation which would imply that X; is close to 92 with
high probability.

The construction of the function is based on the notion of a Riesz potential. For a finite Borel
measure 1 on R% and o < d, the a-Riesz potential of the measure p is defined by

UH
—a/|z $|da




For a = d, the d-Riesz potential is defined by
Ut(z) = [ 1og

The value U4 (z) = oo is allowed when the integral diverges.

An important special case is the case of a = 2, the so-called Newton potential. We will denote
U} simply by U*. In this case the expression under the integral is harmonic in R?. Tt is well known
(e.g. see [Lan72]) that the function U* is superharmonic on R?, and harmonic outside of supp .

More generally, outside of the supp p, we have the identity

(9) AU (y) = (d - a+2)(2 = a)U4_5(y)-

It shows that for 0 < a < 2, the function U is subharmonic outside of supp .

The following important technical identity, which easily follows from Fubini’s Theorem and
substitution, relates the local behavior of the measure p and the growth of its potential U4. For
a < d, we have

(10) vt = = [ np e a= TS,

and for oo = d,

(11) Uk(y) = /oo u(Bly,e™)) dt = /0“’ WBly,r)) ..

o T

1
|z —

du(z).

Let us now fix an a-thick domain © C B(0,1) C RY. Let us consider the set M of all Borel
measures p supported inside B(0,2) and outside of Q (i.e. u(2) = 0), satisfying the following
condition:

(12) for any y € R and r > 0, u(B(y,r)) < ri@
Let us now introduce the Energy Function U(y). Recall that U*(y) := U} (y).
) sup,enm Uk(y), when a <2
(13) Uly) = { sup,epq UP(y), when a > 2.

Since the set M is weakly*-compact, for every y € 02 there exists a measure maximizing the
potential in (13) at the point y.

Let us summarize the properties of U(y) in the following claim. The proof uses the identities
(10) and (11). Recall that d(y) = dist(y, 09).

Claim 5. Let Q) be an a-thick domain. Then
(1) U(y) is subharmonic in €.

(2) For a <2, U(y) Slogﬁ

1
(8) For a >2, U(y) < md(y)z_a for all y € Q.

for all y € Q.

Proof. Let a <2,y € Q and u € M. Equations (10) and (11) imply that

(14) U“()</2 Lt = log -2
Mly) < —dt =log —.
dy) t d(y)
Similarly, for @ > 2, we will use the harmonic potential U*. Let a > 2, y € Q and pu € M. Once
again, (12), supp p N Q = @, and the equations (10) imply that

(15) U“(y)g/d2 1 dt < 1

w 71 T (a=2)d(y)*
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By equations (14) and (15), U(y) is a supremum of a locally bounded family of subharmonic
functions. Thus U(y) is subharmonic.
The second and third statements of the claim follow directly from (14) and (15) respectively. O

Let X; be the WoS process initiated at some point Xg = y € 2. Let us define a new process
U = U(Xy), the value of the energy function at the ¢-th step of the process. Note that because U
is subharmonic , Uy is a submartingale, that is E[Up1|Uy| > Uy.

For the rest of the section let n = 1/e. Claim 5 immediately implies that a large value of U; will
guarantee the closeness to the boundary. More specifically,

Claim 6. For o < 2, if Uy > log2n then d(X;) < 1/n.
For a> 2, Uy > (a — 2)n*"2 implies d(X;) < 1/n.

The proof of Theorem 2 relies on finer lower bounds on the function U, which would guarantee
the optimal rate of boundary convergence. We prove the bounds in the next section. These bounds
depend heavily on the value of a. We first give a probabilistic proof of the upper bounds in Theorem
2, and then prove the finer estimates on U in Section 3.

2.3. Logarithmic convergence: the case a < 2. In the heart of the proof for this case lies the
following strong estimate on the behavior of the Riesz potentials near the boundary.

Lemma 7. For any a < 2 and ¢ > 0, there exist two constants § and n, such that the following
holds.

Let Q be an a-thick domain in R? with thickness ¢. Let y € Q and x € 9Q be the closest point
toy. Let pe M.

Then either

(16) U(z) > UE(z) + 1 whenever §/4-d(y) < |z —z| < d - d(y).
(17) u(By, 2d(y))) = nd(y)™*

The lemma is established in Section 3.1.
Note that after k = O(|logd|) steps of the WoS process,

(18) 0/4-d(Xy) < | Xegr — 2| < 9 - d(Xy) with a certain probability p,

where z is the point of 92 that is closest to X;, and p > 0 depends only on 8 and the dimension d.

Let us fix X; and take the measure y € M maximizing the value of U4 (X,). By the preceding
observation, in the first case in Lemma 7, the subharmonicity of U implies that the expectation of
Uik, conditioned on U, will increase by some definite constant.

On the other hand, using the identity (9) and the a-thickness of (2, one can see that the Laplacian
of U4 is large near the point X; in the second case of Lemma 7. Thus, since large Laplacian leads
to a fast build-up of mean values, we have the above-mentioned increase by a constant after the
first step. We arrive at the following estimate, which shows that U; grows at least linearly in
expectation.

Lemma 8. There are constants L and k, depending only on c, 3, and «, such that
E[(UH.k — Ut)|Ut] > L.

A detailed proof of the lemma can be found in Section 3.2.

Lemma 8 implies that E[U;] > tL/k + Uy. Since d(X;) > (1 — 8)td(Xj), Claim 6 implies that
U < Uy + t|log(1l — B)| + log2. This implies that U; > Uy + tL/2k with probability at least P,
where P depends only on 3. This, together with Claim 6 implies the necessary upper bound in the
case a < 2.
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2.4. Polylogarithmic convergence: the case a = 2. In the case a = 2 the steady linear growth
of U; given by Lemma 8 no longer holds. In fact, the only thing that generally holds in this case
is the submartingale property E[U;41|U;] > U;. We are able to overcome this difficulty by showing
that the submartingale process {U;} has a deviation bounded from below by a constant at every
step. To this end it suffices to show that U; can grow by some 7 with a non-negligible probability.
We use the following estimate on the energy function (established in Section 3.1).

Lemma 9. There exists a constant 6, dependent only on the thickness c, such that the following
holds. Let Q be a 2-thick domain. Let y € Q and x € 082 be the closest point to y. Then

(19) U(z) > U(y) + 1 whenever |z — x| < § - d(y).

Since the function U is subharmonic, observation (18) implies the following estimate (see Section
3.2 for a proof).

Lemma 10. Let Q be a 2-thick domain in R%. There are constants k and L, depending only on
the thickness c, the jump ratio 3, and the dimension d, such that

E[(Uir — Up)?|Uy] > L.

We can now use Lemma 10 to prove the upper bounds on the rate of convergence for the case
«a = 2. Let us replace the submartingale U; by a stopped submartingale

Ui, t<T,
Vi =
UTna tZTn

By the optional stopping time theorem (see [KS91]), V; is also a positive submartingale; V; < log %.
This implies, in particular, that

(20) E[Vi(Vitr — Vi) = E[E[Vi(Visr — Vi) [VA]] = E[E[V3(V: — Vy)[V5]] = 0
Lemma 10 implies that
(21) E[(Vigr — Vi)’] > L-P[T, > t + k.
We are now in a position to establish the upper bounds for a = 2.
Proof of the upper bound from Theorem 2 for o = 2. Assume first that for some M,
P[T,, > Mlog®n] > 1/2.
It means that for all t+ < Mlog?n — k, P[T}, >t + k] > 1/2. This implies

E[V24) = E[(Vigx — Vi) + Vi)?] = B[V + E[(Vigr — Vi) + 2E[Vi (Vigs — Vo)) > E[V7] + L/2.

LM log?
The last inequality follows from (20) and (21). Hence E [Vz\24 log? n} > $' Since V; < log 2,

this leads to a contradiction for large enough M. O

2.5. Polynomial convergence: the case a > 2. For the case a > 2, the required converse to
Claim 6 is relatively simple.

Lemma 11. For o > 2, and an a-thick domain Q in R with the thickness c,
Uy) > K -d(y)*™

for all y € Q. Here the constant K = K (c, a) depends only on ¢ and c.
9



The lemma is established in Section 3.1.

The idea of the proof of Theorem 2 in this case is now as follows. When the WoS is far from the
boundary 0f2 it makes fairly big steps and when it is close it makes small steps. There are not too
many big steps because the number of big steps of length > e confined to B(0, 1) is bounded by
O(1/£?). On the other hand, there are not too many small steps, because a small step means that
the WoS is very close to 912, and should converge before an opportunity to make many more steps.

More precisely, the number of “big” jumps is bounded by the following Claim.

Claim 12. Let N(g,T) be the number of the jumps in the WoS process before the time t which are
bigger then €, i.e.

N(EeT)=#{t <T | [ Xy = Xya| > €}.

Then
P [N(e,T) > ;12] <1/4.

Proof. Note now that because X; is a martingale, we have

T T
(22) 1>E[X7] - X3 =) (EX?]-E[X2]) =Y E[X, - X,1)*] =
k=1 t=1
T
E)) (X;— Xi1)’] 2 €°E[N (e, T)]
t=1
The last equation implies the statement of the claim, by Tschebyshev inequality. O

Q 0Q)

(XX R3

QC

FIGURE 2. The regions Ry from the proof of the upper bounds for o > 2

To bound the number of small jumps, we denote by Ry C Q the 1/n-neighborhood of 912, and
more generally, by

Ry :={zeQ : 2"Y/n < d(z,0Q) < 2F/n}
(see Figure 2). Note that by Lemma 11, we have
(23) 2(k—1)(2—a)na—2 > U(y) > K2k(2—a)na—2

for y € Ry. Using this fact we prove the following.
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Claim 13. Denote by v the number of visits of X; to Ry, before the time T when X; first hits the
1/n-neighborhood of the boundary OS2,

vp=#{t<T : X; € R}.

Then
Plog > Cy - 2MO2 0] < 1/4M,
for some constant Co = Cy(c,d, , 3) and for any M > 1.

Proof. Suppose that at some point ¢, X; € Ri. We estimate from below the probability that this
is the last time the WoS visits Ry.

First of all, with some probability p = p(«, 3, ¢, ) > 0 and for some constant 7, X1y, € Rr4210gc;
i.e. the series of first jump brings us much closer to 9. Consider the subharmonic function

B(y) = (20)> U (y) — 2",

in . Then the process ®(X;y;) is a submartingale. We stop it at time ¢ + 7, 7 > 7, when either
the WoS terminates or when X;y, € Ry (i.e. the process gets back to Ry), whichever comes first.
If X¢ir is 1/n-close to 9 (but not closer than 1/2n), then ®(X;,,) < 1, by (23). If X}y, € Ry,
then, again by (23), ®(X4,) < 0. Another application of (23) implies that if y € Rii210gc, then
®(y) > v for some constant v. Thus the probability that the WoS terminates at Xy, (i.e. we
never visit Ry again) is at least

P[Xitr ¢ Bi] > E[0(Xps)] 2 D(Xity) = pr.

Thus the probability that the visit X; to Ry is the last one is at least p-y. The claim now follows
from an estimate of the probability of having at least vy returns to Ry, each of them not being the
last one. 0

Claims 12 and 13 together imply the upper bounds on the rate of convergence for o > 2.

Proof of the upper bounds from Theorem 2 for o > 2. By Claim 13, for any k, we have
that

Plog_s > Cy - 205790=2) 1 (3/9 ¢ /9)] < 1/43/275/2 = (1/8) . 275,
Hence, by union bound vj_, < Cy - 2=3)(@=2) . (3/2 4 5/2) for all s > 0 with probability at least

3/4. Let k be such that 2% ~ n2/® Then, with the probability at least 3/4, we have the total
number of jumps smaller than 2% /n bounded by

k k
(24) D vpos Y Cy 20O (39 4 5/2) < AC, - 2MOTR) & ACy - 0P
s=0 s=0

If we take N = (C]+8C3)n?>~*/? steps of the WoS, (24) implies that at least half the steps would be
of magnitude at least 2% /n ~ n?/4=1 except with probability < 1 /4. Applying the estimate from
Claim 12 with ¢ = 2¥/n, we see that with the probability at least 3/4, N(2¥/n,t) < 4n?/2% ~
4n?=**_ Hence with probability > 1/2 the WoS terminates after O(n?~*/®) steps. O

3. BOUNDARY BEHAVIOR OF THE ENERGY FUNCTION

In this section we prove the analytical estimates on the behavior of the energy function that have

been used in Section 2.
11



3.1. Estimating boundary growth. We start with the easiest case a > 2.
Lemma 11 (Section 2.5): For a > 2, and an a-thick domain €2 in R? with the thickness c,

Uly) > K -d(y)*™
for all y € Q. Here the constant K = K(c, «) depends only on ¢ and a.

Proof. Let x be the closest to y point at 9¢2, and let ;t = g, be the corresponding measure from the
definition of the a-thick domains. Then, by the identity (10) and since B(z,r) C B(y,r + d(y)),

L Bn) gy [F MBErda)
2 >

(25) Uly) > UL(y) = /

dy T ~ Jady) rd-t
2 2
/ #(3(157_71"/2)) > C2a—d/ o > K - d(y)2—a'
2d(y) T 2d(y)

O

Unfortunately, in the case a < 2 lower bounds of the type established in the proof of Lemma 11
are insufficient, and we will use finer estimates provided by the following construction.

Let y be a point in €2, x be the point of JQ that is the closest to y, and p be a measure in the
class M. We construct a new measure v € M, which we call the amalgamation of y at the point
y in the following way.

FIGURE 3. Construction of the amalgamation v =), uy

Let measure p; be the measure p, from Lemma 4 restricted to B(y,2d(y)), u2 = ps = 0, and
for k > 4, let py, be the measure p restricted to the d-dimensional annulus

A ={w : 257 Yd(y) < |w —y| < 2%d(y)}
scaled by the factor 1 — vy := 1 — 24=R)(d=) Lot us also put 41 = 2 = 3 = 1. We define

V= Z,uk.
k

The ingredients of the construction are illustrated on Figure 3.
12



Let us now prove that v € M. Consider any disk B(w,r). Let K be the largest number such
that B(w,r) intersects Ax. If B(w,r) does not intersect B(y, 2d(y)), the measure v is no greater
than p on B(w,r), and thus v(B(w,r)) < r4=*. If K <3, v(B(w,r)) < pe(B(w,r)) < r4=%. For
all other cases, r > 2573d(y), which, by the choice of vx, implies that yxr?=® > (2d(y))4~®. Thus

v(B(w,r)) < pe(Bly, 2d(y))) + Z%u (w,r) N Ag) <

2+ (1 (B, 1)) € 312 4 (1 — 3= = -0

The second inequality follows from the fact that the sequence {v;} is non-increasing. We first apply
the amalgamation construction to the case a = 2.

Lemma 9 (Section 2.4): There exists a constant ¢, dependent only on the thickness ¢, such that
the following holds. Let Q be a 2-thick domain. Let y € Q and 2 € 9 be the closest point to .
Then

(26) U(z) > U(y) + 1 whenever |z — x| < § - d(y).

Proof. Since M is a compact set, U(y) = U¥(y) for some p € M.
Let p9 be the restriction of the measure u to B(0,2) \ B(y,2d(y)). By (10) and (12)

(27) Ute(y) > Ut (y) — log 2.

Let v be the amalgamation of u at y. Next, we will show that

1
(28) UY(z) > UM (2) — Cy +c- 22 %Nog 5
and
(29) U () > Uo(y) - Cy

whenever |z — z| < dd(y) for some constants C; and Cy depending only on d and c. These
inequalities, together with (27), imply the statement of the lemma whenever § is sufficiently small
(namely, when log1/6 > 2472(C} + Cy + 1 4 1og?2)/c).

To establish (28), let us note that for any k we have

(A1) + p(Az) + - -+ u(Ar) = p(B(y, 2d(y))) < (2%d(y)*

By the Abel summation formula,

Z'yk2k(2_d Z d 2 2d 2 o 'Vk) .92—d < 5(d(y))d—2
k k
This implies
k>2 k>2

13



Thus we obtain

d(y)
v /Lz /Lk
U(z)Z/ T Z/ le D g >

/d(y) o (B(z,r—dd(y))) d?"—l—/ ,uo( (z r) d _ Z / dpp(w
26d(y) rd-t k>1 |w_z|d 2
d(y) _ d—2 00
/ . (=04 @+/ H(BET)) g5 402 5 o g2-d10g 1 o (z) —5.492,
25d(y) T r o Jo rd=1 26

which implies (28).
To obtain (29), note that for any point w € [y, z|, for d > 2 we have, by the estimate (12)
1

. 1
(31) |VU" (w)| < m/ vw|£_w| /IE — dpo(§) =

oy [T rBr) po(B(w,r)) . I oA
(d 1)/0 i dr = (d 1)/d(y) i dr < (d 1)/d(y) - d Sd(y)

for some constant A depending only on d and c¢. The same inequality is derived similarly in the
case d = 2. This implies that

Um(z)—Um(y) = [ VUMW) - dw> |z -yl
[y,2] d(y)

which is exactly the equation (29). O

2 _A7

Another application of the amalgamation construction will establish the lower bounds required
in the case a < 2.
Lemma 7 (Section 2.3): For any a < 2 and ¢ > 0, there exist two constants § and 7, such that
the following holds.

Let Q be an a-thick domain in R? with thickness ¢. Let y € Q and = € 99 be the closest point
to y. Let u e M.

Then either

(32) U(z) > UK(z) + 1 whenever §/4-d(y) < |z — x| < J-d(y).
(33) By, 2d(y))) > nd(y)*

Proof. Let n = 6%7°*2 Assume that u(B(y,2d(y))) < nd(y)?=*. Let ug be the restriction of y to
B(0,2)\ B(y,2d(y)), as in the previous lemma. We have, by (10),

2d(y) (B
(34) vn(z) > vt [ MR gy > ) - 2atys
d(z) r
On the other hand, the same reasoning as the proof of (28) above, gives
1
(35) U(z) >Uk(z) > Uk(2) = Cy + ¢ 2a_dlog5

for some constant C; depending only on d, «, and c. Here, as in (28), v is the amalgamation of p
at y.
Estimates (34) and (35) together imply the statement of the lemma. O
14



3.2. The boundary drift of the WoS process: a < 2. First we establish that the process Uy
has the drift toward the boundary in the case a < 2.
Lemma 8 (Section 2.3): There are constants L and k, depending only on ¢, 3, and «, such that

E[(Ur — Up)|Uy] > L.

Proof. Let us fix X;. By weak-*-compactness of the set M, there exists a measure p such that
UL(Xy) = U(X;) = Uy. By Lemma 7, either

(36) U(z) > UF(z) + 1 whenever §/2-d(X;) < |z — x| < §-d(Xy).
where x is the closest to X; point on 0f2, or
(37) p(B(Xy,2d(Xy))) > nd(Xe)

Let us start with the first case.
For some p > 0 dependent only on d and 3,

(1—8/2)"d(X1)/2 < P| Xpyp — 2] < (1= /2) 7" d(X)] > p".
Hence, for sufficiently large k,
(38) P[6/2-d(X;) < | Xigpn — x| < 0-d(Xy)] > ph.

Let us now observe that by subharmonicity of the functions U and UX, the previous estimate,
the fact that U > U4 and the assumption (34),

(39)  E[(Uirk — Up)|Xy] = E[(US(Xeqr) — US (X)) [ Xe] + E[U(Xevk) — UL (Xitn) | Xe] >
E[U(Xiar) — UH(Xear)| Xy and 6/2 - d(X}) < | Xy — x| < 6 - d(Xy)] > p~.
Since the value of X; determines the value of Uy, this establishes the statement of Lemma in the

first case (with L = p*).
Now let us consider the second case. By the Green formula, for a C?-smooth function wu,

Bd(Xt)
uly) dS(y)—u(Xy) = /0 = /B Au(y) dV(y) dr

(40) E[u(Xg1)| Xe) —u(Xy) = / (Xer)

Bd(X¢)S

where S% is the unit sphere in R? with the normalized Lebesgue measure S, and dV is the volume
element in RY.
Note that by (10) and (9), for |y — X;| < 5d(X;) we have

(41) AUL(y) = (d—a+2)(2 - a)Us_,(y) =

(d—a+2)(2—a)/om%dr2
o 1
(d—a+2)(2 — a)p(B(Xy, 2d(Xy))) /( () T dr >

for some constant C depending only on d, «, and (.
So, using (40), applied to u = U* and (41), we get

(42) E[Upk|Xe] — U =2 BlUp1| Xy] — Uy > E[UF( Xy 1)1 Xe] — UH(Xy) >

Bd(Xt)
/0 P (Co(d(X)) ) dr = o ((A(X0)?) (d(X0) *5%/2 = L
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for some constants Co and L depending only on d, «;, and (3. Since again the value of X; determines
the value of U, the Lemma follows. O

Let us now turn to the case a = 2.
Lemma 10 (Section 2.4): Let Q be a 2-thick domain in RY. There are constants k and L,
depending only on the thickness ¢, the jump ratio 3, and the dimension d, such that

E[(Uir — Up)?|Uy] > L.

Proof. Fix X;. By Lemma 9, there exists a constant J, dependent only on d and ¢, such that
(43) U(y) > U(Xy) + 1 whenever |y — x| < 6 - d(Xy).

This implies that ||U; 1 — Us||*> > 1 whenever |X; 1 — 2| < §d(X;). Note that for some p > 0
dependent only on d and [,

P Xk — 2l < (1— 8/2)Fd(X0)] > p".

Hence, for sufficiently large k, P[|X;4x — 2| < dd(X;)] > p¥, which, in turn, implies the statement
of the lemma.
O

4. LOWER BOUNDS: EXAMPLES

In this section we construct examples of a-thick domains for which the bounds in Theorem 2
are tight. The main idea of the construction is as follows. We take a domain A in R?, such as the
unit ball or a cylinder. We remove a “thin” subset of points C' from A to obtain = A\ C. The
set C' can be thought of as the subset of the grid (yZ)¢, for some small v > 0. The set C' will be
chosen so that it “separates” the origin from the boundary of A. We set n = 1/¢. We choose v so
that the probability of the WoS originated at 0 hitting a 1/n-neighborhood of C' before hitting the
boundary of A is < 1/2 (this means that C' is “thin”). Hence, with high probability, the WoS will
reach JA before terminating. However, in this case the WoS will have to “pass through” the set
C, where its step magnitudes are bounded by ~. This will, in turn, yield an Q(1/+?) bound on the
convergence time. The analysis is more intricate in the case when a = 2. In the case when o > 2
is not an integer, a slight modification to this construction is needed, as will be described below.

4.1. Proof of the lower bound in the case a > 2. In this section we will give an example of
a “thin” a-thick domain €, for which the WoS will likely take Q(n2_4/ @) steps to converge within
e = 1/n from the boundary 99,. The domain Q, will reside in RY, where d = [a] > 3. It is
easy to see that the examples in higher dimensions d’ > d can be constructed from €, by simply
multiplying Q, by[—1, 1]% .

The set

Q= (B(o, Va1 x [-1, 1]) \ S
is comprised of a d-dimensional cylinder with a set of points S removed. Here B(0,1)4—1 denotes
the unit ball in R¥~1. We take A to be the “middle 1/3” shell of the d-dimensional cylinder:
A={zeR¥: 1/3< 2| <2/3} x {zr e [-1,1]: 1/3 < |z| < 2/3}.

Let 0 < v < 1 be the grid size that will be selected later. We consider the set A, of gridpoins in
A.
A, = (vZ)*n A.
16



Let 0 < n:=d—«a < 1. Denote by C, the n-dimensional Cantor set in the interval [0,1]. It is
obtained by removing the middle A-fraction of the interval, then removing the middle A-fraction of
each subinterval etc. For the set C), to be n-dimensional, we choose A so that

B log 2

~ log2—log(l— M)’

In the special case when 7 = 0, we set Cy = {0}. We now define the set S:
S = A, + {0} x vC,.

n

In other words, S is obtained by attaching a ~y-scaled copy of C;, to each gridpoint of A,. This
completes the definition of the set Qo = (B(0,1)4-1 x [~1,1]) \ S. Each point in 9Q, has an
n-dimensional Cantor set in 2%, attached to it is captured by the following claim. Thus there is a
universal constant C' > 1/16 such that for every -, the set €, is a-thick with the thickness C.

The following two claims assert that for an appropriately chosen v, the WoS originated at the
origin 0 € R? and terminated at the 1/n neighborhood of 99, is likely to hit the boundary of the
external cylinder (as opposed to the neighborhood of ), and is likely to spend Q(n?~%?) steps
getting there.

Claim 14. If~vy > 8n2/*=1 then a WoS originated at 0 and terminated at the 1/n-neighborhood of
the boundary 0, will hit the boundary of the cylinder B(0,1)4—1 x [—1, 1] with probability at least
3/4.

Proof. 1t is not hard to see that we can choose a finite subset P of points in S such that |P| <
2y~*.nf8, and for every z such that d(x, S) < 1/n thereis a p € P such that |z —p| < 2/n. Consider
the harmonic function

(44) O(z) = m > 0.
yeP

Since the function @ is harmonic, its application to the WoS process X; gives a martingale. Hence
if T is the stopping time of the process,

E[®(X7)] = ®(Xo) = ®(0) < 3972 |P| < 6y~ - n".
On the other hand, if d(X7, S) < 1/n, then there is a y € P with | X7 — y| < 2/n, and
O(X7) >=1/y — X7|¢72 > (n/2)* 2.
Hence the probability of Xt being near S is bounded by

E[®(X7)] 6y *-n" - 2d+1y—a - 8%n? <1/4
(n/2)72 " (n/2)72 © no72 " A(yn)* '

The last inequality follows from the condition on ~. O

Claim 15. There is a universal constant § > 0 such that for v as above, with probability at least
1/2 the WoS takes at least 5(1/7)? steps to reach the boundary of the cylinder B(0,1)4_1 x [—~1,1].

Proof. The proof is done analogously to the proof of Claim 18 below. O

Hence the expected number of steps is at least

) 1 2 e

which completes the proof of the lower bound for Theorem 2 in the case when o > 2.
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4.2. Proof of the lower bound in the case a = 2. We will now give an example of a two dimen-
sional domain € such that the expected convergence time of the WoS to a O(1/n)-neighborhood of
o0 is Q(log? n). By taking the d-dimensional domain Q4 = Q x R4"2 for d > 2, we obtain a lower
bound of Q(log?n) for 2-thick domains in R?, proving the lower bound for o = 2 in Theorem 2.

The domain  will consist of the unit disc in R? with O(logn) holes “poked” out of it in a grid
formation. More specifically, let v = 4/ logl/ 2n. We consider the grid T' = vZ x yZ C R2. We take
Q to be the unit disc with points from I" removed from the “middle third” annulus of the disc.

(45) Q=B(0,1)\ ((B(0,2/3)\ B(0,1/3))NT).

The set Q is illustrated on Fig. 4(a).
We will show that a WoS originated at the origin Xg = 0 would require an expected time

of Q(log?n) to converge. It is immediate to see that the same lower bound holds for any point
Xo € B(0,1/3). We first observe the following:

Claim 16. With probability at least 7/8, a WoS originated at Xo = 0 that runs until d(X;) < 1/n
terminates near the unit circle (and not near one of the holes).

Proof. Let {a;}¥_, = B(0,1) \ Q be the set of holes in . Define the harmonic function

k
d(z) = Zlog(2/|z — a;l).
i=1

It is clear the ®(z) > 0 for all z € B(0,1). For any point u in the 1/n-neighborhood of any of the
holes, ®(u) > logn. On the other hand,

®(0) < k-log6 < 2/7% = (logn)/8.

If X; is the WoS process with Xy = 0 terminated at time 7" when d(Xp, 9Q) < 1/n, then ®(X}) is
a martingale. Hence,

(logn)/8 > ®(Xy) = E[®(X;)] > P[X; near a hole| - logn.
Hence the probability that the WoS terminates near a hole is less than 1/8. O

For simplicity, we will assume that at every step fo the process the WoS jumps exactly half way
to the boundary 0.

To facilitate the analysis we replace the WoS process X; on € with the following process Y;. It
evolves in exactly the same fashion as X;, except when Y; is closer than 1/n to one of the holes
in Q. In this case, instead of terminating, the process makes a jump of 1/n in a direction selected
uniformly at random. The process Y; is guaranteed to terminate near the unit circle. We denote
the termination time by 7. Further, we set Y; = Y for ¢ > T. Note that if the process X; does
not terminate near one of the holes, then the process Y; coincides with X;. Claim 16 implies that
this happens with probability at least 7/8:

Claim 17. P[X; does not coinside with Y;] < 1/8.

We define two regions A and B, B C A C ). We take A to be the union of discs with radius
r = /4 around the holes in 2. We take B to be the union of discs with radius /2 around the
same holes. The sets 2, A and B are illustrated on Fig. 4(a).

Let time tg be the first time with |Y;| > 1/2. Let ' be the first time afterward with either
|Y;| > 2/3 or |Y;| < 1/3. Our goal is to show that with probability at least 3/4, |to—t'| = Q(log?n).
We define a subprocess Z; of Y; as follows. Let {si}fzo be a subsequence of times s between ty and
' such that Yy ¢ A. We set Z; = Y;,. We further define A; = Z; — Z;_1. An instance of the process

18
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FIGURE 4. An illustration the sets €2, A and B (a), and a possible sequence of jumps
in the processes {Y;} and {Z;} (b)

Z; is illustrated on Fig. 4(b). Since Y; is a martingale, and Z; is defined by a stopping rule on Y},
Z; is also a martingale, and

(46) E[A; | Ay, As,..., A_q] =0,

In addition, it is not hard to see from the definition of ¥; that |A;| < 4/ log!/?n for all i. Our first
claim is that the number k of steps Z; is Q(logn).

Claim 18. P[k < 10~*logn] < 1/8.
Proof. Denote £ = 10~*logn. Then, by (46),

)4
E((Zo— Z)*) =E[(A1+ A+ ...+ A’ = > E[AJ]+ > E[AA)] =
j=1 1<i<j<e

4 ¢
DCEAI+ Y E[A;-E[Aj|A] =) E[AY < (-16/logn < 1/288.
Jj=1 1<i<g<e j=1
On the other hand, by definition, |Zy — Z;| > 1/6, and (Zy — Zx)? > 1/36. Thus,
Pk <0 =P[Z, = Z]) < (1/288)/(1/36) = 1/8.
O

Thus the number of steps the process Z; takes is at least 10~*logn w.p. > 7/8. The process Y;
consists of the steps of the process Z; plus, in addition, steps the process takes within the region
19



A. We claim that once the process Y; enters the region A, it is expected to spend Q(logn) steps
there. Moreover, the following holds.

Claim 19. Let n > 2. Then there is a 6 > 0 such that whenever Y; € A, if s >t is the first time,
conditioned on Yy such that Ys ¢ A, then

(47) P[s —t > Alog®n] > n/logn,
for sufficiently large n.

Proof. Denote the hole in € that is closest to Y; by z. Given that Y; € A, there is some fixed
probability p > 0 that Y;11 € B. In other words, |Y;11 — 2| < r/2 = ~/8. Consider the harmonic
function

®(z) = log(r/|z — 2|).
Let ¢ >t + 1 be the first time such that either Yy ¢ A (and thus ¢ = s), or |Yy — x| < n =2/,
If Yy ¢ A, then ®(Yy) < 0. In the other case, ®(Yy) < plogn/(4n). Since ¢’ is a stopping time,
the optional stopping time theorem applied to the martingale ®(Y;,,) combined with the estimate
O(Y;) > 1/2, gives

P(|Yy — 2| <n /7] > (1/2)/(plogn/(4n)) > 21/ (plogn).

To complete the argument, we claim that assuming |Yy — z| < n~P/(5%) it will take the process
another Q(log?n) steps to escape A with probability at least 1/2. We consider the process ¢, =
®(Yy4-) stopped at time 79 when either Yy, ., escapes A, or gets closer than distance 1/n from x.
¢ is a martingale. Moreover, it is not hard to see that [¢g — ¢-,| > plogn/(6n), and |¢; — ¢it1] < 1
for all 7. These two facts imply that

E[ro] > ZE — ¢i-1)°] = E[(6r, — ¢0)°’] > (plogn/(6n))* = p*log n/(36n%).

Tschebyshev inequality implies that 8 = p?/(72n?) satisfies the statement of the claim. O

By Claim 18 we know that except with probability < 1/8 the walk will contain at least Q(logn)
visits to A. It remains to use Claim 19 to show that at least one of these stays must be Q(log?n)
long. Recall that T is the stopping time of the process Y7, and k is the number of steps Y; takes
outside of A.

Claim 20. Let oy = 107* from Claim 18. There is a constant as > 0 such that
(48) Pk > ajlogn and T < aslog?n] < 1/8.

Proof. For every t such that 1/3 < |Y;| < 2/3 and Y; ¢ A, there is a probability p; > 0 such that
either ;11 € A or Y40 € A. By Claim 19 we can choose as > 0 such that whenever Yy € A, the
process Yy, does not escape A for at least oy log? n with probability at least py = 6/(aypy logn).
Hence for each 1/3 < |Y;| < 2/3 with Y; ¢ A, the probability that Y; 41 or Y;;2 enters A, and stays
there for at least ap log? n steps is at least py-ps = 6/(a1logn). Since there are at least k = oy logn
Y}’s satisfying 1/3 < |Yi| < 2/3 and Y; ¢ A, the probability that for neither one of them does Y;1;
or Y49 enter A, and stay there for at least as log® n steps is at most

(1 —6/(azlogn))*/? < (1 —6/(aylogn))*1087/2 < =(6/(arlogn))-(arlogn/2) _ =3 1 /g

Claims 17, 18 and 20 imply the following.
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Claim 21. Let X; be the WoS process on the set Q with Xog = 0. Let T' be its termination time.

Then

P[T" > azlog?n] > 5/8,

where g > 0 is the constant from Claim 20. In particular, this implies that E[T'] = Q(log®n).

Proof. We know that 7" > aglog®n if the following three conditions hold: (C1) the process X;
coincides with the process Y;; (C2) the process Y; makes at least & > aq logn steps outside of A in
the {z : 1/3 < |z| < 2/3} annulus; and (C3) the stopping time T' of Y; satisfies T' > aylog?n. In

fact conditions (C1) and (C3) suffice. We have P[C1] < 1/8 by Claim 17, P[C2] < 1/8 by Claim
18, and P[C2N (3] < 1/8 by Claim 20. Here C' denotes the complement of an event C. Hence

and

P[CTUC2 UC3)] < P[CT] + P[C2] + P[C2Nn T3] < 3/8,

P[T" > aplog’n] > P[C1NC2NC3 =1—-P[CIUC2UC3] > 5/8.

Claim 21 gives the lower bound for Theorem 2 in the case a = 2.
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