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Abstract

We prove that on any infinite, connected, locally finite, transitive graph G, the probability
of the random walk being within ev/f of the origin after ¢ steps is at most O(¢). A similar
statement holds for finite graphs, up to the relaxation time of the walk. Our approach uses
non-constant equivariant harmonic mappings taking values in a Hilbert space. For the special
case of discrete, amenable groups, we present a more explicit proof of the Mok-Korevaar-Schoen
theorem on existence of such harmonic maps by constructing them from the heat flow on a
Fglner set.

1 Introduction

Let G be a d-regular, transitive graph (i.e., with transitive automorphism group), let {X;} denote
the symmetric simple random walk on G with Xy arbitrary, and let dist be the path metric on
G. In the case when G is the Cayley graph of a finitely-generated, amenable group, Ershler [E05]
showed that E [dist(Xo, X;)?] > Ct/d for all times ¢ > 1, where C > 1 is some absolute constant.

Our first theorem concerns a more precise analysis of the random walk behavior, as well as
an extension to general transitive, amenable graphs. Recall that a graph G is amenable if there
exists a sequence of finite subsets {.S;} of the vertices such that |S;AN(S;)[/|S;| — 0, where N(S;)
denotes the neighborhood of S; in G.

Theorem 1.1. Suppose G is an infinite, connected, and amenable transitive d-regular graph. Then
the simple random walk on G satisfies

E [dist(Xo, X;)?] > t/d,

for every t > 0. Moreover, there exists a universal constant C' > 1 such that for every e > 0 and
t > e8d, we have

P [dist(Xo,Xt) < m/t/d] < Ce. 1)
We also prove a version for finite graphs which holds up to the relaxation time of the random walk.

Theorem 1.2. Suppose G is a finite, connected, transitive d-reqular graph and )\ denotes the

second-largest eigenvalue of the transition matrix P of the random walk on G. Then for every
t< (=M1

E [dist(Xo, X¢)?] > 5



Moreover, there exists a universal constant C' = 1 such that for every € > 0 and any t such that
(1—-N"1>t>e8,
P |dist(Xo, X¢) < € ] (2)

We remark that, in both cases, the dependence on d is necessary (see Remark 1).

The proof of Theorem 1.1 is based on the existence of non-constant, equivariant harmonic maps
on amenable groups. To this end, we first restrict ourselves to the setting of groups. Let I be a
group with finite generating set S C I', and let G be the corresponding Cayley graph. Suppose that
‘H is some Hilbert space on which I' acts by isometries, and we have a non-constant equivariant
harmonic map ¥ : I' — H, i.e. such that g¥(h) = ¥(gh) and ¥(h) = |S|7* >, ¥(hs) hold for
every h € T. Ershler [E05] observed that this can be used to lower bound E [dist(Xo, X¢)?], as
follows.

We may normalize ¥ so that, if e € I' is the identity,

5 2 Ie) — W) = 1. 3)

SES

By equivariance, this implies that ¥ is \/|S|-Lipschitz, hence
1
TSI 1% (X0) — LX)

But since ¥ is harmonic, ¥(X}) is a martingale, thus

E [dist(Xo, X;)?] >

E[|W(Xo) - ¥(Xo)[* = ZEII‘I’ V(X)) ? =t

where in the final line we have used equivariance and (3).

By results of Mok [Mok95] and Korevaar-Schoen [KS97], if I is amenable, then it always admits
such an equivariant harmonic map. On the other hand, if I' is not amenable, then G has spectral
radius p < 1 [Kes59], hence E[dist(Xo, X¢)?] > Ct?, for some constant C = C(p) > 0 (see, e.g.
[Woe00, Prop. 8.2]). Thus the preceding discussion shows that E[dist(Xo, X;)?] grows at least
linearly in ¢, for any infinite group I.

In Section 2, we exhibit a general method for proving escape lower bounds. For any function
Y € £2(T'), we have )

- 27 o 1 2 (I = P)y )
E [dist(Xo, X¢)*] > p <t t 2 (T — D)) (4)
where P is the transition kernel of the random walk on G. For finite groups, we choose ¥ to be the
eigenfunction corresponding to the second-largest eigenvalue of P.

For infinite amenable groups, we show that one can reproduce the E[dist(Xo, X;)?] > t/|9|
bound by taking a sequence of functions {1, } to be a truncated heat flow from some sets 4,, C T,
ie. ¢, = >0 P'ly,, where {A,} forms an appropriate Fglner sequence in G. These lower
bounds, and indeed all the results in our paper, are proved for amenable, transitive graphs (and
even quasi-transitive graphs), and more general forms of stochastic processes.



The existence of non-constant equivariant harmonic maps on groups without property (T) is
proved in [Mok95, KS97] (see also [Kle07, App. A] for an exposition in the case of discrete groups,
based on [FMO05]). In Section 3, inspired by the preceding escape lower bounds, we give a more

explicit construction of these harmonic maps (for the case of amenable groups), simple enough to
describe here. Define ¥,, : T' — ¢(T") by

Yn(9z)
\/2<¢na (I - P)"?Z)n>
We show that, after applying an appropriate affine isometry to each W, there is a subsequence of

{¥,,} which converges pointwise to a non-constant, equivariant harmonic map. Our construction
works for any infinite, transitive, amenable graph (see Theorem 3.1).

Un(z) =g

Theorem 1.3. Let G = (V, E) be any infinite, connected, amenable, transitive graph. Then there
exists a Hilbert space H and an H-valued, non-constant equivariant harmonic mapping on G.

One can use such mappings to obtain more detailed information on the random walk. Virdg
[Vir05] showed that, in the setting of Cayley graphs of amenable groups, one has E [dist( Xy, X;)] >
CV/t/|S[>/? for some C > 0. This can be proved by analyzing the process ¥(X;) via the BDG
martingale inequalities (see, e.g. [KW92, Thm. 5.6.1]).! In Section 4, we perform a more intricate
analysis of the escape behavior of such martingales, allowing us to obtain the diffusive lower bounds
(1) and (2) on the random walk. In particular, we prove the following diffusive estimate for
martingales taking values in a Hilbert space.

Theorem 1.4. Let 'H be a Hilbert space, and let {M;} be any H-valued martingale with respect
to the filtration {F;}. Suppose E [||Myy1 — M3, | F:] = 1 for all t > 0, and that there ezists a
common random variable A which stochastically dominates || My11 — M|l conditioned on F, for
every t > 0. Then then for every e >0, and t > e 8(EA3)?,

P ([|Milx < =VE) < O(e).

The proof of this estimate is made more delicate by the fact that there is no central limit
theorem for H-valued martingales, even when ||M;11 — M| = 1 for all ¢ (see Remark 4).

1.1 Related work

We recall some previous results on the rate of escape of random walks on groups. A large amount
of work has been devoted to classifying situations where the rate of escape E[dist(Xo, X;)] is linear;
we refer to the survey of Vershik [Ver00] and to the forthcoming book [Lyo09]. Ershler has given
examples where the rate can be asymptotic to 12" for any k € N [Ers01]. Following seminal work
of Varopoulos [Var85], Hebisch and Saloff-Coste [HSC93] obtained precise heat kernel estimates for
symmetric bounded-range random walks on groups of polynomial growth. In particular, Theorem
5.1 in [HSC93] implies our Theorem 1.1 for groups of polynomial growth. However, for groups
of super-polynomial growth, it seems that existing heat-kernel bounds (see, e.g., Theorem 4.1 in
[HSC93]) are not powerful enough to imply Theorem 1.1. Diaconis and Saloff-Coste show that on

'In fact, Virag proceeds by explicitly bounding E [|[Mo — M:||*] < O(|S|*t*) when {M,} is any Hilbert space-
valued martingale with E [||Mey1 — Me||* | 7] < 1 and E [||Mey1 — Me||* | 7] < |S|?, for all t > 0.



finite groups satisfying a certain “moderate growth” condition, the random walk mixes in O(D?)
steps, where D is the diameter of the group in the word metric. A sequence of works [ANP09,
NP08, NP09] have related the rate of escape of random walks to questions in geometric group theory,
notably to estimates of Hilbert compression exponents of groups. Our argument for finite groups was
motivated by the work of the first author with Y. Makarychev [LM09] on effective, finitary versions
of Gromov’s polynomial growth theorem. Another substantial work in this direction is the recent
preprint of Shalom and Tao [ST09], written independently of the present paper. Constructions of
nearly harmonic functions play a key role there as well.

2 Escape rate of random walks

In the present section, we will consider a finite or infinite symmetric, stochastic matrix { P(x, y) }» yev
for some index set V. We write Aut(P) for the set of all bijections o : V' — V whose diagonal action
preserves P, i.e. P(x,y) = P(ox,oy) for all x,y € V. For the most part, we will be concerned with
matrices P for which Aut(P) acts transitively on V. A primary example is given by taking P to be
the transition matrix of the simple random walk on a finite or infinite vertex-transitive graph G.

Theorem 2.1. Let V' be an at most countable index set, and consider any symmetric, stochastic
matriz {P(x,y)}zyev. Suppose that I' < Aut(P) is a closed, unimodular subgroup which acts
transitively on V, and let G = (V, E) be any graph on which I acts by automorphisms. If dist is
the path metric on G, and ¢ € £2(V), then

: I — Py I(7 = P)y[
E [dist(Xo, X;)? >p*W>p*<t—t2 . 5
st (Xo, X} > ey TPy 306, - P)Y) )
where { X} denotes the random walk with transition kernel P started at any Xo = x9 € V, and
p« = min{P(z,y) : {z,y} € E}.

Proof. Since I' is unimodular, we can choose the Haar measure x4 on I' to be normalized so that
w(Ty) = 1 for every x € V, where I, is the stabilizer subgroup of z. Define ¥ : V — L2(T', u) by
U(z) =0 Y(ox).

In this case, for every z € V,

Y PEyy) - )P = ZP(z,y)/lw(UZ)—w(ay)\Qdu(G)

yev yeVv
= Z/P(Uzvay)\w(m) — (oY) du(o)
yev
= Y Play)l(e) - v(y)?
z,yeVvV
= 20h, (I — P)ip). (6)

Thus for {z,y} € E, we have ||¥(z) — ¥(y)||*> < W, which implies that

19y < \/ 2, (0= P (7)

D«




where W is considered as a map from (V,dist) to L*(T", ), and we use ||¥||1i, to denote the infimal
number L such that ¥ is L-Lipschitz.
So, for any zg € V, we have

1|25, B [dist(Xo, X0)* | Xo = 20] > E[II¥(Xo) — ¥(X,)[*| Xo = o]
_ / E [[/(0X0) — (0 X0)I? | Xo = x0] du(o)
= > E[[d(Xo) — (X0’ | Xo = 2]

zeV
= 2<1/1 (I = P')y)
= 22 (I — P)Pi)). (8)

To finish, we use the fact that I — P is self-adjoint to compare adjacent terms via

(W, (I = P)P") — (v, (I = P)P™ )| = [((I = Pyy, P(I = PYy)| < ||(I = P)y|*.

where the final inequality follows because P is stochastic, and hence a contraction. From this, we
infer that (¢, (I — P)P™p) > (3, (I — P)y) — i||(I — P)i||?, whence

t—1

' 2
S, (1= PYPi) > 1, (T = PY) — S [(T — P
=0
Combining the preceding line with (7) and (8) yields
L (W, (1 = P1y) I = Py
p. [stX0. X0} > G By > P s - o

O]

We now demonstrate circumstances in which an appropriate 1 € £2(V) exists. Corollaries 2.2,
2.7, and Conjecture 2.3 all assume the notation of Theorem 2.1.

Corollary 2.2 (The finite case). Let V' be a finite index set and suppose that Aut(P) acts transitively
on V. If A <1 is the second-largest eigenvalue of P, then

E [dist(Xo, X;)%] > pa(1+ A+ X7 4« 4 A7), (9)

In particular,
E [dist(Xo, X;)?] > p.t/2.

fort < (1—X)"1
Proof. Let ¢ : V — R satisfy Py = \p. By Theorem 2.1,

(¢, (I = P)y) plfht
(W, (I=P)p) T 1-A

To complete the proof, use the inequality A > (1 —¢t~1)7 > 1 — j/t. O

E [dist(Xo, X:)?] > ps = (1A + A2+ AT,



Remark 1 (Weighted graphs). In particular, if P is irreducible and p, = min{P(z,y) : P(x,y) > 0}
then, the conclusion is that E [dist(Xo, X;)?] > p.t/2 for t < (1 — A)~'. Thus if P is the simple
random walk on a d-regular graph, the conclusion is E [dist(Xo, X;)?] > t/(2d).

To see that the asymptotic dependence on d is tight, one can consider a cycle of length n,
together with d — 2 self loops at each vertex, for d > 2. In this case, E [dist(Xo,Xt)Q] < 2t/d for
all t > 0.

Remark 2 (After the relaxation time). The quantity (1 — A)~! is called the relazation time of
the random walk specified by P, and the bound (9) degrades after this time. It is interesting to
consider what happens between the relaxation time and the mixing time which is always at most
O(log [V])(1 = A)~!. One might conjecture that E [dist(Xo, X;)?] continues to have a linear lower
bound until the mixing time. Towards this end, we pose the following conjecture.

Conjecture 2.3. There exists a constant eg > 0 such that the following holds. For every finite,
connected, d-regular transitive graph G = (V, E) with diameter D,

E [dist(Xo, X;)?] > eot/d

for t < egD?, where {X;} is the simple random walk on G.

2.1 Infinite amenable graphs

We now analyze the case of infinite, amenable graphs. The following theorem will play a role in a
number of arguments. The transitive version is due to Soardi and Woess [SW90], and the extension
to quasi-transitive actions is from [Sal92]. See also a different proof in [BLPS99, Thm. 3.4].

We recall that for a graph G = (V| E), we say that a group I' < Aut(G) is quasi-transitive if
IT\ V| < oo, where T'\ V' denotes the set of I'-orbits of V.

Theorem 2.4. Let G be a graph and T' < Aut(G) a closed, quasi-transitive subgroup. Then G is
amenable if and only if I' is amenable and unimodular.

For the next lemma, we recall that if P is transient or null-recurrent, then we have the pointwise
limit,
P'f -0 forevery f € £*(V). (10)

(This is usually proved for finitely supported f, see e.g. [GS92, Thm. 6.4.17] or [LPW09, Thm.
21.17]. The general case follows by approximation using the contraction property of P).

Lemma 2.5. Suppose that P satisfies (10) and, for some 6 € (0, %), there exists an f € £?(V) with
Il =1 and |Pf — f|| < 6. Then there exists a p € (*(V) such that

(1 — P)ell?

— L 320. 11

(.0~ P)g) .
Proof. Given f € *(V) and k € N, we define ¢}, € (2(V) by

k-1

(Pk:ZPif-



First, using (I — P)g = (I — P*)f and the fact that P is a contraction, we have

I(Z = P)erl® < 4] f1I%. (12)
On the other hand,
(i, (I = P)pr) = (s, (I = P*)f)
= <<I— Pk>§P"f,f>
= (20— SOZk:j?Oa

where in the second line we have used the fact that I — P¥ is self-adjoint. Combining this with (12)
yields
|- Pl 4llI?

< . (13)
(0rs (I = P)or) — (20r — 02k, f)
The following claim will conclude the proof.
Claim: There exists a k € N such that
1
20 — > —. 14
20k — Yok, f) %0 (14)

It remains to prove the claim. By assumption, f satisfies ||f|| = 1, and ||Pf — f|| < 6. Since P
is a contraction, we have ||[P/f — PI=1f|| < @ for every j > 1, and thus by the triangle inequality,
|P7f — f|| < j6 for every j > 1. It follows by Cauchy-Schwarz that (f, (I — P7)f) < j6, therefore

Thus for every j > 1, ) )
(pai, [) = 27(1 = 270).

Fix ¢ € N so that 20 < § < 2710, yielding

1
{par, ) = - (15)

Now, let a,, = (pam, f), and write, for some N > 1,

N-1
SRS 2m — i1
ag IN—£ T om—_£+1
m={

By (10), we have (P'f, f) — 0 as i — 00, hence limy_.o 5% = 0. Using (15) and taking N — oo
on both sides above yields

1 . 2 a
m — Um+41
39 Su= > om 1
m=F

Since > 7, ﬁ =1, there must exist some m > ¢ with 2a,, — amy1 = 8—19. This establishes the
claim (14) for k = 2™ and, in view of (13), completes the proof of the lemma. O



We arrive at the following corollaries.

Corollary 2.6. If V is infinite, P satisfies (10), and I" < Aut(P) is a closed, amenable, unimodular
subgroup, which acts transitively on V', then

: I(I = P)el®
oeBv) o, T P)g) (16)

Proof. This follows from Lemma 2.5 using the fact that, under the stated assumptions, for every
6 > 0, there exists an f € £2(V) with ||f|| = 1 and ||Pf — f|| < 0.

This is a standard fact that can be proved as in [Woe00, Thm. 12.10]. In general, for every
6 > 0, one considers, for some ¢ = £(f) > 0, the graph G. with vertices V and an edge {z,y}
whenever P(x,y) > e. Since I' < Aut(G¢), Theorem 2.4 implies that G. is amenable, and then one
can take f to be the (normalized) indicator of a suitable Fglner set in G.. O

The following is an immediate consequence of Theorem 2.1 combined with the preceding result.

Corollary 2.7 (The amenable case). Under the assumptions of Theorem 2.1, the following holds.
If V is a countably infinite index set, P satisfies (10), and T' < Aut(P) is a closed, amenable,
unimodular subgroup which acts transitively on V', then

E [dist(Xo, X¢)?] = pit. (17)

Corollary 2.8 (Infinite amenable graphs). If G = (V, E) is an infinite, transitive, connected,
amenable graph with degree d and {X;} is the simple random walk, then

E [dist(Xo, X¢)?] > t/d.

Proof. 1t is a standard fact that the transition kernel of the simple random walk on an infinite,
connected, locally finite graph satisfies (10). Indeed, if P is recurrent it must be null-recurrent,
since it is irreducible and has an infinite stationary measure; see, e.g., [GS92, Thm. 6.4.6]. By
Theorem 2.4, when G is amenable, Aut(G) is amenable and unimodular, thus Theorem 2.7 applies
with p, = 1/d. O

Corollary 2.9 (The nearly amenable case, for small times). Under the assumptions of Theorem
2.1, the following holds. If p = p(P) is the spectral radius of P, then for all times t < (32(1—p))~ %,

Dat
5 "

E [dist(Xo, X¢)?] >
Proof. Since P is self-adjoint and positive, we have p = || P22 = supg=1 (P [, f). It follows that

inf ||f —Pf||*> < inf 1+ p?—2(f,Pf)=(1—p)>.
k= PAP < inf 147 = 2(f, Pf) = (1= p)

Combining this with Lemma 2.5 yields the claimed result. O

Compare the preceding bound with the finite case (Corollary 2.2).



Remark 3 (Asymptotic rate of escape). The constant p, in (5) is not tight. To do slightly better,
one can argue as follows. Fix z,y € V with L = dist(x,y), and let * = vg,v1,...,v = y be a
shortest path from x to y in G. In this case, the triangle inequality yields

L-1
2/ @ () = ()| < 12 (vo) =L (vn)l|+Y (1% (vim1) = L (o) + 1€ (0i) = ¥ (viea) )+ (vp—1) =L (vp)]].
=1

But for every i € {1,2,...,L — 1}, there are two terms involving v;, and for such 4, we can bound
2, (I — P
19 (0i) = T |I* + 1% (vi) = T (vp1) ][ < w

as in (6). In this way, we gain a factor of 2 for such terms. Letting a denote the right-hand side of
the preceding inequality, we have

L—-1 o
[9() - V()| < va (1 ¥ ﬂ) < /2w,
Thus for all z,y € V, we have ||¥(z) — ¥(y)||* < [dist(z,y) + 1]2W. Plugging this improve-
ment into the proof of Theorem 2.1 yields

(¥, (I = P')y)
(0, (I =Py’

which is asymptotically tight since, on the one hand, the simple random walk on Z satisfies
E [dist(Xo, X¢)?] = ¢, while plugging (18) into Corollary 2.7 yields E [(dist(Xo, X;) + 1)?] > ¢.

The dependence on p, is easily seen to be tight for the simple random walk on Z with a 1 — 2p,
holding probability added to every vertex, as in Remark 1.

E [(dist(Xo, X:) +1)*] > 2p. (18)

3 Equivariant harmonic maps

Let V be a countably infinite index set, and let {P(z,y)}, yev be a stochastic, symmetric matrix.
If H is a Hilbert space, a mapping ¥ : V' — H is called P-harmonic if, for all x € V,

U(z) = Pla,y)¥(y).

yev

Suppose furthermore that we have a group I' acting on V. We say that W is I'-equivariant if there
exists an affine isometric action 7 of I' on H, such that for every g € I', m(g)¥(x) = ¥(gzx) for all
xz € V. If we wish to emphasize the particular action m, we will say that W is I'-equivariant with
respect to T.

Theorem 3.1. For P as above, let ' < Aut(P) be a closed, amenable, unimodular subgroup which
acts transitively on V. Suppose there exists a connected graph G = (V, E) on which T' acts by
automorphisms, and that for x € V,

Z P(z,y)dist(z,y)? < oo, (19)
yeVv



where dist is the path metric on G. Suppose also that

ps = min{P(x,y) : {z,y} € E} > 0.
Then there exists a Hilbert space H, and a non-constant I'-equivariant P-harmonic mapping from
V into H.

Proof. Tt is a standard result that since G is connected, P satisfies (10). Let {¢;} C ¢3(V) be a
sequence of functions satisfying

(=P, (I = P)iy)
(5, (I — P)y)

The existence of such a sequence is the content of Corollary 2.6.
Define ¥, : V — L*T, i) by

— 0. (20)

Pi(ox)

Vi = AT P

Since I' is unimodular, we can choose the Haar measure p on I' to be normalized p(I';) =1 for
all x € V, where I';, is the stabilizer subgroup of . Now, observe that for every = € V,

S P(a,y) / (o) — (o) du(o)
yeVv
2(5, (I — P)py)
S Pl )5 (u) — 5(w)?

> Py V(@) = Vi) ier,y =

yev

u,yeVv
R R T
- 1 (21)
Next, for every x € V', we have
: [ |pston) = 3 Pa.wvton] duto)
W)~ 3 Pla,y)¥5(y) - TP
2 o 205, = PI05)
2
D 1) =D Pluy)v(y)
_ r )uEV yev
AN ST
_ (= P)ydy, (I = P)ypj)
2y, (I = P)yy)
In particular, from (20),
2
lim (| W;(x) = > P(z,y)¥;(y) =0, (22)

J]—00

yev L2(D,p)

10



where the limit is uniform in z € V.

Define an affine isometric action w9 of T' on L?(T,u) as follows: For v € T',h € L3(T,p),
[mo(7)h](0) = h(y~ o) for all o € T. Notice that each ¥; is T-equivariant since for v € I',x € V,

we have (0-172)
_ Yi(o vy
(oMY (2)])(0) = [¥;(2)](v" o) = = [¥;(y2)](0).
V2(Wy, (I — P);)

Now, order arbitrarily the points of V' = {x1, 2, ...} and fix a sequence of subspaces {WW; };’il
of L*(T, ) with W; C Wjyq for each j = 1,2,..., and dim(W;) = j. For each such j, define an
affine isometry T} : L*(T, u) — L?*(T', ) which satisfies T;¥,;(z1) = 0 and, for every r = 1,2,..., 7,
{T;%(z) oy € W,. Put ¥; = T;V;, and define an action 7; of I on L*(T', u) by m; = Tj7r0Tj_1.
It is straightforward to check that each \le is I'-equivariant with respect ;.

Using (21), one observes that for all j € N, the map V¥, is y/1/p,-Lipschitz on (V,dist), and
thus the same holds for \/I}j. We now pass to a subsequence {c;} along which CI\»'aj (z) converges
pointwise for every x € V. To see that this is possible, notice that by construction, for every fixed
x € V, there is a finite-dimensional subspace W C L?(T', i) such that \/I\Jj (x) C W for every j € N.

Hence by the Lipschitz property of \le, the sequence {\fl] (z)}52, lies in a compact set.

From (22), we see that ¥ is P-harmonic. Furthermore, since the \T/j’s are uniformly Lipschitz,
and we have the estimate (19), we see that (21) holds for ¥ as well, showing that ¥ is non-constant.
We are thus left to show that ¥ is I'-equivariant.

Toward this end, we define an action 7 of I' on L2(T, ,u)Aas follows: On the image of \T/, set
m(Y)¥(x) = VU(yz). Extend w(v) linearly to the span of {U(z)}.cv, and have 7(vy) act as the
identity outside the span. To see that such a linear extension exists, observe that

r(N() = F(rw) = lim 7o,(1) o, (@)

From this expression, it also follows immediately that 7 acts by affine isometries, since each 7,
does. Thus ¥ is I'-equivariant with respect to 7, completing our construction. ]

3.1 Quasi-transitive graphs

Only for the present section, we allow P to be a non-symmetric kernel on the state space V. We
recall that I' is said to act quasi-transitively on a set V if |[I'\V| < oo, where I'\ V' denotes the
set of ['-orbits of V. We prove an analog of Theorem 3.1 in the quasi-transitive setting, under the
assumption that kernel P is reversible.

Corollary 3.2 (Quasi-transitive actions). Let I' < Aut(P) be a closed, amenable, unimodular
subgroup which acts quasi-transitively on V. Suppose also that P is the kernel of a reversible
Markov chain, and there exists a connected graph G = (V, E) on which T acts by automorphisms,
and that for x € V,

Z P(x,y)dist(x,y)? < oo, (23)
yev

where dist is the path metric on G. Suppose also that

p« = min{ P(z,y) : {z,y} € E} > 0.

11



Then there exists a Hilbert space H, and a non-constant I'-equivariant P-harmonic mapping from

V into H.

Proof. Let xg,x1,...,21, € V be a complete set of representatives of the orbits of I'.  Let Py be
the transition kernel of the P-random walk restricted to states in V. Since P is reversible, we see
that Py is symmetric. We have I' < Aut(P), with ' acting transitively on the orbit V.

Letting D = max;y; dist(z;,2;), we define a new graph Go = (Vo, Ep) by having an edge
{z,y} € Ey whenever

1. {z,y} € E and z,y € Vjp, or
2. there exists a path © = vy, v1,...,v, =y in G with vy, ..., 051 ¢ Vp and k < 2D.

Let distg denote the path metric on Gy. It is clear that I" acts on Gy by automorphisms, and also
that p.(Go) = min{Py(z,y) : {z,y} € Eo} > (p)*P > 0.

Now, since every point = ¢ Vj has dist(z, Vo) < D, we see that actually dist(x,y) ~ disto(z, y)
for all z,y € Vp (up to a multiplicative constant depending on D). Furthermore, this implies that
for any x € V there exists y € Vp with ZZD:O Pi(z,y) > (ps)”, hence (23) implies that for every
x € Vo,

Z Py(z,y) dist(z, y)? < oo
yeWo

(the number of P-steps taking before returning to Vj is dominated by a geometric random variable),
which implies the same for distg.

Thus we can apply Theorem 3.1 to obtain a Hilbert space ‘H and a non-constant I'-equivariant
Py-harmonic map ¥y : Vj — H. We extend this to a mapping ¥ : V' — H by defining ¥ (z) =
E [Wo(Wp(z))] where Wy(z) is the first element of V) encountered in the P-random walk started at
x. Note that ¥|y, = g, and V¥ is again I'-equivariant. To finish the proof, it suffices to check that
¥ is P-harmonic.

From the definition of W, this is immediately clear for x ¢ Vj. Since ¥y is Py-harmonic, it
suffices to check that for x € Vj,

> Pla,y)¥(y) = > Pola,y)To(y),

yev yeWo

but both sides are precisely E [Vo(Wy(Z))], where Z is the random vertex arising from one step of
the P-walk started at x. 0

Corollary 3.3 (Harmonic functions on quasi-transitive graphs). If G = (V, E) is an infinite,
connected, amenable graph and I' < Aut(G) is a quasi-transitive subgroup, then G admits a non-
constant I'-equivariant harmonic mapping into some Hilbert space.

Now let G = (V, E) be an infinite, connected, quasi-transitive, amenable graph. The preceding
construction of harmonic functions also gives escape lower bounds for the random walk on G. By
Theorem 2.4, when G is amenable, I' = Aut(G) is amenable and unimodular. Let R C V be
a complete set of representatives from I'\V. Let p be the Haar measure on I'. For r € R, let
pr = p(I'), and normalize p so that ) pdeg(r)/pu, = 1.

12



Corollary 3.4 (Random walks on quasi-transitive graphs). Let dist be the path metric on G, and
let Xo have the distribution P[Xo = r| = deg(r)/pr for r € R. Then,

t

max {1, - deg(r) : r € R}’ (24)

E [dist(Xo, X;)?] >

where {X;} denotes the simple random walk on G.

Proof. Let ¥ :V — H be the harmonic map guaranteed by Corollary 3.3 normalized so that

S ) - w1, (25)

reR " z:{xr}cE

We have

| V|Lip < max /. - deg(r).

reR

For every r,7 € R, [BLPS99, Cor. 3.5] (with f(x,y) = 1 for {z,y} € E such that z € I'r and
y € 't and f(x,y) = 0 otherwise) implies that

Iul#{xGI’f:{r,x}EE}:;#{xefr:{f,x}EE}.

Thus if we use the notation [z] to denote the unique r € R such that x € I'r, then [X;] and [X(]
are identically distributed for every ¢ > 0. (This is also a special case of [LS99], Theorem 3.1). It
follows that,

1925, E [dist(Xo, X:)%] > E[[¥(Xo) — ¥(Xy)|?

¢
— ZIE 10 (X5) — W (X))
i=1

= D EN(X]) - v

- t_-IEH\II([Xo])—‘I’([XI])Hz
= t,

where in the second line we have used the fact that {¥(X;)} is a martingale, in the third line
we have used equivariance of W, in the fourth line we have used the fact that [X;] has the same
distribution for all 7 > 0, and in the final line we have used (25). ]

4 Small ball estimates

We now prove small ball estimates for the random walk on finite and infinite, amenable graphs.
Using the harmonic maps of the preceding section, it suffices to study small ball estimates for
Hilbert space-valued martingales. Our bounds are proved in two steps: First, we use a known
reduction to the case of R?-valued martingales. Since there is no central limit theorem in this
setting (see Remark 4), we argue by explicitly bounding the characteristic function.
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4.1 Martingale dimension reduction

The following theorem is a special case of one due to Kallenberg and Sztencel [KS91], who prove
it in the more difficult setting of continuous-time martingales. We provide a proof of the discrete
case for the reader’s convenience. A similar exposition appears in [KW92, Prop. 5.8.3].

Theorem 4.1. Let H be a Hilbert space, and let { N} be any H-valued martingale. Then there exists
an R2?-valued martingale {M;} such that for any time t > 0, | My|| = || N¢ll3¢ and | My — M| =
[Ner1 = Nell-

Proof. We prove the claim by induction on t. The case ¢ = 1 is trivial. Suppose now we can
construct {M;}+<, successfully based on {N;}i<,. We wish to specify the value of M, given
{Ni}i<nt1 and {M;}i<p such that the required conditions hold.

In the generic case, there exist two distinct points in z1,z9 € R? satisfying

[Nngill = llzill , and (Np, Not1) = (Mp, i), (26)

for i = 1,2. (One can see them as the intersections of a circle and a line.) Denoting these two
points by M7Sl+)1 and Mfli)l, we now let M, 1 be M75,1+)1 (resp., MT(Li)l) with probability % It is clear
that || Np+1|| = ||Mn+1]|. Recalling (26) and using the induction hypothesis | N, || = || My]|, we also

infer that

[ M1 — Mp|* = || My [|* = 2(Mpy1, M) + || M|
= HNn+1H2 - 2<Nn+1=Nn> + HNNH2
= || Nns1 — N |? .

It remains to prove that E[M,,4+1 | My, ..., M,] = M,. To this end, it suffices to show

E[(Myy1, M;S) | My, ..., M,] =0, (27)
E[(Myi1, M) | My,..., My] = || My]?, (28)

where M;- is a unit vector with (M-, M,,) = 0. Equality (27) follows by our uniform random choice
of M,, over {Mé?l, Mﬁgl} Since {V;} is a martingale, we have that E{(Ny11, N,,) | N1,..., Ny} =
| N,||2. Combined with (26) and our choice of M, 1, we obtain (28) as required.

In the degenerate case when N,, and N, are proportional, there is a unique solution to (26),
and we just let M,11 be that unique point. In the case when N,, = 0, there are infinitely many
solutions, one can pick out two symmetric ones and let M1 be uniformly random over those two
points. ]

4.2 Escape lower bounds for martingales

For the entirety of this section, let {M;} be an R?-valued martingale on a probability space (€2, iz, F)
with respect to the filtration {F;}, and assume that My = (0,0). Also let & = M; — M;_1 be the
corresponding difference sequence. We write E;(-) = E[-| ], and suppose that E;_;(||§;]|?) = 1
for all j € N.

In this section, we use the asymptotic notation A < B to denote A = O(B) and A = B to
denote the conjunction of A < B and A 2 B.
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Remark 4 (No CLT for | M;|)). Consider the following martingale {M;} in R?. We put My = (0, 0),
and Mj is a uniformly random point on the unit sphere. Writing M;* for a unit vector perpendicular
to M;, we define, for t > 1, My, = M; + M;* each with probability % It is easy to check that
|| My||? = t with probability one. Thus there is no CLT for || M|, or for (u, M;) for any u € R2.

In order to prove a small ball estimate on || M|, write

P(| M| < evE) < 61/4.E[€—||Mt||2/<452t>]
1/4
_ el/ 62/ o IsIPR [eus,Mt/\/f)] ds, (29)
RQ

™

where in the second line we have taken Fourier transforms and used Parseval’s formula (cf. [Kat76,
§VI)).

Lemma 4.2. There exists a constant C' > 0 such that the following holds. Suppose there exists
a random variable A such that for each j = 1,2,....t, ||&|| conditioned on F;_y is stochastically
dominated by A. Then for any e € (0,1),

/ eI g [ M | ds < O (o + B [42 A0 24) L Tv2
R2 gbt = &5

9

Proof. For z € R, let p(z) = ¢ — 1 — iz 4+ 12%. Then we have the standard estimate (see, e.g.
[Wilo1, §18.3]),
lp(@)] < Jal* A 2. (30)

Let S; = 3-E;_1(s,&;)?, and put

t
7 = exp i(s,Mt/\/Z)—i—ZSj -1
j=1
and .
j

Z; = exp (z’(s, M1 /Vt) + Z Sk) (ei<s’§f/\/i> - e_SJ'>

so that
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Now, for each j =1,2,... ¢,

95)

A ‘Ejfl [ez«s@-/ﬁ _ e—sj}

i
Bj 17 = exp ()
k=1

/AN
(e}
>
ko)
/N N/

Sk) Ej1 ((p(<8,§j/\/f>)’ e — 1+ 5]

2
Sk | Ejo <|<5,fj/\/£>|2/\|<3,§j/\/7§>|3+;[ IsllIg ] } )

2t
. (Hsk) CR RN IR~

where in the second line we have used E;_1£; = 0, in the third line (30), and the fact that for z > 0,
one has the bound e™ — 1+ z < %:1:2, and in the last line E;_;[|&]|? = 1.

Therefore, for j =1,2,...,1¢,

J
2 2
- — E Sk | |Eji—1Z;| d
/RQGXP< e[| k‘>‘ j—12;]| ds

k=1
< [ e (B [l 6B Alts. gV + L) 0
1 1 20412
S St g eI (I 1) B [l A2l 1] s
1

2 —1/2 43
< E().tQJr—[A AE2A%]

So we have,

t
E —&2||s]|? — Zd
/R Qexp< 25| 2&) s

k=1

t t
ZE/ exp <—€2||8||2 — ZSk> Zjds
j=1 R

k=1

¢ t
= IEE~_1/ exp [ —&2|s|* — S| Z;ds
Z . ( [Ell kZ )

t J
< ZE/ exp —82H8H2—Zsk E;_1Z;jds
j=1 JR? k=1
t j
< E —2||s)1? =Y Sk | IE;_1Z;|d
> /Wexp(eusu Zk>ﬂg\s
Jj=1 k=1
< L Lg a2ty
S oS ‘

In particular, there exists a constant C' > 0 such that

/2 e lIsI*g [ i(s, Mt/\/):| ds < C < + E [Az At—1/2A3}> —|—E/2 = lsl? exp <_Zsk> ds.
R R

k=1

~+
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The next lemma completes the proof.

Lemma 4.3. For every e € (0,1),

—e2|ls|)? V2 V2
/m c P ( ZS’“) GBS AremnS o

Proof. Let 9y, = QItIEk 1 (ﬁkﬁg), and observe that S, = EEk_l(s,ng = s"9Ms. By assumption,
tr(My) = 3 Ep1 &> = 4. Let M = 3=, _; My so that tr(M) = 1/2, and

t
/ e Isl exp <_ Z Sk;> ds = / e lsll? o =sTMs o
R2 1 R2

Since M is symmetric, real, and positive semi-definite, there exists a unitary matrix U such that
UTOMU is diagonal with entries a,b > 0 and a +b = 1/2. Hence,

e*EQHSHQe*ST%dS — efszHSHQ€fsTUT§mUsd8
R2 R2
Oo 22 [T 2 2 .o
— / re T / e~ (acos® 6+bsin® 9) do dr
0 -
> 2,.2 g 1,2 noe 2a & 1,2 oi02 2
< / re €T (/ e 27" cos Gde) </ e 27 sin 9d9> dr
0 —Tr —T
& 2.2 [T 1,2 oo
— / e €T / e 27 cos Gde dr
= / / re=(EFaeos?0r? g gg
-7

7d9

/,r 2e2 + cos? 6
T2

e(1 +2e2)1/2

where in the third line we have used Holder’s inequality with exponents i and 21b7

tan™! (ptane) is the antiderivative of 729 for all

and in the

. 1
final line we have used the fact that e o) P Fcos
p#0. -

O

Combining Theorem 4.1 with (29) and Lemma 4.2 yields the following.

Theorem 4.4. Let H be a Hilbert space, and let {M;} be any H-valued martingale with respect to
the filtration {F;}. If E [||[ M1 — My||7,| F] =1 for allt > 0, and if there exists a common random
variable A which stochastically dominates || My — My||n conditioned on Fy, for every e > 0,t > 0,
then

(HMtHH \f) ( +- 1E [A2 At—1/2A3} + 1)
Corollary 4.5. For everye >0 and t > sfs(EA3) ,
P (|Millx < 2vE) < O(e).

17



4.3 Diffusive lower bounds for random walks

Finally, we put together the tools of Section 3, Theorem 4.1, and Lemma 4.2 to prove our diffusive
lower bounds.

Theorem 4.6. Let V' be a countably infinite index set, and let {P(x,y)}syev be a stochastic, sym-
metric matriz. Let T' < Aut(P) be a closed, amenable, unimodular subgroup which acts transitively
on V. Suppose there exists a connected graph G = (V, E) on which I acts by automorphisms, and
that for x € V,

> P(x,y) dist(x,y)* (0, (31)

yeVv

where dist is the path metric on G. Suppose also that
p« = min{P(x,y) : {z,y} € E} > 0.
Then for every t > e 8(p,) 3 K2,
P [dist(Xo, X¢) < ev/pet] < O(e),

where {X;} denotes the random walk with transition kernel P, and

K = Z P(x,y)dist(z,y)>.
yev

If P(x,y) is supported only on pairs with dist(z,y) = 1, then the preceding conclusion holds for
t>e8/p,.

Proof. Let H and ¥ : V — H be the Hilbert space and non-constant I'-equivariant harmonic

mapping guaranteed by Theorem 3.1. Let || - || = || - ||, and normalize ¥ so that for every x € V,
> Pla,y)|¥(z) — U(y)|F = 1. (32)
yeVvV

Then M; = ¥(X;) is an H-valued martingale with E [|| M1 — M||* | F] =1 for every ¢ > 0.

Furthermore, from (32), we see that ¥ is y/1/p.-Lipschitz as a mapping from (V,dist) to H.
Therefore, conditioned on F;, we have || M;1— M || stochastically dominated by the random variable
A which equals y/1/p, dist(x,y) with probability P(z,y), as y varies over V. Using Corollary 4.5,
we have

P [dist(Xo, X¢) < ev/pet] <P [HMD — My|| < ex/%} < O(e),
for t > e78(p,) 3 K2

The final assertion follows because, under the assumption that P(x,y) > 0 = dist(z,y) = 1,
we can take A to satisfy EA%2 = 1 and [|Al|eo < \/1/px, yielding (EA%)2 < 1/p.. O

Finally, we have a version for finite graphs.
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Theorem 4.7. Let V' be a finite index set and suppose that Aut(P) acts transitively on V', and on
the graph G = (V, E) by automorphisms. If

p« = min{P(z,y) : {z,y} € E} > 0,
and A < 1 is the second-largest eigenvalue of P, then for every (1 —\)~! >t > e 8(p.) 3 K2,
P [dist(Xo, X;) < ev/pit] < O(e),

where {X;} denotes the random walk with transition kernel P, dist denotes the path metric on G,
and

K= Z P(z,y)dist(z,y)>.
yev

If P(x,y) is supported only on pairs with dist(z,y) = 1, then the preceding conclusion holds for
1=N"1t>t>e?8/p,.
Proof. Let v : V — R be such that Py = M), and define ¥ : V — ¢?(Aut(P)) by

(¥(07)) geaut(p)
2(¢, (I = P)y)
An argument as in (7) shows that ||¥||rip < v/1/ps«.

Now, observe that {A\"'¥(X;)} is a martingale. This follows from the fact that A‘(X;) is a
martingale, which one easily checks:

U(x) =

E DT TI(Xe1) [ Xe] = ATTHPY)(Xe) = AT (X).

Thus for ¢t < (1-\)~1, the mapping x — A~'W(z) is O(1/1/p«)-Lipschitz. Hence the same argument
as in Theorem 4.6 applies. O

The preceding theorems immediately yield Theorems 1.1 and 1.2 as corollaries.

Given Remark 4, it is impossible for our approach to prove, e.g. that there exists a constant
§ > 0 such that P(dist(Xo, X;) > 100v/t) > § (because such a theorem is false in the martingale
setting). This suggests the following intriguing question.

Question 4.8. Is is true that there exists a constant § > 0 such that for every infinite, d-regular,
transitive graph G, and every B > 0,

d
\/Zdist(Xo,Xt) >B

where g is an N(0,1) random variable and {X:} is the random walk on G ¢

P = P(dlg| = B),
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