ANOMALOUS THRESHOLD BEHAVIOR OF LONG RANGE
RANDOM WALKS.

MATHAV MURUGAN AND LAURENT SALOFF-COSTE'

ABSTRACT. We consider weighted graphs satisfying sub-Gaussian estimate for
the natural random walk. On such graphs, we study symmetric Markov chains
with heavy tailed jumps. We establish a threshold behavior of such Markov
chains when the index governing the tail heaviness (or jump index) equals the
escape time exponent (or walk dimension) of the sub-Gaussian estimate. In
a certain sense, this generalizes the classical threshold corresponding to the
second moment condition.

1. INTRODUCTION

This work concerns a new threshold behavior of random walks on graphs driven
by low moment measures. As the title suggests, this work combines two lines of
research that have been actively pursued: anomalous random walks and long range
random walks. The graphs were are interested in have a nearest neighbor random
walk that satisfies sub-Gaussian estimates. Sub-Gaussian estimates for nearest
neighbor random walks are typical of many regular fractals like Sierpinski gaskets,
carpets and the Viscek graphs. See [22] for a recent survey on such anomalous
random walks. Another line of work that has received much attention recently is
the long term behavior of random walks with heavy tailed jumps. For example [5],
[10], [L1], [2], [4] are just a few works in this direction. In much of the existing
literature the ‘jump index’ § is assumed to be in (0,2). Our work is a modest
attempt to understand the behavior of such random walks when g € (0, 00).

The motivation for our work comes from a recent work by the second author
and Zheng [24]. In [24], the behavior of long range random walks on groups was
investigated for the full range of the jump index 5 € (0,00). For random walks
on groups there is a threshold behavior at § = 2. For graphs satisfying a sub-
Gaussian heat kernel estimate, we show that the threshold behavior happens when
the jump index 3 equals the escape time exponent.

Let I' be an infinite, connected, locally finite graph endowed with a weight fiz,.
The elements of the set I" are called vertices. Some of the vertices are connected by
an edge, in which case we say that they are neighbors. The weight is a symmetric
non-negative function on I' x I" such that u,, > 0 if and only if x and y are
neighbors (in which case we write x ~ y). We call the pair (I, ) a weighted graph.
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2 M. MURUGAN AND L. SALOFF-COSTE

The weight /i, on the edges induces a weight p(x) on the vertices and a measure
w on subsets A C I' defined by

pa) = > pey and  p(A) = p(x).

Y~ z€EA

Let d(z,y) be the graph distance between points z,y € I', that is the minimal
number of edges in any edge path connecting x and y. Denote the metric balls
and their measures as follows

B(z,r):={yel:d(x,y) <r} and V,(z,r):=p(B(z,7))

for all x € I' and r > 0. We assume that the measure u is comparable to the
counting measure in the sense that there exists C, € [1, 00) such that p, = p ({z})
satisfies

Cl <pa <Cy (1)
We consider weighted graphs (T, ) satisfying the following uniform volume dou-

bling assumption: there exists V' : [0,00) — (0, 00), a strictly increasing continuous
function and constants C'p, Cj > 1 such that

V(2r) < CpV(r) (2)
for all » > 0 and
C’;lV(r) < Vu(z,r) < CLV(r) (3)
for all x € I" and for all » > 0. It can be easily seen from (2) that
V(R)

v <o (3) o

for all 0 < » < R and for all & > logy Cp. For the rest of the work, we will assume
that our weighted graph (I', ) satisfies (1), (2) and (3).

Remark. If (T, ) satisfies (2) and (3), we may assume that V(n) = V,,(zo,n) for
some fixed xg and for all natural numbers n. For non-integer values we can extend
it by linear interpolation. Since the graph is connected, infinite and locally finite,
the function V' defined above is continuous, strictly increasing on [0, c0).

There is a natural random walk X, on (I", ) associated with the edge weights
Hay. The Markov chain is defined by the following one-step transition probability
Hay

We will assume that there exists pg > 0 such that
P(z,y) = po (5)

for all x,y such that x ~ y. We also consider P as a Markov operator which acts
on functions of I' by

Pf(z) = P(z,y)f(y).

yel’
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We will denote non-negative integers by N = {0,1,2,...} and positive integers
by N* ={1,2,3,...}. For any non-negative integer n, the n-step transition prob-
ability P, is deﬁned by P,(z,y) =P(X, =y | Xo = z) = P*(X,, = y). Define the
heat kernel of weighted graph (T, u) by

Po(z,y)
wy)

This Markov chain is symmetric with respect to the measure p, that is p,(z,y) =
pn(y, x) for all z,y € T" and for all n € N. We assume that there exists v > 1 such
that the following sub-Gaussian estimates are true for the heat kernel p,. There
exist constants ¢, C' > 0 such that, for all z,y € I

pn(z,y) < V(Cl(/w) exp [— (d(g:jw)“] ,Vn>1 (6)

pn(JUa y) =

and

b pa)e0) > 7 0 [_(dﬁfﬁ)“],vﬂzlvd@,y), 7)

Let (-,-) denote the inner product in #2(T, ). For the Markov operator P, define
the corresponding Dirichlet form Ep by

Ep() = (T =PV f) = 5 3 (@)~ F0) by

z,yel’

for all f € 2(T, ). For any two sets A, B C T, the resistance Rp(A, B) is defined
by

Rp(A,B)"' =inf{&p(f.f): fER', f|,=1,f|, =0}

where inf () = +o00. By [21, Theorem 3.1], we have the following estimate for the
resistance. There exist constants Cr, A > 1 such that

p ! l

Ry S BB ), Bl An°) < Cryros (8)

for all x € T" and for all » > 1. Other related work that characterizes the sub-
Gaussian estimates (6) and (7) are [20] and [3].

The parameter v in (6) and (7) is sometimes called the ‘escape time exponent’
or ‘anomalous diffusion exponent’ or ‘walk dimension’. It is known that v > 2
necessarily (see for instance [13, Theorem 4.6]). For any a € [1,00) and for any

€ [2,a + 1], Barlow constructs graphs of polynomial volume growth satisfying
V(z,r) ~ (1 4+ r)* and sub-Gaussian estimates (6) and (7) (see [1, Theorem 2]
and [21, Theorem 3.1]). Moreover, these are the complete range of o and ~ for
which sub-Gaussian estimates with escape rate exponent v could possibly hold for
graphs of polynomial growth with growth exponent a.

Let ¢ : [0,00) — [1,00) be a continuous, regularly varying function of positive
index. We say a Markov operator K satisfies (Jy) if it has symmetric kernel k&

c;
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with respect to the measure p and if there exists a constant Cy > 0 such that
1 1
ct < k(z,y) =k(y,z) < C J,
o Vil paldiy) = OV R0 S Sy sty Y
for all x,y € . Let k,(z,y) denote the kernel of the iterated power K" with
respect to the measure p. If K satisfies (J4) and if ¢ is regularly varying with
index 8 > 0, then we say that § is the jump indezr of the random walk driven by

K. Here by random walk driven by K, we mean the discrete time Markov chain
(Y,,)nen with transition probabilities given by

P(Y1 = y|Yo = x) = KWy () = k(z,y)(y).

We demonstrate threshold behavior as the jump index S varies by analyzing
the function

dr(n) = K™|, . = IK"i 5 = Sup kan(x,2) = Sugrkzn(w vy (9)
zy

as n — oo (see [17] for a proof of (9)). The following theorem gives bounds on
i (n) that are sharp up to constants.

Theorem 1.1. Let (I',u) be a weighted graph satisfying (1), (2), (3), (5) and
suppose that its heat kernel p,, satisfies the sub-Gaussian bounds (6) and (7) with
escape time exponent v. Let K be a Markov operator symmetric with respect to
the measure p satisfying (Jy), where ¢ : [0,00) — [1,00) is a continuous regularly
varying function of positive index. Then there exists a constant C > 0 such that

c1 C
<) < o (10)
V(¢(n)) V(¢(n))
for all n € N, where ¢ : [0,00) — [1,00) is a continuous non-decreasing function
which is an asymptotic inverse of t — t”/ft T l)ds.

Ezample. We write ¢ in Theorem 1.1 as ¢(t) = ((1 + t)I(¢))” where [ is a slowly
varying function (we refer the reader to [8, Chap. I] for a textbook introduction
on slowly and regularly varying functions). The function ¢ of Theorem 1.1 can be
described more explicitly as follows:

o If B>, ((t) =t/
o If 5 < v, we have t”/fot Szl)ds ~ ¢(t) and ( is essentially the asymptotic

(s

inverse of ¢, namely
C(t) = /Py (#/7)

where [y is the de Bruijn conjugate of [. For instance, if [ has the property
that [(t*) ~ [(¢) for all a > 0, then lx ~ 1/I.

e If 5 = ~, the situation is more subtle. The function 7(t) = ¢7/ fo

s 1ds i

regularly varying of index v and n(t) < Ci¢(t) for some constant 01 For
example if [ = 1, we have n(t) ~ t7/logt and ((t) ~ (tlogt)"/7. When
I(t) ~ (logt)?/7 with p € R, then

—If p>1,n(t) ~ 7 and ((t) ~ t'/7,
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— If p=1, n(t) ~ t7/loglogt and ((t) ~ (tloglogt)'/".
—Tfp <1, n(t) ~ £7/(logt)'~* and (1) ~ (t(logt)=r)"/".

Remark.

(a)

The conclusion of Theorem 1.1 holds if K is symmetric with respect to a
different measure v that is comparable to the counting measure in the sense
described by (1). This can be seen by comparing ¢ 5 with ¥g, where Q4 will
be defined in (29). We simply use the definition (9) along with the fact that
LP(T",v) and LP(T, 1) have comparable norms.

The condition (5) is required only for the lower bound on .

Let ¢ in Theorem 1.1 be regularly varying with index g > 0. If 8 € (0,2)
we know matching two sided estimates on ky(z,y) for all n € N and for all
x,y € . Assume that ¢(t) = ((1+1)I(t))? where [ is a slowly varying function.
The main result of [15] states that

1 n
kn(,y) ~ <V<n1/ﬁl#(n1/ﬁ)) A V(d(x,y))¢(d(w7y))> ’ -

where [4 is the de Bruijn conjugate of /.

We conjecture that the two-sided estimate (11) is true for any 8 € (0, ), where
7 is the escape time exponent for the sub-Gaussian estimate in (6) and (7).lem
The proof of (11) in [15] doesn’t seem to work if 5 € [2,+). In particular, the
use of Davies’ method to prove off-diagonal upper bounds does not seem to
work directly.

The conclusion of Theorem 1.1 can be strengthened for random walks on
groups for all values of 5 (7 is necessarily 2 for random walks on groups). See
[24, Theorem 1.5] for more.

Another intriguing question is to find matching two-sided estimates ky(z,y)
for the case 5 > v for appropriate range of d(z,y). In light of [24, Theorem
1.5] for random walks on groups, we conjecture that

1
V(¢(n))
for all n € N* and for all ,y € I" such that d(z,y) < ((n).
It is a technically challenging open problem to replace the homogeneous vol-
ume doubling assumptions (2) and (3) by the more general volume doubling
assumption: there exists Cp > 0 such that V(z,2r) < CpV(z,r) forallz € T
and for all » > 0.

kn(z,y) ~

Theorem 1.1 indicates a possible moment threshold behavior. We define mo-
ment of random walk as follows.

Definition 1.2. For a Markov operator K on I' and any number r > 0, we define
the r-moment of random walk driven by K as

M, ¢ := sup E*d(Xo, X1)" = sup (K(dy)) (v)
zel zel

where (X, )nen is a random walk driven by the Markov operator K and d, : I' — R
denotes the function y — (d(z,y))".
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Here is a corollary of Theorem 1.1 that illustrates moment threshold behavior
of random walks. It states that the asymptotic behavior of ¥ g is same as ¥p
corresponding to the natural random walk if and only if K has finite y-moment.

Corollary 1.3. Let (I', ) be an infinite, weighted graph satisfying (1), (2), (3),
(5) and its heat kernel p, satisfies the sub-Gaussian bounds (6) and (7) with
escape time exponent v. Let K be a Markov operator symmetric with respect to
the measure p satisfying (Jy), where ¢ : [0,00) — [1,00) is a continuous regularly
varying function of positive index. Then the following are equivalent:

(a) K has finite y-moment, that is M, g < oo.
(b) There exists a constant C > 0 such that

c1 C
W < Ygr(n) < W (12)

for alln € N.

Remark. For random walks on groups one must have v = 2 and such a second
moment threshold behavior is known in greater generality [16, Theorem 1.4 and
Corollary 1.5]. See [6], [7] and [24] for extensions and generalizations of such
moment threshold behavior for random walks on groups. It is an interesting
open problem to formulate and prove a v-moment threshold in greater generality
without the assumption (Jy).

Proof of Corollary 1.5. By Theorem 1.1, (b) holds if and only if [ qu;(i)ds < 0.
Therefore (b) holds if and only if

> = < o0, (13)
n=1

S

where ¢(z) = SuPyc(,2] ¢(x). The above statement follows from Potter’s bounds [8,
Theorem 1.5.6], continuity of ¢, Theorem 1.5.3 of [8] and uniqueness of asymptotic
inverse up to asymptotic equivalence.

By (J4) and Theorem 1.5.3 of [8], the condition M, g < oo holds if and only if

d(z,y)"
yz@; V(d(z,y))o(d(z,y)) < (14)

for some fixed z € T'. It is well-known that the volume doubling property (2)
and (3) implies a reverse volume doubling property which has the following con-
sequence: There exists an integer A € N* and ¢; > 0 such that

Vx, Ar) = V(x,r) > 1V (r) (15)
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for all » > 1/2 (Proof of [19, Proposition 3.3] goes through with minor modifica-
tions). There exists cg, ¢35 > 0 such that

d(z,y)"
2 V(d(z,y))p(d(x,y))

yel

- A™
> ) > V(A™+1/2)¢(Ant1/2)

n=0yeB(z,A"*+1/2)\ B(x,A™/2)
oo An,y

> =
=25 an)

(16)

for all x € T
Now we show a reverse inequality of (16).There exists C1,Co > 0 such that
27

d(z,y)" =
2 Vo) = 2 Varnae)

o0

>
=)
for all x € T'. The second line above follows from (2) and Potter’s bound [8,
Theorem 1.5.6].

To show (a) implies (b), we use (14), (16) and a generalization of Cauchy con-

densation test due to Schlémilch to obtain (13). To show (b) implies (a), we use
(13), Cauchy condensation test and (17) to obtain (14) which implies (b). O

< Cy

(17)

Theorem 1.1 and Corollary 1.3 suggests that for spaces with sub-Gaussian es-
timates and a scaling structure (for example regular fractals), one might be able
to formulate and prove a central limit theorem with a 7 4+ € moment condition.

1.1. Analytic preliminaries on Markov operator and Dirichlet form. Let
(T', 1) be a countable, weighted graph. Let K be a Markov operator, symmetric
with respect to the measure u. Denote the kernel of the iterated operator K™ with
respect to p by kn(z,y), that is K" f(z) = >_ cr kn(z,y) f(y)pu(y). We will collect
some useful facts about the operator K. For any p € [1,00], we denote by [f],
the norm of f in P(T', u) and by (-, -) the inner product in £2(T, ). A fundamental
property of K is that it is a contraction in ¢P(I") for any p € [1, o], that is

1K S, < I£1,

for all p € [1,00] and for all f € ¢P(T', u). By the symmetry ki (x,y) = ki1(y, z), we
have that K is self-adjoint in £2(T', u1), that is

(Kf,9)=(f,Kg) (18)
for all f,g € £2(T', ). For any n € N, we denote by Exn(f, f) = (I — K™)f, f)
the Dirichlet form associated with K™.
The following useful lemma compares Dirichlet form of a Markov operator K
with its iterated power K™.
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Lemma 1.4 (Folklore). Let K be a Markov operator on T' symmetric with respect
to the measure . Then for any f € £2(I', 1) and for any n € N*

Proof. We verify this using spectral theory. Let F) be the spectral resolution of

K. Therefore
1

Exce(fo ) —nEx(f f) = / (1= X" —n+ n\)dE(f, f).

-1
The result follows from the observation that 1 — A" —n+nX <0 for all A € [—1,1]
and for all n € N*. O

Lemma 1.5 (Folklore). Let K be a Markov operator on I' symmetric with respect
to the measure p and let f € 2(T, 1) be a non-zero function. Then the function
i HK’fHQ/ HKz_lfH2 is non-decreasing.

Proof. We use self-adjointness (18) and Cauchy-Schwarz inequality to obtain
1K flly = (K1 KL < ([ K FL [ A
which gives the desired result. O

2. PSEUDO-POINCARE INEQUALITY USING DISCRETE SUBORDINATION

Pseudo-Poincaré inequality provides an efficient way to prove Nash inequality
which in turn gives upper bounds on 1k (n). For a function f : ' — R and R > 0,
we define a function fr: ' — R by

mwwzvéR)

> fwnw).

yeB(z,R)

In other words, fr(z) is the p-average of f in B(z, R). The main result of the
section is the following pseudo-Poincaré inequality.

Proposition 2.1 (Pseudo-Poincaré inequality). Let (I',u) be a weighted graph
satisfying (1), (2), (3) and suppose that its heat kernel p,, satisfies the sub-Gaussian
bounds (6) and (7) with escape time exponent v. Let K be a Markov operator
symmetric with respect to the measure p satisfying (Jy), where ¢ : [0,00) — [1,00)
s a continuous reqularly varying function of positive index. There exists a constant
C > 0 such that
2 RY
1F- sl < [ ) exth ) (20)
0 ¢(s)

for all R > 0 and for all f € /2(T, ).

We introduce a discrete subordination of the natural random walk on (I', u)
whose kernel is comparable to the kernel of K in Proposition 2.5. We introduce a
new Markov operator

Q:%@+P% (21)
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which has a symmetric kernel q(z,y) = 1(p1(z,y) + p2(2,y)) with respect to p.
Let g, denote the kernel of the Markov operator Q¥. For a Markov operator Q*,
let Eq(f, f) :== (I — Q¥)f, f) denote the corresponding Dirichlet form. Let R
denote the resistance defined using the Dirichlet form £p. We will now compare
kernels of PF and Q.

Remark. The advantage of working with the kernel ¢, is that it satisfies as stronger
sub-Gaussian lower estimate (23) in comparison to (7) satisfied by p,. This makes
subordination of kernel @) preferable(as opposed to P) and technically easier.

Lemma 2.2. The kernel q; satisfies the following improved sub-Gaussian esti-
mates: there exist constants c,C > 0 such that, for all x,y € T

qn(z,y) < V(Ci/v) exp [— <(W> 71] ,Vn>1 (22)

and

an(z,y) > 7 Cl/v) exp [— <d(:1;,ny)'y> H] ,Vn > 1Vvd(z,y). (23)

Proof. Observe that ¢, (z,y) = > 3_o2 " (})Pntk(z,y). This along with (6), (2)
gives the desired upper bound (22).
Note that, there exists C7 > 1 such that

Ccrt < (o) <Cy (24)

(k‘il)

for all n € N* and for all k € N such that [2] < k < [22]. There exists c1,co > 0

L)+
afn
an(z,y) > Z 2 <k>pn+k($7y)
k=%
L%
> 2 tort Z < ) Pk (T Y) + Prtks1(2, )
k LnJ

1

vy 5—1

> 2 "l ortep? 1 exp |— d(z,y)" )7
V(nt/7) cin i

. <W>m]

for all z,y € I" and for all n € N such that n > 1V d(a?, y). The second line above
follows from (24), the third line follows from (7) and (2) and the last line follows
from weak law of large numbers. O

15

=1%)
1

> JE—
= v

exp

The operators P and () have comparable Dirichlet forms and resistances.
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Lemma 2.3. The resistances Rg and Rp are comparable by the following inequal-
ity

1
for all subsets A, B C T.

Proof. 1t suffices to compare the corresponding Dirichlet forms £g and £p. Note

that Eo(f, f) = 5(Ep(f, f) + Ep2(f. f)) = 5Ep(f, f). However by Lemma 1.4, we
have

Eall, ) = 3 (Ep(F. 1) + Ep2(1. 1) < SER(S, ) < 260 (1. )

We have the following pseudo-Poincaré inequality for iterated powers of Q).

Lemma 2.4. Under the assumptions of Proposition 2.1, there exists C1 > 0 such
that

2 R\’
1f = frllz <Cu{ ) Egeun (fs f)
k
or a € , ) and for a € N an € R satisfying 1 < k < R.
for all f € 2T d forallk e N and ReR fying 1l <k <R
Proof. There exists Cy > 0 such that

z) — 2
TEVIEED DI DRI = LI

, R)
zel’ ye B(z,R)

<Co Y Y (f(@) = () qa rr) (@, y)p(y) ()

z€el yel
— 22 (115 - @]} (25)

The first line follows from Jensen’s inequality, the second line follows from the lower
bound (23) of Lemma 2.2, (4) and (3), the last line follows from the p-symmetry
of Q. Since @ is a contraction on £2(T, 1), we have

2 |l ALRY 4|2 2 |lot) | — mlk] e||® _ || k] g2
1715 = || s < 113 - @ g = > (HQ 7], - e fH2>
. (26)
where [ = [|R”| / |k ]].
Since @ is a contraction on ¢2(T', ;1), we have

HQ<m+1>WJfH2 _ HQ(mH)MfHQ _ [|gum+nue - tam)me?
2 2 2

2
< |l — @y

el e
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By (26) and (27), we get

1718~ @ 1) < 1 (1518 - @ a[}) < 4 (st - s - s

Combining (25) and (28) gives the desired inequality. O

The following subordinated kernel satisfying (J,) is a useful tool to study the
behavior of long range random walks.

Proposition 2.5. Let ¢ : [0,00) — [1,00) be a continuous regularly varying func-
tion of positive index. Let ( ) be a weighted graph satisfying the assumptions
of Proposition 2.1 and let Q be defined by (21). Define the subordinated Markov
kernel

Z Cp—rs QQWJ (29)

-1
where cy = <ZZ°:1 #(n)) . Then Qg has a symmetric kernel q4 with respect to
w and there exists C' > 0 such that

1 1
c! < qpl@,y) = qp(y,2) < C . (30
Vi ey = @0 = e = Cyae gy Y
for all x,y € I'. In other words, Qg satisfies (Jy).
Proof. The symmetry of Q4 follows from the symmetry of () since
Z iy 1) (z,9). (31)

Let ¢ be regularly varying of index 8 > 0. By Potter’s bounds [8, Theorem
1.5.6] and using that ¢ is a positive continuous function, there exists C7 > 0 such

that
<o ()" 2)") o
for all s,t € [1,00).

It suffices to assume that z,y € I' and = # y. The case x = y follows trivially
from Lemma 2.2. Combining n?/2 < [nY] < n?, (31), (2) and (22) of Lemma 2.2,
there exists Cy > 0 such that

o0 d@y) /(r=1)
d(z,y)\’
w3 S e | ()

n=d(z,y)+1
(33)
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for all x,y € T with x # y. We bound the first term in (33) by

n:d%)Jrl ng(n)V(n) S V(d(z,y)) nzd%y)ﬂncﬂn)

< 1 / & ds
SO3 —

V(d(:l},y)) d(z,y) S¢(S)

1
V(d(z,y))o(d(z,y))

where C3,C4 > 0 are constants. In the first line above, we used that V is non-
decreasing. The second line above follows from (32) and the third line follows from
[8, Proposition 1.5.10].

Let 1 < n < d(z,y). To estimate second term in (33), we use (32) and (4) to
obtain

< (4 (34)

1 _ 1 d(z,y)¢(d(z,y))V (d(z,y))
ne(n)V(n)  d(z,y)o(d(z,y))V(d(z,y)) ne(n)V(n)
C1Cp d(z,y) a+((36)/2)+1
< e gvae () - &)

Since the function ¢ — t*F(BA/D+ exp [—(C51¢)7/O~V] is uniformly bounded
(by say C5) in [1,00), by (35), there exists a constant Cg > 0 such that
YO Co
ng(n)V(n)

d(z,y) d(z,y) v/(v=1)
2 ‘( Can ) = Vid(, y)old(z. )

for all z,y € T’ with « # y. Combining (33), (34) and (36) gives the desired upper
bound in (30).

For the lower bound in (30), we use (31), (23) of Lemma 2.2 along with (4) to
obtain, a constant c¢; > 0 such that

Cy

(36)

2d(z,y) co
gz, y) > > () L) (z,y)
n=d(z,y)
2d(z,y) o1
2 D v
L2 ngmV i)
> Cplar Qd(zxjy) b
= 2d(e, )V (dla,y)old(r, ) | 2= 30,
for all z,y € T with x # y. In the last line, we used, (2), n=! > (2d(x,y))~! and
the Potter’s bound (32). O

Proof of Proposition 2.1. By Proposition 2.5, the Markov operators K and Qg4
have comparable Dirichlet forms. Hence it suffices to consider the case K = Q.
If R <1, then f = fr which in turn implies the pseudo-Poincaré inequality (20).
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Hence we assume that R > 1. There exists ¢; > 0 such that

EQ,(f. 1) =co Y Iwﬁl(k)Ssz (f,.f)
k=1

> cyCrt If = frIz R

B s1-1ds
(s)

for all f € ¢*(T, 1) and for all R > 0 which is the desired inequality. In the second

line above, we used Lemma 2.4 and in the last line we used that ¢ is a positive

continuous regularly varying function which satisfies the Potter’s bound (32). O

> | f - frll3 R i (37)

3. NASH INEQUALITY AND ULTRACONTRACTIVITY.

In this section, we use pseudo-Poincaré inequality (20) to obtain a Nash in-
equality and on-diagonal upper bounds. A polished treatment of the relationship
between Nash inequalities and ultracontractivity is presented in [9]. It is well-
known that pseudo-Poincaré inequality along with assumptions on volume growth
gives a Sobolev-type inequality (see [23, Theorem 2.1] for an early reference to
this approach).

The following function n which appears in (20) plays a crucial role in this work.
Define the function 7 : [0,00) — (0, 00)

.
WR) = (38)
fO b(s)

for R > 0 and 7(0) = v¢(0) so that n is a continuous function. We also need the
following modification of 1 defined as 7 : [0, 00) — (0, c0)

i(R) :=sup{n(t) : t € [0, R]} (39)
so that 77 is a non-decreasing function. It is known that [8, Theorem 1.5.3] 7 is
asymptotically equivalent to 7, that is lim;7(¢)/n(t) = 1. If ¢ is regularly
varying with positive index, so is 7. We now compute the index of 1 and list some
of its basic properties.

Lemma 3.1. If ¢ : [0,00) — [1,00) is a continuous regularly varying function

with index B > 0, then

(a) The function n defined by (38) is continuous, positive and regularly varying
with index B N 7.

(b) There exists C; > 0 such that n(z) < Ci¢(z) for all z > 0.

(c) The function n has an asymptotic inverse ¢ : [0,00) — [1,00) satisfying the
following properties: ( is continuous, non-decreasing and reqularly varying
with index 1/(B N\ ~). Moreover, there exists C > 0 such that

O™l < C(n() < (1) < Ct and Ot <n(¢(t) <) < C(ZO)
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for allt > 1.

Proof. (a) and (b): The cases < 7, f = v and 8 > v follow from Proposition
1.5.8, Proposition 1.5.9a and Proposition 1.5.10 in [8] respectively.

(c) The existence of an asymptotic inverse which is regularly varying of index
1/(BA~) follows from (a) and [8, Proposition 1.5.12]. The fact that ¢ can be chosen
to be continuous, bounded below by 1 and non-decreasing follows from Theorem
1.8.2, Proposition 1.5.1 and Theorem 1.5.3 of [8] respectively. The existence of C' >
0 satisfying (40) follows from the definition of asymptotic inverse and continuity
of ¢,n and 7 and lim;_, 7(¢)/n(t) = 1. O

Theorem 3.2 (Nash inequality). Let ¢ : [0,00) — [1,00) be a continuous, regu-
larly varying function of positive index. Let K be Markov operator satisfying (J4)
with symmetric kernel k with respect to the measure . Then there exist constants
C1,Cy > 0 such that

2
1713 < Cuies(1. 1) (vl (Oz Hjﬁ”)) ()
2
for all f € (YT, 1), where 7j is given by (38) and (39).

Proof. Let R >0 and f € £(T, u).
By (3) and triangle inequality, we have

1/Rllee < Crllflly /V(R) and IFrll: < CRIIFN: -
Hence by Holder’s inequality

2
172l < 1l Il < GRS (42)

for all f € ¢*(T, 1) and for all R > 0. By (42) and Proposition 2.1, there exists
('3 > 0 such that

2 2 2
1112 < 2(f = frllz + 2| /&l

17117
< C3 | n(R)EK(f, f) + VR

~ [k
< . 4
To minimize (43), we want to choose R = Ry > 0 such that (7(Ro)V (Rp)) " ~
Ex (£, N/ £

Note that R — (7(R)V(R)) " is a strictly decreasing continuous function with

Jim GR)VR) ™ = @OV©) ™ and i (G(R)V(R) ™ =0.
Therefore the equation

(iI(R)V(R)) ™ =t (44)
has an unique solution for all t € (O, (n(O)V(0)) .
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Since K is a contraction in ¢2(T', ;1), we have

Ex(f ) = (I =K)f. ) < WIS+ KK DL 1A+ 11 1K Flly < 211F115-

By (1) and using #” inequalities for counting measure, we have | f||7 > C’lj?’ I£l13.
Combining these observations gives

Ex (£, N/ IFIIF < 2G5, (45)
for all f € ¢%(T, ). By (44) and (45), for any f € ¢1(T', u) with f # 0, there exists
an unique solution Ry to the equation

((Ro)V (Ro)) " = ey KU L)

1117
where ¢; = (2C3n(0)V(0)) . Substituting the above solution Ry in (43) gives
17115 < Cs(1+ e ) IF1 /V (Ro) or equivalently,

Ry <V (GalIf I3/ 11£15) (47)

where Oy := C3(1 4 ¢;!). Since 7 is a non-decreasing function, by (46) and (47)

we have
I Cufm~<v» ( Hﬂh))
&eh ) = " oliE

Hence we obtain the Nash inequality

V12 < exCogic (£, )i ( ( I/ ”1>> (48)
21512

By (Jg) and (1), there exists a > 0 such that infycr ki(z,z)pu(z) > a. Since
ko(2,y) = ki(z,y)k1(y, y)u(y) > aki(z,y), we have

gK(fvf) < aingQ(fvf)
for all f € £2(T', ). This along with (48) gives the desired Nash inequality. O

; (46)

-1

Theorem 3.3 (Ultracontractivity). Let (I', u) be a weighted graph satisfying (1),
(2), (3) and its heat kernel p, satisfies the sub-Gaussian bounds (6) and (7) with
escape time exponent . Let K be a Markov operator symmetric with respect to
the measure p satisfying (Jy), where ¢ : [0,00) — [1,00) is a continuous regularly
varying function of positive index. Then there exists a constant C' > 0 such that

C
Yr(n) < W

for all n € N, where ¢ : [0,00) — [1,00) is a continuous non-decreasing function

which is an asymptotic inverse of t — t7/ ft s ls)ds.

Proof. Let p, = infzep p(z). Define g : (0,1/p4] — [0,00) by

1/t s
o) = [ Cui (v Cas)
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and m : [0,00) — (0,1/u.] as the inverse of g, where C7,C5 are constants from
(41). Since g is a decreasing, surjective, continuous function, so is m. Observe
that we can increase the constant Cy in (41) without affecting the Nash inequality.
We choose Cy such that Cy > V(1)/ 4, so that

V1 (Cys) > 1 (49)

for all s > pus.
By a standard ultracontractivity estimate using Nash inequality (41) (see [17,
Theorem 2.2.1] or [9, Proposition IV.1]), we obtain

Yx(n) < m(n) (50)

for all n € N*.

We now estimate the functions g(t) and its inverse m(t). For t=1 > p,, choose
L € N such that C’IL)M* € [t71,Cpt1). We have
Cppe ds CpCops ds
o)< [ eavcs) T [ T A T
* 2 1%
S [ORC (V1 (s)) ds
coy [ Htons
=17/ Cp ! Cap $
HCHCop)) k—1
<Ci (Cp —1)C  Caps
; c’“ tCop ( P )
<o Zn (b)) 61)

where C3 = C1(Cp — 1). In the third line above, we used that o V™! is a
non-decreasing function.

By Lemma 3.1 and [8, Theorem 1.5.3], 77 is regularly varying of positive in-
dex. Hence by Potter’s bounds [8, Theorem 1.5.6] and using that 7 is a positive
continuous function, there exists Cy > 1, 81 > B2 > 0 such that

10 <o ()".2)")

for all s, € [1,00). By (2), (49) and (52) , we get
A(VHCHCap)) < 725V THOECops)) < Ca2EDi(VH(CECops))  (53)
for all k =1,2,...,L. By (51) and (53),
g(t) < C5i(V—(CpCa/t))
for all t < p; ', where Cs := C3C4(1 — 2752)~1. Therefore
t =g(m(t)) < Csi(V~H(CpCa/m(t)))

for all t > 0.
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We use an asymptotic inverse ¢ of the function 1 as described in Lemma 3.1.
Hence by Potter’s theorem [8, Theorem 1.5.6]) and (40) , there exists Cg,C7 > 0
such that

¢(t) < Ce((t/C5) < Co¢(n(V—H(CpCa/m(t)))) < C:V~HCpCe/m(t))  (54)
for all t > 1. By (4), there exists Cg > 0 such that
Cs
V(<)

The conclusion follows from (50). O

m(t) < CpC2/V(((t)/C7) <

(55)

4. LOWER BOUND ON ¥x

The lower bound on ¥ follows from a test function argument due to Coulhon
and Grigor'yan [13, Theorem 4.6]. However we need a good test function for
that argument to work. Such a test function can be obtained from the resistance
estimate in (8).

Theorem 4.1. Let (I', ) be a weighted graph satisfying (1), (2), (3), (5) and
its heat kernel py, satisfies the sub-Gaussian bounds (6) and (7) with escape time
exponent v. Let K be a Markov operator symmetric with respect to the measure
p satisfying (Jy), where ¢ : [0,00) — [1,00) is a continuous regularly varying
function of positive index. Then there exists a constant ¢ > 0 such that

Yi(n) >

V(¢(n))

for all n € N, where ¢ : [0,00) — [1,00) is a continuous non-decreasing function

which is an asymptotic inverse of t — t7/ f(f SW¢7(15)dS'

Proof. By Lemma 1.5, we have

Il (wu%)’
. 56
113~ \ A (%)

For any finite set A define

2

5
supp(f)CA4, Hf”2
f#0

Then by (56) and Cauchy-Schwarz inequality

n
Kf|?
Yi(n) = |K"|{ s >sup sup |fl3 H !2
A suh)?ﬁf)glfl, 1f115
=

(57)
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We write A\(A) as
EKQ(fv f) )

(A) ( (A)) supp(NCA, || f]3
Jf#0

(58)

To obtain a lower bound on A(A) it suffices to pick a test function f. By Lemma
1.4, Proposition 2.5, there exists Cy > 0 such that

Ex2(f, f) <28k (f, ) < Ci€q,(f. f) 01%2 nay e (L 0) - (39)

By Lemma 2.3, (8) and (4), there exist constants ¢; € (O, 1) and C5,C3 > 1 such
that R

Ro(B(z,c1R), B(z, R)°) > Cy 1V(R)
for all x € " and for all R > C3. Therefore for any z € I' and for any R > Cj,
there exists f € R satisfying supp(f) C B(z, R), f’B(m aR) = 1 and

OV (R
Eq(f, f) < 22RV7().

Since such a function has Hng > V(z,1R), by (3), (4) and (60), there exists
Cy4 > 1 such that the following holds: for any x € I'" and for any R > Cj, there
exists f € R satisfying supp(f) € B(zx, R) and

(60)

I1F1I
Using Lemma 1.4 and the bound Egar(s 5y = I£113 - HQkaz < || f1I3, we obtain
< LR L o 1
; n(b( ) QQL 'Yj Z ¢ ” HZ %+1 n¢(n) ( )

for all f € £2(T, ). For the second term above, we use [8, Proposition 1.5.10] to
obtain Cs5 > 0 such that

> 1 1
2 o = o 63)

for all R > 1. By Potter’s bound [8, Theorem 1.5.6] and continuity of ¢, there
exists Cg > 0 such that

LRl 1 R -1
nY sT 4 ds
2ot <%y o) o

for all R > 1.
Combining (58), (59), (61), (62), (63), (64) and using Lemma 3.1(b), there exist
constants C7 > 0 and Ry > 0 such that

Cr
NB(R) 21~ s
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for all R > Ry. Combining (57), (3), (40) of Lemma 3.1(c) along with the substi-
tution R = ((n), there exists Ny, Cg,c¢1 > 0 such that

c,! < G )” c,! < _Cg>” c1
e = yeen o) = vean ') = Vi)
for all n € N with n > Nj. The case n < N; follows from (Jy). O

Proof of Theorem 1.1. The upper bound and lower bound follows from Theorems
3.3 and 4.1 respectively. ]

5. STABLE SUBORDINATION AND THE CASE f3 < 7

In this section, we provide evidence to the conjecture in Remark 1(b) and (e).
Let (T', 1) be a weighted graph satisfying the volume doubling condition: there
exists Cp > 0 such that

Viu(z,2r) < CpVy(z,r) (65)
for all z € T" and for all » > 0. By a slight abuse of notation, we denote V,, by V'
in this section. Similar to (4), there is a volume comparison estimate

Vix,r) T\
V(z,s) =Cp (s) (66)
for any x € I' |, for all 0 < s < r and for all « > log, Cp.

As before let P and p,, denote the Markov operator corresponding to the natural
random walk and the heat kernel respectively. We assume that the heat kernel
satisfies the following sub-Gaussian estimates. There exist constants ¢, C > 0 such
that, for all z,y € T’

1
C d(x,y)?\ 7T
n(T,Y) < ———7— | — ) >1
PSS i) [ (“a) ] " o
and
c d(w,y) |7
> - Sy ik 2 > .

(p'n +pn+l)(x7y) - V(l’, nl/,y) exp < on > ] ,Vn - 1v d(l’, y) (68)

Consider a random walk X, driven by the operator @) defined in (21). We consider
the continuous time Markov chain Yp,(t) = X N(Sg, (t)) Where N (t) and Sg, are
independent Poisson process and [3y-stable subordinator for some Sy € (0,1). Let
kt g, denote the kernel of Y, (t) with respect to the measure p. By definition of
k¢ g,, we have

(e}
Fego(2,y) = Y Ay (t,4)ai(, y) (69)

i=0
for all ¢ > 0 and for all x,y € I, where Ag, (¢,7) := P(N(Sg,(t)) = i). Let ¢; denote
the kernel of the iterated operator @ with respect to the measure u for i € N.
By the same proof as Lemma 2.2, we get similar sub-Gaussian estimates for the
more general volume doubling setup. We assume that the kernel ¢, satisfies the
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following sub-Gaussian estimates: There exist constants ¢, C' > 0 such that, for all

z,yel
1
c d(z,y)7\ 1
< - - | gl
gn(7,y) < Vit &P [ < on )

qn(z,y) > ﬁexp [— <d(x,y)'y> H] V> 1vd(z,y). (71)

Vn>1 (70)

and

-V cn

Using estimates on the stable subordinator Sg, and the estimates on the kernel g,
similar to Lemma 2.2, we show the following:

Theorem 5.1. Let (I', ) be a weighted graph satisfying (65) and its heat kernel
pn satisfies the sub-Gaussian bounds (67) and (68) with escape time exponent -y.
Let ky g, be the symmetric Markov kernel with respect to the measure p defined by
(69). Then for all By € (0,1) there exists a constant C > 0 such that

1 n
kn,go(2,y) < C <V(:c,n1/ﬁ) NV d )1+ d(w,y))ﬁ> "

and

_ 1 n
ko (2, y) = C71 (V(x,nl/ﬂ) 4 V(x,d(z,y))(1 + d(:c,y))ﬁ) (73)

for all x,y € ' and for all n € N*, where 8 = [yy.

We begin by recalling some known estimates for stable subordinator. Let
ft.8,(uw) be the density of the fyp-stable subordinator Sg,(t). We have the scal-
ing relation

Foo () = 7170 figy (17/P0w), - By € (0,1).
By standard estimates on f; g, (see [18, Section 3]) there exist constants ¢, Cy > 0
such that

frgo(u) < Crtu™' =5, t,u >0, (74)
Sk T

f18,(u) < Cru >oe , u e (0,1), (75)

ft,,Bo(U) > cltuflfﬁo’ t>0u> /B0 (76)

Next, we estimate the quantity

Ap(t.0) = POV(S3p ) =) = [ (0" (77)

By (74) and Stirling asymptotics for Gamma function, there exists Co > 0

Agy(t,i) < Cl/ tu~t 0 E gy
0 1.
DG 0) g,

1
< Giti T(G) = %il+h

(78)
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for all t > 0 and for all i € N*. By Chebychev’s inequality applied to Gamma

distribution, we have
/OO Lu)\_l du > 1 (79)
a2 T 5

for all A > 5. Therefore, there exists co > 0 such that

. o] 1.8 efuui
Ag,(t,i) > 1 tu 07,' du (80)
£1/80 2!
o7} —u,,t
> cl/ tu_l_ﬁoq du
(i—Po)/2 &
I'(7 — t

>
=5 ar()  © i
for all By € (0,1), for all i € N* and for all ¢ > 0 such that ¢ > max (6,4¢'/5%0).

We used (76) in the first line ¢ > max (6,4151/ F0) in the second line and (79) and
Stirling asymptotics for Gamma function in the last line.
We need the following estimate to prove the desired diagonal upper bound.

Lemma 5.2. Under the doubing assumption (65), there exists C; > 0 such that

[e.9]

exp(—u)u’ 1 Ch
< 82
; il V(x,it/) = V(z,ul/?) (82)

for all x € T and for all u > 0.

Proof. Note that

i exp(—u)u 1 1 % exp(—u)u? V(z,ul/7) 1

<
0 V@i S Ve ah) 1 V(@ih) Vi

i=0 =0

Cy >, exp(—u)u’ < u )"0 1
< J

<

Ca(no!) i exp(—u)uttno 1
+

V(z,ul/7) = (i+no)! V(z,ul/7)
C3
< — 83
= V(x,ul/) (83)
where ng = [(logy Cp)/7v]. We used (66) in the second line. O

Proof of Theorem 5.1. We start by showing the off-diagonal lower bound for the
case d(z,y)? > 4n'/Po. By (69), (81),(66) and (71), we have

2[d(z,y)"]

1
kngo(T,y) =1 Y SRR
n 1

= 0T d )P Vi @)
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for all z,y € I, for all n € N* such that d(z,y)? > 4n'/P. Next, we show the
near-diagonal lower bound for the case d(z,y)? < 4n'/%o. By (69), (81),(66) and
(71), we have

[8711//30—‘

n 1 C4
kg0 (2, y) > : &
,Bo (1‘ y) c3 3 (421/501 (1 4 Z)l-i-,@o V(% nl/ﬁ) V(:E, nl/ﬁ)

for z,y € T and for all n € N* such that d(z,y)Y < 4n'/P.
We prove the diagonal upper bound below. We use (69), (77) and Fubini’s
theorem to obtain

—uuz

ko (2, y) = /Ooo Frpo(1) Y eTQi(fE,y) du. (84)

i=0
Combining (70) ,(84) and Lemma 5.2, there exists Ca,C5,Cy > 0 such that

—U,,i 1

> e Uy
buo@.) < O [ o) Y- s
i=0 ’ ’

o 1
s&/fwmw@wmw

= CQ/ f1,8,(s Vi nl/ﬁsl/’Y) ds

Cs 1 28 B 1
Bg p—C1S
= V(x,nl/ﬁ) T V75 / 5o s(log; Cp)/y @
Cy
- 85
= V(z,n/B) (85)

Next, we show the off-diagonal upper bound in (72). Combining (69), (78),
(70), there exists C5, Cg, C7 > 0 such that

kn,ﬁo (l’, y)

<> 1+ z‘)—l—ﬂov(;mexp [_ (d(xcif) )]

i=1

[e.9]

L+d,y)” > A+

i=1+|d(z,)7]

Ld(=,y)7 ] 1+Bo+(a/v) 71
- d(x,y)” d(x,y)”
gl E AL J) _
d(@,y) < 1 > P [ ( Ci

i=1
< Cm
~ (L+d(z,9)PV(z,d(z,y))
for all x,y € I" with  # y and for all n € N. O

< Cen
= (1 +d(z,y)V(z,d(z,y))
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