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RANDOM WALKS DRIVEN BY LOW MOMENT MEASURES

BY ALEXANDER BENDIKOV1 AND LAURENT SALOFF-COSTE2
Wroctaw University and Cornell University

We study the decay of convolution powers of probability measures with-
out second moment but satisfying some weaker finite moment condition. For
any locally compact unimodular group G and any positive function 0: G —
[0, +00], we introduce a function e which describes the fastest possible

decay of n — ¢(2") (e) when ¢ is a symmetric continuous probability density
such that [ o¢ is finite. We estimate @ ,, for a variety of groups G and func-
tions o. When g is of the form o = p 0§ with p : [0, 400) — [0, +00), a fixed
increasing function, and §: G — [0, 4-00), a natural word length measuring
the distance to the identity element in G, ®¢ , can be thought of as a group
invariant.

1. Introduction. Throughout this work, G is a locally compact unimodular
group equipped with its Haar measure A, and L?(G) = L?(G, 1), 1 < p <00, is
the space of (classes of) p integrable measurable functions. When convenient, we
write A(dx) =dx.

Sometimes, but not always, we will assume that G is also compactly gener-
ated. When that is the case, we let U be an open relatively compact set which is
symmetric and contains a compact generating neighborhood of the identity ele-
ment e. For any element x in G, we set |x| = inf{n : x € U"} (with the convention
that UY = {e}) and V(n) = A(U"). The function V is called the volume growth
function of the group G. The rough behavior of both x + |x| and n — V (n) is
essentially independent of the choice of U; for example, see [31]. The case when
G is a finitely generated group equipped with a finite symmetric generating set,
and its counting measure is of course included here, and the results we obtain are
particularly interesting in this case.

Given a Borel probability measure 1 on G, we let 1" be the n-fold convolution
power of x and let 2 be the measure defined by f1(A) = u(A~!) for any Borel
set A. Recall that 1™ is the law of the random walk driven by y and started at e.
We call a measure symmetric if & = f&. Since G is unimodular, we have L= It
follows that a measure having a density ¢ w.r.t. the Haar measure A is symmetric if
and only if ¢ is symmetric, that is, ¢ = qv5 where qvﬁ(x) = ¢ (x~1); see, for example,
[71, Exercise 5, page 89. Throughout the paper, we denote by Ry the operator of
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convolution by the function ¢ € L*(G) on the right, that is, Ry f = f * ¢ (say,
for compactly supported continuous function f). When ¢ is in L'(G), Ry also
denotes the extension of this operator to L2(G) [and, more generally, L?(G)].
When ¢ = qvb e L'(G), Ry is a bounded self-adjoint operator on L?(G).

1.1. The decay of convolution powers. A probability measure @ on a com-
pactly generated group G is said to have finite second moment if (] - |*) < oo.
A fundamental result concerning symmetric random walks on groups asserts that
there exists a nonincreasing positive function ®¢ such that, for any symmetric
probability measure du = ¢ d . with finite second moment and continuous density
¢ whose support contains a generating compact neighborhood of the identity, we
have

(1.1) P (U) = ¢ () = dg(n);

see [13, 20]. Here, f(n) >~ g(n) means that there are constants ¢; € (0, co) such
that, for all n, c; f(con) < g(n) < c3 f(can). Clearly, in the above estimates, the
implied constants c; are allowed to depend on ¢ and G.

The following list provides some examples of explicit computation of @, as-
suming that G is compactly generated. More accurately, it is the equivalence class
of @ under the equivalence relation ~ which is computed.

e If G is such that V (n) ~ n?, then ®;(n) ~n—P/2, Every nilpotent group has
these properties for some integer D; see [29, 31] and the references therein.

e If G is polycyclic (or linear solvable) and has exponential volume growth, then
®;(n) ~exp(—n'/3); see [1, 22, 30, 31].

e The group G is nonamenable if and only if ®;(n) >~ exp(—n) (this is a formula-
tion of Kesten’s celebrated theorem regarding amenability and random walks).

e Let M, N be two finitely generated groups, and let G be the wreath product
G=M:N=(3,cny M,) x N. This is the semidirect product of N with of the
direct sum of countably many copies of M indexed by N where the action of N
is by index translation; see, for example, [21] for a precise definition.
— Assume N satisfies Vi (n) >~ n for some d > 1 and M is nontrivial. Then we

have
exp(—nd/@+2), if M is finite;
G (n) = { exp(—[n?(logn)?]'/@+2), if Vig(n) ~n®, b > 1;
exp(—n@+D/@+3), if M € PE,

where PE stands for polycyclic with exponential volume growth.
— Assume that N € PE and M is nontrivial, finite or polycyclic. Then we have

DG (n) ~exp(—n(log n)_z);

see [9, 10, 21, 26] for details and further results.
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e Let N =74, M be nontrivial, and k > 2 be an integer. Set G = M (M 2 (--- (M2
N)---)) where k successive wreath products are taken. Then

exp(—n(log,_, n)~2/4), if M is finite,

ds(n) >~
¢ exp(—n[(log;_, n)/log; n]=%/4), if Vig(n) ~nb, b>1.

Here, log (x) =log(e + x) and log; (x) =log(e +log;_(x)), k > 2; see [9, 10,
26].

The article [25] gives an overview. Many further behaviors are possible for the
function @, but a complete classification of the possible behaviors is not known.
In fact, the very existence of such a classification seems highly unlikely, and there
are (uncountably) many amenable finitely generated groups G for which the be-
havior of @ is unknown. Still, Definition 1.1 means that on any such group, we
know that all random walks driven by a symmetric measure with generating sup-
port and finite second moment have comparable probability of return.

This work focuses on the probability of return of random walks driven by
measures that may fail to have a finite second moment but satisfy some fi-
nite moment condition. Namely, consider a nonnegative, nondecreasing function
0:10, +00) — [0, +00). For any finitely generated group G equipped with a word
length | - | as above, let pg be the function

pG G — [0, +00), x = pc(x) = p(|x]).

We will abuse notation and write p for pg when convenient. We say that a proba-
bility measure © on G has finite pg-moment if

1wipc) =Y _ pc(gn(g) < oo.
geG

Since we are mostly interested in measures without second moment, the following
are some of the natural choices for p:

e Small powers: pq () = (1 +1)*, @ € (0, 2).
e Regularly varying functions of index « € (0, 2), for example,

p(t)=(1+0)%ogle+11%,  BeR.

e Slowly varying increasing functions including:
exp

— pe.a (1) =exp(c[log(l +1)]*), @ € (0, 1) and ¢ > 0;
~ pa®(1) =[log(e + % & € (0, 00).
We consider the following natural question. What can be said about the decay

of $™(e) when dpu = ¢ dA is a symmetric measure having a finite pG-moment
for one of the functions p mentioned above?
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1.2. Group invariants associated with random walks and moment conditions.
In general, requiring that a symmetric measure p has a finite moment of some
sort is not enough to determine the behavior of the convolution powers of that
measure. The following definition introduces the notion of “fastest decay” allowed
by a given moment condition.

DEFINITION 1.1 (Fastest decay under p-moment). Let G be alocally compact
unimodular group. Fix a measurable function o:G — [0, 4-00]. Fix a compact
symmetric neighborhood €2 of e in G such that A(£2) > 1 and supg2{o} > 0. For

K >1,let Sg ’QK be the set of all symmetric continuous probability densities ¢ on

G with the properties that ||¢||co < K and [ ¢podr < K supg2{o}. Set
OF K in> dF N (n) :=inf{¢p®(e): ¢ e ST X ).
In words, CID% 5 provides the best lower bound valid for all convolution powers
of probability measures with density in Sg: é( .
Let ¢ = 1(2) "1q. Then ¢(()2) € Sg,’f so that CD%Z)( takes finite values.
Clearly, n — d>g:§ (n) is nonincreasing because n — ¢®" (e) is nonincreasing

QK _ QK
G,ap — (DG,Q

is possible that Qg’g = (, but in many cases, this possibility can be ruled out so

when ¢ is symmetric. By definition, ® for any a > 0. A priory, it

that CDg:g is actually meaningful and contains information. As indicated below,
the choice of €2 and K in this definition is mostly irrelevant.

The following proposition contains basic (but not entirely obvious) properties of
@2:5 that indicate that Definition 1.1 is quite reasonable. Because of this propo-

sition, we will often omit the reference to 2 and K in 432’5 and write

QK _
CDG,Q =g .

PROPOSITION 1.2. Let G be a locally compact unimodular group. Let

0:G — [0, +00] be a measurable function and fix a compact symmetric neigh-
borhood 2 of e in G such that A(S2) > 1 and supg2{o} > 0. Fix K > 1.

e [fthere exists a constant C such that, for all x,y € G, o(xy) < C(o(x) + 0(¥))
then, for each integer n, @g:g (n) > 0.

e For any symmetric continuous probability density ¢ with finite o-moment, that
is, such that [ o¢ d) < oo, there are a positive constant ¢ = c¢(¢p) and an integer
k = k(¢) such that, ¥n, $@ (e) = c®gr X (kn).

e Fori=1,2, fix constants K; > 1 and cémpact symmetric neighborhoods Q2; of
e in G with A(2;) > 1. Let 0;, i = 1,2, be nonnegative measurable functions on
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G such that agy < 02 < Ao for some a, A € (0, 00) and supo2{0;} € (0, 00).

Then, we have

QLK o 5502,K2
P60 = %G, -

For general o, we do not expect to be able to give a precise bound on ® ,,

even in the case of Abelian groups such as Z¢.
A more reasonable question is to try to understand ®g , when ¢ = pg and p

belongs to a specific family of examples such as the families o, pgf(‘f , Or ,oé,og men-
tioned above. Indeed, in such cases, the function ®¢ ,, (or, perhaps, its equiva-
lence class under the equivalence relation ~) can be thought of as a group invariant
describing the fastest possible decay of the probability of return of a random walk
driven by a symmetric measure with finite pg-moment. In this restricted context,
one may hope to estimate @, ,; in terms of the function ®¢ in (1.1) and the func-
tion p. Further, it is an interesting natural question to ask whether or not all/some
of the invariants ®¢ ,; are actually already determined by ®¢. This appears to be
a rather subtle question.

Another interesting question raised by Definition 1.1 is the question of describ-
ing classes of measures that are in Sg:QK and approach the extremal behavior de-
scribed by ®¢ ;. What is the typical “shape” of an almost optimal density? For
instance, should we expect these densities to include densities that are roughly
“radial” in terms of the given word-length |- |? Can we obtain almost extremal
densities as convex combinations of the convolution powers of the uniform prob-
ability on a compact symmetric generating neighborhood of the identity element
in G?

Let us observe that determining the exact behavior of ®¢ , is a delicate task,
even for G =Z and p(x) = (1 + |x|)¥%, « € (0, 2). Hence, it is useful and natural to
introduce simplified invariants by comparing ®¢ , to certain scales of functions.
The following definition introduces a sample of such simplified invariants.

DEFINITION 1.3. For G and g as in Definition 1.1, define:
(1) The power decay invariant,
power(G, ¢) = inf[y € (0,00): sgp{n”cbg,g(n)} = oo}.
(2) The exponential-polylog decay invariant,
exp-ple(G, 0) = inf{y € (0, 00) :inf{(log(e + ) " log(1/ @ o ()} = o].

Computing this quantity is of interest when power(G, o) = oco.
(3) The exponential-power decay invariant,

exp-pow (G, 0) = inf{y € (0, 1]:inf{n " log(1/®g o (m)} = 0.

Again, computing this quantity is of interest when exp-plg(G, o) = oo.
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1.3. A sample of illustrative results. Throughout this subsection we assume
that G is compactly generated and that ®¢ is the function given by (1.1) (up to
the equivalence relation ~). With the notation introduced above, we can state a
number of theorems that illustrate the type of results we obtain in this work. Recall
the following notation:

o pu(t)=(14+1% ae(0,2).
o pew(t) =exp(cllog(1+1)1%),a € (0,1) and ¢ > 0;

o put(1) =llog(e + )], @ € (0, ).
THEOREM 1.4. If G has polynomial volume growth of degree D, that is,
V(n) ~nP, then
Ya € (0,2) power(G, py) = D/a
and

Va € (0, 1) exp-plg(G, p*P) = 1/a.

c,a

As we shall see, we run into difficulties when estimating exp-pow(G, ,o(lxog). As-
suming G has polynomial volume growth, we are only able to obtain the estimates

< exp-pow(G plog)<l a>1
a+1~ T =y’ '

This indicates that our techniques need to be improved in order to treat low mo-
ment conditions. Indeed, on Z (and other Abelian groups), simple Fourier analysis
techniques yield

log L a>0:

exppow(Z. ) = —

see [3].

THEOREM 1.5. Assume that the group G has the property that
Vn ®;(n) > exp(—cn?)
for some c € (0,00) and y € (0,1). Then, for any a € (0,2), there exists c| €
(0, 00) such that

14
y+@/2(1—y)

So, for instance, for any finitely generated polycyclic group with exponential
volume growth, we have y = 1/3, and thus the probability of return of a random
walk driven by a symmetric measure u with finite first moment [i.e., u(] - |) < o]
is bounded below by

vn ®g p, (n) > exp(—cin’) where y, =

w®(e) > exp(—cin'/?).
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As indicated by the following results, the lower bound stated in Theorem 1.5 is
essentially sharp in a number of cases.

THEOREM 1.6. Assume that the group G has exponential volume growth and
satisfies Vn, ®g(n) > exp(—cn1/3). Then, for each o € (0, 2),
1

exp-pow (G, py) = 1+—Ol

and exp-pow(G, ,off(g) = exp-pow(G, ,o(lxog) =1,8€0,1),c>0,a>2.

Note that the statement that exp-pow (G, pg”xg ) = exp-pow(G, ,oéog) =1 for the
groups considered in Theorem 1.6 is crude. More detailed results are described
in the core of the paper. For instance, exp-pow(G, pﬁfg ) =1 can be refined to the
much more informative statement that, for any fixed ¢ > 0 and g € (0, 1), there
exist ¢, ¢3 € (0, 0o) such that

—nexp(—ci(logm)”) <log @ e (n) < —nexp(—cy(logm)")

for all n large enough.
The case of the lamplighter groups (Z/27Z) 1 Z¢, the simplest wreath products,
is particularly interesting.

THEOREM 1.7. For G4 = (Z/2Z)2Zd, d=1,2,...,and for a € (0, 2),

d
exp-pow(G g, pa) = m-

PROOF. The upper bound follows from Theorem 1.5. The lower bound re-
quires an ad hoc argument explained in Section 5. [J

For the next result, recall that a group G is meta-Abelian if it contains a normal
Abelian subgroup A such that G/A is Abelian. From the view point of group
theory, meta-Abelian groups are only “one step” removed from being Abelian.

THEOREM 1.8. Let G be a finitely generated meta-Abelian group. Then either
G has polynomial volume growth and there is an integer D such that

Ya € (0,2) power(G, py) = D/«

or there exists an integer d such that

1
Yo € (0,2) T5a < exp-pow(G, pa) < ita’
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PROOF. Being solvable, finitely generated meta-Abelian groups either have
polynomial volume growth or exponential volume growth; see [18, 32]. In the
polynomial volume growth case, apply Theorem 1.4. For any group with exponen-
tial volume growth, Theorem 4.10 gives the lower bound exp-pow(G, py) > ﬁ
By [21], any meta-Abelian group has ®g((n) > exp(—Cnd/ d+2) for some integer

d

d > 1. Thus the upper bound exp-pow(G, po) < 745 follows from Theorem 1.5.
O

1.4. Methodology. We close this introduction by describing in broad terms
the techniques we will use to prove the results described above. For the purpose
of this discussion, we focus on the problem of estimating the rate of decay of con-
volution powers of symmetric measures having a continuous density and a finite
pe-moment, o € (0,2) [py(x) = (1 + |x])*]. We start with a quick review of clas-
sical results in the context of the lattice Z¢. In this context, the literature focuses
on local limit theorems, that is, results that describe the precise asymptotic behav-
ior of ¢ (x). For instance, if ¢ is a symmetric probability density which has
generating support and finite second moment, @ (0) ~ c(d, wn~? (. g., [28],
P9, Section 7). For o € (0, 2), the simple condition of having a finite p,-moment
is not sufficient for the validity of a local limit theorem, even on Z.

For a symmetric probability density ¢ on Z, set G (k) = Zlilzk ¢ k), Hk) =
k=2 Dlij<kl 2¢(i). Then ¢ is in the domain of attraction of a symmetric stable law
of index « if limeo H/G = /(2 — ). In such a case, a local limit theorem holds
stating that ¢ (e) ~ c(«, p)a, with a, defined by Q(a,) =1/n, Q =G + H;
see, for example, [11, 12, 14, 15]. All classical discussions of such results make
heavy use of Fourier transform techniques. It is easy to use these techniques to see
that if a symmetric probability density ¢ with generating support on Z? has finite
pe-moment for some « € (0, 2), then we must have ¢ (0) > ¢(d, u)n~4/ and

Dya , (1) > c(d, a)n™ /.

As laws that are in the domain of attraction of a symmetric stable law of index
B > o have finite p,-moment, we also get that

VB >« Dya ,, (1) < c,gn_d/ﬁ.

Hence power(Z¢, py) = d/o. Note that determining the exact behavior of n >
@7, 5, (n) appears to be a somewhat subtle problem and will not be discussed here.

Both the Fourier transform and explicit examples such as symmetric stable laws
are not available on most noncommutative groups so that the arguments outlined
above must be replaced by different ideas. Our approach is as follows:

(I) Our lower bounds on ®¢ ,, are obtained and expressed via the function
@ given by (1.1). This function @ describes the decay of convolution powers
of symmetric, nondegenerate densities with finite second moment on the group G.
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To transfer the information contained in this function ®; and make it relevant to
the study of the convolution powers of measures with finite p,-moment, we will
use a sort of interpolation argument, the comparison of Dirichlet forms and the
notion of von Neumann trace. Each one of these ingredients plays a crucial role in
obtaining our lower bounds.

Section 2 contains the proof of Proposition 1.2 as well as an interesting and im-
portant variation on Definition 1.1. It also develops the key interpolation argument
which leads to the comparison of important quadratic forms including the Dirichlet
forms of the probability measures we want to study.

The role of the notion of von Neumann trace is explained in the Appendix where
related needed material is described. The results developed in the Appendix are the
tools that allow us to turn the comparison of quadratic forms obtained in Section 2
into lower bound for ®¢ ,, .

(2) To obtain upper bounds on ®¢ ,,, it suffices to exhibit some probability
densities satisfying the desired moment condition and whose convolution powers
can be estimated. On a general noncommutative group, this is not necessarily an
easy task. One possible technique—discrete subordination—uses Bernstein func-
tions to produce probability densities on G that include laws that can be thought of
as analogs of symmetric stable laws. The decay of the convolution powers of these
laws can be precisely expressed and controlled in terms of the group invariant ®¢
at (1.1), and this technique is quite interesting in its own right. This idea, which
the authors developed for the purpose of the present paper, is presented in detail
in [4]. We will use some of the results of [4]. However, the moment properties
of these subordinated laws are directly related to the rate of escape of the basic
simple random walk on the underlying group. In particular, for groups with a rate
of escape that is faster than the classical 4/n, the moment conditions satisfied by
these subordinated laws are not what one would expect from a simplistic analogy
with the classical case of Z. For instance, on a finitely generated group with linear
rate of escape, the “symmetric stable law” of exponent B € (0, 2) [by definition,
the law obtained via discrete (8/2)-subordination from the law of simple random
walk] will only have a finite p,-moment for 8 > 2« (instead of 8 > « in the clas-
sical case). What this means is that, in general, upper bounds obtained by using
[4] will not match closely the lower bounds discussed in (1) above. They will only
do so if there exists a simple random walk on G that has a rate of escape of type
J/n as in the classical case of Z. This is a subtle requirement since it is not known
whether or not all random walks associated with finite symmetric generating sets
on a given finitely generated group have the same rate of escape.

(3) There is a more elementary way to produce probability distributions with
finite p,-moment and whose convolution powers can be estimated. This technique
goes back to [24, 29]. It is revisited in Section 4.2. It works well for groups where
the invariant ®; behaves precisely as predicted by the available upper bounds
based on volume growth (e.g., polycyclic groups). It does not work well for wreath
products such as (Z/27Z) : Z%, d > 2. For such groups neither of the techniques in
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(2) or (3) produce upper bounds on &5 ,, matching the lower bounds obtained
via (1). Nevertheless, Section 5 shows that the lower bounds obtained via (1) are
essentially tight even in the case of these wreath products. This requires an ad hoc
argument that takes advantage of the precise structure of these groups.

2. Comparisons of Dirichlet forms. This section develops the key technique
that we use to obtain lower bounds on the functions ®¢ , introduced in Defini-
tion 1.1, namely, comparison of Dirichlet forms. The first subsection contains sim-
ple results that show that the object introduced in Definition 1.1, ®¢ ,, has some
nice stability properties. The second subsection develops a somewhat sophisticated
comparison between certain quadratic forms. It plays a central role in our results.

It is useful to introduce the following somewhat subtle modification of Defini-
tion 1.1 in which a “weak moment condition,” W (o, 1) < oo, replaces the “strong
moment condition” ©(g) < oco. For any probability measure p and 0:G —
[0, 00), W (o, 1) is defined by

W(o, n) = sup{su(o > s)}.

s>0

DEFINITION 2.1. Let G be a locally compact unimodular group. Fix a mea-
surable function o : G — [0, +o00]. Fix a compact symmetric neighborhood €2 of
e in G such that A(€2) > 1 and supg2{o} > 0. For K > 1, let 895 be the set
of all symmetric continuous probability densities ¢ on G with the properties that
[¢llo = K and W (o, ¢ d2) < K supg2{o}. Set

525 n> &525 (n) :=inf{p®(e): ¢ € ggé{(}
Obviously,
2.1) oo K> oG x.

In the classical case of R? or Z¢ with o = pu(| - |) = (1 4+ |- )%, as long as « €
(0,2), we have

QK
CDZd,Pa

(n) ~n-4/*

whereas it is not easy to estimate CI>§L;I; (n) precisely (see the comments made in
Mo

the Introduction). Interestingly enough, for o = 2, we have (see [14])

dJ2 —d/2.

oK (n) ~n—9~, CT);Z[;’IZZ(n):(nlogn)

Z4,py

2.1. Some basic stability results for &G ,. By definition, a continuous sym-
metric probability density ¢ such that

l¢llc <K and | o¢pdi < K supfo}
Q2
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must satisfy
2 Q.K
PP () = DG (n).

It is natural to ask what can be said of a symmetric probability density ¢ € L?(G)
such that [ p¢ dx < oo. This section gives a reassuring answer to this question and
proves the results stated in Proposition 1.2. We need the following elementary fact.

PROPOSITION 2.2. Let G be a locally compact unimodular group. Assume
that o: G — [0, oo] is a measurable function with the property that there exists
C €1, 00) such that

Vx,y€G  o(xy) < Clox)+o()).
If w is a probability measure satisfying (o) < oo, then

w™(0) <nC" (o), n=12....
Further, we have

W (0. u™) =nC)""'W (o, w).
PROOF. By definition of the convolution product, for any two measures u, v,

uxv(o) = /
G
If w, v are probability measures, since o(xy) < C(o(x) + o(y)), we obtain

1 v(e) < C(r(o) +v(0)).
The inequality 1" (0) <nC"~!11(0) follows by induction. To obtain the inequal-
ity regarding W (o, u) observe that
{(x,y)r0(x,y) > s} C{(x,y):0(x) > s/QO}U{(x, y):p(y) > s/Q2C)}.
Hence, for any two probability measures w, v, we have
prvllo=sh= [ dp(x)dv(y)
{(x,y)0(xy)>s}

=< u(e >s/2CHh +v({e > s/(20O)}).

This yields W(g, u *xv) <2C(W (o, u) + W(p, v)) and the desired result follows
by induction. [

GQ(xy)du(x)dV(y)-

X

COROLLARY 2.3. Let 9,2, K be as in Definition 1.1. Assume that o tends to
infinity at infinity and satisfies

Vx,yeG  oxy) <C(e(x)+o(y)).
Then <I>2:5 (n) > 0 and 525 (n) >0, forall 2, K, n.
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PROOF. We prove the result for @g’g (the case of 525 is similar). Let

00 = supg2{o}. Let ¢ be a symmetric continuous probability density in Sg:QK , that
is, such that ||¢|lcoc < K and [¢odr < Kgo. Then [¢$®odr <2KnC?~!p.

Further, for any N,

2n—1
/ $°M 43, < N_lfqb(z”)gdk < 2KnC Qo
o>N

Since ¢ attains its maximum at e, we obtain that
2n—1
52 g > 1 —-2KnC"" Qo/N.
A < N) Jo<N B Ao =N)

As o tends to infinity at infinity, (0 < N) is finite for any finite N. Hence, for
N =4KnC? g0, we obtain a uniform positive lower bound on ¢?" (e) for all

[0} 633’;. a

@ (e) >

PROPOSITION 2.4. Let G be a locally compact unimodular group. Let
0, R, K be as in Definition 1.1. Let ¢ be a symmetric continuous probability den-

Ssity.
e Assume that [o¢pdir < co. Then there exist ¢c; = c1(¢p) > 0,c2 = c2(¢p) € N
such that

Vn=1.2,... ¢® (205X cm).

o Assume that W (o, ¢ dA) < 0o. Then there exist c; = c1(¢) > 0,cp =c2(¢p) €N
such that

Vn=1,2,... »% (e) > cligjg(czn).

PROOF. The proofs of the two statements are similar and we only give the
proof under the condition [p¢dxr < oo. Let ¢g = L) 1q. Obviously, since

A(£2) > 1, we have ||¢(()2) lloo <1 and de)(()z) d)\ < supg2{o}. By hypothesis,

M =max{||¢||oo, (Sglzl?{g})_l fg(ﬁd)»} < +00.

If M < K, the result is clear. If not then M > K > 1. In this case, set « = (K —
1)/(M —1) € (0, 1), and observe that the symmetric continuous probability density

pr=a¢p+ (1— oz)qb(()z) satisfies ||@1/lco < K and [ 0¢p1 dA < K supg2{0}. Thus,
Vi o) = og K m).

Further, by construction, the Dirichlet forms £ = £ 43 and £1 = &, qx [see (2.5)]
satisfy £ < (1/a)&;. In terms of the convolution operator Ry (convolution on the
right by ¢) acting on L?(G), this is equivalent to say that

I — Ry < (1/a)(I — Ry,).
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By Corollary A.10, this implies that o (e) > c1¢§202")(e), for some ¢; > 0 and
[ S N. O

REMARK 2.5. If, forall x,y € G, o(xy) < C(o(x) + 0(y)), then any sym-
metric probability density ¢ € L2(G) (not necessarily continuous) with finite o-
moment satisfy

¢ (e) = 1 @G K (can)

for some c1 = c1(¢) > 0 and ¢ = c2(¢p) € N. Indeed, it suffices to apply the pre-
vious result to ¢ * ¢ which is continuous and also has finite p-moment.

PROPOSITION 2.6. Let G be a locally compact unimodular group. Fori =1,
2, fix constants K; > 1 and compact neighborhoods 2; of e in G with A(€2;) > 1.
Let 0; : G — [0,00), i = 1,2, be measurable functions such that ap1 < 02 < Agi
for some a, A € (0, 00) and suinz{Q,-} € (0, 00). Then, we have

QLK1 o 550,K2 F21,K1  7$202,K2
CDGsQl —q)G,Qz ’ (DG,Ql —CDG,Qz :

PROOF. We treat the case of the function ®. The case of ® is similar. Set M; =
sup2{0i} € (0,00). Let ¢; € 82211(1. Let ¢pg = )\(92)_1192 and set ¢p = a¢; +
(1 - a)¢(()2), for some « € (0, 1] to be chosen later. This continuous symmetric
probability density satisfies

Idalloo <aKi+(1—a) and /¢2de/\ <@ AK\M1 + (1 — a) M.

It follows that, for o close enough to 1, we have ¢, € Sg,zéfz. Indeed, picking
a=min{l, (K — 1)/(K;1 — 1), (Ko — 1)M2/AK1|M> — M|} will work.

As in the previous proof, setting & = £y, 45 [see (2.5)], we find that & <
(1/a)&;. By Corollary A.10, this implies that there exists ¢ > 0 and an integer
k such that

(2kn)

2
¢ (e) = 7™ (o).
Further ¢ and k depend only K1, Ko, M1, M> and A. Hence

QK QK
Vn QDG}QI Y(n) > cCIDC;:ZQ2 2 (kn)

as desired. Using the symmetry of the hypotheses, the reverse inequality holds as
well. O
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2.2. An abstract interpolation/comparison result. The results developed in
this key section make use of a given nonnegative self-adjoint operator (A, Dy4)
on L%(G) with associated semigroup H; = e~ 1At >0, which is assumed to be,
in some sense, well understood. In applications, H; will actually be a symmetric
Markov semigroup, and || Al/2 f ||% will be a Dirichlet form. We assume that A (and
thus also H;) commutes with left translations in G. Namely, for f € L?*(G) and
heG,sett,f=f(h)e L*(G). We assume that A has the property that f € Dy
implies t;, f € Dy and A(7;, f) = th(Af) forany h € G.

As mentioned above, we think of the semigroup H; as a basic object which
is well understood. The key idea is that we then also understand quite well the
semigroups generated by certain functions ¥ (A) of A. The class of functions ¥
of interest to us here is the class of those functions that admit the Laplace-type
representation

2.2) v(h) =212 /oo e Mw(s)ds with w > 0.
0

The simplest example of such function is ¢ : A — A%, « € (0, 1), which is ob-
tained by picking w(s) = Cas' Y ey = 1/ ' (2 —«). By spectral theory the L%(G)-
domain of ¥ (A)!/? is the set of functions f € L?(G) such that

(2.3) Iy (A2 F13 = /O |AHy )2 fll30(s) ds < oc.

It is easy to see that || (A)/2 £ |3 < co whenever f € D and w(s) < C(1 + 5)
(in fact, f € D412 suffices). It follows that W(A)l/ 2 s densely defined and self-
adjoint whenever w(s) < C(1 + s).

Next, we introduce a key assumption about (A, D4). This assumption is ex-
pressed in term of a given positive (measurable) function 6 : G +— [0, 00). It cap-
tures a fundamental relation between the L2-variation of f and ||A!/? f||,. Namely,
setting

fu(x)=f(xh),  feL*(G),x,heG,

we assume that there exists a constant Cg € [1, co) such that

1/2
(24) VfeDyVheG (f | fh — f|2d/\> < Cos(MWIAY2 2.
G
Finally, for any probability measure ; on G, we set
2 _l _ 2
@5) VFeL’G)  &ulfhH=, /G /G £ (xy) — F)RdA®) din(y).

When u is symmetric, &, is the Dirichlet form associated with u and £, (f, f) =

(f = f*u f)



LOW MOMENT RANDOM WALKS 2553

THEOREM 2.7. Referring to the setting and notation introduced above, con-
sider a pair of nonnegative increasing functions w, \r related by (2.2). Assume that
s+ w(s)/s is decreasing, and set

(2.6) S(t):/(;t( s )Uzd_s’ ;(t)ztl/zfloo ds

w(s) s sw(s)/2’

Let p:[0, 00) — [1, 00) be an increasing function such that, for all t > 0,

t max{£ (1), £ (1))

w(t2)1/2

2.7) <Cip@).

Then, if A satisfies (2.4) and w is such that ((p o §) < 00, we have

Eu(f, £) <8CIC1u(p o &Y (A2 £13,  feDa.

REMARK 2.8. When p is symmetric, &£, is a Dirichlet form. In general,
f ||10(A)1/2f||% is not a Dirichlet form. If we assume that — A is the infinites-
imal generator of a symmetric Markov semigroup, then f > || (4)Y/2f ||% is a
Dirichlet form if we assume that ¥ is a Bernstein function; see [4, 17]. This will
not play an important role in this paper but [4], Theorem 2.5, shows that it is often
possible to choose i to be a Bernstein function.

REMARK 2.9. The functions &, ¢ are always greater or equal to (f/w ()2,
The typical functions w of interest to us are such that w(s) > nsl_g in (0, 1) with
e €(0,1) and w(s) >~ s/B(s) at infinity with B8 an increasing regularly varying
function of index in [0, 1). If 8 has index in (0, 1), then

20 S
£(1) ~ £(1) ~ (m) at infinity

and (2.7) can be replaced by

l‘2
— < C?p®).

wi?) ~ !

If, instead, B is slowly varying then it is still the case that ¢ (1) ~ (t/w(1))'/? at
infinity but, for ¢ large enough,

(t/o®))'* < &(t) < Clog(e + 1)(t/w (1)) ?.
In this case, max{¢ (t%), £(t*)} = £(t?) for ¢ large enough.

If B has index 1 and is of the form B(¢) = ¢/£(¢) with £(¢) slowly varying at
infinity then w(r) ~ £(1), &(t) =~ (t/w(1))/? but (t/w(t))'/? « ¢(t) and, in fact,
¢ (t) might be infinite unless further assumptions are made on £.
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PROOF OF THEOREM 2.7. Let f € D4 and write
gy =\1fn— fll2,
Jn—=f=UH fln— H [)+{f — H f1n) — (f — H: f).
Since f — H, f = [} AH, f ds, we have

(2.8) I(Lf = Hefln) — (f = Hi f)ll2 <2 /0 "NAH, fll2ds.
Using (2.4), we also have

(2.9) ILH; f1n — Hi fll2 < Cod(m)|| AV H f 2.
Further,

o0
(2.10) ||A”2Htf||z:H [ avam s
t

o0
= @Ak fihds
t
Here we have used the inequalities
IAY2H; fll2 < | AV Hepllo—2ll Hypo f 112
and (by spectral theory)

IAY? Hy[l2—2 < max{a'/?e ™} = (2e5) 7'/,
a>0
Putting together inequalities (2.8), (2.9) and (2.10) yields
t [oe)
g <2 [ IAH, fllds +Cos(h) [~ (e)™ 2IAH 2 flads.
t
Pick r = t(h) = max{1, 8(h)?}, set & = max{&, ¢} and write

gh) 00 s
6 o1(h) 52C0/0 K(h,S)([sw(s)]1/2||AHS/2f||2)T,

where K is the kernel on G x (0, c0) given by
§1/2

Kb s) = Gt em

(L0, () +38()s ™1z 000 (5)).
Consider this kernel as defining an integral operator

d
K: L2<(O, o), —s> — L*(G,[001]*dp), ur Ku,
N

Ku(h) = /OOOK(h,s)u(s)?.
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Assuming that this operator is bounded with norm N,, we obtain
Eulf. )= [ 1sPan
o0
(2.11) < 4C§N§/ |AH; )2 fl30(s)ds
0
= 4CIN2 [y (M) £113.
A standard interpolation argument gives

2 o ds 2
N; <|sup Kh,s)— ||sup | K(,s)[0o8]°du
heG /0 s s>0

and we have

/OOK(h )d_s_ 1 /f(h) ds N 8(h) 0 s
0 s 0z (h) Jo [sw ()12~ 0(t(h) Jemy sw(s)/?

§12 I
K. s)[0ot1]*d :7/ 6or1ld 7/ S[0o1]du.
fG CoWorldp= o [ Worldnt o [ o0l

By the definitions of &, ¢ and 6,
00 ds
sup{/ K(h,s)—}§2.
heG LJO S

Further, since we assume that s = w(s) is increasing and s — w(s)/s decreasing,
(2.7) yields

sup{/GK(-,s)[Oof]zdu} §C1fp08du.

s>0

This gives the desired result. [J
This proof admits the following result as a corollary.

THEOREM 2.10. Referring to the setting and notation introduced above, con-
sider a pair of smooth nonnegative increasing functions w, ¥ related by (2.2). Fix
a € (0, 1) and assume that w is smoothly regularly varying of index 1 — « at infinity
and bounded below by w(t) > nt'=¢ at 0 for some n > 0 and € € (0, 1). Set

(2.12) p(t) = (1+1* /o).

Assume that A satisfies (2.4) and that | satisfies

(2.13) W(,o,u):sug{su({poS > s} } < oo.
5>

Then we have

Eulf, ) < C3C@W (o, W (A2 FI3,  feDa.
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PROOF. We follow the proof of Theorem 2.7. Taking into account that 6 (¢) ~
cq(t/w (1))/? and that we have set p®) =1+ tz/w (%), the proof of Theorem 2.7
shows that we need to estimate

/ K(-,s2>[poa]2du=p(s>”2/ [pos]dp
G {8

>s

1
S S[pod1?du,
+w(s2)1/2/{55s} [pod] s

uniformly over the range s > 1. Setting v(s) = u(é > s), we have
pOv() <W(p, )

and

p(s)1/2 /{8 loo0) 2 du = p(s)‘/zfoop‘/z(r)d[—va)]

N

1/2
_ PG

- 2
12 roo
sW(p,u)<1+p(S2) / p/(t)p(t)‘”zdt)

<2W(p, n).

Further, using the fact that w is regularly varying with positive index 1 — «, we
have tp’(t) ~ 2ap(t) and

; 172 ! : 1/2 31
w(sz)l/z/{rfs}B[pOS] duﬁw(sz)l/zfo tp(t) “d[—v(t)]

[ o 00 Powar+ pene)

N

1
= W/O (o' + 10" ) p0) " P)o(@) di

C@Wp, ) [*

—1/2
t dt
w(s2)1/2 0 IO( )
_C@Wp.w [ w2 dt
w(s2)1/2 0 t

< C'(@)W(p, 1.
This gives the desired result. [J

REMARK 2.11. The case when w is a slowly varying increasing function cor-
responds to moment conditions that are close to a finite second moment. In this
case, the use of Theorem 2.7 is limited by the fact that it involves the possibly

infinite quantity
© ds
_ 12
r)=t —_—.
R
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We can improve the result by using a slightly different proof. Namely, using the
same notation as in the proof of Theorem 2.7, we write

00 d
g(h) < 2Co /0 K, $)([so )21 Hy 2112 <,

where K is the kernel on G x (0, co0) given by

172
s _
K(h,s) = W(I(O’t(m)(” +6(h)s 1/21[t(h),oo)(5))-
Next, we use the Hilbert-Schmidt norm [;; /5° |K(h, 5) |2 % du(h) to estimate the
norm of K: L2((0, 00), %) — L2(G, dp). We have

00 zd_s _ ( t(h) ds ) 00 ds )
/G/O K )P du(h)—/(;/() s /m L )duth

< /G E2(c(h)) + F2(x (h))) dpu(h),

fo=(f ) fo=(f755)"

This implies that the conclusion of Theorem 2.7 holds under the hypothesis that
p(t) = 2(tH) + 12 (1?).

For instance, consider the case when w(¢) = [log(e + 1)]%, @ > 0. In this case,
¥ (t) ~ t[log(e 4+ 1/t)]*. On the one hand, we have ¢(t) = oo if @ <2 and ¢(¢) =~
tl/Z[log(e + t)]l_‘)‘/2 if @ > 2. This means that Theorem 2.7 requires o > 2 and
p(1) > C(1+1)*[log(e + )] .

On the other hand, we have E(t) o~ tl/z[log(e + z‘)](lf"‘)/2 if @ > 1. This means
that the variation explained above requires only o > 1, with the same p, that is,
p(t) = C(1 +1)*[log(e + )]~

where

2.3. Two fundamental examples.

First example. Let G be a unimodular Lie group, and let (A, D4) be the
(unique) self-adjoint extension of a Hérmander sum of squares

k
A=) "X}  actingonCX(G),
1
where {X;,i =1, ..., k} is afixed set of left-invariant vector fields which generates
the Lie algebra of G (Hormander condition). Then, it is known that H; f = f * u;
where (u)s~0 is a convolution semigroup of probability measures, and each u;
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admits a smooth positive density x — h;(x) with respect to the Haar measure A;
see, for example, [31], Chapter 3. Further, as ¢ tends to infinity, we have

hi(e) ~ PG (1)

e !, if G is not amenable,
1/3 . . . .
~ § et , if G is amenable with exponential volume growth,
t—D/2, for some integer D, otherwise.

For each integer D, the last case occurs exactly when G has polynomial volume
growth of degree D. The value #; (e) is the maximal value of the function 4, on G,
and, furthermore, it equals the norm of the linear operator H; : LY(G) = L*®(G)
as well as the square of the norm of H;;: LZ(G) — L°°(G). In this case, we set

k
8(x) =sup] f(x) — f(e): f €CX(G), Y IX;i fI> < 1}.
1

This distance is the sub-Riemannian distance naturally associated with the set of
left-invariant vector fields {X1, ..., X}, and § (x) is finite for all x € G because we
assume that the X;’s generate the Lie algebra (this is a special case of one of the
fundamental theorem of sub-Riemannian geometry, often referred to as Chow’s
theorem); see [19] for a detailed discussion. Further, it is a simple matter ([31],
Lemma VII.1.1) to see that E4(f, f) = lef |X; f1*dX and

k
[ 1= fPar<sm? [ YixifPdr,  fec¥@hea.
1

This shows that (2.4) holds true in this case since [ Z]f | Xi fI?dr = ||A1/2f||%.

Second example. Let G be a compactly generated unimodular group, and set
Af = f — f *¢o where ¢g is continuous, symmetric, compactly supported prob-
ability density on G with the property that ¢9 > 0 on a compact generating neigh-
borhood of the identity. Then

alf. = (1/2)/G 1/ = £ 13¢0(h) d2.()

and H; f = f % h; where

Zoo "
]’lz =€_t _|¢0 .
0 n

In particular, if G is a finitely generated group with finite symmetric generating set
S containing the identity, we can set ¢p = #S)"15. In any case, forr > 1,

hi(e) = 9§ () ~ D (1).
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As explained in the Introduction, many different behaviors are possible for the
function ®¢, depending on G. Assuming that U is a symmetric neighborhood
of the identity which contains a generating compact set, that inf;3{¢p} > 0, and
setting

S(x) =inf{n:x € U"},

[31], Proposition VII.3.2, gives that (the discrete case of this inequality is a bit
simpler and more elementary)

f |fn— fIPdA < C(U, p0)8(W)*Ea(f, ), feL*(G),heq.

Again, this shows that (2.4) holds true in this setting.

3. Applications: Main lower bounds on ®; ,. Let G be as in the second
example of Section 2.3. Keep the notation introduced there. In the applications we
have in mind, we are given a continuous increasing function p : (0, co) — [1, c0)
and set pg = p o 8. Our main aim is to estimate the functions ®¢ ,, and 5G, 0G
introduced in Definitions 1.1 and 2.1. Hence, we consider a (otherwise arbitrary)
symmetric continuous probability density ¢ on G with the property that ||¢]|cc <
K and [ pgpdr < K supga{p} or W(pg,¢) < K supg2{p}. Here K > 1 and
are as in Definitions 1.1 and 2.1.

In order to apply Theorem 2.7, we have to find an increasing function w com-
patible with p in the sense that the pair p, w satisfies the various hypotheses of
Theorem 2.7. The function v associated to p via w is then defined by (2.2).

The following examples are of particular interest:

o If p(s) = pag(s) = (1 +5)2*, o € (0, 1], then we can take
w@E)=TQ2—a) 's!™® and y(s)=s"

o If p(s) = (1 +52)%L(1 4+ 5% with @ € (0, 1) and £ smooth, positive and slowly
varying at infinity, then we can take
1+s

w(s) = ESYREN at infinity

and
Y(s) ~[(1+s5)/e(1+1/s)] at 0.
o If p(s) = pgﬁf(s) =exp(c[log(1 +5)]%), a € (0, 1), ¢ > 0, then we can take
w(s) = s exp(—ci[log(1 + )I°)
for some ¢; > 0 (see Remark 2.9) and we have [see (2.2)]

¥ (s) ~exp(—ci[log(l + 1/5)]1%) at 0.
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o If p(s) = ,oé,og(s) = [log(e + s5)]%, o > 1, then we can take
w(s) = s[log(e + 5)]'
for some c; > 0 (see Remark 2.9), and this gives
Y(s) ~ [log(e + 1/)1'™%  at0.

These computations indicate that Theorem 2.7 is too weak to provide results

when p(s) = p}xog(s) = [log(e +5)]* and @ < 1.

e The previous two cases can be generalized as follows. Assume that
p(s) = clog(e +5)(1 +n(s%).
where 7 is a positive increasing function such that n(s) ~ s at 0 and 7 is slowly
varying at infinity. Set

w(s)=s/n(s) and w(x)zxzfoooe—“w(s)ds.

By [5], Theorem 1.7.1, we have ¥ (1) >~ ¢/n(1/A). Further, referring to the no-
tation used in Theorem 2.7, we then have

t max{§ (%), £ (1))
w(t2)1/2

_ We are now ready to state and prove lower bounds on the functions ®¢, ,; and
DG, p; of Definitions 1.1 and 2.1 for some groups G and functions p. We will

<Cp(1).

use the notation o, pf.,xolf , p}fg recalled above. If p is a real function, and G is
a compactly generated group with world length §(x) = |x| = inf{n:x € U"} for
some fixed symmetric relatively compact generating neighborhood of the identity,
we set g , = Og p; Where pg = p o 4.

We state four theorems that cover various cases of particular interest. The proofs
of these results all follow the same outline based on Theorems 2.7 and 2.10 to-
gether with Corollary A.10 and the results of Section A.4, Theorems A.6 and A.7.
The main line of reasoning described in the proof of Theorem 3.1 below is also
used for the proofs of Theorems 3.2, 3.3 and 3.4. The results presented in the
Appendix play a crucial role in these proofs.

THEOREM 3.1. Let G be a locally compact, compactly generated unimodular
group such that ®g(n) ~ n~P/? at infinity, for some integer D.

(1) Assume that p(s) > [(1 + s2)€(1 + s*)]1* with « € (0, 1) and £ smooth
positive slowly varying at infinity with de Bruijn conjugate £*. Then there exist
¢ =c, €(0,00) and an integer N = N, such that

Vn>N G p(n) = g ,(n) = c[n'/**(n'/*)=P/2,
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(2) Assume that p(s) > log(e + s)¢(1 + s2) and € smooth positive increasing
and slowly varying at infinity and such that log£='(t) ~ t” w(t)'1" at infinity,
with y > 0 and w slowly varying with de Bruijn conjugate w". Then there exist
C =C, €(0,00) and an integer N = N, such that

V>N log®g,(n) = —Cln" /o' (m)]V/1*7).

PROOF. We will use the following notation which is consistent with the nota-
tion used in the Appendix. Let ¥ : [0, 2] — [0, 2] be a continuous increasing func-
tion with continuous derivative such that with ¢/(0) =0, ¥ (1) =1 and ¥ (2) < 2.
Fix a symmetric probability density ¢o € L?>(G) and assume that its support is a
compact generating neighborhood of the identity element (we assume that G is
compactly generated). This implies that ¢(()2")(e) ~ Og(n); see [13, 20, 31]. We
set T = Ry, and [see (A.5)]

Ty=1—vy(I—T).

Let & denote Dirichlet form Ey(f, f) = ((I — T) f, f) associated with ¢g. By
Section 2.3 and Theorems 2.7 and 2.10, if du = ¢ dA is a symmetric probability
with continuous density satisfying ©(p o §) < oo, then

3.1) Euf, H<Clyd —T)V2 13

Here i is chosen such that the condition of Theorems 2.7 and 2.10 relating i to
p (via w) are satisfied. See the explicit examples discussed at the beginning of this
section.

By Corollary A.10, (3.1) implies [t is the natural semifinite trace on the von
Neumann V (G); see the Appendix]

¢ () = Cle™" + 7(T;'™)).

Now, depending on the behavior of v near 0, the trace t(T>") can be estimated
using the results of Section A.4, Theorems A.6 and A.7; see also Example A.2.
This gives the announced lower bounds on ¢(2”)(e). U

EXAMPLE 3.1. The second statement in Theorem 3.1 can be illustrated by the
following two examples:

(1) log®g ew(n) > —Cp co(logn)'/®, a € (0,1), ¢ > 0.

(2) log®; 1oe(n) = —Cp.an'/® a>1.

THEOREM 3.2. Let G be a locally compact, compactly generated unimod-
ular group such that log®g(n) > —CnY at infinity, for some y € (0, 1) and
Ce(0,00). Fixa e (0,1) and p(s) >~ [(1 + s2)0(1 4 $2)1% with £ smooth pos-
itive slowly varying at infinity. Then, there exist C, € (0, 00) and an integer N,
such that

Vn> N, log ®¢.,(n) > log D ,(n) = —C,n¥e /ef (nI—1)7a/v)*
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where €% is the de Bruijn conjugate of

14

2.(s) = £F ()", =\
(5) = *(s) T

This theorem with ¢ = 1 implies Theorem 1.5.

PROOF OF THEOREM 3.2. The given p calls for using ¥ (s) = [s/€(s)]* in
Theorem 2.7. Note that 1 (r) ~ 1/« /¢#(1/11/%).

Using Theorem A.7 and the same notation and line of reasoning as in the proof
of Theorem 3.1, we obtain that if du = ¢ dA is a symmetric probability with con-
tinuous density satisfying (o o §) < 0o, then

log @ (e) = —Cin/my (n)
with
CJTJ] (Ct) > “/,—1 (l/t)—}//(l—y) > Ct(Ol(l—J/)-H/)/Ot(l—V)g#(tl/a))//(l—)’)_
This can be written as (for a different constant C)

Cnl/jl (Ct) > t(a(l—)’)+)’)/0l(1—)/)g*(tl/a)(a(l—l/)-i-}/)/(l—y)

with £, (s) = £#(s)7/@1=Y)+¥) This gives

crry (ct) < ta(l—y)/(a(l_}/)‘H/)Zi:(t(l—y)/(cx(l—y)—f—y))(x

and
log @, (n) = —CnYe /¥ (n1 =7/ @I=r)+p))e

with yy =y /(x(1 — y) + y), as desired. [J

EXAMPLE 3.2. Assume that ¢ satisfies £(z%) >~ £(¢) for all @ > 0. Then ¢* =
1/€ and (1/€)* ~ £. Hence €, ~ (1/£)7/@1=1)+v) and ¢# ~ ¢7/(@1=7)+¥) Hence
we get

—log ®g,,(n) < Cln /L% (m))"e.

This is consistent with Example A.3.

THEOREM 3.3. Let G be a locally compact, compactly generated unimod-
ular group such that log &g (n) > —Cn? /£(n) at infinity, for some y € (0, 1],
C € (0, 00) and slowly varying function £ satisfying £(t%) >~ £(t) for all a > 0.
Assume that o € (0, 1) and p(s) = (1 + $)%. Then, we have

v

log ® n) > log ® n) > —C,[n/tn)*V ], =
g DG, p(n) >log®g ,(n) = —Cpyln/l(n)* "] Ya S ra—y)
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THEOREM 3.4. Let G be a locally compact, compactly generated unimod-
ular group such that log ®g(n) > —Cn/m(n) with w continuous increasing and
satisfying w(t) < e for t > 1. Assume that p(s) > clog(e + $)2(s%) with ¢ > 0
and £ smooth positive increasing and slowly varying at infinity. Then there exist
c1, C1 € (0, 00) such that, for all n large enough,

log ®g ,(n) = —Cn/L(w(c1n®)).

EXAMPLE 3.3. If ®g(n) > cexp(—Cn?) with y € (0, 1), this yields:

(1) log CIJG’pLe_ﬂa(n) > —Cy c.an €xp(—cy collogn]®), a € (0, 1), ¢ > 0.
(2) log@; ioe(n) = —Cy qnflogn]= @V o > 1.

If, instead, ®g(n) > cexp(—Cn/€(n)) with £ increasing slowly varying and
satisfying £(¢%) >~ £(¢) for all a >, we obtain:

(1) log CDG’pSch;;(n) > —Cy c.an exp(—cy ¢ ollogl(n)]%), a € (0, 1), ¢ > 0.
(2) log®; 10:(n) = =Cy gnllog ((m)]~ "D, a > 1.

PROOF OF THEOREMS 3.3 AND 3.4. In each case, we use either Theorem 2.7
or Theorem 2.10 together with either Theorems A.6 or A.7, and Corollary A.10.
O

4. Upper bounds on ®¢,,. The aim of this section is to obtain upper bounds
on the function ®¢ , (and its variant ®¢ ,) under various conditions on the group
G and the function g. To obtain such upper bounds, we only need to exhibit
an example of a symmetric probability density ¢ such that [po¢pdr < oo (or
SUP;-.o{s fip=s) @ dA}, in the case of 56,9) and for which we can obtain an up-

per bound on 1 — ¢ (¢). Of course, to obtain good upper bounds, we need to
identify probability densities with the desired moment condition and for which
n — ¢ (e) presents an almost optimal decay. This question—which densities
produce the optimal decay?—is quite interesting in its own right. For instance,
when G is finitely generated with finite symmetric generating set S and o is of the
form o = pg =p(|-]),and | - | =| - |s is the word-length based on the generating
set S, should we expect to find a probability density with nearly optimal decay
among “radial densities” of the form ¢ (x) = f(|x])?

_4.1. ®g-based upper bounds: subordination. The lower bounds on ®¢ , (and
®,) obtained in Section 3 for certain ¢ = p o § are all based on lower bounds on
the function ®¢. It is thus natural to seek upper bounds of the same nature. These
applications of Theorem 2.7 start with a symmetric compactly supported continu-
ous density ¢ (with generating support) and involve comparison with the behavior
of certain operators Ty, of the form Ty =1 — ¥ (I — Ry) where the function v is
chosen appropriately, depending on p.
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It would be very nice to identify a class of functions ¥ so that 7y, = Ry, where
¢y is, itself, a symmetric probability density. As already noted after (A.5), this is
certainly the case when v is a Bernstein function satisfying ¢ (0) =0, ¥ (1) = 1;
see, for example, [17, 27] for an access to the literature on Bernstein functions.
A Bernstein function is a smooth positive function i : (0, co) — (0, co) such
that (—1)¥ % < 0 and two good and important examples of Bernstein functions
are Yy s — s% a € (0,1] and w&og:s — [log, (1 + s~ /)]~ Further, for any
smooth positive increasing regularly varying function | of index o in [0, 1) at O
such that x — x1/{ (x) is also regularly varying of index «, there exists a Bernstein
function i such that i ~ r1; see [4], Theorem 2.5.

In order to obtain upper bounds on the functions ®¢_,; and ®¢_,,, it suffices
to find a Bernstein function ¥ such that the probability density ¢y, satisfies the
required moment condition and to estimate d)g ")(e). The companion paper [4]
develops this idea, and we will simply quote the relevant results.

We start with results concerning groups with polynomial volume growth
V(n) ~nP. By [16], these groups satisfy &g (n) ~ n—P/2 In fact, thanks to [16]
and deep results of Guivarc’h, Gromov and Losert, groups of polynomial volume
growth are exactly those groups that satisfy ® (n) ~ n~P/? for some integer D.
An alternative and self-contained proof of the theorems discussed below is given
in the next section.

THEOREM 4.1 ([4]). Assume that G is a compactly generated locally compact

group with polynomial volume growth V (n) ~ nP.

(1) Assume that p(s) >~ g(1 + s2) where g(s) =[s£(s)]* where o € (0, 1), and
£ is a positive slowly varying function at infinity with de Bruijn conjugate £*. Then
there exist C € (0, 00) and an integer N such that

Vn > N B p () < Cln'/2e* (n'/%)]~P/2,
Further, for any slowly varying function €1 with de Bruijn conjugate E*f such that

> n(é?&ja < 00, there exist C(£1) € (0, 00) and an integer N (£1) such that

Vn> N DG pen) < CE)RV* e n*) P2,

(2) Assume that p(t) >~ g(1 + s2) where g(s) = Z(s) and Z(t) = l/f,oo u?&)
where £ is a positive increasing slowly varying function at infinity. Assume further
that log €1 (t) =~ tY w(t)'V at infinity, with y > 0 and w slowly varying with de

Bruijn conjugate " . Then there exist ¢, C € (0, 00) and an integer N such that

Vn>N B p (1) < Cexp(—cln” Jo' (n)]/1H1).

Further, for any slowly varying function €1 such that

. (n) ~ I+
> <oo and logl;'(t) =t wi ()"t
T~ nti(n)
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with y1 > 0 and w; slowly varying at infinity, there exist c = c(£1),C =C({)) €
(0, 00) and an integer N = N (£1) such that

Vn >N DG, p (1) < Cexp(—c[n” /aﬂf(n)]l/(l-&-)/l))'

Putting together the results of Theorems 3.1 and 4.1, we obtain the following
results which imply Theorem 1.4.

THEOREM 4.2. Assume that G is a compactly generated locally compact

group with polynomial volume growth V (n) ~ n®.

(1) Assume that p(s) ~ g(1 + s2) where g(s) = [s£(s)]* where a € (0, 1) and
¢ is a positive slowly varying function at infinity with de Bruijn conjugate ¢*. Then

&)G,pc (n) ~ [nl/aﬁ#(nl/a)]fD/Z'

(2) Forany a € (0, 1) and ¢ > 0, there are constants cy, c2, C1, C2 (depending
on G, o and c) such that

Vi crexp(—Cillogn]'/*) < @ e (n) < Caexp(—caflogn]'/®).

(3) For any B > a > 1, there are constants cy, ¢z, C1, Ca (depending on G, o
and B) such that

Vn crexp(—Cin'/%) < P plog(n) <C exp(—cznl/(ﬁ“)).

Our next result concerns groups with volume growth faster than polynomial and
moment of the type p, (s) = (14 5)*. No classifications of either volume growth or
the behavior of ® 5 are known for such groups. The upper bounds in the following
theorem cannot be obtained by the methods developed in the next section. This
theorem follows immediately from Theorems 3.2 and 3.3 and [4], Theorem 5.3.

THEOREM 4.3. Assume that G is a compactly generated locally compact
group and that there exist 0 <y <y <1 and positive slowly varying functions
n, 0, both satisfying n(t*) >~ n(t) for all a > 0, such that, for n large enough,

—n? /n(n) <log ®g(n) < —n? /ij(n).
Foranys>0,sety; =y/[s(l —y) +y] 7% =7/[s(0 —7) + 71

Assume further that there exists a symmetric continuous probability density ¢
with compact support, positive on a generating compact set and such that

4.1) Vn,s f1{|x|2nes}¢(n) d < Cexp(—cs?)

for some C,0,q > 0.
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(1) For any a € (0, min{2, 1/0}), there exist c1, C1 € (0, 00) such that, for all
n large enough,
—Ciln/n(n)*/? 12> <log g4, (n) < —ciln/ii(n)**/7 17

(2) For any a € (0,min{2, 1/8}) and & > 0, there exist c1, Cy € (0, 00) such
that, for all n large enough,

—Ci[n/n(n)*/*" %1 <log b, (n) < —ce[n/[7i(n)(logn) ' +10/7 ]V

EXAMPLE 4.1. Assume that G = F : H where F is a nontrivial finite
group, and H is polycylic with exponential volume growth. Then ®g(n) =~
exp(—n/(log n)?). Condition (4.1) is trivially verified with 6 = 1. For « € (0, 2),
Theorem 4.3(1) yields

—Cin/[logn]” < ®g,p, (n) < —cin/[logn]**
for all n large enough. We conjecture that the lower bound is correct.
We now state two corollaries of Theorem 4.3. The first corollary gives a result
that is widely applicable whereas the second corollary requires a precise under-
standing of the most basic random walks on the group G. In particular, the hy-

pothesis (4.2) made in Corollary 4.5 requires a classical /n rate of escape for
simple random walk on G.

COROLLARY 4.4. Assume that G is a compactly generated locally compact
group and that there exist 0 <y <y <1 such that, for n large enough,
—n? <log®g(n) < —n?.
Foranys > 0,setys =y/ls(l—y)+v].vs=y/[s(l —y)+ VI

(1) For any o € (0, 1), there exist ¢, Cy € (0, 00) such that, for all n large
enough,

—Cin"? <log ®¢,,, (n) < —cin’®.

(2) Forany o € (0, 1) and ¢ > 0, there exist c, C1 € (0, 00) such that, for all n
large enough,

—Cin7 <log G, p, (n) < —cen’ [(logn) 177
COROLLARY 4.5. Assume that G is a compactly generated locally compact

group and that there exist y € (0, 1) and a positive slowly varying function n sat-
isfying n(t%) >~ n(t) for all a > 0, such that

log @ (n) >~ —n” /n(n).
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Forany s > 0, set ys =y /[s(1 —v) + y]. Assume further that there exists a sym-
metric continuous probability density ¢ with compact support, positive on a gen-
erating compact set, and such that

4.2) Vn, s /1{|X|Zn1/2s}¢(") dx < Cexp(—cs?)

for some C,q > 0.

(1) For any a € (0,2), there exist c1, C1 € (0, 00) such that, for all n large
enough,

—C1ln/n(n)*/? %2 <log ®¢ ., (n) < —c1ln/n(n)*/?" 1%,

(2) Forany a € (0,2) and ¢ > 0, there exist c., C1 € (0, 00) such that, for all n
large enough,

—C1ln/n)*/? %2 <log @, (n) < —ce[n/[n(n)(logn) TE14/2r e,

EXAMPLE 4.2. Let the group G be either the group Sol = Z x 4 Z? where
A= (% i), or the wreath product F:7Z where F is any finite group. By [23], these
groups satisfy (4.2). Further, these groups have exponential volume growth and
satisfy &g (n) >~ exp(—nl/ 3); see, for example, [31] and the references therein.
Hence Corollary 4.5 applies. In particular, for any « € (0, 2), we have

CBG,pa (n) ~ exp(—nl/(Ho‘)).

Using a different argument, we shall see in the next section that this result also
holds for all polycyclic groups.

The final two results of this section concern groups with super-polynomial vol-
ume growth and slowly varying moment condition.

THEOREM 4.6. Assume that G is a compactly generated locally compact
group and that there exist 0 <y <y < 1 and c, C € (0, 00) such that, for n large
enough,

—Cn” <log®g(n) < —cn’.

Let p(t) >~ log(e + t)£(t) where € is a continuous increasing slowly varying func-

tion at infinity. Let py be a slowly varying function such that y_{° ngl('(lz)
01(t) = l/ftoo _ds and fix € € (0, 1). Then there are C1(g), c1(p1) € (0, 00) such

sp1(s)
that, for all n large enough,

—C(e)n/L(n/?) <log g ,(n) < —c(p1)n/p1(n?).

< 00, set
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Theorem 4.6 applies to a very large collection of groups. For instance, it ap-
plies to all polycyclic groups with exponential volume growth since such groups
have ®¢ (n) ~ exp(—n'/3). It also applies to groups with volume growth satisfy-
ing cn® <log V (n) < Cn® with 0 < a < b < 1 since these volume estimates imply
—C1n’ <log®g(n) < —cin®/@+2),

The following two examples provide a proof of the assertions made in Theo-

1
rem 1.6 that concern pg © and pffg) .

EXAMPLE 4.3. We can apply Theorem 4.6 when

p(t) = pi(t) = [logle + D1, a> 1.

In this case we can take £ >~ p;o_gl and p; >~ pllgofl with 8 > «. Then p; ~ ,ollgog and

the conclusion is that for any 8 > «, there are constants C3, cg € (0, 00) such that,
for all n large enough,

—Con/[logn]®"! < log P oz (n) < —c,gn/[logn]ﬂ.

EXAMPLE 4.4. Theorem 4.6 gives a good result when
p(t) = poe (1) = exp(c[log(l +1)]%), ae(0,1),c>0.

Indeed, in this case we can obviously write p(¢) = log(e + ¢)£(t) with £ < pf,%) ,

and we can take p; = ,02}31 for any fixed constant ¢, > c¢. The conclusion is that
there are constants c3, C3 such that, for all n large enough,

—Csnexp(—c3[logn]®) <log g po0(n) < —c3nexp(—Cs [logn]®).

THEOREM 4.7. Assume that G is a compactly generated locally compact
group and that there exist two continuous increasing functions m, 7w such that, for
all n large enough,

—n/n(n) <log®g(n) < —cn/w(n).

Assume that (1) <t'~¢ for some ¢ € (0, 1) Let p(t) >~ log(e +t)£(t) where £ is a
continuous increasing slowly varying function at infinity. Let p| be a slowly varying
function such that y_{° % < 00 and set pi(t) =1/ [° sp‘fis). Then there are
C1,c1(p1) € (0, 00) such that, for all n large enough,

—Cin/l(m(n®?)) <log ®g.,(n) < —c(p1)n/p1 (7 (n)).

EXAMPLE 4.5. Assume that G = F  H where F is a nontrivial finite group
and H is polycylic with exponential volume growth. Then ®g(n) >~ exp(—n/
(log n)?). Hence, for any @ > 1 and 8 > «, we obtain

—Cin/llog(logm]*~! < @ s(n) < —cpn/[log(logn))’

for all n large enough.
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4.2. Volume-based upper bounds. Let G be a locally compact unimodular
group equipped with its Haar measure A (this group may well not be compactly
generated). Consider the problem of studying the decay of convolution powers of
probability measures of the form

o
(4.3) L= piti,
1
where p; >0, > {° pi =1 and
Wi =i dx, i lloc = Bi, ¢i >0, ni(G) = 1.
In words, p is a convex linear combination of the probability measures wu;,
i=1,2,..., and these measures are assumed to have bounded densities. It was

observed in [24, 29] that interesting upper bounds for convolution powers of such
measures can sometimes be obtained by elementary means. This is developed fur-
ther below.

Set

ak=Zpi, k=0,1,...,0_1 =400,
i>k
and

by = min{B;}, k=1,2,...,bp=by,
i<k

and consider the function F on (0, co) [this function depends only on (o;)5° and
(bi)§°] defined by

F(s)=by ifop <s <op_.

The following result is quite versatile and surprisingly sharp when applied to low
moment measures.

PROPOSITION 4.8. Referring to the notation introduced above and assuming
that b; — 0, the density ¢ = du™ /d) of the nth convolution power 1™ of n
satisfies

00 o0
l6™] . < /0 e dF(s) =) e "% (bi — bi+1).

i=l

REMARK 4.9. One important class of examples is obtained by considering a
given increasing sequence of compact sets B; with | J{° B; = G and setting

du; =dhp, = B, d.

—1
A(Bi)
In this case, b; = 8; = 1/A(B;).
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PROOF OF PROPOSITION 4.8. Write

" = (g pi¢,->(n) :g}((g Pi¢i>(n) - <i<kX£1Pi¢i>(n)>
=I§(<i§m1¢il oo *pi,ldh'n) - <ij§2k:—1 Piy @i * e % Pin¢in>)

:Z( Z Pi iy *-"*Pin¢>in)-

k>1 “max{iy,...,in}=k

Next we use Minkowski inequality and the estimate

1 f1 35 falloo < min{]| filloo}

for functions f; with L'-norm at most 1. This estimate holds on G because we
assume unimodularity of G. It yields

6 =D b Y. Py P

k>1 max{iy,...,in}=k
=Y bl —0p)" — (1 —op—1)"]
k>1
=Y (1 —op)"[bk — brt1]
k>1
<Y e " [by — b1l
k>1 O]

We now give some simple applications when G is locally compact, compactly
generated and unimodular (we assume that G is noncompact). Fix a symmet-
ric open set U that contains a generating compact neighborhood of the iden-
tity element, and set |x| = inf{n:x € U"}, with |e¢] = 0. Thus |- | induces a fa-
miliar word distance on G when G is finitely generated. Observe that we have
AU > 20(U™). Indeed, if |z| = 3n (such a z does indeed exist!), then the
sets U”" and zU" are disjoint and contained in U**. We consider the probabil-
ity densities ¢; = A(Bi)_llgl. with B; = U* and set b; = A(B;)~!. Since A(B;) >
2A(B;_1), we have b; > b; — bj11 > b;/2. Set ¢ = Z(fo pi¢; with Z(fo pi=1
and oy = ) ;. pi- Fix a nondecreasing function p: (0, co) — (0, c0), and set
oG = p(| - |). With this notation, we have

(4.4) Vo P (e) <D ey
k>1
and
4.5) | pcodi= [ 3" ppotidi= Y o ipe

k>1 k>1
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Further, we also have

s/ ¢dr<s Z Dk-
{oG>s}

p@k=1)=s
Hence, assuming that p is a doubling function, we have

@o)  Wp.pdn =supls | }«pdx} < Clpysuplp@yan).
PG=S

s>0

These two estimates allow us to derive upper bounds on ®¢ ,; in terms of the
volume growth of the group G. Indeed, for a given p, (4.5) tells us how to pick
(pi)7° so that du = ¢ dA satisfies (pg) < oo. For this choice of (p;)(°, (4.4)
yields an upper bound on ¢®? (¢) [hence on DG, p; (n)]in terms of (a lower bound
on) the volume growth which determines the sequence (b;){°. This approach yields
an alternative proof of Theorem 4.1 (polynomial volume growth) as well as new
results in the super-polynomial volume case.

ALTERNATIVE PROOF OF THEOREM 4.1. We give the details only for <T>G, -
The proofs concerning ®¢ , are similar. Recall that Theorem 4.1 deals with
the case when V(n) ~ n?, and p is comparable to either (a) a regularly vary-
ing function with positive index « € (0,2) or (b) a slowly varying of the form
p(t) =1/ [ % with £ positive and slowly varying. Further, in case (b), we as-
sume that log p~!(¢) ~ t” w(¢)!*7 for some y € [0, 00) and positive slowly vary-
ing function w.

In case (a), set p; = cp (4"~ In case (b) set pi = cl(@)~!, Then it is easy to
check that

o=y prp@)l.

k>i

Using (4.6), this implies that ¢ = > "{° p;¢; satisfies the moment condition
W(p.¢d1r) <sup{pd)o;} < oc.
i

Further
(4.7 ¢ (e) < € Y emn/PE4=iD,

l
In case (a) where p (1) ~ (1 4 1)?*£(s%)® with « € (0, 1) and £ positive and slowly
varying, observe that p~ ! (1/u) ~ u~1/2*¢*(1/u!/*)1/2 for small u and write
¢(2n)(e) < Cl Ze—cln/p(4i)4—iD < C2 /OO e_cln/p(s) ds
=< : =< 1 -5

: sI+D

D
< C3/Ie_C1”” <71 ) du
- 0 p~1(1/u) u

00 ul/e D2 4,
<C —cinu Z~cC l/ocg# 1/o —D/2.
< 4/0 e (72#(1/1,;1/&)) ” s[n (n""%)]
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This yields the desired result, namely,
D p(n) < Cln'/“eF (n'/*) P2

for case (a).
In case (b), write

¢(2n) (e) <Cq Ze—cln/p(4i)_(p/2) 10g4*"2_D,'
i
< exp(—cz inf{n/p(s) +log(e + S)})
s>0

1

Using the hypothesis concerning p~°, observe that

inf{n/p(s) + log(e + 5)} = inf{ns +log(e + p~(1/s5))}
s>0 s>0
~ inf{ns +s Y w(1/s)' 77}
s>0
~ ny/(lﬂ’)/w#(nl/(lﬂ’)).

As stated in Theorem 4.1(2) and under the hypotheses of case (b), this yields
&)G,p(”l) = CeXp(—ch/(1+V)/w#(n1/(1+y)))

as desired. [0

THEOREM 4.10 (The super polynomial case). Assume that A(U") > exp(cn‘g)
for some c, 6 > 0. Then:

(1) Fixa € (0, 1), a positive slowly varying function £ at infinity, and set p(s) =
[(1+52)L(1+5%)]%. Then there exists C € (0, 00) such that, for all n large enough,

&)G’pa (n) < Cexp(—cne/(9+2°’)/Ef(nz/w”“))a),

where £y = [£¥19/0+290 and Kf is its de Bruijn conjugate.

(2) Fix a € (0,2). For all B > «a, there are constants Cg, cg > 0 such that, for
all n large enough, ®¢, ,,(n) < Cg exp( Cﬂng/(9+,3))

(3) For any fixed o > 0 we have <I> log(n) < Cexp(—cn/[logn]¥). Further,
for all B > o, there are constants Cg, Cﬂ > 0 such that, for all n large enough,

7p(lxog(l’l) < Cpexp(—cgn/[ logn]ﬁ)

(4) For any fixed o € (0, 1) and ¢ > 0, there is a constant C1 > 0 such that, for
all n large enough, CIDG’ngp (n) < Crexp(—n/exp(Ci[logn]®))).

PROOF. We prove statement (1). The variations needed for the other state-
ments are straightforward. We have b; < exp(—c4’9). Fulfilling the desired mo-
ment conditions forces the choice of the sequence (p;){°. For instance, in the first
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case, we take p; = cp (4"~ so that 0; >~ p(4")~!. Hence

¢(2Vl)(e) < Cl Ze—cl(n/p(4i)+4,‘9)

1
<G exp(—02 inf{n/p(s) + s"}).
s>0

Write

inf{n/p(s) + s} = inf{ns + p~1(1/5)?}.

s>0 s>0
A good approximation of the infimum is obtained by picking s = s, such that
n=/s)p " (1/s,)?. Atinfinity, p~!(r) = '/2¢¢#(1/*)1/2 and thus, at 0,

(l/l‘)[pfl(l/l‘)]g — l,*(20[+9)/2a£#(1/t1/0[)9/2.

Setting £, = [¢#]9/0+29) we have s,, ~ n 2%/ Ga+O)[p# 2/ Cat+0))|=« Finally,

dP(e)<C exp(—c3n9/(9+2a)/Zf(nz/(ngza))a). O

REMARK 4.11. Note that the hypotheses in Theorem 4.10 and in Theorem 4.3
are notably different. Theorem 4.3 is based on hypotheses regarding the behavior
of ¢ whereas Theorem 4.10 assumes V (n) > exp(cne). We note that the hypoth-
esis V(n) > exp(cn?) implies ®¢ (n) < exp(—cn?/ @) [31].1f V (n) > exp(cn?)
and @ (n) > exp(—C n?/2+0)) then the upper bound of Theorem 4.10(1) matches
precisely the lower bound of Theorem 3.2.

The next theorem treats the case of groups that have exponential volume growth
(i.e., # = 1) and such that ®g(n) ~ exp(—n'/3). (This is the case, e.g., if G is
polycyclic with exponential volume growth.) This result contains the part of The-
orem 1.6 dealing with py, o € (0, 2).

THEOREM 4.12. Assume that G has exponential volume growth and satisfies
¢G (n) = exp(—n'7).

(1) Fixo € (0, 1), a positive slowly varying function € at infinity, and set p(s) =
[(1 4+ s2)2(1 + s2)]%. Then we have

6. (n) = exp(—n!/ 20 /7 (n?/ (1H20)%),

where £y = [¢F]V/0+20) and ¢% is its de Bruijn conjugate.
(2) Fix a € (0,2). For all B > «a, there are constants Cg, cg > 0 such that, for
all n large enough,

Cgexp(—cn/1H9) < &g , (n) < Cgexp(—cpn'/ ).
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5. The case of the wreath product (Z/27) 1 Z¢. The wreath product con-
struction provides important examples of groups whose behavior differs from
linear groups. The simplest family of wreath products is (Z/27Z) : Z¢. An ele-
ment of this group is a pair (n, k) with n € @,.74(Z/27); (algebraic sum) and
k € Z¢. In the popular lamplighter interpretation, k is the position of the lamp-
lighter, and 1 = (1;);c7« 1S a configuration of lamps that can be on (n; = 1)
or off (n; = 0). Only finitely many lamps can be on. The product is given by
(n, k), k') = (", k") where k" =k + k' (addition in Z¢) and n'=mni+n_
(addition in Z/27). In other words, (Z/27) 74 is the semidirect product of
PB;cz4(Z/27); by 7@ where the action of Z¢ on P, cz4(Z/27); is by translation
of the indices. These groups have exponential volume growth.

The aim of this section is to prove the following theorem.

THEOREM 5.1. For any integer d > 1 and o € (0, 2), we have

~ N »
D 7,277 p, (M) = exp(—n?/ D).
Further, for any B > a, there are constants c, C, cg, Cg € (0, 00) such that, for all
n large enough,

cexp(—Cn?/ ) < @ 07 70, (1) < Cpexp(—cpn® @),

We shall see in the proof given below that the lower bounds stated in this the-
orem follow from Theorem 3.2. The interesting part are the upper bounds. These
upper bounds are interesting because they do not follow from the results in Sec-
tions 4.1 and 4.2.

PROOF OF THEOREM 5.1.  We can identify Z¢ as a subgroup of (Z/27):Z% in
an obvious way, and we can also identify Z /27 with (Z/2Z)o in @,y (Z/27); C
(Z,/27): 74 Hence, any probability measure on Z/27Z or on Z¢ can be interpreted
as a measure on (Z/27.): Z4. Following the notation used in [21], if v is a measure
supported on (Z/2Z)o, and p a measure supported on Z¢, we set g = v % % v
in (Z/27) 74 In [21], it is observed that a famous large deviation theorem, due
to Donsker and Varadhan [8] and concerning the range of certain random walks
on Z4, implies that

4 (e) ~ exp(—nd/@+2),

when v is the uniform measure on Z/27Z, and p is any symmetric measure on Z¢
with finite generating support. By [20], this implies that

(5.1) D 72724 (1) = exp(—n?/(@12))

Here, we are interested in determining the behavior of

(D(Z/ZZ)ZZd,pa and CD(Z/ZZ)ZZd,pa s o e (O, 2) .
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First, consider how the results obtained so far in this paper apply in this case.
Theorem 3.2 readily gives the lower bound

(5.2) CD(Z/ZZ)de,pa (n) > &’(2/22)224,,)& (n) > exp(—C(d, Ot)nd/(d+a)),

because if y =d/(d + 2), then yy 2 :=y/(y + (¢/2)(1 —y)) =d/(d + a). We
are faced with the problem of deciding whether or not this is sharp. Can we find
measures with finite p,-moment and whose convolution powers decay as rapidly
as permitted by this lower bound?

For this purpose, we have so far discussed two methods: (a) the use of subordi-
nation as developed in [4] and (b) direct computation based on volume estimates
(see Theorem 4.10).

The direct computation of Theorem 4.10 provides the upper bounds

(53) 5(Z/ZZ)ZZd,pa (I’l) < eXp(—Cl’ll/(l-Hx))
and
(5.4) D 722024 p, (M) < exp(—C(B)n'/IHP)), B> a.

When d = 1 (and only in this case), these upper bounds show that the lower bounds
stated in (5.2) are essentially sharp. In particular, we get

exp-pow((Z/2Z) Z, po) = 1/(1 + ), a € (0,2).

For d > 2, (5.3) and (5.4) fail to match (5.2) for a good reason: Theorem 4.10 is
based solely on a volume hypothesis and thus cannot provide more subtle infor-
mation that is based on the particular structure of these wreath products.

The subordination technique of [4] fails to give good upper bounds for a differ-
ent reason related to the fact that, for simple random walks on wreath products such
as (Z/27) v Z¢ with d > 1, the rate of escape to infinity is much faster than /.
See the discussion in [4].

Thus, the two techniques used earlier in this paper to provide upper bounds
on &g ,, and P, p, Doth fail to match the lower bound (5.2) when d > 2. The
following argument shows that (5.2) is sharp nonetheless. For each o € (0, 2) let
[Le be the probability measure on Z¢ given by

c(d,a)
(1 + [|k||?)td+e/2?

d
Ha(k) = keZ, kI =)kt
1

The theorem of Donsker and Varadhan ([8], Theorem 1) implies that, for any fixed
s and n large enough,
E(e_SDﬁ) ~ exp(—n?/(@T®),

Here D is the number of visited sites up to time n for the random walk on Z¢
driven by pq.
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For any fixed B8 € (0, 2), this, together with [21], Theorem 3.1, implies that the
measure gg =V * (g * v on (Z/27) 74 satisfies

q(ZH) () ~ exp(—nd/(d+ﬂ)).

It is plain that the measure g, has finite weak-p,-moment W (p,, g4) < 00, and
that gg has finite p,-moment if and only if B > . To check this, notice that g,
is almost entirely concentrated on Z¢ inside (Z/2Z) : Z¢. Thus these measures
provide witnesses to the fact that

D 72724 p, (M) < C1exp(—cin?/@H)

and that, for each 8 > o, o € (0, 2),

d/d
D 72224 p, (M) < Cpexp(—cpn?/ @),

These are the desired upper bounds. [

In particular it follows that

d
exp-pow((Z/27) 72, py) = . d=1,2,...,a€(0,2).

It is interesting to note that the optimal measure g, that we have exhibited above

is spread out only in a very small part of the group, that is, in the directions of the
lamplighter moves Z¢.

APPENDIX: ULTRACONTRACTIVITY, FUNCTIONAL CALCULUS AND
VON NEUMANN TRACE

A.1. Spectral theory. Let T be a self-adjoint operator acting on a Hilbert
space H. We denote by EIT its spectral projector associated with the open set
ZTCR,and by E ST =El the associated (left-continuous) spectral resolution

(—00,5)
of T so that
400
T :/ sdEsT.
—00

In the cases of interest to us, 7 is actually a bounded operator so that E (Ta p =0
if max{a, —b} is larger than ||T||. For any continuous function m:R — C, the
operator m(T) with domain Dy ={u e H: [ |m(s)|2d(EsTu, u) < oo} is defined
by

“+00

m(T) = / m(s)dE!,
—00

where this integral is obtained as the strong limit of finite Riemann sums. Further,

note that if m is real valued, then m(T') is self-adjoint and

m(T) _ T
E(a,b) - Em_l(a,b)'
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A.2. The von Neumann algebra V(G). We will make fundamental use of
the notion of von Neumann trace for certain operators in the von Neumann al-
gebra V(G) generated by the right translations r, : f = f(-g) acting on L%(G).
By construction, V (G) is equipped with a faithful semifinite normal trace t de-
fined as follows. Let S be a nonnegative Hermitian element in V (G) [i.e., a self-
adjoint element satisfying (Su, u) > 0 for every u € L*>(G)].If S/ = R, for some
a e L*G),set 1(S) = ||a||%. Otherwise, set 7(S) = +o00. See [7], page 97. Since
§1/2 = R,, R, is self-adjoint. This is equivalent to say that the function a € L>(G)
satisfies = & [where a(x) = a(x~1), x € G]. Hence

7(S) = fG lal>dr=axal(e).

Note that, as the convolution of two functions in L%(G), the function a * a is
bounded and continuous (i.e., admits a continuous representative) and that S acts
on ¢ € C.(G) by S = ¢ * [a *a].

Let S, T be two Hermitian nonnegative elements in V(G) such that § < T.
Then 7(S) < t(T). In particular, if T has finite trace and spectral decomposition

oo
T:/ sdE!,
0

then E(s +oo (s.+00) = T.
Note that, in general (i.e., when G is not countable), EOTO = [ does not have finite
trace.

If T is Hermitian of the form T = R, then

+o0 oo
‘L’(T) =a *Zl(e) 2/0 Sd[—T(E(YA;OO))] :A f(E(?v,oo))ds'

This follows from the well-known properties of spectral resolutions and the fact
that 7 is a normal trace [this means that 7 has the property that, for any positive
Hermitian 7" and any increasing filtering set F of positive Hermitian elements with
supremum 7, supr 7(S) = t(T)].

Strictly speaking, the trace t is defined only on nonnegative Hermitian ele-
ments. However, the set of Hermitian nonnegative elements with finite trace is the
positive part of a two-sided ideal m of V(G), and there is a unique linear form
defined on this two-sided ideal which coincides with the trace on nonnegative
Hermitian elements. Abusing notation, we denote this extension by 7:m — R.
If a,b € L*(G) and R,, R, € V(G), then R Ry em and T (R, x Rp) =b xa(e).
See [7], Theorem 1, page 97. In particular, if ¢ = ¢ e L"(G)NL*(G)and T = Ry,
then, foranyn =2,3,..., T" = R¢(n) has finite trace and

) is in V(G) and has finite trace for all s > 0 since sET

(A.1) o™ (e) = T(T").



2578 A. BENDIKOV AND L. SALOFF-COSTE

A.3. Ultracontractivity. Let ¢ = dv> e LY(G)NL3(G) be a symmetric prob-
ability density. Let T = Ry : f — f * ¢ be the operator of right convolution by ¢
acting on L2(G). This is an Hermitian element of V (G) with norm at most 1. Its
powers T", n > 2, are of finite trace and the function

ni>t(T") =¢™ (e)

is of interest to us because it quantifies the ultracontractivity of the operators 72",
n > 1. Indeed, we have

sup {IT%" flloo} = IT*" 1100 = " (e).
Iflh=<1

We assume throughout that ¢ (¢) — 0, which simply means that ¢ is not sup-
ported on a compact subgroup of G. As a consequence ||7" f||cc — O for any
f € L*(G). In particular, there are no nontrivial functions in L?(G) such that
Tf==+f.

Let ET, EI=T 5 € R, be the left-continuous spectral resolutions of 7 and I — T
and note that

2
Tnzl) (1—s)"dEITT, E(Tl—b,l—a)zE(Ia_,bT)a 0<a<b<oo,

with limgn o E/7T = E[TLOO) = 0 because there are no L?(G)-solutions of Tu = u.
Note also that the projection valued measure d E ! ~T could have an atom at s = 1
[corresponding to L?(G)-functions satisfying Tu = 0] but that this atom is irrele-
vant to the integral formula m(T') = foz m(l—s)dE f T a5 long as m is continuous
and satisfies m(0) = 0. Observe further that (1 — s)zESI_T <T2fors e[0,1] so
that £ sl ~T has finite trace for all s € [0, 1). Similarly E (]s,_2€ has finite trace for
s €(1,2).

Using this fact we define the nondecreasing, nonnegative functions Ny : [0,
1) = [0, +00) by

(A2) Ne()=t(E;" ) =1(El|_s o). 5€(0,1).

The following lemma is proved in [4]. It indicates that the part of the spectrum of
T near —1 does not play a crucial role in estimating ¢*) (¢) [this uses the fact that
¢®(e) = 0].

LEMMA A.1 (See, e.g., [4], Proposition 3.1). Assume that ¢ is a symmetric
probability density in L*(G). Then

1 1
(A.3) /0 (1 =) dNy(s) < p* (e) 52[0 (1 =)> "=V aNy(s).
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Thanks to this Laplace transform type relation, the behavior of n — ¢ (¢) as
n tends to infinity and the behavior of Ny(s) as s tends to O are related to each
other. The following statements are appropriate versions of classical results. See
[2, 4, 5] for details.

For 6 =0 or +o00, we let R, (6) be the set of regularly varying functions of
index « at 0. If £ is a slowly varying function at infinity, we let £* be its de Bruijn
conjugate. See [5], Theorem 1.5.13. For simple applications, we observe that if
£(x) ~ £(x€(x)) at infinity, then 0~ 1 /L. For instance, this applies to £(x) =
(logx)?, B € R. See [5], Corollary 2.3.4. In the following result, ¢ and N are
abstract functions but, applications we have in mind, ¢ (k) = (1)(2") (e) and N = Ny
as in Lemma A.1.

PROPOSITION A.2. Let the nondecreasing function N :(0,1) — (0, +o00)
and nonincreasing function ¢ :{1,2, ...} — (0, +00) be related by

1 1
Yk > ko c/ (l—s)de(s)fgo(k)SC/ (1 — )k 0 an(s)
0 0

for some ko, c, C € (0, 00).

(1) Fix a > 0, and let £ be a slowly varying function at infinity. There exists
a c1 € (0, 1) such that p(k)k“L(k) > c1 [resp., p(k)k*L(k) < c1] for all k large
enough if and only if there exists a constant ¢y € (0, 1) such that N (s)s~“€(1/s) >
¢y [resp., N(s)s~*€(1/s) < c3] for all s > 0 small enough.

(2) Fixx € (0, 1), and let £ be a slowly varying function at infinity. There exists
a constant ¢y € (0, 1) such that

[—log () IK* /L' =) > ¢ (resp., <c1) for large enough k,
if and only if there exists a constant c> € (0, 1) such that
[—log NOI[s®*(1/)1V " > ¢y (resp., <c2)
for small enough s > 0.

(3) Let M, w and t + t/m(t) be continuous increasing functions on (0, 00)
which tend to infinity at infinity and such that

(A4) a Y&)~tM@t)  at infinity.
The following two properties are equivalent:
(a) there exists c1 € (0, 00) such that
—log N(s) >c1M(c1/s) [resp., —log N(s) <c1M(c1/s)]

for all s small enough;
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(b) there exists ¢y € (0, 00) such that
—logy(n) = con/m(n/cy)  [resp., —loge(n) < con/m(n/c2)]
for all n large enough.
EXAMPLE A.1. The reason behind considering these elaborate statements is

the nature of the known results concerning ¢ (¢) when ¢ is symmetric com-
pactly supported. Here is a small selection of specific examples of interest.

(1) The properties
@ (e)=~n"P/2  atinfinity
and
Ny (s) ~ sD/2 at zero

are equivalent. These properties hold when ¢ is compactly supported, and G has
polynomial volume growth of degree D.
(2) The properties

@M (e) ~exp(—n'/3)  atinfinity
and
Ny (s) Zexp(—l/sl/z) at zero

are equivalent. These properties hold whenever ¢ is compactly supported with
generating support and G is virtually polycyclic with exponential volume growth.
(3) The properties

¢ (e) ~ exp(—n?/ @D logn?@+P)  at infinity
and
Ny (s) =~ exp(—s‘d/z[log 1/s]) at zero

are equivalent. They hold, for instance, when G = Z: Z¢ (the lamplighter group
with street map Z¢ and lamps in Z).

See [1, 2, 9, 10, 21, 31]. Remarkably enough, the first two types of behaviors are
the only possibilities for unimodular amenable Lie groups and for finitely gener-
ated amenable discrete subgroups of Lie groups; see, for example, [26] and the
references therein.
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A.4. Functional calculus. Let7 = Ry : f +— f *¢ be a convolution operator
with a symmetric probability density ¢ € L*(G). Consider a function v : [0, 2] —
[0, 2] that is increasing, continuous with continuous derivative and which satisfies
¥v(0)=0, ¥ (1) =1, ¥(2) < 2. With such a function we associate the operator

2
(=1 = [y dElT
0
and
(A.5) Ty=1—-%(I-T), T=Ry.

LEMMA A.3. Let ¢ € L*(G) be a symmetric probability density. Let 1 : [0,
2] — [0, 2] satisfies ¥(0) =0, ¥ (1) =1, ¥ (2) < 2 and assume that  is in-
creasing and continuous with continuous derivative. Then Ty defined at (A.S)
is in V(G), and T{Z has finite trace for all n > 2. Further, if ¢ =& x & with
£ =£ e L%G) NLYG), then T = Ry, with ¢y = (¢y) € L*(G) and Ry,
bounded on L*(G).

PROOF. Note that the operators (I — T') and Ty belong to the von Neu-
mann algebra V (G). Further, from the elementary fact that [1 — ¥ (s)| < C|1 — 5|
on [0, 2], for some C € (0, 00), we deduce that TIZ/‘ is a Hermitian nonnegative
element in V (G) which is dominated by

2
CR; =c2jO 11 —s|?dE!"T.

This last Hermitian element has finite trace equal to C ‘E(Ré) = C¢>(2) (e). Hence,

lek has finite trace for n > 2. This implies that Tll(/ZkH) has (extended) finite trace.

If =& * &, then T is Hermitian nonnegative and of finite trace. Further Ty,
is also Hermitian nonnegative and dominated by CT. Hence Ty = Rﬁ with a €
L?*(G), R, bounded on L*(G) and & = a. In particular, Ty, = Ry, with ¢y, =a *
a € L?(G). This function is not a probability density, in general. It is a probability
density when 1 is a Bernstein function; see, for example, [4], Section 3.4, and [17],
Section 3.9. [

LEMMA A.4. Let ¢ € L>(G) be a symmetric probability density such that
lim;, s 0o ¢>(2”)(e) = 0. Let 1 :[0,2] — [0, 2] be nonnegative increasing, continu-
ous with continuous derivative and such that ¥ (0) =0, ¥ (1) =1, ¥ (2) < 2. Then
the operator Ty € V(G) defined at (A.5) is such that T$ has finite trace and,
setting
(A.6) N} =Ngoy~,
we have

1
(A7) ‘L'(T]Z) =/0 (1 —s)" dN;f’(s) + 0(d"), a=v¢%2)—-1€][0,1).



2582 A. BENDIKOV AND L. SALOFF-COSTE

REMARK A.5. The hypothesis ¥/ (2) < 2 insures that the contribution coming
from the spectrum of I — Ry that lies in the interval (1, 2) is exponentially small.
If Ry is nonnegative [as a Hermitian operator on L?(G)], the value of Y in the
interval (1, 2) becomes completely irrelevant and

1
(T :fo (1—5)"dN} (s).

PROOF OF LEMMA A.4. Since Rg, = 211 — ¥ (s)2dE!"T has finite trace
equal to »@ (e), the the nondecreasing functions Ng(s) = t(ESI ~TY [see defi-
nition (A.2)] and Ng () =t(E (12_7?2)) are finite for all s € (0, 1). Further, since

»@ (e) — 0, we have Ny(0) =0 [i.e., there are no L?(G) solutions to Tf = f].
Hence,

1 n 1 n g
©(Ty) =/0 (1—(s))" dNg(s) +/0 (1-vy@2-y)) dNy ().
The second integral is bounded by
1
VO (1-y@—9)"dNj(s)

Since T2 = [# |1 — y(s)|2dE! T has finite trace @ (e) and [1 — (2 — )| <
C|1 — s|, we obtain that

<fl|1—w<2—s>|2d1vﬁ<s>|w<2>—1|"—2
=Jo ® .

1
| n=ve-9rdve = csP).
This yields the desired estimate since, by hypothesis, [ (2) — 1| < 1. O

To illustrate this lemma, we treat the following simple test case.

THEOREM A.6. Let ¢ € L*(G) be a symmetric positive probability density
such that

dPM (e) ~n~P/? at infinity.

Let v :[0,2] — [0,2] be nonnegative increasing, continuous with continuous
derivative and such that ¥ (0) =0, ¥ (1) =1, ¥(2) < 2. Assume further that
Y(s) >~ (s/€(1/s)* at 0, where o € (0, 00) and £ a positive function, slowly vary-
ing at infinity with de Bruijn conjugate ¢*. Then

o(T) = [/ * @) 7P12 at infinity.

PROOF. This follows easily from Proposition A.2 and Lemma A.4, together
with [5], Proposition 1.5.15. [

Similar considerations, together with the arguments developed in [2], Lem-
ma 2.3, Proposition 2.5, yield the following result which is most useful when
dealing with super-polynomial behaviors.



LOW MOMENT RANDOM WALKS 2583

THEOREM A.7. Let ¢ € L>(G) be a symmetric positive probability density.
Let 7t : (0, 00) — (0, 00) be such that w and t — t /7t (t) are continuous increasing
functions which tend to infinity at infinity. Let ¢ : [0, 2] — [0, 2] be nonnegative in-
creasing, continuous with continuous derivative and such that ¥ (0) =0, ¥ (1) =1,

Y (2) < 2. Set
(A.8) w0 =1y~ A/ 1 A/D).
(1) Assume that there exists c1 € (0, 00) such that, for n large enough,
—log¢®”(e) = c1n/m(n).
Then there exists ¢y € (0, 00) such that, for n large enough,
—log r(TIZ) > con /1y (con).
(2) Assume that there exists C1 € (0, 00) such that, for n large enough,
—logd®(e) < Cin/m(n).
Then there exists C € (0, 00) such that, for n large enough,
—logr(TJ) < Con/my(n/Cr).
PROOF. Let us observe that for a bijection 7, the two properties (a) 7 and
t +— t/m(t) are increasing, and (b) ¢ 7 N1) /t is increasing, are equivalent.
Further, given that v is positive increasing, property (a) for = implies (b) for &

which implies (b) for 7y, which finally implies (a) for my . The result now easily
follows from Proposition A.2 and Lemma A.4. [

It is useful to illustrate Theorem A.7 with some concrete examples. Note that
Theorem A.7 allows us to treat upper and lower bounds separately. For simplicity,
we write down the examples in the context of the rough equivalence ~~.

EXAMPLE A.2. Assume that —log ¢®" (¢) ~ logn and that v (r) ~ 1/£(1/1)
where £ is an increasing slowly varying function tending to infinity at infinity and
such that

log ') ~ 1" w ()17,

where y € [0, 00) and w is a slowly varying function at infinity with de Bruijn
conjugate w”. Then

— logt(Tﬁ) ~ n}//(1+y)/w#(n1/(l+y))_

EXAMPLE A.3. Assume that

—log ¢ (e) ~n?, y €(0,1),
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and that
Y =t*/ed/n),  ael0,00),
where £ is an increasing slowly varying function at infinity such that, for every

a>0,£2@% >~ £(). Then

—logT(T)) = [n/emI*. 2

Cytal—y)

EXAMPLE A.4. Assume that
~log¢®(e) <n/m(n)

with 7 positive increasing.

e Assume that 7 () = ¢!~V £(t) with y € (0, 1] and £ slowly varying and satisfying
£(t%) >~ £(¢t) for all @ > 0. Then, for any « € (0, 1) and ¥ () = t%, we have

- r
y+all—y)
The cases y =1 and y € (0, 1) should be treated separately using slightly dif-
ferent arguments. See [4], Theorem 3.4, for a similar computation.

e Assume that 7 is regularly varying of index less than 1. Then for any positive

increasing slowly varying £, ¢ = 1/€(1/¢t), and any ¢ € (0, 1), we have (see [4],
Theorem 3.4, for a similar computation)

—log T(T}}) < Cen/(n(Cent)).

—logt(Ty) < [n/€(n)*/Y |7, Ya

A.5. Trace and comparison. Let 77, 7> be self-adjoint contractions that be-

long to a von Neumann algebra V equipped with a faithful semifinite normal

trace 7. Fori =1, 2, let Ef _Ti, s € [0, 00), be the (left-continuous) spectral pro-

jectors of I — T;, so that T; = fooo(l — ) dESI_T". The following result is crucial
for our purpose. It is the von Neumann version of a classical finite-dimensional
spectral comparison theorem. We set

Ni(s) =t(E!7TH, s>0,i=1,2.
Note that it can well be the case that N;(s) = oo.
PROPOSITION A.8. Referring to the above setting and notation, let Ty, T» be

self-adjoint contractions that belong to the von Neumann algebra V equipped with
a faithful semifinite normal trace t. Assume that

I-T)=CU-T)
and that T, is nonnegative. Then we have

(A9) Vs €[0,1) Na(s) < N1(Cs).
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PROOF. Recall that, for any bounded self-adjoint operator S € V, E(Sa b)
denotes the spectral projector associated to S and the interval (a, b). By con-
vention, the left-continuous spectral resolution of S is ES = E(S_OO 5) so that

S = ff:oosdEsS and E(Sa,b) = f(a’b) dE?. According to [6], Lemma 3, if Sj, S»
are nonnegative self-adjoint operators such that S, < S§; then (allowing for the
possibility that the traces in question are infinite)

(A.10) Vs>0  T(ED) <T(ED )
By hypothesis, we have I — T1 < C(I — T»), which we write
n<I-C'(I-T).

Applying (A.10)to S, =15, S1 =1 — ClI-T)(This nonnegative by hypoth-
esis and this implies that S, S7 are also nonnegative) and using the simple fact
that

I-c7Yi-1) _ T
E(s,oo) - E(lfC(lfs),oo)’

we obtain
T T
Vs >0 T(E o) S T(E(_c1—s).00)

Translating this inequality in terms of the spectral functions
I-T; T;
Ni(s) = T(E(—oo,s)) = T(E(l—s,oo))»

we obtain

Vs €0, 1) Na(s) < Ni(Cs). O

COROLLARY A.9. Referring to the above setting and notation, assume that
T1, T» are nonnegative and that there exist an integer ko and a constant C > 1 such
that

‘L’(T]ko), T(Tzko) <oo and 1-T\<CU-T1).
Then, for all n > ko,
‘L'(Tzn) < 2C2_L,(T1Ln/2CJ) + 2ef(n/16C)+k0/8(T(T2ko) + 2C2‘L’(le0)),

PROOF. We have
1
) = [ =5 aN )
0

=n/8(1 — )" IN;i(s)ds + (1 — &)"Nj ()
0

1
+/ (I —$)"dN;(s).
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Since (1 — )M N;(s) < (T/°) and [ (1 — )% dN;(s) = 7(T/®), we obtain that

<2(1 — &) for (1)

T(T") —n/og(l — )" INi(s)ds

for any real n > ko. Now, set ¢ = 1/8C, and use Proposition A.8 and the elemen-
tary inequality (1 —s) < (1 — Cs)'/2¢ 5 €10, ], to write

c C
n/ (1= $)"""Ny(s) ds fn/ (1= Cs)*VPC N (Cs)ds
0 0
1/8
§Cnf (1 —5)"=D2CN (s)ds
0

1/8
§2C2(n/2C)/ (1 — )27 N (s) ds.
0

It thus follows that

1\ (7/2C)—ko
n/2C > (T},

1 n—ko
T(T3) < 2C*¢ (T} )+2(1—%) t(T2k°)+4C2<1—§

This yields the desired result. [

In applications of Corollary A.9, one may want to relax the hypothesis that
Ty, T, are nonnegative. This is possible thanks to the following result.

COROLLARY A.10. Referring to the above setting and notation, assume that
there exist an integer ko and a constant C > 1 such that

(T, (T <oo and 1—T<CU—Ty).

Assume further that r(Tzk) > 0 for all k = ko. Then there are constants C1, Cy
depending only on upper bounds on C, r(le 0), r(TZk %) and such that

(T4 < C (T(TIZWCZJ) 4 e7/C2) for all n large enough.

PROOF. Set § = %(TZ2 + T23 = %TZZ(TZ + I). This is a Hermitian nonnega-
tive contraction. Further 7(§?") = 272" y°2" (21.”)r(T26" ~). Since £ > T(TFY) is

decreasing (e.g., by spectral theory) and r(TZMH) > 0 (by hypothesis), we have
Wz Y (F)eahz e,
ke2NN[2n,6n]

This shows that it suffices to estimate 7(S%") by r(leLan) for some ¢ > 0. This
will follow from Corollary A.9 applied to the Hermitian nonnegative contractions
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T2, S = %(TQ3 + T22), if we can prove that I — T <4C( — §). This last

inequality follows immediately from the hypothesis I — 77 < C(I — T) because
1 -T=1- T12 <2 —Ty) and I — T, <2(I — S). The last two inequalities
follows from spectral theory and the elementary inequalities 1 — s < 2(1 —s) and
1—s§2—s3—s2,se[—1, 1]. O
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