HOMOMORPHISMS TO R CONSTRUCTED FROM RANDOM
WALKS

ANNA ERSCHLER AND ANDERS KARLSSON

ABsTrRACT. We give a construction of homomorphisms from a group G into R
using random walks on G. The construction is an alternative to [KLO07| that
works in more general situations. Applications include an estimate on the drift
of random walks on groups of subexponential growth admitting no nontrivial
homomorphism to Z and inequalities between the asymptotic drift L(n) and
the asymptotic entropy H(n).

Some of the entropy estimates obtained have applications independent of
the homomorphism construction, for example a Liouville-type theorem for
slowly growing harmonic functions on groups of subexponential growth and
on some groups of exponential growth.

1. INTRODUCTION

Let G be a finitely generated group and p a probability measure on G. We say
that p is non-degenerate if its support generates G as a semi-group. We assume
that p has finite first moment (with respect to a word metric I = lg which we fix):

L(p) = Ug)u(g) < oo

It is clear that the property to have a finite first moment does not depend on the
choice of finite generating set S. Finite first moment implies the finiteness of the

entropy of
H(p) === pu(g)logu(g) < oo.
G
The entropy of the random walk is
H *M
n—oo n

This limit exists by subadditivity. If the entropy of u is finite, then this limit is
finite. The entropy criterion asserts that the Poisson boundary of (G, i) is trivial
if and only if h(u) = 0 ([KV83, Theorem 1.1] and [Der80]). Let H(n) = H(u*").
Proposition 1.3 in [KV83] asserts that

H(n+1) — H(n) \, h(n)
The expectation of the displacement from the origin is

L(n) ==Y g (g).

geG
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The following limit exists in view of subadditivity:

I=1(p) = lim lL(n),

n—oo N

which is called the linear drift of a.s. random walk trajectory by the subadditive
ergodic theorem.

In [KL07] Ledrappier and the second named author proved that if a finite first
moment random walk has zero entropy and positive drift, then the group has a non-
trivial homomorphism to R. In this paper we establish criteria for the existence of
homomorphisms to R even in cases when the drift of the random walk might be
ZEro.

Theorem A. Suppose that p is non-degenerate with p(e) > 0, has finite second
moment and that for some sequence ny such that L(ny + 1) — L(ng) > 0 and

VH(ng +1) — H(ng)/(L(ng + 1) — L(ng)) — 0

as k — oo. Then G admits a non-trivial homomorphism to R.

This theorem has the following corollaries. Let G be a group of subexponential
growth at most exp(n®), b < 1 and without nontrivial homomorphisms to R. Let
i be a non-degenerate, probability measure with p(e) > 0 and of finite second
moment. Then there exists a < 1 (depending only on b) such that for some C' > 0,

L(n) < Cn*.

This applies for example to the first Grigorchuk group - see Corollary 13. For
symmetric finitely supported random walk this was already known [E03] and follows
from Varopoulos’ long range estimates [Var85]. Mathieu [Mat06] has shown that
for a finitely supported measure on a group, such that all elements of this support
are torsion elements, Varopoulos-Carne type estimates hold, and that, therefore,
for such measures, entropy of random walks is zero if and only if the drift is zero.
In particular, this shows that the drift of finitely supported probability measure on
groups of subexponential growth generated by torsion elements is zero. A similar
result, based on Mathieu’s inequality, was announced in [RV05]. For non-symmetric
random walk the result in [KLO7| states that the drift of any finite first moment
random walk is zero, that is, L(n) is sublinear. Our results provide quantitative
estimates of L(n). In this context, let us recall that even if we restrict ourselves to
the class of (symmetric) simple random walks on groups of subexponential growth,
L(n) can be arbitrarily close to linear [E06]. This is in the contrast with the fact
that for any finitely supported measure p on the first Grigorchuk group G (and,
more generally, for any (G, p) such that G is of growth at most exp(n®), p is a
measure with finite second moment and the group generated by the support of
u does not admit non-trivial homomorphism to Z), the drift of the random walk
(G, p) is at most Cn(®+t1/2 see Corollary 13.

Another corollary is:

Corollary. For a symmetric, non-degenerated with support containing e, finite
second moment random walk on a finitely generated group, there is a constant C >
0, such that for alln > 1,

L(n)®

H(n)>C -
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It is easy to see (see e.g. Lemma 7 in [E03]) that Gaussian long range estimates
imply the conclusion of the corollary above. Such estimates hold for finitely sup-
ported symmetric measures on groups (Varopoulos [Var85]), more generally for any
finitely supported centered measure on a group (here centered means that the pro-
jection of 1 on the abelianization of G is centered, see Mathieu [Mat06] for a partial
result in this direction and Dungey [Dun08]| for the general statement). Though, at
least in the symmetric case, this type of the estimates hold also for measures with
a very quick decay [Pe08|, observe that they certainly do not hold for the class of
measures with finite second moment, as in the corollary above. It was previously
known, however, that [ > 0 implies A > 0 for symmetric finitely supported random
walks (Varopoulos [Var85]) and, more generally, for centered finite first moment
random walks ([KLO7]). We stress that the more general inequality in the corollary
above the condition of the second first moment cannot be removed - see the remark
after Corollary 9.

Among the ingredients of the criteria for homomorphisms are entropy estimates
in section 5. One of the direct corollaries of these estimates is for example the
following Liouville-type result

Theorem B. Consider a random walk on G and assume that the measure p is
non-degenerate and has finite support including the identity. Take an increasing
function frarm(n) > 0. Suppose that at least one of the following assumption holds:

i) For all m, H(n) < fug(n), where fr(n) is a non-degreasing function. And
Sfrarm(n) > 0 satisfies

fharm(n)\/fH(n+ 1) - fH(n) - 07

as n — 0.
it) There exists an infinite sequence ny such that

Frarm (ni)/H(ng + 1) — H(ng) — 0,

as k — oo.
Then every harmonic functions on G of growth at most frarm i constant.

If H(n) grows linearly, the theorem implies the almost obvious fact that if a har-
monic function tends to zero as the word length of its argument tends to infinity,
then this function is equal to zero. The theorem is of interest when H(n) is sublin-
ear. In this case it is well-known that all bounded harmonic functions are constant,
see Avez [Avez76] for this implication in the case of finitely supported measures and
Kaimanovich, Vershik [KV83] and Derriennic [Der80] for the general form of the
entropy criterion: for any non-degenerate finite entropy probability measure the
two following conditions are equivalent. 1) All bounded harmonic functions with
respect to this measure are constants and 2) H(n) grows sublinear). The theorem
shows that bounds on H(n) can be used to show the absence of non-constant har-
monic function of slow growth, and not only of non-constant bounded harmonic
functions.

The theorem implies in particular, that if G is a group of subexponential growth
< exp(n?®), for example the first Grigorchuk group, then there exists b > 0, de-
pending only on a, such that all g-harmonic functions of growth at most n® are
constant. Recall that for infinitely supported measures on groups of subexponen-
tial growth the situation could be quite different: some of such measure can admit
non-constant bounded harmonic functions ([E04, E05]).
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Another application of the theorem concerns simple (symmetric) random walks
on iterated wreath products of Z. For these random walks, H(n) is bounded by
n® a < 1 (|[E03]), and hence there exists b > 0 such that all y-harmonic functions
of growth at most n® are constant. Finally, the same conclusion holds for a certain
simple random walk on the Basilica group [BV05] and for a more general class of
groups that includes this group [Kai05].

2. PRELIMINARIES ON ENTROPY AND DRIFT

Let G be a finitely generated group, with word length /s and non-degenerate
probability measure p of finite first moment. When the generating set S is un-
derstood we often write I(g) instead of Is(g). Recall the fundamental inequality
[Guig0]:

h <lv,

where v is the exponential growth rate of the number of elements g with I(g) < R
in G. This inequality is implied by the following standard lemma:

Lemma 1. Let pu be a probability measure of finite first moment on a group G.
Then i) for any € > 0, there is a constant C > 0, depending on cardinality of S
and not depending on p, such that for all n

H(n) < (v+¢e)L(n)+C.

ii) Moreover, if the growth function of the group G satisfies vg(n) < Aexp(n®),
b < 1, then H(n) < Cn® for some constant C. Here the constant C depends only
on A and cardinality of S.

Proof. (Cf. [KLO7].) i) Let S, be an arbitrary finite generating set, and denote
by I, the corresponding word metric. Let a, denote the number of elements g of
word length 1.(g) = n, so a, < (2|S«])™. Let v/ be the probability measure on G
defined by v/(g) = 2791 /q; (). Then for any probability measure v of finite
first moment we have

H(v) = v(g)log(2* @ ay ) = = v(g)log V/((g) <0,
geG geqG 14 g)

where the last inequality comes from the elementary inequality —logt¢ < 1/t — 1.
Therefore

H(v) <> v(g)log2=@F) + > v(g)log(ar. (g))

geG geG

<Y () lg) +1)log2+ ) v(g)l(g)log(2]S.])

geqG geG

<log(4]S.]) > v(9)l(g) + log 2.
geG
Apply the above inequality to v := p*", with S, := Sy = {g : l(g9) < k} and note
that 1,.(g) <(g)/k + 1. It is then clear that given ¢ > 0, for all sufficiently large k
and n there is a constant C' making the inequality valid.
ii) From the proof of the first part of the lemma we know that for any generating
set S,

H(p™) = H(n) <log(4]S.) Y 1™ (9)l(g) + log 2.
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We apply it to S, = S, = {g:l(9) <n}. We have that
H(n) <log(4Aexp(n Zﬂ*" g)/n+1)+log2

The triangle inequality applied to the word metric shows that the first moment of
the convolution of two measures is not greater than the sum of their first moments,
and thus 3° w*™l(g) <n>, p™"l(g) = L(p)n. This implies that

H(n) < (L(p) + 1)n® + log(4A)(L(p) 4+ 1) + log2 < Cn®
for an appropriate constant C and all n. (]
We will furthermore make use of:

Lemma 2. There are constants ¢ and C' such that for any probability measure v
on Z4 with finite first moment,

H(v) < clog(L(v)+ 1)+ C.

Moreover, for any ¢ = 1+ €, € > 0 one can choose C such that the inequality
holds.

Proof. Assume first that v has finite support and let p; = v(¢). Lemma 1.1 [Bow75]
asserts that for any finite sequence a; of numbers it holds that

= pilogpi < =Y piai+logy_e”,
where the sums are taken over the i such that p; # 0. Fix an € > 0. We apply this
inequality to a; :== —(1 + ¢€)log(i + 1) and get

H(z/)S(l—i—s)Zpilog(i—&-l)—HogZ L

Note that the following constant is independent of v: C :=1log > 2 W Using
the convexity of -log we get

H) < (1+¢)log (Zpi(i—i—l)) +C=(1+¢)log (1+Zpii) +C.

Since € and C' are independent of v, this inequality extends to general v of finite
first moment. 0

For estimates of H(n) from below, one has Lemma 7 in [E03| which states that
for any symmetric finitely supported measure p it holds that for some C' > 0:

1
H(n) > C’EL(n)2 —logn,

and as H(n) > Cylog(n) (which follows from the stronger general estimate on the
transition probabilities 1*"(g) < Cn~'/2%¢) this in turn implies that

H(n) > CQ%L(TL)2.

This is a corollary of Varopoulos’ long range estimate ([Var85]), see [Car85] for a
simple proof and this precise formulation:
’u*n(g) < Ce—al(g)Z/n

for some constants C,a > 0.
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3. DEFINITION AND PROPERTIES OF T,

Let G be a finitely generated group and . a non-degenerate probability measure
on G with finite first moment (with respect to a word metric g which we fix and
sometimes denote by [). Define

Tu(9) = Y (l(gh) = U(R)) ™" ().

heG
Note that |T,,(g9)| < I(g).

Lemma 3. We have that

> Tulg) L(n +1) — L(n)

geG

Proof. We have

geG heG

= | D Ughulg) —1(h) | 1" (h)
heG \geG

— Zl ( *(n+1 )_ ‘u*n(h))
heG

= L(n+1) - L(n).

O

Consider (n) such that for every g € G there exists a constant C(g) such that

Y lgu ™ (h) = (h)] < C(g)B(n). (¥)

heG

Remark. Observe, that if such C(g) exists and if the measure is non-degenerate
(or, more generally adapted, i.e. the support generates G as a group), we can choose
C(g) = Cls(g), where S is a finite generating set, and C' is the maximum of C(g)
over g € S. ([ is then the maximum over S of the left hand side.)

Since the left hand side of (*) is bounded by 2, the existence of such ((n) is not
an issue. Note that if the entropy h = 0 and the random walk is aperiodic, one
can choose a sequence 3(n) — 0 as n — oo (see [KV83]). In general, if we do not
assume that the measure is adapted, the claim of the Remark above does not need
to be true.

Lemma 4. For any g1,92 € G and any S

Tn(9192) — Tn(g1) — Tn(g2)| < ls(92)C(g1)B(n)
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Proof. We have that

T(g192) — Tn(91) = Tulg2)| = | Y _ (Is(g192h) — Ls(g1h) — Ls(g2h) + Ls(h)) ™" (h)

heG

= 1> (Is(g1g2h) — 1s(g1h) — (1s(g2h) — 1s(h))) ™ ()
heG

=Y (Us(gzh) = Ls(h)) (g1 (h) — M*"(h))’
heG

<ls(g2) Y (g™ (h) — " (h))] < Ls(g2)C(91)B(n).

heG

O

Take a finite generating set S of G and denote by 7s(n) the maximum of the
absolute value of T,,(g), g € S.

Lemma 5. For any finite generating set S there exist positive constants C and C
such that for any g in the group, generated by the support of p, it holds

T (9)] < vs(n)ls(g) + Cils(g)*B(n)

Proof. Let m = lg(g). There exist g1, go, ... gm € S such that g1g2...9m = g
Observe that by Lemma 4 for any j, 1 <j <m
T(9192---95) — Tu(9192 - gj—1) — Tn(g5)] < ls(9;)C(g192 - - - 95)B(n)
< Cols(g192- - g;)B(n)
= Cojp(n).
Therefore,
Tn(9192 - - - gn) = Tn(g1) = Tn(g2) =+ = Tn(gm)| < Co(1+2+---+m) < ClmQﬁ(n)
Finally note that
T (g1) + Ta(g2) + -+ + Tnlgm)| < mys(n),
which completes the proof of the lemma. O

Lemma 6. If i is a symmetric measure with finite second moment, then for some
positive constant C and all g in the group, generated by the support of p it holds

1> Tulg)ulg)l < CB(n)
and
[L(n+1) = L(n)| < CB(n).

Proof. From the definition of T,, we know that T}, (e) = 0. Therefore, by Lemma 4
and the remark preceeding it, we have that

T (9) + Tulg™ )| < Cil(g)l(g~1))B(n) = C11*(g)B(n).

Summing over g and using the fact that the second moment of y is finite, we get

S Tulg) + Tulg™lnle) < C1 Y B(g)u(g)B(n) < CH(n).
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Therefore,

1> (Tulg) + Tulg™"))ulg)| < CB(n)

If i is symmetric, then

D Tulg Hulg) =D Tulg Hulg™) =D Tul9)nly),

and this implies the first claim of the lemma. The second one follows from the first
one in view of Lemma 3. ([

Note that the conclusion of the lemma does not hold without the assumption on
the second moment, see the discussion after Corollary 9.

4. CONSTRUCTION OF LIMITS OF T,

4.1. Simplest case. We may take a subsequence nj; — oo such that limit
T(g) = lim To.(9)

exists for every g (by the diagonal process argument).
Lemmas 3 and 4 in the previous section imply that:

e if the entropy of the random walk is zero, then 7" is homomorphism. Indeed,
it follows from Lemma 4 and the following property of the entropy: Zero
entropy of an aperiodic random walk on a group is equivalent to that for
every g

S lgu ™ (h) = ™ (h)] = 0 as m — oc.
heG
See [KV83, Theorem 4.2].

e if the drift [ of the random walk is positive, then for an appropriately
chosen subsequence of n’s, T is not identically zero: Indeed, we can choose
a sequence ny, in such a way that L(ng + 1) — L(ng) > 1 — e with e, — 0
and such that T'(g) = limg_,e0 Th, (g) converges. Lemma 3 then implies

that
> T(g)ulg) > 1.
geG

4.2. General case. Fix a finite generating set S in G. For every integer i > 0, let
vs (i) denote max|T;(g)|, where the maximum is taken over g € S.

Assume that S and ¢ are such that v5(i) # 0. Put ag(i) = 1/vs(i) and take g
with ls(g) =m, g = g192 ... gm, for g; € S. By Lemma 5 we know that

as(i)|Ty(g)] < as(i)ys(i)ym + Cym?B(i)as (i) = m + Cym?B(i)as (i)

In order to take the limit, we want that vg(i) # 0 and that ag(i)5(i) remains
bounded along some infinite subsequence. We may then take a subsequence n; — oo
of our subsequence such that the limit

To (g) = kli)n;o O‘S(nk)Tnk (g)

exists for every g. Observe, that for any ¢ there exists g € S such that ag(i)T;(g) =
1, and therefore by construction T, is not identically zero.

Lemma 4 implies that under some conditions on p and «(4) (so that ag(i)3(7)
tends to zero) the constructed map T, is a homomorphism.
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Therefore, to ensure that our construction provides a non-trivial homomorphism
to R it is sufficient to know that there exists a generating set S and a subsequence
such that

- vs(n) is not zero, and

-B(ni)/vs(nk) tends to zero.

Proposition 7. Suppose that p is non-degenerate, has finite second moment and
that for some sequence ny, it holds that L(ny + 1) — L(ng) > 0 and

Blnx)/(L(ny +1) — L(ng)) — 0
as n — oo. Then G admits a non-trivial homomorphism to R (constructed as Ty,
with respect to some subsequence of ny).

Proof. We know from Lemma 5 that
T (9)] < ls(g)7s(n) +1s(9)*CB(n),

and hence

> 1Tu(g)lulg) < Crys(n) + Caf(n),

geG
for suitable constants C; and Cs, since the first and the second moment of u are
finite (with respect to S). By Lemma 3, this implies that for all n

(L(n+1) = L(n)) < C1ys(n) + C25(n)
In particular, for our subsequence n;
L(ni +1) = L(nk) < Crys(nk) + C2B(ni) < Crys(ng) + C2e(L(ng + 1) — L(nk)),
where € can be chosen arbitrarily small if % is large enough. Therefore,
(L(ng + 1) — L(ng))(1 — eCo) < Crys(ng).
If k is large enough, we can choose € such that eCy < 1/2. For such k
1/2(L(ng + 1) — L(ng)) < Crys(ng).

This implies that for sufficiently large k, ys(ng) # 0. Therefore, ag(ng) = 1/vs(nk)
from the construction of T, is well-defined. Observe that for sufficiently large k

ag(nk)(L(nk + 1) — L(nk)) <204

and therefore, by assumption, a(ng)5(ng) tends to 0 as k — oo. Since a(ng)B(ng) is
bounded, Ty, is well-defined along some subsequence of ng. Since a(ny)B(ny) tends
to zero, it follows from Lemma 4 that T, is a homomorphism. By the construction
of T, it is not identically zero. O

5. ENTROPY AND DIFFERENCES OF SHIFTED CONVOLUTIONS

The results of this section, except for two of the three corollaries, are independent
from previous sections.

Lemma 8. Let S be a finite set in the support of p. Assume that the identity e is
in the support of i
i) Then there exists Cy > 0 such that for any g € S

(" (gh) — p(h))?
o (gh) 4 i (h)

H(n+1)— H(n) > C >
hip=m (gh)+p=m (k)
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it) There exists C1 > 0 such that for any g € S

D I (gh) — p(h)] < Ciy/H(n+ 1) — H(n)
h

Proof. i) Let go,g1,g2,... be the support of p and we assume that go = e the
identity, and g1 = ¢ in the statement. Let p; = u(g;) and v; = g;1*". Note that

vi=p ) = Zpiw

and that all v; have the same (weight) distribution, so in particular H(v;) = H (1)
for all 7. By the basic concavity property of entropy we have that

Po Pp1
H(v)=H + Vo + V1) + polo + p3vs + ...
( ) ((po pl)(p0+p1 0 2o+ 11 1) P2V + P3V3 )

Po P1
> + H( Vo + v ) + E i H (v;
(o +1) Po + p1 0 Po +P1 ! i>2p (1)

Po P1
= + H vy + v | +(1— — H(vy).
(v +p1) <p0+pl o+ L 1) (1= po — p1) H (o)

Let ,
by w0

hivy (h)4vo(h)>0 Vl(h) + Vo(h)

and p = po/(po+p1). By symmetry we may assume that p < 1/2 and by concavity:

" <2p <;y0 + ;m) (- 2p)l/1> > 2pH <;(1/0 4 1/1)> (1= 2p)H ().

Therefore, in order to show the desired inequality, it remains to show that

H <;(Vo + Vl)) Z %H(V@) + %H(Vl) + CD

for some constant C' > 0. This is proved by summation of the following inequality,
for a,b > 0, there is a constant C' such that

L@ ) og((a+0)/2) + S(aloga + b1 b)>C’(a_b)2
2(1 og((a 2aoga ogb) > PR

To prove this inequality, we may assume that a + b = 2. Indeed, if not, then we
multiply a and b with x = 2/(a 4+ b) and observe that

% (x(a+ b)log(z(a+b)/2) — (ralog za + xblog xb))

- %x ((a + b)log((a + ) /2) — (aloga + blogh))

while the right hand side becomes Cm%.

So now we assume that a +b = 2. Let us assume also that a > b. Take € such
that a = 1+¢, b=1—¢c. We have to show that for all ¢: 0 < e < 1 and for some
positive C'

(14 €)log(1+4€) + (1 —€)log(l —€)) > 16Ce>

Observe that ((1 + €)log(l +¢€) + (1 —€)log(l —€)) > 0 for any ¢ : 0 < € < 1,
and therefore it suffices to prove the inequality above for € in the neighborhood
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of zero. Let us write log(1 + ¢) and log(1 — €) as series in € (at 0): log(l+¢) =
e—1/2e2 —1/363 .. ..

(1+e)log(l+e€)+ (1 —€)log(l—e¢))
—2(1/2€* + 1/4€* +1/6€° +...) + 2e(e — 1/36* +...)
>2(e(1—1/2) + €*(1/3 = 1/4) + - > Caé?,

forany e: 0<e<1.
ii) Now we will show that i) implies ii). Put E = H(n+1) — H(n). Observe that

> 1w (gh) — i (h)] = > |1 (gh) — " (h)]
h h:|p*n(gh) —p=m ()| / (=™ (gh)+p*™ () >VE
+ > ™" (gh) — " (h)].

h:|p*n (gh)—p*m (R)|/ (p*m (gh)+p*m (h)<VE

The second sum is at most

> ™" (gh) — @ (h))|
hilusn (gh) == (h)| /= (gh) <2VE
+ > (1" (gh) — p" (R)],

h:|p*m (gh)—p*m (h)|/p*™ (R)<2VE

which is at most 4vE. Now we estimate the first sum. This sum is at most the
right hand side from i) divided by V'E, and, therefore, it is smaller than CovVE. O

Corollary 9. For a symmetric non-degenerate, finite second moment random walk
with p(e) > 0 it holds
i) for some C >0 and alln > N

L(n+1)— L(n) <C/H(n+1) — H(n)
ii) for some C >0 and alln > N

H(n) > C%H)Z

Proof. i) follows from the second part of Lemma 8 and Lemma 6 in Section 3.
ii) follows from i): we know that for some C > 0

VH(n+1)— H(n) > C(L(n+1) — L(n)).

Therefore,
H(n+1)— H(n) > C*(L(n+1) — L(n))?

Hence by summation
n—1
H(n)>> C*(L(i+1) — L(i))?
i=0

To finish the proof of ii) observe that

n—1 n—1

SO(LG+ 1)~ L@ = (Y (i + 1) — L) =

1=0 =0
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Remark. The assumption that the second moment is finite is important. For
any € > 0 there is a measure with finite 2 — e moment on Z for which the conclusion
of the statement does not hold. Indeed, take o : 1,2 — € < a < 2 and consider a
symmetric finite first moment measure on Z in the domain of the attraction of the
Stable Law with parameter «. Since this is a finite first moment measure on 7Z, we
have H(n) < C'log(L(n) + 1) + C; < C’"log(n) + C; (follows from Lemma 2)

On the other hand, since the limit stable law has finite first moment, we have
L(n)/n'/* > C.

This implies that the assumption about the second moment is also necessary in
Lemma 6, since the corollary follows from this lemma and Lemma 8, and the latter
holds for any measure.

Moreover, the same example shows that the assumption about second moment
is important in Proposition 7. Indeed, observe that for a symmetric measure on
any abelian G it holds T},(g) = T,,(¢~ ") for any g and any n. This implies that,
whatever normalizing we consider, if in this case the constructed limit T, is a
homomorphism, then it is identically zero.

Now we are going to show that the second part of Lemma 8 implies Theorem B.

Proof of Theorem B. We start with showing that the assumption i) implies
the assumption ii), namely that that if i) holds, then there exists a subsequence ny
such that

fharm(nk:)\/H(nk; + 1) — H(?’lk) — 0.

First observe, that since fharm(n)\/fu(n + 1) — fa(n) tends to 0, there exists a
sequence tending to infinity of positive numbers M,, such that

Mn,+1(fhar1n(n) \/fH(n + 1) - fH(n))

tends to 0. Put K, = M2/2. Observe that we can choose a sufficiently slowly
growing sequence M, above satisfying in addition the following property (**):

Kn+1 1
K, = 2-fuln+1)/fu(n))’

since by the assumption of the theorem for all n the expression on the right hand
side is greater than 1.

K, tends to infinity, and therefore, for infinitely many n it holds H(n + 1) —
H(n) < Kpy1fu(n+1) — K, fa(n). (Indeed, otherwise for all sufficiently large n
we have H(n+1) — H(n) > K11 fu(n+1) — K,, fr(n). This implies that H(n) >
K, fu(n) — Const, and therefore that 1 > H(n)/fr(n) = Ky — Const/H(n) >
K,, — Const/H(0). This shows that K, is bounded and we get a contradiction).

Now observe that the property (**) implies that K11 fug(n+1) — K, fg(n) <
2Kp+1(fa(n+ 1) — fu(n)). Combining this with the previous observation we see
that there exists an infinite subsequence ny along which we have

H(ng+1)—H(ng) < 2K, 1 (fr(ne+1) = fu(ni)) = M7 (fa(ne+1) = fu (ng)).
It holds for all k£

FuarmV/H (o + 1) = () < (frarm s/ Frr (e + 1) = Fr () ) M1

and hence fharm\/H(n;C + 1) — H(ng) tends to 0 as k — oo.
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Therefore it suffices to prove the theorem under the assumption ii). Consider a
harmonic function d) : G — R. Take ¢1,92 € G. Observe that for all k

¢(g1) — Z¢ grh) ™ (g1h) — Za‘» g2h) ™" (gah)

This is at most frarm (1) multlphed by

D (e (h) = ™ (9297 ) < Crv/H(n +1) = H(na),
h

where the inequality above is from the claim of the second part of Lemma 8. Thus
we see that as k — oo,

Zd) gih) ) (g1h) — qugzhu("“(gzh)ﬂo

and this shows that for any ¢1,92 € G it holds d(g1) = d(g2). a

Lemma 10. Suppose that the entropy of a random walk is such that for all n we
have H(n) < fu(n), where the function fr(n) satisfies frr(0) =0 . Then for all n
we have H(n+ 1) — H(n) < fug(n)/n.

In particular, if for all n we have H(n) < Cn®, 0 < a < 1. Then for some
C >0 andalln

C
H(n+1)—H(n) < )
Proof. Follows from the fact that H(n + 1) — H(n) is non-increasing. O

Corollary 11. Take a group G such that its growth function is bounded above by
exp(Cn®), for some a < 1. There exists b > 0 such that every harmonic function
on G with respect to a finitely supported non-degenerate measure, of growth at most
n® is constant. Moreover, if a harmonic function ¢ with respect to some finitely
supported measure satisfies the following condition: there exist an infinite sequence
nk such that for all k and all g : ls(g) < ny, the value ¢(g) < nl, then the function

¢ 1s constant.
Example: G is the first Grigorchuk group, [Gri82].

Proof. The assumption implies that for all n it holds H(n) < Cn®. Then by Lemma
10 for all n it holds H(n + 1) — H(n) < W Take b such that 2b < 1 — a, put
frarm(n) = n® and apply Theorem B. O

Recall that for finitely generated groups of polynomial growth, harmonic func-
tions with respect to symmetric finitely supported measures and of sublinear growth
are constant (see [HS93], Theorem 6.1).

5.1. Corollaries of the statements about homomorphisms taking into ac-
count the estimates of entropy. .

Proof of Theorem A. Follows from Proposition 7 and the second part of
Lemma 8. (]

Corollary 12. Suppose that p is non-degenerate with u(e) > 0, has finite second
moment and that G admits no nontrivial homomorphism into R. Then there is a
constant ¢ such that for all n,
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Proof. In view of Theorem A and the assumption on G, there must be a ¢ > 0 such
that for every n such that L(n + 1) — L(n) > 0,

VH(n+1)— H(n)/(L(n+1) — L(n)) > c.
For all n we hence have

VH(n+1) — H(n) > ¢(L(n+ 1) — L(n)).
Therefore, as in the proof of Corollary 9,

H(n) > cL(n)?/n.

O

Corollary 13. Consider a non-degenerate, with e in the support, finite second
moment random walk on a group G of intermediate growth at most exp(n®), b < 1,
which do not admit non-zero homomorphisms to R. There exists a constant C such
that for all sufficiently large n it holds L(n) < Cn(0+1/2,

Proof. This is an immediate consequence of the previous corollary and Lemma
1. a
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