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Abstract

w-Periodic graphs are introduced and studied. These are graphs which arise as
the limits of periodic extensions of the nearest neighbor graph on the integers. We
observe that all bounded degree w-periodic graphs are amenable. We also provide
examples of w-periodic graphs which have exponential volume growth, non-linear
polynomial volume growth and intermediate volume growth.

1 Introduction

In [9] Milnor asked the following question. Does there exist a finitely generated group
G such that the volume of the ball of radius n about the identity in the Cayley graph
of G' grows faster than polynomially but slower than exponentially? This question was
answered by Grigorchuk, who constructed a family of groups whose Cayley graphs have
intermediate growth [6]. See [8] for a nice description of these groups.

Graphs that have intermediate volume growth also have a connection with long range
percolation models in probability. In long range percolation on Z, a random graph is
constructed with Z as its vertex set. The measure is determined by a sequence p,. For
each pair (u,v) € Z X Z there exists an edge e,, between u and v with probability
Plu—v|- The existence of an edge between u and v is determined only by the distance
between v and v and is independent of the existence of edges between any other pairs of
vertices. Long range percolation on Z was introduced and studied in [11], [10] and [1] and
is commonly used as a model for social networks.

Given a sequence p, these papers studied the probability that an infinite connected
subgraph exists. The more recent papers [4], [3], [7] and [5] considered the case when there
is a unique infinite connected subgraph a.s. and studied the volume growth of this graph.
In particular they considered the case that p; = 1 and p, = n~ for n > 1. For these
sequences when o > 2 the random graph has linear volume growth a.s. When 2 > o > 1,
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the random graph has intermediate growth a.s., yet large intervals admit polynomially
small boundaries. And when a < 1, all degrees are infinite. It is conjectured in [3]
that when a = 2 one gets polynomial volume growth with the degree of the polynomial
depending on (.

In this paper we present a simple and natural graph, GG, that has intermediate volume
growth. Our graph is in some sense a hybrid of the Cayley graphs of the Grigorchuk
groups and the graphs from long range percolation. Like the graphs generated by long
range percolation our graph is constructed as an extension of the nearest neighbor graph
on Z. However our graph has much more regularity than a realization of long range
percolation. In particular it occurs as a Schreier graph, the analog of a Cayley graph for
a finitely generated group modulo a subgroup, in a natural way.

In addition to the study of one particular graph we also consider a broad family of
graphs that contains G.

Definition 1. A graph G with vertices labelled by 7Z is w-periodic if it is a union of
pertodic graphs over 7.

We show that all w-periodic graphs are amenable and we illustrate the possible volume
growth of w-periodic graphs. In particular we show that there are w-periodic graphs of
(non-linear) polynomial growth as well as ones with exponential volume growth.

2 The Basic Example
The vertices of G are the integers, Z. Define the sets of edges

Ey={(i,i+1):i€Z}

1 1
E,=<(2"G—-=),2"G+ =
for all j € Z and k > 0.

The graph G has edges

and

E:UEk.

k>0

G is w-periodic because it is the union of G which has edges

We refer to the edges in Ej as the kth layer. The first layer E; connects 2¢ — 1 with 27+ 1
for each 7. The kth layer Ej, is a copy of E; that has been scaled by 2¥~!. The degree of
every vertex of G (except for 0) is 4. A picture of a portion of G is shown below.
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Figure 1: The basic example

We now show how G is realized as a Schreier graph. First we define two maps u,t :
{0, 1} — {0, 1}. For all but a countable set of x € {0, 1}" there exist y, 2 € {0, 1} and
n,p,q > 0 such that

r=1"000y

and
r=001 600 2.

For these x we define ¢ and u to be the maps
Hx) = (1" 0 Do y) = (0" 0 1o y)

and
u(x):u((]pol‘frloooz):(OpoloOqoloz).

We use the notation 0 = (0,0,0,...) and 1 = (1,1,1,...). For all other 2 we define u
and t by
t(1) =0, u(0) =0 and u(0"o1l)=0"0100.

This group is an example of a self similar action of a group on the set {0, 1}. A survey
of self similar group actions is given in [2].

Lemma 1. G is the Schreier graph of the group generated byt and uw modulo the stabilizer
of 0.

Proof. We start by noting a sequence which is eventually constant is mapped to a sequence
which is eventually constant by all of the maps w,u™!,¢, and t~. Also note that for any
m >0, t"(0) = v where

o0

ZUZ‘Qi =m

=1
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and for any k > 0, t7*(0) = w where

(e 9]

> (l—w)2=k-1.

i=1

Thus for all ¢g in the group generated by ¢ and u there exists m such that g(0) = ¢™(0).
Thus for all g in the group there exists s = ¢g~!(#™) such that s(0) = 0 and m such that
g(s) =™
Thus every equivalence class of the group mod the stabilizer of 0 contains an element of
the form t™. As ¢"™(0) = t"(0) implies m = n we see that each equivalence class has a
unique element of the form ™. Thus we can associate the vertex m in our graph to the

equivalence class containing ¢™.
We now check that our graph has the proper edge structure. From the above relations

we can check that
u (tz’“(jf%)(o)) = 26+ (0) (1)

and
! (t?’“<f+%>(o)) = "0-9)(0). 2)

If an integer m is not zero then m is of the form 2*(j + 1) for some integers j and k > 0.
Thus (1) tells us that there is an edge connecting 2¥(j + 3) and 2%(j + 2) and (2) tells us
that there is an edge connecting 2F(j + 1) and 2¥(j — ). Thus (1) and (2) explain the
two edges that emanate from m in layer Fj. The two edges out of m in Ey connecting m
tom + 1 and m — 1 come from the actions of ¢ and ¢~ O

In order to calculate the volume growth of G we would like to calculate the length
minimal path between any two integers and then use that to estimate the volume growth.
To find a minimal path between two integers u and v we take the following approach. We
pick an integer k£ and we move as quickly as possible from u to a vertex in the kth layer.
Then we move in the kth layer and finally we go from the kth layer to v. It is easy to
show that a minimal path must take such an approach.

The problem is given v and v how do we identify the optimal k. In general we do not
know how to answer that question but we are able to calculate the length minimal paths
between 0 and points of the form 2". Our main tools are induction and the symmetries of
the graphs G. By knowing the distance from 0 to 2% for all k£ < n we can determine the
distance from 0 to 2". The inductive relationship is given in Lemma 2 while the formula
is determined explicitly in Lemma 3.

Using this information along with the symmetries of Gj, we are able to determine the
growth rate of |B;(0)|, the number of vertices within distance j of 0. Although |B;(0)]
does not have a simple formula we show in Lemma 5 that |B;(0)| ~ j-°!°87 and determine
|B;(0)] to within a factor of 1652

To analyze the growth rate of the ball centered at 0 we make the following definitions.
For i > 1 and j € Z let x; ; be the distance from 0 to (j + 1/2)2" in the graph G;. The
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next lemma gives us an inductive relationship for x; based on z;, j < ¢. In Lemma 3 we
will calculate x; explicitly.

Lemma 2. For all v and j
Tij=Tio+ |7+ 1/2] = 1/2.
Also x1 =1, 9 = 2 and for all i > 2

T; = X0 = min 2z + 207K — 1.
’ 0<k<i

Proof. The proof is by induction on 7. It is easy to check for ¢« = 1, 2 that the first formula
is true. Fix ¢ and j. Assume the lemma is true for all £ < ¢ and for all j.

Fix j. Let P be an oriented path in G; from 0 to (j+1/2)2° which has minimal length.
Let k be the largest integer such that an edge of P is in Fj. It causes no loss of generality
to assume that k < i. (This is because there is a first point of the form (5’ + 1/2)2¢ in P.
If the lemma is not true for ¢ and j then it is also not true for ¢ and j'.)

Since P has minimal length and ¢ > 2 then it is clear that £ > 0. Divide P up
into three parts, P, P,, and Ps, as follows. Let n; be the first point in P of the form
(n1 + 1/2)2%. Let ny be the last point in P of the form (ny, + 1/2)2%. Then P, is the
portion of P connecting 0 to (ny + 1/2)2%, P, connects (n; + 1/2)2% to (ny +1/2)2F, and
Py connects (ny + 1/2)2F to (j + 1/2)2°. Then we have that

|P| = |Pi|+|Py| + | P
> gy + (M2 — N1) + Ty ik-1_py_14joik
> x4 g = 1/2] + 1/2+ (ny —ng) +ap + 275 —ng 4+ 52078 — 1/2] - 1/2
> 2rp +ny 4 (ng —ng) + 27—y — 1 5208
> 2 4+ 2k 1 4 joih
> min 2 + 2ik=1 _ 1 4 joi-k,
The existence of a path of the minimum distance is easy to construct. O

We now calculate x; exactly. Let z, = n2" 4+ 1 and

_n2+3n+2

Yn 5

Lemma 3. z,, = z, for all n. Moreover for all i and n, if y, <@ < yYpq1

T = Zng1 — (Yng1 — 1)2".

Proof. The proof is by induction. It is easy to check that the lemma is true for all
1 < y; = 3. Now assume that the lemma is true for all j < ¢. Note that this implies that
the sequence {x; — z;_;} is nondecreasing for all j, 2 < j <i—1.
Let
fk) = f(i,k) =22, + 2751 — 1.
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By Lemma 2 x; = ming; f(k). Let n be the largest integer such that y, < i. We break
the proof up into two cases. The first is when ¢ < y,,,; and the second is when i = y,,11.
Case 1: We show that the minimum of f(k) occurs at two values, i —n—1 and i —n — 2.
More specifically we show that f(k) is decreasing up to i —n—1 and increasing afterwards.
Let m =i —n — 1. Since y, < ¢ < y,+1 we have that y,_1 <m <y,. Thus

Ty — Tyq = 2771 and Tl — T > on—t,
We now calculate for j < m

fG)=fG—=1)

2(z; — wjo1) + (27771 = 277)

< 2t — ) — 297
S 9. 2n—1 . 2i—m

S 2n o 2n+1

< 0.

We also have that
fm) — fm—1) =2(xp — Tp1) + (2" — 2"y =221 — 2" = .
For | > m we have

f+1) = 1) 2211 — @) + (2777 =271

> 2(Tpy1 — Tm) — 212
Z 2(2n—1) . 2i—m—2

2 on _ anl

> 0.

From these three calculations it is clear that f obtains its minimum at i = m—1=i—n—2
and i =m =14 —n — 1. By Lemma 2 we have that

Tr; = 233'1‘,”,1 + 2" — 1.
Note that y,41 —yp =n+2so0 if © = y,,41 — [ then
Z_n_lzyn_(l_1> € (ynflayn]
so we can apply the induction hypothesis. Doing this we get
xT; = 2171',",1 + 2" —1
= 2wy, +2" -1
= 2z, —(I—1)2"YH +2"~1
= 2z, —12"4+2"42" -1
= 2(n2" 4+ 1) —12" + 2" — 1
= (n+1)2" 112"

= Zn+1 — l2n
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Case 2: Now we have that i = y,,.1. We claim that in this case the unique minimum of
f occurs at m = y,,. By the induction hypothesis we have that

T — Teq = 2771 and Tma1 — Ty = 2"
In exactly the same way as the previous case we calculate for 7 < m

f@)—fG-1)<-2"
and for I > m
fU+1) = f(l) > 2.

From these calculations it is clear that f obtains its minimum at m = y,,. Thus

Ty = 2z, +2"1—1
= 2(n2") 4+ 2" 1
= n2"tt 4 2ntt
= (n+1)2"1 41

Zn+1-

Thus the induction hypothesis is true for ¢ and the lemma is proven. O

Now we use Lemma 3 to estimate the growth rate of the ball around 0 in the graph

G.
Lemma 4. For any i > 0 and any m, 0 < m < 27! we have that d(0,m) < z;.

Proof. By induction we can see that the distance from any point to the nearest vertex of
layer E}, is at most xj. For any m such that 0 < m < 27! the nearest vertex to m of
layer k will lie in the interval (0,2°""). Thus

d(0,m) < mljn 20y + 27— 1 =g,

Lemma 5. There is a function G(j) (defined below) such that
G(j) < |B;(0)| < 165°G())-

The function G(j) ~ j>lo8J.

Proof. First for ¢ > 2 let

w; = sup 2871 + 2% ((z; — 1) /2 — xp.).
k>0

(We want i > 2 because all z; are odd except x3 = 2.) Thus w; is the largest integer such
that there exists a path from 0 to w; of length (x; — 1)/2. This makes it is clear that

B(Iifl)/Q(O) C (—wj, w;).
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Let P be a path of length (z; —1)/2 connecting 0 to w; and k be such that the longest
step in P is of size 2¥. Suppose that w; > 272, The graph G, is symmetric about any
point of the form w; & [2¥~!. Thus by combining P and the reflection of P (about some
suitably chosen point) we could construct a path from 0 to 2! of length at most z; — 1.
This is a contradiction. Thus w; < 272 and

B(z,-1)/2(0) € (=277%,277%). (3)
On the other hand by Lemma 4 gives us that
(271,271 € B,,(0). (4)

Plugging i = y,+1 into line (3) and i = y,, into line (4) gives
[—2vn=1 oun=1] B,, (0) C B(xyn+1_1)/2(0) C (—2un1m2 Qunii=2), (5)

If z,, <j<ux,,,, then
B,,,(0) € B;(0) C By, ., (0)
and
[—20n=1 2971 C B C (—2vnt2m2 29272, (6)

We now rewrite this equation using the following definitions. Let
f(G) =sup{n: z, <j},
9(j) = 207,

and
h(j) = UrG)+22

where was defined earlier to be y,, = (n? + 3n + 2)/2. Thus line (6) becomes
[=9(3),9()] € B; C (=h(4), h(35))- (7)

Then calculating

>

_(J) = QUrG+2—2-YrG) Tl
9(j)
—  95((FO*H+7F(G)+H12)=(F(51)*+3f(5)+2)) 1

92/()+4

By the definitions of 2, and f; we get the bound f(j)2/¢) < j and thus f(j) < log(j).
Putting these two together we get that

M — 92+ < 92los(i)+4 _ 142,
9(7)
Thus
[—9(5),9(7)] € B; C (=165%9(5)5°, 165°9(4))-

Thus we can pick G(j) = 2¢(j) + 1. Finally we check that
G(j) ~ g(j) m 270" w2 2108,
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3 w-periodic graphs are amenable

Our general result about w-periodic graphs is the following.
Proposition 1. Bounded degree w-periodic graphs are amenable.

Proof. Let H be an w-periodic graph such that every vertex has degree less than D. To
show that H is amenable it is enough to show that as n increases the ratio between the
size of the boundary of the set {0,...,n} and n is approaching 0. Let Hj consist of all
z € 7 such that there exists 2’ € Z with |z — 2’| > k and there is an edge in H from z to
Z'. As H is w-periodic the sets Hj, all have density. Let d(k) be the density of Hy. As H
is w periodic we have that d(k) — 0 as k — oo. Given € choose k large enough so that
d(k) < €. Then choose N large enough so that for all n > N

|HpN{0,...,n}| < 2en.

Hence for all n > N
|0([0,n])| < 2k + (2en)D.
As € was arbitrary we get that

L 10(00, )]

n—oo n

=0.

4 Polynomial Growth

In this section we will use a subgraph G of G in Section 2. We will show that G has
nonlinear polynomial growth. Again the vertices of G are the integers, Z, and we define
the sets of edges

Ey={(i,i+1):i€Z}

and
Ep = {(2%(n —1/2),2"(n + 1/2)) },

for all n € Z and k > 0. We define the graph G to have edges F = E| U (Ug>0For) .

The proof that the volume of Bm(O) grows polynomially in m is almost exactly like
the proof of the volume growth of the full graph in Section 2. First we calculate the
distance Ty from 0 to 22 ~!. Then we use this information to bound the volume growth.
The difference is that we get the formula

- C o~ i_ok_
Tyi = min 2ge + 2% 7271 — 1.
0<k<i

We use the notation B;(0) to be the ball of radius j in G and
By = max 2+ 2% (B — 1)/2 — B).
This gives us the following lemma.
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Lemma 6. 1. Fgi = 271 +2% "1 1

2. 2271 < g < 2270

21-1 92i—1 B

8. [=22 752271 C B;,,(0),

4. B2532i C (—in,in) and

5. g < 2%
Proof. The proof of these facts goes exactly as the proof of the corresponding statements
in Section 2. O
Lemma 7. If j = & then j2 < |B;(0)| < 8;2.

Proof. The lower bound follows from condition 3 and the lower bound in condition 2 of
Lemma 6. The upper bound follows from conditions 4, 5 and the upper bound in condition
2. O

5 Exponential Growth

In this section we will construct an w-periodic graph that contains a dyadic tree. Thus
the graph has exponential volume growth. Again we let

Ey={(i,i+1):ie€Z}

be the graph between adjacent integers. Let p; be the ith prime,
i=2m ,
i=1
and ‘
tmj = (pm)!, j=1...2""1

Notice that if t,, ; = t,,/ j then m = m' and j = j'. Define the mth layer by

E,, = Ukez <U§:1_1 ((tm,j + kg1, tmg1,2j—1 + kling1) U (B + kg, ting1,25 + klmﬂ))) .

Thus for each j the layer F,, has an edge connecting ¢,, ; to t,,412;—1 and an edge con-
necting t,, j to ty,41,2;. This is repeated with period [,,41.

Another way to describe E,, is as follows. Let

Vm - {tm,j 32:;1

Also let L,, = V,, + Zlsq and R, = Vi1 + Zlyyyq. Then every edge in FE, has its
leftmost endpoint in L,, and its rightmost endpoint in R,,. Also every point in L,, is the
left hand end point of two edges in F,,. Every point in R, is the right hand end point of
one edge in E,,.

We show that the graph contains a dyadic tree and that it has bounded degree.
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Lemma 8. There is a dyadic tree rooted at t,; = 2.

Proof. Note that V,,.1 C L,,y1 N R,,. The 2™ vertices at distance m from the root are
Verl' ]

Lemma 9. L, N (UT:?L]-) =0 and R, N (U?leRj) = 0.

Proof. Fix an m. Every element of L,, mod [,,; is only divisible by powers of p,,. Every
element of UT:_lle mod [,,41 is divisible by at least one prime less than or equal to p,,_1.
Thus the first two sets are disjoint. Every element of R,, mod l,,,; is only divisible by
powers of p,,11. Every element of U;’leRj mod [,,,1 is divisible by at least one prime
less than or equal to p,,. Thus the last two sets are disjoint. O

Lemma 10. The degree of any vertex in E is at most five.

Proof. For any z € Z the degree of z is 2 plus twice the number of m such that z € L,,
plus the number of m such that z € R,,. Thus by Lemma 9 the degree of a vertex is at
most five. O
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