New York Journal of Mathematics
New York J. Math. 22 (2016) 379-404.

Cross-wired lamplighter groups and
linearity of automata groups

Ning Yang

ABSTRACT. We consider the two generalizations of lamplighter groups:
automata groups generated by Cayley machines and cross-wired lamp-
lighter groups. For a finite step two nilpotent group with central squares,
we study its associated Cayley machine and give a presentation of the
corresponding automata group. We show the automata group is a cross-
wired lamplighter group and does not embed in the wreath product of a
finite group with a torsion free group. For a subfamily of such finite step
two nilpotent groups, we prove that their associated automata groups

are linear.
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1. Introduction

The so called lamplighter group is a popular object of study. It is de-
fined as a restricted wreath product Zs ! Z, namely a semi-direct product
(®zZ2) x Z with the action of Z on @zZs by shifts, where Z denotes inte-
gers and Zg denotes Z/2Z. Tt is an infinitely presented 2-generated group.

Received December 10, 2015.

2010 Mathematics Subject Classification. 20E08, 20E22, 20G15.

Key words and phrases. automata groups, Cayley machine, cross-wired lamplighter
groups, wreath products, linearity.

ISSN 1076-9803/2016
379


http://nyjm.albany.edu/nyjm.html
http://nyjm.albany.edu/j/2016/Vol22.htm

380 NING YANG

It is step-2 solvable and has exponential growth. In general, a lamplighter
group could be a group of the form F'!7Z where F is some nontrivial fi-
nite group. There are two kinds of generalization of lamplighter groups:
automata groups generated by Cayley machines [11, 17] and cross-wired
lamplighter groups [2].

Grigorchuk and Zuk [11] showed that the lamplighter group Zso ! Z can
be constructed as the automata group of a 2-state automaton. They used
this automaton to compute the spectrum and spectral measure associated
to random walks on the group, leading to a counterexample of the strong
form of the Atiyah conjecture. Silva and Steinberg [17] showed that, for
a finite abelian group F', the lamplighter group F' ! Z can be generated by
a reset automaton, which they called the Cayley machine of the group F.
Woryna [24] showed similar results for automata over changing alphabet.
Pochon [15] first studied the Cayley machine of a finite nonabelian group
around 2005. She gave the structure of the group generated by the Cayley
machine of the Dihedral group of order 8. We extend her unpublished result
to a large class of groups.

Theorem 1.1. Let G be a finite step-2 nilpotent group. Assume the square
of each element of G is central. Then the automata group gemerated by its
Cayley machine has following presentation:

(G, x| [g,2°"ha™?"] = [g,2® Tha ™2 = 2" (g, h]z™", g, h € G,n € Z),
where the bracket denotes group commutator.

Thus, the theorem of Silva and Steinberg for the case of finite abelian
groups is a corollary of Theorem 1.1. For a finite nonabelian group F,
F7Z can not be an automata group. Indeed, for such finite group F, FQZ is
residually finite if and only if F is abelian [12]. On the other hand, automata
groups are always residually finite [10]. Silva and Steinberg conjectured that
in the case of finite nonabelian group, the resulting automata group does
not embed in the wreath product of a finite group with a torsion free group.
In the appendix of [13], Kambites, Silva and Steinberg partially proved the
conjecture. They showed for any finite nonabelian group that is not a direct
product of an abelian group with a 2-group which is nilpotent of class 2, its
associated automata group can not embed in a wreath product of a finite
group with a torsion free group. We show the case when it contains a 2-group
which is nilpotent of class 2.

Theorem 1.2. Let G be a finite nonabelian group containing a 2-group that
is nilpotent of class 2. Then the automata group generated by its Cayley
machine does not embed in a wreath product of a finite group with a torsion
free group.

Combining results in the appendix of [13], we have:
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Theorem 1.3. The automata group associated to any finite nonabelian
group does not embed in a wreath product of a finite group with a torsion
free group.

Some Cayley graphs of lamplighter groups are examples of Diestel-Leader
graphs [3, 14, 22, 23]. Eskin, Fisher, and Whyte proved [6, 7, 8] that a finitely
generated group is quasi-isometric to a lamplighter group if and only if it acts
properly and cocompactly by isometries on some Diestel-Leader graph. In
[2], Cornulier, Fisher and Kashyap studied quasi-isometric rigidity question
of lamplighter groups by studying the cocompact lattices in the isometry
group of the Diestel-Leader graphs. They showed that these lattices are
not necessarily lamplighters and gave an algebraic characterization of them.
They call these cocompact lattices cross-wired lamplighter groups. Lamp-
lighter groups are examples of cross-wired lamplighters. It is suggested by
L. Bartholdi that automata groups associated to some finite groups might
provide other examples of cross-wired lamplighter groups. We show that the
automata groups in Theorem 1.1 are cross-wired lamplighter groups.

Theorem 1.4. The automata groups in Theorem 1.1 are cross-wired lamp-
lighter groups.

Cornulier, Fisher and Kashyap also give interesting examples that are not
virtually lamplighter groups [2]. Let ¢ be a prime power, and consider the
Laurent polynomial ring I, [tT1]. Let H be the Heisenberg group, consisting
of unitriangular 3 x 3 matrices. Consider the action of Z on H(F,[t*!])
defined by the automorphism

1 = =z 1 tz t%z
o 01 y|—10 1 ¢ty
0 0 1 0O 0 1

Then the group H(F,[t*!]) xo Z is a cross-wired lamplighter group. This
construction applies to other nilpotent groups over local field of positive
characteristic with similar contraction Z action. In the beginning, we be-
lieved that the automata groups in Theorem 1.1 might be totally different
examples of cross-wired lamplighters from those examples above, or even
nonlinear. By linear we mean the group can be embedded in a general
linear group over some fields. As we know, many automata groups are non-
linear. The Grigorchuk groups [9, 5] are automata groups, of intermediate
growth and hence nonlinear. But the lamplighter group Zs ! Z is linear over
function fields [23]. So it is interesting to study the linearity/nonlinearity
of those automata groups above. We find the following surprising. Let
Qs be the quaternion group of order 8 and Man be the Iwasawa/modular
group of order 2", n > 3, Mon = (a,b | " =2 = e, bab! = a2n72+1>.
The automata groups associated to Qg and Mon have index two subgroups
behaving like above linear examples with diagonal contraction Z action.
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Theorem 1.5. The automata groups associated to Qg and Mon are linear
over Zao[t*1].
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2. Automata groups

2.1. Preliminaries: automata and Cayley machine. This subsection
is similar with part of [13].

A finite (Mealy) automaton [4, 10, 13, 17] A is a 4-tuple (Q, 4,0, \),
where @ is a finite set of states, A is a finite alphabet, § : Q x A — @ is the
transition function and A : Q x A — A is the output function. We write qa
for 0(q,a) and g o a for A(¢q,a). Let A* be the set of all words in letters of
A. These functions extend to the free monoid A* by

q(ab) = (qa)b,
(2.1) go (ab) = (goa)(qa)ob.
Let A, denote the initial automaton A with designated start state ¢ € Q.
There is a function A, : A* — A* given by w +— gow. This function is word

length preserving and extends continuously [10] to the set of right infinite
words A“ via

(2.2) Ag(apar ---) = nh_)r{)lo Aglag---ap),

where A“ is given the product topology and so homeomorphic to a Cantor
set. If the function A\, : A — A, defined by A\;(a) = g o a, is a permutation
for each ¢, then A, is an isometry of A“ with metric d(u,v) = 1/(n+ 1),
where n is the length of the longest common prefix of u and v [10]. In this
case the automaton is called invertible and its inverse is dented by A1,
Let I' = G(A), A invertible, be the group generated by all A,’s with ¢ € Q,
and it is called the automata group generated by automaton A.

Let T be the Cayley tree of A*, then I' acts on T by rooted tree automor-
phisms [10] via the action (2.1). The induced action on the boundary 97T,
the space of infinite directed paths from the root, is the action (2.2) of I on
A“. Let Aut(T') be the automorphism group of 7. It is the iterated permu-
tational wreath product of countably many copies of the left permutation
group (Sy4,A) [1, 10, 16], where S4 is the symmetric group on A. For a
group I' = G(A) generated by an automaton over A, one has the embedding

(2.3) (I, A%) < (S)a), A) L(T, A).

Here we use the notation such that the wreath product of left permutation
groups has a natural projection to its leftmost factor. Let A = {a1,...,a,}.
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In wreath product coordinates, an element in the automata group can be
represented as o(f1,..., fn), where o0 € Sy and fi,...,f, € I'. It acts on
the word a;xoxs ... over A by the rule

U(fl, ceey fn)(aixgazg c. ) = U(ai)fi(.rgxg c. )

Multiplication in wreath product coordinates is given by

(2'4) O-(f]-? et fn)T(gl7 AR 7gn) = UT(fT(l)Ql? A 7fT(n)gn)’

where 0,7 € S4 = S{12.. ) and f1,..., fn,91,...,9n € I'. The map sends
A, to the element with wreath product coordinates:

Ay = N(Agars - Agan)-
Its inverse is given by

AN =N ALL L AL,

a oA

Let G = {g1 = 1,92,...,9n} be a nontrivial finite group. By the Cayley
machine C(G) of G we mean the automaton with state G and alphabet G.
Both the transition and the output functions are the group multiplication,
i.e., at state gg on input g the machine goes to state gpg and outputs ggg.
The state function Ay is just left translation by g and hence a permutation, so
C(@G) is invertible. The study of the automata group of the Cayley machine
of a finite group was initiated by Silva and Steinberg [17].

An automaton is called a reset automaton if, for each a € A, |Qal = 1;
that is, each input resets the automaton to a single state. Silva and Steinberg
[17] showed that the inverse of a state C(G)y,9 € G, is computed by the
corresponding state of the reset automaton A(G) with states and input
alphabet G, where at state ggp on input g the automaton goes to state g and

outputs g, 1g. Therefore
C(@), ' = AG)y, G(C(@) =G(AG)).
In this case, from (2.3), we have the embedding

G(A(G)) = (G,G) L (G(A(G)), G¥).
In wreath product coordinates,
(2.5) AG)g =g Ay, ..., Ag,).
Let 2 := A(G); = C(G){*. Notice that [17], applying (2.4),
zA(G), " =2C(G),

=(Ag,..., Ag,)9(C(G)gg, - -, C(G)ggn)
= 9(Agg.C(G)ggy - - - Agg,C(G)gg,.)
=g(1,...,1),

so we can identify G with a subgroup of G(A(G)) via g <> zA(G),'. Recall
from [17] Equation 4.3 or by (2.5) that

o(fo, f1. fo, f3o fas o) = (foo 1o L fuu f o fo s fy M fas ),
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w (fo, fus fas f35 fa ) = (fo, fofr, fofifa, fofifafs, fofifafafa, - -),
where <f07 f17 f27 f37 f47 .. ) € GUJ_

Let

N = (2"Gx™" |n € Z).
It is shown in [17] that = has infinite order, N is a locally finite group and
G(A(G)) = N x (z), where = acts on N by conjugates. If G is abelian, it is
shown in [17] that
GAG) =G Z.

That is the automata group is a lamplighter group. If G is nonabelian
and not of nilpotency class 2, then G(A(G)) does not embed in the wreath
product of a finite group with a torsion free group.

The depth of an element v € I is the least integer n (if it exists, otherwise
infinity) so that v only changes the first n letters of a word. For example,
g € G has depth 1. Here is a useful lemma about depth:

Lemma 2.1. [17] Let A= (Q, A,6,\) be an invertible reset automaton and
let a = Ap,b = A,. Suppose f € T has depth n, then afb=! has depth at
most n + 1.

Let
No = (z"Gz™" | n>0).
It is shown in [17] that 2"gx™", g # 1, has depth n + 1 and so Ny consists

of finitary automorphisms. It is shown in [17] that the elements of the form
A(G)4 € T with g € G generate a free subsemigroup of I'.

2.2. Proof of Theorem 1.1. Let
G={91=1,92,..., 9}

be a group of nilpotency class two, for some k € N. Moreover we assume
gi2 = g¢;9; is central in G for each ¢,1 < ¢ < k. The dihedral group Dg of
order 8 and the quaternion group (Js are examples of such G.

Note that every finite group of nilpotency class two is obtained by tak-
ing direct products of finite groups of prime power order and class two.
Therefore, G must be a 2-group direct product with abelian factors.

Let C(G) be the Cayley machine of G, then G(C(G)) is generated by

{C(G)g1:C(G)gas -+, C(G)gy }-
Let # = C(G),!. Then by (2.5), in wreath product coordinates,

z= 1(C(G)—1 C(@)! ..,C(G)‘1>.

g1 g2 7" Ik

It has infinite order. Identifying G with a subgroup of C(G) via g — 2C(G),
then we have

(2.6) C(G)y =124, C(G);1 =g 'z
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Therefore, for any g,h € G,
(2.7) C(G),'C(G)p =g taath =g "h.

From previous subsection, 2gx~"™ has depth n + 1 for n > 0. Also, we
have

9(1,.., D(C(G)g,; -, C(G)g,)

)
Gl ( )")g(( )gl,--wC(G)Zk)

= 9(C(G)1C(GY, C@)gnC(Gay -, CG) (G,
=9 <ngT1LC;Ll’ CogsCaas o ngZCgJ

where in the last step, we write C as C(G) for simplicity. We will keep on
using this notation.

Let N = (z"gx™™ |n € Z,g € G), then G(C(G)) = N x (x), where x acts
on N by conjugates. We show the following key lemma.

Lemma 2.2. For anyn >0, any f,g,h € G,
—n

"9z "h = halz }[h g 1]m_[%]$"g33
= g"ga"zl2 g, h a7 2R,

—m

hx"gx
and z'[g, K]z~ commutes with z™ fx~™™ as long as n > 1,m > 0, where [%]
n

denotes the least integer greater than or equal to 5.

Proof. The proof is by induction.
The case of n = 0 is trivial: gh = h[h, g !]g.
Let n = 1. Then

zgz th = g(C Cqi, C,

991 992

_ —1 —1
_ gh(cghmchgl, Cork Chgar . cghgkchgk),

99k

1Cp, ..., CLC, )h( 1)

and

hz(h, g Yz lzge™! = hah~tgha™!
= h(L, o DB R (G Cons Gt gngnCons s Gty Cor )

_ 1 —1 1
_ gh(Ch gty Cans CitiongsCans oo i 1ghgkcgk)

Applying (2.6) and (2.7) we then have, for any f € G,
-1 1 -1
Cgthhf = f h™ 1g hf Ch 1 thf
By comparing wreath product coordinates, zgz~*h = hx[h, g x lxgz~
Similarly we have hxgr—! = zgz~tx[g, h 1]z th.

Since G is of nilpotency class two, both [g, k] and z[g, h|x
with f and xfz~!, for any g,h, f € G.

1

—1 commute
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Let n = 2. Then we compute
w2927 = g(Cu2C2, CACE, ., R )h(,. . 1)
= 91 (C2, Chors Cy Chans o Ci Ch, )

and
halh, g o a?gr 2
= h(1,...,D)[h,g7Y (c,;jlghg,lglcgl,c,;}lghg,lwcm, .. ,c,;}lghg,lgkcgk>

9(CiCl CoiCl o CiCl)
— ghg™! (ch—}lghg,lglcg1 ki1, Canr ,c,;}lghg,lgkcgk)

9(ClCl CRiCl o CiCl)
= 91 (1, ConCart Cors Gt ConnCaniClas o Gt g ConCa €3, )

h—lghgy "99k~ 99k~ 9k
For any f € G, applying (2.7) we compute

CoriiChp = Copg T h ™ g7 B fChy
= /g g )
= [ty hfagT e,
and
CrtignCorCofCi = ((Wghf) " gf) (f g~ fag lah)
= lg thfag e = C;h2fC%f.
So, 22gx=2h = halh, g o ta?gx 2
uct coordinates.
On the other hand, notice that

, since they have same wreath prod-

(g~ g, B = h™'ghg™ g~ hgh™" = ™ gg ™ hgh ™ hg ™t = 1,
then we have
ha’gr=? = ha’gr2x[h, g Ve zg, h 2™}
= hazzgr [h,g Nz z[g,h )zt
= halh, g Yege e zg, h )zt
= halh, g Yo talgr2x[g, h ]zt
= 22gx2ha(g, h ™t = 2?9 2x[g, h a " h.

Since G is of nilpotency class two, then z2[g, h]z 2

commutes with f and
x?fx=2, for any g, h, f € G. Also we have
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2%g, bz 2xfa™t = zafg, hla~ fa!

= xfzg, h]z tz™!

= xfz '2?[g, hlz ™2

Similarly, [g, h] and z[g, h]Jz~! commute with f,zfz~! and 22 fz~2, for any

g,h, f € G. Then we proved the lemma for the case of n = 2.

Now we assume the lemma is true for all m < 2n, we need to show the
cases of 2n + 1 and 2n + 2.

Applying (2.7), we have

$2n+1g$_2n_1h
_ —2n—1,2n+1 —2n—1,2n+1 —2n—1,2n+1
_g<cggl 2l goanlondl g dn ol >h<1,...,1)
_ —2n—1,2n+1 —2n—1,2n+1 —2n—1,2n+1
= gh ( ghgi Chgl » Yghga Chgz »o Cghgk Chgk >’
s 2n . —2n1 __ —2n ~2n —2n H2n —2n ~2n
and similarly x“"gx=""h = gh( ghglchgl’ ghgzchgz, cee Cghgkchgk>‘
On the other hand, we compute
hl‘n+1[h,g_l]l‘_n_ll‘2n+lg$_2n_l
_ —1 —n—1 n+1 —n—1 n+1 —n—1 n+1
= hlh,g ]<C[h,9*1]g1cgl ’ C[h,g*1]g2cg2 [ C[h,g”]gkcgk )
—2n—1,2n+1 —2n—1,2n+1 —2n—1,2n+1
g <ng1 Cor s Cogaw Coy s ovs Cog Gy >

_ —n—1 n+1,—2n—1,2n+1 —n—1 n+1,o—2n—1,2n+1
_gh(c[h,gfl]gglcgrh ng1 Cgl ) C[h,gfl]ggzcgw ngg ng )

—n—1 n+1,—2n—1,2n+1
T C[h,g_l]ggkcggk ngk Cgk )

_ gh(cfnfl C—?’Lch—i—l7 C

-1 —n2n+1 —n—1 —n 2n+1
[h,g~ 119917991~ 91 Cyg5C ooy C C,.C ),

—-n
[h,g~t]gg2 9927 92 (.9~ ggr 99k Ik
and similarly

ha [h, g—l]x—nxQngx—Zn

C—nCQn com C—nCQn

. -n —-n —n 2n
- gh(c[h,g”]gm 991791 “[h,g~l]gga 9927927 " " " ¢ ¢ Cgk)'

[h.g~ggr 99k
Note that, by inductive hypothesis and comparing wreath product coor-
dinates, we have, for any f € G,

—2np2n _ p—n —n2n
oht Chi = Clhg-1191Ces CF -

Then, applying (2.6) and (2.7), for any f € G, we compute

—2n—162n+1
ghf hf

= ContClnty-11qsCaf CF"Chi
= (ghf) 'z (([h, g~ gf) " 2)" ((gf) ')

g (@) e

1
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2n—1
= (ghf)” (H:c [, g7 g f)™ )(H w’(gf)‘lfv‘l>

l=n+1

2n—1

-T2nf_1g_1fx_2n< H a:lf:c_l> hf
B 2n—1

= (ghf) 1h<HrL’ [h,g™gf)™ )( I1 #ef) ' l)
l=n+1

f

2n—1 n—1
xanlglfx2n< H $If$l> (H .%'l [gf, h]2$l>
g f, h[f g™ R (H:v [f, h]? ‘l>

n 2n—1
=(ghf)1h<val([ “gf) e l)( I #en'a l)

=1 l=n+1

2n—1
l,?nfflgflfxf%l < H xlfa:l> f
=1

= ((hyg g ) a(([h g~ Mg f) " )" ((g ) )"
N B R L C O R

where [gf, h][f 19 f, h][f, h] = 1 follows from direct calculation. Also we
have

n—1 no2n+1
C[ ,g‘llgfcgf ¢

= ((lh g™ g )" '2)" ((gh) " 2)" g f (et )™
=(lh, g Mg ) 2 ((Thog™ g ) 2)" (o) 2)" " F g7 (27 ) e
Thus we get

2n—1 2n+1 n—1 n 2n+1
(2.8) Cont Cn C[hg‘l}gfcgfc

So, by comparing wreath product coordinates, we obtain

$2n+1gx72n71h _ hﬂ?nJrl[h, gfl]xfn71x2n+lgx72nfl'

On the other hand, by commutativity we have

hl‘2n+1 —2n—1 _ hl‘2n+1

gz —2n—1xn+1[h7g—1]

gr x
= ha"t! [h, g_l]x”gx_"x_”_lxm'l l9, h_l]x_

— $2n+lg$—2n—1h$n+1 [g’ h_l]l'_n_l

xQn—&—lgx—Qn—ll,’rH—l [97 h_l]m_”_lh.

—n—lxn—i-l [g’ h_l]l‘_n_l
n

-1
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For any f,g,h € G, 0 < m < 2n + 1, the commutativity of =™ fx=™
with 22"*1g hlz=2""1 and of 2™[g, h]a™ with 2" fz=2n~! follow from
the same trick. So we proved the case of 2n + 1.

Now we prove the case of 2n + 2. By previous calculation, we have

2n+2 —2n—21 2n—22n+2 2n—22n+2 2n—22n+2
z gr h_gh(cghgl Chg1 Cghg2 Chgz > Cghgk Chgk )’
and
hanrl[h gfl]xfnflx2n+2‘gl_72nf2
_ n—1 n—1 2n+2 n—1 n—1 2n+2
_gh<c[h9 1]991C991 C C[hg 1]ggzcggz Co

n—1 n—1 2n+2
"’C[hy }ggkcggk C )

Again we compare wreath product coordinates. Applying (2.8) and (2.7),
for any f € G,

—2n—2 2n+2 —2n—1 2n+1 —n— 1 2n+1

=<ghf>— Yo (((h,g Mg )™ )"“(<gf> z)"” 1f Yy f (a _1f)2"x‘1hf

n+1
= (ghf)” Ha? h, g~ g f)™ )( II #ep) = l>w2"“f191f
l=n+2
p2n— 1(Hm f(I,’l) hf
n+1
= (ghf)""h Hm h, g gf)~ )(H 2(gf)” ) R

l=n—+2

x 1<Ha:lfx‘> (H lgf,h gf,h]x—l)> g R
1

=1

(lﬁl( Lf, Bl h]xl)>

= (ghf) 1h(Hw [h,g~ g f) ™ )”“([hg g g ke

=1
2n
(H 2gf)~ ) e e (Hxlfxl>f.
l=n+2 =1
On the other hand,

n—1 n—1,2n+2
C[hg‘l}gfcgf C

= (((h,g g /) )" ((gf) )" f g f ()P
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2n
ghf 1h< SUZ gf) 1 —l> ( H xl(gf)_lx_l)m2n+lf_lg_1f
=1

l=n+1
—2n 1 xlfll?_l)
=1

Since ([h, g g f) " [f " g7 f, k] = (9f)7", then

2n—2 2n+2 n—1 n—1 2n+2
Cons™ Cni™™ = Cinig10sCar €

and thus

$2n+29x—2n—2h — h.ﬁUTH—l [h, g—l]x—n—lan—i-ng—Qn—Q.

Moreover, this implies

M+2 22 W42 —2n—2, n+lf, 1—11,-n—1
ha®"t2gr ™22 = gt Rgg A2y g T R,

by the commutativity trick.

For any f,g,h € G, 0 < m < 2n + 2, the commutativity of =" fx=™™
with 227"*2[g, h]2=2"=2 and of 2™[g, h]a™ with 22" "2 fzx =22 follow from
nilpotency. So we prove the case of 2n + 2 and hence the lemma. ([l

Lemma 2.3. For any g,h € G,n,m € Z, x"[g, h|lx™"™ lies in the center of
N, and

2"gr "amhy™™" = 2™ha™"x +2m}[h,gfl]m*[HTm]QU”gaf".

Proof. We assume n > m.
Let f € G. We compute
x"[g, hlz™ "™ fam" = 2" ™" g, hlz™ " faT™
=™ fa"" Mg, h]z™ "eT™
=™ fa""x" g, hlx™",

and
2"gr """ haeT™ = 2™ g™ " haT™
= 2" hal" T [h, g_l]x_[%]x”_mgxm_”x_m
= 2™ hy M5 [h, g_l]x_[ngm]x”gx_"
= 2" ha "] g g,
The case of n < m is similar. O

Lemma 2.4. Given any nontrivial torsion element v € G(C(G)), it can be
written uniquely in the following form:

(2.9) v =a" freT e for T gt fie T,
where i1 < iy < --- <ij; are integers, j > 1 and fi, fa,..., fj € G\{g1 = 1}.
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Proof. Since 7 is a product of conjugates by = of elements in GG, by Lem-
ma 2.3, v can be written in the form of (2.9). So we only need to show the
uniqueness.

Let v = 2% fz a2 for =2 .. 2% fz=% = 1, where i; < iy < --- < i; and
fi, fasoooy f; € G. Then 1l = g7yt = fighe=i fogp=izti  gli=0 fogp=ijth
has depth 7; —i; +1 > 1, if f; # 1. Hence, by an inductive argument, we
have f; = 1,1 <14 < j. It completes the proof. O

Proof of Theorem 1.1 . Note that [17] G(C(G)) = N x (z) and the iden-
tities in Lemma 2.3 is equivalent to the relations in Theorem 1.1. Then the
theorem follows from Lemma 2.3 and Lemma 2.4. O

In the end of [13], Kambites, Silva and Steinberg conjectured that the
automata group associated to any finite nonabelian group can not have
bounded torsion. The following corollary disproves the conjecture.

Corollary 2.5. Let G be a finite nilpotent group of class 2. Assume the
square of each element of G is central, then G(C(G)) has bounded torsion.

Proof. Let |G| = k. Note that & is even. Let v be a torsion element. Since
every commutator has order at most 2, then by Lemma 2.4 and Theorem 1.1
we have v2* = 1, i.e., the order of any torsion element is a factor of 2k. [

2.3. Nonembedding into wreath products.

Lemma 2.6. Let G be a finite 2-group of nilpotency class 2. Then G has a
subgroup H in which each square element is central in H.

Proof. By assumption on G, there exists a noncentral element g € G such
that ¢ is central. Similarly, there exists h € G so that it does not com-
mute with ¢ but h? commutes with g. Then the subgroup H of G generated
by ¢g and h is nilpotent of class 2. We show each square element in H is
central in H. Since g? and h? are central, it suffices to show for squares
of alternate products of g or g~! with h or h=!. Since g~! = gg~'g~! and
h=' = hh='h~1, it reduces to squares of alternate products of g with h. Since
(ghg)? = ghgghg = g*h?, by symmetry we only need to show that (gh)? is
central. Indeed, we have ghghh(hghgh)™' = ghghhh~tg=th=lg='h=t =
gh(ghg=*h =Yg th=t = ghg~tghg=*h='h~! = ghhg 'h~'h=! = 1, and
similarly ghghg(gghgh)~! = 1 by symmetry. O

Proof of Theorem 1.2. Let G’ be the 2-group. Let g be a noncentral
element in G’ such that g? is central. Let h € G’ so that it does not commute
with ¢ but h? commutes with g. Then the subgroup H of G generated by ¢
and h is nilpotent of class 2. By previous lemma, each square element of H
is central in H.

For each n € N, we consider the element

Yo = (2" ha™")g(x"h "tz ™™).
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Each such element is a conjugate of the torsion element g by another torsion
element x™hx™". v, has depth at most n + 1. Since every conjugacy class
in the torsion subgroup of any wreath product of a finite group with a
torsion-free group is finite, see [13] Lemma 6.4, it suffices to show that ~,
has depth at least [5]. Indeed, vy, = gz!2l[g, h=1)27[5] has depth [5] +1 by
Lemma 2.1. (]

Proof of Theorem 1.3. Combining Theorem 1.2 with results in the ap-
pendix of [13], the theorem follows. O

3. Cross-wired lamplighter groups

The Cayley graph of lamplighter groups can be examples of Diestel-
Leader graphs, for particular choices of generators [3, 14, 22, 23]. Cross-
wired lamplighter groups [2] are defined to be cocompact lattices of the
isometry group of Diestel-Leader graphs. Cornulier, Fisher and Kashyap
[2] give a necessary and sufficient condition for a locally compact group to
be isomorphic to a closed cocompact subgroup in the isometry group of a
Diestel-Leader graph. The following is the sufficient condition for the case
of discrete groups.

Theorem 3.1. [2] Let T’ be a discrete group, with a semidirect product
decomposition T' = H x (t), where H is infinite and t is torsion free. Assume
that H has subgroups L and L' such that:

o tLt~' and t—'L't are finite index subgroups, of index m and n, in L
and L' respectively;
o Upeg t FLth = Upey t"L't™F = H (these are increasing unions);
o LNL is finite;
e the double coset space L\H/L' is finite.
Then T is finitely generated, m = n and I' has a proper, transitive action
on some Diestel-Leader graph.

3.1. Proof of Theorem 1.4.

Proof of Theorem 1.4. In order to show the automata groups are cross-
wired lamplighters, it suffices to check the conditions in above theorem.
Let

G= {gl =1, 92, "'>gk}>
L= (x"Gx™",n>0),
L' = (2"Gz™",n < -1).
(1) We show that 2Lx~! and 27! L'z are finite index subgroups in L and
L' respectively. Note that zLx™! = (z"Gz™,n > 1) < L. Lem-
ma 2.2 implies that every element in L can be written as an element

in g(xLz~!) for some g € G. So the index of zLz~! in L is finite.
Similarly 'L’z = (z"Gx™",n < —1) has finite index in L'.
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(2) We show that (J,,cz @ "La"™ = J, ez 2" L'~ = N, and the unions
are increasing. Note that (J,., z7"La" is a subgroup of N and
Upez 27" La" contains all the generators of N. Thus

U z "La"™ =

nel

Similarly we have |J,,c; 2" L'c™™ = N. The unions are the unions of
increasing subgroups, by the definitions of L and L'.

(3) We show L N L’ is finite. Indeed, it follows from Lemma 2.4 that
LN L is trivial. We give an alternative proof below using the idea
of depth. By Lemma 2.1, each generator of L has finite depth, so do
the elements of L. It suffices to show every nontrivial element of L’
has infinite depth. Let 1 # g € G. Since

2 gz = (Cyy,Coys - -, Ca)g(CN,CL, ... C 1)

g1 7 7g2 Ik
(nglcgl ,ng20921, -5 CogiCyp )
= g(z '991(91) '@, 2 992(92) ‘o, e ggr(gr) )
=gz gz, x gz, ..., a7 gx),

then gz acts on any infinite word in G* by multiplying g on the
left to each letter in the word, and hence has infinite depth. Assume
z"gx~" has finite depth m for some n < —2. Then by Lemma 2.1,
2~ 1gx has depth at most m —n — 1, which is a contradiction. Thus
z"gx~"™ has infinite depth for each n < —1.

Let

1#y=a" fia7™a" foxr™™2 . 2" faT"?

be a reduced element of L', where p € N, ny,ng,...,n, < —1. Then
by Lemma 2.4, we can rewrite this element as

el R A Y DY A LY O

for some ¢ € N,my <mgo < --- <mg < —1. Then

gl (mmlhlx_mlme hox™™2 ... xmqhqx_mq)xm1+1

— Ji_lhll'l'mQ_ml_lhgz_m2+m1+1 o xmq—m1—lhql,—mq+m1+l’

has infinite depth, since all conjugates of h;,i > 2 in the product
have finite depth but = 'h;2z. Thus, by Lemma 2.1, v has infinite
depth. Therefore, L N L' is trivial.

(4) We show that the double coset space L\N/L' is finite. It follows
from Lemma 2.3, as shown in the proof of (3) that products of con-
jugates can be written as products of conjugates in either increasing
or decreasing order, that L\N/L' is trivial. O
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Remark 3.2. A cross-wired lamplighter is said to be symmetric [2] if it
admits an automorphism « such that if 7 is the projection to Z (which is
unique up to sign) then mo o = —7, and virtually symmetric if it admits a
symmetric subgroup of finite index. G(C(Dg)) is symmetric, but G(C(Qs))
is not symmetric.

Remark 3.3. The lamplighter group F'!Z can be interpreted as follows.
The generator of Z describes the walk of a lamplighter along an infinite
street with a streetlamp at each integer. Each streetlamp has |F| states.
The generators of F' represent the ability of the lamplighter to change the
state of the lamp at his current position. This description is most intuitive
where F' = Zy and lamps are simply on or off. For the group G in The-
orem 1.1, the cross-wired lamplighter G(C(G)) = (G, x) can be interpreted
in a similar but more complicated way. The generator x still describe the
walk of a lamplighter. Each streetlamp has |G| states, including off as a
state represented by 1 € G. The states of lamps are determined by the
normal form in Lemma 2.4. The generators of G now represent the ability
of the lamplighter to change the states of the lamps not only at his current
position, but also at some positions between his and the [mid] position of his
and the position of the lamp to the farthest right (positive direction) which
is on. The change of state of lamps on the right is up to a commutator state.
This interpretation gives one cross-wired pattern for cross-wired lamplighter
groups.

4. Linearity of automata groups

In this chapter, we are going to prove Theorem 1.5. In particular, the
automata groups in Theorem 1.5 are essentially those linear examples of
cross-wired lamplighter groups constructed in [2]. We can only show linearity
of the cases of Qs and Masn. It is interesting if one can show all cases
considered in Theorem 1.1. We begin with some notations and lemmas.

4.1. Notations. Let UT,,(Z2[t*']) be m x m upper unitriangular matrices
over Laurent polynomial ring Zs[t*!]. Let g = (gi;), h = (hi;) be elements

in UT,(Z2[t*!]) and g = (gi;), h = (hi;) be their inverses.

Lemma 4.1. §; = 1,5ii+1 = gii+1, and gi;, j > 1, satisfies the recursive
formula

J
9ij = Z GikTkj-
k=i+1
Proof. g; = 1. For j > ¢, we have
J J J
0= gudij = 9Gij + Y 9adyy =i + Y, 9udlj- O
1= I=it1 I=it1

The following lemma will be very helpful in calculation.



CROSS-WIRED LAMPLIGHTERS AND AUTOMATA GROUPS 395

Lemma 4.2. Suppose [g,h];; =0 aslong as 0 < j—i<m—1, then

(9, h]im = (916Pkm + P1kGkm)-

<’
=
5
[
NE
INgE
QI
&
N
=
=
3

mom m m m ~
- Z Z hikgrjhjm + Z Z Z 91ihikgrihjm

k=1j ; s
m m m

m
Z ljhjm+zzzh1lhlkgkj ]m+zzzzgll9lz zkgkj im
j=1 k=2 j=k 1=2 1=2 k=i j=k 1=2
m
=29

m m m m m m m

m D DD huthigiihym + > Y Y Y gubihikgrihim
Jj=1 =2 k= lj k =2 i=l k=i j=k
m m m m m
Z ljh]m + Z hll Z Z hlkgkgh]m + Z g1 Z glz zkgkj jm
J=1 =2 k=l j=k i=l k=i j=k
m m—1
Z 1thm + Z hllglm + Z 910 + g1m = Z (glkhkm + hlkgkm)' g
j=1 =2 k=2

We recall here the commutator identities in group theory:
(4.1) la,bc] = [a, | [a, ble, [ab,c] = b~ [a, c]blb, ],

where a, b, ¢ are elements of a group F.
For the group G in Theorem 1.1, G(C(G)) = (G, x). Let

G2(C(@)) := (G, xGa™ 1, x?).
Then it is an index two subgroup of G(C(G)).
4.2. Linearity of G(C(Qs)). Let
Qs = (a,b|a*=1,a>=0*b"tab=0a"1).

It has center Z(Qg) = (a?). Then G(C(Qg)) is generated by {a,b,z}, and
Go2(C(Qg)) is generated by {a, b, rax™!, bt 22},

Lemma 4.3. Any nontrivial torsion element of G(C(Qg)) can be uniquely
written in the following form:

k l n
H ' ax”"" H xIrbx ™" H z™raleT
r=1 r=1 r=1

where 11 < iy < -+ <, Jj1 < Jo < --- < Ji, and my < mg < --- < My

Proof. It follows from Lemma 2.4 and the group structure of Qg. O
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Theorem 4.4. G2(C(Qs)) embeds into GLg(Za[tT]).

Proof. Let

o {a,b,zazt xbr 1, 2%} — GLg(Zo[tH])

be the function specified by

Easily {a(a),a(b)} and {a(zar!),a(zbr=1)} generates copies of Qs.
Next, we show that the map a may extend to a group homomorphism from

G2(C(Qs)) to GLg(Zo[t*1]).

SO OO+ OO0 OOH OO0 H OO OoOOoOH+H OO oo

OO OO +O OO OOHO OCOOOHEHEH OOOOHrHRO OO0 0K o+

O OO+ OO OO OHOKFH ODOOHROO ODOOFrRrO+ OO0 OO

DO +F OO OOH OO OO OOHH, OOHOO0OOD OO, OOO

O+ O OO OHOOOH O OO0 OO O OO OoOOo

H OO FO HOOORFO

SO O OO

~
[N}
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Simply extending « to generators of the torsion subgroup by conjugating

by a(z?), we then have

a(xQnafon)

a(x2”bx_2")

a<x2n+1ax—2n—l)

a(xQn—i—lbx—Qn—l)

DO DODODOH+H ODODDODDODOHH OO0+ OO -

t—’I’L
1

HT [N eNoNell -l
3

OO OO

OO OO+~ O

o O OO

+1

[eNeNeN =R

T
o 3
+
—_

S OO O OO OO o

T

OO OO

T

SOk O oo

OO = OO

S OO OO0 OO, OOoOO0o

S O OO0 O0O OO0 O oo oOo

T

O = O OO

t—n—l
t—n—l
t—n—l
t—n—l 4¢n
1

To show « extends to a group homomorphism, it suffices to check those
relations in Theorem 1.1, or more precisely in our index two subgroup case,
those identities in Lemma 2.3. Indeed, applying Lemma 4.2 where the as-
sumptions can be easily verified in our case (multi-dimensional Heisenberg
groups), it is straightforward that a(z"ax™") commutes with a(z™azx™™)
and that a(z"bx™") commutes with a(z™bx~""). Moreover, applying Lem-

ma 4.2, we calculate

[a(xQ"ax_%), a(a:mex_Qm)]

1 ¢t 0 0
0 1 00
B 0 0 10
- 0O 0 01
0 0 00
\0 0 00

O O O OO

=)

_ o o o

OO OO O

SO OO+~ O

t7m+1

oo oo

00 O
0o 0 ™
0o 0 ™
10 0
01 0
00 1
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[a(x2n+1ax—2n—1)’ a($2m+lbx—2m—1)]

\|/
7
T ¥
O e O
| h
g
-~
o O OO
I
| O O -
-~
o O —H O
<
] - O O
-~
— o O O
(\

|

10 ¢™ 0 t™m
1 0 0 O -
0O 1 0 0 -
0 0 1 0 -
0 0 0 1 ¢t lpgm
0o 0 0 0 1
] — a([$2n+1a:€72n717 $2m+1b$72m71])’

0
0
0
0
0

10000 ¢tmm™

01 00O

[Oé(x2na$72n)7 a($2m+1bx72m71)]

t_m_l

t_m_l 4 t—m

1.0 ¢t™ 0 t™™

10000 ¢t™

01000

] — a([xQnax—Qn’$2m+1bx—2m—1])’

and
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[Oé(x%ri-lax—2n—l)7 a(m2mbx_2m)]

1 ¢t™ 0 t"™ 0 0 1 0 ¢t™1 00 0
0 1 0 0 0 t—n-l1 0 1 0 00 t™
B 0O 0 1 0 0 0 0 0 1 00 t™
- 0 0 0 1 0 tmleem |7l 0O 0 1 0 0
0 0 0 0 1 tn 0 0 0 01 0
N0 0 0 0 0 1 0 0 0 00 1 /]
1 0000 ¢t ™
01 000 0
_ 8 8 (1) (1) 8 8 — a([xQn—&-lax—Zn—l’$2mbx—2m]>.
00001 0
00000 1

Therefore, the compatibility of a with the identities in Lemma 2.3 follows
from the commutator identities in group theory (4.1).

Finally, we show the homomorphism « has trivial kernel. First note that
any torsion free element does not lie in the kernel. Let v be a torsion
element in G(C(Qg)). It has the normal form as in Lemma 4.3. Let a(y) =
(a(v)ij) = I, the identity matrix. c(y)14 = 0 implies that there are no odd
conjugates of a in the normal form of 7. Then, a(y)12 = 0 implies that
there are no conjugates of a in . Moreover, a(7y)15 = 0 implies that there
are no odd conjugates of b in v and hence a(7)13 = 0 implies that there are
no conjugates of b in . (7)1 = 0 implies that there are no conjugates of

a? in 7. So, a(y) = I implies that v is trivial. O

Remark 4.5. Since virtually linear implies linear, then we have the linearity
of G(C(Qs))-
4.3. Linearity of G(C(Ma2n)). Now, we consider the Iwasawa/modular
group Mon of order 2", n > 3, where
My = (a,b|a® =0 =e,bab ! =a® t1).

It has center Z(Man) = (a2) and derived subgroup [Man, Man] = (a2" 7).
Actually, G = {1, a, a?, a1 b ab, a?b, ...,aanl_lb}.

G(C(Man)) = (a,b,z). Go(C(Man)) = (a,b,zax™", xbr™! 22) is a index
two subgroup of G(C(Man)).

Lemma 4.6. Any nontrivial torsion element of G(C(Man)) can be uniquely
written in the following form:

k l n
H A H bz IT H " [a, blx™ T,
r=1 r=1 r=1

where 17 < 19 < -+ < g, 01 < Jo < - < g, mp < mg < - < my, and
1< s1,89,+,8, <2V 2 — 1.

2n—1
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Proof. It follows from Lemma 2.4 and the group structure of Mon. (]
Theorem 4.7. Go(C(Man)) embeds into GLgn—1,9(Zo[t*1]).

Proof. The idea of the proof is similar with the case of Qg.

Let B;j, 1 <i,j < 2" 1 42, denote the (27! +2) x (2"! + 2) matrix
with 1 in the i-th row j-th column and 0 everywhere else. E;; is simply
denoted by Ej;.

Let o be the map from the generating set {a,b,zaz™!, zbz™! 2%} to
GLgn-1,9(Zso[t*!]) satisfying:

2n=2-2
Oé(a) = I -+ ELQ + E E2m72m+2 + E2n71_272n71+2 —+ E172n71,
m=1

a(b) =1 + Egn—l’Qn—1+2 + E2n—1+1’2n—1+27

on—3 on—2_1
—1 —1
alrax™) =1+t Z Eom—12m+1 + Z Eom—12m+1

m=1 m:2n73+1

_2n73
+ E2n71_1’2n71+2 + t E1’2n71+1,

a(a:bxil) = I —+ tiQn_3E2n7172n71+2 —+ E2n—1+172n—1+2,
2n—2-1
n—3 n—3
a(z®) =B+ Y (" By +t"Bomy1) 17 Eyeor 177 Eyuoay
m=1

n—2
+ t2 E2n71+2.

It is easy to verify that a(a) has order 2! and a(a)?" ™" = I+ Ey gn-149.
a(a) has 22 + 1 nonzero entries above the diagonal, and a(a)™, 2 < m <
2"~1 has at least 2"~ — m nonzero entries above the diagonal. Indeed,

=23
aa)’ =1+ B4+ Z Eomam+a + Egn-1_4 on—149,

m=1
2n—2_5
4
a(a) =171 + E]_yg + Z EQm,2m+8 + E2n—1_872n—1+2,

m=1

2n—2-27 1
27
a(a) =1+ E172]'+1 + E E2m72m+2j+1 + E2n—1_2j+172n—1+2,

m=1

277,72_21173_1
n—3
CK(CL)Z =7 + E172n72 + E E2m72m+2"*2 + E2n71_2n7272n—1+2,

m=1
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2n—2
a(a) =1+ Ejgn-149,
n—1
a(a)?

Moreover, we have similar properties with a(zaz~!) because of similar con-
struction:

=1

on—3

a(mam71)2n_2 =1+t
=1

Eyon-149,
oz(:m:u_l)r*l
Applying Lemma 4.2 where the assumptions are easily verified, we see
that
n—2
[a(a), a(b)] = I + By gn-149 = ala)® 7,
[a(zaz™), a(zba™)] =T + t_2n_3E1’2n—1+2 = a(zaz™!)
Since a(b)? = a(xbr=1)? = I, then {a(a),a(b)} and {a(raxr™?), a(xbz™1)}
generates two copies of Man.

Next, we show that « extends to a group homomorphism. Extending «,
we have

2n—2

2n=2_3
a(z®®ax™k) = T+t "B o +t7F Z Eom,om+2

m=1
— _27173
+ t kEQn—1_272n—1+2 + t kELQn—l,

_ _9on—3 _9on—3
a(x%bx Qk) = I —+ t 2 kEQn—172n—1+2 +t 2 kE2n71+172n71+2,

2n—3 2n—271
2%l —2k—1y _ 1k —k
a(z™ ax )=1+1 E Eom—12m+1 +1 § Eom—12m+1
m=1 m=2n"3+1

—k _on—3
—|— t E2n—17172n—1+2 +t 2 (k+1)E1’2n—1+1,
Oé($2k+1b$_2k_l) = I =+ t_2n73(k+l)E2n7172n71+2 + t_2n73kE2n71+1’2n71+2,
Oé(l’k[a/7 b]x_k) = I + t_2n_3kE172n—1+2.

Applying Lemma 4.2 where the assumptions are easily verified because
of the alternating nonzero entries construction of a(a) and a(raz~!) and
symmetricity of the formula in the lemma, we see that o(z*az=")’s commute
with each other, so do a(zFbz=F)’s. Moreover, we see that a(zFa?z")’s
commute with a(2zFbz~*)’s and

[a(x%ax’%),a(a:mbx’zl)] =TI+ t’2n_3(k“)E172n71+2
= a(z" [, blz—+),
[a(x%ﬂa:z’%’l),a(leba:*m)] =T+ t—2"—3(k+l+1)E172n_1+2
= a(z"HHq, bz F L),
[a(x%ax_%),oz(x%“bx_ﬂ_l)] S t_2n_3(k+l+1)El,2”—1+2

— a(karlJrl [a7 b]xfkflfl)’
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[a(:c%“a:c*%*l),a(lebe’Ql’l)] =TI+ t—2"—3(k+l+1)E172n71+2
_ a(xk-l—l-i-l[a’ b]x_k_l_l).

Therefore, the compatibility of a with the identities in Lemma 2.3 follows
from above calculations and commutator identities (4.1).

Finally, we show the homomorphism « has trivial kernel. Note that any
torsion free element does not lie in the kernel. Let « be a torsion element in
G2(C(M2n)). It has the normal form as in Lemma 4.6. Suppose a(y) = I.
a(7)1,2 = 0 implies that there are no even conjugates of a%*l, 1<k<2m3,
in the normal form of v. a(7);3 = 0 implies that there are no odd conjugates
of a®*711 < k < 273, in 4. Moreover, a(y)igm = 0,2 <m < n-—2,
imply that there are no even conjugates of a?*72,2 < k < 2773, in v and
a(y)12m41 = 0,2 <m < n — 2, implies that there are no odd conjugates of
a?22 <k <2"73 in . a(y)gn-19n-149 = a(Y)an-1,1 9n-1,9 = 0, implies
that there are no conjugates of b in v and a(7) gn-119 = 0 implies that there
are no conjugates of [a,b] in . Thus, a(y) = I implies that ~ is trivial. O

Remark 4.8. As pointed out by L. Bartholdi, the linear representations
given in this chapter are not optimal in the sense that they do not have the
least degree. In the optimal case, we may lose the diagonal action of 2. It is
suggested by the anonymous referee that it should be possible to give a more
conceptual and general proof of linearity that covers all cases in Theorem 1.1,
and that the representation should be sought in GL(Fo[H, t*']), where H is
a subgroup of G(C(G)) generated by G and z~'Gx.

Remark 4.9. M. Larsen asked whether or not F' being a finite p-group is a
necessary and sufficient condition for G(C(F')) to be linear over one field. We
only know the necessity. Ju. E. Vapne [18, 19] and, independently, B. A. F.
Wehrfritz [21, 20] give necessary and sufficient conditions for a lamplighter
group to be linear over some field. In particular, Z, ! Z is only linear over
characteristic p. Since G(C(F')) might contain copies of Zy, ¢ Z, for different
p’s, then F' being a finite p-group is a necessary condition for G(C(F')) to
be linear over some field. But this of course does not rule out the cases of
embedding into a product of general linear groups over different fields.
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