SEMIGROUPS OF MATRICES OF INTERMEDIATE
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FERRAN CEDO AND JAN OKNINSKI

ABSTRACT. Finitely generated linear semigroups over a field K that
have intermediate growth are considered. New classes of such semi-
groups are found and a conjecture on the equivalence of the subex-
ponential growth of a finitely generated linear semigroup S and the
nonexistence of free noncommutative subsemigroups in S, or equiva-
lently the existence of a nontrivial identity satisfied in S, is stated.
This ‘growth alternative’ conjecture is proved for linear semigroups of
degree 2, 3 or 4. Certain results supporting the general conjecture are
obtained. As the main tool, a new combinatorial property of groups
is introduced and studied.

1. INTRODUCTION

Let S = (g1,...,9m) be a finitely generated semigroup. The growth
function dg: N — N of S is obtained by defining dg(n) as the number of
elements of S that can be presented as words of length not exceeding n in
the generators ¢i,...,gm. The growth of S is the equivalence class of dg
for the relation ~ defined on the set of possible growth functions by the
condition: f ~ g if f(n) < g(en) and g(n) < f(en) for some ¢ > 0 and
all sufficiently big positive integers n. This is independent of the choice of
the generating set of S. We refer to [7] for the basic facts on the theory
of growth of algebras, semigroups and groups. Gromov proved that the
class of groups of polynomial growth coincides with the class of finitely
generated nilpotent-by-finite groups, [3]. On the other hand, after Golod’s
construction of a counterexample to the general Burnside problem, it is not
hard to see that there exist finitely generated periodic groups of exponential
growth (see [13], pages 413-415). Clearly, such groups do not have any
free noncommutative subsemigroup. Recall that the growth of a finitely
generated group G can also be intermediate, that is, not polynomial and
not exponential. This was first shown by Grigorchuk, who later proved that
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the growth of such a group exceeds eV™, [2]. On the other hand, finitely
generated groups of matrices over a field either have a polynomial growth or
contain a free noncommutative subsemigroup. The latter is a consequence
of Tits alternative [19] and of a theorem of Rosenblatt, [15].

Let R = (g,e) be the subsemigroup of the full linear (multiplicative)

1 1 1 1 0 0
monoid M3(Q) generated by g = 0 2 1 and e = 0 0 0
0 0 1 0 0 1

Using the classical theory of partitions [5], it was first shown in [11], see
also [12], that R has intermediate growth. Moreover, every nonempty inter-
section of R with a maximal subgroup of the multiplicative monoid M3(Q)
is contained in an infinite cyclic group. Actually, R C T = (g) U I, where
I = M(H, X, X;P) for a completely 0-simple semigroup I over an infinite
cyclic group H, where X is a countable infinite set and P is a sandwich
matrix (for the definition see [1] or Section 3). Here I consists of matrices
of rank 2, so it is an ideal in T'.
Another example of the latter type is the semigroup Q = (h, f) C M>(Q),
1 1 1 0

Whereh:< ),f: 10

0 1 , considered later in [10]. However, in

this example, QN fM3(Q) f generates an infinitely generated subgroup of the
maximal subgroup fM>(Q)f\ {0} = Q* of M3(Q). An exact rate of growth
of @ was determined in [8]. Namely, the growth function is equivalent to

eVn/1o8n Qo this is also in contrast with Grigorchuk’s result on the growth
of groups.

It is known that a linear semigroup S C M, (K) over a field K satis-
fies a semigroup identity if and only if every nontrivial intersection G N S
with a maximal subgroup G of the multiplicative monoid M, (K) gener-
ates a nilpotent-by-finite subgroup of G. Moreover, if the field K is finitely
generated, the latter is equivalent to the fact that S does not have free
noncommutative subsemigroups, see [12, Theorem 6.11]. In particular, the
semigroup R defined above satisfies an identity and it was the first exam-
ple of a semigroup of intermediate growth that satisfies an identity and is
linear. This is clearly in contrast with the case of linear groups. In this
context, we notice also that an example of a group G that contains a free
nonabelian subgroup and is generated by a finite subset {a1,...,a,} such
that the semigroup (ai,...,a,) satisfies a nontrivial identity has been re-
cently constructed in [6].

In this paper, we study the growth of finitely generated linear semigroups
S C M,(K) over a field K. A general ‘growth alternative’ conjecture is
proposed, which asserts that S has subexponential growth if and only if S
has no free noncommutative subsemigroups. The problem leads in a natural
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way to the study of the behavior of the subexponential growth property
under ideal extensions of semigroups of certain special types. This, in turn,
leads to a new combinatorially defined property of groups that is introduced
in Section 2 and becomes the main tool in the paper. The conjecture is
confirmed in case n < 4 in Section 3. Certain results supporting the general
case are obtained in Section 4, where we also discuss certain natural related
problems. Finally, in Section 5, new examples of semigroups of intermediate
growth are constructed and used to establish the equivalence of some of
the proposed conjectures. All this shows, rather unexpectedly, that there
is an abundance of linear semigroups of intermediate growth that satisfy
nontrivial identities.

It is worth mentioning that semigroups of arbitrarily large subexponen-
tial growth have been constructed in [16]. A very nice recent result of
Shneerson shows that, in nonperiodic varieties of semigroups that satisfy
identities of certain types, every finitely generated semigroup has subex-
ponential growth, [17]. However, this type of identities does not apply to
the general identities satisfied by linear semigroups. We refer to [17] for the
bibliography on several other results on growth, considered in the context of
varieties of semigroups. Recall also that some partial results on the growth
of linear semigroups, with an emphasis on polynomial growth, can be found
in [12], which is also our main reference for the theory of linear semigroups.
For the necessary background on semigroup theory we refer to [1].

2. SUBEXPONENTIAL PROPERTY FOR SEQUENCES IN GROUPS

We start with a combinatorial property for sequences of elements of a
group, which will play a crucial role for the main techniques and results of
the paper. It will be mainly considered in the context of nilpotent-by-finite
groups.

Definition 2.1. Let G be a group. Let b(1),b(2),... be a sequence of positive
integers. For a sequence
(1) 91,1, 91,25 - -y 91,b(1): 92,15 92,2, - - - §2,6(2) 5 - - -
of elements of G, define the set
To = {9i1,j19izjo " ije €G s 21, in+ -+ +is <n}.

Let g(n) = |Ta| and f(n) = S0, b(3).
We say that G satisfies the subexponential property for sequences if for
every sequence (1):

limsupf(n)% <1l = limsupg(n)% <1.

n—oo n—oo
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We say that G satisfies the subexponential weak property for sequences if
for every sequence (1):

f has polynomial growth =—> g has subexponential growth.

Recall that the latter means that there is no ¢ > 1 such that g(n) > ¢ for
sufficiently big n. Note that, for a monotone increasing function f: N —
R*, where R is the set of nonnegative real numbers, the condition

lim sup f(n)% <1
n—oo

implies that f has subexponential growth. Recall also that f has polynomial
growth if and only if there exist positive integers d and m such that f(n) <
n? for all n > m. Therefore, we distinguish the following types of growth:
polynomial, intermediate (that is, subexponential but not polynomial) and
exponential.

In order to give simplest examples, we first need the following combina-
torial observation.

Lemma 2.2. Let {C,}32; be a family of finite pairwise disjoint sets. Let
T=U,_,Cpn. Letl: T — N be defined by I(t) = n if and only if t € C,.
Let < be a well-order on T. Let a, be the number of all finite ordered
sequences t1 < to < --- <ty of elements in T such that Z?:l l(t;) =n. Let
b, be the number of elements in C,. Then

8

(1 _ "I}'m)_bm — 1 + Zan$n~
n=1

m=1

Proof. Let £,, be the set of all finite ordered sequences
1 <ty <--- <t

of elements in T such that Z?:J(tj) =n. Let F,={f: T — {0,1,...,n}}.
We define ¢: L£,, — Fy, by ¢(t1,...,t,)(t) = m where m is the number of
times ¢ appears in the sequence (ti,...,tx). It is clear that ¢ is injective.
Hence a,, is the number of all f € F,, such that ), . I(t)f(t) = n.
Consider the set of commuting indeterminates X = {z; |t € T'}. Let

o0

g=JJ0 =) =T[O"«'") e z[x].

teT teT i=0

It is easy to see that there is a one-to-one correspondence between the set
of all f € F, such that ), .. I(t)f(t) = n, and the set of all monomials of
total degree n in the support of g. Let ¢ be the homomorphism from Z[X]
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to Z[z] such that ¢ (z;) = x for all ¢ € T. Then

¥(g) = H (1—2m)™om =14 Z anx"”.
m=1 n=1

The following result is due to M. K. Smith [18].

Lemma 2.3. Let f: N — N be a monotone increasing function. Let
b(n) = f(n)— f(n—1) for all positive integers n. Let (a(n)) be the sequence
that satisfies

[T ==t =3 "am)t" € [,
m=1 n=0
Let g: N — N be the function defined by g(n) =Y . _,a(m).

If limsup,, . f(n)# < 1 then limsup, .. g(n)* < 1, and thus g has
subexponential growth. 1

A more precise relation between the asymptotics of the sequences (b(n))
and (a(n)) can be found in [14].
We can now derive our first consequence of Lemma 2.2 and Lemma 2.3.

Corollary 2.4. FEvery abelian group satisfies the subexponential property
for sequences.

Proof. Let G be an abelian group. Let b(1),b(2),... be a sequence of
positive integers and let
(2) 91,1, 91,25 - -+, 91,b(1)5 92,15 92,25 - - - 5 92,b(2)5 - - -
be a sequence of elements in G. Define the set
T =951 9232+ Ginje €G 1821, i 4+ +is <nj.
Let g(n) = |T,,| and f(n) = >, b(i). Suppose that
1imsupf(n)% <1

n—oo
By Lemma 2.2, with C, = {gn,1,9n,2,,9nbn)} and the well-order on
U2, C,, determined by the sequence (2), we have

ﬁ (1—a™)~bm =1 4 i a(n)z",
m=1 n=1

where a(n) is the number of all finite ordered sequences

Yi1,51 < Yiz,j2 <--- < Gis,js

of elements in (J;~, C, such that i; + -+ is = n.
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Since G is abelian, g(n) <1+ >." _, a(m). By Lemma 2.3,
lim supg(n)% <1

Hence G satisfies the subexponential property for sequences. |

Clearly, if a group G satisfies the subexponential (weak) property for
sequences, then every subgroup of G also satisfies this property. In this
case, if H is a normal subgroup of G, then G/ H satisfies the subexponential
(weak) property for sequences. The converse can be proved if the index of
H in G is finite. In particular, this allows us to extend the assertion of
Corollary 2.4 to the class of abelian-by-finite groups.

Lemma 2.5. Let G be a group. Let H be a normal subgroup of finite index
in G. Then G satisfies the subexponential (weak) property for sequences if
and only if H satisfies this property.

Proof. Suppose that H satisfies the subexponential (weak) property for
sequences. Let b(1),b(2),... be a sequence of positive integers and let

91,1, 91,25 - -+, 91,b(1): 92,15 92,25 - - - 5 92,b(2)5 - - -
be a sequence of elements in G. Let
T, = {gi1,j19i27j2 “Gis,gs € G | s>1, 4+ < n}
Define g(n) = |T;,| and f(n) = > ., b(i). Suppose that
lim sup f(n)% <1
n—oo
(respectively, f has polynomial growth).

Let x1,x2,...,x, be a complete set of left coset representatives for H in
G. We may assume that 1 = 1. Thus we have G = 2z HU---Uxz,.H. Given
ije{l,...,r}

Tty € T H,
for some k(4,5) € {1,...,r}. Let h;; = x,;(li’j)ximj € H. For all g; ; in
the sequence, there exist g; ; € H and xf(;j; € {Z1,...,2,} such that
9ij = Tf.5)905

Let ap,qz,i,; = hp7qx;19§,jmt~ Let

Cn ={apgin;|pg,t€{l,....r}, j=1,...,b(n)}.
Then |C,,| < r3b(n). Define also
Tvln = {aphCIl,thihjl © o Qpg gt ,is, s | s>21, i1+ +is < Tl}

and g1(n) = |T),|. Since H satisfies the subexponential (weak) property for
sequences, we have limsup,,_, gl(n)% < 1 (respectively, g1 has subexpo-
nential growth).
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We claim that T,, C 21T, U--- Uz, T),. Let t = gi, j,Gis.jo** Gis.jo € Tns
(with i1 + -+ 4+ 45 <n). If s =1 then

t=gi,j, = xf(ilyjl)gglyjl = Tf(iy,51)01,1,1,01,51 € xf(ilajl)T'r/L'
Suppose that s > 1 and

f— . . ... . . /
Ginjo =" Gisje = TsOpyqa,tayinggs " Ope g tesic,gs € Tsly
for some s € {1,...,r}. Then

U = i1, 1 %s0py,qa,tain,go " Ops,qsts,is.js
P . . / . . e . .
= Tf(i1,51) 91,51 TsUpa,qataizgz * " Ops,qs ts,is,ds
P _1 / . . .« .. . .
= Tf(ir,j1)TsTs Giy,51LsUpa,qa,tz,iz,jo Apg,qs,ts,is,js
-1 _ o
xk(f(ihjl),é')hf(h,11)76‘%5 9i1,51VsUpa,qa,ta,i2,52 * " s qs,tsyis,s
= Tk(f(i1,51),8) Af (31,51),5,8,i1,51 p2,qa,t2,iz,d2 " Aps,qs,teyis,js-
Hence, by induction we get T,, C 21T}, U--- Uz, T}, as claimed.
It follows that g(n) < rg;(n). Therefore,
. 1 . .
limsupg(n)» <1 (respectively, g has subexponential growth.)
n—oo

This completes the proof of the lemma. |

Corollary 2.6. FEvery abelian-by-finite group satisfies the suberponential
property for sequences.

In order to provide more examples (that will be also crucial for linear
semigroups of degree not exceeding 4, in view of Lemma 3.3), we first need
some results on nilpotent groups of class 2.

Lemma 2.7. Let H be a free nilpotent group of class 2 on generators
T1,%2,.... Suppose that w = xy, -+ -z, W = xy ---xy € H for some
n,m > 1 and some positive integers ij,i;. Ifi,7 > 1 then define a; ; for the
word w (and similarly a; ; for the word w') as the number of all pairs k,1
such that i =iy, j =1, and k <. Then w = w' if and only if a; ; = a; ; for
all 1 < j <i. In particular, in this case n = m.

Proof. This is a consequence of the so called collecting process, and of the
uniqueness of the presentation of elements of H in terms of basic products
of basic commutators, see [4, Chapter 11].

Assume that a; ; = agyj for all 1 < 5 < ¢ and choose minimal j which
is of the form j = i;. We may bring all copies of x; in front of the word
w. Then w = x;jﬁ ngi[:z:i, x;]%, where r; is the multiplicity of z; in w,
and w is obtained from w by erasing all copies of ;. This is because H is

nilpotent of class 2. Similarly we obtain w’ = x;jw [1<ilzs, xj]“;,j. Notice
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that ;(r; —1)/2 = a;;, so r; = r’. The equalities a, ; = ag’j imply that

!/
i
ngi[xi,xj]“ivi = ngi[xi,xj]ai%f. So, by induction on n + m applied to
w,w’, it follows that @ = w’. Thus, we easily get w = w’, as desired. Since
ri, +-+-+7ri, = n, where x;,, ..., z;, are all the different generators involved
in w, it follows also that n = m. Conversely, if w = w’, then a; ; = a; ; for

all 4, j is a consequence of [4, Theorem 11.2.4]. 1

Theorem 2.8. Let b(1),b(2),... be a sequence of positive integers and let
H be the free nilpotent group of class 2 on generators

T1,1,%1,25- -+ 5 T1,b(1)> 2,1, 2,25 - -+ 5 L2 p(2)5 - - - -

Let Tn = {xi1,j1xi2,j2"'$is,js € H | S Z ]., il + - +Zs S n} Let
g(n) = |T,|. If the function b has polynomial growth, then the function g
has subexponential growth. So H satisfies the subexponential weak property
for sequences.

Proof. By the proof of Lemma 2.7, the elements w of T,, are of the form

_ T1,1,.71,2 Tn,b(n) ai,2,1,
W= T T Ty ) [1,2, 1] 0200
a a —
(3) . [xn’b(n), AT LRI [xn’b(n)) xn’b(n)il] m,b(n),m,b(n) =1

. n . b(d)
for some nonnegative integers r; j and a; ;i 7, such that 3 ;1 i(3 252 7i,5) <

n. Furthermore, a; ;i ;v < 7y < n®. We call (3) the basic form
of w. By Lemmas 2.2 and 2.3, the function A measuring the number

A(n) of sequences of nonnegative integers (r1,1,71,2,...,7np(n)) such that
S i(zz’.(:l)l r;. ;) < n has subexponential growth.

Let w = ®iy jy®iy o Tinj, € Tn. Let r; j(w) be the degree in z; ; of
the word x;, j, ®iy j, - -~ Ti, 4,- For all (4,5) > (i, 5'), with respect to the
lexicographical order, let a; ;i ;(w) be the number of all pairs k,! such
that i = iy, j = jr, i =41, 7/ = j; and k < [ in the word w. Suppose that
(3) is the basic form of w. Then, by the proof of Lemma 2.7, r; j(w) = r; ;
and ai,j,i/,j/(w) = Qj 4 4’

Since b(n) has polynomial growth, with no loss of generality we may

assume that b(n) = (2n)? for some positive integer d. Let 71 1,... s Trb(n)
be nonnegative integers such that Y ., Z(Z?Z)l ri;) < n. Let

T(T‘Ll, ey rmb(n)):{w efT, |m7j(w):ri7j,Vj =1,..., b(Z),VZ =1,..., Tl}
Let w = w5 2,5, € T(ri1,..,Tnpm)). Let w' denote the

1
word obtained from w by erasing all the z; ; with ¢ > n@+3d+3. Let w” de-

1
note the word obtained from w by erasing all the z; ; with ¢ < nd*+sd+s. De-
fine the sets T'(ri1,...,7pm) = {0 | w € T(rig,....Tnpm))}
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and T"(ri1,.. . Topmy) = {w’ | w € T(rig,...,Tnpm))}-  Since
Dy @(ZJ( )1 ) < n, it follows that

b(i) b()
1
213413 ;
n EF 33 E E Tij < E v E Tij
j=1 1 j=1
d2+3d+3 <i<n nd2+3d+3 <i<n
Therefore
bi
@) d?+3d+2
i < n d2+3d+3 — N d2+3d+3 |
E o>
1 i—1
n d2+3d+3 §i§n]
Hence
d?+43d+42
" T sats ||
(4) |T (Tl,ly s arn,b(n))‘ < [nd?tsdt

Note that a¢,j7i/7j/(w’) = am,i/,j/(w) for all (Z,]) > (i,,j/) such that 1 <
1

1,7 < nda¥+3at3. Note also that

n n+1 d d+1
) 2¢(n+1)
5 b < 2dtddt =
®) > < [ L

The number of all quadruples (4, 7,4, j') such that (z,7) > (¢/,5'), 1 < j
1
b(i), 1 <j <b(#’) and 1 < 4,7 < na+34+3 is less than

IN

1 2
n d2+3d+3

2i=1 b(i)

1 2(d+1)
4d (nd2+3d+3 + 1) 42d+1nd§(f;:i1423

<
2 = 20d+ 1) < ) ’

where the first inequality follows from (5). Since a; ;i j:(w) < n?, looking
at the basic form of the elements w’, we thus get that

p 2(d+1)
424+1 ), d213d+3
(6) |TI(T1,1,...,T‘n’b(n))‘ <n n .
In order to determine an element w € T'(rq 1,. .. ,rn’b(n)), it is sufficient to

1 1
know w', w” and all a; j j(w), for na®+sa+s <4 <mand 1< ¢ < na@+sa+s,
such that Ti,5Ti 5" 7é 0.

Let k(n) be the nonnegative integer satisfying

k(n) k(n)+1

(7) D b)) <n< > ib(i)
=1

i=1
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Let po = [{(4,4) | ri,; # 0}]. Note that

k(n)+1
(8) p< Y b).
i=1
Since
and+2 /TL d d+1d i b( )
= 2% t < 1b(1),
d+2 0 p
from (7) it follows that % < n. Thus
1
d+ 2)n)@+2 1
) k) < LB < (@t

By (5), (8) and (9), we have
29(k(n) + 24 _ 2((d+2)n) 7= + 2)*H!
d+1 - d+1
< 2939H1((d 4 2)n) T2,
On the other hand, the number of different pairs (i',5’), with
1< < nm and 1 < j" < (), is less than

(10) po<

ey . d+1
Z 9d (nd‘2+3d+3 + 1) a1
(11) b(i) < < 224+l isass
P d+1

where the first inequality follows from (5). Let
1
p' = [{(i,5) | ne¥sats <i <mnandr;; # 0}

Let

1 1
/I’H = |{(7’7]3 ilvj/) | n d?+3dts é 1 S n, 1 S 7:/ < nd2+3d+3 and /ri,j/ri/,j’ 7é 0}|
By (11),

’u// S 22d+1np%’u/'

Since a; j i+ ;- (w) < n?, the number of all lexicographically ordered sequences

1 1
(@i ¢, (w)), with na®+sa+s < § < n and 1 < ¢/ < nd?+3d+3, such that

i T 5o 7 0, obtained from the elements w € T(r1,1,...,7pp(n)), is less
than or equal to

d+1 d+1
1 2d+2. 3% 43443 ,,/ 2d+2 3213443
< 7L2 n S n2 n

n2H M H

In view of (10),

d+1 d+1 d+1
2242 @isats gy < 2242 Praars 2939 ((d + 2)n) T2
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and
d+1 d+1  d®+5d*+9d+5

d?+3d+3 d+2 d+5d2+9d+6"

Therefore
IT(ry,...,r0)| <

d+1
/ % 22442, a243d+3
< T'(r, .o oyrn)| 1T (11, - o) - 1
2(d+1) 2. d+1 d3+5d%249d45

)

(by (4) and (6)).

Thus we get
g(n) =
2(d+1) 2. d+1 d3+5d4%+0d+ts
[ M) 0[S B B
n| = . .

Hence g has subexponential growth. |

The following is now an immediate consequence of Lemma 2.5.

Corollary 2.9. FEvery group that is a finite extension of a milpotent group
of class 2 satisfies the subexponential weak property for sequences.

3. LINEAR SEMIGROUPS OF DEGREE 2,3 AND 4

In order to apply the results of the preceding section, we need to re-
call some basic facts about the structure of the full linear (multiplicative)
monoid M,,(K) over a field K. For this, we follow [12]. Let H be a group,
X,Y nonempty sets and let P = (py,) be a Y x X matrix over H U {0}
(called a sandwich matrix). Then M(H, X,Y’; P) denotes the correspond-
ing semigroup of matrix type. So, this is the set consisting of the zero
element 6 and of all triples (h,z,y) with h € Hoz € X,y € Y, sub-
ject to the operation (h,z,y)(h,z',y") = (hpyo W, 2z, y') if pyr € H and
(h,z,y)(h',2',y") = 6 otherwise. For every nonnegative integer j < n define
M; = {a € M, (K) | rank(a) < j}. It is well-known that M;,j =0,1,...,n,
are the only ideals of the monoid M, (K). Moreover, every Rees factor
M;/M;_1,j=1,...,n, is a completely 0-simple semigroup. In other words,
it is isomorphic to a semigroup of matrix type whose sandwich matrix has
no zero rows or columns. The maximal subgroups of the monoid M, (K)
are of the form G, = eM,,(K)e \ M,_1, where e = €2 € M, (K),e # 0, and
r =rank(e). Hence G, = GL,(K).
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Let S be a subsemigroup of M, (K). Put S; = M; NS and
T; = {a€S;| theideal of S generated by a does not intersect
maximal subgroups of M, (K') contained in M; \ M;_1}.
By [12, Theorem 3.5],
SoCT1 €5 CTh S C---CS5,1=T,C5, =5
are ideals of S (if nonempty). Moreover,

(1) every T;/S;_1 is a nilpotent ideal of S/S;_1,

(2) every S;/T; is a 0-disjoint union of finitely many subsemigroups
Uji,..., Ujp; of completely O-simple semigroups Jj; =
M(Gji, X3, Yji; Pyi) © M;/M;—q, i = 1,...,n;, over subgroups
Gj; of M, (K) contained in M; \ M;_y; furthermore every Uj; is an
ideal of S;/T}.

Here we use the convention that 7'/() = T and only nonempty factors are
considered in conditions (1) and (2). Moreover, every Uj; is of a rather
special type (referred to as a uniform subsemigroup of Jj;). In particular,
for every maximal subgroup H of Jj;, the subgroup generated by H NUj; is
equal to H. Clearly, H = G}; embeds into GL;(K). Actually, S; C M; and
the latter is a completely 0-simple semigroup over the group K* = GL;1(K).

Furthermore, if S is finitely generated, then S does not have free non-
commutative subsemigroups if and only if every nontrivial intersection GN.S
with a maximal subgroup G of the monoid M,,(K) generates a nilpotent-by-
finite subgroup of G. So, in terms of the ideal chain described above, this
means that all groups G;; are nilpotent-by-finite. The latter is also equiva-
lent to the fact that S satisfies a nontrivial identity, [12, Theorem 6.11].

Because of the ideal chain discussed above, it is clear that in order to
control the growth of S C M, (K) one has to consider ideal extensions of
the appropriate types. The first type creates no problem.

Lemma 3.1. Assume that I is a nilpotent ideal of a finitely generated
semigroup S with zero. Then S and S/I have growth of the same type.

Proof. Suppose first that I? = 0. Assume that S = (ay,...,a,,). Define
the set

A= {ail s @y, € 1 | Ay« * G4, ¢I,ai1 G, QI,’FL > 1}.
Let n be a positive integer and let a = a;, - --a;, € I for some ¢ < n. Since
I? = 0, we may write
a=(ai, - ai,_, (@i, @i, ) (@i, ai,)

for some k& < m such that a;, ---a;,_, ¢ I and a;, ., --a;, ¢ I but
a;, - a;,, € A. Moreover a;, - --a;,, = a;, (a5, -~ a;,) and a;, ., -~ a;, &
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I. Therefore the growth functions ds(n),ds,;(n) of S and S/I correspond-
ing to the given set of generators of S (and their images in S/I) satisfy

ds/r(n) < ds(n) < dg/r(n) +ds/r(n —1)>m < dg/r(n)*(m +1).

Hence the types of growth of S and S/I are the same. The assertion now
follows by an easy induction on the nilpotency index of the ideal I. ||

In view of the above observation, the problem of characterizing linear
semigroups of subexponential growth leads naturally to the case where S
has an ideal I such that S/I has subexponential growth and I C J =
M(G, X,Y; P) for a completely 0-simple semigroup J.

Let S be a semigroup generated by a set A = {g1,...,9m}. We say
that an element s € S has length n in the generators gi,...,g., if s can
be expressed as a word of length n in these generators and not as a word
of smaller length. Let [4(s) denote the length of s € S in the generators
G1s---,9m. Let S(A,n) = {s € S |la(s) < n} and dg a(n) = |S(4,n)|.
Milnor proved that lim,_. dg, A(n)= always exists (see [9]). Furthermore
S has exponential growth if and only if lim,, ., dS’A(n)% > 1.

Our first main result reads as follows.

Theorem 3.2. Let S be a finitely generated semigroup. Suppose that S has
an ideal I which is a 0-disjoint union of finitely many ideals I, ..., I, of S
such that I; 1is a subsemigroup of a semigroup of matriz type
M(G;, X, Y;; Py) over a group Gy, i =1,...,m. If S/I has subexponential
(respectively, polynomial) growth and the groups G; satisfy the subexponen-
tial (respectively, the subexponential weak) property for sequences, then S
has subexponential growth.

Proof. Suppose that S/I has subexponential (respectively, polynomial)
growth and the groups G; satisfy the subexponential (respectively, the
subexponential weak) property for sequences.

Let S = (g1,...,9r). Let l1(s) denote the length of s € S in the genera-
tors g1,...,9-. Let A={g1,...,g,}. For any positive integer n, let

Cn = {se€l]|li(s)=n and there exist g;,,...,g:;, € A
such that s = g;, ---g;, and g;, -~ gi,,_, ¢ I'}.

We know that I = U;il I; is a 0O-disjoint union of some subsemigroups
I; of M(G;,X;,Y:; P;). Thus, the nonzero elements of I are of the form
(h,z,y), with h € G;, * € X; and y € Y; for some ¢ = 1,...,m, and
(h,z,y) - (W,2',y)=01if (h,z,y) € I;, (W',2',y') € I, and i # j. Let

X" ={x e X; [ 3Ihz,y) e |,
j=1
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v = {yeY;|3(ha,y) € U

Let Pi(n) be the corresponding Yi(n) x XZ-( ") submatrix of P;. Let
P! ={h€G;|his an entry of P("™}.

Let B = A\1I. Then BU{0} is a set of generators of S/I. Let l2(s) denote
the length of s € S/I in the generators in B U {0}. Clearly, l3(s) = I1(s)
for all s € S\ I. Let f(n) be the number of all elements s € S/I such that
I2(s) < n. Note that for every integer n > 1 we have | J;_, C;| <rf(n—1),

(12) 1P| < 1X)- v
and
n n
(13) XL < el =Y el <rfn-1),
j=1 j=1

because the sets C; are pairwise disjoint.

For t = (h,z,y) € I, let t = h. Let C;n = C, N 1;. Let C,, = {5p|s €
Cinm, p € P/, U{1}}. Let b;(n) be the number of all elements in C; ,. For
every integer n > 1, we have

Zb S (LB DGl S rf(n=1) 472 f(n = 1)°,
j=1
where the second inequality follows from (12) and (13). Since S/I has
subexponential (respectively, polynomial) growth, lim, . f(n)* < 1 (re-
spectively, f has polynomial growth). Let

n
T = {S1P132p2 - - Sk | 52 € U Cij, = € P;,U{1} and le(sz) < n},
j=1 z=1

Let g;(n) = |T;,|. Since the groups G, satisfy the subexponential (re-
spectively, the subexponential weak) property for sequences, all functions
gi,i = 1,...,m, have subexponential growth. Let g(n) = |T},|. Since
g(n) <37, gi(n), the function g also has subexponential growth.

Let S(A,n) = {s € S| l1(s) < n}. Let s € S(A,n) NI be such that
I1(s) = n’ < n. Then there exist aj,...,a,» € A such that s = ay - a,
Since s € I; for some i, there exist positive integers

1<ji<ja<--<jo<n
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such that a1---a; € Cij; and aj41---aj,,., € Cij,—j for all k =
1,...,q—1,and a;, 41 G ¢1. Letsi=ar---aj, and Sp41 = Qj41- - Ajpin

for all k =1,...,q — 1. Thus there exist p1,...,p4—1 € P/,,, x € Xi(n) and

i,mo
RS Yi(n) such that
(14) S =81 S(]a’jq+1 Q= (§p1£p2 e Sq—lpq—l?qy T, y)ajq+1 Ce Q.

Hence, the number of elements 51p152p2 - - - 5g—1pq—154 that can be obtained
in (14) is less than or equal to g;(n). Since a;, 1 ---a, € S\ I, the number
of such elements that can be obtained in (14) is less than or equal to f(n).
Thus

SAn) NI < 3| X] X n).
}Slince S(A,n) = (S(A,n)\I)U (S(A,n)NI)and f(n) > |S(A,n)\ I|, we

m

IS(Am)] < F)+ 3 )XY f () < f () +g(n)r f(n=1) (n),

where the second inequality follows from (13). Therefore S has subexpo-
nential growth. [

In order to apply this to linear semigroups of small degrees, we need the
following observation, which seems to be well-known.

Lemma 3.3. Let K be a field. Let G be a nilpotent subgroup of the multi-
plicative monoid M, (K), withn > 1. Then there exists a nilpotent subgroup
N of class < n of G such that [G : N| < co.

Proof. We may assume that K is algebraically closed. Let e € G be the
unity of G. Then there exists g € GL,(K) such that

iy (|0
g g_ 0 )

where I, € M,(K) is the identity matrix and r is the rank of e. Thus
G = g~ 'Gyg is isomorphic to a subgroup of GL,(K). Therefore we may
assume that G is a nilpotent subgroup of GL,(K). By [20, Theorem 5.11
and Lemma 5.2], we may also assume that G is a closed connected nilpotent
subgroup of GL, (K). By [20, Theorem 14.22], G = G, x G4, where G,, =
{a € G | a is unipotent} is a closed connected subgroup of G and G4 is a
closed connected diagonalizable subgroup of G. In particular, G4 is abelian
and G, is conjugate to a unipotent triangular subgroup of GL,(K) and
hence G is nilpotent of class n — 1 at most. |
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We can now apply Theorem 3.2 to linear semigroups of degrees not ex-
ceeding 4.

Theorem 3.4. Let K be a field. Let n be an integer such that 1 <n < 4.
Assume that S C M, (K) is a finitely generated semigroup. Then S has
subexponential growth if and only if S has no free noncommutative subsemi-
groups, or equivalently, S satisfies a nontrivial identity.

Proof. Clearly, we may assume that n = 4. Suppose that S has no free
noncommutative subsemigroups. By the comments at the beginning of Sec-
tion 3, S has a finite ideal chain Sl - T2 - SQ - T3 - 83 = T4 - S4 =5
such that each of S3/T5 and S3/T5 (if nonempty) is a 0-disjoint union of
finitely many ideals that are subsemigroups of completely O-simple semi-
groups of the form M(G;, X;,Y;; P;). Moreover, we may assume that the
groups G; are nilpotent-by-finite and the groups arising from S;/7T; em-
bed into GL;(K), for j = 2,3. By Lemma 3.3, these groups are abelian-
by-finite for 7 = 2 and they have nilpotent of class at most 2 subgroups
of finite index if j = 3. Also S; embeds into a semigroup of the form
M(K*, X,Y; P) & My/My. Moreover S\ Ss (if nonempty) generates a
nilpotent-by-finite subgroup G of GL4(K). Furthermore, the factors T5/5;
and T5/Ss are nilpotent (if nonempty).

Since S is finitely generated and G is of polynomial growth, it follows
that S/S5 has polynomial growth. The groups arising from Ss/T5 satisfy
the subexponential weak property for sequences by Theorem 2.8. There-
fore, Theorem 3.2 implies that S/T3 has subexponential growth. From
Lemma 3.1 it then follows that S/Ss has subexponential growth. Notice
that, in view of Corollary 2.6, the groups G; arising from S5/T5 and the
group K™ satisfy the subexponential property for sequences. Hence, using
Theorem 3.2, followed by Lemma 3.1, and again by Theorem 3.2, we get
that S has subexponential growth.

Since the converse implication is clear, the result follows. [

Our next result is another simple consequence of Theorem 3.2 and of the
ideal structure of linear semigroups.

Corollary 3.5. Assume that S C M, (K) is a finitely generated linear
semigroup such that, for every mazimal subgroup H of the monoid M, (K),
the intersection S N H generates an abelian-by-finite group, if nonempty.
Then S has subexponential growth.

Proof. As in the proof of Theorem 3.4, the assertion follows from Theo-
rem 3.2, Lemma 3.1, and Corollary 2.6. |
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4. GROWTH ALTERNATIVE CONJECTURE

The results of the preceding section motivate the following conjecture.

Conjecture 4.1. Let K be a field. Let S C M, (K) be a finitely generated
linear semigroup. Then S has subexponential growth if and only if S has no
free noncommutative subsemigroups.

Recall that the latter is equivalent to the fact that S satisfies a nontrivial
identity. As mentioned before, it is clear that if S has a free noncommutative
subsemigroup then S has exponential growth.

In view of our approach via natural ideal chains in S, one might even ex-
pect that a result more general than the above conjecture is true: if a finitely
generated semigroup S has a finite ideal chain such that every factor of the
chain is either nilpotent or it embeds into a completely 0-simple semigroup
over a nilpotent-by-finite group, then S has subexponential growth. Then
Lemma 3.1 can be used to reduce the problem to the case where I is an
ideal of S such that I C M(G, X,Y; P) for a nilpotent-by-finite group G
and S/I has subexponential growth. Thus, the next conjecture is stronger
than Conjecture 4.1.

Conjecture 4.2. Let S be a finitely generated semigroup. Suppose that S
has an ideal I such that S/I has subexponential growth. If I is a subsemi-
group of a semigroup of matriz type M(G, X,Y’; P) over a nilpotent-by-finite
group G, then S has subexponential growth.

In view of the proof of Theorem 3.4, it is clear that, if one can generalize
Corollary 2.6 to nilpotent-by-finite groups, then Conjecture 4.1 would be
true. Thus the following conjecture seems natural.

Conjecture 4.3. Nilpotent groups satisfy the suberponential property for
sequences.

In Section 5 we will see that Conjectures 4.3 and 4.2 actually are equiv-
alent.

We do not know whether Conjecture 4.3 is true for nilpotent groups of
class 2. This case will be now studied in more detail.

Let G be a free nilpotent group of class 2 on generators x1,xs,... Let
w = x4 - x,, w =z wy € G. As a consequence of Lemma 2.7, if
i1,...,1n are n different positive integers, then w = w’ if and only if n = m
and i; = z; for all 7 = 1,...,n. Thus, in view of Conjecture 4.3, one can
ask the following question.

Let b(1),b(2), ... be a sequence of positive integers and let H be the free
group on free generators

T1,1,01,25 - -5 L1,b(1) 2,1, 2,25 - -+ , L2 b(2)5 - - -
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Let
Té = {$i17j1$i27j2"‘$1'87js €H|ll++ls STL
and i, j,, Tiy jos- - -5 Tiy,j, are different }.
Let g(n) = |T,,| and f(n) = >_", b(é). Is it true that, if
limsupf(n)% <1,
n—oo

then g(n) has subexponential growth?

The answer to the above question is positive if b(1) < b(2) < ... are
positive integers such that b(m +n) < b(m)b(n) for all m,n. In order to see
this, we need some preparatory results.

Lemma 4.4. Let f: RT — RT be a strictly increasing differentiable func-
tion such that f'(x) is continuous for all x > 0. Suppose that there exists
d > 0 such that f'(x) > 6 for all x > 0 and

lim M

z—+oo ¥

Let k: Rt — RT be the function defined by
/ tf'(t)dt = x.
0

(Note that k(x) is well-defined because tf'(t) > 0 for t > 0 and
O+OO tf'(t)dt = +o00). Then:
(i) for all ¢ > 1,

=0 Ve>1.

of (k(2))
lirf =0,
T— 00 cr
(ii) limg— o0 ZEE) — 0,

(iii) limg— o0 705 = 0.

Proof. (i) Since fok(r) tf'(t)dt = x, by differentiation we have,
(15) K (x)k(@)f (k(z)) = 1.

Let ¢ > 1. Note that k(x) is a strictly increasing function and
lim, . o0 k() = +00. Thus there exists zo such that ;- < k(z) and

1
In

e k(@)
rlne = lnc/ tf'(t)dt+/ Inc-tf'(t)dt
0

o
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for all x > xg. Therefore

) ef (k(x)) ] e (k(x))
lim = lim — T
T—+00 ct r—+oo erinc

! / f(k(2))
L H@f k)
z—+00 Inc-erlne
i ef(k(m))—rlnc b (1
T et k(z)Inc (by (15))
ef(ms)

xEI—sI-loo k(z)Inc (by (16)),

(by 'Hopital)

IN

and thus
ef (k(x))
lim
r—+00 cr
(73) Let € > 0. For ¢ = e°, we have by (i) that
of (@)

lim = lim ef(k@)—ze —
r—+oo  eT€ T— 400

=0.

Hence limy 4 o0 (f(k(z)) — 2e) = —oc0. Thus there exists zy such that
f(k(z)) —xe <0,

for all x > zy. Therefore lim,_, 4 f(ké‘”)) =0.

(iii) Let F(x) = [; tf'(t)dt. Clearly F(z) is a strictly increasing function

and for all ¢ > 1,

im ) o (@) = fO) _

rz—+oco (T r—+00 v

because limg_, 4 o fc(f) =0 for all ¢ > 1. Since k(z) = F~(x), we have

xEI}}oo ck(z) - O’
for all ¢ > 1. Since =& = e z—k(@)ne
(&
lim (Inz — k(z)lnc) = —co.
r——+00
Thus, as in (i), it is easy to see that
1
nr _ o
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Proposition 4.5. Let f: Rt — R be a strictly increasing differentiable
function such that f'(x) is continuous for all x > 0. Suppose that there
exists § > 0 such that f'(x) > § for allx >0 and

lim f(@)

z—+4oo T

Let k: RT — R* be the function defined by
k(z)
/ tf'(t)dt = x.
0

=0 Ve>1.

Then for all ¢ > 1,

f(k(2))
lim = =0
T——+00 ct
Proof. Let M > 0 and ¢ > 1. By I'Hopital, we have
/ /
fE@)he o f@) | K@ k) e
z—+oo xlnc— M z—+oco xlnc Z— 400 Ine
. fk(@) i Inz
Lgr—il—loo zlne +wll>l-|1-loo k(z)Inc (by (15))

= 0 (by Lemma 4.4).
Therefore, there exists zg such that

flk(z)) Inz
rlne— M
for all z > x9. Hence

<1 and xlnc> M,

flk(z))nz < zlnc— M,

and thus
f(k(z))Inz —xlne < —M,
for all © > xg. It follows that lim, ;o (f(k(x))Inz — zlnc) = —oo, and
therefore
lim o) = lim f*k@)ma—zine _q
r——400 c* r——400
|

Now we can settle a special case of the question raised before Lemma 4.4.
Theorem 4.6. Let H be the free group on free generators

T1,1,%1,25- -+, T1,p(1)> 2,1, L2,25 - -+ 5 L2p(2)5 - -+ »
where b(1) < b(2) < ... are positive integers such that b(m +mn) < b(m)b(n)
for all m,n. Let T, = {x;, j,Tiy jo - Ti,j, € H|s>1, i1+ +is,<n
and Tiy g1, Tig jas - -5 Tig,j, ore different}. Let g(n) = |T,| and f(n) =
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Sor oy b(i). If limsup,, f(n)= <1 then limsup, . g(n)= <1, and thus
g has subexponential growth.

Proof. Let H = H/H', where H' is the commutator subgroup of H, and
let T,, be the image of T}, under the natural map H — H. Let u(n) be
the maximum length of the elements of T},. Let A\(n) = |T,|. Then clearly
g(n) < X\(n) - u(n)!. By Corollary 2.4, limsup,, .. AM(n)# < 1.

Let k(n) be the nonnegative integer such that

k(n) k(n)+1
(17) Z ib(i) <n < Z ib(i)
Note that
k(n)+1
(18) p(n) < Z b(i) = f(k(n) +1).

We extend the function b to a function, that we also denote by b, from RT to
R*, by defining b(0) = b(1) and b(z) = b(i)(1—z+1)+b(i+1)(x—1) for every
nonnegative integer ¢ and for all ¢ < z < i+ 1. Note that b: Rt — R*
is continuous monotone increasing and b(x) > 1 for all z. Let fi(z) =
Jy b(t)dt. Clearly

= WP iy MOV iy M ),

- 2 2
i=1
Thus, by the hypothesis on f, limsup,,_, . f1 (n)% (for n € N). Note
thatforallx>1wehavef1( ) > fi(1) = ()zl,a
L
A@F < A+ D)W < (fi((2]) + b((z] + 1) B

[x]) +
(since 1 < fi([z] +1) < fi([z]) +b([2] + 1))
<

]
(A1) + bb([) BT < (Fa([x])(1 + 2b(1))) =

(by the assumption on b and since b([z]) < 2f1([z])).

IN

Hence limsup,_, , fi(x)* <1, and thus

(19) lim %

r——+00

=0 Vec>1.

Let k1 : RT — R™ be the function defined by
k?l (I)
/ th(t)dt = =.
0
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Then, for every positive integer n,

k1(n) [k1(n)]+1 (k1(n)]+1
n = / th(t)dt < / th(t)dt < > ib(i).
0 0

=1

By (17), we have that k(n) < [k1(n)] < ki(n) for every positive integer n.
In view of (18), this implies that

(20) p(n) < f(k(n) +1) < fi(k(n) +2) < fi(ka(n) +2).

On the other hand, since b(m +n) < b(m)b(n) for all positive integers m, n,
and b(0) = b(1) > 1, it follows that b(z + 2) < b(z)b(2) for all z > 0, and

thus
ki(n)+2 2 ki(n)+2
/0 b(t)dt < /0 b(t)dt + /2 b(t — 2)b(2)dt
= f1(2) +b(2) f1(k1(n)).

Since lim,_, 4o k1(2) = 400, there exists ng such that ki(n) > 2 for all
n > ng. Hence, for all n > ng,

Ji(ki(n) +2) < (14 6(2)) f1(k1(n)),

fi(ki(n) +2)

and, by (20),
p(n)! < () < (14 b(2)) fa(kr () HHED B,

By (19) and Lemma 4.4, lim,,_, o, M = 0. Thus there exists an integer
ny > ng such that f1(k1(n)) < n for all n > ny. Therefore

p(n)! < ((1+ (,(2))71)(1-5-17(2))1“1(k1(n))7

pf1(k1(2))
o=

=0

for all n > ny. Since, by (19) and Proposition 4.5, lim,_, 4
for all ¢ > 1, this implies that lim,, o ”Sf)! =0 for all ¢ > 1, and thus

lim sup(p(n)!)= < 1.

n—oo

Therefore, the first paragraph of the proof implies that

<1

3=

lim sup g(n)

n—oo

and the result follows. |
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5. EXAMPLES AND MORE ABOUT THE CONJECTURES

We conclude with some examples of semigroups of intermediate growth
arising from ideal extensions of simplest types that were used in our con-
siderations in the preceding sections. Also, we show that Conjectures 4.2
and 4.3 are equivalent.

In order to prove this equivalence we need the following construction.

Example 5.1. Let T be a semigroup. Then there exists a semigroup S =
TUI, a disjoint union, where T is a subsemigroup of S, I = M(G,X,Y; P)
is a completely 0-simple ideal of S and G is the free group on {z; | t €
T\ {1}}. Furthermore, there exists an idempotent e € I such that the
subsemigroup S" = {eujeus - - - euge | uy, us, ..., up € T} of S is isomorphic
to the subsemigroup {1} U (x: |t € T\ {1}) of G.

Proof. Let T be a semigroup. Let I = M(G, X,Y’; P) be the semigroup of
matrix type over the free group G on {z; |t € T\ {1}}, with X =Y =T, if
T has unity, or X =Y =T U{1}, if T has no unity, and with the sandwich
matrix P = (py,.), where

1 ifu=1lorv=1
p“’”_{ v Tyt ifu#1and v # 1.

Let S be the disjoint union S =T U I. Let x1 denote the unity of G. We
extend the operations of the semigroups T" and I to an operation in S by
defining t(g,u,v) = (T2 g, tu,v) and (g,u,v)t = (92, Ty, u, vt), for all
t € T and (g,u,v) € I. We claim that .S with this operation is a semigroup.
Let t,t' € T and (g,u,v),(¢’,u',v") € I. We have

tit'(g,u,v)) = t(xpery g, tu,v) = (Trrury g, tt'u,v) = (tt')(g,u,v),
((g,u,v)t)t’
(t(g,u,v))t’

(g'r’zlmvt7 u’ Ut)t, = (gx’glxvtt/7 u’ Utt/) = (97 u7 U)(tt/)7

—1 / —1 —1 /
(Teuxy, g, tu, V) = (Teu Ty gT,  Top, tu, vt)

t(gx;lxvt/, u, vtl) = t((ga u, ”U)t/),

((ga u, v)(glv ula UI))t: (gpv,u’glv Uu, U/)t = (gpv,u’g/x;’lxv’tv u, vlt)
= (ga u»”)(glzg’lxv%’ u’,v't) = (g7u7v)((g/a u/v U,)t)v
t((g,u,v)(g’ﬁ,v’))— (gD, u/g’ u,v') = (T, gpv.urg's tu, ')
TiuTy g, tu,v 'u'v':t u, v "l
g’ g g7 ) g7 ) )
((g,u,v)t)(g',U’,v) (g2, @, u, 0t) (g, 0!, 0" )= (g2,  oipot,ur g u, v'),
(gauav)(t(glvul,vl)) (gau )(xtu’m 19 t'I.L ’U,) (gpv tu/xtu’l'u/g u ’U).

Note that

Yy ifvt=1loru =1

—1
X Lot t.u — _ — .
v TvtPutu { o Tz, if vt #1 and v/ #1



24 FERRAN CEDO AND JAN OKNINSKI

and
- xtu/x;,l ifv=1lortu =1
Po.tu Tiu Ty = o gz, if v #1 and tu' # 1.
Hence, if vt # 1, v’ # 1, v # 1 and tu’ # 1, then
(21) ((g:u,0)) (g W', 0') = (g,u,0)(t(g", ', V).

If vt =1, v # 1 and tu’ # 1, then z,la, = x;lxvtu/ac;,l, and thus (21)
holds. If vt =1 and v = 1, then ¢t = 1 and m;lxvt = mtufq:;,l, and thus (21)
holds. If vt = 1 and tu’ = 1, then v = ' and z,'w, = xtufx;,l, and
thus (21) holds. If v/ = 1, v # 1 and tu’ # 1, then x, 'z, = x;lzvtu/x;,l,
and thus (21) holds. If v/ = 1 and v = 1, then x; 'z, = xtu/x;,l, and
thus (21) holds. If u' = 1 and tu’ = 1, thent = 1 and 2 'z, = xtu/x;,l, and
thus (21) holds. If vt # 1, v’ # 1 and v = 1, then x;lmvtura:;,l = xtursc;,l,
and thus (21) holds. If vt # 1, v’ # 1 and tu’' = 1, then x, '@z, =
Ty v, , and thus (21) holds. Therefore the operation is associative. Hence
S is a semigroup, as claimed, T is a subsemigroup and [ is an ideal of S.
Let e = (z1,1,1) € I. Let 8" = {eujeus---euge | uj,us,...,ux € T}

Since e? = e, S’ is a subsemigroup of S. Note that
(611,1)(611,2) T (euk)e = (xum 1, ul)(xu'zv 1, u2) T (xuka 1, uk)(xl, 1, 1)
= (xuleQ "'xuk7171)a
for all uy,uy,...,u; € T. Now it is easy to see that S’ is isomorphic to the

subsemigroup {x1} Uz, [t € T\ {1}) of G. 1

Assume that T is a semigroup (not necessarily a monoid), G is a group
and x: T\ {1} — G is a mapping. Then we can construct, as above, a
semigroup S(T', G, x) = TUI, a disjoint union, such that 7" is a subsemigroup
of S(T,G,x), and I = M(G, X,Y; P) is the semigroup of matrix type over
G with X =Y =T, if T has unity, or X =Y =T U {1}, if T has no unity,
and with the sandwich matrix P = (p, ,), where

|1 ifu=1lorv=1
Puv x(w) "t x (uv)x(v) ! ifu#1andv#1.

This is accomplished by defining t(g,u,v) = (x(tu)x(u) g, tu,v) and
(g,u,v)t = (gx(v)"Lx(vt),u,vt), for all t € T and (g,u,v) € I, where
X(1) denotes the unity of G. Then I is a completely O-simple ideal of
S(T,G,x) and e = (1,1,1) € I is an idempotent such that the subsemi-
group S'(T, G, x) = {eujeus - --euge | uj,ug,...,up € T} of S(T,G,x) is
isomorphic to the subsemigroup {1} U (x(¢) | t € T\ {1}) of G.

Theorem 5.2. Conjecture 4.2 is true if and only if Conjecture 4.3 is true.
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Proof. Suppose that Conjecture 4.3 is true. Then, by Lemma 2.5, nilpo-
tent-by-finite groups satisfy the subexponential property for sequences.
Thus, Theorem 3.2 implies that Conjecture 4.2 is true.

Conversely, suppose that Conjecture 4.2 is true. Let H be a nilpotent
group of class m. Let b(1),b(2),... be a sequence of positive integers and

(22) hia,hi2, . ha ey, haas a2, ho g2y, -
a sequence of elements in H. Define the set
T, = {hi17j1hi21j2 T hisajs €H | s>1, 4+ < ?’L}

Let g(n) = |T;,| and f(n) = >_"_, b(i). Suppose that limsup,_, . fln)w <
1.

By [16, Theorem 1.1], there exists a 2-generated semigroup T = (a,b)
whose growth is intermediate and larger than the growth of f. In fact, we
may assume that there exists a positive integer ng such that dp (443 (n) >
f(n) for all n > ng (see [16]). Let S be the free semigroup on generators
Y1y -+ Yf(ny)- Consider the ideal J of S generated by all products y;y;, and
set S = S/J. We denote by 5 the image of s under the natural projection
7: 8 — 5. Thus, S = (1, -, Gs(ny))- Let T' = TU{1} and §' = SU{1}.
Let Ay = {1,a,b} and By = {1, 1, ..., Ys(no)}- Let T' =T' x T* x 5" and
A= A1 X A1 X Bl. Thus T" = <A> Since gl = {0, 1,:1?1, e ’gf(no)}’

drr,a(n) < dpia, (n)?(f(no) +2).

Since T has subexponential growth, 7" also has subexponential growth.
Hence T’ has subexponential growth.

Since T! is an infinite finitely generated semigroup, for every positive
integer n there exists an element w, € T of length n in the generators
from A;. Let

C,, = {w € T* | w has length n in the generators from A, }.

Then D = {(wn,1,9;) | j =1,..., f(n0)}, Dnt1 = Cny1 x {1} x {1} and
D; = (C;\{1}) x (Cryp1-: \ {1}) x {1}, for i = 1,...,n, are disjoint subsets
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of elements of T” of length n + 1 in the generators from A. Hence

dri a(n+1) —dr a(n) <

> |D|+ [Dpyal| + Z | D
i=1

= f(no) +|Cnial + Z IC A {1} - O —i \ {1}
n+1

Fno)—1+ Y 1c
=1

(since Cy = Cx \ {1}, for k > 1)
= f(no) — 1—|—dT17A1(n+1)
= f(no) +drgapy(n+1)
> fn+1) 2 b(n+1),
for all n > 1. Furthermore, dr/ (1) > f(no) > b(1).

Let G be the free nilpotent group of class m on generators {z; | t €
T\ {1}}. Let x: T"\ {1} — G be the map defined by x(t) = =z for all
t € T'\ {1}. Let S(T”, G, x) be the semigroup constructed as above. Define
S as the subsemigroup of S(T",G, x) generated by the set C = A U {e},
where e = (1,1,1) € S(T",G, x) \ T". Let I(t) denote the length of t € T" in
the generators from A. Let

T, ={xt, @, a2, €G|U({t1)+ -+ 1(ts) < n}
and g1(n) = |T)|. Since dys a(1) > f(no) > b(1) and dpr a(n + 1) —
drr a(n) > b(n+1), for all n > 1, we have that g1(n) > g(n) for all n. Since
U ST, GLx) — {1} U [t € TP\ {1}),
defined by (etiety- - -etse) =z, x4, - -y, , is an isomorphism, we obtain

T, |=|{etreta - -etse € S'(T', G, x) | 1(t1)+...+1(ts) <n}| < ds, c(2n + 1).

Y

Since Conjecture 4.2 is true, dg, ¢ has subexponential growth. Therefore

lim dsl’c(n)% <1.

n—-+oo
Hence
lim sup g(n) w < limsupg (n) # < limsup ds, c(2n+1) W
n—-+00 n—-+00 n—+oo
< limsup dsl’c(?m)% < lim sup dsl,c(n)% <1

n—-+oo n—-+oo

The result follows. 1
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Let T = (g) be an infinite cyclic semigroup, G a free nilpotent group of
class 2 on generators 1, o, . . ., and let x: T — G be defined by x(g°) = ;.
Then the semigroup S(T, G, x) is a simple example of a semigroup satisfying
the hypotheses of Theorem 3.2. We continue with another construction of
a semigroup of intermediate growth that has the form S = T'U I, a disjoint
union, where T' is an infinite cyclic semigroup and I is an ideal, satisfying
the hypotheses of Theorem 3.2.

Example 5.3. There exists a semigroup of the form S = (g) U1, a disjoint
union, where I = M(H,Z,Z;Q) is a completely 0-simple ideal of S over a
free nmilpotent of class 2 group H, such that:
(i) e=(1,1,1) € I is an idempotent,
(ii) e{g,e)e generates a subgroup of I isomorphic to H,
(iii) (g, e) has intermediate growth.

Proof. Let G be the free group on free generators zi,zs,.... First we
construct a monoid of the form T = (g,g~ 1) U J, where J = M(G,Z,Z; P)
is a completely O-simple semigroup. We interpret elements of J as Z x Z-
matrices with at most one nonzero entry, chosen from G. Hence (g,1i,7)
denotes the matrix with g € G in position (i,7). We need to define the
sandwich matrix P = (p;;) and the action of the cyclic group generated
by g on J. Define z; = 1,2, = x;ilxn forn > 1 and z, = 1 for n <
0. Let A = (a;;) be the Z x Z-matrix with entries in G U {0} such that
aj; = z; if j =4+ 1 and a;; = 0 otherwise. We shall find P such that
Ao P = Po A, where o stands for the usual matrix multiplication (notice
that these products make sense because of the form of A). Then we define
gfa = A*¥oa and ag® = ao A* for a € J and k € Z. Thus, for every b € J
we have (a0 AF)b = (a0 A¥) o Pob =ao Po (A ob) = a(A* o b) because
A and P commute. The remaining conditions needed for the associativity
of the operation in T follow immediately. Next, notice that the condition
Ao P = Po Ais equivalent to

(23) ZiPi+1,j = Pi,j—1%j—1 for every i,j € Z.

We claim that P can be chosen so that p;1 = 1 for every ¢ € Z. Indeed,
we have chosen one column of P (the column with index 1). Then relations
(23) allow us to determine uniquely all other entries of P. (These relations
allow to determine the entire diagonal consisting of all entries p,s; of P
such that » — s = i — 1, knowing only p;;.) So we have determined a
semigroup structure on T, extending the structure of J. Now, consider
the natural homomorphism ¢ : G — H onto the free nilpotent of class
2 group on free generators also denoted by x1,z2,.... Then we have an
induced homomorphism J — I = M(H,Z,Z,Q), obtained by mapping
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every (gi;) € J to (¢(gi;)), and defining the entries of the sandwich matrix
@ by the rule ¢;; = ¢(pi;) if p;; € G (notice that all entries of P are
nonzero). It is easy to see that this determines an onto homomorphism
T — (g, UI.

Let e = (e;;) € I be the matrix with the only nonzero entry e;; = 1. It
is clear that e? = e, which proves (7). For n > 1 write A" = (hgl)) Then,
for all ¢ € Z, we have

hY = 0if j #i+n,
and
hﬁln = Qi 1Gi41,i42 " Gifn—1,i4n = ZiZi+1 """ Zign—1-
In particular,

WY =212 2 = (g M) o (20 2) = 2

If ¢ is a positive integer, then
egle = (eg")e = (w4, 1, t + 1)(1,1,1) = (z4pry1.1, 1, 1) = (w4, 1,1).

Therefore the subgroup of I generated by e(g, e)e is isomorphic to H, and
this proves ().

Note that, for every positive integer n and every iq,1s,...,4; such that
E+1+ Z?:l i; = n, the only nonzero entry of u = eg'eg®e---eg' e is
equal to z;, - - - ;. Moreover, u has length n in e, g. Now, by Theorem 2.8,
it follows easily that (g, e) has intermediate growth, and this proves (iii). 1

Let Z<1,Z>1 be the sets of integers < 1 and > 1, respectively. It is
easy to see that I, = M(H,Z<1,Z>1;Q+), where Q4+ is the corresponding
submatrix of @, is a completely 0-simple subsemigroup of I. Moreover, for
every m € Z<y and n € Z>1, the semigroup (g,e) contains an element of
the form (h,m,n),h € H. Therefore, (g,e) NI is a uniform subsemigroup
of I in the sense of [12].

Our final aim is to show that examples of similar types can be constructed
within the class of linear semigroups. Namely, we find a matrix realization
of a semigroup of intermediate growth arising from Example 5.1.

Example 5.4. Let

1 1 0 0 O 1 0 0 0 O
0O 1 0 0 0 0 0 0O
h=10 0110 ],f=]00 10 0 |CMK),
0 00 y 1 000 0O
0 00 01 0 00 01
where K = Q(z,y) is the field of rational functions in the indeterminates x
and y. Let S = (h,f). Then S = (h) U J, where J is the ideal consisting
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of matrices of rank 3 and it is a subsemigroup of a completely 0-simple
semigroup M(H, X,Y; P), for a nilpotent group H of class 2. Moreover, if
T = {(g) is an infinite cyclic semigroup, G a free nilpotent group of class 2
on generators xi,xs,..., and x: T — G is defined by x(g*) = z; fori =
1,2,..., then (h3, f) = (g,e) C S(T,G,x), where e = (1,1,1) € S(T, G, x).
In particular, S has intermediate growth.

Proof. It is clear that the set J of all matrices of rank 3 in S forms an
ideal of S and S = (h) U J. As explained at the beginning of Section 3,
from the general structure theorem for linear semigroups it then follows
that J embeds into a completely 0-simple semigroup M(H, X,Y; P) and H
can be identified with the group generated by S N fM5(K)f. The latter
is isomorphic to a unipotent nonabelian subgroup of GL3(K). Thus H is
nilpotent of class 2. By Theorem 2.8 and Theorem 3.2, S has subexponential
growth.

Let n be a positive integer. Then, using induction, it is easy to check
that A" is of the form

1 oan fo * kn
0o z" a, * *
A" = 0 0 1 b, gn
0 O 0 y* b,
0 O 0 0 1

where a,, = 14+ 2z +---+2" b, =14+y+---+y" Land f, = a1 +
o4+ an_1,9n = by + -+ +by_1 and k, is a polynomial in z,y. Con-
sider any element of the form w = fhu fh®2f-.. fhi*f. Clearly w =
(fRF)(fR=f) -~ (fh** f) and hence

1 0 puw 0 2z,
00 0 0 O

w=] 00 1 0 qu |,
00 0 0 O
00 0 0 1

where p, = f;, + -+ fi,. Since f; is a monic polynomial with deg(f;) =
j—2for j > 2, the (1, 3) entry p,, of w determines the exponents i1, ..., i
(taking their multiplicities into account). In particular, fh%f,i =1,2,...,
are independent modulo the commutator subgroup H' of H.

It is easy to see that the commutator [fh®f, fh7 f] in the group H is of the
form 1+ ei5(fig; — gif;), where e15 is the corresponding matrix unit. The
leading term of the polynomial f;g; —gi f; is ' =2y =2 —y" =229 =2, Therefore
[fh3f, fh¥ f],i > j > 1, are independent in the abelian group H’. Thus,
from Lemma 2.7 it follows that the map fh3 f — x;, i = 1,2, ..., extends to
an injective homomorphism from the semigroup F generated by fh% f,i =
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1,2,..., to the free nilpotent group G of class 2 on free generators x1, xa, . . ..
Since F' C H has a group of right quotients because H is nilpotent, this
implies that fh3'f,i = 1,2, ..., are free generators of a free nilpotent group
of class 2. Since eg’e,i = 1,2,..., also have this property by Example 5.1, it
follows that the map eg’e — fh3'f extends to an isomorphism e(g, e)e —
f(h3, f)f. Suppose that hiwh? = hPvh? for some w,v € H and some
integers 4, j, p, . Then w = h?~ivh?=3 = hP~i(vh9=7 f) and comparing the
(2, 3)-entries of these matrices we get p = i. A symmetric argument yields
q = j. This implies that (h3, f) = Uij=1 h3*Wh3 where W = f(h®, f)f,
is a disjoint union. Since ¢°Gg’,4,j > 1, are also disjoint, it follows that the
rules:

gi(eghegize“.egike)gj s th(thzlthSzzffh?nkf)hBJ and gm s th’

for any nonnegative integers 4,7, k,i1,...,ik, m, determine a bijection
72 (g,e) — (h3, f). It is then clear that 7 is an isomorphism. |
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