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Abstract

In this thesis, we study the image of the power map on finite reductive groups.
Let G be a connected reductive algebraic group over an algebraically closed field
k, of characteristic p. Let G be defined over IF,, where ¢ is a power of p and
F' be a Steinberg endomorphism of G. Let M > 2 be an integer. The power
map wy : G(F,) — G(F,) is defined by g — g™, where G(F,) = G is the
corresponding finite group of Lie type. Denote the image of this map by G(F q)M )
which is the set of all M*" powers in G(F,). We study the asymptotic (¢ — o) of
the probability that a randomly chosen element of G(F,) is an M*" power; that is,

. IGE)M] : i [GEQ)N
we find hgll TR Along the way we consider the related probabilities, EAIR
q—00
[GEHE|  |GEFY ; 0
G G which denote the probability that a randomly chosen element

from G(F,) is an M th power regular, semisimple, and regular semisimple element

respectively and show that they are asymptotically the same.

In another direction, we study the image of the power map more explicitly
in the case of GL(n,q), which is the group of n x n invertible matrices over F,,.
We find necessary and sufficient condition for an invertible matrix to be an M
power. In an attempt to enumerate such elements, we get the generating functions
for M power (i) regular and regular semisimple elements (and conjugacy classes)
when (¢, M) = 1, (ii) for semisimple elements and all elements (and conjugacy
classes) when M is a prime power and (¢, M) = 1, and (iii) for all kinds when M

is a prime, and ¢ is a power of M.
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Notation

k : a field

E*:k\ {0}
algebraic closure of k
integers

rational numbers

k:

Z :

Q:

R : real numbers
C : complex numbers

[F, : finite fields with ¢ elements

R : a commutative ring with 1

R* : units of a ring R

2: isomorphism

degf : degree of a polynomial f

® : set of all monic irreducible polynomials f € Fy[x] except the polynomial
N (g, d) : number of monic irreducible polynomials in Fy[x] of degree d
(not including the polynomial x when d = 1)

p(r) = Mobius function on N

Za(g) : centralizer of g in G

M (M;q) : order of M in (Z/MZ)* when (M,q) =1

Z(Q) : center of G

Aut (V) : set of all automorphisms of V'

GL(V) or GL(n, k) : general linear group

SL(V) or SL(n, k) : special linear group

Sp(n, k) : symplectic group

GO(n, k) : general orthogonal group

GU(n, k) : unitary group

Gal (L/k) : Galois group of a field L over k

det(g) : determinant of a matrix g

Sy : Symmetric group in n symbols

fg : transpose of a matrix g

xXvii
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tg~1 : transpose inverse of a matrix g

p(n) : number of partitions of n
diag(A1, ..., Ap) : diagonal matrix
[0 : end of a proof



Chapter 1

Introduction

One of the ways to approach problems in finite group theory is to study them sta-
tistically. Erdés and Turan initiated this approach to study properties of random
permutations, that is, elements of the symmetric group S,, in a series of papers
(see [ET65, ET67a, ET67b, ET68]). The study of these statistics often involves
enumeration. The problem of enumeration is often challenging in the sense of ob-
taining precise formulas, and therefore one seeks alternate ways of counting. One
of the most effective ways is to construct a generating function for the enumera-
tive quantity in question, which serves as a vital tool to gain further information
on these objects. A classic example is the study of the number of partitions of a

natural number n (see for instance [And76]).

A significant part of this thesis attempts to solve the equation XM = ¢ for any
M > 2, where g is an invertible matrix with entries in the finite field F, with ¢
elements. In other words, we attempt to solve the equation X™ = ¢ in the group
GL(n,q). A natural question to ask is how many g € GL(n,¢) admit a solution
to the equation X™ = g. This can be re-framed in the language of probability as
follows: What is the probability that a randomly chosen element of GL(n, q) is an

M*™ power or admit an M root?

The above problem has been studied quite extensively in several papers for the
group Sy,. For r > 2/ let S) := {n" | m € S,} be the set of all permutations 7
such that the equation X" = 7 has a solution in S,. We call 7, an 7** power in
Sy, or an element which admits an ** root in S,,. Thus, the probability that a
randomly chosen permutation admits an r** root is P,(n) := l%‘ Blum studied
this problem for » = 2 in [Blu74] and obtained generating function for Py(n) as

follows:



o0 . 14+u 1/2 oo <u2k>
1 Py(n)u" = cosh [ — |. 1.1
3 mu = (1) Teosn (11)

ws ks
This generating function is constructed by using the cycle index of the symmetric
group Sy, which was originally introduced by G. Pdlya (see [PR87]) as follows:

1 ,
Zn=Zn(ti,ta, . b3 S) = — Y 7G5 (1.2)

A
type(m)
=(c1,c2,...)

The polynomial 7, in the variables ¢, ...,t, is called the cycle index of S,,. Here,
type(m) := (c1,...,¢p) is called the type of the permutation 7. Here, ¢; denotes
the number of i-cycles in w. The type of m determines the conjugacy classes of
Sp, for two permutations 7,0 € S,, are conjugate if and only if type(c) = type(7).
Observe that the type of a permutation in S, is essentially a partition of n. The
product inside the expression for Z,, is a finite product, since there exists m € N,

such that ¢; = 0 for all # > m. The coefficient of the monomial ¢]'¢5% ..., where
|Cl(o)]

> ia; = n is equal to — =,

where o € S, is such that type(o) = (a1, a2, ...) and,

(2
Cl(o) denotes the conjugacy class of o.

Example 1.0.1. The cycle index Z3 = Z3(t1,t2,t3;53) of S3 is given by %(t:{’ +
3tito + 2t3).

Thus, for each n > 1, we have attached a polynomial Z,, to the group .5,,, which
essentially is the class equation of S,,, where the sizes of the conjugacy classes are

coefficients of certain monomials. The cycle index generating function is given by

) . (1.3)

Blum (see [Blu74]) showed that = € S, of type (ai,as,...,a,) has a square

s tiut
1—|—ZZnu”: Hexp( Zi
n=1

1>1

root in S, if and only if ag; is even for all ¢ such that 2¢ < n. Blum obtained
the generating function for P»(n) (which is Equation 1.1) by substituting these
conditions in the cycle index generating function suitably. He further gave an
estimate of P»(n) by studying the analytic properties of the generating function

as follows:

2 1 b 1
Py(n) ~ Ky/—n"2, where, K = H cosh %)
T k=1

This result was further generalized for any r» > 2 by Pouyanne in [Pou02] (once

again by using generating functions) to obtain the following;:



P.(n) ~ —I

(r)
n— 00 nlf‘PT
where ¢ denotes the Euler’s phi function and 7, an explicit constant.

There are several other results about P.(n), for example, a partial recursive
relation involving P,(n) was proved in [BMWO00]. Further, the authors proved
that P,(n) is a monotonically decreasing sequence and gave a probabilistic proof
of the fact that nh_)ngo P.(n) = 0. The authors in [BMWO0] incorporate bijective
methods to prove these results, which gives a different perspective compared to the
generating function approach. For more results and estimates on powers in .S, and
related ideas, we urge the reader to look at [Ben74], [BG80], [BG89], [BGHP20],
[MP76], [Pav82] and, [Tur70]. The set of powers has also been studied for the
alternating group A,, in [Pou09] and wreath products in [KM20].

The problem of studying statistical properties of random matrices is nothing
new. The probability that a randomly chosen element of GL(n,q) is regular or,
semisimple or, regular semisimple has been investigated in several papers using
generating functions. In an effort to give a unified method to construct generating
functions for solving enumeration problems in GL(n, ¢), Kung [Kun81] developed
cycle index for GL(n, q) very similar to the construction of cycle index of S,, (see
Equation 1.2 above). This was further applied by Stong [Sto88] to get several
asymptotic results in that direction. We present this briefly in Chapter 5. Ful-
man [Ful99, Ful02] developed cycle index for other finite classical groups and also
provided neat proof of some of the earlier known results for GL(n, ¢). We note that
Wall [Wal99] independently obtained these results for GL(n, ). These works were
followed up in [FNP05] by Fulman, Neumann and Praeger where they extended the
earlier results to all classical groups by obtaining generating functions for the pro-
portion of regular, regular semisimple, and semisimple elements in these groups.
Britnell [Bri02, Bri06] studied this for special linear groups and unitary groups.
The enumeration of conjugacy classes in the finite classical groups were done by
Macdonald and Wall independently in the papers [Mac95, Wal80, Wal63], once
again in the sense of generating functions. The enumeration of regular semisimple
conjugacy classes in these groups were done in [FG13] using a generating function
approach, although some of those results were already proved in [FJK98] without
the use of generating functions. These works motivate us to frame and address
certain subquestions of the original question of finding the probability that a ran-
domly chosen invertible matrix is an M power for some fixed integer M > 2 (see
Section 1.2).



From a different point of view, estimating the size of the set of M powers
in a group G can be thought of as estimating the size of the image of the map
wy @ G — G defined by g — ¢™. The map wy is called a power map on the
group G. These power maps are particular cases of a more general family of maps
on groups called the word maps.

The word maps on finite groups of Lie type and algebraic groups have been
studied extensively in the last couple of decades. Larsen, Shalev, Liebeck and
Tiep, among others, have successfully addressed the Waring problem for finite
simple and quasisimple groups by proving beautiful and essential results in this
direction (see the excellent survey article by Shalev [Shal3] and references therein).

Let w = w(zy,...,24) be an element (that is, a word) of the free group Fjy
with d generators x1,...,x4. Let G be a finite group. Thus, w is of the form
xi o' where iy, ... .4, € {1,2,...d} and m; € Z for all 1 < j <r. The
word map induced by w is,

w:G' = G (91,925 > 9a) = w(g1, 92, - - -, 9a)-

For example, consider the word w = 2323 of the free group Fy with two generators

{z1,22}. This induces the map
w:GxG—G (91, 92) = w(g1,92) = 9195.

The image of the word map w is denoted by w(G). One of the central questions
of interest regarding word maps is the following: Which words are surjective on
all finite simple groups? This is the Waring problem for finite simple groups.
There are several examples of words that have been shown to be surjective on
all finite simple groups (and in some cases also for finite quasisimple groups).
Notable among those, is the commutator word, which induces the commutator
map w: G x G — G defined by w(g1, g2) = glgggl_lggl. This was a long-standing
conjecture by Ore, which was solved recently (see [LOST10]). The word z%x3
was shown to be surjective on all finite simple groups in [LOST12]. This can be
regarded as the non-commutative analogue of the Lagrange Four-Square theorem,
which states that any natural number is a sum of at most four squares. More
generally, it has been proved that given a non-trivial word w, there exists N € N
(depending on w), such that for all finite simple group G with |G| > N, we have
w(G)? = G (see [LST11]). Thus, given a word w, any element of a finite simple

group G can be written as a product of two word values if G is large enough.

The study of the word maps naturally has not been restricted only to finding
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words which are surjective. For example, the power word z? is not surjective on
any finite simple group, by virtue of the celebrated Feit-Thompson theorem. In
such a case, a natural question to ask is how large is the image w(G) with respect
to the size of G. One of the most interesting results of this kind is due to Larsen
(see [Lar04, Proposition 9]) which states that for any non-trivial word w and € > 0,
there exists rg such that if G is a finite simple group of Lie type of rank > rg,
then |w(G)| > |G|'~¢. Better lower bounds were achieved by Larsen and Shalev
in [LS09] as follows: For every word w, there is a number N(w) = N such that if
G is a finite simple group of Lie type of rank r which is not of type A, or 2A4,,
and |G| > N, then, |w(G)| > £|G| for some absolute constant ¢ > 0. It is further
conjectured in [Shal3], that the above result holds for every finite simple group.
This has been settled for the power word w = M

Lie type A, and 24,, in [GKSV19].

recently, for simple groups of

In this thesis, we also study the image of the power word w = 2™

on any finite
group of Lie type. We prove an asymptotic result for the proportion of powers in a
finite reductive group. As mentioned earlier, in the rest of the thesis we specialize
over the group GL(n,q) and study the image of the power map, more explicitly
using ideas of enumerative combinatorics. This part of the work also solves the
question posed by R. Stanley (see Chapter 9) to count all matrices over finite fields

which have square roots (see Exercise 180, Chapter 1 of [Sta97]).

1.1 An asymptotic result for the power map

Let G be a connected reductive group over Fq, where F, is the finite field with ¢
elements. Suppose G is defined over F,, with Steinberg endomorphism F'. The set
of fixed points, G(F,) = GI = {x € G | F(z) = x} defines a finite group which
is known as a finite reductive group or, a finite group of Lie type. Let M > 2
be a positive integer. We consider the power map w: G — G given by = — zM.
Clearly, this map is defined over F,. We consider the image of the set G(F,) un-
der this map, denoted as G(F,)™. The elements of G(F,)™ are called M-power
elements of G(F,). Further, we denote the set of M-power regular elements (these
are elements of G(F,) whose centralizer in G’ has minimal dimension, see Section
2.7 in Chapter 2) as G(]F'q)ﬁ\g = G(Fy)™ N G(Fy)rg, the set of M-power semisim-
ple elements (these are elements which are diagonalizable when G is regarded as
embedded in GL, see Section 2.2 in Chapter 2) as G(F)Y = G(F)M N G(F,)ss,

and M-power regular semisimple elements as G(F,) = G(F,)™ N G(F,)s. One
of the main result of this thesis determines the asymptotic behaviour as ¢ — oo of

the following quantities:
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GENY| |GE)Y| |GEF| |G(Fo)ry
G(E T |G| 7 |G(EY] T |G|

What we mean here is that we consider the above quantities as a set of real numbers

for a fixed G and a fixed M; and study the limit points when ¢ — oo. The main

theorem is as follows:

Theorem A. Let G be a connected reductive group defined over F, with Frobenius
map F. Let M > 2 be an integer. Then,

M M M F M
=0 |G(Fy)| o |G| ave [GF)| e |[G(F,)
1
B Z (Wrl(M,dy) - (M, dy)

where the sum varies over non-conjugate maximal tori T in G(Fy), T' =Ty, . a4, =

Cay X -+ x Gy, reflects the cyclic structure of 7', the group Wr = N, (T)/T",
and (M, d) denotes the g.c.d of M and d.

This theorem is proved in Section 6.1 of Chapter 6. In the subsequent sections
of the same chapter, we find out these subsequential limits for the group GL(n, q)
and GU(n, q), for M being a prime (see Proposition 6.2.3 and Proposition 6.3.2),
and provide a series of examples to explain the theorem. The prerequisites to
understand the proof of the main result is some basic results in the theory of finite
reductive groups which we provide in Chapter 3.

Observe that when M = 1 in the above result, it is clear that

cNGE)es| e NGFss| e [G(Fg)re|

lim ——— = lim ————— = lim =1.

a0 |G(Fg)|  avoe |G(Fy)| g |G(F)
This is well known in the literature (see for example [JKZ13]), which essentially
means that the set of regular semisimple elements in a connected reductive group
forms a dense subset. Thus, our result can also be viewed as a generalization of
the M =1 case.

While the above result gives an asymptotic understanding (as ¢ — o0), of
the proportion of M powers in a finite reductive group, it is also necessary to
understand the image of the power map more explicitly. A central question in this
direction is to find sharp bounds for the proportion of M power in G(F,), that

M
is, ‘fggﬁi)‘ ‘, and the related quantities (in terms of the group structure), and if

possible to find the exact value as much as possible. We take this up in Chapter 7

and Chapter 8, where we try to develop some tools to answer these questions for
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the group GL(n,q).

1.2 A study of the image of power map in GL(n,q)

Let M > 2 be an integer and GL(n,q)" := {¢™ | g € GL(n,q)} be the set of
elements of GL(n, q) which are M power or, in other words, possess an M root

in GL(n,q). Then, [GL(n.g) | is the probability that a randomly chosen element

|GL(n,q)]

IGL(n.@)i | |GL(n.g)M|  |GL(n.q)}
IGL(n,q)| > |GL(n,q)] * |GL(n,q)]
denote the probability that a randomly chosen element of GL(n, ) is an M** power

of GL(n,q) is an M*" power. Further, suppose,

regular, semisimple, or a regular semisimple element respectively. The set of M*™"
powers, GL(n, ¢)™ of GL(n, q) is closed under conjugation and as such is a union of
conjugacy classes. Let c¢(n, M), c(n, M), c(n, M)ss, c(n, M)ys denote the number
of M* power conjugacy classes, M*" power regular conjugacy classes, M power
semisimple conjugacy classes, and M*" power regular semisimple conjugacy classes

respectively. We intend to find out these probabilities and enumerate these classes.

We take a generating function approach to understand the set of powers in
GL(n,q). As mentioned earlier a key to construct these generating functions for
GL(n, q) (or, in fact for any other finite classical group) is a combinatorial descrip-
tion of the conjugacy classes in these groups, which gives rise to the concept of
cycle index. We build these prerequisites in Chapter 4 and Chapter 5 for the group
GL(n, q), as these will once again play an important role in this thesis. Before go-
ing into the discussion of powers, we quickly mention the generating functions of
the regular, semisimple and regular semisimple classes (see [FG13]) and elements
in GL(n, q) (see [Ful99], [Ful02], [Wal99]), for this will enable the reader to com-
pare them with the generating functions obtained for the powers mentioned later
in this chapter. As mentioned, these will once again be taken up in Chapter 5 in

greater detail as a part of the prerequisites.

1.2.1 Generating functions in GL(n, q)

Let @ be the set of all monic irreducible polynomials of Fy[x] except the poly-
nomial x. Let N(q,d) denote the number of monic irreducible polynomials in
Fy[x] of degree d. Let c(n)rg, ¢(n)ss, ¢(n)rs, and ¢(n) denote the number of regular,
semisimple, regular semisimple, and all conjugacy classes in GL(n, q) respectively.
Let GL(n, q)rg, GL(n, ¢)ss, GL(n, ¢)rs denote the collection of all regular, semisim-

ple, and regular semisimple elements in GL(n, q) respectively.

The generating function for the number of regular classes and semisimple
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classes is given as follows:

1—u
d\—N(g,d) _
(1 —u%) 1 g (1.4)

3

o0 [ee]
1+ Z c(n)gu” =1+ Z c(n)ssu™ =
n=1 n=1

d=1

In particular, we have c(n)yg = c(n)ss = ¢" — ¢" L.

The generating function for the number of regular semisimple classes is given

by,

3 c(n)u” = 1 ub)yNad) — L qu?
L+ 3 e = [L40)¥00 = If s 1)

The generating function for the number of conjugacy classes in GL(n,q) is

given as follows:

1+ c(n)u” = -, 1.6
3 e = 1Ty (1.6)

Now we come to the generating function for the elements. The generating
function for the proportion of regular semisimple elements in GL(n, ¢) is given as

follows:

N(q,d)
|GL(n, ¢)rs| rS| ud
1+ 1 + . (1.7)
Z |GL(n, ¢ | dl;Il -1
Further the generating function for the proportion of regular elements in

GL(n, q) is given as follows:

N(q,d)
|GL(n, @)rg| ,
2 e HG+Z]1 U) (15)

d>1

An alternate version of this generating function only involving infinite products

can be given as follows:

Gl o _pp () ( zﬂ)N@”
1+Z IGL(n, q)| u _H<1 d) H 1+qd(d ] . (1.9)

=1 a>1 q a>1 ¢“—1

Finally, the generating function for the proportion of semisimple elements in
GL(n, q) is,

N(g,d)
GL(n,q SS| e

|
1+2Kﬂmq H1+Zﬂ“) . (L.10)

d>1 J1q2dH(ld 1)
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We divide the problem of studying M powers in GL(n,q) into two separate
cases depending on, if M and ¢ are coprime or not. The Jordan decomposition
of elements necessitates this. For an element g € GL(n,q) we can write g =
Jsgu = Gugs uniquely, where g, is semisimple part and g, is unipotent part of g.
Thus, g™ = gMgM. The semisimple elements are of order coprime to ¢, and the
unipotent elements are of order a power of q. Chapter 7 entirely deals with the
case (M, q) = 1, while Chapter 8 deals with a special case of (M, q) # 1.

1.2.2 The (M,q) =1 case:

In this case, factorization of certain composed polynomials plays a pivotal role,
which leads us to the definition of “M-power” polynomials. We study these poly-
nomials in Section 7.1. These results eventually help us to obtain necessary and
sufficient combinatorial conditions for an element to be an M** power in GL(n,q).

The generating functions for regular and regular semisimple classes which are

M power is given by the following:

Theorem B1. Let M > 2 be an integer and (¢, M) = 1. For the group GL(n, q),
the generating function for regular and regular semisimple classes which are M
power is,

o0
L1+ eln, M) = J] (1 — u?)y=Nuled),
n=1 d>1

2. 1+ Z c(n, M)psu” = H (1+ ’u,d)NM(q’d),
n=1 d>1

where Ny (q,d) is the number of monic irreducible M-power polynomials of degree
d.

This is Theorem 7.3.2. We will see later that for M = 1, Ny/(q,d) is same as
N(q,d). Thus, we get back Equation 1.4 and Equation 1.5 by substituting M = 1
in (1) and (2) of the above theorem respectively.

The generating function for proportions of M power regular and regular

semisimple elements is given by Theorem 7.3.3 as follows:
Theorem B2. For the group GL(n,q), and M > 2 with the condition that
(¢, M) =1,

1. the generating function for the regular semisimple elements which are M

power is

ZrGanmr it e
|GL(n, q)] = -1 '
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2. The generating function for the regular elements which are M*" power is

GL( | T N (g,d)
n QIg
”Z GLima) " H(”Z 1))

a>1 j < qU

ul —Nn(g,d) ul N (g,d)
= 1—-— 1+ ——-+—— .
m(-2) H( )

d>1 d>1

Once again we see that substituting M = 1 in the above result, we get back

Equation 1.7, Equation 1.8, Equation 1.9 respectively, which is as expected.

To deal with semisimple elements and more general elements, we further assume
M = r® where r is a prime. We get the generating function for semisimple classes

and semisimple elements which are M*" powers, in Theorem 7.4.2 as follows:

Theorem C. Let M = r® be a prime power and (¢, M) = 1. Then, we have the

following generating functions:

L1 Y el My = [T (1) 00,

n=1 i=0d>1

GL(. )| v _ T wrid N (@)
n q IT==\"4/)ss |

2.1 1

+Z |GL(n, q)| 1;[1;[( +Z rij(rij—1)d (qtd—l)) ’

P el |

where N%,(q,d) is as defined in Section 7.1 of Chapter 7.

It will be observed once again in Section 7.1 of Chapter 7, that if M = 1, that
is, a = 0, we must have NY,(¢,d) = N(g,d). Thus, once again putting M = 1 in
(1) and (2) of the above theorem, we get back Equation 1.4 and, Equation 1.10 as

desired.
The generating function for the number of M** power conjugacy classes is given

in Theorem 7.5.3 as follows:

Theorem D. Let M = r%, where r is a prime, and (¢, M) = 1. Then we have the

following generating function,

0 © a . .
1+ etn, Myu™ = T[] TT @ — w/'d)=Nulad),
n=1 j=1i=0d>1

We get back Equation 1.6 in this case when M = 1.

M
We finally mention the generating function for % when M is a prime.
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Theorem E. Let M > 2 be a prime and (M, q) = 1. Then,

Na(q,d)
= |GL(n, )] u
YRR Sl il AL AN P 1+
oo T R )
i>1 N/ mi(n)
N(q.d)
Miryy——
X 1+ ] )
d>1 n>1\n quZi(M)QH(l(D »

i>1

where Njys(q,d) denote the number of M-power monic irreducible polynomials of
degree d, and N(q,d) = N(q,d) — Nas(q,d), where N(q,d) is the number of monic

irreducible polynomials of degree d.

This is Theorem 7.5.5. We study this generating function in further detail in
Section 7.6. We obtain the exact value of % when M is prime and n is
“sufficiently small”. We prove the following:

Theorem F. Let M be a prime and (M, q) = 1. Let t = MM(M;q) be the order
of ¢ in (Z/MZ)*. Then,

|GL(nv Q)M’ — Z 1

|GL(7’L, q)| A\en M (>\) szl Zmzmzl
A=1m12m2

whenever n < Mt and m4(\) denotes the number of parts of A divisible by ¢, that
is, m(\) = Zml

i

This is Theorem 7.6.1. We further conjecture an upper bound for % in

Question 7.6.16 (when n > Mt).

1.2.3 A particular case of (M,q) # 1

We deal with the case (M,q) # 1 in Chapter 8. To make it a little simpler
we assume, M is a prime and ¢ is a power of M. We obtain a combinatorial
criterion for an invertible matrix to possess an M*" root in Theorem 8.1.4. It is
then immediately clear from this characterization that any semisimple elements
possess a M'™ root. Further, any regular element is a M* power if and only if
it is regular semisimple. We obtain a generating function for the number of M

power conjugacy classes in GL(n, q) as follows:
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Theorem G. Let M be a prime and g be a power of M. The generating function

for M*" power conjugacy classes in GL(n, q) is,

N(g.d)
1+ﬂﬂ%MFD_%“.+uﬂbM—MLJ»)

1+;c(n,M)u”:H(H T dkN

d>1 \k>1
where N(q,d) is the number of monic irreducible polynomials of degree d.

This is Theorem 8.2.1. We must mention that the M = 2 case was already dealt
with by Miller in [Mil16]. Our work is a generalization for any prime M.

In Chapter 9, we use the combinatorial characterizations developed in Chap-
ter 7 and Chapter 8, to compute squares and third powers in GL(2, ¢) and GL(3, q).
Finally, to end this thesis, we mention further problems that arise from our inves-
tigation of powers in finite reductive groups. This is the subject of Chapter 10. We
also mention a character theoretic connection related to powers in finite groups in

this chapter.

Although we have already mentioned the theme of each chapter in the discus-
sion above, we once again walk through it for the convenience of the reader.
A Chapter-wise description: A sincere effort has been made to keep this thesis
as self-contained as possible. Chapter 2-5 are the basic prerequisites of this thesis
which provides the necessary groundwork to understand the results and proofs in
this thesis. Almost all the basic notions and results relevant to this thesis have
been mentioned in these chapters. Chapter 6-9 deals with the author’s research
work. Finally, in Chapter 10, we mention some problems in this topic, which will
give further motivation to understand this topic completely. This pretty much
summarizes the thesis giving glimpses into the main results proved in various

chapters.



Chapter 2

Linear Algebraic GGroups

This is one of the basic chapters of this thesis, which deals with the notion of linear
(or, affine) algebraic groups over an algebraically closed field. We will discuss these
groups briefly in this chapter, by defining important concepts and results which
are relevant to this thesis. In the next chapter, we will see that these groups can
be defined over finite fields, and the results and notions here can be transferred to
those groups in a systematic way. We follow the exposition in [MT11] here. We
also refer the reader to the classic books [Hum75] and [Spr98] for further details.
We will assume here the basic notions of algebraic geometry over an algebraically
closed field (see, for example, Chapter 1 of [Har77]). Let k denote an algebraically
closed field of arbitrary characteristic, throughout this chapter.

2.1 Linear Algebraic Groups - Definition and Exam-
ples
Let X be an affine variety over k, that is, an algebraic set with the induced Zariski

topology (of k™). Let k[X] be the k-algebra of regular (i.e, polynomial) functions
on X. If I is the vanishing (radical) ideal of X, that is,

I={fek[Xy,...., X, | f(z1,...,2,) =0 for all (xq,...,2,) € K"}

then k[X]| = k[X1,...,X,]/I, and is called the coordinate algebra, or the algebra

of regular functions on X. With this, we have the following definition,

Definition 2.1.1 (Linear algebraic groups). A linear (or, affine) algebraic group
G over k is an affine variety over k such that the group operations (multiplication
and inversion), that is, u : G x G — G defined by u(g,h) = gh, and i : G - G

defined by i(g) = g~ ! are morphisms of varieties.

13
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Before going to several examples of algebraic groups relevant to this thesis, we
define two important concepts which are, connectedness and dimension of algebraic
groups.

Let X be an affine variety over k. We call X irreducible if X cannot be written
as a union of two non-empty closed subsets. It can be proved that X is irreducible
if and only if k[X] is an integral domain, that is, the vanishing ideal I(X) is a
prime ideal. Observe that if X is irreducible then X is connected but the converse
may not be true. A Noetherian topological space X (that is, a space X where any
decreasing chain of closed subsets stabilize), can be written as a finite union of
maximal irreducible closed subsets of X. These are called irreducible components
of X. Since an affine variety X is Noetherian with respect to the Zariski topology,
X can be written as a finite union of its irreducible components.

Suppose X is an irreducible affine variety. Let k(X)) be the field of fractions
of k[X]. The dimension of X is defined as dim(X) := trdeg (k(X)), the transcen-
dence degree of k(X) over k. Alternatively, it is defined as the maximal length
of descending chain of prime ideals in k[X]. For an arbitrary affine variety X,
dim(X) := max(dim(X3),...,dim(X,)), where X = X;U---UX, is the decompo-
sition of X into its irreducible components. Suppose G is an algebraic group. Let
G° denote the irreducible component of G containing the identity 1. It is easy to
show that G° is a subgroup of G. Further, the left cosets of G° are precisely the
irreducible components of GG. Since the cosets are disjoint, these cosets are also
connected components of G. Thus, the concept of connectedness and irreducibility
coincide in the case of algebraic groups. Since G is a finite union of irreducible
components, we conclude that [G : G°] is finite, and G° is a normal subgroup
of G. Finally, if H is a closed subgroup of G whose index is finite in G, then
H contains G°. Since the dimension of each coset is clearly the same, we have
dim(G) = dim(G°).

2.1.1 Examples of algebraic groups

We will now see some examples of linear algebraic groups.

Example 2.1.2. The additive group G = (k,+) is clearly an algebraic group,
with the coordinate ring k[G] = k[T]. This is a connected group of dimension 1.

This group G is called the additive group and is denoted by G,.

Example 2.1.3. The multiplicative group G = (k*,.) of k can be identified with
the set {(z,y) € k? | xy = 1}, which is an algebraic set of k? defined by the ideal
I = (XY —1). Thus, G is an algebraic group with k[G] = k[X,Y]/(XY —1) =
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k[X, X~ !]. Once again G is connected and, of dimension 1. This group G is called
the multiplicative group and is denoted by G,.

Example 2.1.4 (The general linear group over k). The general linear group over
k denoted by GL(n, k), is the group of all invertible matrices with entries in k,
that is,

GL(n,k) := {A € k™" | det A # 0}.

We can identify GL(n, k) with the algebraic subset of k”2+1, given by {(A,y) €
k" x k | det A-y = 1}. Clearly, multiplication of two matrices and taking inverse
of a matrix are both given by polynomials. Thus, GL(n, k) is an algebraic group.
The coordinate ring k[GL(n, k)] = k[X;;,Y | 1 < 4,5 < n]/(det(X;;)Y — 1) =
k[Xij | 1 <14,j < nlgeg(x,;), Wwhere k[X;; [ 1 <, j < nlqer(x,;) 18 the localization of
the polynomial ring k[X;; | 1 <4,j < n| at the determinant polynomial det (Xj;).
The group GL(n, k) is connected (since, the coordinate ring is an integral domain)
of dimension n?.

Example 2.1.5 (The special linear group). The special linear group over k de-

noted by SL(n, k) is the group of n X n matrices of determinant 1, that is,
SL(n,k) = {A € k™" | det A=1}.

Clearly, SL(n,k) is an affine variety, being the vanishing set of the polynomial
det(X;;)—1 € k[X;; | 1 <4,5 < n]. The multiplication and inversion are morphism
of varieties, and thus SL(n, k) is a linear algebraic group, with k[SL(n, k)] = k[X}; |
1 <i,j <mn]/(det(X;;) —1). The group SL(n, k) is connected of dimension n? — 1.

Example 2.1.6. Let T,, denote the group of invertible upper triangular matrices

over k, that is,
T, == {(aij) € GL(n,k) | a;; = 0 for i > j}.
Let U,, denote the group of unitriangular matrices over k, that is,
Up = {(as5) € Ty | ais =1 for all 1 <i <n}.

Let D,, denote the group of diagonal invertible matrices over k. It is clear that each
of these groups are linear algebraic groups. The determination of the coordinate
ring of these groups are simple. For example, k[T,] = k[X;; | 1 <4,5 < n]/(Xj; |
i>j) = k[X;; |1 <i<j<n]. Thus, T, is connected. Similarly, U, and D,, are

both connected.
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Finally, we move on to a class of examples which are the so-called classical
groups. These are groups of isometries of certain non-degenerate bilinear forms on

a vector space. For n > 1, let

K,
Define Jy,, := 0 .
-K, O

Example 2.1.7 (The symplectic group over k). The symplectic group in dimen-
sion 2n (vector space dimension) over k is the closed subgroup of GL(2n, k) defined
by

Sp(2n, k) = {A € GL(QTL, k) ‘ tAJQnA = Jgn}

Given a non-degenerate alternating bilinear form on a vector space of dimension 2n,
there exists a basis of V' such that the matrix of the bilinear form is J5,,. Thus, the
above group is the group of isometries of an alternating bilinear form (also called
skew-symmetric form when char(k) # 2). The above symplectic group is generated
by transvections (see [Gro02] for details), and thus Sp(2n, k) < SL(2n, k). In fact,
Sp(2,k) = SL(2,k) and for n > 2, Sp(2n, k) is a proper subgroup of SL(2n,k).
The group Sp(2n, k) is connected.

Example 2.1.8 (The odd-dimensional orthogonal groups). First we assume
char(k) # 2. The orthogonal group in dimension 2n + 1 over k is the closed
subgroup of GL(2n + 1, k) defined by

GO(2n +1, k) = {A S GL(2n +1, k‘) ‘ tAK2n+1A = K2n+1}.

The above group is the group of isometries of a symmetric bilinear form on a vector
space over k of dimension 2n + 1.

When char(k) = 2, alternating and symmetric bilinear form coincide, thus the
above group GO(2n + 1, k) = Sp(2n, k). Thus, for arbitrary field, the orthogonal

groups are defined using the quadratic form f : k27 *!

— k given by,
o 2
f(x1,m2,. .., Topy1) = T1%2n 41 + To2Zop + -+ + TpTpgo + T 4.

The group of isometries of the above quadratic form yields the orthogonal group

as follows,

GO(2n+1,k) = {A € GL(2n+ 1,k) | f(Az) = f(x) for all z € k*"1},
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Note that for char(k) # 2, this defines the same group as above. These groups are

once again defined using polynomials and thus are linear algebraic groups.

Example 2.1.9 (The even dimensional orthogonal groups). For an arbitrary field
k and even dimension 2n > 2, the orthogonal group is once again defined using
the quadratic form f : k*® — k defined by,

fz1, 20, ..., @op) = T1X2n + TaTon—1 + *** + TpTpy1.
The orthogonal group is the group of isometries
GO(2n,k) = {A € GL(2n,k) | f(Ax) = f(z) for all z € k*"}.
Once again note that when char(k) # 2, we have,
GO(2n, k) = {A € GL(2n, k) | AK2p A = Ky, }.

These groups are once again defined using polynomials and thus are linear algebraic

groups.

Example 2.1.10 (The special orthogonal groups). Suppose char(k) # 2. Let G :=
GO(n, k) (in this case, it doesn’t matter if one takes n to be odd or even). It is clear
that if A € G, then det(A) = £1. It can be shown that there exists A € G such that
det(A) = —1. The special orthogonal group over k, denoted by SO(n, k) is defined
by SO(n,k) := GO(n,k) N SL(n,k). It is clear that [GO(n,k) : SO(n,k)] = 2.
Thus, GO(n, k) is not connected since G° < SO(n,q). In fact, it can be proved
that G° = SO(n, k). Thus, the special orthogonal group SO(n, k) is connected
algebraic group. Similarly, one can show that GO(n, k) is not connected in any
characteristic by exhibiting an algebraic subgroup of index 2. In characteristic
2, one uses the notion of pseudo-determinant instead of determinant. For more

details we urge the reader to see [Gro02].
As a final example, we show that any finite group is also a linear algebraic group.

Example 2.1.11. Let G be a finite group. Then, G can be embedded into
GL(n, k) using the left regular representation. Thus, G can be regarded as an
affine variety (since any finite set in an affine variety is an affine variety). Thus,
G is a linear algebraic group. It is clear that G is disconnected with each element

being a connected component.

We end this section with one of the most important results in the theory of
linear algebraic groups. We have already seen that all the examples provided here

are closed subgroups of GL(n, k) for some n. This is true in general.
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Theorem 2.1.12. Let G be a linear algebraic group. Then, there exists n € N
such that G can be embedded as a closed subgroup of GL(n, k).

Due to the above result, one uses the term linear algebraic group instead of affine

algebraic group.

2.2 Jordan decomposition in linear algebraic groups

Let V be a finite dimensional vector space over k. Let End(V') denote the vector
space of linear transformations on V. An element v € End(V') is called unipotent if
u— 1 is nilpotent. The multiplicative version of Jordan decomposition of invertible

linear maps is as follows:

Proposition 2.2.1. For g € GL(V), there exists unique s,u € GL(V') such that

g = su = us, where s is semisimple and u is unipotent.

We call s the semisimple part and u the unipotent part of g. The above concept
of Jordan decomposition can be carried out in any linear algebraic group, which

is intuitive from Theorem 2.1.12.

Theorem 2.2.2 (Abstract Jordan decomposition). Let G be a linear algebraic
group.

1. For any embedding p of G into GL(V') and for any g € G, there exists
Js, gu € G such that g = gsgu = gugs, where p(gs) is semisimple and p(gy,) is

unipotent.
2. The decomposition g = gsgu = Gugs s independent of the chosen embedding.

3. Let ¢ : Gi — Gy be a homomorphism of algebraic groups. Then ¢(gs) =
?(9)s and ¢(gu) = A(9)u-

Definition 2.2.3. Let G be an algebraic group and g € G. The decomposition
g = Gugs = gsgy is called the Jordan decomposition of g in G. The element g is
called the semisimple part of g and g, is called the unipotent part of G. If g = g,,
g is called an unipotent element of G. If g = g5 then, g is called a semisimple

element of G.
We have,

G, :={g € G| g is unipotent},
Gs:={g € G| g is semisimple}.
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Let G be an algebraic group consisting entirely of unipotent elements. We call
such G, a unipotent group. Examples of unipotent groups are Uy, or any algebraic

subgroup of U,,. The next result determines the structure of unipotent groups.

Theorem 2.2.4. Let G < GL(n,k) be a unipotent group. Then, there exists
g € GL(n, k) such that g~'Gg < U,.

Corollary 2.2.5. A unipotent linear algebraic group is nilpotent, and hence solv-
able.

It is clear that G, C G is a closed subset. In general, the set G; C G consisting
of the semisimple elements need not be closed. For example, in GL(n, k), the set
of all semisimple elements is dense. In the next section, we will see that algebraic

groups consisting only of semisimple elements play a major role.

2.3 Commutative and solvable algebraic groups

In this section, we mention some results on the structure of commutative algebraic
groups. Furthermore, we define the notion of a torus, which plays a central role
in studying the structure of algebraic groups. Finally, we state the Lie Kolchin

theorem which determines the structure of solvable algebraic groups.

2.3.1 Commutative algebraic groups and tori

The structure of commutative algebraic groups is described by the following result:

Theorem 2.3.1. Let G be a commutative algebraic group. Then, the sets G and
G, are closed subgroups of G and G = G4 X Gy. Furthermore, if G is connected,

both G5 and G, are connected.

Recall that G,, consists of all semisimple elements, whereas G, consists of all
unipotent elements, and both have dimension 1. In fact, up to isomorphism,
these are the only connected groups of dimension 1. This motivates the following

definition.

Definition 2.3.2. A linear algebraic group is called a torus if it is isomorphic to

a direct product Gy, X - - - X G, that is, to D,, (see Example 2.1.6) for some n > 0.

By definition a torus is abelian, connected, and consists only of semisimple ele-

ments. In fact, we have

Proposition 2.3.3. Let G be a commutative, connected algebraic group consisting
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entirely of semisimple elements. Then, G is a torus.

Let G be an algebraic group. Then T' < G is called a maximal torus if it is
not properly contained in any larger torus of G. We end this section with a very

important result on a torus, which is called the rigidity of tori.

Theorem 2.3.4. Let G be a linear algebraic group and T < G be a torus. Then,
Ng(T)° = Cq(T)°, and Ng(T)/Cq(T) is finite.

The above result will later allow us to define the notion of a Weyl group which
once again plays an important role in determining the structure of linear algebraic

groups.

2.3.2 Solvable algebraic groups

We have seen that unipotent algebraic groups can be embedded inside the unitri-
angular group. Thus, U, serves as the prototype for unipotent groups, which are
nilpotent and hence solvable. This nice characterization is enjoyed by a larger class
of groups, which are the connected solvable algebraic groups, where the group of

upper triangular matrices, T,, serves as the prototype.

Theorem 2.3.5 (Lie-Kolchin). Let G < GL(n, k) be a connected solvable linear
algebraic group. Then, G is conjugate to a subgroup of Ty,.

The above theorem has strong implications on the structure of G. We have the

natural split exact sequence,
1-U,—-T,—-D,—1

where 7 : T, — D, is defined by,

t1 * t1 0
()= ()
0 tn 0 tn
If G is connected solvable, then G < T,, and G, = G N U,,. Thus, G, is closed
normal subgroup of G. Once again we can use the map 7 above, and let T := 7(G).
Clearly, T is a closed connected subgroup of D,,, and hence by definition, a torus.
It follows that |G, G] < G,. We have the following structure theorem for connected

solvable groups.

Theorem 2.3.6. Let G be a connected solvable algebraic group. Then, Gy is a
closed connected normal subgroup of G, and [G, G| < G,. Moreover, all maximal
tori are conjugate in G, and if T is a mazximal torus of G, then G = G, x T, and
Na(T) = Cg(T).
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As a corollary of this, we have

Corollary 2.3.7. Let G be a connected, solvable linear algebraic group. Then,
any semisimple element of G is contained in a maximal torus and any unipotent

element of G lies in a connected unipotent subgroup of G.

2.4 G-spaces, quotients and Borel subgroup

This important section deals with quotients of linear algebraic groups. We define
the concept of G-spaces for a linear algebraic group GG, mention some of its prop-
erties. Consequently, we mention one of the most important results that if H is
a closed, normal subgroup of G, then G/H is a linear algebraic group. This will
allow us to construct more linear algebraic groups. Finally, we define one of the
most important subgroups of a linear algebraic group called the Borel subgroups
and mention its important properties. These subgroups play a major role in the
classification of the connected reductive groups which will be defined in the next

section. In this section, we need to consider affine as well as projective varieties.

2.4.1 G-spaces and quotients

In this section, we will consider the action of G on a general variety X, and see
some important properties of the related quantities like orbits of the action, set
of fixed points under the action, and stabilizers of points. By a variety, we mean
both projective and affine variety.

The projective n-space P™ is defined as the set of one dimensional subspaces
of k"*1. Taking common zeros of a collection of homogeneous polynomials of
k[Xo, X1,...,X,] as closed set defines the Zariski topology on P". A projective
variety is a closed subset of P" carrying the induced Zariski topology.

The k-algebra of regular functions of an affine variety here needs to be replaced
by a sheaf of functions as follows: For X an irreducible variety and x € X, let I(x)
be the vanishing ideal at the point = and let O, be the localization of k[X] with

respect to the prime ideal I(z). Define Ox (U) = ﬂ O, for U C X open. Thus,

zclU
Ox ={(U,0x(U)) | U C X, open} defines a sheaf of functions on X. One can

show that Ox(X) = k[X]. For a more general affine variety X = X; U--- U X,,
with irreducible components X;, setting
Ox(U):={f:U—k| f|UﬂXZ~ € OXZ.(UOXZ')}

defines a sheaf on X. The collection of all these sheaves gives the sheaf of functions
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on X.

n
Let P = U U;, where U; consists of points in P with non-zero homogeneous
i=0
coordinate, that is,

UZ' = {<($0,$1, cen ,xn)> | ZT; 75 O}.

Then, U; can be identified with the affine n-space k", via the map,

(an'“axn)'_)(@7"'7x;;17133t17"'7%)'

The induced topology on the set U; coincides with the Zariski topology of k™.
Thus, due to the discussions above, we have the ring O, for each x € U;. Then,

for U C P, set O(U) := ﬂ O. Thus, one gets the sheaf of functions as the set

zcU
of pairs, {(U,O0(U) | U C P"}. The sheaf of functions for an arbitrary projective

variety is defined by the restriction of the sheaves of P™ on the former variety.
The dimension of an irreducible projective variety is the dimension of any affine

open subset. For an arbitrary projective variety one just takes the maximum di-

mension among the irreducible components. One can define morphism of varieties

similarly as in the case of affine varieties, with necessary changes.

Example 2.4.1. Let V be a vector space over k of dimension n. For a strictly
increasing sequence of positive integers, 0 < n; < ng < --- < ng < n, the partial

flag variety Fp, n,,...n, is defined by,

d

V: <V, dim(V;) = n;

F, =<¢ (W, Vo,...,V, - ' .
n1,m2,..Nq {( 1, V2 a) | and Vi < Vo <--- < Vy

The set J1 2, is called a complete flag variety. It can be proved that any partial

flag variety can be embedded as a closed set of a projective variety (see Section

3.3 and Theorem 3.3.7 in [Gec03] for a proof).
We can now define a G-space.

Definition 2.4.2. Let G be a linear algebraic group. A variety X is called a
G-space if there exists a group action G x X — X, defined by (g,z) — g.x for

g € G,z € X, which is also a morphism of varieties.
The following proposition mentions some important properties related to G-spaces.
Proposition 2.4.3. Let X be a G-space. Then,

1. For each x € X, the stabilizer G, := {g € G | g.x = x} is a closed subgroup
of G.
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2. The fized point set X := {x € X | g.x = x for all g € G} is closed.
Furthermore,

Proposition 2.4.4. Let X be a G-space. Then, every orbit G.x = {g.x | g € G}

is open in its closure. Further, orbits of minimal dimension are closed.

Example 2.4.5. Let G be a linear algebraic group. Consider the action of G
on G by conjugation. By Proposition 2.4.3, the centralizers of elements (being

stabilizers) are closed subgroups. The center Z(G) is also closed.

Suppose G is a linear algebraic group. Consider an algebraic representation of
G, that is, a homomorphism of algebraic groups p : G — GL(V) where V is finite
dimensional over k. Then, V' is a G-space via the action g.v = py(v). Furthermore,
the projective space P(V') is also a G-space, via the action g.(v) = (pg(v)). The
following theorem by Chevalley allows one to give a variety structure to G/H,

where G is a linear algebraic group and H a closed subgroup of G.

Theorem 2.4.6 (Chevalley). Let H < G be a closed subgroup of the linear alge-
braic group G. Then there exists an algebraic representation p : G — GL(V') and
a one-dimensional subspace W <V such that H = {g € G | ps(W) = W}.

Suppose G is a linear algebraic group G and H < G be a closed subgroup.
Assuming the setting of the previous theorem where we take W = (v), we see that
action of G on P(V) restricted to the orbit of W under G (say X), makes X into
a G-space. This induces a natural bijection between G/H and X, which allows us
to endow G/H with the structure of a quasi-projective variety, that is, an open
subset of a projective variety. We call G/H endowed with this variety structure
to be the quotient space of G by H. The following is the main theorem of this

subsection.

Theorem 2.4.7. Let H < G be a closed normal subgroup of a linear algebraic
group G. Then G/H is an affine variety and G/H with the usual group structure

is a linear algebraic group.

This theorem will allow us to construct several more examples of algebraic

groups.

Example 2.4.8 (Projective general linear group). Let G := GL(n, k). Z(G) =
{AI | X # 0} is closed normal subgroup. Thus, PGL(n, k) := GL(n, k)/Z(GL(n, k))

is a linear algebraic group called the projective general linear group.

Similarly, PSL(n, k) := SL(n, k)/Z(SL(n, k)) is also a linear algebraic group. The
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same can be applied to the symplectic group and special orthogonal group, which

gives their corresponding projective analogues.

2.4.2 Borel subgroups

The structure of a connected solvable group is now well-understood by virtue of
the Lie-Kolchin theorem, which says that a connected solvable linear algebraic
group G stabilizes a flag F: 0=V; <V} <... <V, = k" of subspaces of k™. For
an arbitrary linear algebraic group G < GL(n, k), it is clear that a stabilizer G4
of such a flag is a solvable subgroup, and the quotient G/Gy is a quasi-projective
variety. Since under the action of G, the orbits of minimal dimension are closed,
one can choose a flag F such that G/Gy is closed, and so a projective variety. This

is what motivates one to define the Borel subgroups.

Definition 2.4.9. Let G be a linear algebraic group. A Borel subgroup of G, say

B, is a maximal closed connected solvable subgroup of G.

The next theorem is one of the main tools for proving important properties of

Borel subgroups.

Theorem 2.4.10 (Borel fixed point theorem). Let G be a connected solvable al-
gebraic group acting on a non-empty projective G-space of X. Then there exists
x € X such that g.x = x for all g € G.

The following theorem is the main theorem of this section.

Theorem 2.4.11. Let G be a linear algebraic group. Then, all Borel subgroups of
G are conjugate. Furthermore, if G is connected, then G/B is a projective variety

for any Borel subgroup B.

As a corollary of the above theorem, we write another very important result con-

cerning the maximal tori. We also include a proof of this result.

Corollary 2.4.12. Let G be a linear algebraic group. Then, all maximal tori of

G are conjugate.

Proof. Let T' < G be a maximal torus. Then, T' < B for some Borel subgroup B
of G. Let T1 < By < G be another maximal torus contained in another Borel By
of G. Since B and B; are conjugate, there exists g € G, such that By = gBg~".
Then gT'g~! < B;. By Theorem 2.3.6, we conclude that there exists b € By, such

that bgTg b~ =Ty = (bg)T(bg)~!' = T1. Thus, T and T} are conjugate. [J
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Definition 2.4.13. For a linear algebraic group G, the rank of the group G, is
defined to be the dimension of a maximal torus. We denote the rank by rk(G).

At this point, we define the notion of the Weyl group of a linear algebraic
group.

Definition 2.4.14. Let G be a linear algebraic group. The Weyl group of G is
define to be the group Ng(T')/Cq(T), where T is any maximal torus, Ng(T') and

Cq(T) are the normalizer and centralizer of T in G.

Note that the Weyl group is finite by Theorem 2.3.4, and doesn’t depend on the
maximal torus chosen. We look at some examples of Borel subgroups and maximal

tori of certain linear algebraic groups.

Example 2.4.15. Let G := GL(n, k). Then, T, is a Borel subgroup of G. The
group T, is a closed connected solvable subgroup. If H < G be any closed con-
nected solvable subgroup, then H < ¢T,g~! for some g € G. Further, if T,, < H,
it is clear that H = T,,. For similar reasons, D,, is a maximal torus of G. Any
Borel subgroup is conjugate to T,,, and any maximal torus is conjugate to D,.
Since, dim(D,,) = n, we have rk(G) = n. Finally, we calculate the Weyl group
of G. Take T' = D,,. Then Ng(T') comes out to be the set of monomial matrices
in G, that is, all those matrices which have exactly one non-zero entry in each
row and each column. The centralizer Cg(T) = T. Therefore, the Weyl group
W = Ng(T)/T = S,,. Thus, the Weyl group of GL(n, k) is S,,.

Example 2.4.16. When G := SL(n, k), for similar reasons as above, T,, NG, and
D,, NG are the Borel subgroup and maximal tori of G, up to conjugacy. The Weyl
group of SL(n, k) is also Sy,.

Example 2.4.17. Let G := Sp(2n, k) (refer to Example 2.1.7 for definition).
Define T := G N Dg,. Using definition,

t1
T = 41 |t e k3 <G.

. t;l
Clearly T is a torus and dim(7") = n. Thus, rk(G) > n. Let T' < Ty, where T7 is
a torus of G. We have T1 < GL(2n,k). Since T is a torus, T} is simultaneously
diagonalizable, and thus T} is conjugate to a subgroup of Sp(2n, k)NDa,,. But, since
T is also contained in that conjugate of T1, we conclude that T" = T;. Therefore,

T is a maximal torus, and rk(G) = n.
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Let B := G N Ty,. Clearly, B is a connected solvable subgroup of G. Let
B < B; where Bj is a Borel subgroup of G. Now, By < GL(2n, k), thus by Lie-
Kolchin theorem, B; is simultaneously triangulizable. Thus, B; is conjugate to a
subgroup of GNTy,. But since B is also contained in that conjugate, we conclude
that B = B;. Hence, B is a Borel subgroup of G.

Similarly, one can check that Dg, N SO(2n,k), and Dy,11 N SO(2n + 1,k) are
maximal torus of SO(2n, k) and SO(2n + 1, k) respectively. Similar result holds
for their Borel subgroups.

To finish this section we collect some more important results involving the

Borel subgroups and maximal tori.

Proposition 2.4.18. Let G be a connected linear algebraic group and B be a Borel

subgroup. Then, any automorphism of G that fixes B pointwise is identity.
As a corollary of the above, we have
Corollary 2.4.19. Z(G)° C Z(B) C C¢(B) C Z(G).

We have already seen that T, is a Borel subgroup of GL(n,k). Since k is al-
gebraically closed, any matrix is conjugate to a upper triangular matrix. Thus,

GL(n,k) = U ¢Tng~!. This is true in general.
g€GL(n,k)

Theorem 2.4.20. Let G be a connected algebraic group, and B be a Borel sub-

group of G. Then G = U gBg~L.
geG

The connectedness in the above theorem is necessary. If G is finite then G #

U gHg™! for any proper subgroup H of G. As a corollary of the above theorem,
geG
we have the following,

Corollary 2.4.21. Let G be a connected algebraic group. Then,
1. Every semisimple element of G lies in a maximal torus.
2. Every unipotent element of G lies in a closed connected unipotent subgroup.

3. The mazximal, closed, connected unipotent subgroups are all conjugate and

they are of the form B, for some Borel subgroup B of G.

2.5 Reductive and semisimple algebraic groups

Finally we are in a position to define reductive and semisimple algebraic groups.
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In the later part of this thesis, we will work with reductive algebraic groups over

finite fields, also known as the finite groups of Lie type.

Definition 2.5.1. The maximal closed connected solvable normal subgroup of a

linear algebraic group G is called the radical R(G) of G.

Note that the radical always exists since if H, H < G are two closed connected
solvable normal subgroups of G, then so is HH . It is clear from the results of the
previous section that R, (G) := R(G),, is the maximal closed connected unipotent
normal subgroup of G. The subgroup R, (G) is called the unipotent radical of G.
We have the relation, R,(G) < R(G) < G°.

Definition 2.5.2. Let G be a connected algebraic group. Then, G is called a
reductive group if R,(G) is trivial. The group G is called semisimple if R(G) is

trivial.

It is easy to see that for a connected algebraic group G, G/R(G) is semisimple
and G/R,(G) is reductive. We give some examples of reductive groups before

moving further. First we look at a trivial non-example.

Example 2.5.3. Let G be connected solvable linear algebraic group. Then,
R(G) = G and, R,(G) = G,. Thus, a solvable algebraic group is semisimple

if and only if it is trivial, and is reductive if and only if it is a torus.

Example 2.5.4. An abstract construction of a reductive group can be done as
follows: let G be a semisimple linear algebraic group and 7" be a torus. Then G xT'

is a linear algebraic group and R(G x T') = T, and hence G x T is reductive.

Example 2.5.5. Let G := GL(n, k). Then, clearly R(G) < T,,. But since T, is
conjugate to T, where T, denote the group of invertible lower triangular matrices,
we conclude that R(G) < T,, N T, = D,. Thus, R,(G) is trivial, and hence
G is reductive. In fact it is easy to determine R(G) explicitly here. We have
R(G)=Z(G) ={M\ | XA € k*} = G,,. We conclude, PGL(n, k) is semisimple.

Example 2.5.6. Consider G := SL(n,k). As above, one can show, R(G) <
Z(G) = {X | A = 1}. Since Z(Q) is finite, we conclude, R(G) = {1}. Hence G

is semisimple.
The radical R(G) can be described using the Borel subgroups as follows,

Proposition 2.5.7. Let G be a connected linear algebraic group. Then R(G) =
(Np B)°, where B runs over all Borel subgroups of G.
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The following proposition describes the radical of a connected reductive group and

generalizes the observations made in the above examples.

Proposition 2.5.8. Let G be connected reductive linear algebraic group. Then,
1. R(G) = Z(G)° is a torus.
2. R(G)N[G,G] is finite.
3. |G, G] is semisimple.

Example 2.5.9. Consider the symplectic group G := Sp(2n, k). It is easy to
show that the center Z(Sp(2n,k)) = {£I}. Thus, R(G) is trivial, and hence G is

semisimple.

Similar computations show that SO(2n, k) and SO(2n + 1, k) are also semisimple

algebraic groups. We end this section with the definition of simple algebraic group.

Proposition 2.5.10. Let G be a connected reductive group. Then,
(a) For a subtorus S < G, the centralizer Cq(S) is connected and reductive.
(b) If T is a mazimal torus of G, then Cq(T) =T.
Definition 2.5.11. A connected linear algebraic group is called simple if there is
no non-trivial connected closed normal subgroup.
Clearly any simple algebraic group is semisimple.

Example 2.5.12. The special linear group SL(n, k) is a simple algebraic group.
The group SL(2, k) x SL(2, k) is semisimple but not simple.

2.6 Classification of reductive algebraic groups

This section deals with the classification of reductive (or, semisimple) algebraic
groups over algebraically closed fields. The material in this section is not needed
further in the thesis, but we provide it for completeness. Therefore, our account of
the classification theorem will be made as brief as possible. We start by introducing

the concept of Lie algebra of a linear algebraic group.

2.6.1 Lie algebra of a linear algebraic group

Let A be a k-algebra. A k-linear map D : A — A is called a derivation if for all
f,g € A, wehave D(fg) = fD(g)+9gD(f). Let Dery(A) be the set of all derivation
of a k-algebra A. Then, Deri(A) is a Lie algebra over k.
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Let G be a linear algebraic group. For each = € G, define the map \, : k|G| —
k[G] defined by A\.(f)(g9) = f(z~1g) for all f € k[G] and g € G. This is a k-algebra

homomorphism on k[G].

Definition 2.6.1 (Lie algebra of an algebraic group). The Lie algebra of an alge-

braic group G is the subspace
Lie(G) :={D € Dery(k[G]) | DAz = A\zD for all x € G}
of left invariant derivation of k[G] is a Lie subalgebra of Der(k[G]).

Let X be an affine variety. Then, the tangent space of X at x € X is defined
by

T.(X) :={0: k[X] — k linear | §(fg) = fo(g) + d(f)g for f,g € k[X]}.

If G is a linear algebraic group then the tangent space of G at identity which is
T1(G) can be given a Lie algebra structure by the following map

© : Lie(G) — T1(G), O(D)(f) = D(f)(1),
which is a isomorphism of linear maps.

Definition 2.6.2 (Differential map). Let ¢ : X — Y be a morphism of affine
varieties. The differential d,(¢) of ¢ at x € X is the map d (¢) : To(X) —
Ty(z)(X) defined by d(d) := o ¢ for § € T, (X).

If  : G — H is a morphism of algebraic groups, then we write d¢ = di¢ :
T1(G) — T1(G). In fact, d¢ is a homomorphism of Lie algebras on Lie(G). We
also have that Lie(G) = Lie(G®) and, dim(G) = dim(G°) = dim(Lie(G)).
Example 2.6.3. Let G := GL(n,k). Then, Lie(G) = gl(n, k) which is the lie
algebra of all n x n matrices over k, with the bracket operation [A, B] := AB— BA
for all A, B € gl(n, k).

Example 2.6.4. Let G := SL(n,k). Then, Lie(G) = sl(n,k) which is the lie
subalgebra of gl(n, k) consisting of all n x n matrices over k with trace zero.
2.6.2 Adjoint representation of an algebraic group

Let G be an algebraic group. For x € G define the isomorphism Int, : G — G
by Int,(g) = xgx~!. The differential dInt, : Lie(G) — Lie(G) is a Lie algebra

automorphism. Let Ad z := dInt,. This defines a representation

Ad : G — GL(Lie(@)), r— Ad x
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which is called the adjoint representation of G.
The above representation is a homomorphism of algebraic groups. Furthermore,

the differential of the above adjoint map
ad = dAd : Lie(G) — gl(Lie(G))

is a Lie algebra homomorphism and (ad(X))(Y) =[X,Y] = XY -Y X for X,Y €
Lie(G). Finally, if G is a connected reductive group then Ker(Ad) = Z(G).

Example 2.6.5. Let G := GL(n, k). Then, Lie(G) = gl(n, k). Some calculations
will show that for g € G, Ad(g) : gl(n, k) — gl(n, k) is given by X + gXg~! for
all X € gl(n, k). Thus,

Ad : GL(n, k) — GL(gl(n, k)), g— Ad g: gl(n, k) — gl(n, k) given by,
Ad g(X) = gXg "

In fact the same holds for any closed subgroup of GL(n, k).

2.6.3 Root space decomposition of an algebraic group

We first start with the definition of a character of an algebraic group.

Definition 2.6.6. A character of a linear algebraic group G is a morphism of

algebraic groups x : G — G,,. The set of characters of g is denoted by X (G).

A character of G can be naturally considered as an element of k[G]. The set X (G)
is an abelian group with respect to the operation (x1 + x2)(9) = x1(9)x2(g) for all
X1, X2 € X(G)

Definition 2.6.7. A cocharacter of a linear algebraic group G is a morphism of

algebraic groups v : G, — G. The set of cocharacter of G is denoted by Y (G).

Clearly, Y (G) is also an abelian group with respect to the operation (v1 +v2)(g) =
v1(9)72(g) for all v1,v2 € X(G).

Example 2.6.8 (Characters and cocharacters of a torus). Let G = D,,, the torus
of dimension n. Consider x; : D,, — G, defined by x;(diag(t1,t2,...,tn)) = t;.
Clearly y; € X (D). In fact any x € X(G) can be decomposed as xi*...x% for
(ar,a2,...,a,) € Z™. Thus, X(G) = Z". Similarly, for a = (aj,as,...a,) € Z",
the map v, : G, — D,, defined by ~,(t) = diag(t®,t*2,...,t%) is a cocharacter.

Once again it can be shown that any cocharacter is of this form and hence, Y (G) =
7",
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We now describe the root space decomposition of an algebraic group G. Let G
be a linear algebraic group. Let T' < G be a maximal torus and assume dim(7") > 1,
which is guaranteed if G is reductive. Let g = Lie(G). Recall the adjoint repre-
sentation Ad : G — GL(g). The image of T under the adjoint representation
Ad(T) < GL(g) is a set of commuting semisimple elements, so can be simultane-

ously diagonalized. For x € X(T), let
gy ={veg| (Ad t)(v) = x(t)v for all t € T'}.

This is called the weight space in g corresponding to x. Then, g decomposes into

certain weight spaces as

g= P o

XEX(T)

The above decomposition is called the root space decomposition of G.

Definition 2.6.9. The set of non-zero characters x € X(7') such that g, # 0
occurring in the above decomposition is called the set of roots of G, denoted by
®(G) or simply P.

It is clear that the size of ® is finite as g is finite dimensional. By the above

definition we have,

g=2g0+ P g
XEDP
Let G be a connected reductive group, 7' < G a maximal torus of G, g := Lie(G)
and ¢ = ®(G). Then,

g = Lie(T) + @ Oy
xED
with dim(gy) = 1 for x € ®, and Lie(T") = go. Thus we get, dim(G) = dim(g) =
|®| + rk(G). For a detailed result on the structure theory of connected reduc-
tive group, see Theorem 8.17 in [MT11]. We now give an example of root space

decomposition.

Example 2.6.10. Let G := GL(n, k) with Lie algebra g = gl(n, k). Let T be the
diagonal maximal torus D,. Then Lie(D,,) is the set of all diagonal matrices over
k, which is a Lie subalgebra of g. Let E;; be the matrix whose (4, j) position is 1,

all other entries are 0. Now,

Ad(diag(tl, t2, e ,tn)) = titleij
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Thus, the character x;; : T — Gy, defined by x;;(diag(ti,t2,...,tn)) = tﬁ;l
corresponds to a non-zero weight space gy, = (Ej;) for 1 <i # j < n. Thus, we
get the root space decomposition
s=LieN)+ @ (B
1<iZj<n

Thus the set of roots ®(G) = {x;; | 1 < i # j < n}. We have, |®(G)| =n(n —1).
As observed earlier all the weight spaces are of dimension 1, and n? = dim(G) =
dim(Lie(T)) + |®(G)| = n +n(n — 1) = n?.

As a consequence of the structure theory of reductive groups we get the fol-

lowing important result,

Proposition 2.6.11. Let G be a connected reductive group. Then G = |G, G|R(G)
G,GZ(G)°.

Since, [G, G| is semisimple, the classification of reductive group boils down to the

classification of semisimple algebraic groups.

2.6.4 Classification of semisimple groups

We end this section by discussing the classification of semisimple groups. We
describe it very briefly. We have already seen from the root space decomposition
of a connected reductive group G with respect to a maximal torus T that, we get
a finite set of roots, ® C X (T) = X (corresponding to non-zero weight spaces).
Define F := X ®z R. The group X being a free abelian group, FE is therefore a
vector-space over R of the same dimension as the free rank of X. The group X can
be naturally identified as a subgroup of E. Thus, we have ® C X C E. The set
® along with the vector space FE fits into a certain combinatorial structure called

the root system.

Definition 2.6.12 (Root system). A subset ® of a finite dimensional Eucildean

space F is called a root system if the following properties are satisfied:
(R1) & is finite, 0 ¢ @, (®) = E,

(R2) if ¢ € R is such that a, ca € ®, then ¢ = £1.

(R3) for each o € ®, the reflection s, € GL(E) along « stabilizes ®.
(R4) for a, 8 € @, s,(B) — B is an integral multiple of «.

The group W := (s | @ € ®) < GL(E) is called the Weyl group of ®. The

dimension of F is called the rank of the root system.
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With this definition the following result holds.

Proposition 2.6.13. Let G be a connected reductive group and ® be the set of
roots (appearing in the root space decomposition). View ® as a subset of E :=
X ®z R. Then, ® is a root system in () < E. Moreover, if G is semisimple
(®) = FE.

Thus, to a semisimple group of rank n we have attached a combinatorial data
which is a root system of rank n.

There is a obvious notion of isomorphism of root systems and therefore one can
classify root system of a given rank. This classification is established by attaching
a graph with respect to a root system which is called the Dynkin diagram of the
root system. The graph has restrictive properties which allows one to classify these
graphs upto isomorphism. Since two root systems are isomorphic if and only if
they have the same Dynkin diagram, it follows that the classification of the Dynkin
diagram yields the classification of root systems. In fact, it is enough to classify

connected Dynkin diagrams because of the notion of indecomposable root system.

Definition 2.6.14. A root system ® of the Euclidean space E is called indecom-

posable if ® cannot be written as a union of mutually orthogonal subsets.

A root system is either indecomposable or can be written as a union of inde-
composable root systems (of smaller rank). The Dynkin diagram of a root system
is connected if and only if it is indecomposable. Thus, to classify root system
it is enough to classify indecomposable root system which in turn is achieved by
classifying connected Dynkin diagrams.

It turns out that the root system is not enough to distinguish between two
semisimple algebraic groups. For example - The group SL(2, k) and PGL(2, k) have
the same root system (see Example 9.9, [MT11]). Thus, the cocharacters comes
in to the picture, and it is possible to attach a combinatorial data to a reductive
algebraic group known as the root datum (see Definition 9.10 in [MT11]). This
structure has an underlying root system but have some more information which is
enough to distinguish between any semisimple algebraic group (for example SL(2)

and PGL(2)). This is the classification theorem of semisimple groups by Chevalley.

Theorem 2.6.15 (Classification theorem for semisimple groups). Two semisimple
algebraic groups are isomorphic if and only if they have isomorphic root datum.
For each root datum there exists a semisimple algebraic group that realizes it. The
group is simple if and only if the underlying root system of the root datum is

indecomposable.
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2.7 Regular elements in connected reductive group

We finish this chapter by introducing a class of elements in a connected reductive
group, known as the regular elements. These elements in some sense constitute
most of the group. Let G be a connected reductive group. For xz € G, the

centralizer Zg(x) is a closed subgroup of G.

Definition 2.7.1. An element x € G is called regular if dim(Zg(x)) is smallest

possible among all the dimensions of centralizers of elements of G.
The next proposition tells how small the dimension of a centralizer can be.
Proposition 2.7.2. Let G be connected, x € G. Then, dim(Zg(z)) > rk(G).

The following result is one of the most important result used in this thesis. A
finitary analogue of this will appear in Chapter 3, and will play a central role in

proving the results in Chapter 6.

Theorem 2.7.3. Let G be a connected reductive group and s be a semisimple
element and s € T, where T is a maximal torus of G. Then s is reqular if and
only if Z¢(s)° = T. Further, the set of all regular semisimple elements is dense

in G.
We obtain the following two corollaries,

Corollary 2.7.4. Let G be a connected reductive group. Then, x € G is regular
if and only if dim(Zq(z)) = rk(G).

Corollary 2.7.5. Let G be a connected reductive group. Then, every regular

semisimple element of G is contained in a unique maximal torus of G.

Proof. Let s € G be regular semisimple. Let S € T, T/, where T' and T are
maximal tori of G. Then, by Theorem 2.7.3, Z5(s)° =T = T', which yields the
result. O

The last corollary will also play a central role in Chapter 8. We also note that for
the classical groups defined in Examples 2.1.4 - 2.1.10, the regular elements can
be described completely in terms of linear algebra. We will see this for the group
GL(n, k) in Chapter 4.



Chapter 3
Finite Groups of Lie type

This is another basic chapter in the thesis where we briefly discuss the theory
(relevant to this thesis) of finite reductive groups or finite groups of Lie type. As
mentioned at the beginning of Chapter 2, we will see that the theory of the finite
reductive groups can be developed from the theory of linear algebraic groups over
algebraically closed fields by using the famous Lang-Steinberg theorem (see The-
orem 3.2.1). Let ¢ = p® be a prime-power, and k = I_Fq denote the algebraically
closed field in characteristic p throughout this chapter. Let G denote a linear alge-
braic group over k unless specified otherwise. Once again we follow the exposition
in Part 3 of [MT11].

3.1 Finite groups of Lie type - Definition and examples

Let V' C k™ be an affine variety over k defined by a set of polynomials T C
F,[T1,...,T,]. We say that V is defined over F,. The map F, : k — k defined
by t — t? is a field automorphism which fixes F, pointwise. This is called the
Frobenius automorphism of k. Since I C Fy[T1,...,T,], it is clear that we have a

well defined morphism,
F,: V=V, (U1, vn) = (V] 0d).

This is the induced map F, on V, induced from the Frobenius automorphism Fj on
k. We call this map the Frobenius morphism of V' with respect to the F,-structure
given by I. Define,

VI =V (F,) ={v eV | Fy(v) = v},

for the Fj-fixed points of V. It is clear that Fj is a bijective morphism, although

it is not an isomorphism of varieties. Note that V%4 is finite.
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Example 3.1.1. Let G := GL(n, k). The Frobenius morphism F, : G — G given
by (aij) — (agj), is actually a homomorphism of algebraic groups. Then, the set

of Fy-fixed points,
GL(n, k)f* = {(ai;) € GL(n, k) | (a};) = (aij)} = GL(n,q)
is the finite group of n x n invertible matrices with entries in the field F,,.

Let G < GL(n,k) be any Fj-stable closed subgroup. Then, the Frobenius
morphism F, : G — G is a homomorphism of algebraic groups. The set of Fj-
fixed points G« < GL(n,q) is a finite subgroup. These Frobenius maps can be

generalized so that a much larger class of groups can be covered.

Definition 3.1.2 (Steinberg endomorphism). An endomorphism F : G — G is
called a Steinberg endomorphism if for some m > 1 the power F'™ : G — G is the

Frobenius endomorphism with respect to some F4-structure of G.

Once again a Steinberg endomorphism is a morphism of varieties which is an

automorphism of the abstract group G. We look at another example.

Example 3.1.3 (General unitary group over finite fields). Let G := GL(n, k). We

define the endomorphism,
F:G— G, (aij) — t(agj)fl

Then, F? : G — G is given by (a;;) — (a?; ), which is the standard Frobenius map

F,

;2 with respect to F2. Thus we have,

GF < GF* = GL(n, ¢%).

The fixed point group GU(n,q) := G = {4 € GL(n,¢?) | (AY)A = id} is called
the general unitary group over F .. The finite group SU(n, q) = GU(n, ¢)NSL(n, q)
is called the special unitary group over Fp2. The above definition also shows that
GU(n,q) is the group of isometries of the non-degenerate sesquilinear form on a
vector space of dimension n over F 2. Note that the Steinberg endomorphism F

defined above is not a usual Frobenius endomorphism.

Definition 3.1.4. Let G be a connected reductive group over k = F ¢ for some
prime-power ¢, and F' be a Steinberg endomorphism of G. Then, the finite group
of fixed points G¥ is called a finite group of Lie type.

Example 3.1.5 (Symplectic group over finite fields). Let G := Sp(2n, k) as defined
in Example 2.1.7 of the previous chapter. Once again the fixed point set of the

usual Frobenius map defined by
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Fq G =G (aij) — (a?j)

gives, Sp(2n,q) = Sp(2n,k)fs = {A € GL(n,q) | 'AJo, A = Ja,}, where Jo, is as
defined in Chapter 2.

Example 3.1.6 (Split and non-split orthogonal groups in even dimension). Sup-
pose char(k) # 2. Let G := GO(2n, k) as defined in Example 2.1.9. It is clear that
G is stable under the usual Frobenius map F, : GL(n,¢) — GL(n,q). The fixed

point set under [y gives,
GO™1(2n,q) = GO(2n, k)fe = {A € GL(n,q) | 'AK2, A = Ko, }

This is called the general orthogonal group over Fy, of plus-type, or the split general
orthogonal group over F,.
Now, let

Then det(g) = —1. Thus g € GO(2n,k) \ SO(2n, k). The automorphism F' :=
gF : GO(2n,k) — GO(2n,k) is a Steinberg automorphism and thus, the fixed
point set GO™(2n, q) := GO(2n, k:)F/ is called the general orthogonal group (over
finite field) of minus-type, or non-split orthogonal group over finite fields.

These groups can also be obtained as the isometry group of non-degenerate
symmetric bilinear forms (or, equivalently quadratic forms when char(k) # 2) over
finite fields. There are two non-equivalent bilinear forms on a vector space of

dimension n over IFy, one represented by the matrix,

1

By
d
where d is a square in F, and another represented by the matrix,

1

By

d

where d is a non-square in F;. When the dimension is even, the isometry group
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with respect to each of these two bilinear forms are non-isomorphic, and thus yields
the two groups of plus-type (with respect to B;j) and minus-type (with respect to
By).

3.2 Lang-Steinberg theorem and its applications

We begin with a theorem which is a crucial tool for transferring the results of an al-

gebraic group G to the group of fixed points G¥' for some Steinberg endomorphism
F on G.

Theorem 3.2.1 (Lang-Steinberg). Let G be a connected linear algebraic group G
over IF‘q with Steinberg endomorphism F : G — G. The morphism

L:G— @G, g F(g9)g™t,

1s surjective.

Now we turn to some very important results relevant to this thesis. Let G be
a connected linear algebraic group with a Steinberg endomorphism F. Suppose
V be any non-empty set and G acts transitively on V. Let ' : V — V be a
map. Suppose that the action is F, F'-compatible, that is, F’ (gv) = F(g).F/(v)
for all g € G,v € V. Since the action is compatible with F, F’, the finite group
GF acts on VF = {v eV |F(v)=uv}) Indeed if v € VFI, then for g € G¥,
F'(g.v) = F(g).F (v) = g.v. Thus, it is also clear that VF is finite.

Suppose for some v € V, the stabilizer G, is closed. Since the action of G
on V is transitive, all stabilizers are then closed (being conjugates). Let us take
some v € VF / (assuming V¥ , is non-empty). Observe that F(G,) C G,. Indeed
if z € Gy, F(z)v = F(z).F (v) = F (z.v) = F'(v) = v. Thus, F(G°) C G°. This
gives a induced map F : G,,/G; — G/G5. In fact, this map is a isomorphism of

groups.

Definition 3.2.2. Let H be a (abstract) group and o be an automorphism of H.
We say hi, hy € H are o-conjugate if there exists 2 € H such that hy = o(x)hiz™!
The equivalence classes for this relation are called the o-conjugacy classes of H,

or o-twisted conjugacy classes of G.

Note that if o is the identity map in the above definition then o-conjugacy classes
are nothlng but the conjugacy classes of G. The next theorem guarantees that

VF is non-empty and describes the orbits of VF under the action of G¥'.

Theorem 3.2.3. Let G be a connected linear algebraic group over k = ]I_I'q, with

Steinberg endomorphism F. Let V be a non-empty set with a map F :V — V.
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Suppose that G acts transitively on V' such that the action is F, F' compatible, that
is, F'(g.v) = F(g).F (v) for every g € G,v € V. Then,

(a) F' has fized point on V', that is, vFE # 0.

(b) For any v € VE | there is a natural one-one correspondence:
{GF -orbits on VI } «— {F -conjugacy classes in G, /GS}.

The correspondence in the above theorem can be given as follows: Let v € V.
Let z € V. There exists ¢ € G such that x = g.v. With this, we map the orbit
of = to the F-conjugacy class of F(g)g~'G2. This correspondence will be needed

later for explicit computations.

Corollary 3.2.4. Let G be a connected reductive group and F' : G — G be a
Steinberg endomorphism. Then, there exists a pair T < B, consisting of a F-
stable mazximal torus T contained in an F'-stable Borel subgroup B of G. All such
pairs (T, B), with T < B are G -conjugate.

Definition 3.2.5. A maximal torus of G as in the above corollary is called maz-

imally split with respect to F'.

Example 3.2.6. Let G := GL(n,k). Let F, be the usual Frobenius endomor-
phism. Consider the pair (D, T},), where D,, < T,, is the diagonal torus contained
in the group of upper triangular matrices. Clearly, T,, and D, are F-stable Borel

subgroup and maximal tori respectively of G. We have Dg‘l =Fy x--xFy =
(Fy)m.

We see in the above example that any maximally split torus is the direct product
of n-copies of F. This need not be true in the case of an arbitrary Steinberg
endomorphism (see Example 21.14 in [MT11]).

3.3 F-stable Tori

We end this chapter with the discussion of F-stable tori of a linear algebraic group
G. Let G be a connected reductive group with Steinberg endomorphism F' and
V = {T < G| T is a maximal torus}. Define the map F' : V — V, T — F(T).
The group G acts on V' by conjugation and this action is transitive by virtue of
Corollary 2.4.12 in Chapter 2. The conjugation of G on V is clearly compatible
with the map F "on V. Let T be a maximal torus of G. Then the stabilizer of T

under the action of G is the normalizer Ng(T'), which is closed. The connected
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component, Ng(T')° = Cq(T)° = Cq(T) = T. Thus, by using Theorem 3.2.3, we

conclude that V¥ is non-empty, that is, there exists F-stable maximal tori and,

{ G¥ _classes of F -stable

) ) +— {F -conjugacy classes in W},
maximal tori of G

where W = Ng(T')/T is the Weyl group of G.

Example 3.3.1. Consider the group G := GL(n,k) and let F, be the usual
Frobenius endomorphism. Then G¥ = GL(n,q). Let T = D,, be a F,-stable
maximal torus of G. We have seen in Example 2.4.15 in Chapter 2, that Ng(T")
is the subgroup of monomial matrices in G. The group Ng(T)/T = {mT | m €
N¢(T)}, where m are given by the matrices which have exactly one non-zero entry
in each row and column, the non-zero entry being always 1. Thus, Fj induces the

identity automorphism on Ng(7T')/T = S,,. Thus, by the above discussion,

{ GL(n, q) -classes of F, -stable

<— {Conjugacy classes in Sy, }.
maximal tori of GL(n, k) } {Conjugacy J

The conjugacy classes in S,, are parametrized by partitions of n, and thus the
GL(n, q) classes of F,-stable maximal tori of GL(n, k) are parametrized by the
partitions of n. See Example 3.3.7 for more explicit description of maximal tori in
GL(n, q).

Recall that every semisimple element of a connected reductive group G is con-
tained in a maximal torus of GG, and a regular semisimple element is contained in a
unique such maximal torus (see Corollary 2.4.21, and Corollary 2.7.5 in Chapter 2).

In the same light, we have,

Proposition 3.3.2. Let G be a connected reductive group with Steinberg endo-
morphism F. Any semisimple element of GF' is contained in a F-stable mazimal
torus of G. Furthermore, any reqular semisimple element of G is contained in a

unique F-stable mazimal torus of G.

In the light of the above proposition, we define the following,

Definition 3.3.3. Let G be a connected reductive group with Steinberg endomor-
phism of F. We call a subgroup H < G a mazimal torus of G¥', if H = TF for

some F'-stable maximal torus T of G.

We end this section with the finitary analogue of the density of regular semisim-
ple elements in a connected reductive group G. For an elementary proof of this
result see [JKZ13].
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Proposition 3.3.4. Let G be a connected reductive group with Steinberg endo-
morphism F. Let GE denote the set of all regular semisimple elements in GF.
Then,

|GLe 1
=140 .
‘ F
In other words, lim —= = 1. The following example illustrates the above result.
gq—00 ’GF|

Example 3.3.5. Consider the finite reductive group GL(2,q) of invertible 2 x 2
matrices with entries in F,. We have, |GL(2,q)| = (¢*—q)(¢* 1) = ¢* - ¢*—¢*+¢.
Let GL(2, ¢)ys denote the set of regular semisimple elements in GL(2, ¢). We have

. |GL(2,
IGL(2, q)ss| = ¢* — 2¢° + ¢ (see Chapter 9). Thus, qlggo ||GL((2,qq);s]’ =

3.3.1 Non-degenerate maximal tori
We begin with a proposition.

Proposition 3.3.6. Let G be a linear algebraic group with a Steinberg endomor-
phism F : G — G, and H an F-stable closed connected normal subgroup of G.
Then, the natural map G¥/HY — (G/H)¥ is an isomorphism.

Let G and V be as defined in this section. Let T" be a F-stable maximal torus
of G. Recall that the GI' orbits of F-stable maximal tori are in one-one correspon-
dence with the F-conjugacy classes of the Weyl group W = W(T) = Ng(T)/T.
Due to the discussion at the end of Theorem 3.2.3, this one-one correspondence
can be explicitly given as follows: If T" is any F-stable maximal torus of G and
T' = g~ Tg for some g € G, then we map the GF-orbit of T to the F-conjugacy
class of F(g)g~'W. Let us now take w € W with w = F(g)g~'W for some g € G.
Call F(g9)g~! = ny. Let Ty, = g~ 'Tg. Thus we have, Ng(T) = g 'Ng(T)g.

Applying Proposition 3.3.6, with G equal to Ng(Ty,) and H equal to Ty, we

have
W(Tw)F = (NG(Tw)/Tw)F = NG’F (Tw)/Tf'
Now, for n € Ng(T),
F(g 'ngTy) = g 'ngTyy <= gF(9) " F(n)F(9)g~ " (9Twg™") = ngTwg™"

— n ' F(n)n,T = nT.

Taking nT = n in Ng(T')/T, we conclude that,
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Negr(Tyw)/TE 2 W(T,)! 2 Cyp(w) = {z € W | F(x)wz~! = w}.

w

Fort e T,
F(g7tg) = g7ty <= F(t) = ny'tn,.

Thus,
TF =TWl .= {t e T | F(t) = ng'tny}.

Example 3.3.7. Let G := GL(n, k) and F, be the usual Frobenius map. From
Example 3.2.6 and Example 3.3.1, T = D,, is maximally split and the GL(n, q)-
classes of F-stable tori are in one-one correspondence with partitions of n. Let
A n be a partition of n, that is, A = (A1, A, ..., A\p) with Ay > A >--- >\ >0
forall 1 <i¢ <r and, > A; =n. We claim that,

F o~ X X
Ty _IF‘qAl X xFqM

where T) is a F-stable maximal torus of G corresponding to the partition A - n
of n.

Consider the partition (n) F n. Let w, be the permutation matrix corresponding
to the n-cycle (1,2,...,n). Thus, w, is obtained from the identity matrix by

shifting the first row to second, second to third and so on, that is,

01 --- 0
Wy, =
0 1
0 0

By the discussion above, an F-stable maximal tori corresponding to the partition

(n) F n is isomophic to
D"l = {t e D, | F,(t) = wltw,}.

Let t € D,, with diagonal entries t1,ts,...,t,. Then w; ‘tw, has diagonal entries
to,t3,...,tn,t1. Thus, t € D%w"] if and only if

th =to,t3 =t3, ... t1 | =tn,td =11.

if and only if
" =ty and i =14 for1<i<n—1.

This yields,
Dl] = {diag(¢, ¢% ..., ¢" ) [ C € Fou} = Fy.

Thus, we see that for the partition (n) F n, our claim holds. The general result

can be proved using the same argument cycle-by-cycle.



3.3. F-stable Tori 43

In general, for a F-stable maximal tori of G we must have, Ngr(T) C
Ner(TE), but Ner(T) # Ner(TT). For example, it might happen when T' # {1},
but T = {1}. Taking ¢ = 2 in Example 3.2.6, we have T = (F5)" = {1}.

Based on the above observation, we now consider the action of G¥' on the set
of all T¥ where T is a F-stable maximal torus of G. We have already seen that
the orbits of collection of all F-stable maximal torus under the action of G¥" are
in one-one correspondence with F-conjugacy classes of the Weyl group W. The
same is true for the orbits of {T¥ | T is a F -stable maximal torus of G} under
the action of GG, provided ¢ is large enough. We follow the exposition in Chapter

3 of [Car85] from now onwards.

Definition 3.3.8. Let G be a connected reductive group with Steinberg endomor-
phism F. Let T be a F-stable maximal torus of G. The maximal torus T of GF

is called non-degenerate if T is the only maximal torus of G containing 7.

The fact that 7' is the only maximal torus of G containing T is equivalent to
saying T = Cg(T*)°. The following proposition sums up the properties enjoyed

by non-degenerate maximal tori.

Proposition 3.3.9. Let T1,T> < G be F'-stable mazimal tori of G and suppose
TE TY are non-degenerate. Then Ty, Ty are G -conjugate mazimal tori of G if and
only if TE', T are conjugate subgroups of G¥'. Thus, if all the mazimal tori of GF
are non-degenerate then there is a one-one correspondence between the conjugacy
classes of mazimal tori in G¥' and the F-conjugacy classes in W. Finally, for a

non-degenerate mazimal tori TY of GT', we must have Ngr (T) = Ngr (TT).

Corollary 3.3.10. Let T be a F-stable mazimal torus of G such that TT is non-
degenerate. Then, Ngr(TT)/TY = W(T)F.

Finally as indicated before, we have the following theorem.

Theorem 3.3.11. Let G be a connected reductive group with Steinberg endomor-
phism F. Then all the mazimal tori of GF' are non-degenerate if q is sufficiently

large.
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Chapter 4
Conjugacy Classes of GL(n, q)

This chapter deals with the conjugacy classes in the general linear group over finite
fields, denoted by GL(n,q). The conjugacy classes in GL(n,q) are determined by
the well-known theory of rational canonical forms. We discuss this theory briefly in
this chapter. We provide a combinatorial way of describing these classes which will
play a vital role in establishing the combinatorial background of this thesis. We
will also define conjugacy classes of certain special elements in the group, namely
semisimple, regular and regular semisimple conjugacy classes. These classes will

play a significant role in the problem to be discussed in the subsequent chapters.

4.1 Rational canonical form and conjugacy classes in
GL(n, q)

In this section, we will describe the rational canonical form of matrices, which
in turn determines the conjugacy classes in GL(n,q). This theory is well known
and can be found in any graduate algebra text (see, for example [DF04]). The
rational canonical form for a linear transformation can be described using the
structure theory of modules over a principal ideal domain (PID). Let M be a
finitely generated module over R, where R is a PID. The following theorem is
the fundamental theorem of finitely generated modules over PID (see Chapter
12, [DF04]).

Theorem 4.1.1 (Fundamental Theorem, Invariant Factor Form). Let R be PID
and let M be a finitely generated R-module. Then,

1. The module M 1is isomorphic to the direct sum of finitely many cyclic mod-

ules. More precisely,

45



46 4.1. Rational canonical form and conjugacy classes in GL(n, q)

M =R @®R/(a1)® R/(az) ®---® R/ (am)

for some integer r > 0 and, nonzero elements ai,as,...,an of R which are

not units in R and which satisfy the divisibility relations, ai|as|- - |am.
2. The module M is torsion free if and only if M 1is free.

3. In the decomposition in (1),
Tor(M) = R/(a1) ® R/(a2) @ --- @ R/(am).

In particular, M is a torsion module (that is, Tor(M) = M) if and only if

r =0 and in this case the annihilator of M is the ideal (an,).

The integer 7 > 0 in the above theorem is called the free rank or the Betti number
of M and the elements aj,as,...,a, € R (defined up to multiplication by units
in R) are called invariant factors of M. An alternate version of this theorem
which can be derived as a consequence of the prime decomposition of the elements

ai,as,...,am € R, is as follows:

Theorem 4.1.2 (Fundamental Theorem, Elementary Divisor Form). Let R be
a PID and let M be a finitely generated R-module. Then, M is the direct sum
of finitely many cyclic modules whose annihilators are either (0) or generated by

powers of primes in R, i.e,
M= R ®R/(pY)®R/(pS?) @ - ® R/(p5),

where r > 0 is an integer and, py*,ps?, ..., pit are positive powers of (not neces-

sarily distinct) primes in R.

The prime powers pj?,...,pi" (defined up to multiplication by units in R)
are called the elementary divisors of M. In the above theorem if M is torsion
(i.e., r = 0), and p1,p2,...,p € R be the distinct primes occurring in the above
decomposition, we can club together all the elementary divisors corresponding to

each such prime, which yields

where N; consists of all elements of M annihilated by some power of the prime
pi- The submodule N; of M is called the p;-primary component of M. The above

decomposition also identifies M up to isomorphism.
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Theorem 4.1.3 (Fundamental Theorem, Uniqueness). Let R be a PID.

1. Two finitely generated R-modules My and Ms are isomorphic if and only if

they have the same free rank and the same list of invariant factors.

2. Two finitely generated R-modules My and My are isomorphic if and only if

they have the same free rank and the same list of elementary divisors.

Now, with the fundamental theorem at our disposal, we can apply this to linear
transformations. Given a linear transformation T : V — V', where V is a vector

space of dimension n over F,, we can define a module Vr over the polynomial ring
n . n .

F,[x] where V7 = V and the scalar operation given by (E az-:cl) v=73 aT"(v)
i=0 i=0

where 7" = ToT o...oT. In short, the action is defined by saying “z acts on v
S ——
¢ times
as T acts on v”. We use the notation V7 instead of just V, in order to emphasize

that the action is given by T'. Since V' is finite dimensional vector space over F, it
is automatically a finitely generated IF4[z]-module. Moreover, it is torsion, since it
is finite dimensional. Since I, is a field, Fy[z] is a PID. Thus, by the fundamental

theorem (invariant factor form), we get

~ Folel o Fla] o Fyla]
T @) © Gl © T (@)
as Fy[z]-module, where ai(x),az(z),...,am(x) € F4[z] are non-constant monic

polynomials satisfying the divisibility criteria aj(x)|az(z)|---|am(z). By Theo-
rem 4.1.1(3), we see that the minimal polynomial of T is a,,(z), and the other
invariant factors divide this. With such a decomposition, we can now choose a
suitable basis for which the matrix of 7" is quite simple. Given the [F -vector space
Folol where a(z) = 2% +bp_128 71+, +b1(2) + by, the set {1,7,...,2"" !} (where

(a())’
z = xz(mod a(z)) is a basis for it. The linear transformation 7" acts on this basis

as multiplication by x thus giving,

l—zx

T T2

T T2
Ek72 — i.kfl

k _

Tp1=I°"=—-by—b1T—...— bk_li'k_l

Thus, the matrix of T with respect to this basis (on the subspace spanned by the
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basis elements) is given by,

0 0 —by
10 —by
01 —by
0 0

00 ... ... 1 —bp,

The above matrix is just made up of the coefficients of the polynomial a(z) (along
with 0’s and 1’s), and is called the companion matriz of the non-constant monic
polynomial a(x). It is easy to see that the characteristic polynomial of Cou(x) is the

polynomial a(z) itself. We apply the above process for each of the cyclic modules
Fy[x]
a;(z)’

be represented by a block diagonal matrix with the companion matrices Cy,(;) in

i

and since Vp = V is the direct sum of such modules, we conclude that T can
the block diagonals, i.e,

ai1(z)

az(x)

Carn (J?)

This matrix of T is called the rational canonical form of 7. Observe that the
characteristic polynomial of T"is aj(x)ag(x) ... an(z), which is the product of all

the invariant factors.

Definition 4.1.4. A matrix is said to be in rational canonical form if it is a
block diagonal matrix with companion matrices for non-constant monic polyno-

mials a1 (), az(x),...,an(x) with a1(z)]az(x)|. .. |am(x), as the blocks.

It is easy to observe that if two linear transformations 7" and S are conjugate
then the Fy[z]-module V7 is isomorphic to the Fy[z]-module Vg, thus by Theo-
rem 4.1.3, they have the same set of invariant factors and hence the same rational
canonical form. Thus, we conclude that rational canonical form determines the

similarity classes of matrices over F,.

Theorem 4.1.5 (Rational Canonical Form). Let A be a n x n matriz over [Fy.
Then, the matriz A is similar to a matriz in rational canonical form (in the sense
of Definition 4.1.4). In other words, there exists an invertible matriz P such that

PAP~ is in rational canonical form.
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We have discussed the similarity classes with respect to the invariant factor
form. The same thing as above can be applied to the elementary divisor form as
well. Let T be a linear transformation on V. Then by Theorem 4.1.2,

Fylz] Fy[z] Fy[z]

T=VE R C G T G

as [Fg[z]-module, where f;’s (not necessarily distinct) are monic non-constant

irreducible polynomials over F,. Once again it is possible to choose a basis
(similar to above) such that the matrix of T takes a nice block diagonal form
diag(R1, Ro, ..., R;) where for a fixed 1 < i <, R; is the block diagonal matrix
diag(Jf“)\i1 T fi iy - .) where A;;, A\, ... are the various powers occurring in the
elementary divisor form corresponding to f;. The matrix Jy, », is a block matrix
of size \;, with each block size deg(f;) (here, deg(f) denotes the degree of the

polynomial f) given as follows

C(fi) I 0 0
C(fs) 1 0 0
in:)\iT:
.. '.. 0
C(fi) 1
C(fi)

where I denotes the identity matrix. Thus, the matrix Jy, ), is a matrix of size
deg(fi)Ai,. Observe that the matrix Jy, 5, has a similar form to a Jordan block
(defined over an algebraically closed field). Thus, the above form is an analogue
of Jordan canonical form (which exists over algebraically closed fields) where the
companion matrices replace the eigen values of transformation. The above matrix
is once again a representative of a similarity class of matrices, which is uniquely
determined by its elementary divisors. It is this description of the similarity classes
using the elementary divisors, which allows us to attach a combinatorial data to a

conjugacy class in GL(n, q) (See [Gre55]).

4.1.1 A combinatorial parametrization of the conjugacy classes in
GL(n, q)

In order to describe the combinatorial parametrization of a conjugacy class, we
need to set a notation. Let ® denote the set of all non-constant, monic, irre-
ducible polynomials f(z) (sometimes we simply write f) with coefficients in F,.
Let ® = &\ {z}. We will use this notation freely from now onwards without further
mention. A conjugacy class of GL(n, q) is determined by an associated combina-
torial data as follows. Let A be the set of all partitions A = (A1, Ag, ..., \) where
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A1 > A2 > ... > A > 0 are integers. The set A consists of A which are all possible
partitions of all non-negative integers |A| where |A| is defined to be the sum of
its parts. This includes the empty partition of 0. To each f € ®, we associate
a partition Ay = (Af1,Ar2,...) of some non-negative integer |Af|. A conjugacy
class of GL(n,q) is in one-one correspondence with a function ® — A satisfying

Z |Af|deg(f) = n. The summation constraint implies that the function takes the

fed
value empty partition on all but finitely many polynomials in ®. This one-one

correspondence is clear since a conjugacy class is determined by the elementary
divisor form, and the associated data reveals the fact that the elementary divisors
of a matrix in such a conjugacy class is given by the finite number of polynomials
f1, f2, ..., fi which takes a non-empty partition as its functional value, and cor-
responding to each such polynomial f;, the partition A, = (Af, 1,Af, 2,...) just
denotes the complete set of powers of f; (taking all Ay, ; # 0) that occur as el-
ementary divisors. In other words, a representative of such a class is the block
diagonal matrix diag(R1, Ra,. .., R;) where for a fixed 1 < ¢ <[, R; is the block

diagonal matrix diag(Jy, x,. ,,Jr,, .) where Jy, 5. . is defined as in Page 34.

Afgre
Thus, the conjugacy class of an elgment a € GL(n,q) corresponds to the associ-
ated combinatorial data A, which consists of distinct polynomials fi,..., f; and
associated non-zero partitions Ay, = (i, Ay, ...) for all ¢. In this notation, we
keep only those f; on which the function on f; takes value non-empty partition
As;. This combinatorial data will prove to be crucial in defining the notion of cycle

index of GL(n, ¢) in the next chapter.

To end this section, we discuss briefly about the centralizer of an element
a € GL(n, q), which is the set of all elements in GL(n,¢) which commute with .
Since the centralizer subgroups of two elements in the same conjugacy class are
also conjugate, the size of the centralizer of an element « is only dependent on
the associated combinatorial data A,. For our purpose, we will need to know the
size of the centralizer of an element. The size of the centralizer of an element in
GL(n, q) is well known (see for example Page 181, [Mac95]). We write the formula
and give a brief idea about how it can be obtained. We define a notation that will
be required to write the formula. Let A = (A1, A2, ..., Ax) F n be a partition of n.
The Young diagram corresponding to this partition is an arrangement of square
boxes where the first row has A1 number of boxes, the second row has Ay number

of boxes, and so on.

Example 4.1.6. Young diagram corresponding to the partition (4,2,1) F 7 is,
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[

The transpose of a partition A = n of n is the partition of n obtained by

transposing the rows and columns of the Young diagram of A. It is denoted by \'.

Example 4.1.7. A = (4,2,1) = 7, then ) is the partition of 7 whose young

diagram is

Thus, A = (3,2,1,1) F 7.

Let Z(«) denote the centralizer of an element o € GL(n, q). The Fy[z] module

V, via « has the decomposition
Vao=N1®NoD...D N

where,
Fy[z] Fg[z] Fyl]

= fi(x)Ail fi(l‘))‘iQ ®...P fi(x))‘ir

is the fi-primary component of V.. Here, Ay, = (X, Aiy, .-, i) B [Ag ] Tt is

7

clear that an element g € Z() is just an automorphism of the Fy[z]-module Vj,
since g(z.v) = g(a(v)) = a(g(v)) = z.g(v) for all v € V. We conclude that
the elements that commute with « are automorphism of the Fy[x]-module V.
Therefore, to count the number of elements in Z(a)) we need to count the number

of the automorphism of the module V,. Now,

Aut(Vy) = Aut(Ny) x Aut(Ng) X ... x Aut(V).

Since, N; is a finite Fy[z]-module (annihilated by some power of f;), it can be
proved (see Page 181, 1.6, [Mac95]) that,

deg(fi) > (N;,)? 1
Aut(N)[ =g T ()
}_[ qd g(fz) mt(/\fl-)

where (%) =1-YH1-%)---(1- q%) Thus, we get,
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LT des(£) ()2 1
zl=I|s 7" O(zmm) |- (41)
i t>1 V4 mi(Ag,;)

4.2 Regular, Semisimple, and Regular Semisimple

classes

Regular, semisimple, and regular semisimple elements were defined in Chapter 1,
for any linear algebraic group. In GL(n,q), these elements have simple linear
algebra characterizations, involving the elementary divisors. A semisimple element
in GL(n,q) is an element which is diagonalizable over Fq. In terms of modules,
if & € GL(n,q) is semisimple, it means that for each f-primary component N of
the [Fy[z]-module V,,, where f is a non-constant monic irreducible polynomial, the
highest power of f that annihilates the submodule N is f itself. Thus,

_ Fy[z] Fy[] Fylz] Fy[] Fy[] Fy[z]
= @ T T @) TR T T @) T @) T @)
where fi, fa2,..., fi(xz) are monic non-constant irreducible polynomials over F.

The collection of all semisimple elements is a union of conjugacy classes. Thus a
semisimple class is a conjugacy class consisting of semisimple elements. A regular
element in GL(n,q) is an element whose minimal polynomial is the same as the
characteristic polynomial. Once again, in terms of modules, if « € GL(n,q) is
regular, then it is clear that each f-primary component IV in the elementary divisor
form of the Fy[z]-module Vj, is isomorphic to % for some o > 0. Thus, each f-
primary component is a cyclic module. This is why regular matrices are referred to
as cyclic matrices in the literature. It is once again clear that the set of all regular
elements is a union of conjugacy classes. Thus, a conjugacy class consisting of

regular elements is called a regular conjugacy class.

Finally, a regular semisimple matrix in GL(n, ¢) is the one that is both regular
and semisimple. Thus, if & € GL(n, q) is regular semisimple, then each f-primary
component N in the elementary divisor form of the Fy[x]-module V,, is isomorphic

to (I;q(?)]). Since the characteristic polynomial of the matrix « is the product of all

the elementary divisors, we see that it can be written as fifa--- fr, where f; are
non-constant monic irreducible polynomials. This means that the characteristic
polynomial of « is separable, that is, no irreducible factor occurs more than once.
Thus, these matrices are sometimes referred to as separable matrices. A conjugacy
class consisting only of regular semisimple elements is called a reqular semisimple

conjugacy class. We will see that the three types of matrices defined above will
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play a key role in the subsequent chapters.
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Chapter 5

Cycle index of GL(n, q)

This chapter deals with one of the most important tools in this thesis, known
as, generating functions. In the subject of enumerative combinatorics, generating
functions play a vital role, in varied counting problems. In this chapter, we briefly
introduce the notion of generating functions and give examples of various gener-
ating functions that occur in the context of counting the number of conjugacy
classes in GL(n, ¢). Finally, we introduce the very important notion of cycle index
for GL(n,q) (see equation 1.2, chapter 1 for cycle index of S,), and give some
important applications relevant to our work. All of these are quite well known in

literature.

5.1 Generating function

Let (an)n>0 be a sequence of real numbers.

Definition 5.1.1 (Generating function). The ordinary generating function of the
[e.°]
sequence (an)n>0 is defined as the formal power series Y a,x".
n=0
Therefore, the ordinary generating function corresponding to the sequence
(an)n>0 is an element of the ring of formal power series with coefficients in R,
denoted by R[[z]]. From now onwards, we will write generating function in place

of ordinary generating function. We give several examples of generating functions.

Example 5.1.2 (Addition and multiplication of two generating functions). Let
o0 o0
> apz™ and Y byz™ be the generating function for the sequence (ay) and (by,)

n=0 n=0
respctively. Then, the sum of these two generating function, defined similar to

55
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sum of two polynomials, is

o0 o0 o0
Z anx’ + Z bz = Z(an + by,)z"
n=0 n=0 n=0

gives the generating function for the sequence (a,, + b,,). Similarly, the product of

these two generating functions, is given by the Cauchy product which is,
[o¢] (e.) (o)
(Z anm"> X (Z bnx”> = Z cpa”
n=0 n=0 n=0

n
where, ¢, = > agb,_g. Thus, the product of the generating function for the
k_

sequence (ay,) and (by,) yields the generating function of the sequence (¢, ), given

by the Cauchy product.

Example 5.1.3. Consider the sequence (ay,)n,>0 with a,, = 1 for every n > 0. The

generating function for this sequence is

1

l+z+a®+a2°+.. = .
1—2

We say, ﬁ is a closed form for the generating function of the sequence (a,) =
(1,1,1,1,...). Note here, that the above equality is just equality in the ring of
formal power series. We don’t take into account the analytic notions of a power
series, like the radius of convergence and so on.
Example 5.1.4. Consider the sequence (a,), where a, = % The generating
function for this sequence is given by,

2,3

1 z =
+x+§+§+-~—exp(x).

Example 5.1.5 (Fibonacci Numbers). The Fibonacci sequence is quite well known
in mathematics and has a variety of applications. The first few terms of the
sequence are given by (0,1,1,2,3,5,8,13,...). This can be defined recursively.

Let (ay) be the sequence of Fibonacci numbers. Then, the sequence is defined as,

0 ifn=0
an =41 ifn=1.

p—2+ap—1 ifn>2

We intend to find a closed form for the generating function of the Fibonacci se-
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quence. The generating function for (a,) is,
s(x) = + 22 + 223 + 32 + 52° + 825 + 1327 + - -

Due to the recursive relation above, we get,

o [o@)
s(z)=x+ Z anx” =z + Z(an,g + ap—1)x"

n—=2 n=2

2 x
— s(x) =z +zs(zx) +x7s(x) = sz —_—
(x) () +2%5(2) = s(a) = .
Therefore, we can say that the n** Fibonacci number can be read off from the
coefficient of 2" in the formal power series expansion of ;—"—.

We now turn to a more important example. The next example gives the gen-

erating function for the number of partitions of n.

Example 5.1.6 (Partitions of natural numbers). Let p(n) be the number of
partitions of nm. For simplicity, we take, p(O) 1. Simple computations show,
p(1) = 1,p(2) = 2,p(3) = 3,p(4) = 5,p(5) = 7,p(6) = 11,p(7) = 15 and so on.
Thus,

(o.9]
1+Zp(n)x":1—|—x+2x2+3x3+5x4+7x5+11:1:6—1—-'-

Although, a closed form for the above generating function similar to the one for Fi-
bonacci numbers can’t be given, still one can write the above generating functions
in the form of an infinite product. We will later see that this kind of represen-
tation of generating function can be suitable in specific situations. The following

proposition is well-known. We give a proof for completeness.

Proposition 5.1.7.

o0 o0 1
1—|—Zp(n):cn:H -
L1 —2a
n=1 =1

Proof. Given a partition A - n, we have already seen that in frequency (or, power)

notation, A = (11, 2™2 ...} where m; denotes the number of times i occur in .

Consider the following infinite product,

(l+z+224+-- A+ 42+ A +23+20+ ) A+t +2¥+-) -

By interpreting 2% = (2%) in the product (1+ z*+ 2% +--.), as corresponding to

the partition (i,1,...,7) of it, it is easy to see that p(n) is given by the coefficient
ARG

t times
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of " in the above infinite product. Since,

1

1 i 26 4 . _ -
+a +a7 + 1

we get the desired result. O

Generating functions in enumerative combinatorics, as mentioned before, can
be useful in counting different mathematical quantities. This can range from get-
ting closed formulas in some cases, to getting recursive formula in others, and
many other properties. It is very intriguing that to date there is no closed formula
for p(n), although several properties of p(n) can be derived from the generating
function in Proposition 5.1.7. We end this section, with two well-known results on
p(n), which can be proved solely by using generating functions. These two results
will highlight the importance of generating functions in enumeration. We start

with a lemma which is well known. We state it without proof.

Lemma 5.1.8 (Euler’s Pentagonal number theorem).

ﬁ(l _ I'Z) — 1 + i(_l)k(xk(3k+l)/2 + xk(?}k*l)/Q).
i=1 k=1

The numbers g, = %k(?)k: —1) for k = £1,+2, ..., are called Pentagonal numbers.
The following recursive formula for p(n), is a direct consequence of its generating
function in Proposition 5.1.7 and Lemma 5.1.8. For convenience let us assume
p(n) =0 for n < 0, and p(0) = 1.

Proposition 5.1.9. Forn > 2,

p(n) = (=) p(n— gp),

kEZ

where g are the Pentagonal numbers.

Now, the proof follows from Proposition 5.1.7 and Lemma 5.1.8. O

Proof. Observe that,

Example 5.1.10. From the above proposition, p(8) = p(7) 4+ p(6) —p(3) —p(1) =
15+11-3—-1=22.
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We end this section with another well-known identity of partitions, again due
to Euler. Suppose A - n, be a partition of n. We say A is an odd partition of n,
if each part in A is odd. In other words, m;(A) = 0 when 7 is even. We say A is
distinct partition of n, if each part is distinct. In other words, m;(\) is atmost 1
for all 7+ > 1.

Proposition 5.1.11. The number of odd partitions of n is equal to the number of

distinct partitions of n.

Proof. Let d(n) denote the number of distinct partitions of n, and o(n) denote
the number of odd partitions of n. From the proof of Proposition 5.1.7, it can be
easily seen, that, d(n) is the coefficient of ™, in the product (1 + z)(1 + z2)(1 +
23)--- (14 2% ---. Thus, we have

(e.¢] [ee) .
1+ Z d(n)z" = H(l + z').
n=1 =1
On the other hand, it is clear that o(n) is the coefficient of " in the infinite

product,

(1+x+x2+...)(1+$3+x6+...)(1+x5+$10+...)...(1+x2i_1+x2(2i_1)+...)

| rrl-—a* 57 :

— — i 7

'”_Hl_x%fl =11 1— o = [T+,
=1 i=1 i=1

o0 ,
The penultimate equality is obtained by multiplying [] (1 — 2?%), to both the
i=1

numerator and denominator. Thus, we have

1+ Z o(n)u™ = H(l + z%).
n=1 i=1

Since, the generating function for d(n) and o(n) are same, we conclude that d(n) =

o(n), thus completing the proof. O

5.2 Generating functions for the number of conjugacy

classes in GL(n, q)

In this section we will obtain the generating function for the number of conju-
gacy classes in GL(n,q), as well as, for some other related quantities, relevant
for our purpose. These generating functions are quite well known (see [Mac81],

[FG13]). Let ¢(n) denote the number of conjugacy classes in GL(n,q). Let
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c(n)rg, ¢(n)rs, ¢(n)ss denote the number of regular, regular semisimple, semsim-
ple conjugacy classes in GL(n,q) (see chapter 4 for the definitions). Recall that
® = &\ {z}, where ® denotes the set of all monic irreducible polynomials over F,.
Let N (¢, d) denote the number of polynomials of degree d in ®. In other words,
N(q, d) is the number of monic irreducible polynomials of degree d. Let N(q,d) de-
note the number of polynomials of degree d in ®. It is easy to see that N (¢,d) and

N(q,d) are related as, N(¢,d) = N(q,d) — 1, when d = 1, and N(¢,d) = N(q,d)

otherwise. The formula for N (g, d) is well-known, which we state without proof.

N(gd) =53 pr)a* (51)
r|d

where p is the well known Mo6bius function defined on the set of natural numbers

as follows:

1 when r =1,
(—=1)!  when r is square free, and r = p1ps ...y,
where p; are primes for all 1 < i <t,

0 when r has square factor.

An elementary conceptual proof of Equation 5.1 can be found in [CM11]. Thus,
we have

N(g.d) = 53 p(r)(a* ~ 1) (5:2)
r|d

since, Y u(r) is equal to 1 when r = 1 and 0 otherwise.
r|d
We must also mention here that N(g, d) is also the number of Lyndon words in ¢

alphabets of length d. Thus N(q,d) arises in combinatorics even when ¢ is not a
prime (see [Lot02] for more about Lyndon words).

We begin with an identity (see [Ful99]) that will play a very important role
later.

- -
Lemma 5.2.1. [ (1 —ud)~N@d) = ﬁ
d=1

Proof. Consider the infinite product
H (1 —ydeeN—1 = H (14 ydesl 4 q2deef 4 ..,
fed fed

Due to the unique factorization of polynomials over [y, the coefficient of u™ in the

above product is clearly the number of monic polynomials of degree n. The number
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of monic polynomials of degree n over I, is ¢", which in fact is the coefficient of

u” in % Thus, we get
—qu

1
1—qu

[T - uish)t

fed

Clubbing together all the degree d polynomials in ® in the product on the left

hand side of the above equality, proves the lemma. ]

5.2.1 Number of regular, regular semisimple, and semisimple
classes

In Chapter 4, we have seen that the regular elements in GL(n,q) are in one-
one correspondence with monic polynomials of degree n with non-zero constant
term. The number of such polynomials is ¢"~!(¢ — 1) = ¢" — ¢"~!. Similarly,
the semisimple elements in GL(n,q) are in one-one correspondence with monic
polynomials of degree n with non-zero constant terms. Thus, we have
c(n)rg = c(n)ss =" — ¢" .

The following proposition gives the generating function (with closed form) for

c(n)rg and c(n)ss

Proposition 5.2.2.

1+ Z c(n)gu” =1+ Z c(n)ss H (1—uhyNed = ——
n=1 n=1 d=1

1—qu

1 I which is also the number of regular

(and, semlslmple) classes in GL(n, q). The final equality holds by Lemma 5.2.1. [

In chapter 4, we have seen that the regular semisimple classes in GL(n,q)
are in one-one correspondence with separable polynomials of degree n, that is,
polynomials of degree n, which are square-free. The following proposition gives

the generating function for ¢(n),s (see [FG13]).

Proposition 5.2.3.

1+ic(n ﬁ1+u N(a.d) — L—gu’
oot (14+u)(1 —qu)
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Proof. As a consequence of unique factorization, the coefficient of ™ in the product

TL (1 + )

fed

is equal to the number of monic separable polynomials of degree n. This is because
allowing only u®8/ ensures that f can occur at most once in any unique factor-
ization. Clubbing together the degree d polynomials in ® in the above product,

we get the first equality. The second equality follows form Lemma 5.1 since,

00 lo_o[ (1 - ud)—N(q,d)

T[ (1 + uf)Naa — 4=t |

n=1 H (1 _ u2d)fN(q,d)
d—

O]

From the above generating function, it is easy to get a closed formula for c¢(n).

(see [FG13, Theorem 2.2]). We just mention this formula without proof.

qn+1 _ qn + (_1)n+1(q _ 1)
qg+1 '

C(n)rs =

See [FJKO98] for alternative proofs of these results and [FG13, FJK98] for results

on other finite classical groups.

5.2.2 Number of conjugacy classes in GL(n, q)

Recall that c¢(n) denote the number of conjugacy classes in GL(n,q). The gener-
ating function for ¢(n) is well-known and can be found in [Mac81,?]. We briefly
outline the idea of obtaining this generating function (see [Mac81] for more de-
tails). In Chapter 4, given a matrix o € GL(n, q), we associated a combinatorial
data A, which consists of some finitely many monic irreducible polynomials (ex-
cept the polynomial =) f1, f2,..., fr and partitions Ay, = |Ag,| for all 1 < i < E,
such that }_ |Af,|deg fi = n. We now provide a modified version of this data which
will help u; in obtaining the required generating function. Define polynomials u;

as follows:

w =LA

Observe that u; is a monic polynomial with a non-zero constant term, and satisfies,

> jdeg(u;) = n. It is clear from the above discussion that we obtain only finitely
J

many non-constant monic polynomials w;. Thus, to any elements o € GL(n, q),
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we have attached certain finite number of non-constant monic polynomials, say

w1, ug, ..., u satisfying the relation ) jdeg(u;) = n. This data determines a up
J

to conjugacy. Thus we now have a modified combinatorial data corresponding to

each conjugacy class of GL(n, q).

Suppose v = n be a partition of n, where v = (1,22 ...). A conjugacy class
C of GL(n, q) is called a type-v conjugacy class if deg(u;) = n; for all j > 1, where
u; are the polynomials that occur in the combinatorial data of C. Therefore, we
have grouped the conjugacy classes by a certain rule, which corresponds to a par-
tition of n. For example - consider the partition v = (1™) F n. Then a conjugacy
class will be of type-v if there is only one polynomial u; of degree n. By definition
of u;’s, it is clear that such a conjugacy is a semisimple conjugacy class. Con-
versely a semisimple conjugacy class will be of type-v, where v = (1) - n. Thus,
corresponding to the partition (1") - n we have grouped all semisimple conjugacy

classes.

Given a partition v = (1™,2"2 ...} let ¢, denote the number of type-v conju-
gacy classes. To count the number of such classes, for each j > 1 such that n; > 0,

we have to count the number of ways we can choose non-constant monic polyno-

mials u; with non-zero constant term of degree n;, which is equal to ¢"7 — guL.

Thus,

cv =TI (¢" =" ").
n; >0

Therefore, the number of conjugacy classes ¢(n) is given by,

cn)=>Y =Y, II @ =a ). (5.3)

vkn vkn n; >0
]/:(1”1 721’1,2 [ >

We now have all we need to write the generating function for ¢(n).

o0
Lemma 5.2.4. Let f(u) =14 Y apu™. Suppose v = (1™ ,2"2 ...} is a partition
n=1

of n. Define b,, = Z H ap,; |. Then,

vkn \n;>0

1+ i bpu" = lo_o[ fub).
n=1 t=1

Proof. The Lemma follows simply by computing the coefficients of «™ on both
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sides. O

00 © i
Proposition 5.2.5. 1+ Y c¢(n)u" = [] 11__;;1'
n=1 i=1

1

Proof. The proof follows by putting a,, = ¢" —¢" ™" in the above Lemma and using

Equation 5.3. O

Some elementary properties can be derived from the above generating function of

c(n). We collect some of these, whose proof can be found in [Mac81].

Proposition 5.2.6. The number c(n) has the following properties:

1. ¢(n) is a monic polynomial in q of degree n. Moreover, c,(q) = ¢" — (¢* +
T )+ wherea = [F(n—1)],b=[3n].

2. The constant term in c(n) is (—1)¥, whenever n = 3k(3k + 1), for some

k € Z. Otherwise, the constant term is 0.

3. ¢q—1]c¢(n).

5.3 Cycle index of GL(n,q) and its applications

Polya (see [PR87]) introduced the notion of cycle index in the symmetric group Sy,
to study conjugacy class functions, that is, properties which are invariant under
conjugation. Let m € Sy, and for ¢ > 1, m;(m) denote the number of i-cycles in 7.
It is clear that 3_im;(m) = n. Thus, m;(r) = 0 for i > n. It is well known that
two permutationls m, T € S, are conjugate in S, if and only if m;(7) = m;(7) for
all 4 > 1. It can be seen that <1ml(”)7 gma(7) .. -} = n. Therefore, partitions of n

determine the conjugacy classes in S,,. Define,

1
Zn = Znltrita,. o ty) = — > (T g,
) WESn

The above polynomial in the variables ¢1, to, . . ., t, is called the cycle index of S,,, or
the cycle polynomial of S,,. The coefficient of a monomial of the form ¢'¢5? ... ¢S
is equal to the number of elements in the conjugacy class parametrized by the
partition (1,2 ...) F n divided by n!, which is further equal to one divided by
the centralizer of an element in such a class. Since the size of the centralizer is

given by []i%¢;!, we get
i

Proposition 5.3.1. 1+ E Zpu" = Hexp (u)
i

n=1 i>1
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The above generating function is called the cycle index generating function of
Syn. This generating function enabled the study of several properties of random
permutations which were only dependent on the cycle structure of permutations
(for context see Chapter 1 and references therein).

The Cycle index of GL(n,q) was developed along the same lines as done by
Pélya for S, by J. Kung in [Kun81]. R. Stong in [Sto88] studied properties of
linear transformations acting on sets, for example, the proportions of semisimple
elements in GL(n,q), using the cycle index. Later, J. Fulman provided a neater
version of the cycle index (see [Ful99]) and, used it to write the generating functions
for the proportions of regular, regular semisimple, and semisimple matrices in
GL(n,q), and studied the asymptotic behaviour of these proportions (see also
[Wal99]). He further developed the cycle index of some other classical groups like
Sp(2n, q), GU(n, q), and others, using the description of conjugacy classes in these
groups obtained by G.E.Wall in [Wal80, Wal63].

Given a € GL(n, q), we have attached a combinatorial data A, which consists
of all monic irreducible polynomials over F, and associated to each such polynomial
[ € @, is a partition Af F |Af|, where |Af| > 0, and satisfies fZ@\)\ﬂdeg(f) =n.

€

We have already seen that such a data determines a uniquely up to conjugacy in
GL(n,q). Let xy) be a variable associated to a pair (f,\) where f is a monic

irreducible polynomial and X\ a partition. The cycle index is defined to be
1

ZaL(ng) = IGL(n, q)| aegn,q) 2 LiAp(e):
[Af(@)[>0
The significance of this expression is that the coefficient of a monomial represents
the probability that an element « of GL(n, ¢) belongs to its conjugacy class, which
is, one over the order of its centralizer (or that of any representative of its conjugacy
class). We have already seen that the size of the centralizer of an element « in

GL(n, q) (which depends only on its combinatorial data A,), is given by

11 deg(f). 3,(N;.)? 11 ( 1 )
q o .
( =1\ )

JSTAWS

where the notation (%) denotes (1 — 2)(1 — q%) (1= %) The following

7
proposition gives the cycle index generating function in a neat form (see Section
2.1, [Ful02]), which will be useful for our purpose. This is the analogous version

of Proposition 5.3.1, which gives the cycle index generating function for S,,.



66 5.3. Cycle index of GL(n, q) and its applications

Proposition 5.3.2.

00 j.deg(f)
1+ Zarmgu" = [T | 1+D2D wsa D S0 0
n— 3 . eg
1 fed >1 \j H (qdeg(f))
t>1 me(A)

We will now apply the cycle index to obtain generating functions for the pro-
portions of regular, regular semisimple, and semisimple matrices in GL(n, q) (see
once again [Ful99], and [Ful02]). Let a € GL(n, q) be regular. We have seen that
this means the combinatorial data A, of « consists of polynomials fi, fo,..., f,
with associated partition Ay, = (|Af,]) F |Af,| > 0, for each 1 < i < k. Therefore,
to obtain the generating function for %, which is the probability that a

randomly chosen matrix in GL(n, ¢) is regular, we must replace x ¢\ by,

1 ;when A= (j)Fj
TIx =

0 ;otherwise

for each f € ®,5 > 1 and A\ F 7, in the cycle index generating function in Propo-
sition 5.3.2. Grouping together all polynomials of degree d in ®, we have the
generating function for proportions of regular elements in an infinite product form

as follows:

|GL(n, q rg| ul? e
Z L) " =11 (1+Z G- 1)> : (5.4)

d>1

The above generating function gives an alternate form (see [Wal99]) as follows:

1+ rg = 1—— 1+ —r— . (5.5)
Z IGLnQ)! g( qd) dg( qd(qd—1)>

Let a € GL(n, q) be semisimple. Once again from chapter 4, this means that the
combinatorial data A, of « consists of polynomials f1, fo, ..., fx, with associated
partition Ay, = (1,1,...,1) F [Af| > 0, for each 1 < i < k. Therefore, to obtain
%, which is the probability that a randomly

chosen matrix in GL(n, ¢) is semisimple, we must replace x » by,

the generating function for

1 ;when A= (1,1,...,1)Fj
TN =

0 ;otherwise
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for each f € ®,5 > 1 and A I j, in the cycle index generating function. Thus we
get,

N(g,d)

|GL(n, q)ss| ul?
Z |Gan)’u =] 1+Z = : (5.6)

d>1 i=1q QI)dH(Q’d 1)

Finally, let o € GL(n,q) is regular semisimple. This means that A\, = (1) F
IAf| = 1 for 1 < i <k, where f; € A, for 1 < i < k with [Ag| > 0. Thus,
%, which is the probability that a
randomly chosen matrix in GL(n, ¢) is regular semisimple, we must replace x ¢\

by,

to obtain the generating function for

1 s;when A= (1)Fj=1

0 ;otherwise

for each f € ®,5 > 1 and A I j, in the cycle index generating function. Thus we

get the generating function as follows,

N(g.d)
|GL(n, ¢ 1VS| u?
1 1 . 5.7
e (e (5.7
The above three generating functions as we will see in Chapter 7, will be con-

structed in the more general context of powers where these will turn up as partic-

ular cases. We will use the cycle index to construct these generating functions.
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Chapter 6

Asymptotics of powers in finite

groups of Lie type

This chapter deals with the author’s work in [KIKS20]. We work in the setting of
Chapter 3. Let k = Fq and G be a connected reductive group over k. Let F' be a
Steinberg endomorphism on G giving rise to a finite group of Lie type G(F,) = GF.
Let M > 2 be a positive integer. We consider the power map w: G — G given
by « + aM. Clearly, this map is defined over F,. We consider the image of
the set G(F,) under this map, denoted as G(F,)*. Let G(Fy)rg, G(Fy)ss, G(Fy)rs
denote the set of regular elements, semisimple elements and, regular semisimple
elements in G(F,) respectively (see Chapter 3). Further, we denote the set of
M-power regular semisimple elements as G(F,)Y = G(F,)™ N G(F,)s the set

rs T

of M-power semisimple elements as G(F,)2 = G(F,)™ N G(F,)ss, and M-power

regular elements as G (Fq)ﬁ‘g = G(F))M NG(F,)rg. In this chapter we are interested

in studying the asymptotic values of the following as ¢ — oco:

GENY| |GE)| |GEHY] |G(Fy)ig
G(F,)| 7 |G| 7 |G(F)| 7 |G|

What we mean here is that we consider the above quantities as a set of real numbers
for a fixed G (thus the rank is fixed) and a fixed M; and study the limit points
when ¢ — oo.

The main theorem of this chapter (see Theorem 6.1.1) finds the ¢ — oo limits
of the aforementioned quantities. We apply this theorem to GL(n, q) and GU(n, q)
to find more explicit answers to these limiting values in Section 6.2 and 6.3 re-
spectively, by assuming M to be a prime. The values are given in a sum-product
form and are combinatorial in nature. Thus we use our knowledge of generating

functions as developed in Chapter 5 to provide generating functions for these val-

69
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ues. We will get a verification of these results in the case of GL(n, ¢) in Chapter 9,
where we explicitly compute squares and cubes in the group GL(n, ¢) in some small
ranks. We once again clarify the fact that we will be using the notation G(IF;) to
mean G¥ for a connected reductive group G and a Steinberg endomorphism F' so
that we don’t have to write both F' and M in the power.

6.1 The main theorem and its proof

As seen in Chapter 3, for a reductive group G over k, with Steinberg endomorphism
F, a maximal torus of G(F,) is the group of F-fixed points T'(F,)(= T¥) of a F-
stable maximal torus of G. Since T'(F,) < G(F,) is a finite abelian group, it can
be written as a product of cyclic groups (see [BG07], [Zav19] for the explicit cyclic
structure of maximal tori in classical groups). The limiting values of the powers in
G(F,) as ¢ — oo is given in terms of the cyclic structure of maximal tori of G(IFy).

The main theorem is as follows:

Theorem 6.1.1. Let G be a connected reductive group defined over F, with Frobe-
nius map F. Let M > 2 be an integer. Then,

M M M G(F\M
limM = lim%: im %: limM
g—oo |G(F,)| g—oo |G(F,)| g=oo |G(F,)| g—~o0 |G(F,)]

1
T WAL ()

where the sum varies over non-conjugate mazimal tori T in G(Fy), T =Ty, ... 4, =
Cay X+ x Cq, reflects the cyclic structure of T', and the group Wr = Ng )(T)/T.

The rest of this section is devoted to the proof of this result. We begin with

some preparatory lemma.

Lemma 6.1.2. Let H be a finite Abelian group written as a product of cyclic
groups H = Cq, x --- x Cg,. Then,
=M 1

‘H’ (M7d1)(Mads)

Proof. We begin with a cyclic group, i.e, s = 1 case. Let H = Cy be a finite cyclic
M
% = @ where (M, d) denotes the ged

of M and d. Consider the map w: Cy — Cj defined by g — ¢™. It is a group

group of order d. We need to show,

homomorphism with kernel ker(w) = {g € Cy | g™ = 1}. Clearly, elements of the
cyfl 1 1

*[Cal T ker(w) T (Md)

kernel are precisely given by ¢4 = 1. Thus
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Now, for an Abelian group H, the power map is a group homomorphism.

Thus, when H = Cy, x --- x Cy,, the map w: Cg, X ---x Cq, = Cgq, X --- x Cy, is
(M7dl):1

i

(g1,..,95) — (gM,...,gM). Thus, kernel is given by (g1, ..., gs) where g
for all 4. This gives the required result. O

Recall that, a regular semisimple element in G(F,) is contained in a unique

F-stable maximal torus of G (see Proposition 3.3.2, chapter 3) .

Lemma 6.1.3. Let a € G(Fy),s. Suppose o belongs to the F-stable maximal torus
T. Then, XM = « has a solution in G(Fy) if and only if YM = o has a solution
in T(F,).

Proof. Let A € G(F,) such that AM = . Write Jordan decomposition A = A;A,,
which implies Aé\/[ = a. Now, every semisimple element belongs to some F-stable
torus, say As € T'(F;). Then, a € T'(F,). But, o being regular semisimple, it
belongs to a unique maximal torus. Thus, 7"(F,) = T(F,), hence the solution
As € T(F,). O

For a reductive group G, recall that rk(G) denotes the rank of G. In short,
we write r to denote the rank. From Chapter 2 we also know that for such a G,
there is a root datum ®, and we denote |®| = N, where ®* is the set of positive
roots. Then, it is known that dim(G) = 2N +r and |G(F,)| = O(¢*¥*"). The final
piece needed for the proof of the main theorem is the density result of the regular
semisimple elements in G(F,) which is Proposition 3.3.4. The key ingredient from

this proposition is the following estimate:

[{z € T | x is not regular}| = O(¢" ).
We will use this several times. Here, T' is a maximal torus of G(F,).

Now we are ready to get an estimate for M power regular semisimple elements.

Theorem 6.1.4. Let G be a reductive group defined over Fy with Steingberg endo-
morphism F. Assume that all mazimal torus of G(Fy) are non-degenerate. Then,

the proportion of M power regular semisimple elements in G(F,) is,

G(F,)M 1
GFo)is | _ T

Wrl(M.dr) - (M. dy)

G(F,)| O

T=Ty, ...

where the sum varies over non-conjugate mazimal tori T in G(Fq), T =Ty, ... a, =

)

Cay % -+ x Cy, reflects the cyclic structure, and the group Wr = Ngw,)(T)/T.
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Proof. Since a regular semisimple element of G(F,) belongs to a unique F-stable

maximal torus, we have,

GF)Y = G(F ) N GENY = | (T(Fy)es N G(E)M)

Ter

where 7 is the set of all F-stable maximal tori of G. Now, let T be a F-stable

maximal torus of G and T' = T(F,). Then, from Lemma 6.1.3 we have,

T(F s NGFH)M = T N GFEHM = TV N G(F)rs.

Suppose the cyclic structure of T' = Cy, X --- x Cy,. Thus, using the argument
in [JKZ13, Lemma 4.5] to prove TNG(Fy)ws = q" + O(q" 1) where it is shown that

the non regular elements in T are O(¢"~!), we get,

1
TM F sl = TM r—1 — T r—1

where 7 is the dimension of T" and the second equality follows from Lemma 6.1.2.

Hence,
G(F | ( 1 »
- 7]+ o)
|G(Fq)‘ ‘G(Fq)’ TGT,TZ::T(IF(]) (M7 dl) e (M7 ds)
1 1 1
= + O qT'fl
(T_T%ds (OLd)-— (0. d) WT!) WO

where we take T = T}, . 4, up to conjugacy. We note that for a fixed 7', the number

-----

of conjugates is ||VCI;,(TIF“4:)F“ (see Proposition 3.3.9 and Corollary 3.3.10 in Chapter 3).
Now, since for any H we have (¢ — 1)3™H) < |H(F,)| < (¢ + 1)3™U) where

dim(H) = 2N + r and r is rank of H, applying this to T, we get

|G(Fy)id 1 -1
el +0(g).
GO =, WrlOEd) - (L.d)
This completes the proof. ]
1
We remark that the quantity Z is intrinsic to

T=Taqy, . ds (Wr|(M,dy)--- (M, ds)

the structure of G with given M, even though it seem to involve gq.
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Corollary 6.1.5. With the notation as above we have,

1 . |G(Fg)i | 1
— < lim — s — <1
3 < BTG T, 2 [Walhd) - (.dh)
=1dy,-- ds
Proof. The upper end is achieved when M is coprime to the order of all maximal
tori (for example, if M | q), and the lower end is achieved when M divides order

of each cyclic factors in all maximal tori. Thus we have,

1 1 1

TS > TWnE S 2
rk(G) — s —
MRG =, e WM e Wrl(Mdi) - (M dy)
1
< E — =1
B T |Wr|

O]

Note that for a fixed G, the limit above depends on varying M. See Section 6.2

for explicit limiting values.

Lemma 6.1.6. Let G be a reductive group defined over F, with Steinberg endo-

morphism F and M > 2, an integer. Then, we have

GENM| _ |GEY
CE) 1G]

1. +0(gh.

[GENM] _ |GE)E

“GE) T IGE,)

+0(gh).

GENM] _ IGF)Y
G~ G,

3. +0(gh).

Proof. To prove (1) we show that |G(F,)M| = |G(F,)M| + 0(¢*N*7~1). Now,
GE)M| = [G(Fi | +1G(F)insl

where "nrs' refers to non regular semisimple elements, and

|GFE)M | < |G(Fy)urs| = 02T

gives us,
G(F)M| = [G(Fg) | + 0.

Since |G(F,)| = O(¢*N*") we get the required result.
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Now, since
GEYM[+0(¢* ) = |G(Fo)id | < |G(Fg)id| < |G(F)Y|

we get, |G(F)M| = |G(F)M|+ O(¢*?N*7~1). A similar argument proves the result

for regular elements. O

Proof of Theorem 6.1.1. The proof follows from Lemma 6.1.6 and Theo-
rem 6.1.4 and Theorem 3.3.11 in Chapter 3. O

6.2 Asymptotics of powers in GL(n, q)

In this section we want to explore Theorem 6.1.1 for the group GL(n,q). We
ask further question as follows: Determine all possible limiting values for a given

M, that is, what are the possible values of for
Tszl;“ s |WT‘(M’ dl) T (Mv ds)

GL(n, q). Recall, from Chapter 3 that GL(n, ¢) is the group of F,-fixed points of

GL(n, k) where F} is the usual Frobenius map. Recall further that maximal tori of

GL(n, q) are parametrized by partitions of n. If (A1, Ag,...,\;) F n is a partition

of n, and T is a maximal tori of GL(n, q) corresponding to the partition A, we have
~ X X
T:IF‘qu X oo xFqAr.

Thus, in terms of cyclic structure, "= Cpx;_; X ... X Cprr g (see Example 3.3.1,
and 3.3.7 in Chapter 3 for detailed computations). Furthermore, W(T') is Zg, (0y),
which is the centralizer of an element o) € S,, where o), corresponds to the partition
A (see discussion in Page 42, Chapter 3). The above discussion yields the following

proposition.

Proposition 6.2.1. The proportion of M powers in GL(n,q) is as follows,

|GL(n, 9] _ 1 1 1
IGL(n,q)| }gn [Tz, ¢ — 1) |25, (0n)] +ol™)

A= (1™ gm2 ...

where | Zg, (o)\)| = Hmi!imi.

(2

_ [GL(na)™]
For fixed n, M, let Par(n,q, M) : TaNCTIR We now assume M to be a

prime and determine the possible subsequential limits of the set Par(n,q, M).
When M t g, denote by o(q) the order of ¢ in (Z/MZ)*. Given b a positive
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integer, let us define
Zmi if1<b<n,
Wb()\) = q bl

0 otherwise

for A = (1™, 2™2 ...) a partition of n. Thus, m,(\) is the number of parts (counted
with multiplicity) of A divisible by b. It is quite easy to determine the surjectivity
of the power maps for GL(n, q).

Proposition 6.2.2. Let M > 2 be a prime and w: GL(n,q) — GL(n,q) be the
power map x — x™. Then, w is surjective if and only if (M,q) =1 and o(q) > n
where o(q) is order of q in (Z/MZ)*.

Proof. For any finite group G, and M a prime, w is surjective if and only if

n(n—1) n .
(M,|G]) = 1. Now we know that |GL(n,q)| = ¢" = [[(¢' — 1). Hence, the

i=1
result follows. ]
Proposition 6.2.3. Let M be a prime. Then,
1. ZfM | q then, qllg.lomGL(nv(L M) =1
2. If (M,q) =1 then,
1 1

li M) = '
qgglomGL(”’q’ ) %Mﬁom(’\) 1Zs,, (01)]

Thus, there are at most 1 + v(M — 1) subsequential limits of Bar(n,q, M) as
q— o0, where v(M —1)=|{a|1<a<nanda|(M-1)}.

Proof. If M | g, all semisimple elements of GL(n, q) (being of order coprime to q)
remain in GL(n,q)™. Thus, we get
. . |GL(n, ¢)™|
| M)=lim —————— =
ql{gog‘pGL(nacb ) ql)rgo ‘GL(TL,Q)’

Now we may assume (M, q) = 1. If o(q) > n then the limit is 1 which is already
obtained. Thus, we consider o(q) < n. In view of Proposition 6.2.1, all we need to
find out is when (M, ¢’ — 1) = M. We claim that, (M, ¢’ — 1) = M if and only if
o(q) | i. For if, M | (¢* — 1), then we have ¢ = 1 (mod M). Thus, o(q) | i. This
gives the formula.

Now, o(q) is something which divides M — 1 and A can have at most n parts,

we note that m,,)()\) can take at most v(M — 1) values.



76 6.2. Asymptotics of powers in GL(n, q)

However, for being a limit point of a set it remains to show that there are
infinitely many values of g giving rise to the same value. For this, we need to
prove that given a there are infinitely many ¢ which are of order a in (Z/MZ)*.
Since (¢, M) = 1, it follows from Dirichlet’s theorem on primes in an arithmetic
progression that there are infinitely many primes of the form ¢+ xM. Notice that
the order of each such prime is the same as a in (Z/MZ)*. This completes the
proof. O

We remark that for the case M | ¢, the same formula works where we may take
ma(A) = 0 for all A.

Corollary 6.2.4. For M = 2, these values are

1 and
% 2" A)!Zs (o)

where 7(\) denotes the number of parts of .

Example 6.2.5. Consider G := GL(2,q). When M = 2, the limit points are 1
1 1 _1,.1_3
and, my ta =g +1=%
When M = 3, then one of the limit points is 1. To find the other two limit
points we first observe that (Z/3Z)* = Z/27Z. Thus there are two possible value
of o(q) which are 1 and 2. When o(q) = 1, the limit point is given by,

IR R B I P O
2 3”1(/\).|Zgn (UA)‘ 32.2! 3.2 18 6 9

When o(q) = 2, the limit point is given by,

1 1 1

1
= — 4 = —
AZH 3N Zg (oa)] 2! 32 2

Thus, the possible subsequential limits of B (2,¢,3) as ¢ varies is given by
{1,5.3).

Example 6.2.6. Consider G := GL(3,q). When M = 2, the limit points are
given by 1 and,

tom=— o=

3 1 S SRS SRS RS SN SR S
N|Zs, (ox)] 2331 222 23 48 8 6 16

A3

When M = 3, once again we observe that o(q) = 1 or, 2 or ¢ is a power of 3,

in which case the limiting value is 1. When o(q) = 1, the limiting value is given
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by,

£23mWN|Zg, (0a)] 3331 322 33 162 18 9 81

When o(q) = 2, the limiting value is,

1 1 1 1

11 2
=g tosts=-+t-+-=<
AZH,) 3mN|Zg (o)) 3! 32 3 6 33

(@)

Thus the possible subsequential limits of Pqr,(3,4¢,3) as ¢ varies is given by
{1 14 2
181037

We look at another example involving SL(n,¢). In SL(n, ¢q) the non-conjugate
maximal tori are parametrized by the partitions of n, once again. The cyclic
structure of maximal tori of this group is determined by Theorem 1 in [Zav19].
We just compute the limiting values for SL(2, ¢), although we mention that, once

M

again for M prime, the possible subsequential limits for % as ¢ — o0 can

be found explicitly as has been done in the GL(n, q) case.
Example 6.2.7. For the group SL(2,¢), we have

. |SL(2,9)M| 1 1
im = + .
g=oo |SL(2,q)|  2(M,q—1) 2(M,q+1)

since corresponding to the partition (1,1) F 2, the maximal torus is isomorphic
to Fy, whereas for the partition (2) - 2, the maximal torus is isomorphic to
Fi = {a € (Fp2)* | a't? = 1}. When ¢ is odd and M is a prime this takes the

values

3 if M =2
% if M coprime to ¢, and divides order of SL(2,q)
1 otherwise.

This explains the limits obtained in [KS20a, Theorem 5.1].

6.2.1 Generating function for the limit points of powers in
GL(n, q)

For a prime M > 2, from Proposition 6.2.3, we have the finitely many limit points
for GL(n, q) (except the limit point 1) of the form
1 1

CCRRT TSR SR
A:(lml,gmz,_.)mM ) [Ty imimy!
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where, (< n) is a divisor of M — 1 and m(\) denotes the number of parts in A
divisible by t. Note that if ¢ > n, P(n,t, M) = 1 (this is the surjective case, see
Proposition 6.2.2) and when ¢ < n, P(n,t,M) < 1. We will write the generating
function for P(n,t, M) for fixed t < n and M. We begin with a lemma.

> ul 1
Hexp (z) BT
i=1

Proof. The coefficient of u™ in exp( ) is = 1, which is
,1_[1 i % Hz>1Z imng!

because of the class equation of S,. 0

Lemma 6.2.8.

Proposition 6.2.9. The generating function is as follows

50 M—1
(1 — ut) Mt
1+ 5 P, t, My = =20 10
> i

Proof. By comparing coefficients we can write,

o £ (1o (£)) < (110 3)
(e () (e (32) < (= ()
() (oo () < (0 ()
() (s () (e (%)

Replacing v by u! in Lemma 6.2.8 and substituting above we get,

1 1 1/Mt 1 -1/t (1 _ ut)ijg/l_tl
1 P( M =
+Z n &, Mu” (1—u>x(1—ut) x(l—ut) 1—u

n=1

—1/t

This proves the proposition. O

We explain this through an example here.

Example 6.2.10. Consider M = 3. The, the divisors of M — 1 are 1 and 2.
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t | G.F. of P(n,t,3) Small order terms
_1
1 (1—wu)"s 1+ tu+ 20 + Hod + Bt + 2oud + 2Bl + 0"
. 21/3
2 [T lu_ZL 1+u+ %uz + %u?’ + gu‘l + gw” + %uﬁ +O(u")

Table 6.1: Small values of P(n,t,3).

Therefore, when n = 1, the set of limit points are {1, %} For n = 2, the set of

limit points are {1, %, %} and for n = 3, the set of limit points are {1, %, % .

To end this section, we explore some further properties of P(n,t, M) using its

generating function.

Lemma 6.2.11. Let r > 2 be any integer. Suppose w # 1 be an "

root of unity.

Suppose f(z) is a function such that f(x) = f(wx). Let g(x) = (1 +x+2%+... +
[ee)

2" f(x). If g(x) = 3 ana™ then we must have, Qg = Qppi1 = -+ = Qprak_1

n=0
for every k > 0.
Using this we prove the following property of P(n,t, M).

Proposition 6.2.12. P(kt,t,M) = P(kt + 1,t,M) = ... = P(kt + k — 1,¢t,M)
for all k > 0, where we set P(0,t, M) = 1.
(1 — ut) 5

o
Proof. From Proposition 6.2.9 we have, 1 + Z P(n,t, M)u" = . Let
—u

n=1
M-—1
flu) =1 - ut)M(le) - Then, (—uh) o (1+u+...+u"Y)f(u) and f(u) =

1—u

f(wu), where w # 1, is a t*" root of unity. Thus, the result holds by Lemma 6.2.11.
O

6.3 Asymptotics of powers in GU(n, q)

Similar to Section 6.2, we want to get the estimates in Theorem 6.1.1, for the
unitary group GU(n, ¢). Recall that GU(n, q) is obtained from GL(n,Fq) with the
Frobenius map F': (a;;) — t(agj)_l. Thus, GU(n,q) < GL(n, ¢?). Once again, the
question is to determine the limit ZT:le’m’ a5 TWATCOT, di)---( My more explicitly.

The maximal tori for this group is well known and can be, for example, found
in [GKSV19, Section 2]. We recall the same along with its cyclic structure which
we require for our purpose.

Similar to the case of GL(n,q), the conjugacy classes of maximal tori in

GU(n, q) are in one-one correspondence with the conjugacy classes of S,,. Hence,
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the non-conjugate maximal tori are parameterized by the partitions of n. For a
maximal torus 7" of GU(n, q), there exists a partition A = (A1, Aa, ..., A,) of n such
that

TgM)\l Xoee XM/\T

where My = {2 € F, | 22~1D" = 1}. Thus, the cyclic structure is 7 =
thf(q)h X ... X qur_(_l)xr. Note that when s is even M = FZS, and when s
is odd, M, = {z € Fps | 7! = 1}. Corresponding to a partition A of n, let oy
denote the standard element of the conjugacy class of S, with cycle-type A. Let
T be a maximal torus of GU(n,q) parametrized by the partition A of n. Then,

Wr = Zg, (0)). For a fixed n, M, let Bau(n,q, M) := %.

Proposition 6.3.1. The proportion of M™ powers in GU(n, q) is,

[GU(n, ™| _ 1 L =
|GU(n,q)] A%n 1:[ (M, q¢ — (=1)i)m | Zg, ()] +0(¢).

A= (1m om )

Further, the set of limits qlLI& PBeu(n,q, M) and qlLIEO‘BGL(n,q,M) are same, in
fact, in bijection under ¢ — —q.

Proof. This is clear from the discussion above, and the Theorem 6.1.1. O

The bijection ¢ — —q reminds us of the Fnnola duality. Ennola observed that the
character table of GU(n, ¢) can be obtained from that of GL(n,q) by replacing ¢
with —¢ (see [Enn63]). This phenomena is known as the Ennola duality, and can
also be defined in the more general setting of finite reductive groups.

Let M be a prime. Now, we determine the possible subsequential limits of
the set Pgu(n, g, M) explicitly and write the generating function. For a partition
A = (n1,n2,...,ns) F n, let us denote by m; () as follows: m(A) = 0 if b > n, else
it is the number of n; such that if n; is even b | n;; and if n; is odd, b is even and
b | 2n;. Recall when (M, q) =1 we denote by o(q) the order of ¢ in (Z/MZ)*.

Proposition 6.3.2. Let M be a prime. Then,

1. When M | q, we have

| _|GU(n, )™
1 M) = L GV
ql}rgo‘BGU(n,Qa ) 3o |GU(n, q)
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2. Let M > 2 be a prime and (M,q) = 1. Then,

1
hm mGU (’I’l, q, M) = 7 - hm mGL (na —q, M)
q—00 )\2}_7:1 MWO(q)()\) ‘an (J)\)’ g0

3. When M = 2, and q odd,

1
——— =i 2

qli{go mGU(n’ q, 2) = Z

AFn

where 7(\) denotes the number of parts of \.

Proof. If M | q, all semisimple elements of GU(n, q) (being of order coprime to ¢)
remain in GU(n,q)™. Thus, we get
. _|GU(n, 9)M|
qi)rgospGU(nv q, ) qiglo ’GU(’H/,QH

Now, we can assume M 1 q. In view of Proposition 6.3.1, all we need to find
out is when (M, — (—1)i) = M. We claim that, (M, q — (—1)i) = M if and only
if when ¢ is even o(q) | ¢, and when i is odd o(q) is even and o(q) | 2i. For if 7 is
even, M | (¢ — 1) if and only if o(q) | i. If i is odd, M | (¢* + 1) if and only if o(q)
is even and o(q) | 2i. This gives the formula. The last part is so because when ¢
is odd, 2 | (¢ — (—1)?) for all 7. O

6.3.1 Generating functions for the limit points of powers in
GU(n,q)

For a prime M and t a divisor of M — 1, we denote

1
P(n,t,M) = / S
)\:<1m1’22'm,2’._' >|7n Mﬂ—t(A) H’Lzl Zmlmi!

The generating function for P(n,t, M) is as follows:

Proposition 6.3.3. For M a prime, we have,

1. Whent is odd,

(1 — u) 2

1—u

1+ ZP(n,t,M)u" =

3
Il
—
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2. When t is even and t/2 is even,

o) t M-—1
. (1 —u ) Mt
1 Pn,t, M)u" = ————
3. When t is even and t/2 is odd,
o 2(M—1)
- (1 — ut/Z) Mt
1 P(n,t, M)u" =
_I_ Z (n’ Y )u 1 —u

n=1

Proof. Let o(q) = t. Suppose t is odd. Then o(—q) = 2t. Now suppose t is
even. Further assume that ¢/2 is even. Then o(—¢q) = ¢. Finally, if ¢ is even such
that ¢/2 is odd, then it is clear that o(—¢q) = t/2. The result then follows from
Proposition 6.3.2 and Proposition 6.2.9. 0

Example 6.3.4. Consider M = 3. We have the following table for all the divisors
of M —1=2.

t | G.F. of P(n,t,M) Small order terms
. 2\1/3
1 (A=) 7 1u—11 L+u+ 20 + 203 + Sut + 3u® + Pub + O(u)
2 (l—u)_% 1+ fu+ 20 + Bud + 220t + 2L + 2808 + 0(u)

Table 6.2: Small values of P(n,t,3).

Once again we see when n = 1, the set of limit points are {1, 1} For n = 2, the
set of limit points are {1, 2 5 3} and for n = 3, the set of limit points are {1, 1 31 3

Thus the sets are clearly same as in the case of GL(n, q).




Chapter 7

M powers in GL(n,q) when
(M,q) =1

This chapter deals with the author’s work in [KS20b]. In the previous chapter, we
have dealt with the asymptotic of powers in a general finite reductive group. In this
chapter, we specialize over the general linear group GL(n, q) of all n x n invertible
matrices with entries in Iy, and determine explicitly the set of all matrices that
are some M™ power.

We quickly recall some notations that we will use in this chapter (see Chap-
ter 1). Let M > 2 be an integer. The power map wys : GL(n,q) — GL(n,q) is de-
fined by g — g™. The image of wy; denoted by GL(n, ¢)M = {¢™ | g € GL(n,q)},
is the set of all invertible matrices which are M powers, or in other words, possess
M root. It is easy to see that the image GL(n,q)™ is closed under conjugation
and hence is a union of conjugacy classes of GL(n, q). Let C be a conjugacy class of

GL(n, q) which is contained in GL(n, ¢)*. We call C a M* power conjugacy class.

In this chapter, one of the main questions we will address is which invertible
matrices are M*" powers. As a consequence of the Jordan decomposition of in-
vertible matrices, it is necessary that the determination of M* powers must be
divided into two separate cases, depending on the gcd of M and q. The first case
is when (M, q) = 1 which is dealt with in this chapter. In the next chapter we deal
with the case of (M,q) # 1. The question of enumeration of M powers is ap-
proached in the sense of generating function. We will use the theory of cycle index

to deduce the generating function for the proportion of M powers in GL(n, q),
|GL(n,9)|
|GL(n,q)[ -
conjugacy classes which are M'" powers, denoted by c(n, M).

which is We also deduce the generating function for the number of

M

In addition to this we deal with certain kind of elements. Let GL(n, q)rg7

83
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GL(n,q)M, GL(n,q)M denote those regular, semisimple and, regular semisimple
invertible matrices which are in the set GL(n, ¢)™ of M power invertible matri-
ces. In short, these denote the set of M power regular, M power semisimple,
and M*" power regular semisimple elements in GL(n,q). These sets are also char-
acterized and generating function for the proportion of such elements are given.
It is noteworthy that proportions of M power regular, semisimple and regular
semisimple elements are generalization of proportion of regular, semisimple and
regular semisimple elements in GL(n, q), by taking M = 1, and as such the gen-
erating functions obtained for the former proportions are generalization of the
generating functions obtained for the latter proportions (see Section 5.3, Chap-
ter 5). We also obtain generating functions for ¢(n, M),g, c(n, M )ss and, c(n, M)
which are the M power regular, M power semisimple and, M*"* power regular

semisimple conjugacy classes of GL(n, q) respectively.

To characterize a matrix which is a M power, certain kinds of polynomials,
which we call M-power polynomials, play a crucial role. We start this chapter with

a detailed investigation of such polynomials.

7.1 M-power polynomials

Recall from Chapter 4 that the set of all monic, irreducible polynomials of degree
> 1 over the field F,, except z, is denoted as ®. Counting of this set is done using
N(q,d) (see Equation 5.2, Chapter 5). Let M > 2 be an integer. For a polynomial
f(x) =2 +aq_127 +.. .+ a17+ag € Fy[z] we denote the composed polynomial,

f(xM) =My qq 2™ £ 4 g™+ ag,

M

where we substitute ™ in place of = in the expression of f(x). Now we define,

Definition 7.1.1 (M-power polynomial). A non-constant, irreducible, monic poly-
nomial f(z) € F,[x] of degree d is said to be an M-power polynomial if f(z*') has
an irreducible factor of degree d. In general, a non-constant, monic polynomial f
is said to be an M-power polynomial if each irreducible factor of f is an M-power

polynomial.

Example 7.1.2. The polynomial x —a € F[z] is M-power if and only if a € Fé\/l =
{aM | a € Fy}.

We denote the set of monic, irreducible polynomials which are M-power by ®M
and denote ®M = &M\ {z}. Let Ny;(g,d) be the number of polynomials of degree
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d in ®M and Njs(q,d) be that of ®M. We have a simple relation Nys(q,d) =
Nr(gq,d) except for d = 1 and Nps(q,1) = Nas(g, 1) — 1 = (Aj;il).

Example 7.1.3. Let us compute N2(g, 2), i.e., the number of 2-power polynomials
of degree 2 over [F,. An irreducible polynomial f of degree 2 can be factored over
Fp2 as f(z) = (v — a)(x — o(a)) where o is the Frobenius automorphism. Now,
f(z?) = (2% — a)(2? — o(a)) has a factor of degree 2 over F, if and only if a has

a square root. Thus, for Na(g,2) we need to count elements o which are in (F})Q

but not in Fy. We get, Na(q,2) = % ((2‘1:27__11) —(¢— 1))
More generally we have the following (thanks to Prof. Will Sawin),

Proposition 7.1.4. For d > 1 we have,

(M(q" =1), (¢ - 1))

1
NM(%d):drz';M(r) (M,qd—l)

Proof. Our proof is generalisation of the proof for N(gq,d) in [CM11]. Let f be an
irreducible M-power polynomial of degree d > 1. That is, f(2™) has an irreducible
factor of degree d. The irreducible polynomial f is characterised with its root in
F,a. Consider the field extension F 4 of F; and the power map 6: de — ]F;d defined
by 0(z) = M. Thus, M-power polynomial f is characterised by an element in the

image of # which is primitive. Now, consider the set
T'={aeFu|lac F%, « ¢ any proper subfield of F a}.

Then, we get Nas(g,d) = 4|T|. Now we count the set 7. To do this, we count
T(d,e) = {a™ € Fge | @ € Fpa} and apply the inclusion-exclusion principle. The
number of pre-images of each element in Im(f) is |Ker(0)|, which is (M, ¢ — 1).
Now, suppose o € de, such that aM € Fge. Then (on)qe = oM. Thus, the

number of o € de, which are solution of the equation (@~ =1, is (M(q° —

1),q% — 1). Hence we get |T(d,e)| = W(&e/ﬁq—}i)_”’ld)_n. The result follows. O

For some small values of M and d we write Njs(q,d) in tables below.

q NQ(q72) NQ(Qag) NQ(Q74)
odd | 2(g—1)2 | L(¢®*—q) | 2(¢* —1)?
even | 3(¢*—q) | 3(—q) | 1(¢*— %)

Table 7.1: Values of Na(q,2), Na(q,3), and Na(q,4)
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q (mod 3) N3(g,2) Ns(g,3) Ns(q,4)
0 1 —q) s(@—a) | i -
1 s —q) | s -30+2) | " —q?)
2 ta-D(q-2)| HP—-q | H@—d).

Table 7.2: Values of N3(q,2), N3(q,3), and N3(q,4)

Now, we move on to the problem of determining the degrees of irreducible poly-
nomials occurring in the unique factorization of the composed polynomial f(x™),
corresponding to an irreducible polynomial f. This determination of degrees will
play a crucial role in determining the M*" powers in GL(n,q). Since we are trying
to determine the M powers in GL(n,q) when (M, q) = 1 in this chapter, we will
now study M-power polynomials when (M, q) = 1.

7.1.1 M-power polynomials when (M, q) =1

There is an extensive literature to determine the factors of polynomial f(z*) (more
generally for composition of two polynomials) and their degrees. For (s,q) = 1,
the notation 9M(s; q) is the order of ¢ in (Z/sZ)*, that is M(s; q) is the smallest
integer such that ¢™(*¢ =1 (mod s). For an irreducible polynomial f(z), which
is not x, exponent of f is the order of a root (which is same for all roots) of f(z)
in the multiplicative group Fq* (see [LN83, Chapter 3, Section 1]). We mention
the following result due to Butler (see [But55, Theorem in Section 3]) which we

need in sequel.

Proposition 7.1.5 (Butler). Let f(z) be an irreducible polynomial of degree d
over Fy and (¢, M) = 1. Let t be the exponent of f(x). Write M = MMy in such
a way that (My,t) =1 and each prime factor of My is a divisor of t. Then,

1. f(z™) has no repeated roots.

2. The multiplicative order of each root of f(x™) in Fq* is Mstb, for some b
that b ‘ Ml.

3. Further, for a fived b | My, the number of irreducible factors of f(zM) of
which roots have the above order is
Madg(b)
M(Matb; q)

and each of the factors is of degree IM(Matb;q), where ¢ is Euler’s totient

function.
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We use this to obtain some further information regarding M-power polynomials

when M is a prime power.

Lemma 7.1.6. Let M = r® where r is a prime and (q, M) = 1. Suppose f(x)
is an irreducible polynomial of degree d over Fy of exponent t. Then we have the

following:

1. If r 1 t, the polynomial f(z™) has an irreducible factor of degree d, that is,

f is an M-power polynomial.

2. If r | t, the polynomial f(z™) factors as a product of 1% drreducible poly-

nomials each of degree dr' for some 1 <i < a.

Proof. Let a be a oot of f(x) and ¢ be its multiplicative order. Then, Fy[a] = F 4,
hence ¢ | (¢¢ — 1) (also gives (t,q) = 1). In fact, because FF,a is splitting field of f,
the number d is smallest with the property that ¢ | (¢¢ — 1) (see [LN83, Theorem
3.3, 3.5]), hence M(t;q) = d.

First, let 7 { ¢, then M; = M and My = 1. Thus, by taking b = 1 in part 3
of Proposition 7.1.5, f(z*) has an irreducible factor of degree M(t;q) = d. This
shows that f is an M-power polynomial.

Now, let us consider the case when r | t, then M; = 1 and My = M = r
Once again applying Proposition 7.1.5, all of the irreducible factors of f(2*) are of
same degree, which is 9(r%t; q) = s(say). That is s is obtained from the equation
¢® =1 (mod r?). We claim that d | s and s | 7%d thus s would have required
form. Since r*t | (¢° — 1) hence t | (¢° — 1). This combined with the fact that
the order of ¢ modulo ¢ is d, we get that d | s. Now, for the second one we show

¢""?=1 (mod r%) (which would give s | r®d). We can write
(qrad _ 1) _ (qd,,a—l _ 1)(qdra71(r,1) 4t qd + 1).

Going modulo 7 the second term on right becomes 0 as ¢? =1 (mod r) (as r | t).
Thus this term is a multiple of r. By further reducing a — 1, inductively, we get
(¢""¢ — 1) = (¢* — 1)r®%h for some h. Notice that ¢ divides the first term. Hence
the result. O

Corollary 7.1.7. With notation as in the Lemma, let f(x) be an irreducible poly-
nomial of degree d. Then, M (r;q) t d implies f is an M-power polynomial.

Proof. We claim that if 9(r; q) { d then r { t. Suppose r | ¢, then 7 | (¢ —1). This
gives M(r; q) | d, as M(r; q) is the smallest with the property that r | (¢™("9) —1).
Now, the result follows by Lemma 7.1.6. O
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When M is a prime we can get an easier way to decide if f(x) is an M-power using

M(M; q) instead of the exponent which, in general, is difficult to compute.

Lemma 7.1.8. Let M be a prime and (¢, M) = 1. Let f(x) be an irreducible

polynomial of degree d over F,. Then we have the following:

1. If M(M;q) t d, then f(x™) factors as a product of an irreducible poly-
nomial of degree d, and % irreducible polynomials of degree

lem(MM(M;q),d). Thus, f is an M-power polynomial.

2. If M(M; q) | d, then f(zM) is either irreducible or has a factor of degree d.
Thus, if f(zM) is reducible it is M-power.

Proof. Let us write s = 9M(M; q). Let us begin with the case when s 1 d. We must
have (M, t) = 1 and thus My = M, My = 1. For if (M,t) # 1, i.e., M | t, combined
with t | (¢ — 1) we get M | (¢® —1). This gives, s | d as t is smallest with this
property which is contrary to our assumption. Thus by Proposition 7.1.5, f(z™)
has factors corresponding to b = 1 and b = M. For the case b = 1 we get a
factor of degree d as in the previous Lemma. It also has 93‘%?]5%21) factors of degree
M(Mt; q). We claim that MM(Mt; q) = lem(9M(M; q),d). But, this is clear because
(Z/MIZ)* = (Z/MZ)* x (Z/tZ)" because (M,t) = 1. This completes the proof
of first part.

Now, to prove the second part we have s | d. First we take M t t. We

have M; = M and My = 1. Thus f(z™) has factors m(‘i_q) = 1 irreducible
polynomial of degree M(s;q) = d and 9‘:1,{((1‘;[7]\/_[,{1)) irreducible polynomials each of
degree M(tM; q) = lem(IM(M; q),d). Now take the case M | t. We have M; =1

and My = M. Thus f(2™) is a product of % irreducible polynomials each

of degree M(tM;q) which is either d or Md (from second part of Lemma 7.1.6).
When 9(tM; q) = d we have f an M-power, else f(xz™) is irreducible. O

When M = r® we set some notation and do further counting of polynomials
appearing in the Lemma 7.1.6 above. For 1 <14 < a, denote the set of all polyno-
mials f € ® such that f(z) has %% irreducible factors each of degree rideg(f),
by ®ps;. Then by Lemma 7.1.6 we have

a a
@z@MU U Dy = U Dr
=1 =0

where, for convenience, we denote ®M = ®pr0. Note that the above union is
disjoint. Denote N(q, d) = N(q,d) — Np(q,d). For 1 < i < a, we denote the
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number of irreducible polynomials f(z) in ®ys; of degree d by Ni,(q,d). Thus,
N(q,d) = Na(g,d) + N(q,d ZNM (¢,d
where, for notational convenience, we denote Njs(q, d) as NJ(\)/[ (¢,d). We have the

following formula for Ni,(q,d).

Proposition 7.1.9. Let M = r® where r is a prime. For natural numbers d and
e, let T(d, e) denote the number of field generators of Fye, that has a M™ root in
the field Fya. Then, for 1 <i < a we have,

Nis(a,d) = & (1T )] - 1Tr =, d))).

Proof. The proof is similar to that of Proposition 7.1.4. Since T'(d, ¢) denotes the
number of field generators of Fye, that has a M th root in the field F,a we have,

~ M(e/r—l),d—l
0= St GBIt )

rle

where i is the Mobius function. Comparing with the proof of Proposition 7.1.4,
we note that |T(d,d)| = Nas(g.d).

To compute Ni,(g,d), we need to find the number of field generators of Fpa
which possess M root in the field quri but not in any smaller subfield between
quT'L and Foa. The set T' (dr',d) gives the total number of field generators of
Foa, Whicthosses M*™ root in the field quri. Thus, to get Ni,(q,d) we need to
subtract |T(dr*~!,d)|. Finally we also note that we d such elements correspond to

a polynomial thus we divide by that to get the result. O

We look at an example here.

Example 7.1.10. Let us take M = 2% and d = 1. We have already seen N{(¢,1) =

Ny(q,1) = %. Now, Ni(g,1) counts the number of polynomials z — ), such

that % — X factors as a product of two irreducible degree 2 polynomials. Thus

we have, Nji(q,1) = ((qzzizl(;iqﬁl) - (4,2§i1)) T q2 1) ((4,g+ 1) —1). Finally,

NZ(q,1) counts the number of polynomials # — A such that z* — X is irreducible.
Thus,

4(¢*-1),¢" =1 (Ag—1,¢"-1) (4g-1),¢—-1)
(4,¢* = 1) (4, = 1) (4,2 - 1)

Ni(g,1) =
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_ ) (g+1)4,¢*+1) AP+ +q+1)  (4,9+1)
= D T Ga—1) -1

7.2 M powers in GL(n, q)

We consider the power map w: GL(n,q) — GL(n,q) given by = — 2. We
further assume that (¢, M) = 1. Let a € GL(n,q) with combinatorial data A,
which determines a up to conjugacy. We have introduced this in Section 4.1.1,
Chapter 4. Conversely, to such a data we have an associated representative matrix

of the conjugacy class which we make use of in the sequel for further computations.

¥y1 0 O
vy 1 0 -
Lemma 7.2.1. Let v € ]F;; and Jyn = S be the Jordan matrix of
v o1

size n. Then, (Jy,)M is conjugate to Iy -

Proof. We write J,, , = vI,, + N and notice that IV is a nilpotent matrix satisfying
N™ =0 and N* # 0 for all k < n. Thus,

M
(J%n)M = (’Yln+N)M :’)/an+ (1 >'yM_1[nN+...+NM.

Hence, (J%n)M has all diagonal entries ¥, and all entries above the diagonal
M~M=1_ Since (¢, M) = 1, the result follows. O

Let f € ® be a polynomial of degree k¥ > 1. Then, f splits over F . The
Galois automorphisms of this field is obtained by taking powers of the Frobenius
automorphism denoted as 0. Let fys € Fy[z] be the minimal polynomial of M
power of one of the roots of f. If ) is a root of f then other roots of f are o% () for
0<i<k—1,and fy is the minimal polynomial of n*. Note that fy; is uniquely
associated to f, say it is of degree d. Then, d | k and Fa is the splitting field of
Ja which is a subfield of F k. We have the following,

Lemma 7.2.2. Let f € ® be of degree k > 1, and fyr be minimal polynomial
of M™" power of a root of f of degree d. Then, exactly % roots of f(x) raised to
the power M give a root of far(x). Further, f(x) is an irreducible factor of the
polynomial frr(xM).

Proof. Let n € Fx be a root of f(x), and nM=¢(ec [F 4 with minimal polynomial
Su(z). Then, the set of roots of f is 8 = {o}(n) | 0 <i < k—1} C Fur and under
the M'™ power map this goes inside the set § = {0%(¢) | 0 < i < d— 1} C Fya
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which are roots of fj;. Thus the first statement follows.
We note that 7 is a root of fis(zM) as (2™ —¢) = (™ —nM) is a factor. Thus,

the minimal polynomial of 7, which is f, divides fas(zM). O

Now, we consider slightly more general case of a € GL(n,q) with combinatorial
data A, and determine the data A for o™.

Proposition 7.2.3. Suppose a € GL(n,q) with A, consisting of a single irre-
ducible polynomial f of degree k and Xy = (A1,...,\) where |A\¢| = 2. Let fu
be the minimal polynomial of a M™ power of a root of f, say of degree d. Then,

A, consists of a single polynomial fur and |y, | = 5 with

My = (A5 A AL )
—

where s = %.

Proof. Recall from Section 5.3.2, the associated representative of conjugacy class
corresponding to « is the matrix A, = diag(Jf,Al, ..., Jy,) where Jy , is a block
matrix of size A;.k with each block size k and diagonals C'(f). Thus to compute
A(]y we first look at a single block J¢),. Note that Jyy, = D + N where D =

0171
017

diag(C(f),...,C(f)) and N = and DN = ND. Thus,
0 I
0

Jh, =D+ N)M=D" 4+ MDMIN + ...

where DM = diag(C(f)M,...,C(f)M). Since (¢, M) = 1, the data A will de-
pend only on how C(f)M splits up. Over FFx, the companion matrix C(f) is conju-
gate to the diagonal matrix diag(n, o(n), ..., o* 1(n)) where Gal(F . /Fy) =< o >.
Thus, Jy,», is conjugate to the matrix diag(Jyx;, Jo(m) a5 - - -5 Ja.kfl(n)’)\i). Now, us-
ing Lemma 7.2.1, we get J%\i is conjugate to diag(J,m y,, oM -+ Jo.k—l(n)M’)\i)
over F x. Thus, by grouping together the blocks where the conjugates of ¢ = nM

appear, we get J %\Z is conjugate to

diag JC)W Jgd(c),)\i, ey JUZ_I(C)J%’ ey Jg)w Jgd(c)’)\i, ey JU:;_I(C)J%

1 s

with s many grouped blocks, because of Lemma 7.2.2. Further, notice that
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diag(‘]C)w ‘]Ud(C):)\i’ T Jaj_l(ﬁ) A')

1\

where Gal(F,/F;) =< 04 >, is conjugate to Jy,, »,; which is a block matrix of size
A;.d with block size d. Thus, J%\i is conjugate to diag(Jr,, ;> ---sJfy,0)- This

S
gives us the required result. O

In this proposition, the partition Af,, can be easily visualized in the power notation
of partitions where the multiplicity of each part gets multiplied by s. We can
generalize the above result to a more general setup where A, has more than one
polynomials but the minimal polynomial of M power of a root of each one of

them is a single polynomial.

Proposition 7.2.4. Suppose a € GL(n,q) with associated data A, consisting of
polynomials f; € ® of degree d; and partitions g, = (Nij, Ny, --.), 1 <4 < 1. Let
h(z) be a polynomial of degree d which is the minimal polynomial of M power
of a root of each f; for all i (that is, (fi)pr = h,Vi). Then, A, m consists of the

single polynomial h(x) and partition

4 4 4y dg dp 4
d d d d d d
Ah(x)_ )\11,/\12,...,...,/\i1,/\i2,...,...,)\l1,)\l2,...

with ’)‘h(x)‘ = %

The proof of this follows from the earlier proposition. A more general version
of this Proposition can be written where we have hi(x), ..., hy,(z) which are the
minimal polynomials of M powers of a subset of f;’s. We also note that in this
proposition the partition obtained need not be ordered. However, there is no loss
here if we make it ordered.

Now, we apply the results obtained so far to get certain classes that are M'"

power.

Proposition 7.2.5. Let o € GL(n, q) with combinatorial data A,. Suppose, each
partition Ay, in A, has all its parts distinct. Then, XM = « has a solution in
GL(n, q) if and only if f; is M-power for all i (that is, f;(x™) has an irreducible
factor of degree deg(f;) for all i).

Proof. 1t suffices to prove this for a single polynomial ¢ = 1 case. Thus we may
assume, a € GL(n,q) with A, consisting of a single polynomial h(xz) € ® of
degree d and partition Ay, of § has all of its parts distinct. Now, we need to

prove XM = o has a solution in GL(n, ¢) if and only if the polynomial h(z™) has
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an irreducible factor of degree d.

First, let us assume that there exists an A € GL(n,q) such that AM = q.
Suppose, the combinatorial data A4 consists of polynomials f; of degree d; and
partitions Ag,. Then, M power of roots of f;, for all 4, are roots of h(z), i.e.,
(fi)m = h(z) for all i. Therefore, by Proposition 7.2.4, the associated partition
An(z) Will have each A;; repeating % many times. But, we are given that parts of
An(z) are all distinct. Hence, d; = d for all «. Thus, by fixing f as one of the f;
and by using Lemma 7.2.2, we have s = 1 and h(z™) has an irreducible factor of
degree d, as required.

Now for converse, since h(z™) has an irreducible factor of degree d, call it
g(z). Then M power of each root of g(x) is a root of h(z). Now, take A to
be the standard representative of the conjugacy class with combinatorial data A4
consisting of the polynomial g(x) with Aj;) = Ap(y). From Proposition 7.2.3, we
see that A yu = A,. This proves the required result. O

To obtain neat results for arbitrary « in GL(n,q) we put some restrictions
on M (for example a prime power). Recall (last paragraph of Section 7.1) that
for 1 < i < a, we denote the set of all polynomials f € ® such that f(z) has

r%~* irreducible factors each of degree rideg(f), by ® Mi- Also, for convenience we

a
denote the set of M-power polynomials ®M = & M0 and we have, ® = U Drp.
b=0

Proposition 7.2.6. Let M = r® where r is a prime. Let « € GL(n,q) with
combinatorial data A, consisting of polynomials f; € ® of degree d; and partitions
Af, = <1m1(>‘fi), 2m2(As) L .Y written in power notation, 1 <i <1. Then, XM = «
has a solution in GL(n,q) if and only if for each 1 < i <, one of the following
holds:

1. f; e M,
2. fi € ®yp for some b, 1 <b<a and rb | mj(Ay,) for all j.

Proof. Let us first assume X™ = o has a solution B in GL(n,q). It is enough
to prove this result when A, consists of a single irreducible polynomial f with
associated partition Ay. Let the degree of f be d and hence |A¢| = 5. Since, M
is a prime power, from Lemma 7.1.6 either f (:L‘M ) is an M-power polynomial or it
splits into 7~? irreducible polynomials each of degree dr? for some b > 1. That is,
either f € ®M or f € ®);;,. We show that if (2) does not hold then f must be an
M-power polynomial. Thus, let us assume that there exists ig, such that m;, (),
the number of times iy appears in the partition Ay, is not divisible by r?. Now, we

need to show that f(z) has a factor of degree d. Let Ap consists of irreducible
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polynomials g1, g2, ... with associated partitions Ay, Ag,,.... Since, BM = o the
M power of roots of g; are roots of f for all j. Then, from Proposition 7.2.4,
we conclude that A g consists of the polynomial f with the partition where each
part of A\, repeats % times, where deg(gj) = s;. Thus, d | s; for all j. Notice
that a particular part in Ay can come from more than one A, i.e, m;(f) is of
the form 3, %. Now, from Lemma 7.2.2 we see that g; are the factors of f(z).
Invoking Lemma 7.1.6, each irreducible factor of f(z™) (which are g; in our case)
has degree dr®. Thus, s; = dr®. Since, r® { m;, (f) there exists jo such that 7° { s;,.
Hence, sj, = d. This implies f is an M-power polynomial.

To prove the converse, we can work with the blocks of either kind. First,
let f € ®M ie., f(zM) has an irreducible factor of degree d. Then, following
the proof for converse of Proposition 7.2.5, we get a solution for X™ = «. The
main case we need to deal with is the second kind. Let « has associated data A,
consisting of polynomial f and partition Ay = 1"t ...4™¢ ... with the property that
f € @y for some b > 1, i.e, f(xM) is a product of 72~ irreducible polynomials
each of degree dfb, and 7° | m; for all i. Let g be one of the factors of f(z*) and

Ag = 10 ... )\[T .... Let B be a matrix associated with data g and A;. Then from
Proposition 7.2.3, BM is conjugate to . This completes the proof. ]

Now, we write a corollary of this when M is a prime.

Corollary 7.2.7. Let M be a prime with (¢, M) = 1. Denote t = MM(M;q). Let
a € GL(n, q) with combinatorial data A, consisting of polynomials f; € ® of degree
di and partitions Af, = (Niy, Nigy--+), 1 < i < 1. Then, XM = o has a solution in
GL(n, q) if and only if for each 1 < i <1 one of the following holds,

1. ttd;.
2. fi € ®M (in this case, it is equivalent to saying that f;(x™) is reducible).
3. M | mj(Ay,) for every j.

This follows from Lemma 7.1.8.

7.3 M'"™ power regular semisimple and regular classes
in GL(n,q)

In this section, we look at the regular and regular semisimple classes in GL(n, q)

which are M powers and get generating function for the same.
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Proposition 7.3.1. Let « € GL(n, q) with associated data A,. Let « be a reqular
element with the polynomials f1, ..., fi in Aq. Then, XM = a has a solution in

GL(n, q) if and only if f; is M-power polynomial, for all i.

Proof. Since, « is regular the associated partition Ay, has single part, for all 7. The

result follows from Proposition 7.2.5. O

We note that if « is a regular semisimple element, we can apply this proposition

as well. The generating functions are as follows.

Theorem 7.3.2. Let M > 2 be an integer and (q, M) = 1. For the group GL(n, q),
the generating function for reqular and regqular semisimple classes which are M

power 1s,

o
1. 1+ Z c(n, M)pgu” = H(l — y)~Nu(ad),
n=1 d>1

o
2. 1+ Z c(n, M)u™ = H (1+ ud)NM(qu).
n=1 d>1

Proof. From Proposition 7.3.1, it follows that a regular class a € GL(n, ¢) is a M*"
power in GL(n,q) if and only if each irreducible factor f(z) of its characteristic
polynomial y,(x) is M-power polynomial. In other words, the regular conjugacy
classes which are M power, are in one-one correspondence with the set of M-

power polynomials with non-zero constant term. Therefore,

1+ e(n, M)gu = [ (1 —u®P)=1 =TI (1 — ud)~Nuled),
n=1 feaM d>1

This proves the first part.
The regular semisimple M*" power conjugacy classes in GL(n, q) are character-

ized by separable M-power polynomials with non-zero constant term, and hence,

145 e(n, M)wu = [[ (1+udes@y = T](1 + u)Nuslad)
n=1 feoM a>1

This proves the required result. O

We get back the generating functions of regular classes in Proposition 5.2.2 and
regular semisimple classes in Proposition 5.2.3 by putting M = 1 in the above
theorem.

Now, we can use this to get the generating function for the M power regular and

regular semisimple elements.
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Theorem 7.3.3. For the group GL(n,q), and M > 2 with the condition that
(¢, M) =1,

1. the generating function for the reqular semisimple elements which are M™

power is

Ny (g,d)
IGL(, )| u?
1 = 1 .
+ Z aremg = L+ 2

a>1 ¢ —1

2. The generating function for the reqular elements which are M power is

|GL n. ’ i N (g,d)
q
1 — e 1 _——
+Z [GL(m, ) " dl;[l( +]Zq] Ni(g 1))
ud> —Nn(g,d) ( ul )NIVI(Qad)
= H 1-— H 1+ ——+-— .
S ( ¢’ el ¢*(q? — 1)

Proof. We use Proposition 7.2.5 here. To get (1), in the Equation 5.3.2 of cycle
index generating function, we take n = 1 on the right side (and hence the second
sum runs over partitions of 1 which is (1)) and the outer product runs over all
f € ®M. Thus, to get the desired generating function we put xpx = 1, when
f € ®M and 0 otherwise. We get,

NM(‘]vd)
CLOL Y| st u
Z Tarme 7 M\ ) = |

feaM d>1

Here we used the following: for the partition (1) = 1! and ¢%9\)- 2.0 (qde;f) ) 1
d 1 _ d
gdea(s) (1 _ qdeg<f)) = gdeslf) _ 1.

The generating function for regular elements is obtained in similar fashion.

Here we take the partition (n) = n on the right in the cycle index generating

function. The transpose of this partition is (n)’ = (1,1,...,1) = 1™ and hence
\2
o9 (D 22,00 (W)l — gdeg(f) (1 _ qdﬁ) = q(n=1-deg(f) (qdes(f) _1). There-
fore,
IGL(n, a)rg |

1+Z |GL(n, q)|

wi-deg(f)
1
11 ( +Jz_:qa Ddeg(D) (qdes(F) — 1)

feoM

id N(g,d)
= H (1 + Z jl)dl)) )

d>1 j= 1
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To deduce the alternate formula, we note that,
Wi a\ ! d
U u
1 _——=|1-— 14+ ————
+jzlq3 Dd(gd —1) ( qd) ( +qd(qd—1)>

which can be verified by computing coefficients on both sides. O

Once again these generating functions are generalization (M = 1 case) of the ones
obtained in Equation 5.4, 5.5 and, 5.7.

7.4 M™ power semisimple classes in GL(n,q) when M
is a prime power

In this section, we deal with semisimple elements which are M*" power. We assume

M = r® for some prime r and (¢, M) = 1.

Proposition 7.4.1. Let M = r® be a prime power and (q,M) = 1. Let o €
GL(n, q) be semisimple with the corresponding combinatorial data A, consisting
of polynomials f; and partitions Ay,. Then, XM = o has a solution in GL(n,q) if
and only if for each i, one of the following holds,

1. f; c oM,
2. fi € Py, for some 1 <b<a, and rb HRYAR

Proof. We recall that when « is semisimple all partitions in A, are of the form
1l Thus, the second condition in Proposition 7.2.6 becomes the required one
here. O

Now recall the notation N}, (g,d) preceding the Proposition 7.1.9. We have,

Theorem 7.4.2. Let M = r® be a prime power and (q, M) = 1. Then, we have

the following generating functions:

L1+ Y el My = T[T (1 - o).

n=1 1=0d>1

GL(n. Q)| v _ T ur'id N (@)
n, q [, §)ss |

2.1 1 .
+Z IGL(n, q)] 1;[1;[( +Z rij(rij—1)d (qtdl))

IR A | V)
Proof. Recall the notation ®s; defined at the end of Section 7.1 when M = r.

By Proposition 7.2.6, it is clear that a semisimple conjugacy class which is M*™"
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power, corresponds to (in fact, one-one correspondence) a monic polynomial g of
degree n over [F, with the property that the multiplicity of each of its irreducible
factors which belong to ®,,; for some ¢, must be a multiple of r*. Therefore, we

get,

o0 a )
1+ en, M)u™ = ] ]I (1 4o dea(f) g 2rtdeg(£) 4 )
n=1 1=0 fedpr;

= - yrideg(N) T o rid —Nkf(qu)
ISINEEE S (O

=0 f

This proves the first part.

For the proof of second part, we use the cycle index generating function once
again. In the Equation 5.3.2, on the right hand side, we put zy, = 1 when
A= (1,1,...,1) Fr%j, and f € @y, for each j > 1, else we put x5, = 0. We also
note that when A = (1,1,...,1) - n and f € ®, we have,

deg ) (>\ (1> — qn2deg(f) (1 _ 1) (1 _ 1)
-1;[1 g9t ) vy glea(f) 79 (F)

z_

an.deg(f) (qPe9th) — 1) ... (gded(f) — 1)

quegm
n

— nn— 1>deg H i.deg(f)

=1

Therefore, we have,

|GanSS| T ui-deg(f)
1+Z ‘Gan| _H)( H (1+Z rij(rij—1).deg(f) '

fe®ar j=lq 2z Ht (qt-deg(f) _ 1)
This gives the desired generating function. O

Putting M = 1 in part (2) of the above result gives Equation 5.6 which is the
generatin function for the proportion of semisimple elements.
In the case,when M = r is a prime, the formula gets further simplified as %

runs from 0 to 1 in the formula above.

Corollary 7.4.3. Let M be a prime and (¢, M) = 1. Let a € GL(n, q) be semisim-
ple with the corresponding combinatorial data A, consisting of polynomials f; and
partitions Ay,. Then, XM = & has a solution in GL(n,q) if and only if for each 1,
one of the following holds,

1. fi € oM,
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2. M| |Ay.
Proof. This follows from Proposition above and Corollary 7.2.7 . O
Corollary 7.4.4. Let M be a prime with (q, M) = 1. Then,

00 oM oo
1+Zc(n’M)ssUn: <1u> H (1_~_ud+u2d+_“+ud(]\/[,1)) Mm(q )

M
n—1 1—qu™ ] 5

Proof. Recall that here we have N(q,d) = N%(q,d) + Nijq,d = Np(q,d) +
Ni,(q,d). By taking a = 1 (and thus r = M) in Theorem 7.4.2, we have,

1+ 5" e(n, M)su™ = T (1 —ud)=Nu@d TT (1 — uMd)=Nas(@d)

n=1 d>1 d>1
= H(1 — y®)~Num(ad) H(l — yMd)Na(g:d)=N(q.d)
d>1 a>1
1— uMd N (g.d)
-1 ( 1wt ) [1(1 - ut)=Nad
d>1 d>1
1 — yMd N (q,d) 1—uM
- 0(e) )

The last equality follows from the generating function formula for N(q, d) (see the
Proposition 5.2.2, Chapter 5) by taking «™ for u. Putting M = 1 in the above
result, we get the generating function for semisimple classes (see Proposition 5.2.2)

as expected. ]

7.5 M power conjugacy classes in GL(n,¢) when M is

a prime power

In this section, we work with general elements and assume M = 7%, for some
prime r, and (¢, M) = 1. Now, we proceed to construct generating functions
for ¢(n, M) and %. Recall from Chapter 5, Section 5.2.2, Macdonald’s
parametrization of conjugacy classes in GL(n, ¢), which led to the notion of type-v
conjugacy classes of GL(n, ¢). Now, we determine the number of conjugacy classes
that are M powers by counting the number of type-v conjugacy classes that are
M*™ powers. Recall the notation: ® M, is the set of all polynomials f € ® with the
property that all irreducible factors of f(z) are of degree r'deg(f). We also have
a

P = U ® )7 where @)/ the set of M-power polynomials. The Proposition 7.2.6
i=0
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can be rephrased in terms Macdonald’s notation as follows.

Proposition 7.5.1. Let M = r® where r is a prime and (¢, M) = 1. Let o €
GL(n, q), with associated Macdonald’s data (u1,uz,...). Write u;(z) = I, fa”

a product of irreducible polynomials f;; € ®. Then, XM — o has a solution in
GL(n, q) if and only if, for all fi;, fi; € ®rrp, for some 0 < b < a, implies r° | a;;.

Proof. We write each u;(z) = [, ffj” as a product of irreducibles. Then the set
fi; and the corresponding powers m;(A fi].) = a;; give back the combinatorial data
Aq. The result follows from Proposition 7.2.6. O

Note the subtle difference between this proposition and the semisimple case
(Proposition 7.4.1). In the present case, we require that r* divides the multiplicity
of each part appearing in the partitions. In general, it is not true that XM = o
has a solution in GL(n,q) if and only if Y = a; has a solution where a; is the

semisimple part of a.

A1
Example 7.5.2. Take a = ( e ) € GL(3,q) and M = 2. Then, XM = o has

A2
A
a solution in GL(3, ¢) if and only if A\j, A2 € }FZQ. However, Y? = o, = ( Y \ )
2
2
has solution if and only if Ag € IFZQ, because (1 )‘1) = ()‘1 A )

Now, we write the generating function for ¢(n, M). We have the following,

Theorem 7.5.3. Let M = r®, where r is a prime, and (¢, M) = 1. Then we have

the following generating function,

1—1—2 (n, M)u HHH u”d Niy (0:d)

n=1 7=1i=0d>1

Proof. Let ¢, s denote the number of type-v conjugacy classes that are Mth-

powers. For a partition v = (11,272 ...) of n, from Proposition 7.5.1 we have

Cu,M = H C(niaM)ss

n; >0

where n; represent deg(u;). Now,

=> cm = Z(H c(ni, )ss>.

vkn vkn \n; >0

a
We apply Lemma 5.2.4, taking a, = c(n,M)s, thus f(u) = J]JJQ -
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u’”id)_N w(@9) g the generating function for M-power semisimple classes (by The-

orem 7.4.2). Thus, b, = ¢(n, M) and we get,

oo
1+ Z c(n, M)u H
which gives the required result. O

Corollary 7.5.4. Let M be a prime and (q, M) = 1. Then we have,

1 —uMi 1 —yMid
LS elm M) H (—)H(—
— quMi — uid
— e 1—qu i1 1—u
When M =1 in the above result, we point out that we get back Propostion 5.2.5,
as expected.

To end this chapter we write the generating function for %. To make it

simple we assume M is prime. Recall that N(q,d) = N(q,d) — Nas(g, d) is the set
of all polynomials f € ® such that f(2™) is irreducible. We have the following,

Theorem 7.5.5. Let M > 2 be a prime and (M,q) = 1. Then,

N (q,d)
GL(n, 9)™| ul?
1+ = 1+
Z |GL(n, q)| dl;Il J;“ZWQZWHCJ
i1 N/ mi(n)
N(g.d)
H Z Z uMTLd
X 1+ -
a1 =1 MO TT (%) o

i>1

Proof. By Corollary 7.2.7, we know that a € GL(n, q) is M*" power if and only if
for each f € A,, either f is M-power or else, M | m;(Af) for all j > 1. Thus, in the
cycle index generating function (see Equation 5.3.2), we put, for each f € ®, A € A,

1 if feoM
zpx=1q1 ;if f € ®\ @M and, M | m;()\) for all j > 1

0 ; otherwise

Substituting these values, we get the generating function. O
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7.6 An application of the generating function for pow-

ers

Till now we have developed several generating functions involving the proportion of
M powers in GL(n, q). These generating functions look complex in form. In this
final section of the chapter, we mention some methods to make these generating
functions much more simpler and accessible when M is prime. As an application,
the explicit value of the probability % is determined for some values of n.
For the rest of this section we assume M is prime and (M,q) = 1. We start by

stating the main result of this section.

Theorem 7.6.1. Let M be a prime and (M,q) = 1. Let t = M (M;q). Then,

|GL(n, Q)M‘ _ Z 1
|GL(n, )| en MmN Ty imim;!
A:<1m172m27._>

whenever n < Mt and m(\) denote the number of parts of A divisible by t. In

power notation, m(\) = Zmi.
i

We quickly give some examples.

xX\2
Example 7.6.2. Let M = 2. We have t = 1. Thus, we get % = %, which is
q

well known.

Example 7.6.3. Let M = 3. Then possible values for ¢ are 1 and 2. When ¢t = 1,
that is, ¢ = 1(mod 3) we have, Mt = 3. Thus, by the above theorem,

2

IGL(1L, )% [(F)] 1

|GL(2, q)?| 1 1
d — .
an 32 9

GL(Lg)l ~ Fy| 370 [GLR.q] 22

The above results can be verified from Table 9.5 of Chapter 9.
When t = 2, that is, ¢ = 2(mod 3) we have Mt = 6. We write the values in
the following table:

n 112131415
IGL(ng)®| | 1 |2 ]2 |5 |5
|GL(n,q)] 31319 9

Table 7.3: Values of % when ¢ = (mod 3) and n < 6.

Once again the result for n = 2,3 can be verified from Table 9.5 and Table 9.11.
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Recall from Section 6.2 of Chapter 6, that

1
Mﬂt(A) 1—1121 M ml'

P(n,t,M) = Z

AFn
A=1m19m2...

gives the subsequential limits (except possibly 1) of Bar(n,q, M) := % (for

fixed n, M and varying ¢). Theorem 7.6.1 states that Bar(n,q, M) = P(n,t, M)
when n < Mt, where ¢ is the order of ¢ in (Z/MZ)*.

Remark 7.6.4. The power map on GL(n, q) is surjective if and only if (M, q) =1
and n < M(M;q) = t (see Proposition 6.2.2). This is reflected in the above
theorem since P(n,t, M) =1 if and only if n < t.

The rest of the section is devoted to the proof of Theorem 7.6.1. As we go
along, we will see simplification of some of the generating function that has been

already obtained in this chapter.

7.6.1 A relation between N,/(q,d), and N(q,d), and related identi-
ties

We have already seen that Njs(q, d) plays a pivotal role in obtaining the generating
functions related to powers. We derive a simple recursive formulation of Nys(q,d)
in terms of N(q,d), which will play a major role in the simplification process of

the related generating functions.

Proposition 7.6.5. Let M > 2 be a prime. Suppose M(M;q) =t. Lett|d and,
d= MF.ty with k >0 and, M {y. Then,

M—-1

MFt
WN(Q Y)

N(Q7d) :N(Q7d)_NM(q’d) =

Proof. From Proposition 7.1.4, we have,

NM((Ld)_d(Mq T7) Zu ) (M@ = 1), (4" - 1))

d
d/r_ ¢“—1

The second equality follows from the fact that (M, ¢ —1) = M as t | d. Therefore,
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Now, we claim that,

M, 5L
Z(wﬂ)(qd/r—n [1—( j’w/‘l)]) LS ) (g - (7.2)

r|d rly

where, d = M*.t.y, with (M,y) = 1.

To prove the claim, we observe that if » | d such that r | M¥, then r { y
(assuming k > 1, or else, this case is redundant). Now, if r = M% where a > 2,
then p(r) = 0. If, r = M, then observe that,

d M ‘1_1)
q -1 . ( ) d/r 1 B
O, ) =M =1 =0,
. . q?-1 4 (M-1) < : d
This is because, if r = M, Wl = qM +...+¢M +1. Now, since, t | 17 we

can conclude that, q%(M Dy, .+QM +1=1+1+...4 1(mod M) = 0(mod M).
—_——

M times
Therefore, we have proved that if | d such that | M*, then

=1
p(r) (g™ —1) [1 _Whgrr) j&“l)] = 0.

Now, suppose that r | d, and (r, M) = 1. We have d = MP¥.t.y, and along with
that let us assume that (t,y) = s. Thus, t = s.a, and (y,a) = 1. Suppose, further

r | a. Then, r {y. In this case also, observe that,

d M, 41
q —1 ( 9 d/r 1
M, L=y =1 Y

( 7qd/r_1) M

This is because, clearly M | ( e 11), as M | ¢* — 1, but M t ¢%" — 1. Suppose

that r | d such that r | s.b, where (b,s) # 1, and r > s. In this case u(r) =0 as r
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is not square free. Finally to establish the claim, we see that if r | y,

Therefore, we have established the claim made in equation 7.2. Now, from equa-

tion 7.1, we get,

~ M
d/r - y/r
N(q,d) Md 1) (Mk+1 t) ( > ulr) ))
rly rly
M - ]. Mkt
= gV )
This completes the proof. O

Corollary 7.6.6. Suppose M > 2 is a prime with (M,q) = 1. Let t = M(M;q).
We have,

N {0 when t{d

N(Qa d) =
M]\/,{HltN( ,y) when d = M*.t.y for some k > 0.

Proof. The proof follows from the previous proposition and Corollary 7.1.7. O

Example 7.6.7. Take M = 2. Then t = 1 is the only choice. We have calculated
Na(q,2), Na(q,3), N2(q,4) in Table 7.1.

Na(q,5) = N(q,5) = $N(q.5) = 15(¢° — q)
since k = 0 in the above case.
N(q,6) = N(g,6) — 1N (¢%3) = N(q,6) — 15(¢° — ¢?)

since k = 1 in the above case. Thus, N(q,6) = %(q6 —q% — ¢+ q) gives,

1
—(q° — ¢* — 2¢* + 29).

Example 7.6.8. Let M > 2 be a prime and (M, q) = 1. Then, Let M = 3. The
possible values of ¢ are 1 and 2. Let us first take ¢t = 1, that is, ¢ = 1(mod 3).
We have recorded the expressions for N3(q,2), N3(q,3), N3(q,4) in Table 7.2. We
calculate N3(g,5).

1 2 .

2N (g, 5) = E(q - q).

Ng(q, 5) = N(q, 5) - 3
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N3(q,6) = N(q,6) — %N(q?’,?) = N(q,6) — %(QG ~q°)

since k = 1 here. Thus, we have,

1
—(2¢° - 3¢® — 2¢* + 3¢).

Let us now take t = 2, that is, ¢ = 2(mod 3). In this case when d = 5, observe
that ¢ 1 d, and therefore,

1
Ns(g,5) = N(4,5) = £ (4" — q).
When d = 6, we have k = 1, and thus,
1
N3(q,6) = N(g,6) - EN(q 1) = N(g,6) — —=(¢° = 1).

Thus,

1
18(2q6 —3¢% —3¢° + 3¢ +1).

Then next lemma will prove to be useful.

N3(q,6) =

Lemma 7.6.9. Suppose k > 1. Suppose M td. Then,
N(g"",d) = M*N (g, M*d) + N (g, d).

Proof. We have,

N ) = 53 (@MY - 1)
r|d
1 Mg
= S| 2w 1) > u(Mr)(g 1)
r|MFkd Mr|MF*d
(r,M)=1
1 MFa Mk 1 d/r
= S| X )@ =D+ ar) 1)
r|Mkd r|d

= (dequr—) (ZM Mkld/T—l))
r|Mkd r|d

— M*N(q, M*d) + N(¢™* ", d)

This completes the proof. O

We can now prove a very important identity. Recall from Proposition 5.2.2 in
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Chapter 5, the following identity,

(1 —ud)~Nad = 1—7u
1—qu

=R

c(q,u) =

d=1

Proposition 7.6.10. Let M > 2 be a prime with (M,q) = 1. Suppose t =
M(M;q). Then,

~ 00 Mkt \ ak+ig 00
1—u MFFTE Y,
d\N(g,d) _ _ t Mty
H(l_u) ( )_H<1 ; M’%) _Hc(q,u Nviaars
d>1 k=0 qu k=0
Proof. Using Corollary 7.6.6, we have,
k k
H(l 4l H H uM td N(q,M* t.d)
d>1 k=0 Mtd
M-1
k Mt
M-1_ I\l td (IW 't‘d,d)
o I i ) (L
k=0 Mtd k=0 Mtd
- o M-1 _ M-—1
Mt oo MF t.d Mt
N(q ,d)
_ H(l utd)N(qt,d) H (1 B uMk.tAd) 2k
Mfd | | k=1 M{d
- _ M-1 _ M-1
Mt 0o MMty ] AT
_ H(l o utd)N(qt,d) H H M’“ L d N(qt,MF t. d)+7]\4k 2 .
| Mtd | k=1 Mfd

The last equality follows from Lemma 7.6.9, where we replace q by ¢'. Therefore,

we get,

H(l - ud)ﬁ(q,d) —

d>1

k=0 k=1 Mtd
1-M M—1
Mt 00 (q‘[wk 1, 0 M2¢
_ (1 B td)fN(qt,td) H H (1 uMk t d) rF=1
d>1 k=1 Mtd
—1
1-M
ot Mt [e’e) N Mk—1 4 M2t
— ( L—u ) (1 uMktd) (qu_l
— gt t
1-gu k=1 Mfd

Again one can apply Lemma 7.6.9, and do the steps performed above to conclude,
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that,

1—M 1-M k—2 M3
1 —ut Mt 1 — Mt M2¢ | MFLd N “ta) !
_ -t k-2
1 — qtut 1 — gtuMt H H (I—wu ) )

Inductively, we conclude,

- 0 MRt O\ MEFL o0
H(l - Ud)N(q’d) = H (11 1: Mkt> = H c(q', Mkt) J‘ik%t
— qtu

d>1 k=0

O]

7.6.2 Reformulating the generating functions for M power reg-

ular and regular semisimple classes

As a quick application of Proposition 7.6.10 in the previous section, we now show

that the generating functions of M*" power regular semisimple and regular con-

jugacy classes that were obtained in Theorem 7.3.2 can be reformulated to look

much simpler. Before stating the theorem we recall from Proposition 5.2.3, the

generating function of the number of regular semisimple classes.

_ 0 s 1 —qu®
u)—l—l—Zc(n 1;[1+u (1—|—u)(1—qu)'

Theorem 7.6.11. Let M > 2 be a prime and (M,q) = 1. Suppose M(M;q) = t.

Then,

x o) k 1—M
L1+ % e(n, M)gu™ = c(g,u) T e(qt, uM"t)amis.
k=0

n=1

o~ o0 fpo LM
2.1+ Z C(na M)rsun = s(q,u) H S(qt7uM t) Mk+1g

n=1 k=0

Proof. Using Theorem 7.3.2 and Proposition 7.6.10, we have,

Z c(n, M)pgu” H(l —ud)_NM(q’d)

a>1
= TIa-uh e [T - uh¥eD = e(g,u) T[] (1 - uh)N e
d>1 d>1 a>1
t|d
1-M
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We also have,

1+ Z c(n, M) su™ = H (1+ ud)NM(q’d)

n=1 d>1
ma- u2d)—A(q,d)
d>1
1l
= (1 +uH)N@D TT (1 + ud) =N @D = 5(q,u) =
= = [ o
d>1
td

O]

Example 7.6.12. Let M = 3, and g is such that such that MM(3,q) =t = 2. We

have,
o oo b 1
1+ e(n,3)rgu” = (g, u) [ e(¢®,u®) 75T
n=1 k=0
9 _1 6 _1 o
 \l—qu/ \1—q?u? 1—q?ub Az ’
k=2
Similarly,

00 o ) L
1+ Z C(n, 3)rsun = 8((], u) H 3(q27 u2'3k) 3k1+1 — (( qu )
k=0

n=1

_1 _ 1
1— q2u4 3 1— q2u12 9 ﬁ ( 5 2.3}6)731&%
S u .
(1 +u?)(1 — @) (1 + u8)(1 — ¢uS) “

We make table to compute these classes for some small value of n. We know,

c(n)g =q" —q

n—1

n | Number of regular classes Number of M*" power regular classes

1 q—1 q—1

2 > —q 3¢ —a+3

3 ¢ ¢ 36° -3+ 30— 3

4 ¢ —¢° 00" — 3 + 34" — 34+ 3

5 ¢ —q* §0° — 54" + 34’ — 34 + 34— 3

6 ¢ - s19° = §0° + 374" — 5 + 570° — G4+

Table 7.4: Table for ¢(n,3),, for ¢ = 2(mod 3).
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We can also make similar simplification to the generating functions for the pro-

portion of regular semisimple elements and regular elements that are M** powers.

Theorem 7.6.13. Let M > 2 be a prime and (M,q) = 1. Suppose M(M;q) = t.
Then,

GL o) ha. 1=M
Lo+ 53 ger ol = Cla,w) 11 O(¢', w1 were.

1-M

2.1 ‘GL(nQ)rJ n_g = S t M’%W
+§:7x7mﬂ —(%@i%(%u RTISEEE

where C(q,u) and S(q,u) denote the generating functions for the proportion of
regqular elements in GL(n,q) and the proportion of reqular semisimple elements in

GL(n, q) respectively (see Equation 5.4 and Equation 5.7 respectively).

Proof. The proof is similar to Theorem 7.6.11. O

7.6.3 Proof of Theorem 7.6.1

The proof is based on the simplification of the generating function for the propor-
tion of M*™ powers given in Theorem 7.5.5 which can be done in a way exactly
similar to the ones we have done in the previous subsection. We begin with a

simple lemma.

Lemma 7.6.14.

N(g,d)

Iy - !

U
1 1—u
a>1 n>1An q 1;[ ( d>mz "

Proof. The left hand side can be obtained by putting x; ) = 1 for every f € ®
and every partition A in Proposition 5.3.2. Therefore, the coefficient of u™ in the
formal power series written in the left hand side is m > 1=1. Thus,
4 a€GL(n,q)
N(g,d)

nd 1

u 2
1+ , =ltutul+ = .
};[1 7; )%1 qdzz‘()‘i)z H (id) 1—u

i>1

m;(A)
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Proof of Theorem 7.6.1. Let us denote

N(gd)
Mnd
Pr=1l 1 > s e 1
d>1 =1 Ak gMPd22 () H (—d)
i>1 4 mi(Y)
and,
N(g,d)
wid
P=1l11+>> o 1
d>1 J>1j g i H =
i1 N/ ma()
Thus from Theorem 7.5.5, we have,
|GL(n, )™ | q \
1 u" = PP.
+ Z IGL(n pl sl
Now, we analyze P, separately. We have,

1 uld

e (I
L= g5y i>105 g2 (A)? H (101)

1>1

where,

_N(qu)
Wit
Pyo= J[11+>>. g
d>1 331005 g2 ()2 H <d>
i>1 N4/ mi(X)
7&((], )

t|d i1 am ¢@ 22 2 H

i>1

- H 1+ZZ (1)
9"/
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—N(g,M* t.d)

Sk
ujM td

- Oy —
) H(td>m'()\)

k=0 Mfd J>1 g
i>1 4

1-M Mk
Mk+1 ¢ N(q ,d)

ujM’“td

_ IO_O[H 1+> > tdZi@i)QH(id)

k=0 Mtd 1 q
i>1 N4

i

Using Lemma 7.6.9,
N(q".d)

utjd

Py = 1
3 Imr+>> tdzi(A;)QH(1>
m; ()

Mid J>1AH g y
is1 N4

N t Mk d N(qblk71t7d> 1-M
(¢",M*.d)+ E Mt
ujM’“td

1+ ;
al ),

J21 A5 g
i>1 N4

—8

k=1

t 1—M
N(q*.d). Mt

utid
X

- 1+ ,
R 5 e
i1 N ma (V)

U

k—1
M t 1-M
N(q ) Mkt

A rk
ujM td

1+> > ,

1 Mfd 7105 ¢t H (1>
td

i1 N mi (V)

—18

k

k—1
N@M™ Tty 1-m
ME—1 M2t

1—M ke
u]M td

1 ) Mt
= —_— 1+ -
(1 —u k;l;[l 1\1/;([61 ng XZ'—] qtdZi(/\i)2 H <;d)
m;(N)

i>1

Inductively, we get,
a Mgy M1
Py = H(l—u ) MFFTE
k=0
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Thus,

[T (1 — uM*t) it
|GL(n, )] Py k=0

1 ut = PP = P = P

+Z |GL(n, q) SR 1—u !

_ M o _
(1 U’) Mt H(l_uMkt)MNIIH‘}t,

k=1

= P
! 1—u

Finally observe that when n < Mt, the coefficient of the generating function in
M—-1
DI

the right-hand side is contributed by the coefficient of (17? which is precisely

P(n,t,M). This proves the result. O

As a corollary of the above proof, we have found a simpler version of the generating

function in Theorem 7.5.5.
Corollary 7.6.15.

|GL(n, ¢)M| ) 2T Mgy M1
1+Z |GL(n,q)| u= [T = ysre,

N(q,d)

u
where P = 1+ !
1 dl;[1 E%qw@mvn(b o
i1

We end this section by asking whether the following result is true.

Question 7.6.16. Is the following result true: Let M be a prime. Assume
(M,q) =1, and let M(M;q) =t denote the order of q in (Z/MZ)*. Then,

|GL(n, ¢)|
= - <
iB(TL,M, Q) ‘GL(H,Q” — Z Mﬂt()\) H Zml
AbEn
A= (1M1 9m2 ...

where m(\) denotes the number of parts of A = n divisible by t, and, equality holds
if and only if n < Mt.

The above result (if true) determines an upper bound for the proportion of M
powers in GL(n, ¢). For a more general question over a finite reductive group, see
Chapter 10.

We mention another interesting observation. If the above theorem holds, then
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|GL(n,q)M

we must have nli_}rn L = 0 for a fixed q, M. This is clear by applying the

o |GL(n,q)]
Sandwich theorem along with the fact that le P(n,t, M) =0.
n—oo



Chapter 8

M powers in GL(n,q) when M
is a prime and (M, q) # 1

In the previous chapter, we dealt with the case when M is coprime to g. Recall
that we are interested in determining the image of the power map w: GL(n,q) —
GL(n,q) given by = +— ™. From the point of view of Jordan decomposition of
elements, when (¢, M) = 1, all unipotent elements survive as they are of order, a
power of g. Now, we want to focus on the case when M and ¢ are not coprime.
For simplicity of computations, we take the case M is a prime and ¢ is a power of
M. In this case, all semisimple elements survive in the image. Miller (see [Mill6])
enumerated squares in GL(n,2%); thus dealt with a particular case, M = 2, of our
situation. The material of this chapter is once again taken from the author’s work
in [KS20b] and follows closely to that of Miller.

We fix M a prime and ¢, a power of M. We determine the conjugacy classes
that are M*" powers in GL(n, ¢). We begin with a Lemma (analogous to our earlier
Lemma 7.2.1) which is [Mill6, Lemma 2]. Recall the notation that .J,, denotes a

Jordan block matrix of size n with diagonal ~.

8.1 M" powers in GL(n,q), where M is prime and q is

a power of M

Lemma 8.1.1 (Miller). Let Jy, be the Jordan block corresponding to scalar 0.

Then, Jé‘f{l s conjugate to

JO,[%] ®...®JU:("W®J07L£J ED---@JO{QJ

115
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where 0 < n < M —1 isn (mod M) and [ﬁ], L%J are the ceiling and floor

functions respectively.

8.1.1 A map on partitions

In the view of Lemma above, we define the following map ©,;; on the set of

partitions A. Let A(n) denote the set of all partitions of n; thus A = U A(n).
n>0

We define the map ©;: A(n) — A(n) as follows: Let A = (1™1(M) 2m2(N) .Y he

a partition of n then @7 (\) = (1m1(Om V) 9m2(Om(N) ...y where
M—-1
mi(On(N)) = Momgary(A) + Z (M —3) (m(iM—j)()‘) + m(iM+j)()‘)) .
j=1

If we take M = 2, we get the function defined in [Mill6, Proposition 3]. Since,
this map is quite important for us, we elaborate this alternatively using the other

notation for a partition. Given a partition A = (A1, ..., A;) of n, we have

e A A o R

M—X;

M—X1

suitably rearranged in non-increasing order, where 0 < \; < (M — 1) is X\
(mod M). It is easy to see that both of the above definitions are the same. We

give some examples to illustrate this map.

A4 0:(\) [ Ar4] ey

(3,1) 2,1,1) | 22 | @1,1,1,1)
(1,1,1,1) | (1,1,1,1) || (4 (2,2)
(2,1,1) | (1,1,1,1)

Table 8.1: The map ©9 on partitions of 4.

Thus, we see that O2(A(4)) = {(1,1,1,1),(2,1,1),(2,2)} € A(4) and simi-
larly ©3(A(5)) = {(1,1,1,1,1),(2,1,1,1),(2,2,1)} € A(5). We make a table to

illustrate the size of image for some small values.

n | |A(n) | 1©2(A(n))] | 1©3(A(n))] | 1©5(A(n))]
1] 1 1 1 1
2 | 2 1 1 1
3 3 2 1 1
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n_ | [A(n) | [©2(A(n))] | [©3(A(n))] | O5(A(n))]
4] 5 3 2 1
5 7 4 3 1
6| 11 5 4 2
7] 15 7 5 3
8 | 22 10 6 4
9| 30 13 7 5
10 | 42 16 9 6
11| 56 21 12 7
12| 77 28 16 8
13 | 101 35 20 9
14 | 135 43 24 10
15 | 176 55 28 11

Table 8.2: Values of |©3(A(n))| for M = 2,3,5.

We would like to count the image of ©;;. The following Lemma is a generalization
of [Mill6, Proposition 3].

Lemma 8.1.2. Let Op: A(n) — A(n) be the map described above. Then, a
partition  of n is in the image of Oy if and only if Mz_:l mv—j) (') < 1, for
each i > 1, where i’ is the conjugate transpose partitionjozflu.

Proof. The proof is along the same lines as in [Mil16]. O

Now we can write the generating function for this quantity. This generalizes the

result mentioned in [Mill6] (just before Proposition 3) for M = 2.

Proposition 8.1.3. With the notation as above,

1+ 2:1 [Oa (M) = ] 1 — uFM
n= k=1

Proof. By the previous Lemma, we see that the k™ term |©,(A(k))| is equal to
the number of partitions A - k satisfying ij‘/;l miri—j)(A') < 1. This means that
for each 7 > 1, at most one of miM_j(/\’) = 1, and all other terms are 0 in the
sum. For counting sake, we can think of X instead of X. Thus, |©;(A(k))| is the

coefficient if ©* in the following product:
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<(1+u+u2+- (ZutM>>

<(1+UM+1—|—UM+2—|— . 2M 1 (Z ))

=0
% ((1+uiM+1+uiM+2+_”+ iM+(M— 1 <Zuth>> N

(1 4o U-DMHL | G-DM+2 u(z’—l)M—i—(M—l)) (1_1uzM>

I
—13

1

.
Il

1<>_<>[ 14 @iM=1 g iM=2 o 4 g iM—(M-1)

M
i=1 l—u

This completes the proof. O

Now, we are ready to describe the result which generalises [Mill6, Theorem

1], and determines M powers in GL(n,q) in this case.

Theorem 8.1.4. Let M be a prime and q be a power of M. Let « € GL(n,q) and
Aq be its associated combinatorial data consisting of f; and Ay,. Then, XM = o
has a solution in GL(n,q) if and only if the partitions Ay, are in ©p (A(|Ag,])),
for all 1.

Proof. Let A € GL(n,q) be a solution of XM = «. It suffices to prove the
statement when A has a single Jordan block. Thus we may assume, A corresponds
to the polynomial g and partition p1g = (p1,..., ). f g(x) = (x —a1) --- (v — aq)
then define g (z) = (z —al?)--- (z — a})f). Clearly, g™ is defined over F, if g
is so. Now, we claim that the associated combinatorial data to AM is ¢@) and
the partition ©/(x). Since, raising power M is a bijection on Fy, we can easily
find ¢ such that ¢ = f (for example, by factorising it as a product of linear
polynomials). Thus, this gives the required condition that Ay must be ©x7(u).

For the converse, we have a with its combinatorial data satisfying Ay €
On (A(JAy])), for all . Without loss of generality, we may assume it has a
single Jordan block, say « is conjugate to Jyj. Rest of the proof is similar to
the [Mil16, Corollary 3 and Corollary 4], thus we mention it briefly. By factorising
f over Fq, we can reduce it to constructing the solution A for the Jordan matrix
Js.m where 3 is a root of f. We take A = J,,, and get AM =M1+ Jé‘fm (since ¢

is an M power). By Lemma 8.1.1, the combinatorial data A 4u consists of polyno-
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mial (z —yM) and the partition p = {m" e {m"’ LmJ e {mJ . Thus,

M M| M M
n M—m
we choose v so that ¥ = 3. Combined with the fact that u € ©3/(A(m)), and
putting together the Galois conjugate blocks, we get the proof. O

Since, order of a semisimple element « is coprime to M, the equation XM = «

always has a solution in GL(n, q). Further,

Corollary 8.1.5. With notation as above, let « € GL(n,q) be a regular element.

Then, XM = « has a solution in GL(n,q) if and only if o is semisimple.

Proof. Since « is regular, the combinatorial data A, consists of f; and Ay, with
exactly one part |As,|. Then by Theorem 8.1.4, XM = « has a solution if and only
if, for each i, the partition A\ = (|]Az,|) is in ©ar(JA]). Now, from definition of
Oy, this is possible only if [Af,| = 1 for all i. This proves that X = « has a

solution if and only if « is semisimple. O

We summarise this as follows:

Proposition 8.1.6. Let M be a prime and q be a power of M. Then,

1. the M'™ power semisimple classes in GL(n,q) are c(n, M)ss = c(n)ss. The
generating function for semisimple classes (respectively semisimple elements)
which are M™ power is same as that of all semisimple classes (respectively

semisimple elements).

2. The M™ power reqular and regular semisimple classes in GL(n,q) are
c(n,M)g = c(n,M)s = c(n)ws. The generating function for reqular and
regular semisimple classes (respectively elements) which are M power is

same as that of all reqular semisimple classes (respectively elements).

8.2 Generating function for the M power conjugacy

classes

The following result generalizes [Mill6, Theorem 2].

Theorem 8.2.1. Let M be a prime and q be a power of M. The generating
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function for M™ power conjugacy classes in GL(n,q) is,

N(q.d
1+ud(kM1)+___+ud(kM(M1))> (a.d)

1+Zc(n,M)u”:H(H [ ki

n=1 d>1 \k>1

Proof. By Theorem 8.1.4 we have (the first equality below),

1+ i cln, Mu" = Y uoreo rldea(s =11 3 wlrl-deg(£)
n=1

Ar€On(|Ag]) FeEPAr€ONM(INs])
1 + udeg(f)-(EM=1) | g 2ndeg(f)-(EM=2) o ... 4 4 deg(f)-(kM—(M—1))

= H H 1 — ydeg(F) kM

feDk>1

N(g.d)
14 qdeM=1) 4 4 d(kM—(M-1))
= IT(II 1 _ ydkM '

d>1 \k>1

The third equality follows from Proposition 8.1.3 by taking u as u®9(/). O

We note that for M = 2, we get [Mill6, Theorem 2] by substituting ¢ = 2 in the

following.

Corollary 8.2.2. For M = 2 we have,

1+Zc(n,2)u":H( (1—u?)(1 — qu™)
n=1 n>

2 _ _ Iny -’
L (w1 (1 = qu)(1 — qut™)

Proof. From previous Theorem we have,

oo 1 4 ud2k=1) N(g,d)
l—i-Zc(n,Z)u HH( uu2dk ) .
n=1

d>1k>1

2k

1+u2k ! 1—u
Since (
k:l;[l k;l;[l (1 — uk)(1 — utk)

u?*~1) in the numerator and denominator) we get

obtained by multiplying with (1 —

0o 1 — y2dk N(q,d)
1+ Zlc(“v 2u" =] I] ( —udR) (1 — u4dkz)> :

d>1k>1

1—
Now, we use ] (1 — ud)~N@d) =

Y to get the required result. O
d>1 1—qy

We can obtain the formula for general elements as follows:
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Proposition 8.2.3. With the notation as above,

|GL(n, )™ un-deg(f)
u" = 1+
nzl |GL(n, q)] fgp ; ; oD L7 T (s
’ T XeOM(A(n)) _ qdeg(f)
i>1 mi(Af)

Proof. This follows from Theorem 8.1.4 and the cycle index generating function
Equation 5.3.2. O
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Chapter 9

Computing squares and third
powers in GL(2,¢q) and GL(3,q)

In this chapter we compute squares and third powers in the groups GL(2,q),
and GL(3,¢q), using the necessary and sufficient conditions for powers we have
developed in Chapter 7 and Chapter 8. Since M = 2,3 here, when (M,q) =
1 we use here Corollary 7.2.7 from Chapter 7. When ¢ is a power of M, we
use Theorem 8.1.4 from Chapter 8. We state these results once again here for
convenience. These computations also verify the asymptotic results (¢ — o0)
we obtained for GL(n,q) in Chapter 6. We use the notations of Chapter 7 and
Chapter 8 freely here.

Proposition 9.0.1. Let M be a prime with (¢, M) = 1. Let t = M(M;q) be the
order of M in (Z/MZ)*. Let o € GL(n,q) with combinatorial data A, consisting
of polynomials f; € ® of degree d; and partitions Ay, = (Nij, Niy,...), 1 < i < L
Then, XM = o has a solution in GL(n,q) if and only if for each 1 <1i <1 one of
the following holds,

1. ttd;.
2. fi € ®M (in this case, it is equivalent to saying that f;(x™) is reducible).
3. M | mj(Ay,) for every j.

Proposition 9.0.2. Let M be a prime and q be a power of M. Let o« € GL(n, q)
and A, be its associated combinatorial data consisting of f; and \y,. Then, XM —
a has a solution in GL(n,q) if and only if the partitions Ay, are in ©p (A(|Ag,])),
for all 7.

123
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9.1 Computing squares and third powers in GL(2,q)

We first need complete information of the conjugacy classes of GL(2, ¢). We make
a table containing the pieces of information we need. The classification is based

on the different types of combinatorial data possible.

Combinatorial data Number of elements Number of
of conjugacy classes in the conjugacy class such class
fi=x—p1, fo=2— 2 qg+1) 5(a—1)(q—2)
Apl=11Apl=1
f=x—p 1 q—1
Afl=2,14+1F2
f=z—p ¢ -1 q—1
Af|=2,2F2
f=a*+ax+b 7 —q N(g,2) = 3(¢* —q)

[ is irreducible,|Af| =1

Table 9.1: Conjugacy classes in GL(2, q)

Since, we are calculating, squares and third powers in GL(2, q), we need the values
of Na(q,2), N3(q,2). We had already recorded this in Chapter 7 (see table 7.1).

P ¢ (mod 3) Ns(q,2)
odd Hq!UQ ’ 2l 0)
even i((f —q) ! %(QQ —4)

2 2 sla=1)(g-2)

Table 9.2: Values of Na(q,2) and N3(g,2).

9.1.1 Computing squares in GL(2, q)

Theorem 9.1.1. There are ¢> — 1 conjugacy classes in GL(2,q), and |GL(2,q)| =
(¢> — 1)(¢®> — q). The following table gives the number of conjugacy classes and

elements that are squares.
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q c(2,2) |GL(2,9)*|
odd | §3¢*+4q—7) | 3¢" - 3>+ 3>+ 3q4— %
even @ —q =27 +2¢—1

Table 9.3: Squares in GL(2, q).

Proof. When ¢ is odd, we use Proposition 9.0.1. We enumerate the number of

classes of each type as given in Table 9.1, which are squares.

1. The first type of conjugacy classes are squares if and only if uy and uo both

are squares in F;. The number of such classes are % (%) (% — 1) =
gla—1)(a—3).

2. All conjugacy classes of type 2 are squares (since, 2 | [A¢| = 2). Thus there

are ¢ — 1 of them.

3. A conjugacy class of type 3 is a square if and only if x — pu is 2-power
polynomial, that is, u is a square in F (since, 2 { ma(Ay)). Thus there are
q—1

== such classes.

4. A conjugacy class of type 4 is square if and only if f is 2-power polynomial.
The number of such polynomials is given by Na(g,2), which is thus the

number of square conjugacy classes of this type.

Adding all these gives ¢(2,2) when ¢ is odd as required. Thus, |GL(2,¢)?| is then
readily obtained with the help of the information in Table 9.1.

When ¢ is even we use Proposition 9.0.2, where we put M = 2 and n = 2.
Observe that, ©2(A) = (1,1) where A is any partition of 2. With this observe that
all classes of type 1,2,4 in Table 9.1 are squares while type 3 classes are non-squares.
The result for ¢(2,2) and |GL(2, ¢)?| is then readily read-off from Table 9.1.

O

Corollary 9.1.2. The following table gives the sizes of GL(Q,q)fg,GL(Q,q)gs,
GL(2, )5
9.1.2 Computing third powers in GL(2, q)

Theorem 9.1.3. The following table gives the number of conjugacy classes and

elements that are third powers.
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q [GL(2, )z, |GL(2, ¢)%] |GL(2, ¢)%]
odd | §¢* = 3¢* +§¢° | §a' — 3 + 3P+ 31| §¢* — 3 + 347 + gq
3 1
~54~3
even ¢t —2¢ + ¢ q' —2¢>+2¢—1 ¢t —2¢+ ¢

Table 9.4: Values of |GL(2,¢)%,|, IGL(2, ¢)Z| and, |GL(2, ¢)Z|.

g(mod 3) c(2,3) |GL(2, q)?|
0 —q | *—2¢+2¢—1
1 -1 | 3 - -+
2 2P-1) [ 3 -P - +0)

Table 9.5: Third powers in GL(2, q)

Proof. The proof is similar to Theorem 9.1.1. O

Corollary 9.1.4. The following table gives the sizes of GL(Q,q)i’g,GL(Q,q)SS,

g(mod 3) | |GL(2,q)7| |GL(2, )| |GL(2, )3l
0 =2 +q |q¢"—2¢°+2¢-1 " —2¢° +¢
L 5d" 50" —5¢" | 54" —§¢° + 54" | 54"~ 5@ +5a"+5
“odt3 +54-35
"R U (i UAN I Uil Uil U (ol VAR TR T/
—1q+1 +3g—1

Table 9.6: Values of |GL(2,q)§g], IGL(2,¢)3,| and, |GL(2, q)3,|

Remark 9.1.5. The information in Tables 9.3, 9.4, 9.5, 9.6 verifies the asymptotic
results we have obtained for M = 2,3 for the group GL(2, ¢) in Example 6.2.5.

9.2 Computing squares and third powers in GL(3,q)

We will follow the same outline, as in the previous section.

Combinatorial data Number of elements Number of

of conjugacy classes in the conjugacy class such classes

f1=$—,u,1,‘)\f1’:1
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fa=x—po,Apl=1 | Alg+D(@+q+1) | 5(¢—1)(g—2)(g—3)
fs=2—p3, N\l =1
fi=x—p1, fo=a—
Apl=2,14+1F2 PP +q+1) (¢—1)(g—2)
’)‘f2|:1
fi=x—p1, fo=2—
Apl=2,2F2 (g +1)(¢* - 1) (¢—1)(qg—2)
’)‘f2|:1
f=z—p
Af|=3,1+1+1F3 1 q—1
f=z—n
A =3,3F3 a(¢® = 1)(¢* - 1) q—1
f=z—n
Af|=3,241F3 (¢ +1)(g®—1) g—1
fi=z—p
fo=12+az+b ¢ — ¢ 3a(g —1)?
’)‘f1| = 17‘)‘f2| =1
f=a34azx?+bxr+c
fis irreducible, M s =1 | (¢* = q)(¢* — ¢°) N(g,3) = 5(¢* — q)

Table 9.7: Conjugacy classes in GL(3, q)

Since, we are calculating, squares and third powers in GL(3,¢), in addition to
the values of Na(q,3), N3(g,3). We will also need Na(q,2) and, N3(g,2) which we
already in Table 9.2.

q (mod 3) Ns(q,3)

q Na(q,3) 1.3
T 0 3(a° —q)
o 5@ —q) . L 3412)

1, 3 o\qd q
even g(q —q) 5 1(q3 2
L(g® -

Table 9.8: Values of Na(q,3) and N3(q, 3).

9.2.1 Computing squares in GL(3,q)

Theorem 9.2.1. There are ¢° — q conjugacy classes in GL(3,q), and |GL(3,q)| =
(@®—=1)(¢®—q)(¢® —¢*). The following table gives the number of conjugacy classes

and elements that are squares in GL(3,q).
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q c(3,2) |GL(3,9)?|
odd | 75(5¢® +3¢* —5q — 3) £(5¢" = 7¢® — ¢" + 2¢° + 3¢° + ¢*
—7q° + 4¢°)
even (¢—1)(¢*+1) =2 +2°+ ¢ —¢* =3¢ +¢* +¢

Table 9.9: Squares in GL(3, q).

Proof. Assume that ¢ is odd. Let us write down the number of conjugacy classes

of each type which are squares.

1.

Any class of type 1 is a square class if and only if each f; (1 < i < 3) is

2-power, that is, u1, ps, i3 are squares in F'*. The number of such classes is
(37 = k(g 1D)(a-3)(g—5).

A class of type 2 is a square class if and only if z — us is a 2-power poly-

nomial, that is, ue is a square in FX. Number of such classes is given by

(2) (41) + (%) (% 1) = e = Dia -2,

. A class of type 3 is a square class if and only if both uq, uo are squares in

Fy. There are 1(q — 1)(g — 3) such classes.

. A class of type 4 is a square if and only ifu is a square in F; (since 2 {

m1(Af) = 3). Thus there are % such classes.

. A class of type 5 is a square if and only if u is a square in F;. Thus there

1
are qT such classes.

. A class of type 6 is a square if and only if u is a square in F;. Thus there

are % such classes.

. A class of type 7 is a square class if and only if both f; and fo are 2-power

polynomials. The number of such classes is given by qg—l.NQ(q, 2) = %(q— 1)3
(see Table 9.2).

. A class of type 8 is a square if and only if f is 2-power polynomial. The

number of such classes is given by Na(g,3) = (¢® — ¢) (see Table 9.8).

Thus adding all these up we get ¢(3, 2) when ¢ is odd. The expression for |GL(3, ¢)?|

can be found out using Table 9.7.

When q is even, we apply Proposition 9.0.2 with n = 3, M = 2. We have,

O2(N) =

(1,1,1) when A=(1,1,1)F3or, A\=(2,1)F3
(2,1)  when A= (3)F 3 '



9.2. Computing squares and third powers in GL(3, q) 129

It is clear then that classes of type 1,2,4,6,7,8 are square classes, while classes of
type 3 and 5 are non-squares. With this the expressions for ¢(3,2) and |GL(3, q)?|
are easily calculated using Table 9.7. O

Corollary 9.2.2. The following table gives the sizes of GL(B,q)?g,GL(S,q)gs,
GL(3,9)%-

q [GL(3, ¢)ug] |GL(3, 9)%| |GL(3, ¢)%|
odd | 5¢° — 158° — 154" | 154" — 6+ 164" | 164" — 1640+ 154"
R0+ 150" + 154" | +§¢° - 154" — 154" +3d° + 150
t160° — 40" =30 | “1g0° 05 | —150" —1pd
even | @ =288+ 1260 | @ —288+2¢ —¢* | @ — 285+ ¢° +2¢°
—¢'—¢° —2¢° +2¢° +q—1 ' —¢°

Table 9.10: Values of |GL(3, q)Z,], |GL(3, ¢)2] and, |GL(3, q)Z|.

9.2.2 Computing third powers in GL(3, q)

Theorem 9.2.3. The following table gives the number of conjugacy classes and

elements that are third powers in GL(3,q).

g (mod 3) c(3,3) |GL(3,9)°|
0 ¢*(qg—1) ¢’ —2¢° +2¢° — ¢*
—2¢3 +2¢> +q—1
1 3 (14¢% + 3¢> + 42¢ — 59) | g5(14¢° — 14¢® — 32¢" + 36¢°
+14¢° — 22¢* + 4¢> + 54q — 54)
2 123+ ¢ —2¢—1) - -+ P+ )

Table 9.11: Third powers in GL(3, q).

Proof. The proof is similar to Theorem 9.2.1. O

Corollary 9.2.4. The following table gives the sizes of GL(3,q)§g,GL(3,q)§’S,
GL(3, q)-
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g(mod 3) |GL(3, @)g [GL(3, ¢)3] GL(3, 9)3|
0 q9_2q8+q6 q9_2q8+2q6_q4 q9_2q8_|_q6
+2¢° — ¢* — ¢* —2¢* +2¢> +q—1 +2¢° —¢* — ¢*
L s —sd -8 | 50 - 5C -5 | 510" - 50— 50
+3°+ 8 - Fat | +5° -5 - 7dt | A58+
tere’ — 90’ — 39 |~ e’ ta—1] ¢+ gd
2 3¢ — 35— 34 3¢ -3¢ +30" | 3 -3 +3d
—g0 + 245 + 2¢* +2q6_%q5_%q4 +q6+%q5_%q4
+30° —¢* —q | —53¢°+2¢° +q—1 -3¢°

Table 9.12: Values of |GL(3, q)3,],|GL(3,¢)3] and, |GL(3,¢)3,].

Remark 9.2.5. The information in Tables 9.9, 9.10, 9.11, 9.12 verifies asymptotic
results we have obtained for M = 2,3 for the group GL(2, ¢) in Example 6.2.5.

9.3 A solution to a problem by R. Stanley

In [Sta97], the author Richard Stanley had asked to count the number of matrices
over the finite field F, which have a square root (see Exercise 180 of Chapter
1). V. Miller in [Mill6] characterized invertible matrices with square roots in
characteristic 2. This led to the generating function for the number of conjugacy
classes of all invertible matrices with square roots which is Corollary 8.2.2 (see
Chapter 8). On the other hand, when the characteristic is not 2, the invertible
matrices having square roots are characterized by Corollary 7.2.7 by putting M =
2. This leads to the generating functions for the number of conjugacy classes of
invertible matrices possessing square roots and the proportion of matrices with
square roots obtained by putting M = 2 in Corollary 7.5.4 and Theorem 7.5.5
respectively (see Chapter 7). We collect these generating functions so obtained in

the following theorem,

Theorem 9.3.1. We have the following:

1. Suppose q is a power of 2. The generating function for c¢(n,2) which is the
number of conjugacy classes of invertible matrices which have square roots is
given by

(1 — v — qu™)

1+ ;C(n, Q)Un = };[1 (1 n u27‘b—1)(1 — qu”)(l — qu4n) .
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2. Suppose q is not a power of 2. Then,

1 2 — rr((L=v” 1 4 @1y ~Ne(a.d)
e ({3 ) R

N2(qzd)
|GL(n, q) | i
1+ Z o= TN
|GL(n,q)| d>1 31305 g3 22 2 11 (1d)
i1 N/ mi(n)
N(q,)

2nd

U
X 1+ -

where N((L d) = N(Qv d) - NZ(Q? d)
Here, No(q,d) denotes the number of 2-power polynomials.

The above results answer the question posed by Stanley in the sense of generating
functions. We expect that further concrete results about these (like some form of
recursive relation on n or, sharp bounds or, even closed formula) can be deduced

from the generating functions so-obtained or, otherwise.
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Chapter 10

Future Plans

This thesis revolves around the study of the image of the power map in finite
reductive groups. We have attempted to study the image of the power map
wy 2 GF — GF given by g — ¢M where M > 2 is an integer and G is con-
nected reductive group over Fq with Steinberg endomorphism F'. There are lots
of questions that still remain to be answered to get a more explicit understanding
of this map on these infinite families of finite groups. In this final chapter, we

mention some of the interesting questions in this direction.

10.1 Further Questions

The most general question on this topic is to study the image of the power map on
a finite reductive group G, that is, to understand whether there exists a solution of
the equation XM = g (for g € G) in G. Since this map is mostly non-surjective it is
natural to ask how “big” or “small” is the image compared to the size of the group
which in turn naturally leads to the idea of enumerating the M powers in G.
This thesis has addressed two kinds of problems in this direction. In Chapter 6, we
have solved the problem of asymptotic as ¢ — oo for the proportion of M** powers
in a finite reductive group G. In the second part, to understand the image more
explicitly, we have specialized over the group GL(n,q), and derived generating
functions for the proportion of powers, which is often the tool for questions related
to enumeration. This explicit study perfectly makes sense over any finite classical

group. This leads us to the first question.

Problem 10.1.1. Derive generating functions for the proportion of reqular, reg-
ular semisimple, semisimple and all elements that are M powers in the classical
groups like SL(n, q), Sp(2n, q), GU(n,q), GO(2n +1,q), GO*(2n,q), GO™(2n,q)

133
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etc., (see Chapter 3 for definitions). Derive the generating functions for the num-
ber of conjugacy classes of regular, reqular semisimple, semisimple and all elements

that are M™ powers in these classical groups.

We have generating functions for the M power invertible matrices and we

£ 1G] g0 come
|GL(n,q)]

values of n. We had further guessed an upper bound for the proportion of M

powers in GL(n, q) (see Question 7.6.16 in Chapter 7).

used these generating functions to determine the exact value o

Problem 10.1.2. Check the validity of the statement in Question 7.6.16.

A positive proof of the above problem will also determine the limiting value
of these proportions in GL(n,q) as n — oo (with M, q fixed, and in the case
(M, q) =1) (see [Ful99] for the limiting values of proportion of semisimple, regular

and, regular semisimple elements in GL(n, q) as n — o0).

M
Problem 10.1.3. Determine lim GL(n, 9) |

n_mom when M is a prime and q is a
power of M (see Chapter 8).

Problem 10.1.4. Determine sharp bounds (both upper and lower) for %ﬁ,

and more generally in case of all the other finite classical groups.

We have already conjectured that the asymptotic values (that is, subsequential
limits) as ¢ — oo are also upper bound for the proportion of powers in GL(n, q).
This leads us to conjecture a more general result for any M > 2, and not just

primes as follows:

Problem 10.1.5. Is the following true: Let M > 2 be any integer and G be a
connected reductive group with Steinberg endomorphism F. Let G(Fy) denote the
finite group of fixed points of G under F'. Then,

|G (Fy)"] 1

GO = =, Wal (L) (.0

where the sum varies over non-conjugate mazimal tori T in G(Fy), T =Ty, ... 4, =
Cg, x---xCyq, reflects the cyclic structure of T and the group Wr = Ng(Fq)(T)/T.

Problem 10.1.6. Given a reductive group G with Steinberg endomorphism F,
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determine the explicit value of the expression,

1

T:szl;”’ds |Wr|(M,dy)--- (M, ds)

We have already answered this for GL(n,q) and GU(n,q) by assuming M to be
prime in Chapter 6.

We believe answers to these questions will serve as a wealth of information on the

image of power maps on finite reductive groups.

So far we have concentrated on the image of the power map wjs. It is equally
interesting and important to understand the pre-image of this map. More precisely,
what information can we have on the fiber of each element under the power map?

In other words,

Problem 10.1.7. Let G be a finite reductive group. Fix g € G, and suppose
XM — g has a solution in G for a fived M > 2. Study the set F;W ={a e G|
oM = g} C G, which is the set of all solutions of the equation XM = g in G.

All the questions that have been posed for the image set make perfect sense for the
fiber FgM of g € G. It is worthwhile to mention a character theoretic connection
here.

Let G be a finite group and Irr(G) denote the set of all irreducible characters
of G. Let w be an element of the free group Fy on d generators. Consider the

corresponding word map w : G* — G. For g € G, the fiber F, o is defined by,

F;} = {(917927-‘-790{) eGd|w(glv'”7gd) :g}

Let Ny’ = |Fy’|. We define the map,

N¢ G — C by, alg) = Ny
The function Ng is a class-function and thus Ny = > awyx is a C-linear
x€Irr(G)

combination of the irreducible characters of x. This is not always a character of
G. The coefficients a,, , are called Fourier coefficients of G with respect to the

word w. For the commutator word w, a classical result of Frobenius says that
Ay = % for all x € Irr(G). Thus for the commutator word w, Ng is indeed

a character of G. In general, the Fourier coefficients can be found out using the
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inverse Fourier transform.

1 _
G = (a > x(w(grs--,9a)7h),

(91,--,94)€G?

although this is not always easy to use in practice.
For the power word w = 22, the coefficient ay, can only be +1,0,—1. This
coefficient attached to x is called the Frobenius-Schur indicator of x. For a general

power word w = M for an integer M > 2,

1 M
A x = @ Z X(g )

geG

These coefficients are called the generalized Frobenius-Schur indicators. In our
setting, it will also be interesting to determine these in the case of finite reductive
groups more explicitly. For more literature on these Fourier coefficients, we refer
the reader to the survey article by Shalev (see Section 4 and Section 7, [Shal3]),

and references therein).
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