REPRESENTATIONS AND TENSOR PRODUCT GROWTH

MICHAEL LARSEN, ANER SHALEV, AND PHAM HUU TIEP

ABSTRACT. The deep theory of approximate subgroups establishes 3-step product growth
for subsets of finite simple groups G of Lie type of bounded rank. In this paper we obtain
2-step growth results for representations of such groups G (including those of unbounded
rank), where products of subsets are replaced by tensor products of representations.

Let G be a finite simple group of Lie type and x a character of G. Let |x| denote the sum of
the squares of the degrees of all (distinct) irreducible characters of G which are constituents
of x. We show that for all § > 0 there exists € > 0, independent of G, such that if x is an
irreducible character of G satisfying |x| < |G|*~°, then |x?| > |x|'T¢. We also obtain results
for reducible characters, and establish faster growth in the case where |x| < |G|°.

In another direction, we explore covering phenomena, namely situations where every irre-
ducible character of G occurs as a constituent of certain products of characters. For example,
we prove that if [x1] - - [xm| is a high enough power of |G|, then every irreducible character of
G appears in x1 - - - xm. Finally, we obtain growth results for compact semisimple Lie groups.

1. INTRODUCTION

In the past two decades there has been intense interest in growth phenomena in groups
and in finite simple groups in particular; see [Hel, Hr, BGT, He2, PS, Bre]. The celebrated
Product Theorem, proved independently in [BGT] and in [PS], shows that, if G is a finite
simple group of Lie type of rank r, and A C G is a generating set, then either A3 = G
or |A3] > |A|'*¢ where € > 0 depends only on 7. Here A* denotes the set of all products
aias - --ap where ay,...,a; € A.

The main goal of this paper is to study analogous power growth phenomena in representa-
tion theory, with emphasis on (complex) representations of finite simple groups G of Lie type.
Here products of subsets of G are replaced by tensor products of representations. Our results
on tensor product growth give character-theoretic analogues of the Product Theorem which
are strong in two respects: we establish 2-step (instead of 3-step) growth, as well as uniform
growth when the rank of G tends to infinity.

Let G be any finite group. If X = {x1,...,xx} is a set of (pairwise distinct) irreducible
characters of GG, we define

k
X1 => xD)*
i=1
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This is the Plancherel measure, normalized so that |Irr(G)| = |G|. If x is any character of G,
we define |x| = [supp(x)|, where supp(x) denotes the set of distinct irreducible constituents
of x. Recall that G is quasisimple if G = [G, G| and G/Z(G) is simple.

Our first growth results are as follows:

Theorem 1. For all § > 0, there exists € > 0 such that if G is a finite quasisimple group
of Lie type and x is an irreducible character of G with |x| < |G|*79, then |x?| > |x|**¢ and
x| > [x|tre

By a classical result of Burnside and Brauer [Br], if x is any faithful character of a finite
group G taking exactly m distinct values on the elements GG, then any irreducible character
of G appears as an irreducible constituent of some y* with 0 < i < m — 1. Thus one should
expect tensor growth for arbitrary characters of finite groups, and this is studied in Theorem
2.6 (below). We also give a version of Theorem 1 for general characters in groups of high
rank:

Theorem 2. For all § > 0, there exist € > 0 and R > 0 such that if G is a finite quasisimple
group of Lie type and rank > R, and x is any (not necessarily irreducible) character of G with
x| < IGI'2, then [x?[ > [x|'** and [xx]| > |x|"*<.

The proofs of these results present € as an explicit function of §, e.g. € = W(élfé) in
Theorem 1, where ¢ > 0 is the absolute constant in [LaT, Theorem A]. Moreover, if G is

sufficiently large but of bounded rank r, and x is irreducible, then ¢ = ﬁ will do; for

example, any irreducible character x of G with |x| < |G|'/? satisfies || > |x|*/2.

As shown in Example 2.5(iv), Theorem 2 does not hold for non-simple quasisimple groups
of bounded order. On the other hand, Theorem 2.6(iii) shows that it holds true for (non-
abelian) simple groups of bounded order. The question whether Theorem 2 can hold for (large
enough) quasisimple groups of Lie type of bounded rank will be studied elsewhere.

Power growth of conjugacy classes A of arbitrary finite simple groups G was studied before
the Product Theorem was proved. It is shown in [Sh, 2.7] there that for any § > 0 there exists
¢ > 0, depending only on 4, such that |A| < |G|'~° implies |A%| > |A|'*¢. Furthermore, if G
is of Lie type then |A2| > |A|'*¢ where € > 0 depends only on the rank of G [Sh, 10.4].

Subsequently, growth of general normal subsets (namely, unions of conjugacy classes) was
also studied. It is shown in [GPSS, 1.5] that there are absolute constants N € N and € > 0
such that for any normal subset A of a finite simple group G, either AN = G or [42] > |A|1*.

In [LSS] faster growth of the form |A%| > |A|>~¢ for small normal subsets A of arbitrary
finite simple groups is established. Our next result gives a character-theoretic analogue of
[LSS, Theorem 1.3]:

Theorem 3. For any € > 0, there exists an explicit § = 6(e) > 0 such that the following state-
ment holds. If G is a finite quasisimple group of Lie type and x1,x2 are any (not necessarily
irreducible) characters of G with |x1, |xz2| < |G|°, then

1—
Ixaixal = (Ixal - Ixal) "
In particular, if x is a character of G satisfying |x| < |G|° then |x?| > |x|?>~2%.

We note that |x1x2| < |x1] - [x2| (see Lemma 2.1 below), hence the growth established in
Theorem 3 is almost best possible. As a consequence of Theorem 3, we obtain:

Corollary 4. For any € > 0 and any integer k > 2, there exists an explicit v = (e, k) > 0
such that the following statement holds. If G is a finite quasisimple group of Lie type and
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X1, X2s - - -» Xk are any (not necessarily irreducible) characters of G with

Xl Ixals - Ixal < 1GP,
then
axe - xel = (al - el bal) ™
In particular, if x is a character of G satisfying |x| < |G| then |x*| > |x|*~*¢.

The above result shows that, for any € > 0 and any integer k > 2 there exists an explicit
0 = 0(e, k) > 0 such that, for G as above and any (not necessarily irreducible) character x of
G satisfying |x| < |G|° we have |x*| > |x|*~¢; indeed, define §(e, k) = v(e/k, k).

Applying Theorem 3 we deduce the following result, which is a character-theoretic analogue
of [LSS, Theorem 1.1]:

Theorem 5. For all e > 0, there exists an explicit positive integer N such that if G is a finite
simple group of Lie type and x is any (not necessarily irreducible) character of G, then either
XV contains every irreducible character of G, or |x%| > |x|*>.

The analogy with Gowers’ theorem [Go, Theorem 3.3] raises the question of whether N = 3
suffices in Theorem 5 when |y| is sufficiently large. A recent theorem of Sellke [Se2, Theorem

Ixl

1.2] shows that the answer to this question is affirmative for large G if x is so large that Tel

is bounded away from 0. We therefore ask the following;:

Question. Does there exist an absolute constant € > 0 such that (i), respectively (ii), holds
for any finite simple group G of Lie type and an arbitrary character x of G?

(i) If [x| > |G]'~¢ then |[x°] =|G].

(ii) More generally, |x3| > min(|G|, |x|'T¢).

Question (ii) was suggested by one of the referees. Note that both (i) and (ii) are false for
non-simple quasisimple groups, see Example 2.5(iv).

We remark that the example of PSUg,+1(q) [HSTZ, Theorem 1.2] shows that, in general,
it would be too much to ask for |[x?| = |G|. On the other hand, for certain simple groups of
Lie type, we can bring N down to 6 or 7.

Theorem 6. If G = PSL,(q) and q is sufficiently large in terms of n, then for any, not
necessarily irreducible, character x of G, |x| > |G|"/'? implies |x5| = |G|. If G = PSU,(q)
and q s sufficiently large in terms of n, then for any, not necessarily irreducible, character x
of G, |x| = |G["'? implies |X7| = |G.

Because our proof makes essential use of [TT], we are limited to groups of type PSL and
PSU and to ¢ sufficiently large. However, we can offer the following weaker version of Theorem
6, which works for all finite non-abelian simple groups, if one is willing to take N sufficiently
large.

Theorem 7. There exists a universal constant C' > 0 such that the following statement holds
for any finite non-abelian simple group G and any 0 < § < 1. If x is any, not necessarily
irreducible, character of G such that |x| > |G|, then |xN| = |G| for all N > C/S.

By Lemma 2.1(ii), |x"| < |x|", hence Theorem 7 is optimal up to a constant. Furthermore,
Theorem 7 cannot hold for non-simple quasisimple groups, as shown in Example 2.5(iv).
We also offer a character-theoretic analogue of the Rodgers-Saxl theorem on products of

conjugacy classes in [RS]. In the case that the characters are irreducible, this analogue was
conjectured by Gill in [Gi] and proved in [LaT, Theorem 8.5].



4 MICHAEL LARSEN, ANER SHALEV, AND PHAM HUU TIEP

Theorem 8. There exists an explicit constant ¢ > 0 such that the following statement holds.
If G is a finite simple group of Lie type, m > 1 any integer, and x1,X2, ..., Xm are any (not
necessarily irreducible) characters of G with T[;~, |xi| > |G|, then |xix2...Xm| = |G| and
thus x1Xx2 - - - Xm contains every irreducible character of G.

Finally, we prove an analogue of Theorem 1 for compact semisimple Lie groups.

Theorem 9. Let G be a compact semisimple Lie group. Then there exists € = €(G) > 0 such
that for each irreducible character x of G, we have |x?| > |x|'*e.

It is possible that some of the presented results also hold for alternating groups (and
likewise, Theorem 2 may hold for Lie-type groups of bounded rank as well). However, the
techniques developed in the paper do not seem to apply to these open cases.

Some words on the structure of this paper. In Section 2 we prove some preliminary results
for finite groups. Section 3 is devoted to the proofs of Theorem 1 and Theorem 2. In Section
4 we prove Theorems 3, 5, 8, and Corollary 4, while the proofs of Theorems 6 and 7 are
carried out in Section 5. In Section 6 we study tensor product growth of representations of
semisimple compact Lie groups and prove Theorem 9.

2. PRELIMINARIES

We begin with general inequalities for finite groups G.

Lemma 2.1. Let o, 8 be any (not necessarily irreducible) characters of G. Then

(a) |or+ 8| < || +[B].
(b) laB| < |af-[B].

Proof. Without any loss of generality we may assume that « = >, a; and § = ; Bj are
mutliplicity-free, with «;, 3; € Irr(G). Then

o+ Bl =1 i+ B <D a1+ Bi(1)2 = |al + 18],
proving (a). Next, |a;0;| < (aiﬁj(l))Q = «;(1)%B3;(1)%. Tt follows from (a) that
0Bl =1 il <D lasfsl < 3 aa(1)?85(1)? = (Q_ aa(1)?) - (3_ Bi(1)?) = la] 18],
irj ij irj i j

proving (b). O

Proposition 2.2. Let x1,...,xn be irreducible characters of G, n > 2.

(i) In general, we have

.. > 1B
X1+ Xn| 2 max |xil
(ii) If G is quasisimple and x; # 1g for 1 <i <mn, then

IX1---Xn| > 1%1%}%|Xi|-

(iii) If G is perfect, x1 # la, and xi € {x1,X1} for all i, then |x1---xn| > |x1] = = |Xnl|-
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Proof. (i) Without any loss of generality, assume x1(1) = max; x;(1). Note that

(X1 Xns X1 - Z x1(9) - - xn(9)|?
geG
< 5y ma | neY|
—— max
|G| hel xa(h xilg
geG
= max [x2(h). - xn (PP x1, xa)
heG
=x2(1)*.. . xa(1)?,
with equality only if, for every g € G,
(2.1) either x1(g) =0 or |x2(9) ... xn(9)] = x2(1) ... xn(1).
If di,do,...,d; are the degrees of the distinct irreducible constituents of xi...x, and

mi, ..., my their multiplicities in x1 ... Xn, then

Domi = (X1 X X1 Xn) < x2(D)? - xa(1)?
i

and

Z dimi = x1(1) ... xn(1).

(2
So by the Cauchy—Schwarz inequality,

2 2 2
. Zd2 2 e e 2 = bl

as stated.

(ii) Suppose G is quasisimple, x; # 1g for all 4, but |x1...xn| = [x1| = max; |x;|. Since
xi(1) > 1, we see that K; := {g € G | |xi(9)] = xi(1)} is equal to Z(G). Hence N ,K; =
Z(G), and using (2.1), we see that x1(g) =0 for all g ¢ Z(G). It follows that

Gl=" a)l® = 1Z(G)xa(1)?,

geG

and thus x1(1) = |G/Z(G)|'/?, i.e. X1 is of central type character for G/Ker(x). By the
Howlett-Isaacs theorem [HI], G/Ker(x1) is solvable, which is impossible, since it maps onto
the simple group G/Z(G).

(iii) Suppose G is perfect and x1 # 1, but |x7 /%] = |x1| for some 0 < j < n. We again
have that K := {g € G | |x1(9)| = xa(1 )} is a normal subgroup of G, and xi(g) = 0 for all

g ¢ K by (2.1). It follows that
Gl =" Ixa(g)l? = [K|x1(1)%,

geG
and thus x1(1) = |G/K|Y?, i.e. x1 is a character of central type for G/Ker(x;). By the
Howlett-Isaacs theorem, G/Ker(x1) is solvable, so Ker(x1) > [G,G] = G and thus x; = 1¢,
a contradiction. g

The following example shows the absence of growth in G, even for irreducible characters,
in a class of groups G which are far from being simple. See also Example 2.5(iii) for examples
of absence of growth for arbitrary characters (a with |a| < |G]) in general.
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Ezample 2.3. Let p be any prime, n > 1 any integer, and G be an extraspecial p-group of
order p'*2". Then G has p?" linear characters and p — 1 irreducible characters of degree p";
let x be one of the latter (note that x(1) = |G/Z(G)|"/?). Now, if k > 1 is any integer, then
x" is a multiple of the sum of p?" linear characters if p|k, and a multiple of a single irreducible
character of degree p” if pt k. Thus we always have |x*| = p*" = |x| = |G|~/ @D,

To study tensor product growth of arbitrary, not necessarily irreducible, characters of finite
groups G, it is convenient to denote
a=p
for characters a, 8 of a finite group G whenever supp(a) = supp(f8), i.e. a and f share the
same irreducible constituents. Clearly, if a = § and v = §, then

lal = 18], (a+7) = (B+6), ay = pd.

Moreover, if G is a subgroup of H, then o = £ implies that IndZ(a) = IndZ(3) as H-
characters.

Example 2.4. Let A be a finite abelian group, and «, 8 be any two characters of A, say with
la| > |5]. View Irr(G) as an abelian group under character product. Then

aB| = max(a, B),

with equality attained precisely when there is a subgroup J of Irr(A) such that supp(«) is a
union of J-cosets and supp(f3) is contained in a J-coset.

Indeed, since A is abelian, |o| = m if supp(«) = {a1,...,am}. Let supp(8) = {fP1,...,Bn}-
Then af contains the m pairwise distinct irreducible characters «;31, so |af8] > m = |a].
Similarly, |af| > n = |f].

Assume now that |af| = m > n. Note that J := {\ € Irr(A) | Asupp(a) = supp(«)} is
a subgroup of Irr(A), and supp(A) is then a union of J-cosets. Next, the equality |af| = m
implies that the n sets {o;5; | 1 < i < m} for 1 < j < n are all equal. It follows that the
multiplication by each Bjﬁl_l stabilizes the set supp(c), i.e. f; € JpBi, and thus supp(5) is
contained in the J-coset J .

Conversely, suppose there is a subgroup J of Irr(A) such that supp(a) = {au,...,n,} isa
union of J-cosets and supp(8) = {f1,...,n} is contained in a J-coset. Then m > |J| > n,
Asupp(a) = supp(«) for any A € J, and §; € JB; for any 1 < j < n. It follows that the n sets
{aifj | 1 <i <m} for 1 <j < n are all equal, and hence || = |supp(af)| = m = |a.

Ezample 2.5. Let G be any finite group.

(i) If v is a character of G and A a linear character (i.e. of degree 1) of G, then clearly
laA| = |a].

(ii) More generally, let Z < Z(G) be any central subgroup of G, v any character of Z,
and let a be any character of G such that o = Ind$(y) (i.e. x € Irr(G) is an irreducible
constituent of « if and only if (x|z,7)z > 0). Let § be any linear character of Z and let 5 be
any character of G such that |z = (1)d. Then

(2.3) [aB| = lal =1G/Z] - [A].
Indeed, without any loss we may assume v = » ", 7; is a sum of m distinct linear characters,

and a = Ind$(y). For any x € Irr(G), since Z < Z(G) we have x|z = x(1)\ for some
A e€Irr(Z), and

(o, x) = (7, x12) = x(1)(7, A)z.
It follows that x is a constituent of « if and only if A = ~; for some ¢, in which case the
multiplicity of x in av is x(1). For each ~;, let Irr(G|y;) denote the set of irreducible characters
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of G that lie above +;; note that these sets are disjoint when i # j. We have therefore shown
that

m
a= > x(x.
=1 xelrr(G|vi)
Taking the degree we obtain

G/Z]- W =1G/Zy(D)=a)=)_ > x(1)*=lal,
i=1 xelr(G|y:)
establishing the second equality in (2.3).
Next, we have

aff = IndZ(7)8 = Ind% (v8|z) = IndZ (v9).
Applying the second equality in (2.3) to af, we obtain

laf| = IdZ (y8)| = |G/Z| - |vé| = |G/ Z| - |7| = |al,
completing the proof of (2.3).

(iii) Consider any finite group G with a nontrivial central subgroup Z. Let A and p be any
two linear characters of Z and take o := Ind%()). Let 8 be any sum of irreducible characters in
Irr(G|p) (with arbitrary multiplicities), so that |z = § := 8(1)u. Then |af| = |a| = |G/Z]
by (2.3). In particular, |o*| = |a| = |G|/|Z| for any k € Z>1 (since when k > 2 we have
oF~1 = Ind$ (A1) and so the equality follows by induction on k using 3 := o#~1).

(iv) Suppose G is a finite non-simple quasisimple group, so that |Z(G)| > 1. First, we can
find § > 0 such that |G|® < |Z(G)|. In this case, the character a constructed in (iii) has
la = |G|/|Z(G)] < |G'"°, but yet [o”| = |aa| = |al.

Secondly, given any ¢’ > 0, we can find a finite quasisimple group G with Z(G) = C5 and
|G| > 2. In this case, the character a constructed in (iii) has |a| = |G|/2 > |G]'~Y, but yet
la¥| = |a| < |G| for all k € Z>.

Now we can prove the next result concerning tensor product growth of arbitrary characters:

Theorem 2.6. Let o, 8 be any two, not necessarily irreducible, characters of a finite group
G. Then the following statements hold.

(i) |af] = max(|al, [5]).
(ii) Suppose that |aB| = max(|al,|B]) = |a|. Then there exist a normal subgroup M of

G containing Ker(5), a character v of M, and a linear character 6 of M, such that

o = Ind$;(y) and B|y = B(1)6.
(iii) Suppose that G is quasisimple and that Ker(a) # G, Ker(8) # G. Then

laf| = max(|al, |B]) = |af
if and only if the pair (o, B) is as constructed in Example 2.5(ii). In particular, if in
addition G is simple, then |a3| > max(|a|, |8|) unless |a| = |G| or |5] = G.

Proof. (i) Consider the space C of class functions on G, with the usual Hermitian product
) = (1/|G)) X peq M) u(z), and write [|A]]? := (A, A). Also let supp(a) = {on, ..., o},

Ci := (a1,...,am)c, and consider the regular character p of G. Then p; := > ;" ai(1)ay; is
the orthogonal projection of p onto C;, and moreover
(2.4) G| —[af = > X(1)? =1lp1 = pll*.

XEIE(G), xAa st
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Observe that 6 := p18/8(1) is a linear combination of the irreducible constituents vi, ..., v,
of a3, and hence belongs to Cy := (71,...,7n)c. Letting pa denote the orthogonal projection
of p onto Cy and applying (2.4) to af, we obtain

(2.5) G| =Bl = |lp2 — plI* < [10 = pl*.
Note that
(2.6) 10(9)] = p1(9)] - [B(9)l/B(1) < |p1(9)]

for all g € G. It follows that

19)I? = (1/IG) Y 16(a)* < (/IG) Y pr(9)* = [l

geG gelG

Since p is the regular character, we also have

(0,p) =0(1) = p1(1) = (p1, p)-

Hence,

16 = pl* = 11611 = 200, p) + [[plI* < |lp1|l* = 2(p1, p) + llplI* = llp1 — olI*.
Putting it together with (2.4) and (2.5), we obtain
G|~ lapl <110 = plI* < llp1 = plI* = 1G] ~ |al,
and thus |a| < |af]|. Similarly, |5 < |af|, and the statement follows.
(ii) The arguments in (i) show that |a/3| = |a| implies that we must have equality in (2.6)

for all g € G, that is, either pi(g) = 0 or |5(g)| = B(1). If supp(B) = {f1,...,5}, then
|B(g)] = B(1) if and only if

Bi(g)/B1(1) = B2(g)/B2(1) = ... = Bi(g)/ (1) =: 6(g)

is a root of unity. For each i, the generalized kernel K; := {g € G | |Bi(9)] = Bi(1)} is a
normal subgroup of G containing Ker(f), hence M := N K; is a normal subgroup of G, and
the above 0 yields a linear character on M, and S|y = B(1)d.

We have shown that ,01( ) =0 for all g € G~ M. Setting 7 := p1|n, we then have

Gl (p1x) = 3 pr(@)x@) = My, Xlardar = IMI{nd$i(7), )
zeM

for any x € Irr(G). Thus x € Irr(G) belongs to supp(p1) = supp(«) if and only if x is an
irreducible constituent of Ind{;(7). In other words, o = Ind$; (7).

(iii) Suppose |af| = |al, and consider the triple (M, ~,d) as constructed in (ii). If M = G,
then since G is perfect, § = 1, whence Ker(3) = G, contrary to the assumption. So M < G,
which implies that M < Z(G) since G is quasisimple. Again without any loss of generality
we may assume o = Ind%(v), and observe that af = Ind$;(78|z). Now (2.3) shows that
|v8|z| = ||, so the pair (a, ) is as constructed in Example 2.5(ii). Conversely, any pair in
Example 2.5(ii) certainly gives rise to an example with |af| = |a|. O

Remark 2.7. Let G be a finite simple group, and let o be any nontrivial, possibly reducible,
character of G. Theorem 2.6(iii) shows that the sequence |a™|, n = 1,2,..., is strictly increas-
ing until it reaches |G|. Hence there is an integer n = n(a) such that any irreducible character
of G occurs as an irreducible constituent of the single power a; equivalently, |a™(®)| = |G].
This remark, as well as the ideas of the proofs of Theorem 2.6(i) and of Theorem 2.6(iii)
in the case of simple G, was kindly pointed out to us by one of the referees. See also [LiSh1],
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[LiST1], [LiST2], [LaT] for related results on the diameter of Cayley graphs for finite simple
groups.

We conclude this section with an effective version of Remark 2.7. For any finite group G,
let k(G) := |Irr(G)| denote its class number.

Lemma 2.8. Let G be a finite simple group and let x be a faithful character of G.

(i) Suppose x takes exactly m distinct values on G. Then there is some integer 2 < j <m
such that |7~V = |G|.
(ii) There is some integer 1 < Ny < k(G)(k(G) — 1) such that |xV| = |G| for all N > Nj.

Proof. (i) As x is faithful, x admits a nontrivial irreducible constituent o € Irr(G). By the
Burnside-Brauer theorem [Br], supp(zg';f)l x') = Irr(G). Hence @ is a constituent of y/~!
for some 2 < j < m. As lg is a constituent of a&@ and « is a constituent of y, it follows
that 1¢ is a constituent of x7. Now, x? also takes at most m distinct values on G, so again
by the Burnside-Brauer theorem, supp(Z?iBl X¥) = Irr(G). But note that since 1¢g is a
constituent of X7, every irreducible constituent of ¥ also occurs in x7yJ = x(*+Y7. Hence
supp(31"5 ! x7) = supp(x? 1)), and the statement follows.

(ii) Certainly, the number m of distinct values of x on G does not exceed the class number
k(G) of G. Hence, (i) implies that |[xN'| = |G| for some 1 < N; < k(G)(k(G) —1). Now if
N > Ny, then |G| > |xV| > |x™| by Theorem 2.6(i), whence |x"| = |G]. O

3. PROOFS OF THEOREMS 1 AND 2

We begin this section by proving Theorem 2 in the case that x is irreducible, which is also
the high rank case of Theorem 1.

Proposition 3.1. For all 6 > 0, there exist € > 0 and R > 0 such that if G is a finite
quasisimple group of Lie type and rank > R, and x € Irr(G) satisfies |x| < |G|'79, then
] =[x and xx] =[x

Proof. Let r > R be the rank of G and ¢ the cardinality of the field of definition (for Suzuki
and Ree groups, ¢ is defined, as usual, so that ¢? is an odd power of 2 or 3.) By the main
theorem of [LaT], there exists ¢ > 0 such that

log |9

Ix(9)] < x (1)~ TosleT

Given a > 0, let S = S, := {g € G | |¢°] < |G|*/?}. Then, by the well-known result of
Fulman and Guralnick [FG, Theorem 1.1] on k(G) := |Irr(G)|, we have

S| < k(G)|G*? < 27.2¢"|G*? < |G|,
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if R is taken sufficiently large in terms of a. Thus,

0% = (X0 xX) = ‘G‘le

geqG
geG\S
ISI 1 )2
< x4 —= DI > Ix(g
ks G| geG\s el

_ 1 _
< |G 1><(1)4+@><(1)2(1 23" Ix(g)?
geG\S

<G )+ x (1)
By hypothesis, |x| < |G|'?, so x(1) < |G|*/?79/2 which implies

O3 ) < X8 4 x (127 = (x(1)7 5 4 (1)) (D)2
The proposition is trivial for § > 1, so we assume ¢ < 1, so that choosing
26 ca
S areioe) T
we have a > 0. We get
0 X% < 2x(1) 7 x (1) < x(1)7*
if R is taken sufficiently large. Applying the Cauchy-Schwarz inequality as in (2.2), we get

x(1)*
X7 > DA 2 X(1)272¢ = x|

Likewise,
|XX’ > ﬁ > X(1)2+2€ = |X|1+6-
O

To complete the proof of Theorem 1, we need only treat the bounded rank case. Using
Proposition 2.2(iii), we may take |G| to be as large as we wish.

Proposition 3.2. Let R be fized. For all 6 > 0, there exists € > 0 such that if G is a
quasisimple group of Lie type of rank r < R and x is an irreducible character of G with
x| <|G]*°, then |x2| and |xX| are both at least |x|'T.

Proof. We have already remarked that G can be assumed arbitrarily large. Since the rank r
is bounded, this means we may take ¢ arbitrarily large. According to Gluck’s bound [Gl], for
g € G~ Z(G) we have |x(g)/x(1)| < C/\/q, where C is an absolute constant. On the other
hand, our upper bound on the rank gives an upper bound on |G| of the form ¢V for some N
depending on R. Taking ¢ sufficiently large, we therefore obtain that

‘X( )| -1/2 -1/3 1 1
< (Cq <gq <|G|73F < y(1)7 3~

for all g € G\ Z(Q), and that |Z(G)| < R+ 1 < |G|%/3.
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Setting S := Z(G), we proceed as in the proof of Proposition 3.1, obtaining

0 X% = (6 XX |G‘Z\x
geG

1,
_ X" Z(G)] ‘G"Z(G 4 |C17,‘ Z x(9)*
©)

X(1)4 ’ |Z(G)| 1 2 2
<2 max (9 ) Ix()]
|G| |Gl agz(c) oTE)

S X(1)4_2(11—_§5/3) +X(1)2(17ﬁ)

we have 2(1 —1/3N) <2 —2§/(1 — ), and so

Assuming § <

3N+17
45/3
O3 %) < 21T < x (1)1
if |G|, and therefore x(1), is sufficiently large. Taking € := ﬁ and using Cauchy-Schwarz
as in (2.2), the proposition follows. O

Now we prove Theorem 2.

Proof. First we apply Proposition 3.1 to the given ¢ to obtain ¢ and R so that whenever G
has rank > R and ¢ € Trr(G) satisfies 1| < |G|'~% we have [?], || > ||+, Now choose
N :=1/2 + 1/e, for which

(3.1) (1+e) =1+¢/2.

2N +1

According to [LiSh3, Theorem 1.2], by choosing R > max(9,2N) sufficiently large, whenever
G has rank r > R, then

3

—-1/N e

(3.2) E X(l) < %
x€lrr(G)

Since G is quasisimple, it has only one irreducible character of degree 1, and by [LaSe] all
other characters have degree at least 21/2 > 9N Now for any D > 2V, we have
1+ (DYN —1)/DVN =2 - D7VYN >3/2,

whence (3.2) implies that the number of irreducible characters of G of degree < D is at most
DVN,

Now consider any character y of G with distinct irreducible constituents xi,...,x% of
degrees dy < dy < --- < dj, with |x| < |G|'70. If dy = 1, then x = 1g and |x?| = |xX| = |x|>.
Assuming dj, > 1, we then have dj, > 2V, whence k < d,lg/ N by the preceding remark, and so

k
1/N
xl=>"d?<a/Na.
i=1
This implies that
) 2N
Ixe| = di, > |x|2N+1.
On the other hand, |x?| > ’X%\ and |xx| > |xxXx|- Applying Proposition 3.1 to ¢ := x; and
using (3.1), we obtain |x?|, [xx| > |xx|e > |x[' T2 0
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It remains open whether Theorem 2 would hold true for simple groups of Lie type but
without the high rank assumption. Following a referee’s suggestion, we settle the PSLy case
in the next statement.

Proposition 3.3. There exists an absolute constant C > 0 such that if G = SLa(q) and x is
any arbitrary nontrivial character of G then |x?| and |xx| are both at least C|G|. In particular,
for all 6 > 0, there exists € > 0 such that if x is an arbitrary character of S := PSLa(q) with
Ix| <1S*°, then |x2| and |xX| are both at least |x|'T.

Proof. 1t suffices to prove the statement in the case x = >.7 ;| x; is a sum of s distinct
irreducible characters y; € Irr(G), and we may assume that s > 2 by Proposition 3.2 and
that ¢ > 4 is as large as we wish. Now

Cisq>s(qg+1)>x(1) > 1+ (s—1)(g—1)/2> Casq, |x| < s(qg+1)* < Css¢®

for some absolute constants Cp,Cy,C3 > 0. Next, |xi(g)] < ¢/? for all g € G\ Z(G),
Ixi(g)] < 2 for all non-central semisimple g € G, and the total number of non-semisimple
elements of G is less than 2¢%. It follows that

1
(%, X% < @(26’?3%4 +165Y|G| + 2¢°s*¢%) < Cus'q
for some absolute constant Cy > 0. Applying the Cauchy-Schwarz inequality as in (2.2), we

get
x(1)*

2
X°| =
| (x%,x%)

> (C2/Cy)g* > C|G]

with C' := Cy/Cy.

Next we look at S = PSLy(q), viewing it as G/Z(G) and viewing any character x of S with
Ix| < |S]'79 as a character of G. By Theorem 2.6(iii), by choosing € > 0 small enough, we
may assume ¢ is as large as we wish, in particular, q‘s2 > 1/C. In this case we have

52 52
X > CIG] = |G 2 |G > x|
The same argument applies to xx. O

4. PROOF OF THEOREMS 3, 5 AND 8

The notion of the level [(x) of an irreducible character x € Irr(G) of a finite classical group
G was introduced in [GLT1] for groups of type A, and [GLT2, Definition 3.2] for other classical
types. We briefly recall this notion for type A; the definition for other types will be recalled
in the corresponding parts of the proof of Proposition 4.1.

Consider the reducible Weil character T = 7, 4 of G = SLy(q), which is just the permutation
character of G acting on the point set of the natural module V' := Fy. By [GLT1, Definition
2 and Lemma 7.1], j = [(x) is the smallest non-negative integer such that x is a constituent
of 7.

In the case of SU,(q), consider the reducible Weil character ¢ = ¢, 4 of G = SUy(q):

dimp ,, Ker(g—1v)
q

¢(9) = (=1)"(=q) ,
where V' := FJ; is the natural G-module, see [GLT1, (1.1)]. By [GLT1, Definition 2 and

Lemma 7.1], j = [(x) is the smallest non-negative integer such that  is a constituent of ¢7.
For brevity, we use the notation SL¢ to denote SL. when € = + and SU when ¢ = —. Using
the results of [GLT1, GLT2], we can prove the following bound (which is useful only when

L < /n).
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Proposition 4.1. Let G = SL¢ (q) with n > 7, or Spe,(q), Qant1(q), Qi (q) with n > 6, and

let L > 1 be any real number.

(a) Suppose G = SLE(q) and L < n/6. Then the number N (L) of x € Irr(G) with x(1) < ¢"F
18 at most q12L2.

(b) Suppose G = Sps,,(q) with 21 q. Then the number N (L) of x € Irr(G) with x(1) < ¢" is
at most qlgLQ.

(c) Suppose G = Spy,(q) with 2|q, or Qan+1(q) with 2 1 q, or Q. (q) for any q. Then the
number N (L) of x € Irr(G) with x(1) < ¢*L is at most ¢®°L”.

(d) Suppose G = Q,,(q). Then the number N(L) of x € Trr(G) with x(1) < ¢ DE is at
most q41L2.

Proof. (a) First we consider any x € Irr(G) with x(1) < ¢"" and bound j := [(x) in terms of

L. If j > n/2, then by [GLT1, Theorem 1.3(ii)] we have

X(1) > (2/3)g" /43 > ¢ /0

since n > 7, contradicting the condition L < n/6. Hence j < n/2. Now using [GLT1, Theorem
1.3(1)] we get

1 L L )
nhos vy> —— j(n—j) > j(n—j)—2.6 ~ jn/2-2.6
q _x()_Q(q+1)q q >q ,
which implies
nL +2.6 5.2 11
4.1 —— =2L 4+ — < —L.
(4.1) )= n/2 + n 4

Let € = + and consider the reducible Weil character T = 7, 4 of SL,(q), see [GLT1, (1.1)].
As 7 is just the permutation character of G = SL,(q) acting on the point set of V := Fy, it

contains 1¢, and so 77 contains all irreducible constituents of Zgzo 7t. By definition, j = [(x)
is the smallest non-negative integer such that y is a constituent of 7. Hence, (4.1) implies
that N(L) < N*(1) with [ := [11L/4], where N*(I) is the number of distinct irreducible
constituents of 7!. Next,

N*() < (7L, 7Y = (72 1),
the number of G-orbits on V. By [GLT1, Lemma 2.4], the number of GL,,(g)-orbits on V%
is at most 8qu. Since G has index ¢ — 1 in GL,,(q), we have

N(L) < 8(q — 1)ql2 < ql2+3 < q(11L/4)2+3 < qllLQ'

Now suppose € = — and consider the reducible Weil character ( = (4 of SU,(q), see
[GLT1, (1.1)]. Note that ¢(? = (7, ,2)|¢ is just the permutation character of G = SU,(q)
acting on the point set of U := ]FZLQ; in particular ¢2 contains 1, and so ¢ 4 ¢?~! contains all

irreducible constituents of ZLO ¢t. Hence, (4.1) implies that N(L) < N*(I) + N*(I — 1) with
[ := |11L/4], where N*(l) is the number of distinct irreducible constituents of ¢!. Next,
N*(Z) < <Cl7<l> = <C2l> 1G> = <(Tn,q2)‘G7 lG>>
the number of G-orbits on U?. By [GLT1, Lemma 2.4], the number of GU,(g)-orbits on U%
is at most 2ql2. Since G has index ¢+ 1 in GU,(q), we have
N(L) < 4(q + 1>ql2 < ql2+4 < q(11L/4)2+4 < q12L2.
(b) In the remaining cases, we set k := [ (j + 2)/3] for j := [(x), so that
JB<k<(+2)/3
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Consider the case of G = Spy,,(q) with 2t ¢. By [GLT2, Lemma 3.4], j < 2n +1, so
(k+1)/2<(2n+6)/6 <n/2
when n > 6. Now, applying [GLT2, Theorem 1.5] we have
¢"F > x(1) > gFn(k+D/2) > ghn/2
whence k < 2L and so
(4.2) Jj <3k <6L.

By definition, [(x) = j means that y is an irreducible constituent of (w + w*)?, where w
and w* are the two reducible Weil characters of Spy,(q), see [GLT2, §3]. Next, (w + w*)?
always contains (’Tgn’q)|G, and hence 1 as well, by [GLT2, Proposition 3.1]. It follows that

(w+ w*)? + (w+w*)?~! contains all irreducible constituents of Y 7_,(w + w*)’. Hence, (4.2)
implies that N(L) < N*(I) + N*(I — 1) with [ := |6L|, where N*(I) is the number of distinct
irreducible constituents of (w 4 w*)!. By [GLT2, Proposition 3.2], w? = (w*)?, so in fact
any irreducible constituent of (w + w*)! is an irreducible constituent of w' or of w!=lw*. If
g =3 (mod 4), then by [GLT2, Proposition 3.2] for 0 <1i <[ we have

(@), W W) = (@, W) = (@), 16) = ()l o)

the number of G-orbits on V! with V := Fg", which is at most 6¢'~1/2 by [GLT2, Lemma

2.6]. Tt follows that N*(I) < 12¢(=1/2,
If g =1 (mod 4), then by [GLT2, Proposition 3.2] for 0 < i <[ we have

(W W) W W) = (W) (W), 1e) = (Thng)les 1a),

which is again the number of G-orbits on V! with V := Fg" and so at most 6¢'¢—1)/2 by
[GLT2, Lemma 2.6]. Thus we also have N*(I) < 12¢'!~1/2 in this case.
Thus N(L) < 12¢/0=1D/2 4 1240-D(=2)/2 < ¢6L6L-1)/243 - g8

(c) Now consider the case of G = Sps,,(q) with 2|q, or Qa,11(q) with 2 1 ¢, or Q3 (¢). By
[GLT2, Lemma 3.4], j <n+1, so

E+1<(n+6)/3<2n/3
when n > 6. Applying [GLT2, Theorem 1.5] we have
gt >y (1) > @R (kD) > 2kn/3
whence k£ < 3L/2 and so
(4.3) j<3k<9L/2.

By definition, [(x) = j means that y is an irreducible constituent of ((7 + ¢)|¢)’, where 7
and ( are the reducible Weil characters of SLp(q) and SUp(q), with D = 2n or 2n + 1, the
dimension of the natural module V := FqD of G. In particular, 7 contains 1. Hence, (4.3)
implies that N (L) < N*(1) with [ := |9L/2], where N*() is the number of distinct irreducible
constituents of (7|¢+(|¢)!. Since (7|¢)? = ({|¢)?, any irreducible constituent of (7|¢ + (|¢)’
is an irreducible constituent of (7|q)! or of (7]g) "' (¢|g). Now, for 0 < i <[ we have

()" (Cle)s (1) (Cla)™y = ((Tla) 2 (¢e) ™ 1a) = (TP)| e, 1a),
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the number of G-orbits on V2. By [GLT2, Lemma 2.6], the number of G-orbits on V% is at
most 6¢/2*D  for G = Spp(q) or GOp(q), respectively. Note that [G : G] is 1 in the Sp-case,
2 in the Q-case with 21 D or with 2|q, and 4 otherwise. It follows that

N*(l) < 12ql(2l+1)/2 . [é G < ql(21+1)+5 < q50L2'

(d) Finally, assume that G = Q,, (¢). In this case, j <n+1, so
E+1<(n+3)/3<3(n-1)/5
when n > 6. Applying [GLT2, Theorem 1.5] we have

q(n—l)L > X(l) > q2k(n—1—k) > q4k(n—1)/5

- )

whence £ < 5L/4 and so j < 3k < 15L/4. Now we can repeat the arguments in (c) to get
N(l) < N*(l) < ql(2l+1)+5 < q41L2. 0

We can now prove Theorem 3 and Corollary 4.

Proof of Theorem 8. Let € > 0 be given. We claim there exists 6 > 0 such that if G is a finite
quasisimple group of Lie type, and x; and x2 are (possibly reducible) characters of G with
xal, [x2| < [GJ°, then

axel > (xal - Ixel)

It suffices to prove the statement in the case |x1]|,|x2| > 1; in particular, the y; contain
nontrivial irreducible constituents «; and as, respectively. We may also assume that each
X; is multiplicity-free. If G is an exceptional group of Lie type, or a finite classical group of
rank < 7, then [LaSe] implies that o;(1) > |G|'/?0. Taking § < 1/10, we may assume G is a
classical group of rank > 8. By [GLT2, Proposition 6.3], if G is of orthogonal type, the bounds
on |x;| imply that they arise from characters of Q3. ,(q), 23, (q), or €5,(¢) by composition
with a central quotient map.

We will view x1,x2 as characters of G = SLE(q), Spa,(q), Q;’nﬂ(q), Q;n(q), or Q5,.(q),
respectively, where n > 8. In all cases, G contains a subgroup H = SL,ﬁfl(q) with m (= n
in the first case, and H = SL,,(q) (inside a split Levi subgroup) with m := n, n, n, or
n — 1, respectively, in the other four cases. One checks that qm2/ 2 <G| < q4mz in all cases;
furthermore, o;(1) > ¢™/2. Writing

(4.4) g" < xi(1) = P < g

for some (real) numbers L; > 1 and L;/2 < D; < L;, we will choose § so that
¢ < x| <161 < g™

in particular,

(4.5) Li < 4ms.

Writing

XIX2= D> myy Xi= > ayy, o= Y. by,

~velrr(G) ~velrr(G) ~veIrr(G)
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we have by the Cauchy-Schwarz inequality
Z m (x1x2, x1 X2>

= (X1X1, X2X2)"
< (x1X1, X1X1) - (X2X2, X2X2)
= <X17X1> : <X27X§>

Yy
v v
< (Zav)z ) (Z bw)z
v y
and thus

(4.6) Zmiﬁz D by =00, @) o(x, G,

where, o(-,-), as defined in [GLT 2, (2.1)], denotes the sum of the multiplicities of all the
irreducible constituents of the first argument, regarded as a character on the group specified
in the second argument.

First we consider the case G' = SLE(g). Then each irreducible constituent 6 of y; lies under
some 6 € Irr(GL(q)) of degree less than (¢ F 1)8(1). Hence x; lies under some character
Xi of GLE(q) of degree at most ¢™Fit2 < ¢®Li/4 since m > 8. Applying [GLT2, Corollary
5.2(1)] to X; and restricting further down to SLX(g), we have

O'(X?aG) < q(125/4)L’2+20'(Xz‘,G)2 < q56L

Here, we use the fact that x; is multiplicity-free, and so o(x;, G) is at most the number of

irreducible characters of G of degree < ¢™%, which is at most qlsz by Proposition 4.1(a).

Next suppose we are in the symplectic-orthogonal case. Taking § > 0 small enough, we
may assume that L; < n/9. Applying Theorem 5.8 and Corollary 5.9 of [GLT2] to x and
restricting further down from a normal subgroup of GL,,(¢) containing H = SL,,(q) to H if
necessary, we have

3 2 3 2
O'(XzQ,G) < qA\/mLZ.+6OLZ- O'(XiaG)Z < qA\/mLi+160Li

for some explicit A (which can be taken to be 70). Here, we again use the fact that x; is
multiplicity-free, and so o(x;, G) is at most the number of irreducible characters of G of
degree < ¢™Li which is at most q50Lz2 by Proposition 4.1(b)—(d).

Using (4.6), in either case we have

Zmi < qA\/mLil”JrAw/ngJrBL%JrBL%

with B = 160. It follows that
2
ixel = D (1) > (Zgwgl)) _ Xl%j)ngl)Z > @D+ D2)=Ay/mLi-A\/mL§-BL3-BL}
o m m o
v 'y vy
Recalling (4.5), we observe

mL:I’ + mL% < 2mL1\/3+2mL2\/5 _ 4\/5’
m(D1 + Dg) m(L1 + L2)/2

m~>0
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and
L?+13 o 2mLid +2mLyd

m(D1 + DQ) - m(Ll) + Lg)/2 = 40.

Hence
Iixe| > q2m(D1+D2)(172A\/372B6).

Note that |x1] - [x2| < x1(1)*x2(1)? = ¢*™P1+DP2) Hence, taking § > 0 so that
24V + 2B5 < e,
we have |x1x2| > (Jx1]- \Xg\)l_ﬁ, as desired. O

Proof of Corollary 4. We prove by induction on k£ > 2 the following statement:
Fiz any o > 0. For any k > 2, there exists an explicit v = y(a, k) > 0 such that the following
statement holds. If G s a finite quasisimple group of Lie type and x1,Xx2,---, Xk are any
characters of G with |x1l,|x2l,---,|xx| < |G|, then
1—k
Ixixz x> (Ixal - Ixel - Ixel) -
With e, k given, applying this statement with « := €¢/k we obtain Corollary 4.

We will show that the above statement holds with v(«, k) := §/(k — 1), where 0 = §(«) is
the constant in Theorem 3. The case k = 2 was already established in Theorem 3. For the
inductive step k£ > 3, note by Lemma 2.1 and the induction hypothesis that

k

1-(k—1)a _
(2l - ) 50 < ol < T al < 600D = @,
=2
since |xal, ..., [xx| < |G|¥*=D < |G@k=1) . Now, since |x1] < |G]%/*=D < |G|, by Theo-

rem 3 we have
1_
Ix1x2 - .- Xk| > (’Xl\ : |X2~~Xk’) “

> (Il (xal - Pe) =Dy e

> (x| - Il -+ beel)

The next result is required in our proof of Theorem 5.

Theorem 4.2. For any § > 0, there exists an explicit integer N such that the following
statement holds. If G is a finite simple group of Lie type, and xi,...,xn are any (not
necessarily irreducible) characters of G with |x;| > |G|° for alli, then |x1x2---xn| = |G| and
thus x1x2 - XN contains every irreducible character of G.

Proof. For any character x of G, let x* denote (some) irreducible constituent of largest degree
of x.

First we consider the case k(G) > |G|%/3. If G is of rank r over F,, then by [FG] we have
k(G) < (27.2)q", whereas |G| > q’"2. It follows that r < rg, where ¢y depends only on §. On
the other hand, |x;| > 1 implies that x # lg, and so x;(1) > ¢"/3 by [LaSe]. As r < ro,
x;(1) > |G |% for some dy depending on 6. Applying [LaT, Theorem 8.5] and taking N > €/d,
(with € the constant in [LaT, Theorem 8.5]), we see that x7j ... x} contains Irr(G).

Now suppose that k(G) < |G|%/3. Then x:(1) > (|x:|/k(G))Y/? > |G|*/3. Applying [LaT,
Theorem 8.5] and taking N > 3¢/§, we again see that x7...x} contains Irr(G). O
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Proof of Theorem 5. Fix € > 0. It follows from Theorem 3, applied for x1 = x2 = x with €
replaced by €/2, that there exists some § > 0 depending only on € such that if |y| < |G|°,
then |x?| > |x|?>~¢. By Theorem 4.2, there is some integer N > 0 depending only on ¢, such
that if |x| > |G|° then xV contains Irr(G). The result follows. O

Proof of Theorem 8. For any character y of G, again let x* denote (some) irreducible con-
stituent of largest degree of x. It suffices to prove the statement in the case |y;| > 1, and thus
X; # 1g. By the results of [FG| and [LaSe], the degree of any non-trivial irreducible character
of G is at least k(G)'/%; in particular,

X (1) = KGO > m},
if m; denotes the number of distinct irreducible constituents of x;. It follows that
Il < mixi (1)? < x5 (D)%,

and so x7(1) > Ixi|'/®. Now applying [LaT, Theorem 8.5] and taking ¢ = 85 (with & the
corzstz)mt in [LaT, Theorem 8.5]), we have that []", x:(1) > |G|°, and so x}...x} contains
Irr(G). O

5. PROOFS OF THEOREMS 6 AND 7

Proof of Theorem 6. First we prove the theorem when G = PSLy(q). Let x1 and x2 denote
any irreducible characters of G. Then |y;(g)| < ¢*/? for all g € G, |xi(g)| < 2 for all non-trivial
semisimple 1 # g € G, and the total number of non-semisimple elements of G is less than ¢?.
Therefore

> I3 (@9)x2(9)] < x2(1)q” + 6447,
g#1

If x1 is non-trivial, it has degree at least q;21’ so for ¢ sufficiently large,

ZX1 9) #0,

geG

and applying this to any non-trivial constituent y; or 2 of x, we get the desired result.

As before, we use the notation PSL® to denote PSL when ¢ = 4+ and PSU when ¢ = —. Next
we consider the case G = PSL§5(q). Again, the generic character table has been computed
explicitly [SF]. There are O(q) characters of degree < ¢? + ¢ + 1, and all other characters
have degree at least ¢°/4 (when ¢ is not too small). Therefore, the sum of the squares of the
degrees of irreducible characters of G of degree < ¢*/4 is smaller than |G|'Y/!2 for large values
of g. We therefore assume y has an irreducible constituent x; of degree > ¢3/4. We have
Ixi(g)| = O(q) for all irreducible characters and all non-trivial elements, so

> I (9)0(g)] = O(¢°|G10(1)) = O(g"0(1)) = o(x1(1)%0(1)).
g7#1
Therefore, if x1(1) > ¢3/4 and ¢ is sufficiently large, any 6 € Irr(G) is a constituent of x§$.

We may therefore assume G = PSL;,(¢) with n > 4. We claim that for ¢ sufficiently large
in terms of n, |x| > |G|*'/1? implies that x has an irreducible constituent y; with

44n2

(5.1) xi1(1) > g .
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Indeed, the number of characters of G which do not satisfy this inequality is less than
kE(G) < 27.2¢" ! and |G| < q”2_1, so it suffices to note that

88n? 11(n? - 1)
) e N
3 t-D<—7

for n > 4.

It suffices to prove that the Steinberg character St is a constituent of x3. Indeed, if e = + or
if € = — but 2|n, then every irreducible character of G appears in St> [HSTZ, Theorem 1.2],
and so it follows that |x¢| = |G|. Consider the case ¢ = — and 2 { n. Then by [HSTZ,
Theorem 1.2], St? contains all but one irreducible character o of PSU,,(¢), which has smallest
degree (¢" — q)/(q + 1) among all nontrivial irreducible characters of G. Let 0 € Irr(G). By
Proposition 2.2(i) and (5.1),

%11 = xal > [al,

and so 0Y; # ma for any m € N by (5.1). Hence 0, contains some irreducible character
B # o, whence (St?, 3) > 0 and so

<XI7‘9> = <X?7‘9Y1> 2 <St276> >0

and thus x{ contains Irr(G), as desired.

The rest of the proof is to show that if ¢ is sufficiently large in terms of n, (5.1) implies
that the Steinberg character St is a constituent of x3, whence we are done as explained above.
We need to show for large enough ¢ that

(5.2) Z 5t | <1

g#1

As St vanishes at all non-semisimple elements, we need only consider semisimple elements
g in (5.2). Let X, denote the set of conjugacy classes of semisimple elements in G of support
s, i.e., for which the largest dimension of any F,-eigenspace is n — s. We can rewrite (5.2) as

3
(5.3) Z 3 |cy|St ('Xl((l))’) <1

s=1CeX;
We consider the factors of the summand in the left hand side of (5.3), one by one. If C' € X,
has an element g represented by a matrix M with eigenvalue multiplicities my, ..., mg, then

the centralizer of M in GL;,(q) is the group of F, points (possibly twisted) of a connected
algebraic group of dimension 7, m?, so its order is (1 4 o(1))g>: m¢ . Therefore, C, which is
contained in the PSL{ (¢)-conjugacy class of g, has cardinality

O(ged(n, g — e)g™ ~2™) = O(1)g" ~2™,

where the implicit constant O(1) depends only on n.
The absolute value of St(C') = St(g) is the order of a p-Sylow subgroup of the centralizer

of M, which is g2 (n;l), and St(1) = q(g) Therefore,

ISH(C)|  _nwum?
=4q 2 )
St(1)
and , ,
ne =37, m;
SUO) _ )5t

“sm
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As some m; equals n — s, we have

mez(n—s)z—ks-lQ,

7
SO

Cl

SUC) _ o st
sty e :

By [TT, Theorem 1.13] and [LiST1, Theorem 3.1], for ¢ large enough compared to n we have

_ 44sn

Ix1(9)] _ O(l))ﬁ(l)_s/n =0(1)q” 11,

x1(1)
where the implicit constant O(1) depends only on n. Thus, the summand as a whole is
2
O(1)g~ i ~"2"

Finally, we claim that | Xs| = O(1)q¢®, where O(1) again depends only n. Since each conju-
gacy class of PGLS, (q) decomposes into at most ged(n, ¢ — €) conjugacy classes of G, it suffices
to prove the same thing for PGL{ (¢) conjugacy classes containing semisimple elements of
PSL;,(q) or, indeed, GL;,(F,) conjugacy classes containing semisimple elements of SL;, (F,).
Since any such element has connected centralizer in GL,,(F,), any such class is uniquely deter-
mined by the spectrum of its representatives or, equivalently, by their common characteristic
polynomial.

Let Y, ; denote the set of conjugacy classes in GLy,(IF,) of semisimple elements M in SL;, (F,)
which have exactly i eigenvalues of multiplicity n — s (and all other eigenvalues of lower
multiplicity), where 1 < i <t:= |n/(n —s)|. Let P(z) be the monic polynomial of degree i
whose roots are the i eigenvalues of M of multiplicity n—s, and Q(z) be the monic polynomial
of degree n — i(n — s), such that P(z)" *Q(x) is the characteristic polynomial of M. Then

P0)"°Q(0) = (=1)" det(M) = (=1)".
So the constant term of P(x) is determined up to at most i < n possibilities by the constant
term of Q(z), and so there are at most ng'~! possibilities for P(x) for any fixed (constant
term of) Q(z). Since there are at most ¢" ("~ possibilities for Q(z), we see that the total
number of possibilities for P(x)"~*Q(x), which, as explained above, gives an upper bound for
|Ys 4|, is at most
nqiflqnfi(nfs) _ nq8+(1fi)(n7871) _ O(l)qs

Since ¢ is large compared to n, it follows that | Xs| = Y>'_, |Vii| = O(1)¢%, as claimed.

We conclude that the contribution of each 1 < s < n — 1 to the left hand side of (5.3) is
O(1)g—*"/13!. Hence the left hand side of (5.3) is O(1)g~"/!3!, where O(1) depends only n.
Taking ¢ large enough compared to n, the statement now follows. O

Proof of Theorem 7. First let G be any of the 26 sporadic simple groups. Then k(G) < 194,
whence the statement follows from Lemma 2.8(ii) by taking C' > 37442. (Note by Theorem
2.6(i) that if |x*| = |G| then |x!| = |G| for all | > k.)

In the remaining cases, let ¢ denote the irreducible constituent of x of largest degree.

Suppose G is of Lie type. By the results of [FG] and [LaSe] we have (1) > k(G)Y/6. Hence
IGI° < |x| < o(1)%, and so (1) > |G|*/%. If G has rank at most 8, then (the proof of) [LiST1,
Theorem 2] shows that || = |G| whenever N > 82 . 489, so we are done in this case by
taking C' > 31296. Assume now that G has rank at least 9. Then [LaT, Theorem 8.3] shows
that there is an absolute constant v > 0 such that whenever N > 8v/§ we have || = |G|.
Hence we are done in this case by taking C' > 8~.
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Assume now that G = A, with n > 5. By [LiSh2, Corollary 2.7], there is some integer
ny > 20 such that, when n > n; for any 1g # ¥ € Irr(G), there exists at most 1(1)? irreducible
characters of G of degree at most 1(1). Taking C > k(A,,)? and applying Lemma 2.8(ii),
we may therefore assume that n > ny. In this case, x has at most (1) distinct irreducible
constituents. Also note that

log |G| > log((n/e)"/e) = nlogn — (n+ 1) > nlog(n)/2
as n > 21. It follows that
e oM <117 < x| < (1),
and so log(¢(1)) > nlog(n)d/6. By [LiST2, Theorem 2], there exists an integer ny > 5 such
that || = |G| whenever N > 30C?/§ and n > na, where Cj is the constant in [LiST2, (4.2)]

(whose existence is established in [Sel, Theorem 1.4]). Taking C > k(A,,)? and applying
Lemma 2.8(ii), we may assume n > ng, in which case we are done by taking C > 30C%. [0

Remark 5.1. Theorem 7 does not hold for abelian finite simple groups (even if we replace C'/d

by any C = C(6)), because sums of subsets in [, can have very slow growth. Indeed, given

any 0 < 6 < 1 and any C' > 0, we can find a prime number p such that p' = > 2(C'+1). Since

P > 1, [p5, 2p5} contains an integer k. For such p and k, we fix a faithful linear character A

of the cyclic group G of order p and take x = Zle M. Then |x| = k& > |G|°, whereas for
= [C] wehave C < N < C+1, x¥N =M N and so [xV| = kN < 20°(C +1) < |G.

6. SEMISIMPLE COMPACT LIE GROUPS

In this section, we briefly consider the situation when G is a compact (connected) semisimple
Lie group instead of a finite simple group of Lie type. For x a character of G, the definition
of |x| works as before. We have the following analogue of Theorem 2.6.

Proposition 6.1. Let G be a semisimple compact Lie group, n > 2, and X1, X2, -+, Xn NON-
trivial characters. Then |x1x2 - - Xn| > max(|x1], [x2l,- - [xnl)-

Proof. It suffices to treat the case n = 2 and to prove in this case that if x; is non-trivial,
then |xix2| > |x2|- It is enough to treat the case that xi is irreducible. Let A; denote the
highest weight of xi. Let {¢1,...,¢x} denote the irreducible constituents of x2, and let p;
denote the highest weight of ¢;.

Then A1 + p; is the highest weight in x1¢;, so there is an irreducible constituent 1; of x1x2
with highest weight A; + p;. By the Weyl dimension formula,

k
(6.1) |X1X2| ZZ!%IQ ZH 5+/\1+M27 ZH 5+M175 a) (/\17 )) ’
=1

i=1 a>0 i=1 a>0

where 0 denotes half the sum of the positive roots. As A is a non-zero dominant weight, we
have (A1, @) non-negative for all positive roots « and strictly positive for at least one of them.
Therefore, the right hand side of (6.1) is strictly greater than

(5 + pi, k
zn *“ =Sl = Ixel-

i=1 a>0 =1

O

When G is of positive dimension, it no longer makes sense to compare |x| to |G|, so we do
not have an analogue of Theorem 3 or any of the subsequent results proved above for groups
of Lie type. We can still ask about the power growth of |x|. The case of SU(2) illustrates the
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situation: we get uniform power growth when y is irreducible, but there is no such growth
for general characters.

Proposition 6.2. Let G = SU(2).

(i) If x ranges over the irreducible characters of G, then

log|x*| _ 3
im =_.
x log|x| 2
(ii) If x ranges over all characters of G, then
1 2
liminf 6T _
x log|x|

Proof. 1f x,, denotes the unique irreducible character of G of degree n+1, then by the Clebsch-
Gordan formula ([Hu, §22, Ex. 7)),
Xo = X
i=0

Thus,
n
. 2n+3
el=3er = (7).
i=0
while |x,| = (n + 1)2. This gives (i).
Again by Clebsch-Gordan, X is a linear combination of xo, X2, X4, - - - ; X4n With all coeffi-

cients positive, so
= 4dn + 3
n 3 N

2
Therefore, as y ranges over {x2,| n € N}, the limit of X g 8, and the limit of

2
bogx7| js1. O
x|

log [x|

Next, we prove Theorem 9 establishing uniform power growth for irreducible characters of
any fixed compact semisimple Lie group.

Proof of Theorem 9. Let w1,...,w, denote the fundamental weights of G. Let x) be the
irreducible character with highest weight A = a1y + - - - + a,w,. We define

2(A
<)\7 a> = ( 7 a)
By [Hu, §22, Ex. 1], A — kay; is a weight of y) for 0 < k < (\, o) = a;.

We claim that 642X —kq; is dominant for 0 < k < a;. It suffices to check the non-negativity
of (§ + 2\ — kay, o) for 1 < j < r. For j # i, we have

(5 + 2\ — k‘Oéi,Oéj> =1+ Qaj — <Oéi,04j> >1,

(,a)

and for j = i, we have
(0 4 2\ — ko, i) = 14+ 2a; — 2k > 1.

Therefore, by a theorem of Brauer [Hu, §24, Ex. 9], for each k in this range, x3 contains the
irreducible character with highest weight 2\ — ka;.
By the Weyl dimension formula [Hu, §24.3],

@) =11 Atha) a),
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where the product is taken over the set ®* of positive roots a.. Now, for 1 <i <r, (w;,a) > 0,
so regarded as a function in A\, x»(1) is a product of affine linear functions in A which take
positive values in the cone of dominant weights. Thus, if a; > 1 and 0 < k < a;, then

(6.2) Xoamhar (1) = (1= k/a)® Ixan (1) > (1~ k/ap)!® Iy (1),

We fix i such that a; = max(ay,...,a,). Thus,

ol = xa(1)? = 0@y = o@l™).

(2 2

On the other hand, by (6.2),
XAl > Z IXoA—ka:| = XAl Z(l — k/a;)'*l.
k=0 k=0

As a; — oo, the sum ), (1 — k/a;)!®l can be bounded below by a positive constant multiple
of a; and therefore by a positive constant multiple of |xx|'/I®l. If € < 1/|®|, therefore,
IX3| > |xa|'T¢ with finitely many exceptions A. The theorem is trivial for A = 0, and for each
A # 0, it holds when ¢ > 0 is small enough by Proposition 6.1.

O

Note that, unlike Theorem 1, Theorem 9 does not guarantee that the power growth is
uniform in G: the constant € = ¢(G) depends on G. This is unavoidable, as the following
proposition shows.

Proposition 6.3. There exists a sequence X2, X3, ... of non-trivial irreducible characters of
the Lie groups SU(2),SU(3), ... respectively, such that

1 2
lim inf 08 [ Xx|

=1.
n IOg’Xn‘

Proof. We choose for each n > 2 a positive integer k, and define y,, to be the character of
the irreducible representation of SU(n) with highest weight \,, := k,d,,, where ¢, is half the
sum of the set @,/ of positive roots of SU(n). By the Weyl dimension formula,

Xn(1) = H An+dn,0) _ (kp + 1)1®3] = (k,, + 1)"(n=D/2,
L (6n, @)
acd,,
On the other hand, for each fixed n, the weights of y, are contained in the convex hull of
{w(A,) | w € S,}. This can be expressed as k,X,, where X,, denotes the convex hull of
{w(8,) | w € S,}. Thus, the weights of x2 are contained in 2k, X,,. Since the highest weight
of every irreducible constituent of x?2 is a lattice point in the fixed polytope 2X, C R*~1,
scaled by k,, the number of such highest weights is O(k"~!), where the implicit constant
depends only on n.
On the other hand, by the Weyl dimension formula, the degree of each irreducible factor of

X2 is O(k‘g(n_l)/ 2). Therefore, assuming that each k,, is sufficiently large, we can guarantee

log \X721| < n+1
log [xn| n

which implies the proposition. O
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