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INVARIANT DERIVATIONS AND TRACE BOUNDS

BY Skip GariBaLpi, Rosert M. GurarLnick & Eric M. Rains

ABstrACT. — About 20 years ago, J-P. Serre announced a bound on the trace of elements of
compact Lie groups under the adjoint representation together with related results, provided
indications of his proofs, and invited a better proof. This note provides a new, general method
for proving such bounds; uses that method to derive Serre’s bounds; gives a second proof of
Serre’s announced results that (we learned) closely follows his original argument; and provides
lower bounds for traces of other representations of compact Lie groups and for Brauer characters
of finite groups.

Résumi (Dérivations invariantes et bornes sur la trace). — Il y a une vingtaine d’années,
J-P. Serre annoncait une borne sur la trace des éléments des groupes de Lie compacts sous la
représentation adjointe, ainsi que des résultats correspondants, fournissait des indications sur
ses preuves et invitait & une meilleure démonstration. Cette note propose une nouvelle métho-
de générale pour prouver ces bornes; utilise cette méthode pour dériver les bornes de Serre;
donne une seconde démonstration des résultats annoncés par Serre qui (nous l’avons appris)
suit étroitement son argument initial ; et fournit des bornes inférieures pour les traces d’autres
représentations de groupes de Lie compacts et pour les caractéres de Brauer des groupes finis.
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1. INnTRODUCTION

During the 2000s, J-P. Serre proved several bounds on the trace of elements in
a compact Lie group G, see 2.1, 2.3, and 2.5 below. He announced these results in
[Ser04] but only gave indications to the proofs, writing “The classical groups are easy
enough, but Fy, Eg, E7 and Eg are not (especially Eg, which I owe to Alain Connes).
I hope there is a better proof.” Part I gives a general approach for proving bounds
such as those in 2.3 via G-invariant derivations on the ring C[G]“. We exhibit its
use to prove 2.3 for groups of type G2 and Eg and provide Magma [BCP90] code to
verify 2.3 for each of the exceptional groups.(l) This approach works for optimizing
other class functions on a compact G, which we illustrate by studying the fundamental
irreducible representations of the compact groups of type Fy and Fg in Section 8.

Part II gives a proof of 2.3 for the case s = 1 and for 2.5 by a different method
involving ad hoc symmetry breaking. Interestingly, Serre explained to us that this
proof is largely the same as his original arguments. It differs in minor details. For
example, when treating the exceptional groups in Section 9, today we have the luxury
to use a few lines of Magma code, whereas 20 years earlier Serre did the same compu-
tation by hand. That is to say an independent event — the improvement of computer
algebra systems over the intervening years — has improved the proof. After this paper
had been on the arXiv for several months, we learned of the paper [DMMV21], which
also contains proofs of 2.3 for the case s = 1 for the groups of types A, D, and FE, in a

M ode to replicate the calculations in this paper is provided in the GitHub repo at https:
//github.com/skipgaribaldi/invariant-derivations
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INVARIANT DERIVATIONS AND TRACE BOUNDS 1231

manner substantially similar to what we do here. We decided to leave this material
in this paper in order to give a unified treatment in one place for all the types.

In contrast to the approach in Part I, the proof from Part I avoids ad hoc symmetry
breaking and stays focused on canonical objects. It is also most easily adapted to
providing bounds on values of characters other than Tr Ad, as we illustrate.

Part III completes the proofs of Serre’s statements 2.1 and 2.3, building on the
results of Part I or II.

In Part IV, we expand our view to consider Serre’s bounds as a solution to a specific
instance of a general problem that we now describe. Let y := Trp for p: G — GL(V)
a (real or complex) representation of a compact Lie group G. Since p is unitary, the
eigenvalues of x(g) for g € G are complex numbers of norm 1, so

(1.1) —x(1) <Rex(g) < x(1)

for all g € G, where x(1) = dimV and Re: C — R gives the real part of a com-
plex number. As g varies over G, the maximum x(1) of Rex(g) from (1.1) is triv-
ially achieved, but the minimum need not be, as Serre’s bounds show. For exam-
ple, for G = SU(n) and p = Ad, the adjoint representation, mingeq x(g) is asymp-
totically equivalent to —x(1)/n?, see Example 3.2. In Section 17 we observe that
mingec Re x(g) is an algebraic number. In Section 18 we provide some bounds on
mingec Re x(g) for all x and fixed G.

Finally, the appendix uses results from the main body of the paper to bound Brauer
characters of representations of finite groups over fields of prime characteristic.

NOTATION AND CONVENTIONS. In most of this paper, we consider objects over a base
field F' that is either R or C. In Section 17 we consider other fields of characteristic
zero, and in Remark 5.13 and the appendix we will consider fields of prime charac-
teristic.

A real Lie group is a group object in the category of analytic real manifolds [Bou89,
§III.1]. Consistent with the definitions of [Bou05, §IX.7], a representation of such a
group G is a continuous (hence analytic) homomorphism to the (complex) Lie group
GL,, ¢ of n-by-n invertible complex matrices for some n > 1.

We refer to Bourbaki [Bou02, Ch. VI] for general information about root systems.
We typically write ® for the set of roots and ®* for the positive roots.

We also consider algebraic groups as in Milne’s book [Mill7]. An algebraic group
over a field F' is a group object in the category of schemes of finite type over F'. Two
examples are GL,, r, the group of n-by-n matrices over F', and U(n)p, the group of
n-by-n unitary matrices with entries in F((v/=1). When F = R, these are also real
Lie groups. In this paper, we only consider algebraic groups that are affine, and for
simplicity we write simply “G is an algebraic group” to mean that G is an affine
algebraic group in the sense of Milne’s book. Furthermore, apart from the exceptions
already mentioned, we will only consider the case where the field F' has characteristic
zero, so G will be linear (meaning that it is isomorphic to a Zariski-closed F-subscheme
of GL,,r in a way that is compatible with the group operations on G and GL,, r)

JE.P. — M., 2095, tome 12



1239 S. Garisarpr, R. M. Gurarnick & E. M. Rains

and smooth, see [Mill7, Prop. 1.41, Th. 3.23, Cor. 4.10]. Because of the assumption of
characteristic zero and that G is affine, it is the same to consider these groups from
the perspective of [Bor91] or [Spr98|. For any commutative F-algebra R, we write
G(R) for the set Hom(Spec R, G) of R-points of G. The algebraic group GL4 g, i.e.,
the 1-dimensional torus with R-points R*, is typically denoted G,,. We sometimes
write Lie(G) or g for the Lie algebra of G, and similarly for other algebraic groups.

Mostly the symbol T will denote a torus (most often a maximal torus) in a Lie or
algebraic group G, and W will denote the quotient Ng(T)/T.

We say that an algebraic group G over a field of characteristic zero is reductive if
its unipotent radical is trivial, i.e., if the identity component G° is reductive in the
sense of [Mill7, §19¢|. We say that G is semisimple if it is connected and its radical
(the maximal closed connected normal solvable subgroup of G) is the identity. Every
semisimple group is reductive; a connected reductive group is semisimple if and only
if its center is finite [Mill7, Prop. 19.10]. We say G is simple ([Mill7, Def. 17.97] says
“almost simple”) if it is semisimple and non-commutative, and every proper normal
algebraic subgroup is finite.

A compact (real) Lie group G can also be viewed as a reductive real algebraic group.
The connected components of G are the same, regardless of which viewpoint one takes.
(The fact that the two notions coincide on the identity component is [Bor91, 24.6(ii)]
and the more general statement follows, see [Con10].) Of course, for non-compact Lie
groups this is typically false.

Acknowledgements. — We are grateful to J-P. Serre for drawing our attention to
this problem and for his insightful comments on the subject and on this text, which
included suggesting the particularly nice formulations of Lemmas 3.3 and 10.2. Thank
you to the multiple careful referees whose comments improved this text. SG thanks
John Voight for his timely advice on Magma.

2. SERRE’S BOUNDS ON THE TRACE
The following is announced as Theorem 3 in [Ser04]:

Turorem 2.1. — For any compact Lie group K, and any © € K, one has

Tr Ad(z) > —rank K.

Here Ad: K — GL(Lie(K)) is the adjoint representation, the action of K on its
own Lie algebra by conjugation. This result is proved in Section 14 as a consequence
of the following more detailed result, which considers both the minima and maxima of
Tr Ad at the price of restricting to simple compact Lie groups. See [FG98] and [Fre01]
for calculations of the value of Tr Ad(x) for various z, in the case where K is simple
of type Es. For type G2, the values of Tr Ad(z) can be seen as the coordinates on the
vertical axis of points in the plots [Lac19, Fig. 4] or [Gar22, Figs. 3, 5].

Let G be a simple compact Lie group. Consider Out(G), the group obtained as
the quotient of Aut(G) by the normal subgroup of inner automorphisms of G. For

JIP. — M., 2095, tome 12



INVARIANT DERIVATIONS AND TRACE BOUNDS 1233

s € Out(G), define
m(s) :=inf Tr Ad(u) and m(s) :=sup Tr Ad(u)

where u ranges over those u € Aut(G) mapping to s in Out(G) (a connected compo-
nent of Aut(G)). As an example, if we take s = 1, the elements u range over g in the
adjoint group of G and

(2.2) m(1l) = dim G,
as mentioned in the introduction.

Turorem 2.3. — Let G be a simple compact Lie group. For s € Out(G):

(a) If s corresponds to the automorphism —1 of the root system of G, we have
m(s) = —(rank G).
(b) Otherwise, the values of m(s) and m(s) are given by (2.2) or Table 1.

Tasre 1. Values of m(s) and m(s).

type of G order of s m(s) m(s)
A, (n>1) 1 -1 dim G
A, (n>2) 5 _(rank G) {n if n is even
24+n ifnisodd

D,, (even n > 4) 2 2—n 2n? — 5n + 2
D4 3 2—nm=-2 7
D,, (odd n > 5) 1 2—n dim G

' 2 —(rank G) 2n? — 5n + 2
Es 1 -3 dim G

! 2 —(rank G) 26

TasLe 2. The minimum of Trp(g) for g € G, for each simple com-
pact G with roots of different lengths and p the irreducible represen-
tation p with highest weight the highest short root.

type of G min dim p
B, (n>2) 1—2n 2n + 1
1- if n is odd
Cp (n>2) noonnEe 2n2 —n—1
—1—n if nis even
Fy —6 26
Go -2 7

JE.P. — M., 2095, tome 12



1234 S. Garisaror, R. M. Gurarnick & E. M. Rains

Theorem 2.3 expands somewhat on what is stated in [Ser04], which only reports
m(1). The values of m(s) and m(s) for other s were also computed by Serre in the
early 2000s. In this paper, the value of m(s) is computed in Section 13 for s # 1.

Serre also stated, as Theorem 3’ in [Ser04], the following equality. In it, W is the
Weyl group if G is connected.

CoroLrARY 2.4. — For T' a maximal torus in a compact Lie group G and W :=
NG (T)/T7

inf Tr Ad(¢g) = inf T ie(T))-

Inf TrAd(g) = inf Tr(wliier))

We provide a proof in Section 15.

In addition to the results we prove here, Serre has recently published in [Ser25]
his proofs of the other results announced in his 2004 note, so now proofs of all of the
announced results are available.

THE HIGHEST SHORT ROOT REPRESENTATION. In the case of a simple group with roots
of different lengths, there is an irreducible representation which is almost as interesting
as the adjoint one, namely the one whose highest weight is the highest short root.
We bound also Tr p for such a representation p. Note that for these groups, there are
no outer automorphisms, so it is just a question of bounding Tr p on the simple group
itself. Also, the maximum of Tr p is dim p.

Prorosition 2.5. Let G be a simple compact Lie group with roots of different lengths
and put p for the irreducible representation whose highest weight is the highest short
root. The extreme values of Tr p(g) for g € G are given in Table 2.

The values for G2 in Table 2 were previously observed in [Kat04, 5.5] and [Kai06,
eq. (37)]. Still for type Ga, see [Gri95, pp.270,271] for calculations of the value of
Tr p(g) for various g of finite order.

3. PRELIMINARY OBSERVATIONS

ExamrrLe 3.1. — Let G be a simple compact Lie group with maximal torus T'. There
is a ¢ € Aut(G) that normalizes T and acts as ¢(t) = t~! for t € T' [Bou05, §1X.4.10,
Prop. 17]. (It is even unique up to conjugation by an element of T.) Then ¢ inter-
changes the positive and negative roots, so the only nonzero diagonal entries of Ad(¢)
relative to a root space decomposition of Lie(G) come from its action on the torus
and we have Tr Ad(¢) = —(rank G). In the notation of Theorem 2.3(a), this proves
that m(s) < —(rank G).

Examrre 3.2 (SU(n)). — Consider the case of G = SU(n), which is simple compact
of type A,_1. The complexification of G is SL, (C) and we may identify the adjoint
representation of G¢ with (C* @ (C™)*)/C. For g € SL,(C) we have TrAd(g) =
Tr(g) Tr(g~") — 1.

An element g € SL,(C) coming from SU(n) has eigenvalues zy,..., z, such that
Zj = z;l for all j, so setting z := )" z; we have 14+ Tr Ad(g) = 2z > 0, so m(1) > —1.

JEP. — M., 2095, tome 12



INVARIANT DERIVATIONS AND TRACE BOUNDS 1235

On the other hand, if g € SU(n) is diagonal with entries pairs 4, —i or triples 1, (, ¢?
for ¢ = €2™/3 then Tr(g) = Tr(g~!) = 0 and Tr Ad(g) = —1, which shows the claimed
minimum is attained. This proves that m(1) = —1 for G of type A as indicated in
Table 1.

In all our approaches, we will lean on the following observation, which reduces to
a classic result by Steinberg:

Lemva 3.3. — Let f be a polynomial in the fundamental characters py,...,p, of a
semisimple complex algebraic group G. Let g be a semisimple element of G that is a
critical point of f. Then at least one of the following holds:

(i) g is not regular.
(if) For all i, the partial derivative O, f of f with respect to p; is zero at g.

Proof. — The element g is contained in a maximal torus T of G. Put W for the Weyl
group of G with respect to T. Write f as a composition T — T/W — C. Suppose g is
regular. Then the Jacobian of the first map is invertible at g by Steinberg’s Theorem
as in [Ste60] or [Ste65, 6.1, 6.3]. Since g is a critical point of f, it follows that the
gradient of the map T/W — C must vanish at the image of g, i.e., (ii). |

We also need the following small elaboration of results of Steinberg. We provide
a proof because we do not know a reference for it in the literature. Every algebraic
group G acts on itself by conjugation, and we write Class(G) for the (categorical)
quotient of G by this action (in order to avoid the notation G/G). As a scheme, for G
a reductive algebraic group over F, Class(G) is Spec F|G]¢ and F[G]¢ is finitely
generated.

Prorosition 3.4. — Let T be a maximal torus in a connected reductive algebraic
group G over a field F of characteristic zero, and put W := Ng(T)/T.

(a) Class(G) = T /W, i.e., the natural map Spec F|G] — Spec F[T) gives an iso-
morphism Spec F[G]¢ = Spec F[T|V.

(b) If the torus Z(G)° is split and the derived subgroup G’ of G is simply connected,
then

(i) Class(G) is the product of an affine space and a torus, and
ii) if G’ is also split, there is an open embedding Class(G) — A™KG gych
(ii) if plit, D g

that the coordinates are irreducible characters.

Proof. — To verify that the natural map in (a) is an isomorphism, it suffices to do so
when F is algebraically closed. If G is semisimple, this is a result of Steinberg, [Ste65,
6.4]. The proof is a reduction to that case.

Let T” be a maximal torus in the derived subgroup G’ of G. The identity component
Z(@G)° of the center of G is a torus and T := T" - Z(G)° is a maximal torus of G.
By conjugacy of maximal tori in G, we may assume that the given torus 7T is this 7.

JE.P. — M., 2095, tome 12



1236 S. Garisarpr, R. M. Gurarnick & E. M. Rains

Set H:=T'NZ(GQ)°, Tt :=T'x Z(G)°, and G := G’ x Z(G)°. There is a natural
diagram

1 H T+ T 1
L
1 H Gt G 1

which commutes.
Certainly, Ng+(TT)/TT = Ng/(T')/T" = W. We obtain another commutative
diagram
THW —— T/W

| 1

Class(GT) —— Class(G)

For the left vertical arrow, T+ /W = T/W x Z(G)® and Class(G") = Class G' x Z(G)°,
and these are isomorphic because G’ is semisimple. That is, the left vertical arrow is
an isomorphism. The top and bottom arrows are a quotient map by H, on which W
and G both act trivially, so the right arrow is also an isomorphism, proving (a).

For (b), suppose first that G’ is split. Since G’ is simply connected, Class(G’) is
an affine space [Ste65, Th. 6.1(b)] where the coordinates are fundamental characters.
Thus Class(G™) is manifestly a product of an affine space and a torus.

Suppose G’ is not split. The previous case descends because the action of Aut(G’)
on Class(G’) factors through Out(G’), which permutes the fundamental characters
according to the diagram automorphisms. In particular, the induced class in the Galois
cohomology set H'(F, Aut(Class(G"))) is in the image of H'(F, GLyank G, ), which is
a singleton. So again Class(G’) is an affine space and Class(G™") is a product of an
affine space and a torus, with the affine space naturally identified with the space of
sections of a vector space V.

It thus remains to consider the action of H. Since Z(G)° is split, Hom(H, Gy,)
is a finite abelian group with trivial action by the Galois group, and thus the ac-
tion of H induces an F-linear grading of Vi by Hom(H, Gy,). In addition, the map
Hom(Z(G)°,Gy) — Hom(H, Gy,) is surjective, and thus we can rescale each homoge-
neous component by a character of Z(G)° to get an H-invariant affine factor. We thus
get an isomorphism

Class(G) = (A" x Z(G)°)/H = A" x (Z(G)°/H).

Since Z(G)° is a torus, the quotient Z(G)°/H is also a torus (it is also the abelian-
ization G*" of G), as required.

When G’ is also split, Vg is the span of fundamental characters, all of which are
homogeneous for the grading by Hom(H, Gy, ), and thus the procedure of the previous
paragraph multiplies the fundamental characters by characters of Z(G)° to obtain
new characters that descend to G. We thus get an isomorphism of the form

Class(G) 2 A™ x G*P = (AN x G

m

JIEP. — M., 2095, tome 12



INVARIANT DERIVATIONS AND TRACE BOUNDS 1‘237

in which the maps to A! are irreducible characters of G and the maps to G,, are
irreducible characters of G®P, thus also of G. Embedding each G, in A' in the natural
way gives (bii). O

Exawvrre 3.5. The group G = U(2) has simply connected derived subgroup G’ =
SU(2), with Class(G’) = Al. However, Z(G)° is a rank 1 torus that is not split and we
claim that Class(G) is not isomorphic to the product of an affine space and a torus.

Over C, the invariant ring is C[G]¢ = Cley, e, e;l] with e; = 21 +29 and eg = 21 29,
and complex conjugation acts on this ring by conjugating scalars and taking (e, e2) —
(e1/ea,1/eq). If the corresponding real subring were the coordinate ring of a product
AT, then the map to T would be given by a unit in the complex coordinate ring, so is
given by (without loss of generality) ez, making the torus have real locus S'. The affine
coordinate must then correspond to a generator of the complex ring over Clea, e5 1],
and thus must have the form cjefe; + co(e2) where ¢; € CX, ¢ € (C[eg,egl], and
k € Z. The affine coordinate must, of course, also be invariant under the conjugation,
and thus we find c;ef = ﬁez_k_l, so that 2k + 1 = 0, giving a contradiction. (The
basic issue in this case is that Hom(T, G,,) — Hom(H, G,,) is split as a map of sets
but not as a map of sets with Galois action.)

One can also use this to produce an example in which G’ is split, for the simple
reason that the central product SLyo U(1) is an inner twist of U(2), and thus there
is an isomorphism

Class(U(2)) = Class(SLg o U(1))

of schemes over R.

PART I APPROACH VIA INVARIANT DERIVATIONS
4. INVARIANT DERIVATIONS AND CRITICAL POINTS

Let G be a compact Lie group, and suppose we wish to optimize a finite linear
combination f of irreducible characters on G. There is an obvious (and obviously
infeasible) approach: the optimum will be attained at a critical point of f (defined
locally on G in the usual way), and thus one can reduce to finding those critical points.
Of course, as stated, this is entirely analytic and thus it is unclear whether we can
actually find the critical points; this becomes worse once we realize that G-invariance
ensures that the critical locus is a union of G-orbits, almost all of which will be
positive-dimensional.

Instead we will look for critical points on the algebraic complex group G(C). This
at least in principle allows one to compute the ideal cutting out the critical subscheme,
at which point standard Grébner basis techniques let one determine the components
of the critical locus. In practice, however, this is still not particularly feasible: this
rephrases the problem as a constrained optimization problem with a typically com-
plicated ideal of constraints. Moreover, we still must contend with the fact that the

JE.P.— M., 2095, tome 12



1238 S. Garisarpr, R. M. Gurarnick & E. M. Rains

output will be a collection of G(C)-invariant subschemes of G(C) and each factor will
itself be complicated, thus the Grébner basis calculations will be quite difficult.

One reduction of the problem is immediate: In order to prove bounds like the ones
in Section 2, which apply to compact and connected groups, it is only necessary to
consider critical points in G(C) that come from G(R), and in particular are semisimple.
(We remark that one can reduce the general problem of finding values of f at critical
points on G(C) to examining semisimple critical points, but we will omit the details
of this reduction because we do not need it for the results in this paper.)

Lemvia 4.1. — Let T be a maximal torus of G, and let f be a polynomial function
on G. Suppose that T is central in G or f is G-invariant. Then t € T(C) is a critical
point for [ if and only if it is a critical point for f|r.

Proof. — The “only if” direction is trivial. So suppose t is a critical point for f|r.
The identity component G° of GG is a union of conjugates of T', and thus in particular
the conjugates of t span g. For = € g, there exists g1,...,9, € G and y1,...,y, € t
such that ) .(Ad g;)y; = = and we have

zf(t) =Y ((Adgi)y) f(t) = Zyi(gflf)(t) = Zyif(gitgfl)

K2

By hypothesis, the summand in the last term equals y; f(¢), which is zero because t
is a critical point for f|r. a

When G is connected, Lemma 4.1 reduces the problem considerably: now we need
only work on the torus 7.

DERIVATIONS AND GROUP ACTIONS. Here is another elementary result on critical
points for functions invariant under the action of a finite group. Let H be a finite
group acting on an affine scheme X over a field F. An element h € H acts on a
function f € F[X] via "f(x) = f(h~'z). A derivation on X is an F-linear derivation
F[X] — F[X], specializing a definition in [Stal8, Tag 00RN]. An clement h € H acts
on a derivation D via (("D)f)(z) = (D(""'f))(h~'z).

Prorosition 4.2. — Suppose H and X are as in the preceding paragraph, and F has
characteristic zero. Let f be an H-invariant function on X and x € X(F). Then x is
a critical point for f if and only if (Df)(x) = 0 for every H-invariant derivation D.

Proof. — The point z is critical for f if and only if (D f)(x) = 0 for every derivation D
(not necessarily H-invariant), so the “only if” direction is trivial and we assume
(Df)(z) = 0 for every H-invariant D. Let Dy be any derivation. Since H is finite,
there is a m € F[X] such that w(z) = 1 and 7 vanishes on the other elements of the
H-orbit of . Put H, for the centralizer of x in H and define

1
D1 = h 7T'D0 .
FAPIRED
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Since f is H-invariant, we have

["(7Do)] (f)(z) = [(xDo)(f)] (b~ 'x) = w(h™"z) [(Dof)(h™ )] .
For h € H,, thisis (Do f)(z), whereas for h ¢ Hy, it is zero. It follows that (D1 f)(z) =
(Dof)().
On the other hand, D, is an H-invariant derivation, so (D1 f)(z) = 0 by hypothesis.
|

In this section, we have reduced the problem of finding critical points of a G-
invariant function f on a connected compact Lie group to finding the vanishing locus
of Df on a maximal torus T of G as D varies over W-invariant derivations on 7" for
W := Ng(T)/T.

5. Derivarions ox T'/W vErsus W -INVARIANT DERIVATIONS ON T’

In this section, we work in the context of a connected reductive algebraic group G
over C with a maximal torus T and Weyl group W := Ng(T)/T. We relate the W-
invariant derivations on T' — which we denote by (Der C[T])"Y — to derivations on
T/W, i.e., Der C[T/W].

Any W-invariant derivation on T takes W-invariant functions to W-invariant
functions, so induces a derivation on T/W, giving us a natural map (Der C[T])"V —
Der C[T/W]. Every derivation on C[T/W] extends uniquely to its function field
C(T/W), and hence to that field’s finite separable extension C(T"). In particular, a
derivation on T is determined by its values on C[T'/W], so this map is injective. This
lets us identify (Der C[T])" with a submodule of Der C[T/W].

Examere 5.1 (SLg). — In the special case where G = SLy, we may describe the
relationship in an elementary manner. Imagine the torus as consisting of diagonal
matrices with coordinate functions s, 1. We have C[T] = C|s, s~!], where the non-
trivial element of the Weyl group Z/2 acts by s + s~!. In particular, C[T]" = C[t]
for t := s + s~ !, the trace of an element of 7.

It is an exercise to verify that the Weyl-invariant derivations on T form a free
C[T)" -module generated by (s —1)d,. The derivations of C[T]", on the other hand,
are evidently generated by 0;. The usual chain rule shows the two are related by

(s —1)9s = (t* — 4)0,.

For computations, we will prefer the version on the right, which is expressed as a
derivation on T/W. Note that the displayed equality shows that

(Der C[T/W1)/(Der C[T)W = C[t]/(t* — 4)
and in particular that (Der C[T])" is a proper submodule of Der C[T/W].

It turns out that when T/W is sufficiently nice (e.g., when the derived sub-
group G’ is simply connected), not only can we show that the relevant submodule
of Der C[T/W] is a free submodule, but the proof gives us a reasonably natural way
to construct a basis. (A similar construction appears in [OT13, §B.2], although that
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material concerns the linear action of W, the quotient of a euclidean space by the
reflection representation of W.)

INTERLUDE: DIFFERENTIAL OPERATORS. — We take a moment to review some back-
ground on differential operators on an affine variety X over C.

DeriNtTion 5.2, A differential operator of order 0 is ps: C[X] — C[X] given by
multiplication by an element f € C[X]. A differential operator D of order k + 1 is a
C-linear map C[X] — C[X] such that, for each g € C[X], the map f — D(gf)—gD(f)
is a differential operator of order k.

The collection of differential operators of order k is denoted Diff{é[ x1,c(C[X], C[X])
in [Stal8, Tag 09CH], and it is a C-module. A differential operator of order k is a
differential operator of order K for all K > k. A differential operator of order 1 is a
derivation if and only if it annihilates 1 [Stal8, Tag 09CM].

Lemwva 5.3. Let D be a second-order differential operator on an affine variety X
over C. Then for f,g € C[X]:

(@) (g, DI+ pp(py) — o)y 95 a derivation on X.

(b) The pairing (f,g) — D(fg) — fD(g) — D(f)g + fgD(1) is symmetric and is
a derivation on X in each slot. It is identically zero if D is a first-order differential
operator.

Proof. — For (a), we note that the first term is a first-order differential operator
(a fact already implicit in [Stal8, Tag 0G35]). The other two terms are order 0,
so the total expression is a first-order differential operator. It annihilates 1 because
prD(1) = pp1yr(1) and Duys(1) = D(f)1, so it is a derivation.

For (b), the pairing is evidently symmetric and C-linear in each slot. If D is first
order, then there is an f’ € C[X] such that D(fg) — fD(g) = f'g for all g. Then
D(f)g — fgD(1) = f'g as well and the pairing is zero. Finally, the image of (f,g) is
—1 times the derivation in (a), so it is a derivation in g. O

The pairing in (b) is called the symmetric biderivation associated with D. The
construction is analogous to the one for a polynomial function ¢ of degree at most 2
on a vector space V: One defines a pairing (v,v’) — gq(v + v') — q(v) — q(v") + q(1),
which is symmetric and linear in each slot and vanishes if and only if ¢ has degree at
most 1.

Note that a symmetric biderivation é on a commutative C-algebra R is equivalent
to a symmetric bilinear form on the module of Kéhler differentials g, and thus in
particular induces a map

Qr — Der(R)
taking f dg to the derivation h — fd(g, h).
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CONSTRUCTING INVARIANT DERIVATIONS FROM INVARIANT FUNCTIONS. We now return
to the situation of G, T, and W from the beginning of this section. Let A be a
nonsingular W-invariant quadratic form on t*. We may view this as an element of
(2", i.e., a Weyl-invariant element of the symmetric square. Since elements of t are
naturally translation-invariant derivations, A corresponds naturally to a second-order
differential operator D 4 on C[T], invariant under W and under translation by T'.

The space t* may be viewed as the space of translation-invariant differentials, and
thus any homomorphism z: T — Gy, induces an element dz/z of t*. In particular,
we get a basis of t* from any isomorphism 7' = G}, by taking the logarithmic differ-
entials of the coordinates.

Since D 4 is W-invariant, its value on a W-invariant function is W-invariant, and
thus the symmetric biderivation associated to D4 induces a C[T/W]-valued bideriva-
tion M4 on T/W.

Prorosition 5.4. — If T/W is smooth (e.g., if the derived subgroup of G is simply
connected), then the image of the map

Qcpryw) — Der C[T /W]
induced by M, is (Der C[T])W.
Proof. Since A is nonsingular, it induces an isomorphism

Qcpr) = Der C[T],
which by W-equivariance restricts to an isomorphism
O = (Der CIT)™.

The map

Qcpryw) — Der C[T /W]
induced by M4 is then the composition

Qcrrywy — Q) = (Der C[T))Y — Der C[T /W]

in which the maps on either side are natural. Moreover, by [Kni73, Cor. to Th.I1.3],
the first natural map is an isomorphism, and thus the image of the map induced
by M, is (Der C[T])" as required. O

CoroLrAry 5.5. If the derived subgroup G’ of G is simply connected, then
(Der C[T))W is a free module over C[T|W.

Proof. Since G’ is simply connected, by Proposition 3.4(bii) we may identify T'/W
with an open subscheme of A" where r = dim 7. Since open embeddings are étale,
the sheaf of Kéhler differentials on T'/W is the pullback of the sheaf of Kéhler differ-
entials on A”. Since the latter is free (with basis df1,...,df, where fi,..., f, are the
coordinate functions), so is Qcr/wi- a
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From the proof of the corollary, we see that we may associate a basis of the space
of W-invariant derivations to any choice of coordinates on T'/W | i.e., to any choice of
open embedding T/W — A™.

Given such coordinates f1, ..., f,, the basis consists of the derivations

(5.6) Di: fr—= Ma(fi, f) = > Ma(fis £3)0, f

and thus is determined by the symmetric matrix M whose (¢, j)-entry is Ma(fi, f;)-
If we also have an isomorphism (21,...,2,): T — G2, then this matrix factors via
the chain rule:
Ma(fis £3) = Axi(zk0s, £:) (2102, 7)),
k,l
where
Are = 5 (A(dzi /21, + dze/ 2e) — A(dzi/21,) — A(dze/20)) € C

is the (k,¢)-entry of the symmetric matrix corresponding to the quadratic form A in
the basis corresponding to Z. In other words, the matrix M (which depends on the
choice of A and the coordinates fi,..., f,) is

M= JTAJ,
where J is the Jacobian matrix with (7, j)-entry 2,0, f;.

Exampre 5.7. Suppose G is simple (and simply connected). There is a unique Weyl-
invariant symmetric bilinear form b on the root lattice @ such that b(a, ) = 2 for
each short root alpha; it is positive definite and integer-valued. Put B for the matrix
of b with respect to some pinning of G with respect to T'. Since G is simply connected,
the space t* is identified with the complexification P ® C of the weight lattice P and
one can take fi,..., f, to be the fundamental characters. We take A to be some
positive integer multiple of B; any such choice will determine a real inner product
on P ® R. In the Magma code for this paper and in the G, Fy, and Eg examples in
this part of the paper, we use A := |P/Q| B. (Magma’s CoxeterForm, when passed a
root datum with IsogenyClass := "SC", returns a matrix for B with respect to a
basis consisting of fundamental weights.) Choosing a different scalar factor will scale
the matrix A, but will leave the critical point computations otherwise unchanged, see
Corollaries 5.10 and 5.12.
For the case of SLy from Example 5.1, A = (2), J = (21), and M = (223).

Remark 5.8. Although it is natural to use the fundamental characters as the gen-
erators for the ring of invariants, there are other choices. For Fg, F7, and Eg, the
matrix M can be significantly simplified by using a basis coming from the identifica-
tion of T/W with a moduli space of del Pezzo surfaces, see [EOROT].

Examrre 5.9 (GLg). — Suppose now that G = GLy and take T to be the diagonal
matrices, with coordinate functions 21, zo. Coordinates on Class(G) are provided by
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INVARIANT DERIVATIONS AND TRACE BOUNDS 1243

f1:= 21+ 22 and f5 := 2129, SO

J = (2’1 2’122) '
R2 R1%2
There is a 2-dimensional space of choices for A, with the simplest one corresponding
to the pairing (dz;/z;,dz;/z;) = §;; (Kronecker delta). In this form, M4 has matrix

M= T = ( 2+ 23 Z%ZQJrzle) _ <f122f2 f1f2>
5 hf: 2f3)°

2 2,2
2122 + 2125 221235

so that the module of invariant derivations has basis
Dy = (ff =2£2)05, + (f1f2)05,, D2 = (f1f2)dy, +2f30y,.

For semisimple g € G(C), it makes sense to write M (g) for the matrix with complex
entries obtained by evaluating each entry of M (which belongs to C[T/W]) at the
image of g in (T/W)(C).

Cororrary 5.10. — Let t be an element of T(C). The i-th column (equivalently, row)
of M(t) vanishes if and only if t is a critical point for f; on G.

Proof. — Since M is symmetric, it suffices to consider only the claim involving a
column. The i-th column vanishes if and only if D;(f;)(t) = 0 for all j; since we
have seen that the D; form a basis of the submodule of Der C[T/W] correspond-
ing to W-invariant derivations, this is equivalent to having D(f;)(t) = 0 for every
W-invariant derivation D on T. This is equivalent by Proposition 4.2 to t being a
critical point for f;|7, which in turn is equivalent to being a critical point for f; on G
(Lemma 4.1). O

Derintrion 5.11. — A corner of G is an element of (T//W)(C) where M vanishes.
Note that since df1, ..., df, are a basis of the module of differentials, M vanishes at ¢

if and only if M4 vanishes at ¢, and thus this notion is basis independent.

Since (T'/W)(C) is in bijection with conjugacy classes of semisimple elements of
G(C), one could equally well refer to the conjugacy classes corresponding to corners
as corners themselves.

Cororrary 5.12. — Let G be a semisimple simply connected algebraic group. The
corners are the images of those t € T(C) that are critical points for every G-invariant
Sfunction.

Proof. — If t is a critical point for every G-invariant function, it is a critical point for
fi,..., fn and thus D;(f;)(t) = 0 for all ¢ and j, i.e., M vanishes at ¢.
Conversely, if M vanishes at ¢, then for any G-invariant function f,

Di(£)(t) = > (@5, H)(E)Malfi, £;)(1)

J
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is zero for each i. Since the D, are a basis of the module of W-invariant derivations,
it follows that D(f)(t) = 0 for any W-invariant derivation D and thus that ¢ is a
critical point for f. O

We will say more about corners in Section 7.

Remark 5.13. — Although one no longer has an application to minimization or max-
imization, the module of invariant derivations is still a natural object to consider over
a field of prime characteristic. There are two places in which the above construction
may fail. For one, it may not be possible to choose a nonsingular invariant form A.
In that case, det(A) = 0, so det(M) = 0, and the rows of M do not even generate the
space of rational invariant derivations.

For another, the module of invariant differentials may differ from the module of
differentials on the quotient. Per [Kni73], the latter can only occur when the quotient
map is wildly ramified in codimension 1, or in other words when there are hyper-
surfaces fixed pointwise by elements of order equal to the characteristic of the field,
which in our case forces characteristic 2.

To illustrate this issue, consider SLo over the algebraic closure of Fy, with invariant
f1 = z1+1/2z1. We could take A to be the matrix (1) (instead of the more natural (2)),
so nonsingularity is not an issue, and thus compute M = (f2). However, the derivation
f128f1 does not generate the module of invariant derivations: the tangent space to the
center of SLy induces an invariant derivation z10., = f10y,. (Similarly, the pullback
of df; does not generate the module of invariant differentials.)

This leads to a natural question: Under what circumstances is the module of invari-
ant derivations still free over the ring of invariants in general? We computed spanning
sets(® for the modules of invariant derivations for SLs in characteristic 5 and SLg in
characteristics 2 and 3; in each case we have found that the module is not free at the
identity. It thus seems likely that the module is rarely free when the characteristic is
not “very good”, with only sporadic exceptions (e.g., SLs and SLy4 in characteristic 2
and SL3 in characteristic 3).

ALTERNATE CONSTRUCTION OF THE INVARIANT DERIVATIONS. — There is another natural
way to associate an operator C4 on C[T]" = C[G]% to A, in such a way as to be
diagonal on the characters of irreducible representations. Define

1
(5.14) Cyi= 'DA+§A_1MA(A,—),

where
A= H (e*—=2+e™ ™) eCTv.
acdt
Here we are writing an unadorned symbol such as « for roots and weights (viewed as
elements of t*, which is canonically isomorphic to Hom(7T,G,,) ® C) and e® for the
corresponding element of Hom (T, Gy, ).

(2)3ee the Magma program bad-char in the git repository.
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We now describe C'4 in a special case. Recall the Weyl denominator
d:=¢” H (1—e™)
aedt

where p := %Za€<1>+ « is half the sum of the positive roots. If p corresponds to an
element of Hom(7', Gy, ), then 6 belongs to C[T] and is anti-invariant under the Weyl
group [Bou02, §VI.3.3, Prop. 2(i)], and moreover we have

= J[ 1-e)?=A.

acdt
Lemma 5.15. If p corresponds to an element of Hom(T,Gy,), then
(5.16) Ca=61Dps — 671D A(S).
Proof. — Since M4 is a derivation in the first argument, we have

STRM (6%, =) = k6T M4 (0, —)
for any integer k. Combining this with the definition (5.14) of C4 gives
Ca=Da+ 6 1M (5, ).

Since D4 is a homogeneous quadratic polynomial in derivations (which each kill 1),
we have D4(1) = 0. Combining this with the expression for M, as a biderivation
arising from D4 as in Lemma 5.3(b), we find that Cy4 equals (5.16). O

The inspiration for the definition (5.14) came from (5.16). By the Weyl character
formula, multiplying an irreducible character by § gives the antisymmetrization of a
monomial, and thus gives an eigenfunction for D 4. In other words, 1D 46 is diagonal
on the irreducible characters, which suggested (after subtracting off the eigenvalue
at 1) (5.16).

Prorosition 5.17. The operator C4 is a second-order differential operator on
C[T)W with associated biderivation M 4. Moreover, it is diagonal in the basis of irre-
ducible characters, with eigenvalue A(X + p) — A(p) on the character with highest
weight .

Proof. — We first show that it is diagonal on the irreducible characters. If p is a
character of T, then C4 is given by (5.16) and the claim follows from the Weyl
character formula. Otherwise, there is a double cover GT for which p is a weight,
and (since isogenies are étale) a corresponding induced pairing AT. Any irreducible
character of G is an irreducible character for G, and the action of C4+ agrees with
the action of C'4 where both are defined.

We have thus seen that C4 preserves C[T]". Since D 4 is a second-order differential
operator, and Ca — D 4 is a derivation by (5.14), C4 is also a second-order differential
operator with the same associated biderivation as D 4. O
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Remark 5.18. When G is simply connected, the eigenvalue of C'4 on the irreducible
character of highest weight A agrees with the value of the quadratic Casimir element
on the corresponding representation. (See, e.g., [Hall5, Prop. 10.6]; in the reference,
one fixes a G-invariant pairing on g rather than a W-invariant pairing on t*, but these
have the same degrees of freedom.) In particular, when G is semisimple, C'4 extends
to a second-order operator on C[G] which is invariant under both left and right mul-
tiplication. The analogous statement for G reductive follows by pulling C4 back to
G' x Z(G)°.

Remark 5.19. — If G has maximal compact subgroup K and 7T contains a maximal
torus Tk of K, then Haar measure on K induces a W-invariant measure on Tk, and
the density of that measure relative to Haar measure on Tk is (up to an irrelevant
scalar multiple) nothing other than A. In particular, since D4 is self-adjoint relative
to Haar measure on Ty, C4 is self-adjoint relative to the measure induced from K,
which is why its eigenfunctions form an orthonormal basis relative to that measure.

In particular, since C4 and D, have the same associated biderivation, the
G-invariant derivations obtained from C'4 and the fundamental characters agree with
the derivations D; obtained from D4 via (5.6).

Cowmpuration. — Note that both D 4 and C4 are reasonably straightforward to com-
pute on C[G]%: D, is diagonal on monomials and C, is diagonal on irreducible
characters. So to apply the operators to an element of C[G]%, it suffices to expand it
into irreducibles (or monomials) and apply the relevant diagonal operator. This gives
the coefficients of the matrix M as an expansion in irreducibles (or monomials), and
thus one reduces to the problem of expressing those coefficients as polynomials in the
fundamental characters.

Having done that, it is then straightforward to write down the n equations cutting
out the critical locus on Class(G) corresponding to any (polynomial) class function,
and apply the usual Grébner basis techniques to find the components of the critical
locus. Magma code for this computation is provided in the GitHub repo for this
article. In the code, Cj4 is referred to as the Casimir and D4 is referred to as the
pseudo-Casimir.

Exampre 5.20 (G3). — Consider the case where G is simple of type G2, where the
roots are numbered as in the diagram

—
1 2

The weight w; dual to the simple coroot o is the highest short root, and the weight ws
is the highest (long) root. We take f; to be the character of the irreducible represen-
tation with highest weight w;. With respect to this numbering, the matrix M is

4f2 —4Afs —16f) — 28 6f1f2 — 14f2 + 14f, — 16, + 14
* 123 + 1212 + 241 fo — 20f2 + 8f, + 44f, —28)
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where the * in the lower left indicates an entry determined by symmetry (and omitted
to make the matrix easier to read).
The corners are

(5.21) (f1,f2) = (-2,5), (-1,-2), or (7,14).

The critical points of fo, the character of the adjoint representation, are the locus
cut out by the second row (or column) of M, which has four components, three of
which are the corners. The remaining component is (fi, f2) = (7/9,10/27). Since
no critical point has fo less than —2 and —2 occurs as a value of Tr Ad on the
compact group (because —1 belongs to the Weyl group, Example 3.1), we conclude
that min Tr Ad = —2, verifying Theorem 2.3 in this case.

The critical points of f1, the character of the highest short root representation, are
the locus cut out by the first row (or column) of M. This consists solely of the corners
(5.21).

6. CRITICAL POINTS FROM THE COMPACT GROUP

Suppose we have computed the critical points over C, but are only interested in
the critical points lying in the compact group, as in Theorem 2.3. If we were given
the critical point as an element of the group, this would be relatively straightforward:
we need simply ask whether the point is in the real locus (of the compact real form).
Of course, what we are actually given is a point on the quotient T /W, and the real
locus of the quotient is in general bigger than the quotient of the real locus. For
instance, for Ay, the coordinate on the quotient is s + 1/s, which is certainly real for
diag(s,1/s) € SU(2), but is also real for diag(s,1/s) € SLy(R). So we are left with
the following question: Given a real point on the quotient, how can we tell if it is in
the image of the compact group?

It turns out that if we make a suitable choice of pairing A, the matrix M with entries
Ma(fi, ;) also answers this question. We continue the assumption of Section 5 that G
is a connected reductive group whose derived subgroup is simply connected.

We have already observed that any choice of isomorphism (z1,...,2,): T — G%
induces a basis of t*. This corresponds to a basis-independent statement: any homo-
morphism Hom(T, G,,) induces (by taking the logarithmic differential) an element
of t*, and the resulting homomorphism

Hom(T, G,,) — t*

induces an isomorphism
Hom(T,G,,) ® C =5 t*.

As a result, we may view A as being a quadratic form on the weight lattice rather
than on the dual of the Cartan. Therefore it makes sense to require that

(6.1) A is both real and positive definite

which we do for the remainder of the paper.
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Derinirion 6.2. Let o be the automorphism of the maximal torus o(t) = ¢ 1.
Define M§ to be the biderivation (f, g) — Ma(o(f),g)-

Given a choice of coordinates f1,..., fn, we get a corresponding matrix M? with
entries

(M?)ij = M3(fi, £;) = Ma(o(£:), ;) = > 05, (0(f:)) M

1<k<n
in other words, M? = J(o)" M where J (o) is the Jacobian of the action of o on T/W
with (i, j)-entry Oy, (o(f;))-

The matrix M? is no longer symmetric, but is instead hermitian in a suitable sense.

LeEvmma 6.3. We have
M3(g, f) = o(MZ(f,9))
for all f,g € C[T/W].

Proof. — Since o acts as —1 on the weight lattice, we find that A is o-invariant,
and thus

M3(g, f) = Ma(o(g), f) = Ma(f,o(g))
=0o(Ma(o(f),a(0(9)))) = a(M1(f,9))- O

In matrix terms, Lemma 6.3 says:
(6.4) (M7)T = o(M")

Examrre 6.5 (GLg, continued). — We return to the case G = GLg from Example 5.9,
noting that the choice of A satisfies . Since o(z;) = 1/z;, we have fio =1/z + 1/2,,

fa0 =1/(2122),
1/ f2 0 ) T ( -2 —f 1)
J(o) = , and M?=J(o)' M = ]
= (s e OIM={_pp 2

Since f1/f2 = o(f1), we have verified that M satisfies the hermitian property (6.4).
Exampre 6.6. — Continue Example 5.7, where G is simple and simply connected. Act-
ing on the root system, —1 and —wy for wq the longest element of the Weyl group W
are in the same coset of W. Since —wg permutes the simple roots, o permutes the

fundamental characters in the same way, and M7 is obtained from M by permuting
the rows of M in the same manner.

Let T be a compact torus. There is a natural corresponding split torus
T, := Homz(Hom(T, S*),G,)

over Z, such that Ts(C) is naturally isomorphic to the complexification of T'. (This
follows immediately from the canonical isomorphism between the complexification
of S1 and C*.) The subgroup T' C T(C) is then characterized as the elements ¢ such
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that o(t) = t. (Complex conjugation makes sense because the base change of T to C
factors through the base change to R.) For any f € R[T,]" and t € T, we find

o(f)(t) = f(t) = f(t),
so that for t € T,
MZ(f,9)(t) = Mg (g, )(1).

We fix a choice of coordinates f1,..., f, € R[Ts/W], which we may do by viewing T
as the maximal torus in a split form of G and applying Proposition 3.4. (In the case
of most interest, G will be simple and the coordinates are naturally defined over Z.)
With respect to these coordinates, the associated matrix M7 (¢) is hermitian for ¢t € T

The characterization of T' C T5(C) identifies T" as the real locus of a twisted real
form of Ty, which we also denote by T'. In particular, there is a quotient scheme T'/W

defined over R, which is a twisted real form of Ts/W. The real points z € (T/W)(R)
are characterized by the condition that

a(f)(x) = f(z)

for all f € R[T,/W], and thus M? is hermitian at any point of (T'/WW)(R).
We aim to prove:

Turorem 6.7. — Let T be a maximal torus in a compact Lie group G whose derived
subgroup is simply connected. An element x € (T/W)(R) is in the image of T(R) if
and only if M (x) is negative semidefinite.

ExavprLe 6.8 (SLg, continued). For G = SLg, M7 is the 1-by-1 matrix with entry
t2 — 4. For t € R, this is negative semidefinite if and only if —2 < ¢ < 2. On the other
hand, given a ¢ in this range, the complex number s := ¢/2+iy/1 — t2/4 has length 1
and t = s + 1/s. This verifies Theorem 6.7 for G = SL.

We will prove Theorem 6.7 in the following abstracted setting. Let V' = R™ be
Euclidean space, and let I' be a discrete subgroup of the “(real) affine orthogonal
group” V x O(V') with finite image in O(V'). The action of I on V' extends naturally
to an action on V ® C, and the quotient X := (V ® C)/T has a natural structure
as an affine scheme over R where the affine space is associated to the orthogonal
complement of R(I'N V). Indeed, the quotient by the lattice ' NV is a product of an
affine space and an algebraic torus, with real structure such that the real locus is the
product of a vector space and a topological torus. This is clearly an affine scheme,
and (V' ® C)/T" is the quotient of this affine R-scheme by the real and finite group
r/(rnv).

There is a natural symmetric biderivation on V & C given by (f,g) — Vf - Vg.
This biderivation is clearly I'-invariant, so descends to a symmetric biderivation on X.
In particular, at any smooth point x € X, it determines a symmetric pairing on the
cotangent space at x. If z € X(R), this pairing will be real-valued, and thus in
particular has a well-defined signature.
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For f defined on a neighborhood of 2y € X(R), we may define f by f(z) = f(Z).
(This is a priori defined on a different neighborhood of zg, but of course both are
defined on the intersection.)

Put Reg(X) for the regular locus of the affine scheme X, equivalently the smooth
locus [Stal8, Tag 0B8X].

Lemma 6.9. For zg € Reg(X)(R), the following are equivalent:
(a) xo is in the image of V.
(b) For any analytic function [ defined on a neighborhood of xg,

(VI -V )(@o) > 0.
(¢) The pairing on the cotangent space at g is positive semidefinite.

Proof. — Let f1,..., fn bereal analytic local coordinates at g € X (R). The gradients
give a basis of the cotangent sheaf near ¢, and the pairing relative to that basis has
matrix M = (M;;) for
Mij :=Vfi-Vfj,
where the gradients are taken on the pullback to V ® C. In particular, the pairing
is positive semidefinite, (c), if and only if M is positive semidefinite, if and only if
a@M@at > 0 for any complex row vector @. So (c) is equivalent to the statement that
(V- V) (o) >0,
where f =", a;f;, for every & € C". Thus (b) implies (c).

Now suppose (a), that z¢ is in the image of vy € V. Then any analytic function f
defined on a neighborhood of xy pulls back to an analytic function g defined on a
neighborhood of vy, and one has

(VF -V )(xo) = (Vg-Vg)(wo) = D |(@ig)(vo)* >0,
1<ign
ie., (b).

Now suppose the pairing is positive semidefinite at xg, (c). Since I' is discrete,
we may choose a topologically open neighborhood U of zy so that each connected
component of its preimage in V ® C contains a unique preimage of xy. Let vy be such
a preimage, with corresponding component Uy, and consider the polynomial

(v —Re(vg)) - (v — Re(wvp))

on V. This is entire, so in particular defines an analytic function on Uy, which, since the
stabilizer T, fixes Re(vg) and respects the Euclidean inner product, is T',,-invariant,
so descends to an analytic function f on a neighborhood of xj.

In particular, the positivity assumption tells us that Vf -V f is nonnegative at zg.
But we know the preimage of f near vg, and may thus directly compute that Vf-V f =
4f. Evaluating this at zg gives

0<(Vf V(o) =4f(x0) =4(iIm(vg)) - (i Im(vg)) = —4 |Im(v0)|2.
We thus see that |Im(vg)|? < 0, implying Im(vo) = 0, (a). O
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RemARK. Lemma 6.9 is reminiscent of the main theorem 0.10 in [PS85], but that
result concerns a linear representation of a compact group rather than an affine repre-
sentation of a discrete group. When our group is finite, the lemma is a special case of
their result, with a very similar proof. (They not only allow the group to be compact,
but give the appropriate condition at singular points of the quotient.) Presumably
there is a common generalization to affine representations of (topologically) closed
subgroups of V' x O(V') with closed image in O(V).

We now return to the setting of Theorem 6.7.

Proofof Theorem 6.7. — Write T for the maximal torus in G; W for the Weyl group
Ng(T)/T; and T for the universal cover of T. Then the quotient T(C)/W may be
rewritten as a quotient T(C)/m (T).W of the type denoted by X above, so that
Lemma 6.9 applies. Since T(C)/W is the product of an algebraic torus and an affine
space (Proposition 3.4(b)), it has a global system of coordinates fi,..., f,, and thus
we find that = € (T/W)(R) is in the image of T(R), or equivalently in the image of
the compact quotient T'(R), if and only if the hermitian matrix M with (i, 7)-entry

M=V fi-VF,.

is positive semidefinite.

Note that here the gradients are computed on T. The natural map T — T that
respects real forms is given by & — exp(2miZ) =: Z, and thus the “algebraic” gradi-
ent with coordinates z;0., f is —1/(2mi) times the “analytic” gradient with coordi-
nates 0y,. It follows that the matrix M“ in Theorem 6.7 is —1/(47r2)J\/4\, so is negative
semidefinite if and only if M is positive semidefinite. O

We remark that the result also applies to the case of a finite Coxeter group acting
on a vector space, since again the quotient is smooth and has global coordinates (i.e.,
generators of the ring of polynomial invariants).

Returning to the main theme of the paper, we have the following corollary of
Theorem 6.7.

Cororrary 6.10. — Let G be a semisimple and simply connected compact Lie
group. Let g be a semisimple element of G(C) whose image in Class(G)(C) lies in
Class(G)(R). Then g is conjugate under G(C) to an element of G(R) if and only if
M?(g) is negative semidefinite.

We can restate this in terms of the split real form of the group: the hypothesis
becomes that g and g~ ! are conjugate in G(C), while the conclusion becomes that g is
contained in a compact subgroup of G(C) if and only if M7 (g) is negative semidefinite.

Proof. — Let T be a maximal torus of G containing g and write W for Ng(T)/T.
Then by Steinberg [Ste65, 6.4] Class(G) = T/W over R, so the hypothesis on ¢ implies
that the image of g in (T/W)(C) belongs to (T'/W)(R). Theorem 6.7 gives: M7 (g)
is negative semidefinite if and only if there exists a t € T(R) with the same image
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in (T/W)(R). Applying Steinberg again, we see that this condition is equivalent to g
being G(C)-conjugate to an element of T'(R). O

7. CORNERS AND THE RANK OF M

Continue the assumption of Sections 5 and 6 that G is a connected reductive alge-
braic group over C whose derived subgroup is simply connected. We now investigate
the significance of the rank of M at an element g. Note that M and M7 have the
same rank at g, because M° = J(o)TM, where o is an automorphism, so J(o) is
invertible.

Lemvia 7.1 — Let V' be a finite-dimensional complex representation of the finite
group G, and let q € (S2(V*))Y be a nonsingular G-invariant quadratic form on V.
Then the restriction of q to VC is nonsingular.

Proof. — Since complex representations of finite group are semisimple, there is a
natural direct sum decomposition V' = V¢ @ W, in which W is the sum of all other
isotypic components. For any v € V&, w € W, G-invariance of ¢ implies ¢(v + w) =
q(v) 4+ q(w), so that if v is in the radical of g|y ¢, it is in the radical of V', and thus
v =0. ]

Lemmya 7.2, — Let t € T(C), with stabilizer Wy. Then the fiber at t of the natural
map

¥: Qciryw) ®ciryw) ClT] — Qg
has image (Qciry|e)"t, which is canonically identified with ().

Since T is abelian, the map t +— w(t)t~* for w € W is a homomorphism T — T.
In the proof, we will use the notation Ho(W;T) for the coinvariants, i.e., T modulo
the subgroup consisting of elements w(¢)t~* for w € W and t € T(C) [Wei94, Ch. 6].
Note that the quotient Ho(W; T') of T is itself an algebraic group over C, and therefore
is itself a torus. The vector space Ho(W;t) is defined similarly.

Proof. — Consider the factorization

Qciryw) @ciryw) CIT) — Qcrywy) @cirywy) CITT — Qe

of ¢. Since T'/W; — T /W is étale at t, the first map is an isomorphism near ¢, and
thus we may assume without loss of generality that W; = W, i.e., that ¢ is fixed
by W. Moreover, since 1) is equivariant under translations by 7%, we may assume
that ¢t = 1.

In this case, ¥ is W-equivariant, and thus the restriction to 1 is still W-equivariant;
since W acts trivially on Qc(r,w, it follows that the image is contained in (Q¢7) |V
That space is the same as (t*)" since Qcqrj|1 is canonically identified with t*.

To get the other inclusion, consider the natural quotient morphism 7" — Ho(W;T)
of group schemes. This again induces a pullback map on differentials:

Qcirowir)) Octa,(wiry ClI1 — Qepry-
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The fiber at 1 of the pullback map is the dual of the corresponding morphism of Lie
algebras,

Ho(W, f)* — t*,

which is injective with image (t*)". Since the morphism T — Ho(W;T) factors
through the quotient scheme T /W, the map on differentials factors through ), and
thus we have a factorization

Ho(W; )" — Qcirywil —

so that the image of 1|; contains the image (t*)" of the composite. O

Provosirion 7.3. — For each semisimple g € G(C), the rank of M(g) is equal to the
dimension of the center of the centralizer of g.

There is an analogue of this result in the setting of Lemma 6.9. A linear version
of 7.3 is part of the main theorem of [Ste60].

Proof. — We may reduce to the case of a (complex) point of the maximal torus.
We show that each of the numbers in the statement is equal to the dimension of (t*)Ws.

First consider the rank of M (g). It is the same as the rank of the restriction of A
to the image of the fiber at ¢ of the map 1 from Lemma 7.2, which we have just seen
is nothing other than (t*)"s. Since A is nonsingular and W,-invariant, its restriction
to the subspace of Wy-invariants is again nonsingular, proving the desired equality
for the rank of M(g).

For the other dimension, we use that the torus 7T is also a maximal torus in Zg(g),
so the stabilizer W, of g is the Weyl group Ny (4)(T)/T of Zg(g). Now Zg(g) is
reductive [Bor91, Prop.13.19], so we may write T = ZT’ where Z is the identity
component of the center of Zg(g) and T” is a maximal torus of the semisimple part
of Zg(g). Each of these tori is stable under W, so

tWs = Lie(Z)"s @ Lie(T")"Vs = Lie(Z2),

where Lie(T")"Ws = 0 because the Weyl group of the semisimple group Zg(g) over C
acts without fixed lines on the Lie algebra on the vector space generated by the coroots
[Bou02, VI.1.2, Cor.].

Since t has a non-degenerate W-invariant (hence also Wy-invariant) bilinear form,
as representations of Wy, t* is equivalent to t, and so we have proved

dim (t*)"s = dim t"s = dim Lie(Z2),
as required. 0

One special case of the proposition is: M is invertible at g if and only if g is regular.
Here are more.

CoOROLLARY 7.4. If G has a corner, then G is semisimple (and not merely reductive).
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Proof. By hypothesis, G is reductive, so the identity component Z¢g(G)° of the cen-
ter of G is a torus S. For every g € G(C), the center of Z(g) contains S. On the other
hand, if the conjugacy class of g is a corner, then by Proposition 7.3 dim Z(Zg(g)) = 0,
so S =1. O

For context, we momentarily leave the domain of algebraic groups over C to mention
the following result, which provides another view on the preceding corollary and
Corollary 5.12:

Prorosition 7.5. — Let G be a connected reductive real Lie group that is not semisim-
ple. Then for any g € G, there is a real analytic G-invariant function on G which is
not critical at g.

Proof. — Tt suffices to find such a function that is pulled back from a nontrivial
character G — R~ or G — S!, and thus we may reduce to the case dim(G) = 1.
On R, the coordinate function has no critical points, while on S!, the only critical
points of Re(z) are £1, which are not critical points for Im(z). O

Return now to the setting where G is an algebraic group over C, and we seek to
say more about the corners of G.

CoroLrAry 7.6. — Let G be a semisimple and simply connected algebraic group
over C, and suppose g € G(C) is semisimple and its conjugacy class is a corner.

(1) g has finite order and the conjugacy class of g™ is also a corner for every
integer m.

(2) If G is simple of rank r, then G has r + 1 corners and the order of g divides
a times the exponent of Z(QG), where a is the coefficient of some simple root in the
expression for the highest root of G as a linear combination of simple roots.

Proof. — Put Hy, := Zg(g™)°. It is a reductive subgroup of G and contains a maxi-
mal torus T containing g. Evidently,

For every m, the center of the reductive group H,, is contained in every maximal
torus of H,, [Mill7, Prop.21.7], so we find

T2 Z(Hy) 2 Z(Hp).

Proposition 7.3 says that H; is semisimple, so Z(H;) is finite, ergo ¢ has finite order.
The reductive group H,, also has finite center, so H,, is semisimple (instead of merely

™ is a corner by Proposition 7.3. This proves (1).

reductive) and the class of g

Now suppose that G is simple of rank r. Since g has finite order, it is conjugate
to an element of a maximal compact subtorus S of T. That subtorus is in turn
homeomorphic to the closure of an alcove in the coroot space V [Bou05, §1X.5.2,
Cor.1]. (The coroot space is the real vector space with basis the coroots dual to

o

the simple roots of G with respect to T.) Because Zg(g)° is semisimple, its root

system also has rank r, which means that the element v € V' corresponding to g is
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a vertex of the closure of the alcove, compare [Reel0, p.11]. The vertices are of the
following form. Put w;” for the fundamental dominant weight of the dual root system,
so that (w;,a;) = d;; (Kronecker delta) for aq,...,, the simple roots of G in a
pinning involving 7. Then v is a vertex if and only if v = 0 (in which case g = 1) or
v = a; 'wy, where a; is the coefficient of the simple root a; in the expression 3 a;a;
for the highest root. In the second case, the corresponding g has g% € Z(G). This
proves (2). O

Remark 7.7 (naming the corners). — Since a corner is a conjugacy class of elements
of finite order, when G is simple the corner can be identified uniquely via its Kac
coordinates as described in [Kac69], [Ser06], [ReelO, §2.2], or [Lehl6, §6]. In the
notation of the corollary, this is a list (sg, s1,...,$,) of non-negative integers, not
all zero, with greatest common divisor 1. The corner a; 'w) has s; = 1 and zeros
elsewhere.

Alternatively, suppose G is simple of type G2, Fy, or Eg; the conjugacy class of
some g € G(C) is a corner; and p is a prime not dividing the order of g. One could
use the methods of the appendix to construct a finite-field analogue G(F,) of G over
the finite field F,, and relate g with an element g of the same order in G(F,). In this
way, it may make sense to refer to the conjugacy class of g itself using a label 2A,
3B, etc., that is used for the conjugacy class of g in the style of the Atlas [CCNT85].
We do not pursue this here.

Examrre 7.8 (type Go, continued). — For G of type G, the 3 corners were found
in Example 5.20. Continue the notation of that example. The minimum of f; on the
critical points, —2, comes from the compact Ga (because it comes from a corner),
verifying Proposition 2.5 in this case.

We remark that the remaining critical point of fy has

M (7/9,10/27) = (3200/81 0> :

0 0

This matrix is negative semidefinite. Since M = M (Example 6.6), this critical point
comes from the compact form.

The values of the fundamental characters of G5, Fy, or Eg on the corners, exhibited
in (5.21) and Tables 3 and 4, are integers. This is an example of a more general
phenomenon.

Prorosition 7.9. — Suppose G is simple and simply connected. Then —1 is in the
Weyl group if and only if every character takes integer values on the corners.

One could equally well state the criterion as “Z(G) has exponent at most 2”; see

[Bou02, §VI.4, Exer. 7]. One direction is obvious, because the Weyl group acts trivially
on Z(G), whereas —1 acts by inverting elements of Z(G).
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Proof. Suppose first that —1 is in the Weyl group. Let g be a representative of the
conjugacy class corresponding to a corner, and put m for the order of g. The char-
acter x restricts to a complex character of the subgroup Z/m generated by g, and
therefore x(g) is an algebraic integer in the cyclotomic field Q(e2™/™). Also, x(g~") =
X(g). On the other hand, the assumption that —1 is in the Weyl group implies that g
and g1 are conjugate, so x(g) belongs to the real subfield Q(cos(27/m)). The proves
the claim if m is 1, 2, 3, 4, or 6.

By Corollary 7.6(2), m divides a times the exponent of center of G, for some
coefficient a appearing in the expression of the highest root. For types G5 and Fy, the
center is trivial and a is 4 or divides 6, which disposes of those cases. For types B, C,
and Dy, a is 1 or 2 while central elements have order dividing 2, so m divides 4.

For F; and Ejg, the same argument treats all the corners except one in each case,
the one where w" is dual to the unique simple root in the Dynkin diagram that has

three neighbors. However, the Galois group of Q(cos(2w/m)) permutes the character
values x(9),x(g?),... Since every power of g is a corner (Corollary 7.6(1)) and
takes integer values on all the other corners, x(g) must be fixed by the Galois group
and so belongs to Q.

For the other direction, we suppose that —1 is not in the Weyl group, i.e., G has
type A, for n > 2, D, for odd n > 2, or Eg. The center of G is cyclic of order
m = n+ 1, 4, or 3 respectively and is generated by an element g corresponding to
the fundamental coweight w" dual to the simple root o, for x = 1,n, 1 respectively
as numbered in (13.7), see [OV90, p.298, Table 3]. In each case the coefficient in
the highest root of the simple root corresponding to w" is 1 so g is a corner. The
fundamental representation with highest weight w, is injective, so g acts as an m-th
root of unity ¢, ergo f.(g) = (f.(1), which is not an integer since m > 3. O

8. FUNDAMENTAL REPRESENTATIONS OF Fy AND Fjg

In Examples 5.20 and 7.8, we applied the method of invariant derivations to de-
termine the range of trace values on the fundamental irreducible representations of
the compact simple Lie group of type G5. In this section, we will do the same for Fy
and FEg, although for Es we will only give complete information on the fundamental
representations of dimension less than 100 million.

Mernop. — We number the fundamental irreducible representations (equivalently,
simple roots) as in Bourbaki, i.e., as in the diagrams

2
F4 r———————o—0 >—o—[—o—o—o—< E8

1 2 3 4 1 3 4 5 6 7 8

Put f; for the fundamental character with highest weight w;. Our aim is to compute
the minimum of f;(g) for ¢ € G and G a compact form of Fy or Es, for as many
choices of i as possible.
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For Fy, we remark that f; = Tr Ad and fy is the trace of the highest short root
representation from Table 2.

For Eg, fs = Tr Ad. The next smallest representation, the case ¢ = 1, has dimen-
sion 3875 and was a particular object of study in [GG15, §7], [CG21], and [DV21].
As a representation, it is an irreducible summand of S?(eg). The next smallest rep-
resentation, with i = 7, is isomorphic to (A%eg)/es (compare for example [Ada85] or

[Gui07]).

Step 0. — Preliminary step. A key preliminary step is to compute the matrix M,
which depends only on G. For Fg, in contrast to the case of the other exceptional
groups, this takes a measurable amount of time on a small computer — between 7 and
8 minutes on the 2022 M2 MacBook Air being used to compose this text. However,
once M has been calculated, it can re-used for different values of .

Step 1. Compute the value of f; on the corners, i.e., the vanishing locus of M.
There are r + 1 corners for G of rank r (Corollary 7.6). For Fy and Eg, we list the
results in Tables 3 and 4, where the header row of the table gives the value of i. In the
table, we have sorted the rows so that the first corner, i.e., the first data row, gives the
dimension d := f;(1) of the representation. In column 4, we underline the minimum
value m of f; on a corner.

Step 2. Compute the critical locus of f;, i.e., the vanishing locus of column ¢ of M.
Despite amounting to a tiny number of lines of Magma code, this is where the larger
computations spend the most time.

Step 3. — Examine each closed point. For Fy and Ejg, just as for Gg, the collection
of critical points is zero-dimensional, so each component of the critical locus defines
a number field K. For each real embedding 7 of each K, we compute 7(f;) € R. Since
our aim is to find the minimum of f;, we discard 7(f;) unless it lies in [—d, m). Indeed,
we are looking for cases where f; < m (hence the upper bound) and an element with
fi < —d cannot come from the compact group (hence the lower bound). For those 7
such that 7(f;) does lie in the interval, we compute 7(M?) and check whether it is
negative semi-definite by inspecting the sign of the determinants of the minors, which
determines whether this critical point comes from the compact group (Theorem 6.7).

Exampre 8.1 (Fundamental representations of Fy). — For G of type Fy and i # 2, the
minimum of f; occurs at a corner. In the remaining case of f5, the minimum on the
corners is —14, and there is a unique conjugacy class of critical points on the compact
group whose trace is less than that. That minimal value m of the trace is
98
27

which is not an algebraic integer.

(1—2V7) ~ —15.58,
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TasLe 3. Value of f; on each of the 5 corners of Fy. The top row
gives i, the bottom row gives the actual minimum of f;.

1 2 3 4
52 1274 273 26
20 154 —15 —6
0 ~10 5 -2
—2 5 3-1
—4 -4 -7 2

—4 ~ —15.58 —15 —6

TasLe 4. Value of f; on each of the 9 corners of Eg. The top row
gives 7, the bottom row gives the actual minimum of f;.

1 2 3 4 ) 6 7 8
3875 147250 6696000 6899079264 146325270 2450240 30380 248
35 50 —-960 —41888 3094 832 —84 -8
3 —494 —2496 —12320 —17290 —1216 140 24

5 =35 0 924 —231 44 14 —4
—13 -8 135 411 390 71 5 5
7 =10 48 224 —70 16 0 —4

0 0 0 14 20 —10 5 —2

3 -8 15 19 -10 -1 5 —3
) 10 0 0 —50 0 4 0
—13 —494 =~ —2524.74 ? 7?7 —1216 -84 -8

Exampre 8.2 (Fundamental representations of Fg). For G of type Eg and i = 1,
2, 6, 7, or 8, the minimum value of f; on the compact Eg occurs at a corner and
is exhibited in Table 4. Magma code to execute this computation is provided in the
GitHub repo for this paper. For any particular i, the computation takes longer and
more computer memory if the dimension of the corresponding representation is larger.
The case ¢ = 6 has dimension about 2.5 million and took about 5 hours on an Intel
Xeon Platinum 8380HL processor.

Following the same procedure for the case ¢ = 3, which has dimension about 7
million, less than 3 times as large as the i = 6 case, took about 5 days. We found
exactly one conjugacy class of critical points for f3 on the compact Eg where f3 has
value less than —2496, the minimum value on the corners. For the closest root of
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2723 41022 — 1512 — 49 to 0, z = —0.323628, this minimal value of the trace is

. 1232754163222 — 1318826423376z — 618329293056
e 75346115
The norm of m in Q is 4894459524756541440/1159171, so m is not an algebraic
integer.
For FEg, the cases of f; and f5; remain to be investigated.

R —2524.74.

PART 11. APPROACH VIA SYMMETRY BREAKING

In Part T we introduced a general technique and used it to verify part of Theo-
rem 2.3, namely the values of m(1) for G of exceptional type. This part of the paper
will begin by giving a different proof of those same values (Section 9) and then move
on to compute m(1) for G simple of classical type in Section 10-Section 12. Along
the way we will provide a complete proof of Proposition 2.5.

9. SIMPLE GROUPS OF EXCEPTIONAL TYPE

We now describe how to compute m(1) as in Theorem 2.3 for G compact simple of
exceptional type. The crux point is that G is compact, so every element is semisimple,
so it suffices to find the extreme points of Tr Ad on a maximal torus (Lemma 4.1).

BrancHING TO A PRODUCT OF A71’s. — Suppose now that G has rank n and G contains
a semisimple subgroup H of type A;". This is the case when G is exceptional and
not of type Eg. One can restrict the representation Ad (or the highest short root
representation) of G to H in just a few lines of commands in a computer algebra
system like Magma.

The highest weights of the irreducible summands in the restriction of the represen-
tation to H give a formula for restriction of Tr Ad to a maximal torus of H in terms
of the trace (on the natural representation) of each copy of A;. For example, a toral
element in A, is diagonal with entries s, 1/s and trace t = s+ 1/s. Then the modules
with the following highest weights contribute to the total trace via:

weight (01 2 3

9.1
(9-1) restriction|1 ¢ t2 — 1 ¢3 — 2t

And for a weight vector that has nonzero coordinates for more than one copy of A,
we use the usual matrix identity Tr(A ® B) = Tr(A) Tr(B).

In this way, we write Tr Ad as a restriction to H as a polynomial in #1, ..., t,. Call
this f. For the convenience of the reader, we record in Table 5 the polynomials f so
obtained.

To find the critical points, we use that the critical points of Tr Ad are where the
Weyl-invariant differentials vanish, which by Example 5.1 are the common solutions of

(9.2) (t2 —4)0,, f =0 for all i.

This defines a scheme so we can use the usual commutative algebra tools.
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Tasre 5. The restriction f of Tr Ad from G to a copy of A",

type of G objective function f

Gy 3ty — 2t + 2+t -2

Fy  titotsty + 15 +t3 +t3 +t3 + tito + tits + tity + tots + toty + tzty — 4

E7  titatsty + tatatste + tatalste + titststy + tatatsty + tatstety
ttitatets +13 3+ 3+ 13+ 2+ 2T

Eg t1tatsts + titatsts + tatalste + titatsty + tatatsty + tatsletr
+titatets + tatststs + t1tatsts + t1tstets + tatatels + t1tatrts
+tstatrts + totetrts + 13 + 13 +t3 +t3+t2 + 12 +t2+t3—8

The points of this scheme are the critical points in the complexification of a maximal
torus. Some of these critical points have trace that lie outside the region claimed in
Theorem 2.3, but that is no contradiction as long as they do not come from the
compact group. A necessary condition for a toral element to come from the compact
group is that its trace on the adjoint representation of A; is inside the bound, i.e.,
[t? — 2| < 2. We look at all the critical points that satisfy this necessary condition and
find that Tr Ad is in the claimed range for all of them.

This quickly handles the cases of G2 and Fjy. However, E; and Fg are a bit more
trouble. When you use a laptop computer to solve for the critical points, it does not
finish the computation immediately. So we make the problem easier in these cases.
One idea is to use interpretations of the adjoint representation of these groups in
terms of Hamming codes, but here is a less fancy approach leveraging Lemma 3.3.

For E7, we branch to DgA;. Leveraging the lemma, we can assume that the toral
element in the A; component is actually the identity. Then when we branch Dg to
D,A 1Ay, we have a similar argument. So we end up with two of the seven variables
fixed before we do the elimination on the computer, and this makes the problem easy
for the computer. The case of Ey is handled the same way except that the argument
works for one additional level.

HicHEST SHORT ROOT REPRESENTATIONS. — For types G5 and Fj, this same procedure
can be applied to the highest short root representation p instead of Ad, where we
find:

type of G objective function f

Gy t+tita—1
Fy  titg +titg +totg + tits + oty + 13ty +2

Following this procedure again, we obtain a proof of Proposition 2.5 for these two
cases.
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Tver Eg. Suppose now that G is simple compact of type Fg. We aim to compute
m(1) for this G.

The adjoint character is a fundamental character, so there are no regular critical
points (Lemma 3.3).

There is a unique orbit of codimension 1 tori fixed pointwise by a reflection. These
tori are naturally maximal tori of subgroups of type As. This occurs as a component
of a subgroup AsA;, and the corresponding decomposition of eg is:

as +ay + A3 (V) @ Va.

The corresponding polynomial in the invariants ey, .. ., e5 is nonlinear (ejes+242es),
but the derivative in eg is still a nonzero constant, and thus a critical point must be
a nonregular element of As.

Any nonregular semisimple element of Aj is contained in a subgroup isomorphic
to the double cover of GL,4 obtained by adjoining a square root fs of the determinant
(where the repeated eigenvalue is fy ). We implicitly define functions ag, a1, and by
by writing the characteristic polynomial of the element of GL,4 as

t* —ar1t® + faaot® — fobit + f22

The decomposition of eg is linear in ag, so again there are no regular critical points.
The next case is isogenous to A; x G2. We can then restrict Tr Ad to the maximal
torus in A; x G2, and simply solve for the vanishing of the gradient.
We provide Magma code for these computations in the GitHub repo for this paper.

10. Tyee D

Take G = SO(2n), a compact connected group of type D, consisting of X €
GLa, (R) such that X7 = X~! and det X = 1. Consider the maximal torus consisting

of diagonal matrices. The entries of such a matrix g come in pairs s;, s

j 1 and we

consider the coordinate ¢; := s; + 1/s,. Then

(10.1) TrAd(g) =n+ thtk =n+ex(s1,1/s1,82,1/82,...),
i<k
where es denotes the degree 2 elementary symmetric function.
We scale the variables t; defined above by 1/2, which scales ) t;t; by 4. Plugging
in the result of the following lemma gives the value of m(1) claimed by Theorem 2.3.

Lemma 10.2. — The minimum of the quadratic form q(t1,...,t,) = Zl<i<j<n tit;
over [—1,1]*™ C R™ 4s —n/2 if n is even and (1 —n)/2 if n is odd.

Proof. Let t := (¢1,...,t,) be a point where the quadratic form ¢ is minimal. Let
a, b be the number of the t; equal to 1 and —1 respectively and set ¢:=n —a — b.

In the case ¢ = 0, we have 2q(t) =a> —a+b>—b—2ab=(a—b)? —n> —n.Ifn
is even, this is what we want. If n is odd, we have a # b, hence (a — b)? > 1 and we
get 2¢(t) = 1 —n. Moreover, in both cases, equality is possible: Take a = b =n/2if n
iseven, and a = (n—1)/2, b= (n+1)/2 if n is odd.
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In the case ¢ > 1, let ¢ be an index such that ¢; # +1. Then 0 = 0;,q|s = v — t; for
v = > t;. This implies that |v] < 1, v =a — b+ cv, and

2q(t) :vQ—Zt? =1 —a—-b—cv?=(1-n)+ (c—1)(1 —v?).
J
Since v? < 1, this shows that 2¢(¢) > 1 — n. O

Remark 10.3. — In the case where n is even, we could argue as follows. For a g
coming from the compact real form, we have 5; = 1/s;, so s; —1/s; is imaginary and

—Z (s; —1/5;)* > 0.

Then
0< Y 7= (s;—1/s;)* = 2n+ 2Tr Ad(g),
J J
proving that Tr Ad(g) > —(rank G) in this case.

11. Tyee C

View the group Sp,,, of type C, as the stabilizer in GLg, of a non-degenerate
skew-symmetric bilinear form, specifically its complex points are the X € My, (C)
such that X TQX = Q for

0 I
Q= "
(1.5):

where I,, denotes the n-by-n identity matrix. The compact real form of Sp,,, has real
points the intersection with the unitary group.
Consider the maximal torus consisting of diagonal matrices. The entries of such a

matrix g come in pairs s;, 3]71, and we consider the coordinate ¢; :=s; +1/s;. Then

(11.1) Tr Ad(yg =—n+Zt2+Zt t.
<k

Note that the eigenvalues of an element of Sp,, coming from the compact form
have 5; = 1/s;, so each ¢; is real. It follows that the power sums py = Y, t¢ have p?
and po positive. The expression t? + > tjtx is the degree 2 complete homogeneous
symmetric function in the ¢;’s, so it is (p? 4+ p2)/2 > 0. Then (11.1) gives the required
bound Tr Ad(g) > —(rank G), proving Theorem 2.3 for type C.

THE HIGHEST SHORT ROOT REPRESENTATION. — The highest short root representation p
of Sp,,, is (A2C?")/C. Since this differs by C from the adjoint representation for
type D, we see from (10.1) that

(11.2) Trp(g) = Y titj+n— 1.

1<J

The claim for type C), in Proposition 2.5 now follows directly from Lemma 10.2.
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12. Tyee B

Take G = SO(2n + 1), a compact connected group of type B, consisting of

X € GL2y41(R) such that XT = X! and det X = 1. Consider the maximal torus
—1

consisting of diagonal matrices. The entries of such a matrix g come in pairs s;, s i

and we consider the coordinate t; := s; + 1/s;. Then

(12.1) TrAd(g) =n+ Y ti+ » tit;.
i i<j
We aim to show that m(1) = —n.

If the eigenvalue —1 occurs in g (as an element of SO(2n+1)), equivalently, t; = —2
for some 4, then we can pick a non-degenerate subspace U of C2"*+! where g acts as the
diagonal matrix with entries 1, —1. Viewing ¢ as acting on U and on the orthogonal
complement of U, we can apply induction to deduce the claim.

By reordering the ¢;, we may assume that t¢1,...,¢,_. = 2 for some c and t; # £2
for i > n —c. If g is a critical point for Tr Ad, then, we have 0y, TrAd =1+ v — ¢,
for v = Zj t;. We divide into cases based on the value of c. In the case ¢ = 0,

g is the identity element and TrAd(g) = dimG. In the case ¢ = 1, the equation
v=2(n—c)+ (14 v)c gives a contradiction.

So we are reduced to consider the case ¢ > 2. Rearranging the equation Tr Ad(g) >
—n, we aim to show that

20 + v — (Z t?) > —4n.
Now, Y t2 = 4(n — ¢) — (1 + v)?c, so we aim to show that
3c
<0.
1-c

Since 3¢/(1 — ¢) < —3, it suffices to verify that

2+ 20+

v2+20—-3<0.

Which holds because v = t; — 1 is in [—3, 1]. This completes the proof of Theorem 2.3
for type B.

THE HIGHEST SHORT ROOT REPRESENTATION. — The highest short root representation p
of SO(2n + 1) is the natural representation R?"*1, so
(12.2) Trp(g) =1+ t;.

i

This is evidently minimized by taking each ¢; = —2, so min Tr p(g) = 1—2n as claimed
in Table 2, completing the proof of Proposition 2.5.

Part [1I. COMPLETION OF PROOFS OF SERRE’S CLAIMS

We have verified the values of m(1) in Theorem 2.3 for G simple, and have done
so in two different ways for the crux case of the exceptional groups. Specifically, the
value of m(1) has been computed for type A in Example 3.2, type B in Section 12,
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type C in Section 11, type D in Section 10, type E in [DMMV21, App. B], type F
in Section 8, and type G in Example 5.20. Alternatively, types E, F, and G were
handled in Section 9 and type Eg was also treated in Section 8.

We now complete the proofs of the results stated in Section 2.

13. COMPONENTS OTHER THAN THE IDENTITY

To complete the proof of Theorem 2.3, it remains to compute m(s) and 7 (s) when
s # 1. In the following results, we consider a compact Lie group G, and our interest
is in the case where GG is not connected.

A susqQuotient H. — Let T be a maximal torus in G. Since T is abelian, for w €
Ng(T) the function T — T defined by t +— [w,t] := (wtw~1)t~! is a homomorphism.
(This same notion appeared in the proof of Lemma 7.2.) We denote its image, a closed
subgroup of T, by [w, T].

Lemva 13.1. — Let w € Ng(T), and let p : G — GL(V) be a representation of G.
Then for allt €T,

Tr(p(wt)) = Tr(p(wt) |y tw.r1)-

Proof. — Note that since [w,T| = [wT,T] = [wt, T}, it suffices to prove the claim
when ¢t = 1.

Over C, V is a direct sum of weight spaces V) for weights . If w - A # A, then
the action of w permutes the weight spaces for weights in the orbit of A, so those
summands together contribute 0 to the trace. We thus find that

Te(p(w)) = Y Tr(p(w)ly) = Tr(p(w)ly),
Arw- A=A
where V’ is the direct sum of the weight spaces corresponding to w-invariant weights.
A weight is w-invariant if and only if A\(wtw=1) = A(¢) for all ¢t € T, which holds if
and only if AN(wtw=1t~1) =1 for all t € T, if and only if Aljw,r) = 1. In other words,
V"’ is nothing other than the subspace of V' of vectors fixed by [w, T], as required. O

In particular, when optimizing a character over a coset w1, we may restrict to
the subspace V[*T] This is naturally a representation of a subquotient of G, namely
Ne([w,T])/[w,T). Call the identity component of this group H; equivalently, H =
Ne([w,T7)°/[w,T]. (This H will be used in this section and reappear in Section 15
as part of the proof of Corollary 2.4.)

Certainly T normalizes its subtorus [w,T]. For t € T we have w[w,tjw™! =
[w,wtw™!] in [w,T], so wT is contained in Ng([w,T]) and every element of wT
normalizes H. The Lie algebra of Ng([w,T]) is the [w, T]-invariant subspace of g. Its
roots (i.e., the nonzero weights of gl*”T1) are the w-invariant roots of G.

LeEmma 13.2. There is an element w' € wT that centralizes H.
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Proof. — Write Ad for the homomorphisms
H — Aut(H) <— Ng([w,T7)

that send an element to conjugation by that element. Since Ad(w) € Aut(H) fixes the
maximal torus T/[w,T] of H elementwise, Ad(w) equals conjugation by an element
of T/[w, T] by the following lemma. Since Ad(T") = Ad(T/[w,T]), we have Ad(w) =
Ad(t) for some t € T, and w’ := wt~! centralizes H as required. O

Here is the promised lemma, which is implicit in standard references such as [Bou05,
§IX.4.10].

Lemva 13.3. Suppose the compact Lie group G is connected. If an automorphism ¢
of G fizes the mazimal torus T elementwise, then there is a t € T such that ¢(g) =
tgt=! for g € G.

Proof. Since ¢ normalizes T, it acts on Hom(T, S'), and this action is trivial since ¢
fixes T' elementwise. Therefore, the automorphism of the Dynkin diagram of G induced
by ¢ is trivial and it follows from [Bou05, §1X.4.10, Eq. (16)] that there is some x € G
such that ¢(g) = xgz~! for all g € G. Since z centralizes T, it belongs to T O

We now return to the setting where G need not be connected. When w central-
izes H, Lemma 13.1 has a particularly nice consequence.

Lemvia 13.4. — With G, T, w as above and corresponding subquotient H, suppose
that w centralizes H. Then

Tr(Adg(wt)) = Tr(Adg(t)) + Tr(Adg(w)|¢) — rank(H)
forteT.

Proof. — Let Ht be the normalizer of [w, T], so that its Lie algebra is gl**7]. Then
by Lemma 13.1

Tr(Adg(wt)) = Tr(Adg+ (wt)).

Since H is a characteristic central quotient of the identity component of H', we may
identify its Lie algebra with a direct summand of the Lie algebra of HT, and thus we
find that

TI‘(AdH+ (wt)) = TI“(AdH (wt)) + Tl“(AdH+ (wt)lLie([w,T]))
= Tr(Adg (wt)) + Tr(Adg (Wt)|Lie([w,T]))o

Since w centralizes H, it acts trivially on the Lie algebra, and thus
Tr(Adg (wt)) = Tr(Adg(2)).
Similarly, ¢ centralizes [w, T, so

Tr(Adg(wt)|Lie(jw,7)) = Tr(Adg (W) |Lie([w,7))-
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Since t is the direct sum of Lie([w, T']) and the maximal torus of H (on which w acts
trivially), we may also write this as

Tr(Adg(w)|Lie(jw,r))) = Tr(Adg(w)|¢) — rank(H). O
Cororrary 13.5. — Let G, T, wT, and H be as above. Then

gIGIgT Tr Adg(g) = (}zglf;[TrAdH(h)) + Tr(Adg(w)|t) — rank(H).

The same statement holds with inf replaced by sup.

Proof. — We may replace w with wt for ¢t € T, and so (by Lemma 13.2) assume
that w centralizes H. Then we have by Lemma 13.4:

tlgg Tr Adg(wt) = tlél;; (Tr Adg(t) 4+ Tr(Adg(w)|¢) — rank(H)) .
Since H is compact every h € H is conjugate to an element in the image of T, so
inf Tr Adg (¢t) = inf Tr Adg(h),
teT heH

which gives the desired result for inf. The same argument works verbatim with inf
replaced by sup. O

Consider now the case where G° is simple and w acts via a diagram automorphism,
relative to some pinning of G° with respect to the maximal torus 7. Then Ad(w)|; is
a permutation matrix in the basis corresponding to simple roots, and thus its trace
equals the number of simple roots fixed by w. To effectively apply Corollary 13.5 in
this case, we need to describe the subquotient H, which we now do.

Lemva 13.6. — Let G and w be as in the preceding paragraph. If w # 1, then the type
of H is described in Table 6.

TasrLe 6. Subquotient H of G corresponding to a diagram automor-

phism w # 1.
type of G order of ¢ type of H Tr(Ad(w)|¢) — rank(H)
Ao, (m > 1) 2 AFm —m
Agm_l (m 2 2) 2 A?m 1—-m
Dn (’I’L > 4) 2 Dn—l -1
Dy 3 As -1
Es 2 Dy =%
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Proof. We verify this in each case. For example, when G has type D, we label the
simple roots as in the diagram

[8%:]

Qy

We shorten our notation by writing abcd for the root aay + bas + caz + day. if
the automorphism w has order 3, then the only positive roots fixed by w are 0100,
1111, and 1211, which generate a root system of type As. If the automorphism w has
order 2, say by interchanging a3 and a4, then the fixed positive roots are positive
linear combinations of 1000, 0100, 0111. Examining the inner products of these roots
we find a root system of type A3 = Ds.

We number the simple roots of types Fg, D,,, and A,, according to the diagrams

Qp—1

Recall that the support of a root Y n,;«; for n; € Z is the set of vertices of the Dynkin
diagram with n; # 0. We use the facts that the support of root is a connected set of
vertices, and that for every connected set of vertices S, the sum ) ¢« is a positive
root [Bou02, §VI.1.6, Cor. 3].

For type Eg and w of order 2, the fixed simple roots are spanned by

0100000, 000100, 001110, 101111,

which span a root system of type Dy, with 010000 as the central vertex.

For type D,, (n > 5) and w of order 2, the fixed simple roots are spanned by
Q1,...,0n_2 and an_o + ap_1 + ap, which span a root system of type D,,_; with
terminal vertices a1, a2 and oy, + a1 + Q.

For type A, with n > 2 and w of order 2, we divide into cases based on whether n
is even or odd. If n is even, i.e., n = 2m for m > 1, the fixed positive roots are spanned
by the roots

Om + Qmt1, Q1 + Oy + Qg1 + Qup42,
If n is odd, i.e., n = 2m — 1 for m > 2, the fixed positive roots are spanned by the
roots
Oy Qp—1 + Oy + 041,

In either case, there are m listed roots and the listed roots are pairwise orthogonal,
so we find a root system of type A;"™. O

Proofof's # 1 case of Theorem 2.3. — Let G be a compact Lie group that is simple
and adjoint. Pick a maximal torus T" of G and a pinning of G with respect to T. The
pinning identifies Aut(G) with G x A for A the group of automorphisms of the Dynkin

JE.P. — M., 2095, tome 12



1268 S. Garisarpr, R. M. Gurarnick & E. M. Rains

diagram of G [Bou05, §IX.4.10, Cor.], and in particular A is identified with Out(G).
For each non-identity element w € A, we are tasked with finding the extreme values
of Tr Ad(wg) for g € G. A result of de Siebenthal [dS56, Th.on p.57] says that wG
is a union of G-conjugates of wT', so we are reduced to finding the extreme values of
Tr Ad(wt) for ¢ € T. For this, we may apply Corollary 13.5, where the extreme values
of Ady(h) are provided by the s = 1 case of Theorem 2.3 (which we have already
proved) and Tr(Adg(w)|¢) — rank(H) is provided by Table 6.

When G has type Eg and w has order 2, Tr Ad on D, ranges from —4 to 28. Since
Tr(Ad(w)|¢) — rank(H) = —2, we find that the Tr Ad on wG varies from —6 to 26.

When G has type D, and w has order 3, Tr Ad on As ranges from —1 to 8, so
Tr Ad on wG varies from —2 to 7.

When G has type D,, and w has order 2, Tr Ad on D,,_; has maximum 2n? —5n+3,
so Tr Ad on wG has maximum 2n?—5n+2. The minimum of Tr Ad on D,,_1 is —(n—1)
if n is odd and 2 — (n — 1) if n is even, whence the minimum of Tr Ad on wG is —n
if n is odd and 2 —n if n is even.

When G has type A,, and w has order 2, Tr Ad on A ranges from —m to 3m.

If n = 2m, then the correction term is —m, so Tr Ad on wG ranges from —2m = —n
to 2m = n. If n = 2m — 1, then the correction term is 1 — m, so Tr Ad on wG ranges
from —2m+1=—-nto2m+1=n+2. (|

This completes the proof of Theorem 2.3.

14. Proor or Tueorem 2.1

Serre wrote that Theorem 2.1 follows from Theorem 2.3 by “an easy dévissage”.
The key case is where the identity component G° of G is a simple compact Lie group,
which is a special case of Theorem 2.3.

Next suppose that G° is a product of n copies of a simple compact Lie group H for
some n. Writing Lie(G) as a sum of n copies of Lie(H) suffices to write elements of
End(Lie(G)) as block matrices with blocks in End(Lie(H)) and n? blocks. For g € G,
writing Ad(g) in this way, we find that either g normalizes a copy of H, in which
case the corresponding block X of Ad(g) belongs to the image of Ad(Aut(H)) and
so Tr X > —(rank H), or g permutes some of the factors, in which case those terms
contribute nothing to the trace of Ad(g). In summary, we find that the conclusion
holds for this G.

Next suppose that G° = Hy x Ho, where Hy and Hy are semisimple adjoint compact
Lie groups that have no simple factors in common. Then every g € G normalizes
both H; and Hy and Tr Ad(g) = Tr Ad(g|m,) + Tr Ad(g|m,)-

If G is a semisimple adjoint compact Lie group, then it is a product of simple
adjoint compact Lie groups, and we are done in this case by what has gone before.

Now consider the case where G° is a torus. Since G is compact, every representation
is unitary, so the eigenvalues of Ad(g), for g € G, are all complex numbers of norm 1.
It follows that Tr Ad(g) > —(dim G) = —(rank G), proving the claim in this case.
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In the general case, G is merely assumed to be compact, so it is reductive. In par-
ticular, the center Z of G has identity component a torus. Every g € G normal-
izes Z, and so Tr Ad(g)|z > —(rank Z). Furthermore, the identity component of G/Z
is semisimple adjoint, and it follows that the action of g on Lie(G/Z) also satisfies
the trace bound. Because rank Z + rank G/Z = rank G, this completes the proof of
Theorem 2.1. g

15. Proor or CoroLLARY 2.4

Our aim in this section is to prove Corollary 2.4, Serre’s Theorem 3'. Recall that t
is the Lie algebra of a maximal torus 7 in a compact Lie group G.

Levmva 15.1. Let the random element w' € G be chosen uniformly from a coset wT
of T in Ng(T). Then Tr(Ad(w’)) has mean Tr(Ad(w)|¢) and variance the number of
roots fized by w.

Proof. First suppose that w = 1. Write the Lie algebra g of G as a sum of weight
spaces with respect to T: g = t ® (Bocoga) wWhere & = {a € T* | go # 0} is
the set of roots of G. The restriction of each « to a rank 1 subtorus S! of T is
uniformly distributed, so has mean 0. Since T is isomorphic to a product of copies
of S1, it follows that Tr(Adg(t)|g,) has mean 0 and therefore that Tr(Adg(t)) has
mean rank(G) as claimed. Regarding the variance, Tr(Adg(¢)) has Fourier expansion
rank(G) + > ce a(t), so Parseval’s Theorem gives

E || Tr(Ade (1) - rank(G)*] = 3 11 = |4
acd
as claimed.
Recall the subquotient H defined just before Lemma 13.2; it depends on the
coset wT. We next treat the case where w centralizes H. By Lemma 13.4, we have

(15.2) Tr(Adg(wt)) — Tr(Adg(w)|t) = Tr Adg (t) — rank(H)

for t € T. Because T surjects on to a maximal torus of H, we may apply the w = 1 case
to the right side of (15.2) to see that the left side has mean 0. Neither Tr(Adg(w)|¢)
nor rank(H) depend on ¢, so the variance of Tr(Adg(wt)) is the variance of either
side of (15.2), which is in turn the variance of Tr(Adg(¢)), which by the w = 1 case
equals the number of roots of H, i.e., the number of roots fixed by w, as claimed.
Finally we consider the general case. By Lemma 13.2, there is some w” in wT such
that w” centralizes H. Since w” belongs to the same coset wT', we have Tr(Ad(w)|,) =
Tr(Ad(w")]¢) and w and w” fix the same roots of G. O

Cororrary 15.3. For any coset wT of T in Ng(T), we have the inequalities
minTTr(Ad(w’)) < Tr(Ad(w)]y) < maXTTr(Ad(w’)),
w’' ew w’' ew

with each equality holding if and only if w fizes no roots.
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Proof. The inequalities follow from connectivity of T" and the mean value theorem.
If w fixes no roots, then the trace is constant on w7, so equality holds; if w fixes a
root, then the real random variable Tr Ad(wt) has nonzero variance and thus attains
values strictly below and above its mean. |

Cororrary 15.4. — For any component C of G and w € Ng(T)NC,
in Tr Ad(g) < Tr(Ad < Tr Ad(g).
min Tr Ad(g) < Tr(Ad(w)]) < max Tr Ad(g)

If either equality holds, then w fizes no roots.

Proof. — Since wT C C, we have
min Tr Ad(g) < min Tr(Ad(w’)) < Tr(Ad(w)|)
geC w’' ewT

< Tr(Ad(w')) < Tr Ad(g),
Jnax Tr(Ad(w')) map Tr (9)

establishing the first claim. For the second claim, note that if the given equality holds,

then so does the corresponding equality in the previous corollary, and thus w fixes no
roots as required. O

Levmma 15.5. — Let © € Ng(T). There exists w € xNgo (T') that fizes no roots of G
with respect to T and satisfies

(15.6) inf TrAd(g) = Tr(wl).
gexG°

If G° is simple, then w can be chosen to additionally satisfy the following equivalent
properties:

(a) Zr(w) is finite.

(b) [w,T)=T.

(c) t¥ =0, i.e., 1 is not an eigenvalue for w acting on t.

Proof. — We first prove the equivalence of statements (a)—(c). For (a) < (c), we have
dim Zr(w) = dimt¥. For (b), as in Lemma 13.1 the function 7" — T defined by
t = [w,t] = (wtw™ 1)t~ is a homomorphism with kernel Zr(w) and image [w,T] of
dimension dim T — dim Zp(w), verifying the equivalence (a) < (b).

Next we prove that any of the three equivalent conditions implies that w fixes no
roots of G. Indeed, if w fixes a root «, then it fixes the corresponding coroot oV in the
dual root system, then the corresponding cocharacter Gy, — T, which would imply
tv £ 0.

Simple case. Suppose first that the identity component G° of G is simple; this
is the crux case. If —1 € xNgo(T)/T, we can take w = —1; it fixes no roots and
Tr(w|) = —(rank G) is the minimum of Tr Ad(g) by Theorem 2.3(a). So suppose
—1 ¢ xNg+(T)/T, and in particular G° has type A,, for n > 2, D,, for n > 4, or Fg.
As in the statement of Theorem 2.3, conjugation by x induces a graph automorphism s
of the Dynkin diagram, and we refer to Theorem 2.3 for the value of m(s).

JEP. — M., 2095, tome 12



INVARIANT DERIVATIONS AND TRACE BOUNDS 1271

If G° has type A, then it is isogenous to SU(n) for some n > 3 and s = 1.
Take w to be any n-cycle in the Weyl group S,,. The action of the Weyl group on the
coroot space is equivalent to the subspace of the permutation representation of S,
consisting of vectors whose coordinates sum to 1. Any fixed vector in t then must
have all coordinates equal and therefore must be 0. Since w acts on the permutation
representation with trace zero, it has trace —1 = m(s) on t.

If G° has type D,, for odd n > 5, then s has order 1 and m(s) = 2 —n. We view G
as SOa,, which contains a copy of SOg X SOs,_¢ of type As x D, _3. Take w to be
a 4-cycle in the Weyl group of SOg = SL4 /2 and —1 in the Weyl group of SOs,,_¢.
The first part has trace —1 on its 3-dimensional subalgebra of t and the second has
trace 3—n on its (n — 3)-dimensional subalgebra of t, for a total trace of 2—n = m(s).
By the same argument as in the previous paragraph, w does not fix any vector in t.

If G° has type D,, for even n > 4 and s has order 2, then after multiplying = by
an element of G° we may assume that conjugation by x normalizes the set of simple
roots and so is a graph automorphism of the Dynkin diagram order 2. Composing
conjugation by x with the Weyl group element that is —1 on the torus gives an
element w that evidently fixes no roots and has Tr(w|¢) = 2 — n = m(s).

If G° has type D4 and s has order 3, then the subgroup of Ng(T')/T generated
by T and the Weyl group has order 576 and contains two conjugacy classes of
elements of order 3 that have exactly 8 elements. One of these two classes is in
xNgo(ry/T. Any representative of that class provides an element w that acts on the
root space t with trace —2 = m(s) and does not have 1 as an eigenvalue.

If G° has type Eg, take w to be an element of order 3. There are three conjugacy
classes of such elements in the Weyl group, see for example [Car72, Table 9]. We take w
to be in the unique conjugacy class of size 80. In the action on the root space t, w has
trace —3 = m(s) and does not have 1 as an eigenvalue.

The computations in the last two paragraphs can be easily verified using Magma’s
functions ReflectionGroup and ConjugacyClass.

Remaining cases. We have now handled all cases where G° is simple. If the identity
component of G° is a torus, then there is nothing to prove.

For the general case, conjugation by z permutes the simple factors of G°. Put
G° = (G4 X Go, where (G is a product of the central torus and the simple factors
that are normalized by x and G5 is the a product of the simple factors that are
not normalized by x. Now every ¢ € xG° has Tr Ad(g) equal to the trace of the
projection of Ad(g) on Lie(G;) and every w € xNgo(T)/T moves every root in Gg
and Tr(w|pie(r)) equals the trace of the restriction of w to Lie(T'N G1). So it suffices
to apply the lemma for the case G° = G and extend the resulting w in any way to
an element of xNgo(T)/T. O

Proofof Corollary 2.4. — Take x € G minimizing Tr Ad(z). Then x normalizes some
maximal torus T' of G [Bou05, §1X.5.3, Th.1(b)]. Apply Lemma 15.5 to produce
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a w € xG° with Tr Ad(z) = Tr(w|), so

in Tr Ad(g) > min T .
min Tr (9) > min Tr(wly)

On the other hand, for every component C' of G,

Tr Ad(z) < min Tr Ad(g) < in  TrAd(wl),
() < minTr Ad(g) perin (wlt)

where the last inequality is by Corollary 15.4. So

TrAd(z) < min  TrAd(wl). O
wENg(T)

Part IV. MINIMUM VALUES OF CHARACTERS
16. Mintmum vALUES OF cHARACTERS: SU(2)

Let’s now discuss the minimum value of Re x(g) for x := Trp the character of a
representation p of a compact group G. As explained in the introduction, for elemen-
tary reasons we have —x(1) < Re x(g), and Serre’s results show that this bound can
be far from sharp. So far we have considered the cases p = Ad or the highest short
root representation.

Perhaps the most natural collection of representations to consider next are the
absolutely irreducible representations of SU(2). Put x4 for the character of the irre-
ducible (complex) representation Sym?(C?) with highest weight d, i.e., s + s%~2 +
- 457472 1 5= Tn the notation of Example 5.1 and (9.1), we have t = y; = s+5~!
and yg € C[T)" = CJ[t]. That is, x4 can be written as a polynomial in ¢, which we
denote by X%, where we have already written the first few cases in (9.1). It is easy to
see that

(16.1) Xa = tXa-1 — X2

so x4 = Uq4(t/2) for Uy the Chebyshev polynomial of the second kind of degree d.
Therefore, x}, has d real zeros in (—2,2), namely 2cos(27k/(d + 1)) for 1 < k < d.
It follows that its derivative has d — 1 real zeros in (—2,2) and thus the critical points
are those zeros together with £2, so all lie in [—2, 2].

The inductive formula (16.1) quickly gives x%(+2) = (£1)¢(d+1), so the minimum
of xq is —(d+ 1) if d is odd. Alternatively, the fact that the representation maps
—1 € SU(2) to —1 € GL(Sym%(C?)) for d odd shows that the minimum of y, is
—xa(1) = —(d+1).

The case of even d is more interesting. The critical points and extreme values of x/
are symmetric around ¢ = 0, and the minimum (for d even) occurs at the critical
points closest to £2 [Sta].

Examrre 16.2. For d = 6, the critical points of x/, closest to £2 are at

to = £/ (5 + V7)/3 = +1.596
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where .
x4 (to) = —5(1 +2V7) ~ —1.631.

In particular, the minimum of x4 is neither rational nor an algebraic integer.

We can provide a uniform bound.

Prorosirion 16.3. — For d > 0,
. . . xalg)
min xq(g) < —cxq(l) and limsup min = —c,
9€SU(2) al9) a(l) d—oo 9€5U(2) Xa(1)
where
in(6
C:= —min sin(6) ~ 0.2172.
U
Proof. We first prove the inequality. Put xJ for x4 written as a function of s, so
‘6 gd+1 _ g—d—1
§)=——""79Z/——
Xd s—1/s
e ((d+1)9)
s/ 0y sin((d+1
Xl = 50
Trivially
s (10 in(o
(16.4) min Xa(9) = min Xa(€"”) < sin(6o)

g xa(l) ok x3(1) = (d+1)sin(fo/(d+ 1))
where 0y ~ 4.493 is the positive argument that minimizes sin(6)/6.
Multiplying by 6/6,
sin((d+1)0)  sin((d+1)0)/((d+ 1))
(d+1)sinf sin(6) /0 '
Since |sin(6)/60] < 1, it follows that
sin((d + 1)6) ‘ sin((d + 1)0) ‘

(d+ 1) sin(0) (d+1)6
The expression on the right side of (16.4) is negative, so plugging in 6y/(d + 1) for 6
we find

~

min Xd(9)  sin(f)
g Xd(l) 90
As for the claimed limit, we have
s(pit/d :
LX) singt)
d—oo Xd(l) t

Since this is a limit of analytic functions that converges uniformly on compacta, the
derivatives also converge, and so do the zeros of the derivatives. We thus conclude
that
i st i X4(9)
im sup min
d—oo 9 Xd(]-)
as claimed. 0O
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17. WHAT KIND OF NUMBERS ARE THESE?

For G a compact Lie group, what sort of real number might minges Rex(g) be?
When G is simple and x = Tr Ad or the trace of the highest short root represen-
tation, we showed that it is an integer (Theorem 2.3 and Proposition 2.5). For the
same G and general x, since elements of finite order are dense in G, it follows that
the minimum is a limit of algebraic integers. Examples 8.1, 8.2, and 16.2 exhibit cases
where minge Re x(g) is an algebraic number, but not an algebraic integer. We have
the following general result.

Prorosition 17.1. Let p be a representation of a compact Lie group G. For each
connected component C' of G, the extreme values of ReTr p on C' are algebraic num-
bers.

Proof. — We first set up some notation. Put Q for the algebraic closure of Q and
F := QN R, the algebraic closure of Q in R. The unit circle U(1), which we have
denoted elsewhere by S! and by which we mean the group scheme over R whose
C-points are the norm 1 complex numbers, is obtained by base change from a group
scheme over F we denote by U(1)x, whose F-points are the norm 1 elements of Q.

Pick an element ¢ € C. By the result of de Siebenthal from [dS56] that we used
before in the proof of Theorem 2.3 in Section 13, there is a torus 7" in G such that C is
a union of G°-conjugates of ¢I'. Therefore, the extreme values of Re Tr p are obtained
on cT'. Replacing G by the subgroup generated by ¢ and T, we may assume that G is
abelian and G° is a torus, i.e., a product U(1)" of r copies of U(1) for some r.

We claim that G, viewed as an algebraic group, is defined over the algebraic closure
F of Q in R. For m the order of ¢ in G, we have an exact sequence

1 K Uy x zm Lmbbee o 1
where U(1)" is identified with G°. The elements of the kernel K have coordinates in
U(1) that are elements of order dividing m, and in particular these elements already
belong to U(1)F, verifying the claim. This argument also shows that the connected
component C of G is defined over F'.

Next we prove that p is also defined over F. Since G is abelian, p is a sum of
one-dimensional representations, i.e., it amounts to a homomorphism G — U(1)™ for
some n. Its restriction to T is a homomorphism U(1)" — U(1)™, such that compos-
ing this map with projection on any of the n coordinates gives a map of the form
(21,22, .., 2r) = H?:l zjef for integers e; [Bou05, §IX.7]. If we re-write this product,

expanding z; = x; + 1y; for x;,y; real, we find that the real and imaginary parts
of Hz;’ are each given by a polynomial in the z; and y; with integer coefficients.
That is, p|r arises by base change from a polynomial function U(1)% — U(1)%. The
projection of p(c) in each of the n coordinates is an m-th root of unity, so p(c) is an
element of U(1)%.

The trace provides a morphism of schemes from U(1)% (the norm 1 elements of Q)
to the Weil restriction Resg /F (AL), whose F-points equal the algebraic closure Q of Q.
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(The trace does not respect the group operation so this is a morphism of schemes but
not group schemes.) This variety is naturally identified with pairs of elements (z,Z%)
for z € Q, and the map
m(2,%Z) = %(z +72)

is a morphism of schemes 7: Res@ / F(A}p) — Al The composition 7 Tr p provides a
morphism of schemes G — Al whose base change to R is the map we have denoted
elsewhere by Re Tr p. We restrict this map to the connected component C of G. Its
graph is a closed subscheme of C' x AL. The projection of the graph on the second
component — i.e., the image of ReTrp — is a semi-algebraic subset of AL by the
Tarski-Seidenberg Projection Theorem [Sch24, Th. 1.5.8].

Let us now consider the image of Re Tr p over R. Because C' is compact, its image
is a finite union of closed intervals in R. In particular the boundary of the image is a
finite set of points including the extreme values. The Tarski Transfer Principle implies
then that the boundary of the image over the subfield F' is a semi-algebraic set over F'
[Sch24, Cor.1.6.18]. Therefore the extreme values are algebraic over F', proving the
claim. ]

The second and third paragraphs of the proof, showing that G and p are defined
over F', could be replaced by various other arguments. For example, one could use the
classification of compact Lie groups to express G as obtained by Galois descent from a
reductive complex algebraic group whose identity component is split. Repeating this
same descent for the quadratic extension Q of I’ shows that G is defined over F, and
a similar argument would show the same for p.

18. MINIMUM VALUES OF CHARACTERS: GENERAL CASE

In the examples we have considered so far, mingee Re x(g) has been negative, which
is easily seen to be a general phenomenon:

Prorosirion 18.1. — Let x be the character of an irreducible (complex) representation
of a compact Lie group G.

(a) If x is nontrivial, then there exists g € G such that Re(x(g)) < 0.

(b) If x(1) > 1, then there exists g € G such that Re x(g) = 0.

Proof. Since x is nontrivial, orthogonality implies that the integral of x relative to
Haar measure is 0, and thus so is the integral of Re x. Since the integral of a nonzero
nonnegative continuous function is positive, (a) follows.

Now consider (b). The identity component G° is a normal subgroup of G, so its
fixed subspace is an invariant submodule. It follows that G° either acts trivially or
without fixed points. If G° acts trivially, then the action of G factors through the finite
group G/G°, which is not cyclic (because x is irreducible and x(1) > 1), so (b) holds
by Burnside [Bur03, p.115]. If G° acts without fixed points, then the average value
of Rey on G° is zero; since Re x(G°) is connected and takes a positive value x(1),
it must also take a negative value, and we conclude (b). O
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For self-dual representations, the statement of 18.1(b) says that there existsa g € G
such that x(g) = 0, which sounds similar to Theorem 1 in [Ser04]. Serre’s statement
adds the extra conclusion that g can be chosen to be of finite order and does not
require the self-dual hypothesis. See [Ser25] for a proof of that result.

The aim of this section is to strengthen 18.1(a) by proving the following uniform
bound on Re x/x(1):

Turorem 18.2. — For any connected compact Lie group G, there is a constant cg > 0
such that for any nontrivial, irreducible character x, there exists g € G such that

Rex(g9) < —cax(1).

We treated the case G = SU(2) in Proposition 16.3 by explicit calculation and
found the optimal value of cgy(s). (That calculation suggests that there is little hope
in making the optimal cg explicit for general G.) As we saw in that proof, the claim
in the theorem is closely related to the behavior of the characters themselves as the
weight becomes large, suggesting that we should consider limits of the form

it/dn
(18.3) lim X (€7)
n—oo  xxem (1)
in which the sequence \(™ /d,, converges, where A is a dominant weight and d,, € R
is positive. When the limit of A(™) /d,, is in the interior of the fundamental chamber,
this limit is straightforward to compute, and leads us to define the function

e (1] ) (S o)

redt weW

for T the positive roots and s, ¢ in the Cartan algebra t(C) of the complex form of G.
By convention, we take the split form, so that the Lie algebra of T is it(R). In the
right side of (18.4), the products r - s and r - ¢ are canonically determined by the
root system. Since G is compact, there is a G-invariant inner product on g [Bou05,
§IX.1.3, Prop. 1]; pick one and use it to calculate s - wt. The inner product defines
an isomorphism of t(C) with its dual, and therefore also an inner product among
elements of the dual which we use to evaluate r - p. Up to scaling one of the arguments
by 4, X is the Fourier transform of the Duistermaat-Heckman measure [ER25].

Proposition 18.9 below makes explicit the connection between (18.3) and (18.4).
We will now take the analytic continuation of X, which has the advantage that it lets
us extend the function to the reflection hyperplanes.

Prorosition 18.5. — The function X (s,t) extends to an entire function of t(C)? that
satisfies the symmetries
(a) X(s,1) = X(1,9),
(b) X (s,ut) = X(us,t) forueC,
(c) X(s,wt) = (s,t) forwe W, and
(d) X(0,0) =
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The proof will use the following lemma, which is implicit already in the development
of the Weyl character formula. It is a special case of a more general statement where C"”
is replaced by a connected complex manifold X and the reflection r is replaced by an
automorphism of X of finite order.

Lemma 18.6. Let r € GL,(C) be a reflection, and let f(z) be an r-invariant mero-
morphic function on an r-invariant region in C"™ containing points fixed by r. Then
the valuation of f along the hyperplane r -z = 0 is even.

Proof. — This claim is clearly basis-independent, so we may assume that r fixes the
first n — 1 coordinates and negates the last coordinate, so that we are claiming that f
has even order along the hyperplane z, = 0. Let 2’ be a fixed point of r in the region
where f is defined, such that no other polar divisor of f contains z’. Then f has a
Laurent series expansion in some polydisc around 2’ of the form

_ N\NMyG M,
f(z) = > e [ (Ge—z)m™znm,
M1 20ma >0 1<i<n—1
where v is the valuation, so that there is at least one nonzero term with m, = v.
But this must be invariant under negating z,, so that any monomial in the expansion
must have m,, even, implying that v is even as well. |

Proofof Proposition 18.5. — The function X (s, t) is certainly analytic on the comple-
ment of the reflection hyperplanes r-s = 0 and r -t = 0, where it clearly satisfies the
symmetries X (s,t) = X (¢,s); X(s,ut) = X (us,t) for u # 0; and X (s, wt) = X (s,1).

In particular, these same symmetries hold for the function X (s, t), which by inspec-
tion is a meromorphic function with at most a simple pole along any reflection hy-
perplane. But the Lemma 18.6 tells us that the order of such a pole must be even,
and thus X (s,t) actually has nonnegative valuation along any reflection hyperplane.
Thus X (s,t) is a meromorphic function with trivial polar divisor, so is holomorphic.

The symmetries continue to hold on the entire continuation, and thus in particular
we may take the limit v — 0 in X (s,ut) = X (us,t) to obtain X (s,0) = X(0,t) for
all s and ¢, and thus in particular both are equal to X (0,0).

It remains only to verify that X(0,0) = 1. From the degenerate scaling symme-
try, this is equal to X(p,0) for p the half-sum of the positive roots, and thus to
lim;_,o X (p, t). We moreover have the product formula

6r<t/2 _ efr-t/2

X(p,t)z H rt

redt
in which each factor converges to 1, so that X (p,0) = 1 as required. O
Remark 18.7. — Note that X only depends on the Weyl group, even though the root
system appears in the definition of X. Rescaling the roots (including swapping short

and long roots in non-simply-laced cases) only multiplies X by a constant, which must
be 1 by virtue of X(0,0) = 1.
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Since X (s,t) differs by simple factors from the Weyl numerator, we can express
the normalized characters in terms of X (s,t).

Lemma 18.8. — For any t € t(R) and any dominant weight A\, one has
xale") _ X(A+pit)
xa(1) X(p,it)

Proof. — Writing out X (X + p,it)/X (p,it) using the definition (18.4), gives xx(e®)
divided by

1 =22 -,

rep
red+
where the equality is the Weyl dimension formula. g

This lets us show that X (s, t) is indeed the limiting character even on the boundary
of the fundamental chamber.

Prorosition 18.9. Let (A", d,,) be a sequence of pairs where each A™) is a dom-
inant weight and d, € R is such that )\(”)/dn converges and d, — co. Then

it/ dn
tim 20 (i A0 /4, i)
n—00 X \(n) (1) n—o0

for all t € t(R).

Proof. — From Lemma 18.8, one has

(et dn X 1 i
fim o€ ) XA A p it dn)
n—=co X (1) n—oo  X(p,it/dy)

X(A\M/d, 0
~ lim (A /d +p/d ,zt)’
n—roo X(p/dn, it)
with the second equality following from the scaling symmetry of X. Since X is con-
tinuous, we can pull the limit inside, at which point the claim follows by noting that

X(0,it) = 1. 0

To establish the desired bound on min Re x/x(1), we will show after some work that
X (s, it) takes negative values for any nonzero s € ¢(R) (Lemma 18.13). We write A for
the Haar measure on t(R), since it is essentially just Lebesgue measure. To avoid issues
with the normalization of the Haar measure, the root system, and the G-invariant
inner product, define a scaling constant

7= /tei(R) ng ’ t>2> e ENd)

We also use the following mild restatement of the well-known formula for the
Fourier or Laplace transform of a Gaussian:

Lemma 18.10. For any s € t(C), one has

/ es-te—t-t/2>\(dt) — 65-3/2/ e—t~t/2)\(dt).
tet(R) tet(R)
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Proof. — The integral on the left is absolutely convergent for any s € t(C), and
uniformly so given any bound on |Re(s)|, so describes an entire function of s. Since
the right-hand side is manifestly entire, it suffices to verify that the two sides agree
when s is real. But for s € t(R), we may complete the square on the left by translating ¢
by s to obtain

/ 6s~t67t-t/2)\(dt) _ / €s~s/267t~t/2)\(dt)
tet(R) te—s+t(R)

_ 6s~s/2/ eft-t/QA(dt),
tet(R)

as required. O

Prorosition 18.11. — For s,s" € t(C), one has
1 ’ ’
- X(s,it)X(s’,it)( I ¢ t)Q)e—t'WA(dt) =752 2 X (5, 6.
Z Jieww) Dt

Proof. — Since the right-hand side is analytic in s, s, it suffices to show the equality
when neither of s or s’ lies in any reflection hyperplane. We can then write

/tEt(R) X(s,it)X(s’Jt)( H (r- t)2> e~ )\ (dt)

red+t
(r- P)2 ) / N i(ws+w's')t _—tt/2
= —_— sgn(ww")e" WIS e A(dt).
(TLL (r-s)(r-s)) Jieum w’wZ,GW
Applying Lemma 18.10 gives:

/ Z Sgn(ww/)ei(ws—i-w’s’).te—t»t/2)\(dt)
tet(R) w,w €W

= Y sgn(ww)em(wstws) (wetw's) /2 / e~ )\(dt).
w,w' W tet(R)
‘We then observe that

Z sgn(ww’)ef(ws+w’s’).(ws+wls,)/2

ww'eW oo 1t
_ 675»5/2675 -s'/2 Z Sgn(ww/)ews-w s
w,w' eW
. . /
W2 /z( 11 MM) X(s, ).
r-p
red+
We thus conclude that
/ X(s,it)X(s’Jt)( II - t)2> e~ tt2\(dt)
tet(R) red+
is proportional to
678-5/2675'-s'/ZAXV(S7 S/)7
and can recover the constant by setting s = s’ = 0. |
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The proposition is already enough to give us a weak form of orthogonality sufficient
to prove the desired negativity result.

Cororrary 18.12. — IfRe(s-s) > 0, then

lim X(s,it)( IT ¢ t)2> e tt2un(dt) = 0.

U0 Jiey(R) redt

Proof. — Setting s = 0 and abbreviating p(t) := [], e+ (7 - t)? in Proposition 18.11
gives

1
7z X (s,it) p(t) e V2N (dt) = e/,
Z Jieuwr)
and thus
1
_ )(('11,1/287 it) p(t) e—t~t/2)\(dt) _ e—u(s~s)/2'
Z Jieyw)

1/2 0 the other argument and

We can use the scaling symmetry of X to move the u
then do a change of variables to move it to the other parts of the integrand. We thus

find

1
— X (u?s,it) p(t) e T2\ (dt)
Z Jieyr)
. 1
_ uf\<l>+\/2fd1m t/2 & / X(S, it)p(t) 6715-16/271)\((#)7
Z Jieyr)

and thus

1 X (s, it) p(t) e 20N (dt) = u(1¥F Fdim0/2—u(s)/2

Z tet(R)
which converges to 0 as required. |

Levva 18.13. — For any nonzero s € t(R), there exists t € t(R) such that
Re X (s,it) < 0.

Proof. Suppose otherwise, and consider the integral
1
7 Re X (s, it) ( H (r- t)2> e tt2u)(dt)
tet(R) et

as a function of u. On the one hand, the integrand is nonnegative, not identically 0,
and monotonically increasing in w, and thus the integral itself must be a positive,
monotonically increasing, function of u. On the other hand, Corollary 18.12 tells us

that the integral converges to 0, giving a contradiction. O
Proof of Theorem 18.2. If G has positive-dimensional center Z, then for any char-
acter y which is nontrivial on Z°, there is an element z € Z° such that x(z) = —x/(1).

Since one has the universal bound Re(x(g)) = —x(1), it follows that any constant
that works for G/Z° will work for G as well. We thus reduce to the case that G is
semisimple.
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In the semisimple case, replacing G by its universal cover only makes the conclusion
harder to satisfy, and thus we may assume G simply connected. Moreover, if G =
(1 X Gg, then any irreducible character of G factors as x1 X yo; it follows that if the
theorem holds for both factors with constants ¢y, co, then it holds for G with constant
at least min(cy, c2). (Take g to be the identity on one of the two factors.) We thus
reduce to the case that G is simply connected and simple.

Now, if the claim fails for G, then there exists a sequence A(™ of dominant weights

such that
lim sup inf 7Re Xam (9)

n—oo 9EG X)\(n)(1>
We may replace this by a subsequence to replace the limsup by a limit. Moreover,
since spheres are compact, we may pass to a further subsequence to ensure that the

> 0.

sequence A" /|I\(M)| converges, say to s. We then have by Proposition 18.9, for any
t € t(R) A
it /| A
lim —X)‘(n)(e )
n=oe X (1)
and by Lemma 18.13 may choose ¢ so that Re X (s,t) < 0. But this gives a contradic-

tion:

= X(s,1),

of Re x o (9) < Re o (/A1)

9€G Xam(1) Xam (1)
but the right-hand side has negative limit while the left-hand side has nonnegative

limit by assumption. O

19. ExTENstONS

It is natural to wonder whether there is a more universal version of Theorem 18.2
in which the dependence of the constant on G is removed. This cannot be done,
as we have already seen that for x = Tr Ad on SU(n), the minimum of Re x/x(1) is
—1/(n? — 1) (Example 3.2) and thus csu(n) approaches 0 as n — oo. This suggests a
more refined question to produce an explicit function F' on the natural numbers such
that ¢g in Theorem 18.2 is asymptotically F(rank(G)) as rank(G) — oo. Note that
this is really a question about the classical groups.

Exampre 19.1. — Pavel Etingof explained to us that for G = SU(n),
X(p,it) > —(4/7*)" 72,
see [ER25, Prop. 6.1]. Defining a sequence A9 = jp and d; = j in j and applying

Proposition 18.9, we find that csy(,) decays at least exponentially in n.

Consecrure 19.2. For any nontrivial irreducible character x of G, one has

nRex(g) < sup inf X(s,it),
9eG  x(1) set(R) tEL(R)

and thus the optimal constant above is

cg = sup inf X(s,it),
¢ set(R) tEHR) (53%)

and in particular depends only on the Weyl group of G.
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A slightly weaker, but more explicit version has recently been shown in [ER25,
Cor. 1.4], namely that
. Rexalg) _ . :
—=—== < inf ReX (A ,it
WD) S ik Re XA+ pit)
for all but finitely many dominant weights .

APPENDIX.
APPLICATION TO FINITE GROUPS AND FIELDS OF PRIME CHARACTERISTIC

Serre’s bounds on the trace of elements of a compact Lie group can also be used to
give bounds on the values of the Brauer character for some representations of finite
groups over fields of prime characteristic. Here is one such result:

Prorosition A.1. — Let G be an adjoint simple algebraic group over a finite field k
of characteristic p # 2. Then the Brauer character of G(k) acting on Lie(GQ) is real-
valued and its minimum value is m(1) as given by Theorem 2.3, unless perhaps p = 3
and G 1is of type Ay or Fg.

Here is how we define the Brauer character, compare [Ser77, §18.1] or [Ben91, §5.3].
Let T" be a finite group and k a finite field of characteristic p # 0. Write the exponent
of I as yp" for v not divisible by p. Pick a ring Occ containing the primitive root
of unity exp(27i/v) and with a surjection O — k where k is an algebraic extension
of k. The surjection gives an isomorphism between the group of ~«-th roots of unity
in C and those in k (because p does not divide «), and for each such root of unity
s E, we write 5for the corresponding root of unity in C.

Now, given a representation p: I' — GL,, j, every p-regular element g € T' (i.e.,
element g € I' whose order divides «y) has p(g) similar over % to a diagonal matrix
with diagonal entries roots of unity (i, ..., (,. The Brauer character b, is defined to
be b,(g) := G4+ € C. Tt follows that the maximum value of b, is by(lg) =n.

ExamrrLe A2 When G has small rank and k is a small finite field, one can
look up values of Brauer characters in [JLPW95] or compute them using Magma’s
BrauerCharacter function and therefore concretely verify the proposition for that
G(k). As a specific example, for G of type G5 and k the field with 9 elements, here
is a plot of the values of the Brauer character of the adjoint representation of G(k),
with minimum —2 and maximum 14:

onin " | Y L L L é0- Y L L Py

0 5 10
BRAUER CHARACTERS AND GROUP SCHEMES. This notion applies also to group schemes
through their k-points. Let O C C be a ring with a surjection O — k and let G be an
affine group scheme of finite type over Q. For every homomorphism of group schemes
p: G — GL,, o, we obtain by base change a representation pi: G(k) — GL,, i of the
finite group G(k) and so it makes sense to speak of the Brauer character of pj using

the definitions from the preceding two paragraphs where O is chosen to contain O.
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In the special case where G is a split torus, the map G(@) — G(E) gives an
isomorphism on the subgroups of elements of order dividing . For such a g € G(0),
the Brauer character b,, (g) equals Tr pc(g).

In the next result, we compare the Brauer character b,, for g € G(k) versus the
usual character of the representation pc: G(C) — GL,, c.

Lemma A3, — Suppose G is a split connected reductive group over O and put K for
a mazimal compact subgroup of G(C). Then

min{Reb,, (g) | p-regular g € G(k))} > min{ReTr pc(g) | g € K}.

If Tr((pc)| k) is real-valued, then so is by, .

Proof. — Suppose g € G(k) is p-regular. We aim to show that the image of g € G(E)
is the image of an element g € G(@) of the same order. Then b, (9) = Tr pc(g). Since
elements of finite order in G(C) are conjugate to elements of K, this will suffice to
prove the claim.

The group G is split over O and the splitting data for G includes a choice of split
maximal torus T" defined over O. If g is in T(?g\) then as explained before the statement
of the lemma, ¢ is the image of an element of T( ) of the same order and we are done.

For every representation of the base change G x k of G to k, the image of g has
minimal polynomial dividing ¥ — 1 and in particular the minimal polynomial has
distinct roots, so g is sermsunple It follows that g is contained in a max1ma1 torus T’
of G defined over k. Enlarging O and k if necessary, we may assume that & splits T".
Therefore, T" x K is conjugate under G(k ) to T x k. The value of by, (g) only depends
on the conjugacy class of g in G (%), so we may replace g € G (E) by its conjugate lying
in T'(k) and the proof is complete. O

In the definition of Brauer character for a finite group, the representation of I" over k
is not required to have an analogous representation over C, whereas such is required
in Lemma A.3. Such analogous representations exist in many cases of interest, as we
now explain. Given a root datum in the sense of [Mill7, §C.d] or [DG11, §XXI.1.1],
there is up to isomorphism a unique split connected reductive group Gz over Z with
that root datum [DG11, XXV.1.2]. Given a field &, one may pick an O and define the
group scheme G over O to be the base change Gz x O. For each dominant weight A
that is a character on the maximal torus T of G, there are various representations
of G that are defined over Z with highest weight A such as the Weyl module V(\),
see [Jan03, I1.8.3]; the base change of V/(\) to C is the irreducible representation of
G(C) with highest weight A.

THE CASE OF AN ALGEBRAICALLY CLOSED FIELD. — Continue the setup where k is finite
and G is defined over O, but now choose ¥ to be an algebraic closure of k. Since the
group scheme G is of finite type, for each g € G (74;\), there is a finite extension kg of k
contained in & such that g comes from G (kg), and in particular ¢ has finite order. If ¢
is p-regular, then % contains a primitive root of unity of the same order as g, and the
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preceding definitions provide a well-defined Brauer character of g. Lemma A.3 also
holds in this situation, where the inequality is strengthened to an equality

(A.4) inf{Reb,_(g) | p-regular g € G(E))} = inf{ReTrpc(g) | g € K}.
To see this, note that the elements of K of finite order not divisible by p are dense
in K. So it suffices to show that each such element is conjugate to an element coming
from G (6)7 which follows by the same sorts of argument as in the proof of the lemma.
The “inf” on the right side of (A.4) can be replaced by “min” if and only if the
minimum is obtained at an element of K of finite order not divisible by p.
Let us now return to the adjoint representation and the proof of Proposition A.1.

Proof'of Proposition A.1. — That the Brauer character is real-valued is contained in
Lemma A.3.

The split case. Suppose first that G is split over k, and view it as obtained by base
change from the split group over O with the same root datum, which we also denote
by G. In view of Lemma A.3, it suffices to exhibit a p-regular element g € G(k) whose
Brauer character equals m(1).

One approach to this is via the Weyl group. Since 2 is invertible in O, there is a
finite subgroup W* C N¢(T)(0) that is an extension of the Weyl group (as a finite
group) by a product of copies of Z/2 and there is a section v: W — W*, see for
example [Tit66], [Bou0b5, §IX.4, Exer.12], or [MPS88]. If —1 is in the Weyl group,
take w = —1. If G has type D,, for odd n > 5 or type Ejg, then we take w € W to
be the element of order 4 or 3 respectively from the proof of Lemma 15.5. In each of
these cases, w fixes no root, v(w) has order not divisible by p, and Tr(wl|,) = m(1).
Thus v(w) € G(O) maps to a p-regular element of G(k) with Brauer character m(1).

Now suppose G has type A,,_1 with n > 3, i.e., G = PGL,. We construct an
element g as the image in G(k) of a block diagonal matrix B with diagonal blocks of
size 2, 3, or 5, with minimum polynomial #2 + 1, 3 — 1, or t> — 1 respectively (e.g.,
the companion matrix of one of these polynomials). If n = 2m is even, we take B to
have all 2-by-2 blocks. If n = 2m + 1 and p # 3, then we take B to have a single
3-by-3 block and the rest 2-by-2. If n = 2m +1 and p = 3, then n > 5, and we take B
to have a single 5-by-5 block and the rest 2-by-2. Note that in each case B has trace
zero so Tr Ad(B) = —1 as in Example 3.2.

Non-split case. — Suppose now that G is not split. Since k is finite, G is quasi-split
[Mill7, Prop.17.99]; has type 2A4,, for n > 2, 2D,, for n > 4, 3Dy, or ?Eg; and is
split by an extension K of k of degree 2, 2, 3, or 2 respectively. Phrased differently,
G is obtained by twisting the split adjoint group Gy over k of the same type as G
by a semilinear automorphism we denote by ¢ that combines a graph automorphism
of order [K : k] of Gy with a non-trivial k-algebra automorphism of K. Since the
minimum value of the Brauer character on G(k) is no smaller than that on G(K),
it suffices to verify that an element of G(K) whose Brauer character equals m(1)
belongs to G(k), i.e., is stable under the Galois action.
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For type A,_1 with n > 3, we imitate the split case, where we take a d-by-d
diagonal block of the matrix B to belong to SU(d). View SU(d) as the group of
norm 1 isometries of the K/k-hermitian form on K¢ defined by (z,y) — Z?Zl o(x)y.
The companion matrix of t¢ + (—1)? belongs to this interpretation of SU(d) and
realizes a d-cycle in the Weyl group.

If —1 is in the Weyl group, then (as the longest element of the Weyl group relative
to the choice of simple roots) it is fixed by the graph automorphism. Since it fixes no
roots and G is adjoint, the image g of v(—1) in G(K) does not depend on the choice
of v, ergo o fixes g. (We will repeat this argument below, but in this special case we
could have alternatively referred to [DG11, Prop. XXIV.3.16.2(iii)].)

For G of type Eg, let x be the Weyl group element from the proof of Lemma 15.5.
Since the conjugacy class of x is the unique one of that size, there is a y € W such that
o(x) = yry~L. Put g, h for the images of v(z), v(y) in G(k). Since g normalizes T,
so does o(g), which acts as yxy~! on T and preserves no roots, so o(g) = hgh™!.
By Lang’s Theorem [Mill7, Cor.17.97], there is an element ho € G(k) for k the
algebraic closure of E, such that h = o(ho)hg 1 1t follows that ho Lgho is fixed by o,
i.e., it belongs to G(k). Since it acts as x on T, this case is complete.

In the remaining case where G has type 2D,, for odd n > 5, we imitate the con-
struction in the split case but noting that the 4-cycle in the Weyl group of SU(4)
exists as described three paragraphs above. (|

The hypothesis that p # 2 in Proposition A.3 is not totally necessary. For example,
the proof provided for types A and Fg uses an element of order 3 in each case, so it
works without change when p = 2.

ReE aND Suzukr Groups. One could also ask for an analogue of Proposition A.3 for
the Ree and Suzuki groups. Only one of those occurs in characteristic different from 2,
namely 2G5 (k) as the subgroup of the k-points G (k) of the split algebraic group of
type G2 when k is a finite field of order 3" for odd n > 1, see [Car89, Ch.12-14]. As a
subgroup, 2G»(k) acts on the adjoint representation of the algebraic group G and
by the proposition the Brauer character of 3-regular elements of 2G5 (k) will be real
and > —2. Conversely, the element —1 in the Weyl group of G2 (k) (which can also be
viewed as an element of G2 (k) and belongs to the unique conjugacy class of elements
of order 2 in Go(k) [Jach8, §4]) is in 2G2(k), so this minimum is obtained on 2G4 (k).
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