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Character theory approach to Sato—Tate groups

Yih-Dar Shieh

ABSTRACT

In this article, we propose to use the character theory of compact Lie groups and their
orthogonality relations for the study of Frobenius distribution and Sato—Tate groups. The results
show the advantages of this new approach in several aspects. With samples of Frobenius ranging
in size much smaller than the moment statistic approach, we obtain very good approximation
to the expected values of these orthogonality relations, which give useful information about the
underlying Sato—Tate groups and strong evidence of the correctness of the generalized Sato—

Tate conjecture. In fact, 2'° to 2'2 points provide satisfactory convergence. Even for g = 2,
the classical approach using moment statistics requires about 2°° sample points to obtain such
information.

1. Introduction

In [3], Fité, Kedlaya, Rotger and Sutherland study the limiting distributions of (the conjugacy
classes of ) the normalized Frobenius endomorphisms of abelian surfaces A over number fields
K, where the distributions are over primes of good reduction of A/K. Such distributions are
expected to correspond to some closed subgroups ST 4 of USp(4), on which the (conjugacy class
of the) characteristic polynomial of a uniform random matrix gives the Frobenius distribution
on A. The group ST 4 is called the Sato—Tate group of A. They give a classification of Sato—
Tate groups which shows that, up to conjugacy, there are exactly 52 groups which occur as
Sato—Tate groups for suitable A and K. They also exhibit examples of Jacobians of genus two
hyperelliptic curves for each Sato—Tate group.

By the statistics of moments of the coefficients of the normalized characteristic polynomials
of Frobenius of A/K, they empirically verified the expected Sato—Tate distribution. For each
example curve, they compute sample points of Frobenius at primes p of good reduction with
norm ||p|| < 23°. In the genus two case, these computations could be done practically by
using the optimizations described in [10], which combines efficient point enumeration with
generic group algorithms, as discussed in Sutherland’s PhD thesis [16], together with further
improvements, in particular, an efficient implementation of the group operation in the Jacobian
of curves, incorporated in the smalljac software library [14].

In [4], Fité and Sutherland study the Sato-Tate groups for the curves y?> = 2% + ¢ and
y? = 27 — cx. For these genus three curves C, they compute the Frobenius for primes p < 24°
of good reduction of C, using efficient algorithms for curves in these families.

For generic hyperelliptic curves C/Q of genus g, Harvey’s algorithm [5] computes the zeta
function of the reduction C), of C' at p for all primes p < IV of good reduction of C, where N is
a given bound. Its average complexity per prime is polynomial in log N. Based on this work,
in [6, 7], Harvey and Sutherland present an efficient algorithm for computing the Hasse-Witt
matrix of C), for all p < N, which gives the Frobenius characteristic polynomial x, modulo p.
For g < 3, we can even determine X, by combining a generic group algorithm. This makes the

Received 22 February 2016.
2010 Mathematics Subject Classification 11M50 (primary), 20C15, 11G10, 11G20, 14G10, 14K15 (secondary).

Contributed to the Twelfth Algorithmic Number Theory Symposium (ANTS-XII), Kaiserslautern, Germany,
29 August—2 September 2016.

https://doi.org/10.1112/51461157016000279 Published online by Cambridge University Press


https://doi.org/10.1112/S1461157016000279

302 Y.-D. SHIEH

computation up to N = 239 feasible for ¢ < 3. However, in the study of Sato-Tate groups for
g = 3, the results of moment statistics with N = 23° might not be satisfying.

In this article, instead of considering the moment statistics of the coefficients of the
normalized Frobenius characteristic polynomials, we propose to use the orthogonality relations
of the irreducible characters of the unitary symplectic group USp(2g) for the study of Sato—
Tate groups in genus ¢. In §2, we first give an introduction to the question of Frobenius
distributions. We then define the Sato-Tate group (Definition 1) and state the generalized
Sato—Tate conjecture (Conjecture 1). This involves the notion of equidistribution (Definition 4),
which is defined in §3, where we also recall some other notions from probability theory,
and we present the orthogonality relations as expected values of certain random variables.
In §4, we present a recursive algorithm (Algorithm 1) to compute the irreducible characters
of USp(2g), based on the Brauer-Klimyk formula (Theorem 4.1), in terms of the coefficients
of the normalized (real) Frobenius characteristic polynomial.

After introducing the background and necessary tools, we demonstrate the advantages
of using orthogonality relations of irreducible characters through several examples in §5.
In particular, in Example 2, we compare this new approach with the one using moment
statistics. Example 5 gives a heuristic reason why our approach works very well whenever
the orthogonality relations are given by small integers (for example, the generic cases). We
also propose a solution for non-generic cases, demonstrated in Examples 3 and 4. A summary
of these advantages are given in §6.

2. Frobenius distributions and Sato—Tate groups

In this section, we explain the two main objects that we study in this article: Frobenius
distributions and Sato—Tate groups.

2.1. Frobenius distribution

Let A/K be an abelian variety of dimension g, over a number field K. In almost all of the
examples in this article, A = Jac(C) is the Jacobian of some genus g curve C'/K that has a
K-rational point, and usually K = Q.

Denote the set of all (finite) primes of K by M}.. Let S be the finite set of primes p of
bad reduction of A and let Ok g be the ring of S-integers of K. Let A be a model of A over
Og s that is, its special fiber A x K is A/K. The set P = MY — S consists of primes of good
reduction.

For each p € P, we obtain a reduction A,, which is an abelian variety over the residue field
ky ~ F, of Ok s at p, where q := Nk q(p) = #ky. The characteristic polynomial fp of the
Frobenius action Frob, on the rational Tate module W(Zp) =T, (Zp) ®z, Q¢ over Q; is monic
in Z[T] of degree 2g. The Hasse-Weil theorem says that all the roots ai,..., a4 of ﬁ, have
absolute values /g, and hence the normalized characteristic polynomial f,, := fp(\/@ T)/q¢%,
which has roots a1/,/q, ..., q24//q, corresponds to a unique conjugacy class of the unitary
symplectic group USp(2g). Fixing an embedding ¢ : Qp <— C, we have the normalized Frobenius
action NFrob, := Frob, ® 1/1/N(p) on V;(A4,) ®g, C, whose characteristic polynomial is f,,.
This action is symplectic with respect to the Weil pairing, when we consider a fixed polarization
of A. The Frobenius distribution (of A/K) is the distribution of the conjugacy class [NFrob,]
in C1(USp(2g)) when p varies over S; here Cl(G) is the set of conjugacy classes of a group G.

The Sato-Tate distributions and the (generalized) Sato-Tate conjecture (Conjecture 1) are
concerned with the equidistribution of Frobenius. Consider the whole set {[NFroby|},ep C
C1(USp(2g)). We search for a probability space (G, B¢, ue)', where G € USp(2g) is a compact

TRecall that the Borel o-algebra B on G is the o-algebra generated by the open subsets of G.
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Lie subgroup such that Cl(G) is the sample space in which [NFrob,] live, and the probability
measure pg is the (unique) normalized Haar measure on G, which is translation invariant.
Serre propose a candidate ST 4 of such group, which is called the Sato—Tate group of A (see
Definition 1). The generalized Sato-Tate conjecture states that the distribution of [NFrob,]
is determined by the induced measure on Cl(G) from pg. See Conjecture 1 for the precise
statement.

The definition of equidistribution (Definition 4) involves with the limits of sequences of
sample statistics. In practice, it is impossible to gather information of [NFrob,] for all p € P,
we need to work with a sample, that is, a chosen finite subset of {{NFrob,]},cp. In general, a
sample is used to draw inferences and conclusions from itself to the whole set with which we
are concerned. We usually compute f, for ||p|| < N for a chosen bound N. In the case K = Q,
we usually choose the first n prime numbers in P.

A conjugacy class [NFrob,] is uniquely determined by its characteristic polynomial f,. This
way, the Frobenius distribution concerns the distribution of f, as p varies over P. In particular,
we regard the map

¢ : Cl(USp(2g9)) ——— C[T]

& —— > charpoly(x)

as a random variable!. For each [NFroby], £([NFrob,]) = f,. We consider {f,}pep, and the
sample becomes the corresponding subset of {fy}pep. We then study the distribution of
[NFrob,| via the sample statistics of the calculated sample f,.

From the functional equation 729 fp( 1/T) = fp(qT) /q9 of the Weil polynomial fp, we obtain
Jo(T) = T f,(1/T), and the coefficients a; of f, satisfy asy—; = a;. The normalized real
Weil polynomial g, € R[T] is of degree g satistying f,(T)) = T9g,(T + 1/T). Since the
characteristic polynomials (of different types) of Frobenius are all of their own importance, we
fix the following notation:

Fo(T) =T — @ T2 41 @yT%972 — 4 Gpq? 2 T? — G1¢? T + ¢f
and
fo(T) =T —a; 7?7 + 07?72 — . 4 aT? — a1 T + 1,
where a; = 'dl-/\/@i. Letting t; = a; + a;17 we obtain
g g
K@ =TT - a)(T - o) = [[(T* - t:T +1).
i=1 i=1
Finally, we define
g
ngT)::II(T——Q)::]W«—817@71—+527W72——.”—+(—1¥F459_1T—%(—1V5m
i=1
where s; = sym(tq,...,tg), the ith elementary symmetric function. For « € USp(2¢g) or

ClL(USp(2g)), we write f;, fz and g, for its characteristic polynomial, normalized characteristic
polynomial and normalized real characteristic polynomial, respectively. Instead of working with
the random element £ above, which has values in C[T], we consider the random variables (for
1<i<yg)

a; : C1(USp(2g)) C

x ———— (—1)? x the coefficient of T?9~¢ in f,

(2.1)

TSee §3.
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The authors in [3] use the sample moment statistics of a; to study the Frobenius distributions.
Instead of a;, one may use the random variables (for 1 < ¢ < g)

s; : Cl(USp(29)) C

(2.2)
x ———— (—1)* x the coefficient of T97% in g,

since g, determines f, and vice versa. However, we will use the orthogonality relations of the
irreducible characters of USp(2g) in §5 to study the Frobenius distribution and Sate—Tate
groups, and we demonstrate the advantages of this new approach.

REMARK 1. Let s = ap = 1. It is easy to prove that a; = >7_¢; ;s;, where ¢;; € Z
(depending on g) is determined by the recurrence relation (for all j € N)

cgi =0 ifj#i,
Cgg =1,
Cij = Cit1,j—1 F Cit1,541-
We have a closed formula (for 0 < 4,5 < g)
L+ (=) g—i
Cij= ———— o).
s 2 \y-5!
The expression s; = Y 7_ d; ja; of s; in a; is given by
. i+J
i i g—1 g — 3
p— L [ I
dij=@{"7+1i )Qg—i—j< G—i >a

where dy 4, = 1 and i € C is the imaginary unit.

2.2. Sato—Tate groups

We refer to Serre’s book [11], a lecture note [9] of Kedlaya or of Sutherland [15], for the
definition of the Sato—Tate group (Definition 1), and the generalized Sato—Tate conjecture
(Conjecture 1).

Let A/K be as in §2.1. We fix a prime number ¢ and the set .S of primes p is as in §2.1, but
also includes those p lying over ¢, which is again a finite set. Let P = M% — S.

Let Koy = K(A[¢*°]) € Q be the ¢>~-division field of A and let pa, : Gal(K/K) —
Aut(T;(A)) be the ¢-adic representation attached to the abelian variety A/ K. It factors through
the quotient

Gal(K/K) —— Gal(K4¢/K)

PA,(\) " pae
k

Aut(T,(A))
Consider!

Frob: P —— Gal(Ka/K) 225 Aut(Ty(A) ®z, Qr),
P op ! Fy

TRecall that those primes p dividing £ are excluded from the set P, as mentioned in the beginning of §2.2.
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where og is the Frobenius element of a choice of place B over p’, and Fy is induced from
the action of o on A(K4,). Subject to the choices of places P over primes p, the map is
well defined because p { £ is unramified* in K 4 . Different choices of % determine conjugate
Frobenius elements og3, and hence conjugate actions Frob(p) = Fip.

We have canonical isomorphisms (induced from the reduction modulo p) such that the
following diagram is commutative.

Ty(A) ®z, Qr —=— Ty(4,) ®z, Q¢

Frob(p )W W\Frobp

Ty(A) ®z, Qr —=— Ty(A4p) ®z, Q¢

The Frobenius actions Frob, on different spaces V;(A,) are then realized by the actions Frob(p)
on a common space Vy(A) = Ty(A) ®z, Q.

Fix a polarization for A/K, which gives the Weil pairing® e, on the rational (-adic Tate
module V;(A), making V;(A) a symplectic vector space over Q. The representation py4 ¢ is
symplectic, that is, e;(pa (o) - v, pae(o) - w) = e(v,w)° for all o € Gal(K/K) and (v,w) €
Vo(A) x V,(A). By fixing a eg-symplectic basis for V;(A), we obtain pa, : Gal(K/K) —
GSp(29, Q). Let G, C GSp(2g,Q) be the Zariski closure of p4¢(Gal(K/K)) and G} =
G N Sp(29, Q).

DEFINITION 1. Choose an embedding ¢ : Q; — C. Let G! = G} ®, C C Sp(2g,C). The
Sato—Tate group ST 4 of A is a maximal compact Lie subgroup of G contained in USp(2g).

We are concerned only with the conjugacy class [NFrob,| in C1(USp(2g)), which is given by
[NFrob(p)], where NFrob(p) := Frob(p) ® 1/4/N(p) on V;(A) ®, C. It is generally expected
that NFrob(p) is conjugate to an element in ST 4, and hence [NFrob(p)] is in the image Cly :=
Cl(ST4) — C1(USp(2g)).

CONJECTURE 1 (Generalized Sato-Tate conjecture). For each positive integer N, let
Sn = {[NFrob(p)]}p|<n, Which is a finite subset in Cls. Then the sequence (Sy)%_; is
equidistributed with respect to the induced measure of the Haar measure of ST 4 on Clg. See
Definition 4 for the definition of equidistribution.

3. Random variables, moments and equidistribution

In this section, we recall some notions from probability theory. Let (X, X, 1) be a probability
space and let £ : X — C be a random variable, that is, a measurable function on X with
respect to the o-algebra ¥ on X and the usual Lebesgue measure on C.

DEFINITION 2. The expectation E[¢] of the random variable ¢ is
Bl =] @)
zeX

The nth moment M,[£] of £ is the expectation of £".

TFor the ramification theory for infinite Galois extensions, see [17, pp. 332-336, Appendix, §2]. For more
details, see [8, §6].

¥This is a consequence of Néron-Ogg-Shafarevich criterion; see [12, Theorem 1].

§Here we fix a polarization on A such that the corresponding Weil pairing ey is non-degenerate and skew
symmetric.
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DEFINITION 3. Given a sample S C X, that is, a finite subset of X, the nth sample moment
of £ for the sample S is

zeS

The sample moment statistics M,, s are used to provide information about the probability
distribution (X, ut), when it is initially unknown or to give empirical evidence for a conjectural
distribution. In general, for a random sample S whose size is sufficiently large, we expect
M,, s[€] to be a good estimation of M, [£]. The notion of equidistribution is based on this idea.

Let (X, ) be a probability space, where X is a metric space and we use the Borel o-algebra
on X. Every continuous function £ is a measurable function on X, and is thus a random
variable.

DEFINITION 4 (Equidistribution). Let I be a totally ordered set (usually, N or R). Let
(Si)ier be a family of finite subsets of (X, u) satisfying S; C S; if ¢ < j. The family (S5;) is
said to be equidistributed with respect to the probability measure p if the following condition
holds. For any bounded continuous function £ : X — C,

lim = 5| > & j (2)u(d).

A sequence (x)72, in (X, p) is said to be equidistributed with respect to p if the family
(S; = {zx}i_;) is equidistributed.

The equidistribution means that the sample mean M g,[€] of the sample S; converges to
the expected value E[¢] = M;[¢] of the random variable £. In particular, M, s, [¢] — M,[¢] for
all higher moments of &.

Let G be a compact Lie group and let pg be its (normalized) Haar measure, which makes
(G, ue) a probability space. Each (virtual) character x : G — C can be regarded as a
random variable. For G C USp(2g), one can consider the restrictions of a;, s; and y;, or,
more generally, x, on G, where a; and s; are defined in equations (2.1) and (2.2), and x; (or
x) are the (fundamental’) irreducible characters of USp(2g). The sample moment statistics of
these random variables over a sample of Frobenius are used to obtain the conjectural Sato—Tate
group or to verify empirically the generalized Sato—Tate conjecture.

In this article, instead of using these moment statistics, we propose to use the orthogonality
relations on G of the irreducible characters of USp(2g). For two irreducible characters x, and
X of USp(2g), we consider

(o )e = Eboxlal = j 0T ) (i),

If G =USp(29), (x», Xv) = 0x, from Schur orthogonality, where 0, 5, is the Kronecker delta
symbol. In general, one needs to consider the branching rules from USp(2g) to G to obtain
the expected value of the random variable £ = x)\X»|g on G.

4. Character theory of USp(2g)

In this section, we present a recursive method to compute the irreducible characters of USp(2g)
based on the Brauer—Klimyk formula. We give minimal background information to introduce

TThese are the irreducible characters USp(2g) corresponding to ‘the’ fundamental dominant weights wo;,
defined in §4, which are themselves determined by a choice of simple positive roots of USp(2g).
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the notation and to present the results, and we refer to [1]; in particular, to Chapters 18-22, for
the general theory of compact Lie groups and their irreducible representations and characters.
We fix an embedding of the unitary symplectic group

USp(2g) = {z € GL(29,C) | 2'Jz = J and T'z = Iy}, J = [ Of IS] .
g

We choose a maximal torus T for USp(2g), which is given by diagonal matrices of the form

U1

, U € U(].)

Ug

A weight is a continuous homomorphism A : T — C*. For 1 < i # j < g, let oy : T —
C*,u + u;/uj. For 1 < k < g, we also define ay  : T — C*,u + u?. Our choice of a set of
simple positive roots is {Oék}1gk:gg, where aj = ap p+1 if k< g—1and oy = g,4. Under this
choice, the fundamental dominant weights are @y : T — C*,u — Hle u;, which form a basis
@ of the weight lattice A. Each dominant weight A is of the form Y 7 | n;w; with all n; € N.
We work with the coordinate [Az = (n1,...,n,) and we define the unweighted degree of the
dominant weight A to be o(A\) = >"9_, n;.

For a compact connected semisimple Lie group G, the theorem of the highest weight
tells us that there is a one-to-one correspondence between the dominant weights of G and
the finite dimensional irreducible representations of G, and the irreducible character x, of
the representation p) for a dominant weight X is given by the Weyl character formula. However,
this is not suitable for efficient computation. One reason for this is that it involves the explicit
action for each element in the Weyl group, which is usually a huge group. Furthermore, unlike
the recursive Algorithm 1 based on the Brauer—Klimyk formula, it loses the advantage of using
the previously computed results when the computation of (a sequence of) irreducible characters
is concerned, rather than a single one. See the author’s thesis [13, p. 96, Proposition 4.68] for
a discussion on the average time complexity per character of Algorithm 1.

Let Ay be the set of dominant weights, let p = >-7_, @, be the Weyl vector and let W =
N(T)/T be the Weyl group of G.

THEOREM 4.1 (Brauer, Klimyk; see [1, p. 185, Proposition 22.9]). Let A € A4 and v € A.
There is w € W such that n, = w(A+ p+v) € A,. The point n,, is uniquely determined. If 7,
is on the boundary of A, then we define £, = 0. Otherwise, w is also uniquely determined,
N, — p € Ay and we define &, = det(w)xy,—,. For a dominant weight (1 for which the weight
decomposition is x,|r = Y m(v)v,

XuX\x = Z m(”)&/-

The Brauer—Klimyk formula can be turned into a recursive algorithm for computing the
irreducible characters. For G = USp(2g), it is done in the author’s thesis [13], where we
devote some effort to prove the termination of the algorithm. We present the algorithm itself
in Algorithm 1. Here, x; are the fundamental irreducible characters corresponding to w; and
Xo = 1. For x € USp(2g), one can consider its characteristic polynomial f, and its real
characteristic polynomial g,, as in §2.1, and their coefficients a; and s; (as functions in ).
The relations between x;, s; and a; are given in Lemma 4.2 and Corollary 4.3. These results
should be well known, but a proof is given in [13, §4.5].
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Algorithm 1 Compute irreducible characters of USp(2g) in Z[x1, .- ., Xg]
1: def CHI(x) # x» for Mo =2 € N9

2. ifx ¢ N9 # A should be dominant
3 return 0

4 ifo(z)=0: #xz=(0,...,0)
5: return 1

6: Find 1 <1< g such that z; > 1

7. ifo(z)=1: Hr=¢
8 return the symbol x; # Recursive computing
9: Set =3, det(w)m(v) CHI([w((A — @) + p+ V) — plw)

10:  return CHI(z — ¢;) CHI(e;) —X

LEMMA 4.2. We have x; = Y.7_¢; js;, where ¢; ; € Z (depending on g) is determined by
the recurrence relation

Coy =0 ifj A,
Cgg =1,
Cij = 0 lf] >gq,

Ci,j = Citlj—1 1 Citl,5+1-

We have a closed formula

e )

The expression s; = > o_d; jX; of s; in x; Is given by

1.1‘,‘ eji—i g_ﬂ
dij = 5177+ )( i)

2

COROLLARY 4.3. We have xg = ag, x1 = a1 and x; = a; —a;_o for 2 <1 < g.

EXAMPLE 1. Results for ¢ = 2 and g = 3 are as follows.

X in terms of

X1 — 2x1x2 — x1

S vV w o v~
WO RO OO

xixs — X3+ x1

e e e e e e Ny
2NN N NI NI N

Xixza—x3—xi—x2+1

-2+ 23+ -1

5:13 — 28182 — 351
8%82 — s% — 359 — 1

5185 — 85 + 25182 + 281

A
Xi S a;
) Xo So ao
) X1 S1 ai
) X2 s2+1 as — 1
) Xi—x2—1 55— 52— 2 a? — ay
) X1X2 — X1 8152 ajaz — 2a1
X5 — X1+ x2 53 — 57+ 3s2 +2 a3 —a? —ap

a3 —2a1a2 + a1
a%ag —a% —Qa%—i—az—&—l

alag — a? — 2a1a2 + 2a1

2 2 2 2 2 2
s3 — 28750 + 553 — $7 +Tsa+2 | a3 — 2a%as — a3 + 3a3 — as

g=2
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A X in terms of

Xi Si a;
(O>O7 0) X0 S0 ao
(1707 0) X1 S1 ai
(07 170) X2 S2 + 2 as — 1
(0,0,1) X3 $3 + s1 as — aj
(2,070) X%_XQ_l s%—32—3 a%—az
(17170) X1X2 — X3 — X1 S$182 — 83 aija2 — a1 — as
(1’0,1) X1X3 — X2 5153—|—5f—32—2 alag—a% —as +1
(0,2,0) | X3 —x1x3 — X3 + X2 55 — 5183 — 257 + 5s2 + 6 a3 —aias — az
(0,1,1) | x2xs —xixz + X3 283 + 383 + 51 azas — 2a1az + ay
(0,0,2) X2 — X2+ x1x3 2 — 34351834+ 2s7 —4sa —4 | a2 —a% —ajas + 2as — 1

g=3

5. Explicit computations
5.1. General framework

In our study of Sato—Tate groups, the following objects are given or computed before the
computation of Frobenius characteristic polynomials.

e An abelian variety A (or a curve C') of dimension g (or of genus g) over a number field K.
A compact connected Lie subgroup G of USp(2g), which we know contains the Sato—Tate
group of A/K: usually, G = USp(2g).
A conjectural Sato-Tate group H C G for A/K.
A finite subset S of the set P of primes p of good reduction of A/K.

e A finite subset I of the dominant weights of G. For G = USp(2g), we usually choose

I=1;={)€ Ay |o(N) <d} for some positive integer d.

For each p € S, we compute the normalized real Weil polynomial of A/K at p, recorded by
its coefficients F,, = (s1,52,...,84)p. For any two dominant weights A and p of G that are in
I, we compute the sample mean M; s[xxx,|#] of the random variable xxx, on H.

In Example 5, where we study the heuristic behavior in the sample size, and in other examples
in [13] regarding the heuristic behavior in the genus ¢ and in the number of irreducible
characters used, we denote the difference between the sample mean and the expected value of

xaxu' by

err(H, S, \, ) = My s[xaXule] — EIXaXu|H]

:ﬁZX)‘(FP)XM(FP)_<XA7XH>H. (5.1)
peS

Finally, we compute Err(H, S, I) = max yererr(H, S, \, ).

5.2. Examples

ExaAMPLE 2. In this example, we compare the moment statistics approach with our new
approach using the orthogonality relations of irreducible characters. We take C' : y? = 2°4+2+1.
Its conjectural Sato-Tate group is H = G = USp(4). In this example, we consider the first N

TWe use the fact that all the irreducible characters of USp(2g) are real.
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primes p of good reduction of C', rather than those p < N. The moments of a; and ao are
given in the columns with N = oo in Table 1. For n > 5, even with 2!6 sample points, we do
not obtain useful approximations of M,[a;] and M,[as].

TaBLE 1. C:y? =a® + o +1, H= G =USp(4).

N =212 N =216 N =0 N =212 N = 216 N

n n = 00
1 0.002 0.006 0 1 0.989 0.999 1
2 0.984 0.996 1 2 1.964 1.992 2
3 0.046 —0.001 0 3 3.815 3.966 4
4 2.833 2.970 3 4 9.250 9.853 10
5 0.196 —0.128 0 5 23.747 26.423 27
6 12.306 13.743 14 6 67.907 79.611 82
7 0.397 —1.487 0 7 205.367 257.730 268
8 66.441 81.446 84 8 658.293 893.546 940
9 —3.853 —14.304 0 9 2192.789 3257.407 3476

10 409.298 565.972 594 10 7550.758 12387.749 13448

M, [a1] M, [a2]

Now we use the orthogonality relations of the irreducible characters of USp(4). We take the
first six irreducible characters for ¢ = 2 in Example 1, and we denote them by x; for 0 <7 < 5.
We expect to see orthonormal relations between these ;.

X0 X1 X2 X3 X4 X5
X0 1.000 —0.037 0.003 0.004 —0.021 —0.050
x1 | —0.037 1.007 —0.058 —0.095 —0.057 —0.017
X2 0.003 —0.058 0.954 —0.006 —0.091 —0.038
X3 0.004 —0.095 —0.006 0.928 —0.054 —0.071
x4 | —0.021 —0.057 —0.091 —0.054 0.879 —0.075
x5 | —0.050 —0.017 —0.038 —0.071 —0.075 0.947

Orthogonality relations with N = 2*°

Even with 21 sample points, the sample means of the inner products (y;, X;j) approximate
very well to their expected values. This comparison shows that the orthogonality relations
of irreducible characters is much more suitable for the study of Sato—Tate groups than using
moment sequences.

ExAMPLE 3. We consider the family of non-hyperelliptic genus three curves C' with an
involution. This family is studied in the first part of the author’s thesis [13]. Generically, such
curve C' admits an affine form

C:y*+g(@)y” +h(z) =0

with deg, (¢9) = 2 and deg,(g) = 4. The involution gives a degree two map C' — E to an elliptic
curve E, and thus an isogenous decomposition 0 — A — Jac(C) — E — 0. The image of the
Frobenius Frobe(p) on Jac(C') under

Aut(Ve(Jac(C))) = Aut(Vy(E x A)) = Aut(Vy(E) x V,(A))
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is (Frobg(p), Frob4(p)) € Aut(Ve(E)) x Aut(Vy(A)). We first study the Frobenius distribution
of Frobg(p) and Frob4(p) over the family, respectively. We compute the data for p < 47
and over a set of (~47000) curves in this family. We use G = H = SU(2) for Frobg(p) and
G = H = USp(4) for Frob4(p), and the results in Table 2 suggest that both distributions are
the generic cases.

TABLE 2. Empirical orthogonality relations.

1.00 0.07 |—-0.01 0.00 0.00 0.00 1.00 |0.00{—0.06 0.07 (0.00| 0.02

0.07 0.99 0.07 |[-0.01 0.00 0.00 0.00 (1.01| 0.00 0.00 {0.01| 0.00

—0.01 0.07 0.99 0.07 |-0.01 0.00 [|-0.06 |0.00{ 1.09 |—0.01 [0.00/—0.09

0.00 [-0.01 0.07 0.99 0.07 |—-0.01 0.07 [0.00|—0.01 1.02 |0.00{ 0.07

0.00 0.00 |-0.01 0.07 0.99 0.06 0.00 {0.01| 0.00 0.00 (1.06| 0.00

0.00 0.00 0.00 [-0.01 0.06 0.92 0.02 {0.00|—0.09 0.07 (0.00| 1.08
Using H = SU(2) for Frobg(p) Using H = USp(4) for Frob4(p)

Now we study the Frobenius distribution of Frobe(p) over the family. We guess that its
Sato-Tate group is H = SU(2) x USp(4). Using the irreducible characters of G = USp(6), we

obtain
1.00 ‘ 0.07 0.94 —0.27 0.07 —0.16 110 1 0 0 0 1/0(1]0|0]0
0.07 2.01 —0.35 0.95 —0.06 2.04 0|2 0 1 0 2 0(2|]0|1|0]2
0.94 —0.35 3.00 —0.31 1.06 —1.16 110 3 0 1 -1 170(3(0]1]0
—0.27 0.95 —0.31 2.13 —0.70 2.05 0|1 0 2 —1 2 0(1]0]|2|0]2
0.07 —0.06 1.06 —0.70 3.07 —1.16 0|0 1 —1 3 —1 0j]0|1]0|3]0
—0.16 2.04 —1.16 2.05 —1.16 6.24 02| -1 2 -1 6 0(2|0|2|0]6
Using H = SU(2) x USp(4) C G = USp(6) for Frobe (p) Rounded values Expected values

This suggests that SU(2) x USp(4) should be the Sato—Tate group, despite the fact that we
obtain some entries with value —1 in the rounded values, which are caused by the small number
of primes used to produce the sample.

It is clear that the Sato-Tate group is contained in G = SU(2) x USp(4), which is the
smallest group that we know (for free) containing the Sato—Tate group. The conjectural Sato—
Tate group H is G itself. Instead of using the irreducible characters of USp(6), we use the
irreducible characters of G, which are products of the irreducible characters of SU(2) and
USp(4), respectively. We take the first four irreducible characters from each factor to form
a set of sixteen irreducible characters of G. We expect to obtain orthonormal relations, and
Table 3 supports our conjecture with very good approximations.

EXAMPLE 4. We study the curve C : y?> = 28 + 1, which is studied in [4]. We have the

quotient maps
C
(wW v,yw(ﬁw)

Ei:y?=2%+1 D:y? =242

Ey:y?=a+2% 20 -4 Ey:y?=2°—22% -2z +4,
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TABLE 3. Using H = G = SU(2) x USp(4) for Frobe (p).

1 0.1 0 0 0 0 0 |-01|/-03| 0 0 0.1 0
0.1 1 0.1 0 0 0 0 |-03|-01{-03| 0O 0 0.1 0
0 0.1 1 0.1 0 0 0 0 0 |-03[-01|-03| O 0 0.1 0
0 0 0.1 1 0 0 0 0 0 0 |-03(-01| O 0 0 0.1
0 0 0 0 1 |[-02] O 0 0 0 0 0 0 0 0 0
0 0 0 0 |-02f 1 [-02| O 0 0 0 0 0 0 0 0
0 0 0 0 0 |-02| 1 [-02| O 0 0 0 0 0 0 0
0 0 0 0 0 0 |-02| 1 0 0 0 0 0 0 0 0
—-0.1]-0.3| O 0 0 0 0 0 1 0.1 0 0 0 |-03| O 0
—-0.3|{-0.1/-0.3| O 0 0 0 0 0.1 1 0.1 0 |-03| 0 |-02| O
0 |-03[-01]-03| O 0 0 0 0 0.1 1 0.1 0 |-02| 0 |-0.2
0 0 |-03|-01| O 0 0 0 0 0 0.1 1 0 0 |-02| O
0.1 0 0 0 0 0 0 0 —-03]| 0 1 |[-02] 0O 0
0.1 0 0 0 0 0 0 |-03| 0 [—-0.2 -02{ 1 |-01| O
0.1 0 0 0 0 0 -02| 0 |-02| O |01 1 |-0.1
0 0.1 0 0 0 0 0 0 |-02| 0 0 0 |-01] 1

where o @ (z,y) = (z + 1/z,y(1/z + 1/2?)), T2 : (z,y) = (z + 1/2,y(1/z — 1/2?)). The two
elliptic curves Fs and Eg are isogenous and we have a isogenous decomposition of Jac(C) ~
FE1 x E5 % EQ. We focus on the identity component, and thus we restrict ourselves to primes
p =1 (mod 8), for which E; = E5 over F,,. The identity component of the Sato—Tate group of
C is determined by E; and Es, which both have CM, and hence it should be H = SO(2)2. We
work with the irreducible characters of G = USp(4), and we expect the orthogonality relations
to be determined by the branching rule from G to H. We verify this fact using 2'2 sample
points for E; x Es, rather than Frobenius sample points of C' for p < 240 as in [4].

1.00 | 0.01 | 0.98 1.97 0.07 101 0
0.01 | 3.95 | 0.09 0.16 7.75 0|40 8
0.98 | 0.09 | 4.92 5.80 0.30 1105 0
1.97 | 0.16 | 5.80 | 11.60 0.62 210]6]| 12 0
0.07 | 7.75 | 0.30 0.62 22.9 0810 0 24
Using H = SO(2)? C G = USp(4) Expected values

ExAMPLE 5. We study how well the sample means approximate to the expected values in
the sample size n, which is measured by the function Err defined after equation (5.1). We
choose the elliptic curve E : y? = 23 + x + 1. Its Sato-Tate group is H = SU(2) and we use
the set I of its first nine dominant weights. We compute 226 Frobenius and plot the function
0(k) := Err(H,S,,I), where S, is the set of the first n primes of good reduction of E, for

n=20% k=1,2,...,2'. The pictures of §(k) and 8(k) := \/(32F_, 6(i)2)/k are as follows.
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The pictures on the left-hand side have oscillation, but the picture of vk &(k) suggests that
it converges to a constant c. After a change to the variable n, one guesses that Err(H, S,,, I) ~

32¢/+/n.

6. Conclusion

We have developed a systematic way of computing the irreducible characters of USp(2¢) in
terms of the coeflicients s; of the real Weil polynomial g,. The main tool is the Brauer—
Klimyk formula (Theorem 4.1). We obtain the recursive Algorithm 1 for the computation of
the irreducible characters. Although we work with USp(2g), the algorithm can be modified
to compute the irreducible characters of other compact connected Lie groups. In fact, the
Brauer—Klimyk formula is already used in Sage to decompose tensor products of two irreducible
representations into the direct sum of irreducible representations, and it works with a wide
collection of classical and exceptional Lie groups (see the Sage documentation [2]). However,
using the Brauer—Klimyk formula in the form of Algorithm 1 is new.

The use of orthogonality relations of irreducible characters provides a new perspective to
the study of Sato—Tate groups. In Example 2, we show that our new approach requires many
fewer sample points to identify the Sato—Tate group USp(4) in contrast to the approach using
moment sequences (in fact 210 to 2!2 points provide satisfactory convergence). In Example 3
and Example 4, we demonstrate that it is better to use the character theory of the smallest
group we know containing the Sato—Tate group. When we study families of curves with
particular structures, such as RM curves (i.e. curves with real multiplication), this is very
useful. This way, the orthogonality relations are small integers. By combining the results in
Example 5, we believe that a small number of sample points is enough, not only for the
generic case, but also for all of the possible connected Sato-Tate groups (or their identity
components). Furthermore, in the cases where we do not know the structure of a target curve
or family, we can start with the irreducible characters of USp(2g). It is very likely that we
get useful information from them, but without very good convergence for distinguishing the
Sato—Tate group from just a few possible candidates. Then we use the character theory for
these possible groups to find out the actual one.

We have established the general framework and necessary tools in this article for the study of
Sato—Tate groups using the orthogonality relations of irreducible characters. We have seen the
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heuristic advantages of this new method. We focused on the analysis of the identity component
of the Sato—Tate group. A complete strategy requires an analysis of the component group,
which is a finite Galois group. A similar approach through character theory of finite groups
should aim to determine its splitting field, which is usually determined by the geometry
and arithmetic of the curve or abelian variety, and, in particular, the splitting field for its
automorphism group or endomorphism ring.

Further studies of Sato—Tate groups using this method, in particular, for g = 2 and g = 3,
is under way.
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