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On the Frobenius fields of abelian varieties
over number fields

Ashay A. Burungale, Haruzo Hida and Shilin Lai

Let 4 be a non-CM simple abelian variety over a number field K. For a place v of K where 4 has good
reduction, let F (A4, v) denote the Frobenius field generated by the corresponding Frobenius eigenvalues.
If A has connected monodromy groups, we show that the set of places v such that F(4, v) is isomorphic
to a fixed number field has upper Dirichlet density zero. Moreover, assuming the GRH, we give a power
saving upper bound for the number of such places.

1. Introduction

For an abelian variety over a number field and a place of good reduction, a basic invariant is the Frobenius
field generated by the corresponding Frobenius eigenvalues. In this paper we study its connection with
the arithmetic of the abelian variety.

For a CM abelian variety, in view of the CM theory of Shimura, Taniyama and Weil, the Frobenius
fields are contained in a fixed number field and equal to it for a set of places of Dirichlet density one. A
natural question: to explore the upper Dirichlet density of the set of places at which the Frobenius field of
a non-CM abelian variety coincides with a given number field up to an isomorphism. The question has
been studied in the literature in various low-dimensional cases, and the primary goal of this paper is to
consider the general case via a uniform approach.

We show that the density is zero under a mild connectedness hypothesis (see Theorem 1.1). Moreover,
assuming the GRH, we provide a power-saving upper bound on the size of the set of places with bounded
norm at which the Frobenius field of a non-CM abelian variety coincides with a given number field (see
Theorem 1.3).

Main results. Let K be a number field and X g the set of its finite places. For K an algebraic closure,
let Gk = Gal(K/K) be the corresponding absolute Galois group. For a place v € Sk, let Frob, be an
associated geometric Frobenius.

Let A be an abelian variety defined over K of dimension g and conductor 1. For a prime p, let 7, 4
be the p-adic Tate module of 4 and

pa,p:Gg — Autg, Tp A
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the associated p-adic Galois representation. For v § pM, it is unramified at v. Let F(A, v) be the splitting
field of the characteristic polynomial of p4,,(Froby). As (p4,p)p is a compatible system of Galois
representations, F(A4, v) is a number field independent of p, referred to as the Frobenius field associated
to the pair (A4, v).

Let M be a number field and S4, ps a subset of finite places X g of K given by

Sam={veZg|viIN F(4,v)= M}

When 4 is a CM abelian variety, the Frobenius fields are a subfield! of the corresponding CM field
(cf. [35]). Moreover, for a Dirichlet density one subset, the Frobenius fields equal a fixed subfield of the
CM field.

In this paper, for non-CM abelian varieties 4, we consider dependence of the Frobenius fields F (4, v)
on the place v. To state the results, we recall the following notion. For S C X g, the upper Dirichlet
density ud(S) is given by

, #Hve Xk : Ngjgv=X,veS}
ud(S) = lim sup
X—>oo HvEXg:Ngpuv=X}

where Ng /g denotes the norm of the extension K/Q.
Our first main result is the following.

Theorem 1.1. Let A be an absolutely simple non-CM abelian variety defined over a number field K.
Suppose that the monodromy groups associated to A over K are connected (cf. Hypothesis 2.2). Then for
any number field M , we have

ud(S4,p) = 0.

The connectivity Hypothesis 2.2 is satisfied by any abelian variety A over some finite extension of its
field of definition (cf. Remark 2.3). Moreover, it is satisfied by a class of abelian varieties over their field
of definition, for instance: most abelian varieties in a typical family, including hyperelliptic Jacobians
[37, Theorem 1.2].

Remark 1.2. Theorem 1.1 gives a criterion for characterization of CM/non-CM abelian varieties. For
different criteria in the case of GL,-type abelian varieties over (, the reader may refer to [12, §3.1.1].

In view of Theorem 1.1 it is natural to seek to estimate the size of subsets of S4, s with bounded norm.
To state the result, we introduce some notation. Let G be the Mumford—Tate group associated to 4. Let
G % be its semisimple quotient. Let

d =dimG®*, r =rankG*
denote the dimension and (absolute) rank of G'** Then our quantitative result is as follows.

I'More precisely, the Frobenius fields are a subfield of the CM endomorphism field K given by a® € K for some o € K’ for
the reflex CM type (K', @').
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Theorem 1.3. Let A be an absolutely simple non-CM abelian variety defined over a number field K.
Suppose that the monodromy groups associated to A over K are connected (cf. Hypothesis 2.2), and that
the generalized Riemann hypothesis (GRH) holds for L-functions as in Remark 1.5. Then for any € > 0,
there exists a constant ¢ depending on (A, K, €) such that for any number field M and X € R+, we have

}{U € SA,M | NK/@U < X}‘ < CX1_3d—1’+2+8.

If A is generic — meaning that the associated adelic Galois representation has open image in GSp, (Z) —
then G * = PGSp,, for an integer g = 1. In this case d =2g?+ g and r = g, so we obtain the following.

Corollary 1.4. In the setting of Theorem 1.3 suppose further that A is generic and let G * = PGSp,, for
an integer g > 1. Then for any ¢ > 0, there exists a constant ¢ depending on (A, K, €) such that for any
number field M and X € R, we have

‘{v € Sqm | Ngjgv = X}‘E CX1—6g2—+12g+2+a.

Remark 1.5. Our approach to Theorem 1.3 is conditional on the GRH for two types of L-functions. The
first is the Dedekind zeta function for a number field M. The second consists of L-functions of finite
order Hecke characters appearing in the statement of Lemma 4.11, namely the characters attached to
abelian subquotients of Galois extensions of the form K(A[d])/ K, where d is a square-free product of
rational primes.

About the proof. Our approach is based on the compatible system of Galois representations associated
to the abelian variety and some group theory. To begin, we recast the problem in terms of (a variant
of) Frobenius tori in the algebraic monodromy group of the abelian variety. A volume computation of
conjugacy classes arising from these tori and large Galois image results for A are keys of the proof.

We now describe the strategy in more detail. To begin, for primes p which split completely in M,
we show that if v € S4,as, then the image of Frob, in the associated mod p monodromy group lies in a
[Fp-rational Borel subgroup. Then we give a volume upper bound for the union of all such subgroups
(cf. Corollary 3.4), perhaps of independent interest. On the other hand, since A is non-CM, the associated
Galois representations have large image, thanks to the work of Wintenberger [36] and Hui and Larsen [13]
(cf. Theorem 2.5). In light of the image lower bound and the volume upper bound, the Chebotarev density
theorem implies that ud(S4,as) is bounded above by a constant ¢ less than 1, which is independent of the
prime p. This deduction relies on basic properties of reductive groups, several of which require the group
to be connected.

Next, we synthesise the analysis at different primes via the product Galois representation [ [ p4, p.
Ideally, we expect

([T pa,p) = [TIm(p4,p), (1-1)
14 14

which implies: for different choices of p, the events that p 4, , (Frob,) lands in a [ -rational Borel subgroup
are independent. Hence, Theorem 1.1 follows (recall that the density upper bound ¢ is independent of
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p). Actually, Serre showed that the independence (1-1) holds upon replacing K with a finite extension
(cf. Theorem 2.4(2)). This suffices for our argument.

As for Theorem 1.3, we quantify the above strategy with the aid of the effective Chebotarev theorem
of Lagarias and Odlyzko and the Selberg sieve. Some notable features:

e Without the Mumford—Tate conjecture, the p-adic monodromy groups can be different? for each
p. In order to control their sizes, we introduce a soft argument based on the Weil bound and the
classification of reductive groups over algebraically closed fields (cf. the proof of Lemma 4.15).

e Since we are only sieving using primes which split completely in M, a lower bound on the number
of such primes - independently of M - is necessary. This is achieved via a simple a priori upper
bound on the discriminant of a Frobenius field F (A4, v) in terms of Ng,gv (cf. Lemma 4.18).

To refine exponents naturally appearing in the analysis, we make the following improvements:

e Instead of the p-adic monodromy group, we work with its semisimple quotient, reducing the sizes of
the relevant Galois groups. This is a generalization of the PGL,-reduction method used previously.

e Well-known results of M. R. Murty, V. K. Murty and N. Saradha give better error terms in the effective
Chebotarev theorem when certain subgroups of the Galois group satisfy the Artin holomorphy
conjecture (AHC) (cf. Theorem 4.8). In our case, the natural choice is a Borel subgroup of the
monodromy group, and we make an elementary group-theoretic observation that it satisfies the AHC.

The above relies on a fundamental result of Deligne [10]: the Mumford-Tate group “contains’ all
p-adic monodromy groups (cf. Theorem 4.16).

Prior work and prospects. Our study is inspired by the Lang—Trotter conjecture [20] and a consideration
of Serre for Hecke eigenvalues of elliptic newforms [29, §7]. For elliptic curves, the result was first stated
(without proof or explicit exponent) by Serre [29, §8.2]. Its various explicit forms have appeared in the
work of Cojocaru, Fouvry and Murty [9], Cojocaru and David [6], Zywina [38], and Kulkarni, Patankar
and Rajan [17], among others. Cojocaru and David [7] consider the analogous question for Drinfeld
modules.

For generic abelian varieties, Theorem 1.1 was first established by Bloom [1]. His method is different
and does not seem amenable to quantitative refinements as in Theorem 1.3. As for general abelian
varieties, the only known result seems to be that of Khare [16]: for a non-CM simple abelian variety, the
set of places whose Frobenius fields equal a fixed number field cannot be the complement of a finite set
of places.

Our result applies to any abelian variety up to a base change. In the generic case, no base change is
needed, and it gives a better exponent than Bloom [1], assuming only the GRH. The qualitative part of the
argument generalizes to function fields, and we expect that a suitable modification yields the quantitative
version. Moreover, our method seems to apply to any compatible system of Galois representations for
which Frobenius semisimplicity holds (cf. Remark 2.6).

2Recall that the Mumford—Tate conjecture is not known in general.
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Compared to previous works, our approach is closer in spirit to the square sieve method, which first
appeared in [9]. However, by working with abstract reductive groups, we replace all the work in estimating
conjugacy class sizes with soft arguments, and we can identify power savings which are not apparent from
the explicit matrix-based considerations. It would be interesting to see if our approach can be combined
with the mixed Galois representation approach to obtain a further sharpening of Theorem 1.3.

Finally, to remove Hypothesis 2.2, we would need to study the structure of semisimple elements in a
disconnected finite reductive group. We plan to return to this question in the near future.

Plan. In Section 2 we describe preliminaries regarding Galois representations, monodromy groups, and
large image theorems. In Section 3 we present preliminaries regarding finite reductive groups® and
introduce the key notion of a bounding set (cf. Definition 3.3). In Section 4 we prove the main theorems.

2. Backdrop

We describe some preliminaries regarding p-adic Galois representations associated to an abelian variety
over a number field. The reader may refer to [13; 26; 36] for some details.

Let the setting be as in Section 1. In particular, 4 is an abelian variety over a number field K of
dimension g. Put A4 = Nk oM, so A has good reduction away from places of K which lie above a
prime dividing A 4.

2.1. Galois representations. For a prime p, let T, A be the p-adic Tate module of 4. Let
pp:Gg — Autz, TpA

be the associated p-adic Galois representation.

Theorem 2.1. Let v be a finite place of K such that v t pA4.

(1) (Serre-Tate) The Galois representation pp is unramified at v.

(2) (Weil) The characteristic polynomial of pp(Froby) has integral coefficients and is independent of p.

Moreover, all of its roots have complex absolute value (N ;g v)%.

T =T1rp- pr=1]rs

p¢T PET

For a set T' of primes, put

For N a positive integer, put p»V = ,oT(N ), PN = pT(N)» Where T'(N) is the set of primes dividing N.
2.1.1. Monodromy groups. Let

Iy =pp(Gg) C Autz, Tp A,
and G, denote its Zariski closure. This is a linear algebraic group over Z,. The generic fibre of G, is the

usual p-adic monodromy group. Throughout this paper, we make the following assumption.

3 As pointed out by the referee, these results may be well-known to specialists (cf. [15; 23]). Due to the lack of a precise
reference in the literature (see Remark 3.7), we include details.
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Hypothesis 2.2. The group G, is connected for a prime p.

Remark 2.3. A result of Serre [30, corollaire p. 15] shows that the component group G /G, is indepen-
dent of the prime p. So the hypothesis holds for all primes p as soon as it holds for one prime. It is also
proven in op. cit. that there exists a finite extension K" /K such that this hypothesis holds for the base

change A gcom.
We will use the following key results on the monodromy group.
Theorem 2.4.
(1) If p is sufficiently large, then G, is reductive.

(2) There exists a finite Galois extension L/ K and an integer N such that

pM(GL) =[] pr(GL)
PN
Part (1) is due to Larsen and Pink (cf. the proof of [22, Theorem 3.2]). Part (2) is another result of Serre
[31, théoreme p. 56] (see also [14; 33]). The reference does not include the Galois requirement, but we
can take the Galois closure, which preserves independence away from a finite set of primes.

2.1.2. Galois image. This subsection will recall some large image results for non-CM abelian varieties
due to Hui and Larsen [13, Theorem 1.3]. An essentially equivalent result was obtained earlier by
Wintenberger [36, théoréme 2], but this formulation is more convenient for us.

For a prime p such that G, is reductive, let G ;° denote the quotient of G, by its radical, and T';’ the
image of I'p in G°. Let 7 : G)° — G 5° be the algebraic universal cover. This is a finite morphism.

Theorem 2.5. Let A be an abelian variety over a number field K. Then there exists a constant c4 g € Z

such that for any prime p > c4 g, we have
Im(GSC(Zp) — G;S(Zp)) - FIS]S.

Proof. The aforementioned result of Hui and Larsen is that for p > 0, the group G,(Q)) is unramified,
and 77! (T'}") is a hyperspecial maximal compact subgroup of G ;°(Qp).
It is not easy to extract the integral model directly from the proof, so we conclude in an indirect way.
We have the inclusions
7)€ 7N G (Zy) € Gy (Zy)

The first is by definition. The second holds since 7 is finite, hence proper. The final group is also a
hyperspecial maximal compact subgroup of G ;°(Qp), and so all three groups above are equal. |

Remark 2.6. If we have a compatible system of semisimple Galois representations coming from geometry,
then Theorem 2.4 still holds. Larsen showed that Theorem 2.5 holds for a density one set of primes p
[21, Theorem 3.17]. The exceptional set in that proof is again cut out using Chebotarev sets. Therefore,
it’s likely that our approach works in such generality, though we have not checked the details carefully.
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Define the reduced residual representation
Py Gk — G(Fp),
Its image is also the image of I'; under the reduction map G ;*(Z,) — G,*(Fp). Denote it by f;s. Put
I, = Im(Gpsc(”:p) - G;S([Fp))-
A simple consequence of Theorem 2.5 is the following.

Corollary 2.7. Let A be an abelian variety over a number field K and ¢4 g € Z be as in Theorem 2.5.
Then for any prime p > ¢4 g, the image F:; contains Ip.

Remark 2.8. The lower bound ¢4, g in the above corollary and Theorem 2.4 depends only on the number
field K and the isogeny class of A. It seems likely that ¢4 g can be expressed as an explicit function of
K and the conductor of A4 following the strategy outlined in [36, Remarque 2.2].

2.2. A characterization of CM abelian varieties.

Proposition 2.9. Let A be a simple abelian variety over a number field K. If the associated p-adic
monodromy group Gy q, is abelian for one prime p, then it is so for all primes, and A has CM.

Proof. Suppose that G q, is abelian. The p-adic Galois representation pp is semisimple by Faltings,
and rational by construction. Hence, this Galois representation arises from an arithmetic Hecke character
over K by aresult of Henniart [11] (cf. [28, Theorem 2 in III-13]). Considering infinity type of the Hecke
character, it follows that p, corresponds to a CM abelian variety A’. Note that 4 and A’ are isogenous by
Faltings’ isogeny theorem. Hence A has CM, and the assertion follows. O

3. Results on finite reductive groups

Let G be a connected reductive group defined over [,. In this section we will give a volume upper bound
for the union of certain conjugacy classes.

3.1. Tori and Weyl groups. We recall some basic results about maximal tori of G'. A detailed exposition
can be found in [4, Section 3.3].

Let Wg be the absolute Weyl group of G . It carries an action of the Galois group Gal (Fp /Fp). Let y
be the action corresponding to the Frobenius element. The general theory of forms gives a bijection

{conjugacy class of maximal tori defined over [} <— {y-conjugacy classes in Wg}.
Let T be a maximal torus in G'. Define its Weyl group by

W(G,T)= Ng@E,)(T)/T (Fp).
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It can also be described as the stabilizer of the y-conjugacy class corresponding to T under the above
bijection. In particular, the y-twisted class equation gives

1
2iwe =" G-D

where the sum is over a set of representatives for the conjugacy classes of maximal tori in G .

Lemma 3.1. If G is not abelian, then W(G' , T) is nontrivial for any maximal torus T .

Proof. By the class equation (3-1), if the lemma holds for one choice of T, then it holds for all choices of
T. Let B be a Borel subgroup of G defined over [F,. Its existence is guaranteed by Lang’s theorem [19].
Let S be a maximal [F-split torus contained in B, and let T be its centralizer. This is a Levi subgroup
of B, and hence a maximal torus. In addition, Ng (S) € Ng (T), so the Weyl group W(G, T) contains
the relative Weyl group W(G, S).4

Since G is not abelian, its derived subgroup G %" is nontrivial. By Lang’s theorem, G %" has a Borel
subgroup, which implies that G %" has positive rank [3, corollaire 4.17]. The second paragraph of the
proof of [3, théoréme 5.3] then shows that the relative Weyl group W(G', §) is nontrivial, so W(G', T)
is also nontrivial for this choice of T . O

3.2. Conjugacy classes. Given a maximal torus T, let Cr denote the set of elements in G (F,) which
are conjugate to an element of T (F,). We will also use the superscript “reg” to denote the subset of
regular semisimple elements. The volume is the counting measure normalized so that vol(G (Fp)) = 1.

Proposition 3.2. There exists a constant C depending only on the (absolute) rank of the group G such
that, for all p, the following holds:

(1) vol(G (Fp)™¢) > 1—-Cp~L.

(2) If T is a maximal torus, then

-1

|V01(C;eg)— |<Cp

1
IW(G.T)|

Proof. Let T be a maximal torus. Themap G /T xT — G, (g.t) > gtg ™! is finite of degree |W(G , T)|

U= ¢'t'(g")7!, then g~ 'g’ conjugates ¢’ to ¢,

above the regular elements in its image. Indeed, if grg™
so it conjugates Zg (t') to Zg (¢). If ¢ is regular, then the centralizer is just T, so g~ 'g’ € NG (T). On
[Fp-points, the image of this map is exactly Cr, so

1 |7 (Fp)™*|
WG T ITE)

Summing over a set of representatives of conjugacy classes of maximal tori, we get

e _ L TG
WG )™ =2 G D T

vol(C;eg) =

(3-2)

4We in fact have equality here, but this will not be needed.
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We now give a coarse estimate for the right-hand side.

Let r =rank T'. The set of nonregular elements in T ([F,) is the [F,-points of a variety 7™ of dimension
r — 1. When base changed to F,, it can be described as the subset of G r; 3 where at least two of the
entries are equal. Let £ /7 be the subscheme of G,;’Z defined this way, then we see that 7™ is a form of

E x7 [Fp. It follows from the Weil bound® that there exist a constant C (depending only on r) such that
‘ [T (Fp)™¥|

Ccp! 3-3
7)) P G-3)

for all p (cf. the proof of Lemma 4.15).
This estimate together with equation (3-2) immediately gives part (2) of the proposition. Using (3-1),
we see that

vol(G (Fp)™¢) > 1-CpH=1-Cp L.

Z 1
. [W(G.T)|
This proves (1). O

Definition 3.3. Let G' be a reductive group over F,. Its bounding set is the set of elements in G (Fp)
which lie in a Borel subgroup defined over .

A consequence of Proposition 3.2 is the following.

Corollary 3.4. Let B be the bounding set of G. There exists an integer N depending only on the rank
of G such that if G is nonabelian and p > N, then

vol(B) < %.

Proof. Let T be a maximal torus in a Borel subgroup B. Let x € B be regular semisimple. We will show
that x is conjugate to an element of T . Indeed, all Borel subgroups are conjugate [3, théoreme 4.13(b)],
so we may assume x € B. Any maximal torus of B containing x is a Levi component, so it is conjugate
to T [3, proposition 4.7]. It follows that B is contained in the union of nonregular semisimple elements
and Cr . Therefore,
vol(B) < vol(G (Fp) — G (F,)"™®) + Vol(C;eg)
1
IW(G.T)|

by Proposition 3.2. Lemma 3.1 shows that W(G, T) is nontrivial, so its order is at least 2. By taking p

<2Cp~ '+

sufficiently large, the right-hand side can be made smaller than any real number greater than % O

3.3. Central isogeny. This subsection refines Proposition 3.2 and Corollary 3.4. This refinement is the
key ingredient which allows us to apply the large image results of Theorem 2.5 and Corollary 2.7.

Suppose G is semisimple. Then it has an algebraic universal cover 7 : G — G'. Its kernel, denoted
by Z, is a finite group scheme over [, and contained in the centre of G*°. Let T be a maximal torus of
G, then T* := 7~ 1(T) is a maximal torus in G*® containing Z.

3One may also proceed by an elementary argument: counting T (Fp)™® using inclusion-exclusion, but the details are messy.
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We have the following exact sequence of groups:

1 —— Z([F,) —— T(Fp) —— T([F,) —— H'(Fp, Z) —— 1

| [ | |

1 —— Z(F)) — G*(F,) — G (F,) —— HI(F,.Z) — 1.
The final 1 in both rows comes from Lang’s theorem. A priori, the connecting morphisms are between
pointed sets, but since Z is central, they are actually group homomorphisms (cf. [32, §1.5.6]).

Lemma 3.5. We have |G*(Fp)| = |G (Fp)|.

Proof. Since Z (FP) is finite, its Herbrand quotient is 1. Hence the assertion follows by considering the
bottom row of the above diagram. This is also a special case of [2, Chapter V, Proposition 16.8]. O

The main result of this section is that the various conjugacy classes we have considered are approximately
equally distributed in the fibres of §. More precisely:

Proposition 3.6. Let G be a nonabelian semisimple group. Let I = Im(G**(F,) — G (Fp)).

(1) There exists a constant C depending only on the rank of G such that for any maximal torus T and
g € G (Fp), we have
|C;e fngl| 1
1] IW(G., T)|

<CpL.

(2) There exists an integer N depending only on the rank of G such that for all p > N, we have

1 BNgl| 3
< < —
2|W(G,T)| 1] 4

where B is the bounding set for G'.

Proof. Let n =[G (Fp) : I]1 = |H (Fp, Z)| = | Z(F)|. The group Z is a subgroup of the centre of a
semisimple simply connected group over Fp. Since the rank is fixed, there are a finite number of such
groups, so 7 is bounded from above, independently of G .

From the above diagram, / = ker § is a normal subgroup with an abelian quotient, so if two elements
of G (F,) are conjugate, then they lie in the same coset of /. Moreover, § is still surjective when restricted
to T (Fp), so it identifies T (Fp)/(T (F,) N I) with H(F,, Z). Fix g € G (Fp), then we get

TE) gl = L

IH! (Fp, 2)]

The conjugation action G /T x T — G, (x,t) — xtx~!, as in the proof of Proposition 3.2, restricts to
an action on the coset g/, so

I G
W(G.T)| T

1l TE)Engl]
W(G.T)| [T(F,)ngl|

CFEngl] = AT Ep)engl| =
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Therefore, we have

ICr*ngl| ! (T (Fp) =T (Fp) ) Ngl| _ |T(Fp) =T (Fp)"™

i IWG. Tl [T (Fp) N gl| T ®Epl/n

where C is the constant from (3-3).

1

<nCp~

For the second part, take T to be the maximal torus in a Borel subgroup as before. Let C be the
constant in Proposition 3.2; then

1Bngl| _|G(Fp)—GFp)e|  |CpiNgl 1
< + <Cn+)p "+ —r——.
7] 7] 7] IW(G ., T)|
On the other hand,

reg
Boer _ICtnell 1
1] 1] IW(G.T)|
The same argument as in Corollary 3.4 gives the desired bounds. O

Remark 3.7. Some versions of the above counting results for tori have previously appeared in literature
(see [15, §3.4] and [23, §3]). For example, our Propositions 3.2(2) and 3.6(1) coincide respectively with
Propositions 4.1 and 4.6 of [15]. However, the literature does not seem to contain finer results such as
Corollary 3.4 and Proposition 3.6(2), which are necessary for our later arguments.

4. Proof of the main theorem

We now prove the main results. The first subsection sets up some notation. Then the second contains a
short proof of the qualitative version (cf. Theorem 1.1). Finally, the third subsection is dedicated to the
quantitative version (cf. Theorem 1.3).

4.1. Preliminaries.

4.1.1. Serting. Let A be a simple abelian variety of dimension g defined over a number field K such that
A /K does not have CM. Let 91 be the conductor of 4. Let M be a number field and

Sam={veZg|viMN F(4,v)= M}
For X a positive real number, define
Sam(X)=1{veSqm|Ngjov =X}

Our goal is to bound S4 a7 (X) from above, supposing Hypothesis 2.2.
Let L be a finite Galois extension of K such that the conclusion of Theorem 2.4(2) holds, and let N
be the bound given therein. Increase N so that for all p > N, the following holds:

(1) The monodromy group G, is reductive, cf. Theorem 2.4(1).
(2) The large image result in Corollary 2.7 holds for 4, .
(3) The density estimate in Proposition 3.6(2) holds for all groups of rank at most 2g.



588 Ashay A. Burungale, Haruzo Hida and Shilin Lai

In view of Corollary 2.7, this N depends only on 4 and K. Let P be the set of all primes greater than N
which split completely in M .

4.1.2. Preliminary lemmas.

Lemma 4.1. Pick p € P and v € S4,p which does not lie above p. Then the Frobenius py; (Frob,) €
G’ (Fp) lives in a Borel subgroup defined over [ p.

Proof. Let Fy, = py(Froby,) € G;*(Zp). By Faltings’ theorem, this is a semisimple element in G ;*(Qp).
Our assumptions on p and v together imply that F;, lies in a split torus, and hence in a minimal parabolic
subgroup of G,*(Qp), which is necessarily a Borel subgroup since G, is unramified. The scheme of
Borel subgroups over Z,, is proper [34, XXII, 5.8.3(i)], so we can extend this Borel subgroup to one
defined over Z,. Its fibre over [, is a Borel subgroup of G;*(Fp) containing the reduction of Fy. O

Lemma 4.2. The image of the Galois representation

PGk —> [ G (Fp)
DEP

is a union of cosets of HpGP I, where I, is defined as in Corollary 2.7.

Proof. By the choice of L, we have
PG =[] Ay G S [ Gy (Fp).
PEP PEP

Item (2) of the choice of P implies that py(GL) contains the subgroup /,, for all p € P. Therefore,

Pp(Gr) 203(GL) 2 [ | 1.
DEP

In other words, p35(Gk) is a subgroup of [] G, (Fp) which contains the subgroup [T 1p. |
DEP DEP

4.2. Proof of Theorem 1.1. Let d be a square-free product of primes in P. Let F; be the union of all
conjugacy classes p}j (Froby) for v € Sy ar not dividing d.

By Lemma 4.1, we have

Fa < (113,) N7 G,

where B, is the bounding set for G,° introduced in Definition 3.3. The Chebotarev density theorem
implies that

|Fal  _ \(IT,1a Bp) N 75 (Gi)|
P (Gl — 105 (Gk)I

To estimate the right-hand side, we utilise the following decomposition, given by Lemma 4.2:

ud(Sy,m) < | 4-1)

N N

7Gx = L (&4 1 1) = LI (T gepp).

i=1 pld i=1"p|d
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In view of Proposition 2.9, G ;* is nonabelian®. Therefore, Proposition 3.6 can be applied, giving the

upper bound
N
(Hﬁp)ﬂﬁﬁ(GK>\=Z (18, ngiply)| <s[1GILD) = Q) PIss Gl @2
rld i=1"pld pld

where w(d) is the number of prime divisors of d.
Combining (4-1) and (4-2), we get

d
ud(S4,m) < (3)°
for any d which is a square-free product of primes in P. Since P is infinite, this implies that
ud(S4,p) = 0.

4.3. Proof of Theorem 1.3. We will now use the effective Chebotarev theorem of Lagarias and Odlyzko
and the Selberg sieve to obtain a power saving upper bound for the number of places with a given
Frobenius field M . This is possibly the approach suggested by Serre in [29, §8.2].

In this section we will write f(X) = O(g(X)) or f(X) < g(X) to mean the existence of an absolute
constant ¢ such that | f(X)| < c¢|g(X)| for all X. If the constant is allowed to depend on some other
object, we will indicate so in the subscripts. All constants are in fact effectively computable.

Remark 4.3. This section will be conditional on the GRH. Unconditionally, we expect that the standard
methods lead to an upper bound of the form O(X /(log X )"‘) for some explicit o > 1, but we have not
worked out the details.

4.3.1. Sieving setup. In this subsection, we recast the problem into a form where the Selberg sieve can be
directly applied. There are notational complications since we are only assuming potential independence
of the Galois images at different primes p. No important idea is lost if one assumes L = K, i.e., the
family of Galois representations over K has independent image.

Fix a positive real number X . Let X g (X) be the set of all finite places of K of norm at most X where
A has good reduction. Recall that in Section 4.1, we have chosen a finite Galois extension L/K and an
infinite set of primes P defined by a splitting condition.

Let R be the set of square-free products of primes in P. Let d € R U {oo}. In the infinite case,
the condition “p|d” should be interpreted as “p € P”. Let Gg = [ | pld Gp (Fp), so we have a Galois
representation

,5;5 :Gg — Gy.

Denote its image by G;, and the fixed field of its kernel by K, so we have an isomorphism
Gal(K4/K) ~ G,
and K is the compositum of all K, for p|d. Define Hy and L4 similarly using the restriction p|g, -

The generic fibre is abelian if and if the special fibre is, since G ;S is reductive over Zp.
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By the choice of L, we have H; =[] pld Hp,. In these notations, we have

Ig:=[]1, S Hy; S G, <Gy
rld

where the first inclusion is due to Corollary 2.7.
Here is a summary of the above definitions:

La H,= [1,1a Hp

VRN
K, L
NS
G/, KanL Gal(L/K)
K

Let Z = G,/ Hso. From the above diagram, Z = Gal(Ks N L/ K) is finite. Fix an integer d such that

KqyNL=KsNL,soifd|d, then G;/Hd ~ 7. Write down a coset decomposition
G</>o = |_|giHoo = I_l l_[ gi,pHp‘
i€l i€ peP

For any d as above, define g; 4 = (gi,p)p|a € G;,, so we have a decomposition G;, = giqHa. By
. . . .. e . . . 1€T
comparing indices, this is a disjoint union if d|d.

For each p € P, let B, C G, be the bounding set as in the previous section (cf. Definition 3.3). Let
Cp = Gp —B). For a general d € R U {00}, define C; and B as a product of the corresponding sets for
p dividing d. Let C/; = C4 N G, and B/, = B; N G,. For an index i € Z, define

rld
So we have Bg) =114 Bl(,i). Moreover, B), = ;s Bg). Define the subset Cg) similarly. If p is a
prime, then g; , H) = Bg) U CI(,i).

Remark 4.4. It could be the case that BS) = Bg/) even though i # i’ in Z. However, this cannot happen
if d|d, in which case B/, =| |, BS). In other words, the purpose of the auxiliary d is to ensure that
each element of Bﬁl belongs to a unique coset.

Let C be any union of conjugacy classes in G;l. Define

E4(C) ={v € S (X) |v does not lie above any p|d, p}; (Froby) € C}.

The proof of Theorem 1.1 in the previous subsection then implies Sy a7 (X) C Ey4 (TB;,). This form does
not immediately yield a power saving upper bound. Instead, we re-write it in a different way.
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Proposition 4.5. We have an inclusion

Sam () S| | (EaBP)~ U Eep(3 xc)),
i€z peEPW

where PD consists of the primes in P which do not divide d.

Proof. Implicit in the statement is that TB( D is a union of conjugacy classes in G’ for all d. To see
this, observe that B’ 4 1s a union of conjugacy classes, and TB( D is its intersection with a coset of H; in
G;,. It remains to observe that H; is a normal subgroup of G/ , and the quotient is abelian, since it is a
subquotient of the abelian group G;/1; (cf. Section 3.3). The same argument works for the second term.

The containment is apparent: let v € Sy as(X) and g = (gp)pep = P (Froby) € GL,. Then there
exists a unique i € Z such that g € g; Hoo. We know that g, € B/ for all p € P, so gp gZC/ It follows
that (gp)p|a € B((i), but it is not in Bg) X C(l) for any prime p. O

Each term in the disjoint union in Proposition 4.5 is a sieving problem. We now recall a form of the
Selberg sieve.

Theorem 4.6. Let & be a set of primes, and let Z be the set of square-free products of primes in 2.
Let A be a finite set. For each p € &, let A, C A. Ford € %, define Ag = ()| Ap. If d =1, set

A1 = A. Suppose that, for all d, we can write pld

|Aal = BacLi(X) + Rq.

where R is some real number, the function d — By is multiplicative, and there exist constants
0<B<B<lsuchthat p <P, <p forall pec 2.
Under these assumptions, for any positive real numbers z and &, we have

Li(X I+e \2 R
A U,Ap‘<<7,g,g,sc f( )+(Z ) 3 [d1,d2]

() T (2) di.dr<z dyd,

dy,d>€R

where m5(z) = |{p € | p < z}|.

Proof. This follows from a minor refinement to the proof of [8, Theorem 7.2.1], and we borrow their
notations, with the obvious modification that their X is ¢ Li(X) in our case. It is easy to compute that

£(@) = B7". fi(d) =TTpa(1 - Bp)/Bp. and

wid) _ _ ﬁ
I RPN e e e
le(z) PGJ pEP

mp(2).

The first term in the upper bound is the main term of the conclusion in loc. cit. For the second term, we
start from the third displayed equation on page 122 and improve on the estimate |A4| < 1. From the
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second to last displayed equation on page 122, we have

2
)
V(2)Aal = (4-3)
l_[ ,Bp =z J1(@)
tex
Fix an &€ > 0. Then, for all t € %,
B w(t)
< — A
7@ H 25 (; —,3) Che
The same argument can be applied to the first term of (4-3). Therefore,
V(D)hal K5, d° Y 15 <d™'21Fe
=%
tex
Combined with the above lower bounds for V(z), we get
L1te
A z o d ' ——.
hal <ppe popS
This concludes the proof. |

In our applications, we will take 22 = P@_ A = Ed(Bg)), and A, = Eq4p (Bg) X CI(,i)). Let R@ be
the subset of R which are coprime to d, then for all d € R(d), we have
Aq = () Eap(BS x ) = Eaa(B§) x ).
pld

The sizes of Az will be estimated using versions of the effective Chebotarev theorem, which we now
recall.

4.3.2. Background on effective Chebotarev. For any number field k, let n; = [k : Q] and Ay be its
absolute discriminant. Given a finite extension // k, let D(// k) denote the set of rational primes that lie
below the ramified finite places of // k. Define

1
M/ =1GIax [T »p
peD(/k)
Suppose that // k is Galois with Galois group G. Let C C G be a union of conjugacy classes. For any
positive real number X, define

n(X,C,l/k):= ‘{p | p is unramified in /, Frob, € C, Ny gp < X}‘.

We are interested in the error term

R(X,C,1/k):=n(X,C, l/k)—%L (X).
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The following result is equation (20Rr) in [29, §2.4], which is an improvement to Lagarias and Odlyzko’s
original result [18].

Theorem 4.7. Assume the GRH holds for the Artin L-functions of irreducible representations of | / k.
Then
IR(X,C.1/k)| < |Clni X (log X +log M(1/k)).

Assuming the truth of the Artin holomorphy conjecture, Murty, Murty and Saradha obtained the
following improvement [24, Corollary 3.10].

Theorem 4.8. Let H be a subgroup of G such that the GRH and AHC hold for the Artin L-functions of

the irreducible characters of H. Suppose H meets every conjugacy class contained in C, then
R(X.C.1/k) < |C|2[G : H*ni X% (log X +log M(1/k)).

If |C| is of roughly the same size as |G|, then this estimate saves a factor of |H |% compared to
Theorem 4.7. We therefore want to take | H| as large as possible.

Remark 4.9. This theorem is a corollary of a precise result [24, Proposition 3.9]. While it suffices for
our purpose, we expect that a finer analysis of centralizers in finite reductive groups can give a better
exponent.

4.3.3. Applications. We now apply the above results to the various terms appearing in Theorem 4.6. Fix
i € Z. For each d € R, define
) |B(i)|
@ _ '"d
oy =T
| Hql

Then we have the relations

0 _ [a?. B = [189. @ +p9 =1
pld pld
forall p € P and d € R. If dy, d, are coprime numbers in R, then in the above notations,

1

|Eq,a,(BS) x )| = o BPLI(X) + R(X.BY x ). Kyya,/ K). (4-4)

dldz tHy, dz]
Using Theorem 4.7 alone, this error term is of the order |Gy, 4,| X 3+e

In this subsection, we show that the error term for !E d (Bg))| can be improved using Theorem 4.8.
This yields the required estimate for (4-4) using the principle of inclusion-exclusion. The main result is
Proposition 4.13.

For each prime p, fix a Borel subgroup B, < G*, and let

Define By = [],|4 Bp and B, = B4 N G;. This is a subgroup of G;. The next two lemmas verify that
it satisfies the conditions in Theorem 4.8.
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Lemma 4.10. All conjugacy classes in ‘.Bg) intersect B:i'

Proof. By the Borel conjugacy theorem [3, théorme 4.13(b)], this result holds in G 4. To conclude, we will
show that the conjugating element can be chosen to lie in 1. It is enough to do this for d = p, a prime.

Suppose b € B}, and ghg~! e B;,, where g € G. Let T, C B, be a maximal torus. Then the
commutative diagram appearing Section 3.3 shows that T, (F,) intersects all cosets of I,. Choose
t € Tp(Fp) so that ¢ and g are in the same coset, then t~!g is an element of I, conjugating b to B1/7' O

Lemma 4.11. All irreducible representations of B:i are induced from abelian characters. Consequently,

the AHC holds for K4/ K Bd, and the GRH holds provided it holds for all Hecke L-functions.

Proof. We will show that if p € P, then B, is supersolvable. The group B;l is a subquotient of their
product, so it is also supersolvable. The first claim of the lemma is an elementary group theory fact [27,
Theorem 12.8.5]. The second part of the lemma is a standard consequence of class field theory.

Let p € P. We first observe that G° is actually split over Fp,. Indeed, by a result of Serre (cf. [5,
Corollary 3.8]), the element p,(Froby) € G,(Q,) generates a maximal torus for a density one set of
places v. On the other hand, p splits completely in M, so this element lies in a split torus. Therefore, we
have constructed a split maximal torus of G, over Qp, which also implies G ;* is split.

Fix a faithful representation G,;* < GLy defined over [, we see that B), is isomorphic to a subgroup
of Ry, the group of upper triangular matrices in GL (F,). Write the derived series of Ry as

Ryv>Sy>Sy_1>---> Sy = {1}
Then a standard calculation shows that
Sk={ge€Ryl|gii=1 gij=0if0<j—i <N —k}.

Forv=1,---,k—1,let
Sk, =18 € Sk | gii+N—k =0if i = v}.

Then we have a normal series Sg > Sg 1 > -+ > Sk x—1 = Skg—1 where each quotient is isomorphic to [.
Conjugation by a diagonal matrix preserves Sy ,, so all of the groups are normal in Ry . This normal
series shows that R is a supersolvable group, which completes the proof. O

Proposition 4.12. For each prime p, let
_1
Np =G, (Fp)|-|1Bp(Fp)|~2. (4-5)
Assume the GRH for Hecke L-functions. Then for all d € R, we have

ONTIES. )y - 1
(Ea ()] = g7 a WO + oA,K(ﬂl Np-X*(log X +logd)).
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Proof. Applying Theorem 4.8 to the extension //k = K;/K with the subgroup H = B/, gives the error
term

IR, B, K/ K)| < (1BD-[G]: By)Zng X% (log X +log M(K4/K))
1 1
< (1G4l [Ga: Bal)2ng X2 (log X +log M(K;/K))

= 1_[Np-nKX%(logX—i—logM(Kd/K)).
rld

For the terms beside N, recall that K;/K is unramified away from the places of K dividing dA 4, so

g( K)
log M(K4/K) =log|Gy| + ——=>+ logp+ Y _ logp

rld plA4
< Zlog|G;S([Fp)l +logd + 04 g (1)
pld
<<A,K log d,
where in the final estimate we used the trivial bound |G;*(Fp)| < [GSp,4(Fp)l. |

We now apply this to calculate the intersection terms in the Selberg sieve.

Proposition 4.13. Assume the GRH for Hecke L-functions. If d € R is coprime to 4, then

() Eap(BY x c<’))’ (l),B(')Ll(X) + 04k (zw<d) [T Np- X2 (log X + log(dd))).
pld pldad

Proof. We have the equality

() Eap(BE x D) = E¢(BY) | Eap(BL).
pld pld

To see this, observe that Bg) L Cl(,i) is the coset of g;, , Hp, and the condition defining the set Eq4 (Bg))
already forces the Frobenius element to be in this coset (cf. Remark 4.4).
The principle of inclusion-exclusion now gives

() Eap(BS x )
rld

=" wd)|Eaar(BE)].

d’'\d

Apply the previous proposition to the right-hand side. There are 29@) terms in the above sum, so the
error term has the required form by the triangle inequality. In the main term, the coefficient in front of

Li(X) is given by
o® o ( ol g
Z oK |I| dd’_ l_[( N l))_ | Ba
d’'|d

where we used the observation that [G/, : Hy] =[G, : Hoo] = |Z| for d|d. O
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4.3.4. Point counting. We will now estimate Np, defined in (4-5).

Proposition 4.14. Let G be the Mumford—Tate group of A,k and G * its semisimple quotient. Put
y = %(3 dim G* —rank G'*).
There exists a constant C depending only on g such that
Np = Cp”
for all primes p.

The key feature of this proposition is that neither C nor y depend on the prime p, even though the
monodromy groups G, are not assumed to interpolate into a group over Q. The proposition follows by
combining Lemma 4.15 and Corollary 4.17 below.

Lemma 4.15. There exists a constant C depending only on g such that for all prime p,

N, < Cptim Gy—3dimB)

Proof. In view of Lemma 3.5 we may replace G,° with G,° in the definition of Np. The base change
(G,%) /F, is a simply connected semisimple group, so it is a product of simply connected split simple
groups. These are classified by Dynkin diagrams. Since the rank is bounded (say by 2g), there are only a
finite number of possibilities, and each of them is obtained from a Chevalley group over Z by base change.

Now, G,°(Fp) is the set of fixed points of the Frobenius operator F' acting on G ;° (Fp). The

Grothendieck—Lefschetz trace formula gives
2dim G
G Fp)l = D (=D)'Tr(F,HL((Gy)5,. Q)
i=0
The top degree term is pi™ G5 since G,° is geometrically connected. Deligne’s Weil bound gives an
upper bound for the Frobenius eigenvalues on each of the remaining terms. It implies

‘p—dimGi;C|G;(:(”:p)| _ 1| < bp_%’

where b is the sum of the dimensions of all lower degree cohomology groups. The argument in the
previous paragraph gives a finite list of possibilities for b independently of p. Therefore, we get positive
constants ¢ (g), ¢2(g) depending only on g such that

c1pM O <G (Fp)| = cap ™
for all primes p.
By applying the same argument to the term | B, (F,)|, the assertion follows. |

Let G be the Mumford—Tate group of 4. For our purpose, it suffices to know that this is a reductive
group over @ which “contains” all p-adic monodromy groups, made precise by the following theorem of
Deligne [10].
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Theorem 4.16. For all primes p, we have’ Gp0, S G xqQp.

Corollary 4.17. Let G denote the semisimple quotient of G, then for all primes p,
dim G,* — 5 dim B, < 7(3dim G* —rank G**).

Proof. Fix a prime p. For simplicity, we base change the pertinent groups to @p. This does not change
its dimension or rank.
Recall that B), is a Borel subgroup of G;°. Let N, be its unipotent radical. We have the relations

dim G," = 2dim By —rank G’ = dim B), + dim V).
Rearranging this, we get
dim G,* — 5 dim B, = ;(3dim G’ —rank G*) = 5 dim G,* +  dim .
It remains to show that dim G)* < dim G * and dim N, <dim V.
The previous theorem gives an embedding G, € G of reductive groups, and hence the inclusion of the
derived subgroups G Ig‘er C G %, The derived subgroup is isogenous to the semisimple quotient, so they

have the same dimension and rank. The first inequality follows. For the second part, the image of NV, is
again a unipotent subgroup, so it lies in a conjugate of V. O

4.3.5. Conclusion of the proof. We now assemble the pieces to conclude the proof.

Lemma 4.18. If v is a finite place of K not dividing ‘N, then

log |AF(4,0)| g log Ng/qu.

Proof. Let P(T) € Z[T] be the characteristic polynomial of pj, (Froby). Let ay,--- , @z, be the roots of
P(T), then F(A,v) is the compositum of the fields Q(«;). Therefore,

2g
log |A F(4,v)l log |Ag(a)l
s < Z i

[F(4,v):Q] ~ [Q(;) : Q]

i=1

Let ¢ = N qv. Then all the roots of P(7') have complex absolute value q%, o)

. 1
log|Ag| < log|discP(T)] = ) logla; —a;| < ((28)* —2g) log(24?).
i#j
Combining the two inequalities above gives the claim. O

Theorem 4.19. Assume the GRH. For any ¢ > 0, we have
1S4 (X)] Ka ke X757

where y = %(3 dim G'** —rank G'**) from Proposition 4.14.

7Recall that we are assuming all monodromy groups are connected.
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Proof. Fix ¢ > 0; then Proposition 4.5 gives an equality

EaB)— | Eap(BY xc)).
pEP@

1Sam (X)) =)

i€

Fix an index i € Z. We will apply Theorem 4.6 to the corresponding term in the above sum. Take

A = Ex(giHx), sieving primes P@ and excluded subsets Ap = Edp(B((ii) X CI(,i)). By combining

Propositions 4.13 and 4.14, we get the estimate

|Ag| =

. . 1 i
() Eap(BY x c},’))‘ = Eaf{) BOLI(X) + 04k (2C)* @Y X2 (log X +log d))
pld
R

= oD BDLI(X) + Oy i o (d7 5 X 2 (log X +log d)).

By definition, the function d +— ,33) is multiplicative. Let p € P@; then

o _ G N gyl _ | I8y 0 ity

g | Hp| | Hp|
Recall that H), contains I, so each g; , H), is a union of cosets of 1. Over each such coset, Proposition 3.6
gives uniform upper and lower bounds for its intersection with B,. It follows that ,Bl(f) is uniformly

bounded away from 0 and 1, and the bounds only depend on the dimension g.
Having verified all of the hypotheses, Theorem 4.6 gives the estimate

EqB)— | Eap(BY xc)
pEP@

< Lo L) ( zite )2)(
AK.e 5% -
e |I| d TTp(a) (Z) TLP(d)(Z)

(Sl

d ,d y+e
Z %(logX+log[d1,d2]).
dy,dr<z didy
d],deR(d)

In the sum for the second term, use the trivial bound [d;, d5] < d;d, and extend the sum to all pairs
dy,d, < z. In particular, log[d, d5] <log(z?). Therefore,

[d1. da]"** Cite
> ———(log X +logldy, d;)) = > (didy)" " (log X + 2log z)
1¢2

dy,dr<z dy,dr<z

dl,dze'R(d) )
= (log X +2log Z)(Z d"_Hs)

d=<z

<y 22Y T2 (log X +logz),

which gives

X ( ZH—s

2
) X222 100(Xz).  (4-6)
Tp@(2) Tp@(2)

‘Ed(ﬁé’%— U EapB x| <xe
pEP@
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It remains to bound 75 (z) from below. By definition,
Tpw@(2) = m(z, {1}, M/Q) — Oq,k (1)

By the effective Chebotarev theorem (Theorem 4.7, also cf. [29, equation (14r)]), we have

1 . 1
7(z, {1}, M/Q) = ———Li(2) + Og (=2 (log = + log | Ap ).
[M : Q)]
We may assume log |Apr| < log X, since otherwise Sy as(X) = @ by Lemma 4.18. Now choose
z = X#, where B = L. Then

4y+2°
1 . 8 —
Tpw(2) = le(XB) + 0, p(XZ1log X)— Oq k(1) >4k XP°.
Substituting this in (4-6) and summing over all i € Z gives the desired result. O

Remark 4.20. We only needed the error term in the effective Chebotarev theorem on average. The
situation is analogous to the Bombieri—Vinogradov theorem, except that it deals with the family of abelian
extensions {Q({;)/Q}, and we have a family of nonabelian Lie-extensions {K;/K}. There are some
works when the Galois group is fixed (cf. [25]), but we are not aware of any work in our setting.
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