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Abstract

This thesis consists of four chapters, including an introduction.

In Chapter 2, we take an averaging approach to the question of the distribution of
supersingular primes of degree one, for elliptic curves over a number field. We begin by
modifying the Lang-Trotter heuristic to address the case of an abelian extension, then
we show that it holds on average (up to a constant) for a family of elliptic curves by
using ideas of David-Pappalardi.

In Chapter 3, we prove constructively that there exists an infinite number of (ar-
bitrarily) thin families of rational elliptic curves for which the Lang-Trotter conjecture
holds on average, in part by using techniques of Fouvry-Murty.

In Chapter 4, we obtain a result related to the strong multiplicity one theorem
for non-dihedral cuspidal automorphic representations for GL(2), with trivial central
character and non-twist-equivalent symmetric squares. Given a real algebraic number

v, we also find a lower bound for the lower density of the set of finite places v for which

Gy F .
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Chapter 1

Introduction

This thesis consists of research conducted in the context of two particular notions:
the Lang-Trotter predictions for supersingular primes and a refinement of the strong
multiplicity one theorem for GL(2). We introduce each aspect of the thesis in turn.

The common theme to both is the occurrence of suitable L-functions.

1.1 The Lang-Trotter conjecture - congruence class bias

and thin families

Given an elliptic curve E defined over some number field F' and a prime p of good

reduction, let

One says that p is supersingular for E if a, = 0 (mod p). Given Hasse’s bound of
2,/p on |ay|, this occurs for Np > 3 iff ap, = 0.

In 1976, Lang and Trotter [LT] conjectured the distribution of supersingular primes
for a non-CM elliptic curve E over QQ to be

NZ3

log

NCE

for some positive constant cg. In the CM case, one knows by Deuring [Deu] that the
density of supersingular primes is 1/2.
In 1968, Serre [Ser3] proved that the density of supersingular primes for a non-CM

elliptic curve is zero, which brings up the question of whether such primes are infinite in
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number for any E/F. This was answered for F' = Q by N. Elkies in 1987 [Elk1], when
he demonstrated that there is an infinite number of supersingular primes for any elliptic
curve E/Q. In 1989, Elkies [Elk2] extended his result to an elliptic curve E over any
number field with a real embedding.

It is not in general known for the other fields K, even in the case of imaginary
quadratic fields. Some examples are provided by Elkies and Jao, in the cases where the
absolute norm of j(F) — 1728 has a prime factor congruent to 1 (mod 4) that has odd
exponent [Elk1] and for elliptic curves parameterised by the Xo(p)/w, for certain small
odd primes p [Jao], which does include some elliptic curves with imaginary quadratic

j-invariant. For example, the elliptic curve with j-invariant

. —489229980611 — 423553134/ —84567
j =
4096

has infinitely many supersingular primes. This curve was mentioned by Jao, which arises
in his paper when considering Xo(11)/w11. It does not seem that the result on Q can
be used to deduce it for K, though this may be possible if one can show that infinitely
many of the supersingular primes over Q have a degree one divisor over K.

This is certainly not always true, as in the case of an elliptic curve with a torsion
subgroup of order four (for example X;(15), which can be represented by the affine
equation y? 4+ zy +y = 2> + 22) and K being the imaginary quadratic field Q():

recall the theorem on torsion injection which states that for sufficiently large p,

E(Q)tors — E(Fp)a

which in our case implies

ap=p+1—|E(F,)

=p+1 (mod4)

and so p supersingular = p =3 (mod 4) for sufficiently large p. Thus E does not have

an infinite number of supersingular primes that split in Q(z).

Given an elliptic curve E over a number field ' and a finite extension L of F', we
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will construct a heuristic for the asymptotic distribution of supersingular primes of F
with degree one divisors in L.

In 1996, Fouvry and Murty [FM] demonstrated that the Lang-Trotter asymptotic
for supersingular primes held on average for a family of elliptic curves over Q. David
and Papparlardi [DP] later established asymptotic expressions on average for any given
trace of Frobenius. We will use their techniques to establish a result for a congruence
class of primes, averaging over a family of elliptic curves. Such techniques were used
in a similar manner by Kevin James in [Jam], however the aim of that paper is quite
different from our goal here.

The surprise of the findings is that whilst the prediction is true up to a constant,
the nature of the specific constant is not what is expected.

Fix L to be an abelian extension and let m(L, Eqp,2) be the number of rational
primes less than « that split (totally) in L and are supersingular for E,;, where E, is

the elliptic curve represented by the equation Y? = X3 + aX + b. We will show

Theorem A. For A, B > z'/?T¢ AB > 23/2%¢ we have

NZ3

1
1A 2= 2 ol Favnt) ~ Cugo
la[<Ab|<B &

as x — oo, where Cy, is an explicit positive constant that is addressed in section 2.35.

For example, if we set L = Q(1/—3), then

1 T VT
148 2= 2 ™ (Q(V=3) Banw) ~ G
la|]<A|b|<B
Remark 1. Note that the constant above of 7/9 is less than half of Cgp = /3, suggesting
a slight bias against the occurrence of supersingular primes that split in Q(1/—3). In

section 2.4, we will discuss the existence of this bias in the averaging result.

The double sum in the theorem above does include supersingular primes from CM

elliptic curves, however this contribution does not affect the asymptotic.

We have already published this result in [Wal2]; we will give more detail of the proof

in this thesis.



We plan to investigate elsewhere the reasons for this bias, which we believe holds for
any non-CM elliptic curve, with the exact nature of the bias depending on the index of

the Galois representation of the elliptic curve in GLo(Z).

In another direction, in Chapter 3 we will demonstrate that there exist infinitely
many (arbitrarily) thin families over elliptic curves over Q for which the result of Fouvry-
Murty [FM] holds.

We will construct a sequence {c,} such that the terms grow faster than a given
function f (so ¢, > f(n) for all positive integers n) and use this to define a ‘thin’ family
S of elliptic curves, where S = {E; j : y* = 2% + c;a% + ¢}

We will then establish that this family satisfies the Lang-Trotter conjecture on av-
erage, using the approach of Fouvry-Murty [FM]. Denote the number of supersingular

primes for E,; that are less than z by mo(Eqp, x).

Theorem B. Given the conditions and notations above, we have

2T T dt
E,p,7) =—AB
> Y woBap 1) =2 / N

lal<A [b|<B

+0 <(A+B)x3/2+x5/2—|—AB Ve > .

(log 2)°

Under the conditions A, B > zY/2t€, AB > 23/2%¢ | this gives

1 T T
B 2 2 ™(Eap )~ 3logz’

la|]<A[b|<B

1.2 A refinement of strong multiplicity one

Let F be a number field, and let Ay(GL2(Ar)) be the set of cuspidal automorphic
representations m = ®! m, of GLa(Ap). Given m € Ag(GL2(AFR)), for any place v of F
where 7 is unramified we denote the Langlands conjugacy class by A(m,) C GLy(C),

which we will represent by the diagonal matrix diag{aj ,,a2,}. Let a,(m) be the trace



of this matrix.

Given 7, 7" € Ag(GLy(AF)), one can compare local data to determine whether 7, 7/
are globally isomorphic. In this context we ask the following question: If we have a set
S such that a,(7) = a,(7’) for all v ¢ S, what property of S is sufficient to establish
that m ~ 7'?

One approach involves establishing a condition on the size of S. The strong multi-
plicity one theorem of Jacquet-Shalika [JS1] states that it is sufficient for S to be finite.
In 1994, D. Ramakrishnan [Ram] proved that a set S of density less than 1/8 is suffi-
cient. Furthermore this result was determined to be sharp, by an example of J.-P. Serre.
One can also interpret this theorem as the statement that given any two non-isomorphic
cuspidal automorphic representations 7, 7" for GLa(Ap), there exists a set S = S(w, 7’)
of density greater or equal to 1/8 such that a,(7) # a,(7’) for all v € S.

Recall that for a set S of primes of a number field F', the lower Dirichlet density
4(S) of S is

N —S
5(S) = lim g 2pes NPT
s—1+  —log(s—1)

When S admits a Dirichlet density, then it must coincide with its lower Dirichlet density.

In the context of the above we will show

Theorem C. Let m,7" € Ao(GLa(AR)) be non-dihedral representations, with trivial
central character and symmetric squares that are not twist-equivalent. For finite places
v where ™ and 7' are unramified, set a, = Tr(A(m,)), by = Tr(A(7))), and let S = {v |
ay # by}. Then

2
i(S) > =
( ) - 57
where §(S) is the lower Dirichlet density of the set S.
Another question of interest is the following: Given 7 € Ay(GL2(AFr)) and a real

number v, what can we say about the set of places v for which the associated Hecke

eigenvalue of 7 is not equal to v? We will prove
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Theorem D. Let m be a non-dihedral cuspidal automorphic representation over a num-
ber field F', with trivial central character. We define Sy, = {v | ay, # v}, where v is a
real scalar and let §(S,) represent the lower Dirichlet density of Sy. Then
(v* +1)?
0(8,) > —— .
88 = v+ 692 42
Corollary. In particular, the set of finite places where a, is non-zero has lower Dirichlet

density greater or equal to 1/2.

Remark 2. For F = Q and 7 defined by a non-CM holomorphic newform of weight
k> 1, by J.-P. Serre we know the stronger result that S, has density 1 [Ser2]. This does
not apply to the case k = 1 because the Galois representation has finite image.

In the case of Maass forms of eigenvalue A, there is no known Galois representation
(except in simple situations), none expected when A > 1/4, and the Ramanujan conjec-
ture has not been proved, so their lacunarity is not well understood. Thus there is no

analogue of Serre’s result.

Our approach involves refining the method of D. Ramakrishnan in [Ram], though it
is not a straightforward extension of his proof. We also use results of Kim-Shahidi [KS1,
KS2] on the existence of, and a cuspidal criterion for, the symmetric third and fourth
powers of cuspidal automorphic representations of GL(2).

In order to assess the strength of theorem C in the tetrahedral case, we also construct
an example of two tetrahedral cuspidal representations m,7’, that have symmetric squares
that are not twist-equivalent and whose set S of all places at which a,(7) # a,(7’) has
density 15/32. This is within 11/160 of the lower bound of 2/5 given by theorem C.

Our work appears to extend to the case where the central character of the cuspidal
automorphic representations are unitary, which we are addressing in a paper [Wall]
under preparation.

In the context of theorem C, we note the result of Murty-Rajan [MR], which states
that for two cuspidal automorphic representations w1, 7 of GLa(Ag), if one assumes
the expected, but far from known, analytic properties of the Rankin-Selberg convolu-
tion L-functions of Sym™ (7;) and Sym”(mg) for all n and m, then #{p < x | a,(m) =

ap(m2)} =0 (x5/6+6).



Finally, we mention the existence of another approach to determining a sufficient
condition on S: One can establish a constant C' depending on the conductors and
infinity types of m and 7/, such that if a,(7) = a,(7’) for all v satisfying Nv < C, then
7w ~ /. See the paper of J. Liu and Y. Wang [LW] and the references therein for the

current status of this approach.



Chapter 2

Supersingular distribution and
congruence class bias

This part of the thesis has already been published in [Wal2]. The version we present

here includes more detail.

Introduction

Define E,; to be the elliptic curve that can be represented by Y?2 = X3 +aX + b,
with a, b € Z, and given a set of rational primes P, let mo(P, E, 4, 2) be the number of
supersingular primes for E,; that are elements of P and that are less than x.

When P is determined by a congruence condition (which we will write as p = ¢

(mod m) with (¢,m) =1 then we will prove

Theorem 2.1. For A, B > x'/2t¢, AB > 23/2*¢ we have

N3

1
1B 2= 2 (P Fua) ~ Crpp o
la[<A H<B s

as T — oo, for an explicitly determined positive constant Cp that depends only on P.

We briefly describe the structure of this chapter. In section 2.1 we provide some back-
ground on the Sato-Tate conjecture, which is a crucial component in our heuristic. In
section 2.2 we construct the heuristic, using a similar approach to that of Lang-Trotter.
We then turn to averaging over a family of elliptic curves in section 2.3, expressing the

average in terms of sums of Hurwitz numbers. We interpret these using L-functions and
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obtain an asymptotic expression. In section 2.4 we discuss the results when applied to
certain examples of number fields, and lastly in section 2.5 we explain how to refine the

averaging, using an idea of Fouvry-Murty.

2.1 Background on Sato-Tate

The heuristic will rely on a variant of the Sato-Tate conjecture. Before introducing this,

we cover some relevant background on equidistribution:

Definition. Let X be a compact topological space and C(X) the space of continuous
complex-valued functions on X with the supremum norm (i.e., ||f|| = sup,cx |f(x)]).

For x € X, we have the associated Dirac measure 0., where 0,(f) = f(z) for f € C(X).

Notation 1. Given a sequence of points {z;};>1, let

18
Mn:nzoéi-
1=

Definition. Let u be a Radon measure on X. One says that the sequence is u-

equidistributed if pu,, — p weakly as n — oo.

Remark 3. This means that p must be positive and normalized. Furthermore, it must

satisfy

for all f € C(X).

An [-adic representation associated to an elliptic curve E and a number field K is a
continuous homomorphism p : Gal(K/K) — Aut(Tj(E)). Let X be the set of places of
K and let S be the set of places at which p is ramified, as well as those places v where
Nv =1 (N = Ng/g). For any v ¢ S, we have the associated Frobenius conjugacy class
in Aut(7;(E)).

Lemma 2.2. The eigenvalues of this Frobenius conjugacy class, when embedded into C,

are m, and T,, where

Ty = (Nv)/2ei where ¢, € [0, 7].
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Proof. See p136 [Sil]. O

Conjecture. (Sato-Tate for ) Let ¥ be a subset of Y. Then the angles ¢, v € X of

the Frobenius elements are equidistributed with respect to the measure %sin2 ¢ do.

Remark 4. Strictly speaking, equidistribution relates to a sequence rather than a set.
It is implicit that we take ¥ to be ordered by non-decreasing norm. Note that even
though a finite number of elements of ¥ may have the same norm (which thus allows
for various orderings of ¥ with non-decreasing norm), because there is a uniform bound
on the number of elements sharing any given norm, the result will still stand regardless

of the ordering chosen.

Proposition 2.3. We have the hypotheses:

1
==

vED
converges for Re(s) > 1 and can be extended to a meromorphic function on Re(s) > 1

with the only zero or pole in the region being a simple pole at s =1

1
Lo = U Gaa—tymo)

(where p is the Galois representation associated to the elliptic curve) extends to a non-

zero holomorphic function on Re(s) > 1.

If both 1 and 2 hold, then the Sato-Tate conjecture for ¥ is true.
Proof. 122-26 of [Ser3]| . O

Given an abelian extension L/Q and assuming the Sato-Tate conjecture for X, it is
possible to derive the Sato-Tate conjecture for the set of degree one primes of L through

the use of some straightforward complex analysis.
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2.2 The heuristic

In 2.2.1 we will set up the heuristic in the same manner as in Lang-Trotter, and then
in 2.2.2 we will construct an approximation model. The difference between this and
the standard Lang-Trotter model is that we include a term that takes into account the
torsion of the elliptic curve. In subsection 2.2.3, we determine the asymptotic behaviour
of the model and reduce it down to considering the behaviour of one of the terms in the
model, which has already been addressed in the standard Lang-Trotter heuristic, as we
will explain in 2.2.4.

We do need a condition on Pr involving the order k of the torsion subgroup of the
elliptic curve, namely that {p € Pr | Np+1=0 (mod k)} must have positive density
5. Note that this condition is to avoid obstruction arising from the torsion of the elliptic

curve, as shown in the example in the introduction.

2.2.1 Setup

Given a non-CM elliptic curve E, we have a representation
p:Gal(Q/Q) — H GL2(Zy)
!

where the product is over the good rational primes [ of E.

Notation 1. Fix a positive integer M and reduce [[ GL2(Z;) modulo M to obtain the
representation

P(M) * G — GLQ(Z/MZ)

Then we can define

G(M) := G/Kerpp

and

G(M); :=={g € G(M)|trace(g) =t (mod M)}.

Definition. M splits p if we have

p(G) = HGLQ(ZZ) X GM
UM
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where G is the Galois group and Gy is the projection of p(G) into [ 5, GL2(Z).

Definition. M stabilizes p if
Gy =137 (G(M))
where rj; is the reduction map

ra | [ GLa(Zi) — GLo(Z/MZ).
IIM

Lemma 2.4. From Serre [Serl] we know that we can always have a representation

arising from some non-CM E that has some M which ‘stabilizes’ and ‘splits’ p.

This is the type of M that we fix.

We want to consider the distribution of ¢, for p € Pr.

Assumption 1. t, can be considered as a random variable, independent of other ¢/, and
its behaviour as a random variable is determined by the Sato-Tate conjecture and a

consequence of the general form of Chebotarev’s density theorem.

Definition. Let

Remark 5. M 1is in the formula so that

1
t mod M

i.e., the average value of Fjs is 1.

From [Mar] we have that the set Pp has a density, which we will denote as a.

Lemma 2.5. The density of primes p € Pr such that t, =t (mod M) is
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By Hasse’s inequality, we know that t, € (—=2,/p,2,/p). Thus we define {(t,p) = t/2,/p
so that & € [—1,1]. Write &(¢,p) = cosé(t,p), and so 6(¢t,p) € [0, 7].

Now we have, by the Sato-Tate result, that the distribution of 0(¢,p) is determined

by the density function 2sin?# on [0,7]. Thus the relative density of primes p € Pp

02 2
/ = sin?0do.
01 ™

Now if we change variables to £ = cosf so that we have a density function g(§) on

that lie in an interval [6,605] is

[—1,1], we get that
2
96 = ZVI-€&
2.2.2 Approximation model

Let k be the order of the torsion in the Mordell-Weil group of the elliptic curve. One
knows that for sufficiently large primes p we have |E(F,)| =0 (mod k).

Definition. Let
fu(t,p, k) = proby{a, =t,and ay = Np+1 (mod k)}.

Remark 6. Note that we need >, far(t,p, k) = 1.

Our main assumption for this model is that

fM(t7p7k) =Cp- g(’g(t?p)) : FM(t) : h(tvkap)a

where h(t, k,p) is equal to k if t = Np+ 1 (mod k) and 0 otherwise.

Remark 7. The Fy(t) is for consistency with the Chebotarev density theorem, g(£(¢,p))
is to ensure compatibility with the Sato-Tate result (via the law of large numbers), ¢,
is chosen so that ), fas(t,p,k) = 1, and lastly h(t,p,k) accounts for the congruence

obstruction from torsion injection.

We now address the asymptotic behaviour of cj.
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Lemma 2.6. If Y, far(t,p, k) =1, then

1
@™ 9 /Np
as Np — o0.
Proof. Note that
1
| st =1
We consider its approximating Riemann sums (where t is still an integer):
— -k > (€(t.p))
2m g ) p

—2¢/Np<t<2/Np, t=Np+1 (mod k)
Fix an integer ty and note that when taking the limit,

lim M- $ gl€(t,p) =1

N 2/ N
pree P t=tp (mod M), |t|<2\/Np, t=Np+1 (mod k)
provided that the congruence conditions on ¢ are compatible (see below for the incom-
patible case).
We multiply by Fi(to) to get

k 2 9(&(t,p)) Far(to) = Fﬂf\yo)

lim
N \/
pmvoo 2 NP t=tp (mod M), |t|<2v/Np, t=Np+1 (mod k)

and so by construction of Fj/(tp), when we sum over congruence classes we get

Jim_ > o(E(tp)Fu(t) =1

[t|<2y/Np, t=Np+1 (mod k)

and thus
1

I
Npu—>noo 2\/ N]J

ST g€t p) Far(t)hit, kyp) = 1
[t|<2v/Np

as required.
In the case where incompatible congruence conditions arise (for some tj), the last
three equations above still follow as before, due to the fact that for the tg in question

we will have F(ty) = 0.
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O

Remark 8. Now let R be the set of degree one primes of an abelian extension L. If
we have incompatibility between the congruence arising from torsion injection and the
congruences satisfied by the norms of the elements of R, then the set Q@ = {p € R |
Np +1 =0 (mod k)} may only have a finite number of elements (as in the example
mentioned in the introduction). Thus from here on we only consider the cases where
this does not occur (i.e., when (k,discL) = 1). In this case the set @’ of rational primes
lying under those primes in @ will have density 1/nk, where we recall that n is the

degree of the field L and k is the order of the rational torsion group of the elliptic curve.

2.2.3 Asymptotic Behaviour

The working in this subsection mainly consists of determining the behaviour of Fj;(t)
as M — oo (ordered by divisibility).
Note that as Np — oo,

@ 2y/Np

and

V1-02

9(&(to,p)) = 9(0) =

RN

Thus

1 2
probM{tp = to,tp = Np +1 (mod k)} ~ ﬁ;FM(tO)h(tO)kap)

Notation 2. Let
lim Fy(t) = F(t).

Np—o0

Now if we take the limit as M — oo we should get the probability that t, = #o:

li = =N 1
A proby{ty = to, tp p+1 (modk)}

=prob{t, =t9,t, = Np+1 (mod k)}

1 2
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Thus in our case, the distribution function for all the ¢, of E that satisfy ¢, = to and

p € Ppis (as z — o0):

Nto(x)N%F(tO) > W'h<t07k7p>

pePR,Np<z
Now the series
pEPp,Np<z,to,=Np+1 (mod k)

has the following asymptotic behaviour (given that we picked a suitable F' with respect

to the order k of the torsion subgroup):

o ()

pE€Pp,Np<z,to,=Np+1 (mod k

where 7(x) is the prime-counting function, and thus

o0V/Np ). 2yNpBlogz

pePFaNPS%NP'Fl (mOd k)

Now integrate by parts, setting u = 10}%96 and v =/, to get

/ 1 kdx kzx
. 2/NpBlogz Bloga’

What remains is to consider F'(tp), in particular for ¢y = 0 as it is the supersingular

case.

2.2.4 Investigating F(t¢)

Determining the existence and value of F'(¢y) is done in [LT] (it is the exact same F'(tg)
that we consider), but for completeness, we will place the details of taking the limit for
M — oo here.

We need to consider Fi;(t). We have the following lemmas:
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Lemma 2.7. Let M = MM, where (My,Ms) = 1, and G(M) = G(M;) x G(M,).
Then Fur(to) = Far, (to) Far, (to).

Lemma 2.8. Say that My is stable, My|M, the same primes divide My and M, and
s=t (mod M)g. Then |G(M)s| = |G(M )| and Far(t) = Fag,(t).
Corollary 2.9. If M is stable, then Fpn(t) = Fas(t).

Remark 9. Therefore lim,, o Fayn(t) exists, and let us define this to be Fyoo ().

We then get:

Lemma 2.10. Assume pi(G/Ker(p;)) = GLa(Z;). Then (by counting the number of

matrices) we get

1

Fie (0) = Fi(0) = T—ir

Theorem 2.11. Let Ny gr(x) be the number of primes p € R such that Np < z and

tp =to. Then
Nepw@) ~ 2Fu(to) | T[ FEto) |k S ——
to,R ~ —Lpl0 1\t0 )
" (L,M)=1 Npze VP
pER
Np+1=0(k)

where 1 is a rational prime. When to = 0, we have (given that M splits p)

92 1
N ~ 2 (0)C(2 | | 1—1/%) | k :
0,r(2) . m(0)¢(2) lM( /1) N;I 2/ Np
NpJElE:O(k)

We consider this in the context of rational primes. Let R’ be the set of rational

primes that lie under the primes in R; this has density 1/n. Thus

1 V3

nlogz’

Nogw(e) ~ = Fu(¢(2) | [T -1/)

I|M

Remark 10. Comparing the above with the Lang-Trotter conjecture of

No(z) ~ 2FM(O)C(2) [T -1/ Ve

T log z’
I|M &
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we see that R’ has an asymptotic proportion of supersingular primes of 1/n (when there
is no congruence obstruction). However, later in this chapter we shall see that on average
there is in fact a bias in the proportion of supersingular primes, reflected in the value of

the constant, which is contrary to the expectations of the heuristic.

2.3 Proof of the conjecture on average

2.3.1 Setup

We recall notation from the beginning of the chapter.

Denote E,; to be the elliptic curve that can be represented by Y2 =X3+aX+0b
with a, b € Z, let P be a set of rational primes, and set my(P, Eq 4, ) to be the number
of supersingular primes for F,; that are elements of P and that are less than x.

When P is determined by a congruence condition (which we will write as p = ¢

(mod m) with (¢, m) =1, in this section we will prove
Theorem A. For A, B > z'/2t¢  AB > 23/2%¢ we have

NG

1
1AB Z Z mo(P, Eq,p, ) ~ CPlo -
la] <A [b|<B &

as x — 00, for an explicitly determined positive constant Cp that depends only on P.

By Deuring, the set of supersingular primes for a CM elliptic curve over Q has
density 1/2. Thus we must check whether the constant in the asymptotic is affected by
the contribution from CM curves.

Now there are exactly thirteen isomorphism classes of CM elliptic curves over Q.
Two of these classes are of the form E, o and Ej, where a and b can be any non-zero
integers, and the other eleven classes are of the form E 2 4,3, where ¢ is any non-zero
integer and (c¢;, d;) is, depending on its index i, one of eleven distinct pairs of integers.

Thus given elliptic curves over [F),, we note that they may be lifted to CM curves of
the form F, o, of which there are 2A, given the bounds of A, B on the coeflicients a, b of
the affine equation (respectively). Similarly, there are 2B CM curves of the form Ej,

and 11 - min(A'/2, BY/3) curves of the form E. 2 443. Given that the CM curves have a
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density of supersingular primes of 1/2, we have the following:

Z Z 7o(P, Eqp, )

la|<A  |b|<B
E,p is CM
ot T oa)ro(t. T o) ro(i-t. T min(al2, B3
7\ 2 logx 2 logx 2 logw ’
x
= . A, B
O(log:p max (A, )),

which we note will not affect the asymptotic expression under the conditions A, B >
2V/2e AB > 23/2+,

We will later choose some examples of abelian extensions and use congruence con-
ditions to determine the set of rational primes lying under the degree one primes of the

extension. This will enable us to obtain explicit asymptotic expressions.

2.3.2 Lifting supersingular elliptic curves

For p a prime greater than three and for any integer r < 2,/p, the number of isomorphism

classes of elliptic curves over ), with a,, =  can be expressed using the Hurwitz number

h(d)

2 — A

H?—4p)=2 (@ (2.1)
f?)(r?—4p)
d=0,1(4)

where h(d) is the class number of, and w(d) the number of units in, the order Z[(d +
Vd)/2] of discriminant d. f and r are integers and d = (r2 — 4p)/f2.
We define

r2

_24pzoor1(4)}.

r? —4p = 0(f?), and 7

5f(x):{3<p§x

Note that the » = 0 case only allows for two values of f, either one or two. Thus

d = —4p or —p.

Now because the Hurwitz number only tells us about the number of isomorphism
classes, we need to consider the possible sizes of an isomorphism class:

Given an affine equation y?> = 23 + ax + b over ), its isomorphism class is {y? =
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3 +atle + 610 | t € Fy}. We need to determine the size of this set under various
conditions. When a, b # 0, we note that y?> = z3 + at*z + bt and y? = 23 + at’*z + bt'6
have the same coefficients when t* = ¢4 and t% = ¢, which together are equivalent to
having t? = 2, i.e., 1 = (¢'/t)?. Since every F, has a non-trivial square root of unity,
we have that the affine equations are the same exactly when ¢t = +¢', thus the size of
the isomorphism class is (p — 1)/2.

In the case of a # 0,b = 0, we have two different cases. Note that here we consider
affine equations 32 = 2% + at*z 4+ 0 and y? = 23 + at’x + 0, which are the same when
tt =14 ie., 1 = (t'/t)*, so we need to consider whether there are fourth roots of unity
in IF,,.

In the case when p # 1 (mod 4), we note that if there were (proper) fourth roots of
unity, then they would generate an order 4 subgroup of F’. But then 4 | |[F)| =p — 1,
which implies p — 1 =0 (mod 4), a contradiction of our assumption for this case. Thus
there are no fourth roots of unity and so t* = t" iff ¢t = +/, so again we have (p —1)/2
to be the size of our isomorphism class.

In the case when p = 1 (mod 4), since F\ is a cyclic group of order p — 1, there is a
generator ¢ of order p — 1, and thus ¢®~1/4 is an element of order 4 in F - Thus our
isomorphism class has size (p — 1)/4.

The case of a = 0,b # 0 is treated similarly. We have y? = 23 + 0z + bt® and
y? = 23 4 0x + bt'S, which are the same when % = ¢/ and thus here we consider sixth
roots of unity. We obtain that there are not any when p # 1 (mod 6), and thus the size
of the isomorphism class is (p — 1)/2, and that they do exist in F, when p =1 (mod 6),
and so the size of the isomorphism class is then (p — 1)/6. (The condition 1 (mod 6)

can of course be replaced by 1 (mod 3) since we are only considering primes > 5.)

Thus the number of supersingular elliptic curves over [, is

P H () + o)+ P om + o)

where the error terms are to account for the possibility that some of the supersingular
elliptic curves may belong to an isomorphism class that has affine equations with either

a =0 or b =0 in conjunction with the fact that p may be 1 (mod 4) and/or 1 (mod 6).
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Below we will see that H(—4p) < \/plogp, so we can rewrite our expression above as

SH(=4p) + 0 (p).

‘We obtain
1 1 2A 2B
Ve > ) wo(P Eap,x) = YV > ( +O(1)> - ( +O(1)) (2.2)
la|<A |b|<B p<x,peP p p

(Br(-1p) + 0()) + 0)

where the last error term is to account for possible supersingularity of 2 and 3, as well
as the case when p is supersingular for an elliptic curve with a non-minimal equation
that is in the kernel of the reduction map to [Fp,.

This gives

1 H(—4p) 11
5 Z Tp+0 Z H(—4p)<A+B+ApB>

3<pLla,peP 3<p<lzx,peP

+ O (loglogz) + O (1).

To bound the error terms, we note that H(—4p) = h(—p) + h(—4p), and using the

Dirichlet class number formula

) = OV 1

when d = 0 or 1 (mod 4), and where w(d) = 6,4,2 for d = 3,4, or > 7 (respectively).

Partial summation and the Polya-Vinogradov inequality gives

L(1, xq) < log|d]|
= h(d) < +/|d|log |d|

= H(—4p) < /plogp. (2.3)
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‘We use this to consider

ol > H(-4p) Cl - 113 + AB)

3<p<lzx,peP

((1/A+1/B / flogt+/ Jilo gt>
0 ((1//1 +1/B)2%? + Ales/g> 7

which gives us

DN | =

1 H(—4p)
o 70(P, Eyp 2) =
D S D D=

la|]<A 3<p<Lzx,peP
bI<B

@) ((I/A +1/B)z%/? + ﬁﬁﬂ + log log x> .

Using the Dirichlet class number formula in conjunction with (2.1) gives:

1 B w(d) \/EL(I, Xd)
o (—4p) = f;z w(d)2r
d=0,1(4)

Z \/|—4p/f2L (1, xa)
f_

oLo(a
_ \/f)L(L Xd)
= > e

f=1,2
=0,1(4)

d
= 3 VL),

f=1.2
d=0,1(4)

We thus substitute in for H(—4p) to get

3<p<Llz,peP
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Partial summation for

gives us

floga: Z Y L(l,xa)logp

f=12 p€5f( z),peP

/Z ]1@ > L(1,xa)logp i(@)dt.

f=12 \* pes;(z),peP
At this point we need

Theorem 2.12.

Z > L(1,xa)logp = Kpz + O <lxc>

(0] X
PR &
peP

where Kp is a constant depending only on P.

(2.5)

(2.6)

Proof. Using the series expression for the L-function and applying the Polya-Vinogradov

inequality, we obtain

L =3 (1)
)

( ) <¢|Flog|d|)

for some positive parameter U = U(z). To assess the overall contribution of the error
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term above, we observe

1 (" dt
=0 (= log? t ——
O(U , Vtlog tlogt)
0 <x3/210g33>
U

Thus the left-hand side of (2.6) becomes

d 32 log x
Z Z Z P<n>logp+O<U > (2.7)

=12 n<U peéf ),p€E

We shall now consider the cases f = 1 and f = 2 separately.

2.3.2.1 Thecase f=1

This implies that d = —4p and so we have

Z Z <d>1ogp Z > <_n4p>logp (2.8)

n<U p€51 ),pEP n<U p661( PEP

1 P
-y by (L)
n n

odd n<U  pedi(z),peP
where we noted that for even n the Jacobi symbol will be zero, and so the outer sum
can be restricted to odd n.

*, which when used with a sum will

At this point we introduce the notation a(n)
signify that we are summing over all the invertible elements of Z/nZ.
For the inner sum, in grouping the Jacobi symbols according to congruence conditions

on p we get

b
2 (5) 2 leer
n
b(n)* pEdL (@)
peEP

—p=b(n)
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which we rewrite as

= (Z) > logp+0(1)

p<w
peP
p=—b(n)

:Z(z) S logp | +0 (o)

n)* <z
") gEP
p=—b(n)

=

where the error term arises from including primes 2 and 3 in the sum.

We note that the overall contribution of the error term above is

n<U
=0 > 1

n<U
—o(U).

Now we will need (see p169 of [Dav])

Theorem 2.13. (Gallagher) Given (a,n) =1, let

Y(z,n,a) = Z log p

p<z,p=a(n)

E(x,n,a) :7/’(%"%@)— -

e(n)’

Then for any C > 0, and Q) such that w/logc r<Q@Q<zx

Z Z E*(z,n,a) < Qrlogz.

n<Q a(n)x*
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So we have

3 % ) (2) > logp. (2.9)

p<z
peP
p=—b(n)

At this point we replace p € P by the congruence condition p = ¢(m). Define k(n) to be
the greatest common factor of m and n. When it is clear from context, we will suppress

the variable and write k for k(n). Thus (2.9) becomes

Sax(h) o

odd n<U p<w
—b c(k) p=—b/(mn/k)

where —b' is the unique element of Z/ (mn/k)Z that satisfies —b' = —b(n) and —bV' =
¢(m), by the Chinese remainder theorem.

Using the notation in the theorem, we rewrite the third sum

RPN IS R))

odd n<U "' b(n)* (%)
- ¥ 1 Z() %+ Y Z () (,%,—b’). (2.10)

b=—c(k)
odd n<U odd n<U  b(n)
b:fc(k) b=—c(k)

We consider the second term in (2.10) and use Cauchy-Schwarz to obtain a bound of

1/2 1/2
> 2w >, X B (e Y)
odd n<U  b(n)* odd <U b(n)*
b=—c(k) b=—c(k)
1/2 1/2

ZZ >, X B (e )

TL<Ub n<U b/(mn/k)
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1/2 1/2
() (= T 25
n<U n<U Y (mn/k)*
1/2 1/2
<(Zo) (X T e
n<U n<U Y (mn/k)*
1/2

<ogU+1)V2 (Y Y E2( @—b’>

n<U b (mn/k)*

This puts us in a position to use the theorem by Gallagher (setting @ = U), and so

obtaining the asymptotic bound

< (logU + 1)Y? (Uzlog z)"/?

<(UzlogUlogz)'/?,
and for
x
U< log2C+5 T
we have

X

C

(UzlogUlogz)'/? « .
log™ x

We now consider the first expression in (2.10):

P Z()m

odd n<U b(n
b=—c(k)

In order to interpret this, we will start with a lemma.

Lemma 2.14. Given that (n,m) =k,

Proof. Write k = p{* ...p/". Thus pj“|n,m but either p{* { u or pj { n (otherwise the
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greatest common denominator of m and n would be larger than k). Thus given any p;,
cither p; f (n/p;") or p; f (m/pi").

We consider this for each prime divisor of k, and obtain the result

n /

pl,...,qum::n (2.11)
and
m
pq_i_l,...’pl’tm = m/ (212)
Dgr1 ---D;

where we have relabelled the primes appropriately.

Note that there are no common factors of n’ and m’ otherwise they would also divide
k, which would be in contradiction to the prime decomposition of k. Thus (n',m') =1,
and note that n'm’ = nm/k.

So

Split up k:

a « Qg1 « Y
k=pi' . .pg" pgiy ---p) =a b

Now (a’,b') = 1, furthermore (a’,n') = 1 and (&', m’) = 1, using (2.11) and (2.12),

so we have

which proves our lemma. ]
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We apply this to the first expression in (2.10) to get

e S0 () s

odd n<U b(n)*

b=—c(k)
T b )
elm) Od%:SU b(z):* <”> (nep(n)/e(k)) | (2.13)
b=—cl(k)

Now we consider

b

— . 2.14
> (2) (2.14)
b=—c(k)

Since k|n, write n = Ik (note that k|l only if k { 7).

We have (given the conditions of the sum above)

)= G -0 ()06

and so (2.14) becomes

(%) 3 (?) . (2.15)

b(n)*
b=—c(k)
Decompose [ into its prime factors as (p{* .. .plo").(plo‘fi1 ...pg"), where p1,...,plk

Q41

and pri1,...,pq f k. Let Iy = p' ... p)" and Iy = p; 7} - pgt.

( > ( C> < C) M
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and so (2.15) becomes

b(n)*
b=—c(k)

Lemma 2.15. If I is a square, then
5 (b) _ ¢ (2.16)
o(k)
b=—c(k)
otherwise the sum takes the value zero.

Proof. When I, is a square, we have

b(n)* b(n)*
b=—c(k) b=—c(k)
©(n)
o(k)
If on the other hand if /5 is not a square, write [y = ¢ - - - - qu - h?, where the ¢; are odd

primes (n is odd so [ is also odd). Then

0)-= () -()G)
ORI OREORE
b(n)* by N1 4
b=—c(k) b=—c(k)

_So(k)ﬁpsif(;?..qw) 2 (;) (i) ’

which by the Chinese remainder theorem gives us

i (Z0) (=)

q)*

and we have that
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so the left-hand side of (2.16) is zero.

Applying all this to (2.13) we have

e 3 b(% <2> nw(n)l/wc) o) P (@) nﬁg’z)//@so((klg))
b=—c(k) ls a square
EACh
ls a square

Now we want to split up this sum according to the different values of k. In order to do

so, we first need to extend the range of summation:

w(fm 2 (/s_z(;)i‘so@) 2 @)i

odd n<U odd n>1
ls a square ls a square
T 1
+ (m) (@) E -
® odd n>U
ls a square

Fix the parameter U as \/Elogc‘*'1 x and note that this gives

T 1 1
.0 E 2l =0z E ' el
w(m) n n
odd n>U odd square n>U
ls a square
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where the first equality follows because

>,
n
n<U
ls a square

is equal to

| —

ITa —pl)_llz

plm

[

® N

Now we can split the main term into a double sum

x —c\ 1 x <—c> 1
) == ) = (2.17)
p(m) odd§7;21 <kl’“> np(m) oddEk:m odd§n;21 kli ) mk
ls a square ls a square

(m,m/k)=1

where the coprime condition on m arises from the fact that we have k = (n,m), which
is equivalent to (n/k,m/k) = 1, which in turn is equivalent to (I,m/k) = 1. Note that
the first sum is over all divisors of m, including 1 and m.
In order to interpret this, we consider the possible values of the divisors I, and [ of
[ (recall that we have | = lls). In the first case, we note that primes p such that p|k
and p t m/k are exactly those primes that might divide .
Thus we can re-express the sum of all the reciprocals of Ij:
1 1
%: Ik _pklpg%/k wz=:1 ]Tw

L6

plk.ptm/k

And including the Jacobi symbol (which we need to do since it occurs in (2.17)),

ko pleptm/k w=l plk.pfm,/k p
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Now we address the second divisor of [. Recall that 5 is the largest divisor of [ such
that (I5,k) = 1. We also have that (I,m/k) = 1 in the first sum of the right-hand side
of (2.17), and so (Is,m/k) = 1. Thus (Is, (u/k) - k) =1= (ls,m) = 1.
So Is is any square positive integer that satisfies (I5,m) = 1 and therefore we can

write

where p is a prime.

Putting all this together, we get that (2.8) is equal to

ol (-3) 2 (015 o)

C
plkpfm/k log™ @

2.3.2.2 The case f =2

From (2.7) for f = 2 we have

%Z% > (Z)logp. (2.18)

n<U  p€da(z),peP

The inner sum of (2.18) can be decomposed as

Z (2) Z log p.
b(4n) pEds(x)

peP
d=b(4n)

In this case we have that d = —p = 0,1(4) and thus p = 3(4). So the expression above

becomes

b
Z (n) Z log p.
b(4n)* b=1(4) 3<p<z

peEP
p=—b(4n)
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We put in an error term to account for summation over primes 2 and 3:

DD (2) Y oler =30 Y (2) > logp+0(U)

n<U b(4n)*,b=1(4) 3<p<z n<U b(4n)*,b=1(4) p<x
peEP peEP
p=—b(4n) p=—b(4n)

Now at this point we will consider the odd and even cases of m separately.

I) Odd m

Given

Z% > (2) > logp (2.19)

n<U  b(4n)* p<z
b=1(4) pepP
p=—b(4n)

again we write the condition p € P as the congruence condition p = ¢(m), and this time

we define k = (4n,m) to get

Yax(h) X oew

n<U p<z
b 1( ) p=—b'(4dmn/k)
—b=c(k)

where —b' is the unique element in Z/(4nm/k)Z such that —b' = —b(4n) and —b' = ¢(m)
by the Chinese remainder theorem.
Note that we need —b = ¢(k) in the second sum so that the two initial congruence

conditions are compatible.

As m is odd, k is also odd, and furthermore k = (4n,m) = (n,m). Since (k,4) =1
we use the Chinese remainder theorem to combine the conditions of the second sum,

namely b = 1(4) and b = —c¢(k), into b = —/(4k), for some unique ¢ € Z/4kZ.
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We re-express the third sum in the expression above:

5 3, () (e o)

b——c’(4k;)
b 1 dnm
= — S — - 2.2
-y Z(JQW>Z§ZA)GW7Q<®
n<U 2 n<U  b(4n)
b——c (4k) b=—c'(4k)

We consider the second expression on the right-hand side of (2.20) and using Cauchy-

Schwarz we bound it with

1/2 1/2
DD INES B D SND S N
n<U  b(4n)* n<U b(4n)*
b=—c (4k) b=—c' (4k)
1/2 1/2
<zzﬁ (£ .5 2l
n<U b(4n)* " n<U —¥ (4mn/k)*
1/2 1/2
< p(4n) E2( 4771771 b/>
(T;] n ZI:J b’(z%%/k)* K
1/2 1/2
4 4mn
[ (-0
ngUn r;] _y %L/k K

1/2
(logU+11/2(Z 3 E2< Tb’)) :

n<U —b (dmn/k)*

Applying the theorem by Gallagher, we obtain the asymptotic bound

< (logU +1)1/2 (Uzlogx)'/?

<(UzlogUlogz)'/?
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and since U = v/z/log" ! x we have

(UzlogUlogz)'/? <« -
log™ x

Now consider the first term in (2.20). Noting that lemma 2.14 implies

()=

we apply this to get

S|

n<U b(4n)* < )M

b=—c'(4k)

Since k = (n,m), we write n = [k and observe that
S (D)= v (9 (2

n) l k
b(4n)* .

b=—c/ (4k) b=—c/ (4k)
b=—c/ (4k)

As before we decompose [ into two factors [ and [;, so we get

)z @)

(4n)*

Lemma 2.16.

b(4n)*
b=—c'(4k)

is equal to p(4n)/p(4k) if ls is a square, and zero otherwise.

(2.21)

Proof. We split up n, ls, and k into their odd and even parts and so write n = 290/,
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ls =21, k = 27K'. We have
b b b
> @)-x 56

b(4-2%n')*
b=—c (4k) b=—c/(4-2°K')

and by the Chinese remainder theorem

b b
> (») 2 (1)
b(4-2%)* b(n')* s
b=—c'(4-2%K") b=—c/ (k')
So if I/ is a square, then the inner sum will have value ¢(n’)/(k’), whereas if it is not a
square, then lemma 2.15 implies that the inner sum is zero.
For the [/, square case, we now have to consider
b
> \z):
b(4-20)*
b=—c/(4-2°K")

If 3 is even, then the sum has value (4 -27)/p(4-27) and so overall for square I, we get

If 8 is odd, then [; must be even. Thus since k£ and [; are coprime, we have that & is

odd and thus v = 0. This leaves us with having to consider
> ()
5 )
b(4-2)*
b=1(4)
Note that a > 8, and since 8 > 1 we have
> (3
2 )

b(8.2a71)*
b=1(4)

so we are summing 2°~! pairs of elements where the first in the pair is congruent to 1
(mod 8) and the second to 5 (mod 8). Thus the Jacobi symbols of each pair will cancel

out, giving us a value of zero for the sum.
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We put all the above together to get that the sum in the statement of the lemma is
equal to ¢(4n)/p(4k) if and only if I, is a square. O

Remark 11. This lemma also applies for even values of m, provided that we alter the

value of k suitably. Therefore this result will be also used in the even case.

So (2.20) is equal to

x =\ p(4n) 1
p(m) g[:] <k‘lk> p(4k) np(4n)/ (k)

ls a square
r 1 (—c’) 1 z 1 1
= - — =40 —= - 2.22
w(m) 2 ; klp, ) n p(m) 2 T;] n (2:22)
ls a squ n a square

where we have used the fact that m is odd and thus k is odd, implying that
p(4k) = 2¢(k).

We consider the error term and note that

i X ] o(e)

n a square

x
of—*
(ﬁlogcﬂw)
o)
—o(—Yr ).
<logc+1x

So we take the first term from (2.22) and re-express it as a double sum:

x -\ 1

— ] —. 2.23

i 2 (a)a 220
lsagquare

(I,m/k)=1

As before, [, can be any positive integer composed of exactly those primes p that satisfy
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plk and pt (m/k). Thus we get

(5 ) -

00 ) 1
I > ()
It pliptm/k w=1 » P /P

- L=

plk,ptm/
and since ¢ = ¢/(k) and k is odd, this is equivalent to
-1
()
m (-\22) .
plkpim /K P

Now recall that [, is any square positive integer that satisfies ({5, m) = 1, and we therefore

have (for [ a prime)

I>1
(ls,m)=1

We put all this together to get that (2.18) is equal to

seo(me-) (26 (- 5) )l

4
w(m) plkptm /K

II) Even m

If m is only divisible by 2 once, i.e., if we are given a congruence condition of the form
p = ¢(m) where m = 2m/ for m’ odd, then this can be decomposed into the conditions
p =c(m’) and p = 1(2) (since (¢,m) = 1 by assumption) and thus the second condition
can basically be ignored — all it does is exclude the prime 2, and thus does not affect

the asymptotic expression. So we can assume that 4|m.

We start with
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YiX(0) T

n<U b(4n)* p<z
b=1(4) p=—b(4n)
peEP

Again we let P be defined by the congruence condition p = ¢(m), and we set

k= (4n,m):

Sax(h) Xoew

n<U b(4n)* p<w
b=1(4) p=—b'(4mn/k)
b=—c(k)

with ¢ defined as before.

Note that m is even and furthermore is divisible by 4, so k is also divisible by 4. We
consider whether the congruence conditions in the second sum are indeed compatible,
i.e., whether —c = 1(4).

If this is not satisfied, then there is no contribution to the asymptotic from the f = 2
case.

If this is satisfied, then we can omit the condition b = 1(4) as it is included in the

b = —c(k) condition. We proceed with this case.

We rewrite the third sum in the expression above to get

DI (. )(w,m*E(va"b'))

b=—c(k)
21 B ) s @) e
n<U b(4n)* n<U b(4n)*

b=—c(k) b=—c(k)

The second term above can be bounded with the use of Cauchy-Schwarz and the theorem

by Gallagher, as before, to give that

S RORE R

n<U b(4n)*
b:—c(k)
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given that U is set as v/ log¢+! 2.

We apply lemma 2.14 to the main term in (2.24) to get

o & () i 2.2
b=—c(k)

Since k = (4n,m), let us write k' = k/4, where k' will be an integer. So k' = (n,m/4).
Note that m/4 and thus &’ may still be even.

So (n,m/4) = k' and thus let us write n = k’.I. Now

(5 - 0-E)0)

and so

b —c b
> ()=F) = ()
b(4n)* b(4n)*
b=—c(k) b=—c(k)

Split [ into the two factors I and I, where & is as before, and ly is the largest factor

of [ that is coprime to k¥’. We get

(i) S

if [y is a square, and zero otherwise.
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Therefore (2.25) is equal to

x —c '\ ¢(4n) 1
p(m) g,:] <k/lkz’> ¢(k) np(dn) /o (k)
ls a square
T > —c\ 1 z 1 1
~o(m) 2 <k/lk’) 2O G2 2 (226)

n=1 n>U
ls a square n a square

and again the error term can be replaced by

o5

log

The main term of (2.26) can now be re-expressed as

=Y (w)w

Kl ) UK
k’|m/4 1>1
ls a square

(I,m/k)=1

x (—c) 1 Z < > 1 (2.2
~ oy ()L L 27)
go(m) Klm K’ k! =1 lk’ I’
ls a square

(I,m/k)=1

where we have noted that the condition k'|(m/4) in the first sum is equivalent to the

condition k|u.

Now [ can be any positive integer composed of exactly those primes p that satisfy

plk’ and p1 (m/k). Thus we get

(@i 126

plkpim/k w=1
- (-(5);)
plkspfm/k b/Pp

Given that 4 is any square positive integer that satisfies (Is, m/4k") =1 and (I5, k') =1,



43

together these are equivalent to (I5,m/4) = 1, so we have

1 1
>1 5 plm/4 p
(ls,m/4)=1

Thus for the even case we have that (2.7) is equal to

s (90 (-9

K'\m/4 plk’,ptm/k

(1)

plm/4

So we have proved that

Z Z (1, xq)/plogp = pr—i—O(l xC >

(0] X
f=1,2 pE(Sf ) g
peEP

for some constant Kp.

We apply the above to (2.5) to get

1 T z t 1 !
— | K @) — Kpt+O | —— — ) dt
\/Elogx( et <1og%>) /2 ( re <logct>> (ﬁlogt)

and noting that

( 1 >’_ slogt+1
Vilogt) — #3/2log?t

we obtain

K +0|—F——|+K ———dt
P log x logC*t P o Vtlog?t

z 1 * 1
o [ o[ L)
F 9 2v/tlogt 2 \/flogc‘*'1 t

and so we have

2Kp Y +<ﬁ>

log log
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We substitute back into (2.4) to get

and thus have Cp = 2Kp.
2.3.3 The value of Kp
So for odd m we get
oo (I (-2)) SHE) T (-())
e (0-2)) 21 E) 1 0-(5)2)
=@ (11 (1})1)) %zlc (_k) WHW <1 Co);)
and for m divisible by 4 we get
ko (10-5)) £ )i T (0-()3)
e (IL0-2)) 2.6 10 0-G))

where I(c) = 1 if ¢ is congruent to 3 (mod 4) and is zero otherwise.
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2.4 Applications

2.4.1 Imaginary quadratic fields

Recall that, by way of example, we mentioned the imaginary quadratic field Q(1/—3) in
the introduction (which is equivalent to setting P = {p | p =1 (mod 3)}). This gave us

the asymptotic

1 T /T
1AB Z Z m0(Q(V—=3), Eqp, x) ~ 91({33
lal<A b<B 8

for A, B > 21/2t¢ and AB > 23/2+¢,

Remark 12. For P = {p prime | p = 2 (mod 3)} we have Cp = 27/9, and thus
it appears that the occurrence of supersingular primes p = 2 (mod 3) is significantly
greater, whereas our heuristic does not distinguish between the constants for the 1

(mod 3) case and the 2 (mod 3) case.

In general, we have the following constants for imaginary quadratic fields L =

Q(v/—q): if ¢ =3 (mod 4), then

™ 1 /qg—1
Cr=—.- (1=
i 2( q >

T 1 q—i
Cp=—- - .
L 3 2( q >

Remark 13. Thus for any imaginary quadratic field there is a bias against the occurrence

whereas if ¢ =1 (mod 4), then

of supersingular primes that split in that field.
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2.4.2 Real quadratic fields

For L = Q(,/9), if ¢ = 3 (mod 4),

T 1 q+}1
Cc;p =2 .2 [114
L=3 2( q )’

™ 1 /qg+1
Cp=—--= )
P73 2(61)

whereas if ¢ =1 (mod 4), then

Remark 14. Here we observe a bias toward the occurrence of supersingular split primes.

Note that these biases will still be present in the refined averaging of the next section.

Remark 15. We can summarise our results on quadratic fields of the form L = Q(y/£q)

(where ¢ is prime), as

™ 1 /D+1
CL=33 < D >
where D is the discriminant of the quadratic field.

2.4.3 Cyclotomic fields

We could also take a cyclotomic field such as Q((35), in which case the set of split primes

is P={p prime|p=1 (mod 15)}, and so

KPZ%C@) (1—;> (1—215> [1—1+i+116]
~ )5

1
and so Cp :%w.

Thus

for A, B > 21/2t¢ and AB > 23/2+¢.
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Remark 16. The sum of the C'p-coefficients for the various congruence relations modulo
15 is w/3, and thus the mean value is 7/24, which is larger than the coefficient in the
asymptotic above. So again it appears that we have a smaller than average occurrence

of supersingular primes that split totally in the number field.

Remark 17. The bias in the distribution of supersingular primes, as seen in these exam-
ples, can be traced back to the L-functions of section 2.3. Consider the inner sum, for
f = 1 say, of the right-hand side of equation (2.4) and express this using Euler products

to get

S

1 (%)
1T (-2 -
€61 (x) p prime g q
peEP

Define () to be the set of (rational) primes congruent to 2 (mod 3) and R the set of
primes congruent to 1 (mod 3). If P = @, the second factor in the Euler product would
be (1— %)71 = 3/2, whereas if P = R, that same factor would be (1+ %)71 = 3/4.
This suggests that choosing a set of primes such as @) leads to a larger constant in the

averaging expression. Furthermore, we note that the ratio of the two factors is greater

(and thus the bias more pronounced) when ¢ is a smaller prime.

2.5 A refined averaging

The averaging that we carried out included more than one elliptic curve from each
isomorphism class. This can be avoided using a construct of Fouvry-Murty.

Define a ‘set of minimality’
M ={(a,b) € Z | p*|la = p’ 1 b}

A straightforward extension of a theorem from ([F-M]) gives

Theorem 2.17. For A, B such that A, B > z't¢ and AB > z%*¢ . min(AY/*, BY/5), we
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have
2AB H(-4
Z Z 7o(P, Eqp, ) :C(IO) Z (=4p) (1+0 (pil) +0 (log*4 z))
<A |b|<B p<z P
(a,b)eM peEP
+ O (ABlogz)

where we note that the sum is now no longer over multiple representatives of a given

Q-isomorphism class (in the case of elliptic curves with j-invariants # 0, 1728).

We bound the error terms using (2.3), and then using (2.28) we get

Theorem 2.18. As x — o0

Z Z TFO(Pa Ea,b7x) ~ 14D C \/‘E

A CPT .
la|<A [b|<B ¢(10) ""logx
(a,b)eM
for A, B > z't¢ and AB > z***min(A'Y/*, BY/6), and where Cp is the same constant as

mentioned earlier.

We plan to investigate elsewhere the occurrence of congruence class bias for individ-
ual elliptic curves, rather than on average for a family of elliptic curves as we have done

here, in part through a careful examination of the mod p Galois representations.
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Chapter 3

Supersingular distribution for
thin families of elliptic curves

In this chapter we construct (arbitrarily) thin families of elliptic curves for which the
Lang-Trotter conjecture holds on average, when averaging over the Weierstrass equations

of the curves.

3.1 Weierstrass equations

We first note that, using averaging techniques of Fouvry-Murty, one can demonstrate
that Lang-Trotter holds on average for elliptic curve families of the form y? = z3+axz+b
where a,b € {kn+c | n € Z}, for fixed integers k and c. However, one can obtain much

thinner families than this.

Construct a sequence {ay} of integers as follows. First we choose a function f(n)
and impose the condition that a, > f(n) for all n. This condition should always be

assumed to stand in the description below.

Now choose a1, as,as such that they all have different congruence classes mod 3.
Next, choose ay,...,a15 such that aq,...,a15 are evenly distributed across congruence
classes mod 3 and mod 5. We continue by choosing aig, . .., as.5.7 such that they are
evenly distributed across congruence classes mod 3, mod 5, and mod 7. We thus
construct our sequence in this manner, so that given any (large) prime p, we have

a1 < ag < az < ... such that {ay,...,aq,} is evenly distributed mod p, for all 1.
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Note that given such a sequence {a,}, we have sequences {a,, + c}, for a fixed integer
¢, which also satisfy the conditions above. Furthermore, sequences {ka,, + c}, for fixed
integers k and c, satisfy the conditions above for all but finitely many primes (i.e., those

coprime to k).

Solet S ={E;;:y?= a3+ a;z* +a;} be our family of elliptic curves, and note that
if f(n) is a degree two polynomial or an exponential function, then S is a thinner family

than any of those mentioned in the first paragraph of this section.
We will establish that this family satisfies the Lang-Trotter conjecture on average,

using techniques of Fouvry-Murty [FM]. Denote the number of supersingular primes for

Eqy that are less than x by mo(z;a,b).

Theorem 3.1. Given the conditions and notations above, we have

ZZWoxab A/\flogt

|la| <A |b|<B

+0((A+B)2*? +25% + AB VT .
(log z)¢

Under the conditions A, B > /2T AB > 23/2%¢ this gives

v VI
—szxab 310gx

la|<A |b|<B

3.2 Proof

Proof. The proof basically follows from Fouvry-Murty [FM], however we include (a more

detailed version of) the argument here for the sake of completeness.
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The same considerations as in (2) lead us to

Z Z mo(z;a,b)

la|<A[b|<B
1 2A 2B
:2%:9 (p+0<1>> ’ <p+0(1)> -p- (H(~4p) + O (1)) + O (AB)

H(—4 3/2 5/2
=2AB Z M%—O (A—i—B)x + ABloglogx + -
o P log log x

where O (AB) is to account for the possibility that 2 and 3 may be supersingular for
various elliptic curves, and for the primes p that may be supersingular for curves with

non-minimal equation Egya g p6

Now we note that
H(—4p) = h(—4p) + h(—4p)

where the Dirichlet class number formula tells us

-y = Y11,

where d =0 or 3 (mod 4) and w is the number of units in the quadratic field to which

the order is associated, thus w = 6,4,2 when d = 3,4, > 7 respectively.

This leads us to consider the expression

2AB L(1 L(1
Z y X— p +9 Z » X— 4p (3.1)
g 5<p<lzx \/> 5<p<z \/>
p=3 mod 4

+0 <(A—|—B):L’3/2—|—A310g1}—|—l'5/2).

Note that we will repeatedly use partial summation in our analysis below. In order

to fix notation in this context, let us recall the following statement:
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Given a sum of the form

Z anf (n)
n=~k

where a,, is a sequence and f(n) is a continuously differentiable function on [k, r|, then

this is equal to

Ao - [ " A f (1)t

where A(y) = >V _, an.

We also recall the Polya-Vinogradov inequality, which states that for a non-principal

character x on Z/nZ and for any positive integer h, we have

< 2y/nlogn.

h
> x(k)
k=1
We will handle the two sums in (3.1) separately.

3.2.1 First sum

Now we consider

L(l, Xfp) = Z Xﬁp(n)
n>1

n

Xolt) | 5 sl

n
n<U n>U
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and we apply partial summation to the second sum with a, = x_,(n) and f(n) =1/n

to obtain
> = i (a0 [ a0 o)
n>U
—dm ([ S ] [ 3 |
U<n<r U \v<n<t

By Polya-Vinogradov we have

Z X—p(n)

r—00
n>U U

1 1"
< lim <'2\/I310gp+2\/1510gp M >
"

1
=T 2/plog p.

Thus as p — oo we have

= o ()

n<U

We will specify U as a function of x later.

Note that for p = 3 (mod 4) we can express x_,(n) as the Legendre symbol (%)
Thus

L(1,x-p) 1 <n> 1 <10gp>
E AT E N E — ] =40
\/ﬁ 5<p<z \/f)n<U pjmn U
p=3 mod 4 p=3 mod 4 -

n 1 T
> T ()agro@)
~ p=3mod4

We estimate the contribution from the portion of the sum when n is a perfect square:
> o X
m? VP

n=m2<U 5<p<z
p=3 mod 4
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Fix m and consider

1
> L

ptm,p=3 mod 4

We apply partial summation with a, = 1 exactly when p = 3 (mod 4) and p { m,
and with f(p) = 1/,/p to get that the sum above is equal to

\}EA(x)— /2 ' (—;t 3/2> A(t)dt (3.2)

where A(z) = zp<x ap. Recall Dirichlet’s theorem on arithmetic progressions in this

context, which tells us that

m34(x) = %li(w) +0 (ﬁ - exp(—ar/log a:))

where 73 4(x) is the number of primes congruent to 3 (mod 4) that are less than z, and
where a is some positive integer (for example, the equation above is known to hold for

a=1/15).

Thus we obtain that the contribution from the inner sum when n is a perfect square

is

[ o i)

The contribution from the outer sum under this condition is

1 2 1
P e D D=2

m2<U m2>U
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Note that, as U — oo,

thus

So when n is a perfect square, the corresponding contribution is

(5 +0(5)) (2. i +0(7 otcaviosn)

zifmw(ﬁﬁ-exp( ovioss) ) +0 (5 155 )
+0 (\gexp(—@\/@)
(

V- eXp(—a\/@D

t
-z +0
2/2 Vtlogt

where in the last line (and from here on) we fix U to be x3/4,

Now we need to consider the contribution when n is not a perfect square. We first

note that if 21 = x - exp(—cy/log x) for some positive ¢, then

SIv (M) Lty

n<U  p<lzi n<U p<x1

dt
< (logU) - _
(log )/2 Vtlogt
c VI

log =1

< (logU) - vz - exp< 5 J@)

where the prime on the sum indicates that we are summing over non-square n, and the
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X indicates that we are summing over primes congruent to 3 (mod 4).

To the outer sum in the expression

222 ()5

n<U  z1<p<lzx

we now apply dyadic decomposition to obtain, for a suitable V < U,

Z )3 <><< (log )| T (V)| (33)

n<U r1<p<lx

where T1 =Ty (V) is

> iy (95

V<n<2V r1<p<z
Apply partial summation to the inner sum above with

1

ap = (p) logp and f(p) = \flogp

to obtain that
X

2 ()5 a2 o ()

z1<p<z z1<p<w

/z (J;og»tifogp (Z) “

<o 2 ()

T1<plx

M i) 2 e ()

t1<p<t
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and summing over n,

/ X

1 1 n
T Y LY wen(?)
Vzlogz Vin<av " |1 <p<e P
T 1 !
+
/11 <\/ilogt>
1 1] < n
< — 1 -
<, 2, 7| 2o (5)

/

<n<2V 1 <plzx
T 1 !

+

/m1 (\/i 10gt>

V<n<2V - |t1<p<t

/ X
Z % Z logp<z> dt;

V<n<2V t1<p<t

thus

/ X

1 n
VT <——— 1 i
S gz, 22, | 2 o ()

<n<2V |z1<plx
T
+ /
1

(\/fllogt>/

Z/: ZX: log p (Z) dt. (3.4)

V<n<2V [t1<p<lt

At this stage we need (see Lemma 8 of [Jut])

Lemma 3.2. Let

/
d
S(D,x) := Z Z A(n) (n)
d|<D |3<n<z
where A(n) is the Von Mangoldt function and the prime on the summation symbol in-

dicates that the sum is to be taken over non-square values of d.

Then for all ¢ > 0, uniformly for 3 < D < x49/50,

xzD

S(D,x) < (Toga)""

We note that this also holds if the sum over n is restricted to n = 3 (mod 4) (or
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n =1 (mod 4)). This can be achieved by detecting suitable n using 3 (1 — (=1)) (or
2 (1+ (5)) for the 1 (mod 4) case).

We now need to determine that the same estimates apply if we restrict the inner

sum to prime values of n (rather than powers of primes).

/

% |5 ol

V<d<2V |3<p<z

!/

£ s ()

ld|<2V=D |3<p<ax

/

=S(D,z) - Y > logp<d>

e
|d|<D [3<p*<zx,a#1

and note that we have set D to be 2V.

Now

d
>, logp(—
3<po <z, p
< > logp

3<pe<z,a#l

<log(z"/?) - w(«'/?) + log(z'/?) - m(x'/?) 4 - - + log(a"/*)m (/")

where w is the least integer greater than log, z, and so we can bound the expression
above as

<V +2'/3 logy x

<L .

Thus
’ d
S s (p) N

|d|<D |3<p*<z,a#1

This is dominated by the 2V/(log )¢ term and so does not affect the asymptotic.
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Therefore we have that

S 2w ()] < wer

V<d<2V |3<p<lz

So for (3.4) we have

1 1%
Vi S\/Elogx ‘ (l(;Eg:U)C
@ 1 "o
[ (oge) | e
Now
x 1 "ot
/. (ﬁmm) Tog 7
@ 1 11
- / T g (2 i 1gt>
@ 1 1 1
Sv/xl o (log £)e+1 (2 " i;t)
) z
=V {t1/2 . 7(log t)C“Ll
22y
<<W.
Thus
1/2
VI < \/alogx ' (103;‘;)0 + (Sg g;)‘c/ﬂ
and so
T < (log\gcﬂ.

Applying this to (3.3), we have

Z:@ > <Z> ¢1i7<< <lofx>c‘

n<U  z1<plzx
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Combining all the results above, we obtain
Z M— / -l—O( )+O<\/§~exp(—\/logaz)>
p<z,p=3 mod 4 \/ﬁ 12 \[log ¢ v

+0 <\§> +0 (ﬁ-exp(—%\/@) logU)

+O<1ogx-(log*gc+l>

and note that the right-hand side can be simplified to

TR (ser)

3/4

where, as mentioned earlier, we have set U = x

This concludes our analysis of the first sum.

3.2.2 Second sum

The analysis of the second sum follows in a similar way to that of the first. We briefly
highlight the main steps.

The Polya-Vinogradov inequality and partial summation give

L(1>Xf4p) = Z XZZM) +0 <\/]3(1]ng>

n<U

and note that

X-ap(n) = (721)2 (1) "z <Z> ‘

Thus the expression we consider is
prin—1 (m) 1
> Yy (32 33
odd n<U p<z p \/i)

If n is an odd perfect square, then n = m? = 1 (mod 4) and so (—1)%%1 = +1 and
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so the inner sum is

Z / o7 +0 (Va - expl(-av/loga)).

p<x

The outer sum is

£ JL 05 - 8

odd m2<U odd primes p odd m2>U
3 1
= — . — 4+ O =
16 <U>

2 > U arises from the same result in the

where the estimate for the sum over odd m
previous subsection.

Thus the contribution for when n is square in expression (3.5) is

(3 -0(0) (] 0l owensso)

/ \flogt O<\f 1>+O(\/§ exp(~av/log))

logxe U

x
+0 (Ulogac - exp(—a+/log x)) .

Now we consider the contribution from the non-square n.

We want to estimate
/
3 Yy <n> L
odd n<U p<zx p \/ﬁ

where the prime on the outer sum indicates that we are summing over non-square n.

Dyadic decomposition gives

1
S e (1) L <o )
odd n<U p<zx p \/ﬁ
for some 3 <V < U, where

I SRS R (2) v,

V<odd n<2V  p<z
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Applying partial summation to the inner sum, we obtain

1 ptln—1 [N * 1 ! ptin—1 (1
- )2 2 (= )logp— _— —1) =2 "2 [ —)logpdt
iloga 2= (p) B /2<ﬁlogt> pz( ) <p> o

p<z <t
and therefore
!

1 p+1 n—1 n
> s (i)
VTI(V) <<\/510ng<0 (—1) =z = <p> ogp

dd n<2V |p<zx

+/; (\/illogt)/ z/: S (pE (Z) logp dt|.

V<odd n<2V | p<t

Now we seek to bound

Rk (%) 0sr

V<odd n<2V |p<Zz

/ /
n n—1 n
D SENED DI 3 17 D DI TR Sl C 11
V<odd n<2V p<lz p V<odd n<2V p<lzx p
p=3 mod 4 p=1 mod 4

Applying the consequences of Lemma 3.2, derived in the previous subsection, we

obtain, for D = 2V,

e * 5| 2 (e r X 2 (3]s

|d|l<D| 3<p<z |dj<D| 3<p<z

p=3 mod 4 p=1 mod 4
! n ! n
S SN D SHN 3 IV D SEN IS o €3 1)
V<odd n<2V p<lz p V<odd n<2V p<lz p
p=3 mod 4 p=1 mod 4
Thus we obtain

x
(V) < Ve
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and so combining the results from this subsection, we have

22 = 1X4p S A +0 (o)

p<lz

3.2.3 The asymptotic

Combining the results from the previous two subsections, we have

Z Z mo(z;a,b)

la|<A[b|<B
_ 3/2 5/2
=2AB Z M+O (A—i—B)x + ABloglogx + *
5<p<m log x log
2AB 2 . VT
A+ B)z%? + AB1 52 4 AB
/ \flogt +0 (( + B)z°/* 4+ ogx + x°'* + (Tog )
3/2 5/2 VT
TAB / \[log <(A+B) +a +AB(10gx) >

as required.
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Chapter 4

A refinement of strong
multiplicity one

Introduction

Given a number field F, let Ag(GL,,(AF)) be the set of cuspidal automorphic represen-
tations m = &) m, of GL,(Ap). For m € Ay(GL,,(AR)), for any place v of F where 7
is unramified we denote the Langlands conjugacy class by A(w,) C GL,(C), which we
will represent by the diagonal matrix diag{ci ., @2.4,...,n}. Let a,(m) be the trace
of this matrix.

For n = 2, we will prove the following two theorems.

Theorem 4.1. Let m, 7' € Ag(GL2(Ar)) be non-dihedral representations, with trivial
central character and symmetric squares that are not twist-equivalent. For finite places
v where m and ' are unramified, set a, = Tr(A(m,)), by = Tr(A(n)), and let S = {v |
ay # by}. Then

o(8) =

ot N

where §(.S) is the lower Dirichlet density of the set S.

Theorem 4.2. Let m be a non-dihedral cuspidal automorphic representation over a

number field F', with trivial central character. We define Sy = {v | ay # v}, where 7 is
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a real scalar and let §(Sy) represent the lower Dirichlet density of S,. Then

(v +1)?
) > — .
8(8) = 4+ 692 +2

We feel that both theorems 4.1 and 4.2 could be extended, with some care, to the
case of cuspidal automorphic representations for GL(2) with non-trivial unitary central
character. Presenting these theorems here for the case of trivial central character allows

us to simplify the notation in the proofs.

The structure of this chapter is as follows: In section 4.1, we establish some no-
tation and recall relevant theorems on the cuspidality of known symmetric powers; in
section 4.2, we prove the result relating to the strong multiplicity one theorem; in sec-
tion 4.3, we address the occurrence of a fixed real algebraic number as the value taken
by the trace of the Langlands conjugacy class of 7 at place v; lastly, in section 4.4 we

consider an example relevant to theorem 4.1.

4.1 Preliminaries

We begin by introducing some notation. Let F' be a number field and let .S be a set of

primes in F. Then the lower Dirichlet density of S is

. . ZpeS prs
8(8) = lim inf= Ty

For 7 € Ao(GL,(AF)) we have the associated L-function L(s,7) = [], Lu(s,m)

where for m, unramified we have

n
Lo(s,m,) = det (L — A(m)No ™) " = [T (1 — ajuNo~) 7.
j=1
Let T be the set of all ramified and infinite places. Define the incomplete L-function

LT(S, ) = H Ly(s,my),

vgT
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and the ‘incomplete Dedekind zeta function’

(h(s) = [T =No=)7".
vegT
Given m € Ag(GL,(Ap)) and 7’ € Ag(GL,(AF)), we have the Rankin-Selberg L-
function L(s, wxn’) =[], Ly (s, my X 7,,), where for v such that 7, and 7, are unramified,

we have

Ly(s,my x m,) = det (Inm — (A(my) ® A(m,)) Nvfs)f1 .

We also note the following cuspidality results that we will use in the next few sections:

Given a cuspidal automorphic representation 7 for GL2(Ar), by Jacquet-Shalika [JS1]
and Shahidi [Sha] one knows that the symmetric second, third, and fourth power repre-
sentations are isobaric sums of unitary cuspidal automorphic representations. One also
knows that Sym?7 is cuspidal iff 7 is non-dihedral [GJ] and that Sym®r is cuspidal iff
7 is not dihedral or tetrahedral [KS1]. One also knows that L(s,7’) is non-vanishing on
Re(s) =1 for any cuspidal automorphic representation «’ for GL, (Ap) [JS2].

Note that for 7 € Ag(GL,(AR)), 7’ € Ag(GL,,(AF)), the Rankin-Selberg L-function
L(s,mx7') hasapoleat s = 1 if 7’ ~ 7" [JS1], and otherwise is holomorphic in Re(s) > 1
and non-vanishing on Re(s) =1 [Sha].

For 7 that is not dihedral or tetrahedral one knows that the completed L-functions of
the symmetric square and cube are entire. Furthermore, for such 7 one also knows that
the L-function of the symmetric fourth has no pole at s = 1 and in fact is non-vanishing
at that point. These standard facts follow from the Clebsch-Gordon decomposition of
tensor powers of representations — we include the details below for completeness.

Specifically, one can consider LT (s, Sym>®r x 7) (where T is defined as above) and
note that since Sym>r is cuspidal, this incomplete Rankin-Selberg L-function does not

have a pole at s = 1. Now we show that

LT (s,Sym®r x m) = LT (s, Sym*m) LT (s, Sym?n).
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Fix v ¢ T and write «;, as ;. Since 7 has trivial character, we have that ajas =1

and so we will use the notation a, a~! for aq, as, respectively.

Consider A(Sym37) ® A(r), which can be represented by

o3
oY a
X
a™t a~t
o3
ol
02
o2
1
~
1
o2
o2
-~
ol
o? o?
~ 1 S 1
a=? a=?
!

and thus A(Sym37) ® A(r) is equivalent to A(Sym?r) @ A(Sym?r). So we have
LT (s, Sym?®r x 7) = LT (s, Sym*n) LT (s, Sym?n).

Since (as mentioned) the incomplete L-function on the left-hand side has no pole at
s = 1 and the incomplete L-function associated to the symmetric square is non-zero, we
have that LT (s, Sym*r) has no pole at s = 1.

Furthermore, note that since the symmetric third and fourth powers of 7w are known

to be isobaric sums of unitary cuspidal automorphic representations, by Jacquet-Shalika [JS1]
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and Shahidi [Sha] we know that the associated L-function is non-vanishing at s = 1.
Similar properties of these incomplete L-functions also hold when 7 is tetrahedral.
We have addressed this case in section 4.5.

From here on we assume that 7= and 7’ are not dihedral.

4.2 Proof of theorem 4.1 in the non-tetrahedral case

Given that 7 has trivial central character, we have that a, € R for all v (since in general
T~ 7 ®w !, where w is the central character of 7). Let ¢ = cg be the characteristic

function of the set S = {v | a, # b,}. We have, for real s > 1,

a 2a.,b,,
Novs - Nuvs st

1/2 1/2
(av —by)* c(v)?
= <§v: Novs ) ( — No? >
4a3b, 6a2b? 4ayb3 bl 2
(ZNUS_Z Nvs Z Nvs _zv: Novs +ZU:NUS)
) 1/2
: (Z st> (4.1)

veS

where the inequality above arises from applying Cauchy-Schwarz.
In order to establish the asymptotic behaviour of each side of the inequality above

for real s — 17, we make use of

Lemma 4.3. Let T and the incomplete L-functions be defined as in the previous section.
For non-dihedral cuspidal GL(2) automorphic representations w, ', with trivial central

character and symmetric squares that are not twist-equivalent, we have the following
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identities:

LT(s,mxm

! 3

Lf(s,mx 7 xmxn')=LT

/ LT

) =L ( (m)) ¢
LT(s,mx 7 xmxn)=LT (s, Sym4(7r)) Lt (s Syr112(7r))3 T(s)?
) ( ()
LT(s,m xmx 7' x ) ( ()

Proof. This follows from the Clebsch-Gordon decomposition of tensor powers of two-

dimensional representations. However, we include the details for completeness.

Fix v ¢ T and write o, as a;. As in the previous section, because 7 has trivial

character, we will write a and a~! for a; and as, respectively.

First equation

Consider A(m,) ® A(m,), which can be represented by
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Thus

Ly(s,my x m,) ' =det <[4 _ A(WU)XA(”U)>

Nvs
o2
=det | Iy — ! Nov~*°
1
a2
a2
=det | I3 — 1 No™% | - det (1 - Nv_s)
o2

=L, (s, Sym27rv) . (1 — Nvfs) )

Given that this identity holds for all v € T, we can take the product over all such v

to obtain

LT(s,mxm)=L" (s, Sym2(7r)) - CE(s).

Second equation

Consider A(m,)®4, which can be represented by

@4
oY
ol
®2
o2
~ 1 @1
o2
®2 @2
a2 a2
~ 1 S 1 @1
-2 -2
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At this point we note

ol
®2
a? a?
1 ~ 1
a2 a?
a4
o2
@ 1 @ 1.
a2
Substituting into the equation above, we obtain
al
®3
a? a?
1 <) 1 o 192
a2 a2
a4

As before, we use this to interpret the local factors, and thus obtain

LT(s,mxmxmxn)=L"T (s, Sym4(7r)) LT (s, Syr1r12(7r))3 CE(s)2.

Third equation

We keep the same notation for A(m,) and we represent A(7,), having fixed a v ¢ T,
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by diag{3, 37'}. Thus we note that A(m,)®® ® A(7]) can be represented by

thus

LT(s,mxmxmxna)=L" (S,Sym3(7r) x ') LT (s, x 77')2.

Fourth equation

We have A(m,)®? @ A(n])®2, which can be represented by

a2 52
1 Pl ® 1 d1
a2 52
a2 52
~ 1 ® 1
o2 B2
o2 52
5] 1 D 1 ®1
a2 52

which gives us

LY(s,mxnx 7' x7')=LT (s, Sym?(7) x Sym2(7rl)) Lt (s, Sym2(7r))

LT (5, Sym2(7r’)) Cg(s)



73
O

Remark 18. The purpose of the lemma above is to be able to establish asymptotic be-
haviour of the completed L-functions as s — 17. Note that it is enough to compare
incomplete L-functions as the number of ramified and infinite places is finite, and thus
the incomplete L-function associated to the unramified finite places has the same type

of pole at s = 1 as the complete L-function.

We now continue with our proof of theorem 4.1 for the non-tetrahedral case.
By considering the behaviour of the incomplete L-functions, for 7,7’ that are not

dihedral or tetrahedral, as real s — 17, we obtain

af}b{; .. 1 1
Z Nos =k(i,j) - log (8_1> +o <Iog <s—1>>

where

0 for (i,7)=1(1,1)o0r (3,1)
k(i,j)=< 1 for (i,5) = (2
2 for (i,7) = (4,

asreal s — 17T,

Now if we divide inequality (4.1) by log(1/(s — 1)) and take lim,_,+ inf of both

sides, we obtain

IN

101/2 . Q(S)1/2

gl N o
IN

[

—~

nn

SN—
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4.3 Proof of theorem 4.2 in the non-tetrahedral case

Recall from the introduction that Sy = {v € ¥r | a, # 7}, where 7 is a real scalar and
let 0(.S,) represent the lower Dirichlet density of .S,,.

Let ¢ be the characteristic function of the set S, and consider
2av’7
Z Nos Z o T N
o Z N’US

’UESW
—Z c(v)
st
1/2 1/2
(ay —7)* c(v)?
< ~ 7 7
- (Zv: Nos Zv: Nos
1/2
4 4 3 6 2.2 4 " 3 4
—_ ay _ av’Y_i_ ayy o Ay’ _i_zfy
- Nuos - Nuvs - Nuvs - Nos - Nuvs

1/2

D) (12)

vES,y

We have

Lemma 4.4. For real s — 17 we have the following identities:

25 o (s (53))
e = (s (53))

Proof. We can take a similar approach to that taken in the proof of lemma 4.3 from the

previous section. We include the details for completeness.

First equation

We note that A(m,)®? can be represented by
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®3
«
Ofl
a2
(0]
~ 1 Pl ®
04_1
a—2
a3
[0
« «
~ &)
0471 0471
a—l
a_3
a3
@2
[0 «
~ &
Ckfl 0471
Oz_3

and thus we have
LT(s,mx 7 xm)=L" (s, Sym?’(Tr)) LT (s, )2

Since 7 is a cuspidal automorphic representation that is not dihedral or tetrahedral,
we know that the first L-function on the right-hand side has no pole, and the cuspidality

of 7 tells us that the second L-function on the right-hand side also has no pole. Thus
3
a; 1
= 1 e .
2 = (e (5))

This simply follows from the fact that 7 is cuspidal, thus

Y= (s(53))

Second equation
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We divide inequality (4.2) by log (1/(s — 1)) and take lim,_,;+ inf of both sides; we

obtain
(1+72) < 2+ 697 +4HY2 - (3(5,))1?
and thus
(72 + 1)
) .
(57) = v+ 69242

4.4 An example

In this section we will consider an example due to J.-P. Serre that demonstrates that
D. Ramakrishnan’s strong multiplicity one theorem [Ram] is sharp, and we will verify

that theorem 4.1 is compatible with this result.

Consider the quaternion group Qg. It has a unique two-dimensional complex irre-
ducible representation, which we will denote as 7. Now we let G = Qg x {£1} and we
define two representations of GG, denoted by p and p/, as 7 ® 1 and T ® sgn, respectively.
We note that p, p’ are irreducible representations.

Now Qg (and thus G) is known to appear as a Galois group of a finite extension of
number fields. Therefore any representation of G can be lifted to a representation of
Gal(Q/Q).

Let S be the set {(£1,—1)}. Then the traces of p, p’ agree exactly outside S, and
furthermore we note that |S|/|G| = 2/2* = 1/8.

Since G is nilpotent, by Arthur-Clozel [AC] the strong Artin conjecture holds for p
and p’. So there exist cuspidal automorphic representations 7,7 € GL2(Ap), a Galois

extension K /F with group G, and a finite set T" of places of F' (that includes the ramified
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primes for p, p/, 7 and 7’) such that

Ly(s,p) = Ly(s, )

Ly(s,0") = Ly(s,7)

forallv ¢ T.

Thus the theorem is sharp.

In the context of theorem 4.1, we note that since the cuspidal automorphic repre-
sentations p, p’ are locally isomorphic for a set of places of density, and thus of lower
density, greater than 3/5, the representations must have symmetric squares that are
twist-equivalent.

Indeed, we note that the representations themselves are twist-equivalent. If we tensor
p' = 7 ®sgn with the one-dimensional representation 1 ® sgn we obtain (7 ® sgn) ® (1 ®

sgn) =7 ® 1 = p. Thus p, p’ are twist-equivalent.

4.5 The tetrahedral case

Here we prove theorem 4.1 in the tetrahedral case.
In the case of theorem 4.2 for the tetrahedral case, we will not prove it explicitly,
but we note that it simply follows from combining the approach used in section 4.3 with

that of this section.

For m tetrahedral, one knows that Sym?r is cuspidal, but Sym?3r and Sym®*r are
not.

We will begin by showing
Proposition 4.5. The L-function associated to Sym*m has no pole at s = 1.

Proof. This simply follows from the Clebsch-Gordon decomposition of tensor products
of representations of dimension two, and is certainly well-known to the experts; we are

including the details here for completeness.

We will use



Lemma 4.6. Let T be the set of ramified and infinite places.

automorphic representation w, we have

78

Then for a cuspidal

LT (s,Sym?r x Sym?n) = LT (s, Sym*n) LT (s, Sym?7)Cp(s).

Proof. Fix v € T' and write o, as ;.

Note that A(Sym?w,) ® A(Sym?7,) can be represented by

which can be expressed as

@1
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thus A(Sym?r,) ® A(Sym?r,) is equivalent to A(Sym*r,) @ A(Sym?n,) ® 1 for all un-

ramified v, and so we obtain the identity of the lemma. O

We return to the proof of the proposition. Now given that Sym? is a GL(3) cusp form
with trivial character, the corresponding L-function has no pole at s = 1 and furthermore
is non-zero at that point. We also know that the Rankin-Selberg L-function on the left-
hand side of the L-function identity from the lemma has a simple pole at s = 1. The
same holds for the Dedekind zeta function (p(s) at s = 1.

Thus examining the identity from the lemma, we obtain that the symmetric fourth

power L-function has no pole at s = 1 and is non-zero at that point.

Thus the proposition holds.
O

We also note, by Jacquet-Shalika [JS1] and Shahidi [Shal, that the L-function associ-
ated to the symmetric fourth power is non-vanishing at s = 1 since the symmetric fourth
power automorphic representation is an isobaric sum of unitary cuspidal automorphic

representations.

We now prove

Theorem 4.7. Let m,7" € Ao(GL2(Ar)) be tetrahedral representations with trivial cen-
tral character and symmetric squares that are not twist-equivalent. For finite places v
where  and 7 are unramified, set a, = Tr(A(my)), by = Tr(A(n))), and let S = {v |
ay # by}. Then

o(S) >

(G2 )

where §(S) is the lower Dirichlet density of the set S.
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Proof. From inequality (4.1)
2a,b, b%
Z Nos Z Nos Z Nos
1/2
< a B 4a3b, L 6a2b? B 4a,b? Z /
- Nvs Nvs Nvs Novs Novs
v v v
1/2
( : ) |
veS No?

al 6a2b? 12 1 12
é(zv:st Zv: Nuvs +2st> .<ZNUS> '

vES

Using the proposition above and results from earlier in this chapter, we have the

o) ({2
£ () o e (1)

Applying this and earlier results to the inequality above, we obtain

following:

IN

(5).

IA
I

2
2
)

4.6 The tetrahedral case: an example

We will construct two tetrahedral cuspidal automorphic representations whose sym-
metric squares are not twist-equivalent and whose Hecke eigenvalues agree on a set on
density 17/32.

We achieve this by constructing two representations of dimension two of the binary
tetrahedral group ;1; with suitable properties. Since 114 is well-known to appear as a

Galois group over Q, we can lift such representations to Gal(Q/Q). Then we apply
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Arthur-Clozel [AC] to obtain the existence of automorphic representations as described

in the paragraph above.

4.6.1 The binary tetrahedral group

We will present the binary tetrahedral group G := Z{Z as follows. Let 4,4,k be the
quaternions and let w = —3(1 4 i+ j + k). Note that w has order 3. G is generated by

i, j,w, with the following relations:

wiw™ "~ =j
wjw™ ! =k
wkw™! =i

Thus we can express GG as the semi-direct product ) x4 C' where C' is the order 3
subgroup generated by w, ¢ : C — AutQ with ¢(w) = ¢, : ¢ = wqw™!, where the
conjugate satisfies the relations mentioned above. Thus G has 24 elements; the only
(non-trivial) normal subgroup, other than @, is {1}.

Note that the conjugacy classes of this group are

{1}7 {*1}7 {:l:i’ :l:ja ik}a {wa *Z’Wa —jw, *kw}v {—w, iw,jw, kw},

{w2a _iw27 _jw27 _kw2}7 {_w27 iw27 jw2a ]{;WQ}'
Thus the 24 elements are distributed over 7 conjugacy classes.

4.6.2 Irreducible representations

We have three one-dimensional irreducible representations coming from the irreducible
representations on C', so that leaves us with four irreducible representations whose de-
grees n; give > n? = 24—3 = 21. We need at least one three-dimensional representation
to help achieve this number, and two of them would lead to the remaining ones satis-
fying n? + n/ 2 = 3 which is not possible. Thus we have exactly one three-dimensional
representation. This leaves n2 + n’? + n”? = 12 thus the remaining three irreducible

representations must all be two-dimensional.
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Starting with the one-dimensional representations, we note that this is based on C,
where we map the generator of this subgroup to 1, ¢ or (2, where ( is the primitive root
of unity e2m/3.
The three-dimensional representation can be found using SO(3). We do not need the

details of this particular representation for the purposes of this section, but, for com-

pleteness, we will still include its character table below.

This leaves the three two-dimensional representations. First, we have the represen-

tation p, under which
1
—i

1( 1+¢ =144
W ——

2\ 144 1—4

The other two can be obtained by twisting p by the two non-trivial one-dimensional

characters.

Thus the character table is:

{1 | {1 ]| W] | [l | W?] | [-w?]

xi| 1| 1 |1 ¢ | ¢ || ¢
el 1| 1 |1 ¢ | ¢ ¢ ¢

p 2 -2 0 -1 1 -1 1
pOX1| 2 | 2 | 0| —=C| ¢ |=¢] ¢
pOx2| 2 | 2 | 0| =C] ¢ | —¢]| ¢

P 3 3 -1 0 0 0 0

4.6.3 Galois structure

We are interested in the image in GLy(C) of a tetrahedral representation, which is

isomorphic to the binary tetrahedral group 2(4. This allows us to establish the nature



83

of the (smallest) Galois group that the representation factors through. Let us denote

this Galois group as Gal(K/Q). We have the following structure of Galois fields:

3

Q

Note that F'/Q is Galois since {£1} < A, and furthermore its Galois group is iso-

morphic to A4. Similarly, we have that k/Q is also Galois with group isomorphic to

7./37.

4.6.4 Combined Galois structures for two different tetrahedral Artin

representations

We would like to determine how similar (in terms of agreement on traces of Frobenius)
two Artin representations p1, p2 can be without having symmetric squares that are twist-
equivalent.

For each representation p; we have a structure

and we will add the condition that k1 = k9 = k with the intention of increasing the
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amount of agreement on the traces of Frobenius. Note that we could also require
Fy = F,, which gives us representations with 5/8 of Frobenius traces in common (as-
suming that Ky # K3), but they will have twist-equivalent symmetric squares, which is

not what we want. Therefore we will specify that Fy # F5 and K; # Ko.

In order to establish the density of primes such that Frobenius traces are equal for

both representations, we need to consider:

KK,

Kl/ \KQ

F\]/FQ

Q

Thus we not only need to establish the degree of the compositum extension, but its

Galois group.

4.6.5 The compositum

We recall the following theorem:
Given two Galois extensions F,F' of K, we have that ENF and EF are Galois over K.

Furthermore, we have a map

Gal(EF/K) < Gal(E/K) x Gal(F/K)

o (olg,o|F)

(note that the kernel would be any element of Gal(EF/K) that fixes both E and F, but
then this would mean that E'F is fixed; thus the map is injective).
The image of this map is H = {(6,%) | ¢lzne, ¢l5nr}-
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Thus we need to use this theorem to determine (using the notation from the previous
section) Gal(K1K2/Q). This gives us an explicit form for the group, which is made up

of the following elements:
e pairs of the form (a,b) where a,b € {1, +i, +j, +k},
e pairs of the form (a,b) where a,b € {+w, +iw, +jw, tkw},

e pairs of the form (a,b) where a,b € {+w?, +iw? +jw?, +kw?}.

We note that this Galois group thus has size 3 - 82 = 192.
We can consider the representation p; x pg : Gal(K1K2/Q) — GL2(C) x GLy(C). Given
a conjugacy class of this Galois group, if we take the trace of the individual components
and observe them to be equal, then that will correspond to a set of rational primes P

of given positive density d where trp; (Frob,) = trpa(Frob,).

4.6.6 Counting

We will count these occurrences, which can be achieved by listing those elements of

Gal(K1 K2/Q) that satisfy this condition on the traces:
e pairs (1,1) and (—1,—1)
e pairs (a,b) where a,b € {+i,+j, £k}
e pairs (a,b) where a,b € {w, —iw, —jw, —kw}
e pairs (a,b) where a,b € {—w,iw, jw, kw}
e pairs (a,b) where a,b € {w?,iw?, jw?, kw?}

e pairs (a,b) where a,b € {—w?, —iw? —jw? —kw?}

These pairs have traces in common of 2, —2, 0, —1, 1, —1 and 1, respectively.

Counting the number of these pairs (1+ 1+ 36+ 16+ 16 + 16 + 16) we obtain a density
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of 17/32 (using the Chebotarev density theorem) for those primes that have traces of

Frobenius that agree under the two different representations.

Since we can lift such representations to Gal(Q/Q), by Arthur-Clozel [AC] we obtain
the existence of tetrahedral cuspidal automorphic representations 7, 7w’ such that the set

{v | a(m,) = a(x))} has a density of 17/32.

4.6.7 Symmetric squares

We now need to establish that the two representations do not have twist-equivalent
symmetric squares.
First we determine the character table of the symmetric square representations.

Using the formula xgy,,,2(g) = $(x(9)* + x(g?)),we obtain the following table:

{0 =13 [l | ] | [=o] | [@7] | [-w?]
Xsym2 | 3 | 3 |-1] 0] 0 | 0] 0O

Using the same idea as that in the previous subsection, we now examine pairs (as
elements of Gal(K1K2/Q)) to determine those that have different traces. The issue is
to examine whether there exists a character ¥ such that p; ® ¥ >~ ps.

We note the element (1,7), where the individual components have traces 3 and —1,
respectively. However, since ¢ must only take complex values of norm 1, there is no
such character that will enable the above isomorphism to exist. Thus the symmetric

squares are not twist-equivalent.
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