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ABSTRACT
PRIME TORSION IN THE BRAUER GROUP OF AN ELLIPTIC CURVE
By

Charlotte Ure

The Brauer group is an invariant in algebraic geometry and number theory, that can be
associated to a field, variety, or scheme. Let k be a field of characteristic different from 2 or
3, and let E be an elliptic curve over k. The Brauer group of E is a torsion abelian group
with elements given by Morita equivalence classes of central simple algebras over the function
field k(E). The Merkurjev-Suslin theorem implies that any such element can be described
by a tensor product of symbol algebras. We give a description of elements in the d-torsion
of the Brauer group of F in terms of these tensor products, provided that the d-torsion of
FE is k-rational and k& contains a primitive d-th root of unity. Furthermore, if d = ¢ is a
prime, we give an algorithm to compute the g-torsion of the Brauer group over any field k

of characteristic different from 2,3, and ¢ containing a primitive ¢g-th root of unity.
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KEY TO SYMBOLS

d integer > 2, ¢ is an odd prime

base field of characteristic different from 2 or 3, coprime to d, ¢
primitive d-th or g-th root of unity in k

a separable closure of the field F

the absolute Galois group of the field F

an elliptic curve over k

denote the point addition and subtraction on E
multiplication by d or ¢ map on E(k)

d-torsion or g-torsion of E(k)

the Weil pairing on M, section 2.1.3

generators of M with e(P,Q) = p

Function field of £

the i-th group cohomology of G g with coefficients in the G p-module A,
section 2.2

the restriction map, example 2.2.3
the corestriction map, example 2.2.6
the inflation map, example 2.2.4

for p* € pg, let [pi}p =i € Z/dZ.

for p’ € pg, let [qu:ie{o,...,d—l}cz.
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Chapter 1

Introduction

The Brauer group is an important invariant associated with a field, ring, variety, or a scheme
in general. Over a field, its elements are given by Morita equivalence classes of central sim-
ple algebras. First introduced by Brauer in the 1920’s, the Brauer groups of global fields
were completely described by Albert, Brauer, Hasse, and Noether [BNH32]. The Brauer
groups of purely transcendental extensions of global fields are easier to understand. They
were calculated by the authors in [FSS79]. They deduce that all rational function fields over
a fixed global field have isomorphic Brauer groups, independently of their transcendence
degree. The definition of a Brauer group was generalized to commutative rings by Auslan-
der and Goldman [AG60]. In the 1960’s, Grothendieck described a version of the Brauer
group of a scheme using étale cohomology [Gro68a]. It is defined to be HéQt (X, Gyp), where
Gy, is the sheaf of multiplicative units of the ring of regular functions on X. The Brauer
group also has an algebraic incarnation that we denote by Br(X). Its elements are Morita
equivalence classes of sheaves of Azumaya algebras. These are sheaves of O x-algebras that
are étale locally isomorphic to matrix algebras. This realization describes the Brauer group
as a torsion abelian group. If a scheme X admits an ample invertible sheaf, the torsion of
the cohomological Brauer group coincides with the group of equivalence classes of Azumaya
algebras [dJ]. Elements in the Brauer group may also be thought of as transcendental cycles

— complements to algebraic cycles. We are interested in Br(E) for E an elliptic curve.



The Brauer group has proven useful in studying geometric properties of varieties. For exam-
ple, Artin and Mumford utilized it to give a negative answer to the Liiroth problem in dimen-
sion three. They constructed unirational varieties that are not rational using Brauer classes
over the function field of the projective space P2 [AMT72]. The Brauer group can also detect
arithmetic properties of the underlying variety. Manin defined an obstruction lying in the
Brauer group that measures the failure of the Hasse principle for varieties [Man71, SkoO1].
Using geometric constructions of Brauer classes, Viray and Creutz described the Brauer-
Manin obstruction explicitly in the case of hyperelliptic curves. Using this, they constructed

an infinite family of abelian surfaces over Q with nontrivial Tate-Shafarevich group [CV15].

Throughout this note, let k£ be a field of characteristic different from 2 and 3 and let E be
an elliptic curve over k. We will explore the Brauer group of E. First, recall that the Brauer
group of E is a torsion abelian group and therefore it will be enough to describe the torsion
4Br(E), where d > 2 is a prime power. The Brauer group of E is naturally isomorphic to
the unramified Brauer group of the function field k(F) (section 2.2.6 and [CTS07, Theorem
5.11]). Furthermore, Merkurjev and Suslin relate the second Milnor Ko with the Brauer

group in the following theorem from [MS82] and [Mer86].

Theorem 1.0.1 (Merkurjev-Suslin). Let F' be a field and let d > 2 be an integer. Assume

additionally that F' contains a primitive d-th root of unity p. There is an isomorphism

Ko(F)/dKo(F) — 4Br(F)



that takes a symbol {a,b} to the symbol algebra

(a, b)d,F = (a,b)dﬂp =F <m,y cpd = a, yd =b,xy = pyx> )

We apply this theorem to the case F' = k(E) and deduce that every element in the Brauer
group of k(E) can be written as a tensor product of symbol algebras over k(FE). Our main

goal is the following.

Goal 1.0.2. Let k be a field of characteristic different from 2 and 3. Fiz an elliptic curve E
over k. Let d > 2 be an integer coprime to the characteristic of k and assume additionally
that k contains a primitive d-th root of unity. Describe generators and relations of ;Br(F)

as tensor product of symbol algebras over the function field k(E).

Such a description is available for certain integers d and fields k. In [CGO1], Chernousov
and Guletskil describe generators and relations of ,Br(E) for any elliptic curve over any field
of characteristic different from 2. In particular, they prove the following theorem [CGO1,

Theorem 3.6].

Theorem 1.0.3. Let k be a field of characteristic different from 2 and let E be an elliptic

curve over k defined by the affine equation

y' = (& —a)(z =)z —¢)

with a,b,c € k. Then 9Br(E) = 4Br(k) @ I and every element in I can be presented by a
tensor product (r,x — b)Q,k(E) ® (s,x — C)Q,k(E) of quaternion algebras with r,s € k. Any

such algebra is trivial in I if and only if it is similar to one of the following



® (u—c,x =)y p(p)® (u—0b,2 =)y (), whereu is the x-coordinate of a point in E(k)

such that w — b # 0 and u — ¢ # 0,
o (b—c,x— b)Z,k(E) ®((b—c)(b—a),z - C)Z,k(E)7 or
o ((c—a)(c—b),x—b)yp(m) @ (c— b,z — ) ()

Chernousov and Guletskii further describe oBr(F) if the affine equation y? = f(z) for E
has one or no roots over k. Note that the two torsion of (k) is k-rational if and only if f(z)
admits three roots in k. The authors in [CRR16, Section 6] give generators of the d-torsion
of the Brauer group of the Jacobian of a curve using a different method. They prove the

following theorem.

Theorem 1.0.4. Let C be a smooth projective geometrically irreducible curve of genus g
over a field k. Let d > 2 be an integer coprime to the characteristic of k and suppose that k
contains a primitive d-th root of unity. Denote the Jacobian of C' by J. Suppose that dJ(E)
is k-rational. Fir a basis Py, ... Py of ;J(k) = (Z/dZ)Qg. Pick a divisor P; representing P;

and let tp, € k(C) be the element with divisor dP;. Then
aBr(k(C))ur = 4Br(k) @ I
and every element in I can be written as a tensor product

my M2g
ai,t ) Q- | agg,t ,
(1 Pr/a k) (29 PQg)d,k(c)

for some ay, ... a4 € k™ and some integers mq, . .. ;Mg



In this thesis, we will give a description of ;Br(E) in the following cases:

1. Any d coprime to the characteristic of k, assuming that k contains a primitive d-th

root of unity and the d-torsion M of E(k) is k-rational (theorem 1.0.5).

2. d = q an odd prime, that is coprime to the characteristic of k, assuming only that k

contains a primitive g-th root of unity (chapter 6).

Note that we recover the result from [CGO1] if the elliptic curve is split and also the result
from [CRR16] in the case of an elliptic curve. We now proceed to give our description in the

first case.

Theorem 1.0.5. Let k be a field of characteristic different from 2 and 3. Fiz an integer
d > 2 coprime to the characteristic of k and assume that k contains a primitive d-th root of
unity. Let E be an elliptic curve over k with k-rational d-torsion M. Fix two generators P
and Q of M, and let tp,tg € k(E) with div(tp) = d(P) — d(0) and div(tg) = d(Q) — d(0).

Additionally, assume that tp o [d],tg o [d] € (k(E)X)d Then

and every element in I can be represented by a tensor product (a,tp)d,k(E) ® (b, tQ)d,k(E)
for some a,b € k*. Furthermore, such a tensor product is trivial if and only if it is similar

to one of the following

tP<P@Q>
o (tQ(P),tp)p ® (W’tQ>k(E>’

to(PeQ)
d ( tQ(P) 7tP k(E)® (tP(Q)JtQ)k(E)J or

. (tQ(R),tp)k(E) ® (tp(R),tQ)k(E) for some R € E(k)\ {0, P,Q}.

5



Remark 1.0.6. We may drop the assumption that t po[d|,tgo[d] € (k(E)X)d in the previous

theorem. In this case our relations become

tQ(R@S) tp(R®S)
( tQ(S) 7tp>k(E)®< tp(S) 72fQ)k:(E)

for some R € E(k) and S € E(k) is any point so that the fraction exists and is nonzero.

Proof. Let tp,tg € k(E) with div(tp) = d(P) — d(0) and div(tg) = d(Q) — d(0). Fix some
point P’ € E(k) with [d]P’ = E(k). There exists gp € k(E) with div(gp) = [d]*(P) —
[d]*(0) = Y- rear (P' @ R) . Note that the divisor is invariant under the action of the Galois
group Gy, and therefore we may choose gp € k(E). Furthermore, since the divisors coincide,
there is some \ € k so that gﬁlg — Mpo|[d € k(E)%. For any R € E(k)

B Mp(R®S) _ tp(R&S)
o Xp(S) tp(S)

Atp(R)

where S is any other point so that ¢p is nonzero and well-defined. O

Now, let ¢ be an odd prime not equal to the characteristic of k£ and suppose that k
contains a primitive ¢-th root of unity. We give an algorithm to describe qBr(E) explicitly

in chapter 6. Consider the standard Galois representation

U : Gy, — Aut(M) = GLy (Fy)

and denote the fixed field of its kernel by L. Then L is the smallest Galois extension of k so
that M is L-rational. Note that the degree of L over k divides the order of GLo (Fq), which

is (¢ +1)%¢(qg — 1). We consider three cases for the degree of L over k:



1. gt [L: k]
We describe generators and relations in qBr(E) using that restriction followed by core-

striction is an isomorphism (section 4.2 and section 5.2).

2. ¢q=1[L: K]
In this case, the composition of restriction and corestriction is the zero map. We use
instead the inflation restriction exact sequence to determine generators and relations

of ;Br(E) (section 4.3 and section 5.3).

3. q|[L:k]
We combine the results from the previous two cases to get a description of qBr(E)

(section 4.4 and section 5.4).

We now proceed to review the main ideas we will use to determine the Brauer group.

For any integer d > 2, there is a split exact sequence

0 — 4Br(k) — 4Br(E) —  H'(k, E(k)) —0, (1.1)

which is induced by the Hochschild-Serre spectral sequence (for more details, see section 2.3).

We need an explicit splitting to this sequence on the right. Consider the Kummer sequence

[d]

0— M — E(k) —> E(k) —=0 (1.2)
and the induced sequence on group cohomology
0—— E(k)/[d|E(k) — H"(k, M) —2~ H'(k, E(k)) —0 . (1.3)



We will define a map € : H'(k, M) — 4Br(E) that induces the desired split. This map is
given by the following composition
*
H'(k, M)~~~ H} (Spec(k), M) 2~ H} (E, M)

€: , (1.4)

—U[T]
—— HE (B, M ® M) ——~ H} (E, 1q) — ;Br(E)

where p* is the morphism induced by the structure map p : £ — Speck, T is the torsor
given by multiplication by d on the elliptic curve (see chapter 3), and e is the map induced

by the Weil-pairing (see section 2.1.3). Denote by I the image of e. We deduce that

Further, an element in H1(k, M) becomes trivial under € if and only if it is in the image of

0 from sequence 1.1.

In [Sko01] and [Sko99], the author describes the map e abstractly in the more general
setting of an abelian variety X and any torsor 7 on X. He further proves that such an e
induces the desired split. We review his abstract proof in section 3.3. In this thesis, we make
this construction explicit and prove directly that the map € induced by the cup-product

induces a split.

This thesis is organized as follows. In chapter 2, we review background material that
will be used throughout this work. For example, we discuss some facts about elliptic curves,
cohomology, Brauer groups, and symbol algebras as necessary for the proofs in the following

chapters. We also fix notation that will be used throughout this work. In chapter 3, we



describe the torsor given by multiplication by d on the elliptic curve. We also calculate
the cocycle corresponding to this torsor at the generic point. Furthermore, we describe the
general theory behind our main result and justify it using derived categories. In chapter 4,
we explore the algorithm to calculate generators of the Brauer group. We describe these
generators provided that M is k-rational. We then proceed to describe the generators of the
prime torsion in various cases. Finally, in chapter 5 we give the relations in the torsion of the
Brauer group. We summarize our results and give a complete algorithm to determine the
odd prime torsion in the Brauer group in chapter 6. Lastly, we determine the prime torsion

of the Brauer group in various examples in chapter 7.



Chapter 2

Background

This chapter contains background material that will be used throughout this work. We first
discuss properties of isogenies of elliptic curves and the Weil pairing. In a second part, we
review some general results on group cohomology and étale cohomology. We further connect
these to the notions of torsors and the Brauer group. We proceed to define the unramified
Brauer group of a field. Finally, we describe an exact sequence, that will prove useful to

determine the Brauer group of an elliptic curve.

2.1 Elliptic Curves

Let E be an elliptic curve defined over a field k of characteristic different from 2 and 3. Then

FE can be described by an affine equation
y2 =23+ Az + B

with A, B € k. The discriminant A = —16 (4A3 + 2732) of F is nonzero. Furthermore, F is
an abelian variety with identity the point 0 = [0 : 1 : 0] at infinity. We denote the pointwise

addition on E(k) by @ and the pointwise subtraction by ©.

10



2.1.1 Torsion Points

Let d be a natural number and fix an algebraic closure k of k. We denote by

[d] : E(k) — E(k)

R—R®---OR
N————

d-times

the multiplication by d map on the elliptic curve. The kernel of [d] are the d-torsion points of
E(k), which is denoted by M. We extend our definition of multiplication to [—d] = [~1]o]d].
Further, [0] is the constant map to 0.

We now review division polynomials, which are a computational tool to determine M.

Proposition/Definition 2.1.1. For any integer d, d > 2 and P = (x1,y1) € E(k), there

are polynomials ¥y, € klx,y| for n € Z4 so that

[d]P — wd—l(515172:U1)17ZJLZ-|—1(371,?/1)7 @/Jgi(Il,yl) ‘
¥5(21,91) 2¢5(w1,91)

These polynomaials are explicitly given by

P1(z,y) =1,

Ya(z,y) = 2y,

W3(z,y) = 32t + 642% + 12Bx — A2,

ba(z,y) = dy (:56 4 5A2% +20Ba3 — 54222 — 4ABx — 8B? — A3> ,
Yom+1(7,Y) = Ymyatiy — Ym_1Upy 1, form >2 and

¢2m(m’y) = (%) (77/)m+21/1%1,1 - ¢m—2¢?n+1> ) form > 3.

11



Proof. See for instance [Lan78, Ch. 2 §1]. O

Example 2.1.2. Let P = (z1,31) € E(k). Then P is a two-torsion point if and only if
P = —P. If E is given by the affine equation y* = (x—ay)(x—ag)(x—a3) with ay,ag, a3 € k,
then

o E(k) = {0, (a1,0), (ag,0), (a3,0)} = Z/27Z x 7./ 27Z.

Example 2.1.3. Let P = (x1,y1) € E(k). Then P is a three-torsion point if and only if

P = —[2|P. This is equivalent to

3x] + 6Ax? + 12Bxy — A2
4y%

321 + 6Ax? + 12Bxy — A2
4 (3::13 + Axq + B)

Tl =21 — T

I

which 1s true if and only if
3t + 6423 +12Bx; — A2 = 0.

Let x1,...,x4 be the four distinct zeros of this polynomaial, and let y; = @/m? + Ax; + B,
then

sE(k) = {0, (w5, ), (3, —y;) : 1 <i <4} = Z/37 x L/3L.

2.1.2 Isogenies

Let £ and FE9 be two elliptic curves defined over a field k. An isogeny is a morphism ¢ :
E1 — E» of curves such that ¢(0) = 0. It follows that an isogeny is a group homomorphism
on the set of points [Sil09, Chapter III, Theorem 4.8]. We denote by ¢* : k(Es) — k(FE7)

the induced map on function fields. If ¢ is constant, we set the degree of ¢ to be zero. If it

12



is not constant, the degree of ¢ is the degree of the field extension
deg ¢ = [k(E1) : ¢"k(E2)] .

Furthermore, we denote by deg, ¢ the separable degree of the field extension and by deg; ¢

the inseparable degree. Finally, let P € Fq(k). The ramification index of ¢ at P, denoted
by ey (P) is

ey(P) = ordp <¢*t¢(P)) :

where Z4py is a uniformizer at ¢(P). The following classical theorem can for instance be

found in [Sil09, Theorem 4.10].
Proposition 2.1.4. Let ¢ : E1 — E9 be a nonzero isogeny between elliptic curves.

1. For every Q € Eo(k), the number of preimages of Q under ¢ is equal to the degree

degs ¢. Furthermore, for every P € E1(k), eg(P) = deg; ¢.

2. There is an isomorphism
ker(¢) — Aut (E(El)/gb*E(Eg)) T — T;:,

where T is the translation by T map, 77 : E(k) = E(k): R— R®T.

3. Suppose that ¢ is separable, then ¢ is unramified, the number of elements in the kernel

is equal to the degree of ¢, and k(E) is a Galois extension of ¢*k(E>).

Example 2.1.5. Let d > 2 be an integer and suppose that the characteristic of k is coprime
to d. Denote the d-torsion of E(k) by M = 7/dZ x 7./dZ. Multiplication by [d] is a degree

d?> map and k(E)/[d]*k(E) is a Galois extension of degree d* (for more details, see also

13



[Sil09, Chapter III]). Furthermore, k(E)/[d]*k(E) is Galois of degree d* provided that M is

k-rational.

2.1.3 Weil Pairing

Let E be an elliptic curve over k and let D = Y nrR € Div(F) be a divisor. By [Sil09,
Chapter III, Corollary 3.5], D is a principal divisor if and only if ReBR) "R = 0 and
> pe B(R) [ng]R = 0, where the first sum is regular addition in the integers and the second
sum is given by addition on the elliptic curve.

A key tool in the study of elliptic curves is the Weil pairing whose construction we will now
review. For more details, see also [Sil09, Section II1.8]|. Let d > 2 be an integer and let P be
a d-torsion point on E. As before, denote by M the d-torsion of E(k). As discussed before,

there exists some fp € k(E) so that
div(fp) = d(P) - d(0).

Now let P’ € E(k) such that [d]P’ = P. Since > pepr(P' @& R) = [d?|P' = [d]P = 0, there

exists some gp € k(FE) such that

div(gp) = [d]"(P) = [d"(0) = Y ((P'®R) —(R)).

ReM

Since the divisors coincide, we may assume that fp o [d] = g%. For Q € M define the

Weil-pairing of P and () as
gp(X 8 Q)
o(Q, P) = =)
(@) gp(X)

14



where X € E(k) is any point so that gp(X) and gp(X @ Q) is defined and nonzero. The

Weil-pairing takes values in the set of d-th roots of unity.

Example 2.1.6 (example 2.1.5, contd.). Let P,Q € M and let gp and gg be defined as

before, then

TCB(QP) = e<P> Q)9P7 (21)

where 1¢y is the translation by Q map, 1q : E(k) = E(k):R— R®Q.

2.2 Cohomology

In this section, we set up our cohomological notation. For more details, see [Ser79, Ch. VII

§5], INSWO08], or [GS17].

2.2.1 Group Cohomology for abstract groups

Throughout this section let G be a group and let A be an abelian group. Assume that G
acts on A on the left via g.a.

Let C; be the set of of maps X?Zl G — A. The coboundary map d : C; — Cj41 is given
by

df (g1,---,9i+1) = 91-f (92, - - -, Git+1)

j:
_I_

J

7

(=17 f (119595415 - > gi+1) + (1) f (g1, .. 1)
1

(2.2)

A direct computation shows that d2 = 0 and thus (Cj,d) is a complex. Elements in the
image of d are called cocycles and elements in the kernel of d are cochains. The ¢-th group

cohomology, denoted H i(G, A), is the quotient of cocycles by cochains in Cj.
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Example 2.2.1. A 1-cocycle is a map [ : G — A satisfying f(gh) = g.f(h) + f(g) for all

g,h € G. We also call these elements crossed homomorphism. A crossed homomorphism is

trivial if there exists some a € A such that f(g) = g.a —a for all g € G.

Example 2.2.2. A 2-cocycle is a map f : G x G — A such that g.f(¢',¢") — f(99",9") +
1 n

9(g,9'9") — f(g,d") =0 for all g,¢',¢" € G. Such a cocycle is trivial if and only if there is

amap f: G — A such that f(g,h) = g.f(h) — f(gh) + f(g) for all g,h € G.

2.2.2 Maps on Group Cohomology

Let G and G’ be finite groups. Fix a G-module A and a G’-module A’. Let ¢ : G — G’ and

Y : A— A’ be group homomorphisms. We say that ¢ and v are compatible if

¥ (¢(9)-a) = g.¥(g)

forallg € Ganda € A. A pair (¢, ) of compatible morphisms induces a map on cohomology

given by post- and precomposition

ffoo fripof

(¢, 0)F = HY(G, A) HY(G', ¢*A) H{(G' A .

Example 2.2.3 (Restriction). Suppose that H is a subgroup of G. The inclusion of H into G
is compatible with the identity on A. The induced homomorphismres : H'(G, A) — H'(H, A)

18 called the restriction homomorphism.

Example 2.2.4 (Inflation). If H is a normal subgroup of G, we denote by AH the subgroup

of A of elements fized by H. The identity on G is compatible with the inclusion of AH
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into A. The induced homorphism inf : H' (G/H, AH) — HY(G, A) is called the inflation

homomorphism.

Example 2.2.5 (Conjugation, action on H"). Let H C G be a subgroup, A a G-module, and
B an H-submodule of A. For any fized o € G the morphisms 0 YHo — H : h — cho !

and B = o 1B :b— o7 1b are compatible and induce isomorphisms
0w H'(H,B) = H" (6 'Ho,0 ! B)

called conjugation. This defines an action of G (or if H is normal in G of G/H) on

H"(H, A).

Example 2.2.6 (Corestriction). Suppose that H is a subgroup of G. For every right coset
c € H\G fiz a coset representative © € ¢ C G. On the level of cocycles the corestriction

cor : C'(H, A) — CY(G, A) is given by

(- 1 _
cor(f)(g1,..-,9i) = § c f(cglcgl ;- CGiCY; )
ceH\G

The following propositions relating inflation, restriction, and corestriction will be useful

for our calculations in chapter 4.

Proposition 2.2.7. Let H be a normal subgroup of G and let A be a G-module. Then the

following sequence is exact
0—= HY(G/H, A"y 2L gl(G, 1) XS g1, A) .

Proof. See [Ser79, Ch. VII §6, Proposition 4]. O
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Proposition 2.2.8. Let H be a subgroup of G of finite index and let A be a G-module. Then
the composition

HY(G,A) X5~ HI(H, A) %~ HY(G, A)

coincides with multiplication by [G : H].
Proof. See [Ser79, Ch. VII §7, Proposition 6]. ]

Definition 2.2.9 (cup-product). Let G be a group and A and B be G-modules. The cup-

product on the level of cocycles is given by

H™G,A) x H™(G,B) — H"™ (G, A® B)

fUg(ot,...onem) = f(o1,...,0n)ong (Ont1,---Tm+n) -

2.2.3 Group Cohomology for Profinite Groups

In this section, we extend the previous definitions of group cohomology to profinite groups.
Recall that a profinite group G is the inverse limit lgn G of an inverse system of finite
groups {Gq}. Without loss of generality we may take G, to be a quotient G /U, of G by an

open normal subgroup Uy.

Example 2.2.10. Let K over k be a Galois extension. The Galois group Gal(K/k) is the
wverse limit of the inverse system of the Galois groups of finite subextensions and as such

s a profinite group.

A profinite group G = liin G, admits a natural topology as follows. Consider the discrete
topology on G, and the induced product topology on [[ G¢. We endow G with the subspace
topolgy of the product. A continuous G-module is a G-module A so that the stabilizer of

each a € A is open in G.
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Definition 2.2.11. Let G = lgn Ga be a profinite group with Go = G /Uy and let A be a

continuous G-module. Then AV is a Go-module. Consider the inflation maps
inf? . Hi (GQ,AUa) S Hi (GB,AUB)

as in example 2.2.4. Define the i-th group cohomology Hiom(G, A) as the direct limit of the

system, (Hi (GQ,AUQ) ,infﬁ).

For the absolute Galois group Gy, of a field k, we denote H'(k,A) = H' (G}, A).

cont

Remark that by construction of direct limits as a quotient of the direct sum, for every
fe Hgont(G, A) there exists some « so that f € H' (Ga, AUa>. We use this identification

throughout the following chapters, particularly for H?(k, A).

Let H be a closed subgroup of a profinite group G and A a continuous G-module. The

restriction map res : H. (G, A) — Hl . (H,A) is defined as the direct limit of the usual

cont
restriction on group cohomology (example 2.2.3). If H is open in G, the continuous corestric-
tion is defined similarly and if H is a closed normal subgroup, we can construct continuous
inflation maps. Furthermore, there is a continuous cup product induced by the cup prod-

uct in definition 2.2.9. Finally, propositions 2.2.7 and 2.2.8 can be recovered for profinite

cohomology [GS17, Chapter 4.2 and 4.3].

2.2.4 Torsors and H!

We now proceed to describe the correspondence between torsors and elements in the first
cohomology group. For more details, see [SkoO1]. Let A be an algebraic group defined over

a field k. A k-torsor under A is a non-empty k-variety 1" equipped with a right-action of A
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so that T'(k) is a principal homogeneous space under A(k). This means, that the map

T(F) x Ak) — T(F) x T()

(t,a) — (t,t.a)

is an isomorphism.

There is a bijection

k-torsors under A

HY(k, A)

up to isomorphism

that is explicitly given as follows. Let T be a k-torsor under A. Choose a k-point zq of

T. By the definition of k-torsor, for any o € G}, there exists a unique a; € A(k) so that

o(z¢) = xg.as. The map o — ay defines the cocycle in H1(k, A) corresponding to T'.

Let X be a variety over k. An X-torsor under an X-group scheme A is a scheme T over
X together with an A-action compatible with the projection to X that is étale-locally trivial.
As before, there is a one-to-one correspondence between X-torsors under A and elements of

the étale cohomology H élt (X, A).

X

Theorem 2.2.12 (Colliot-Thélene-Sansuc). Assume that k[X]* = k. Let S be a G-

module and denote by M = Homy,_ groups (S, Gm) the dual of S. There is an exact sequence
0— H (Spec b, M) L= HL (A M) 2PS Hom, (M, Pic(A H2,(Spec k, M
— H(Spec k, M) ——= Hy(A, M) = Homy, (M, Pic(A)) —= Hg(Speck, M),

where p* is the map induced by the structure morphism p : A — Speck.

If type(T) = A for a torsor T, we say that 7 has type A.
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Proof. This is the sequence of low degree terms for the spectral sequence of local to global
Ext. For more details, see for instance [CTS87, Theorem 1.5.1 and Equation 2.0.2] or [Sko01,

Theorem 2.3.6 and Corollary 2.3.9]. O

Example 2.2.13. A d-covering of an abelian variety X is a pair (T,v), where T is a
k-torsor under X and v : T — X is a morphism such that (z.t) = dx + (t) for any

t € T(k),z € X(k). Let X be the composition

A g XV(k) — XV (k) = PicV(X) — Pic(X)

of the natural injection followed by the inclusion, where X" denotes the dual abelian variety
of X. By [Sko01, Proposition 3.3.4 (a)], any d-covering is an X -torsor under ,X of type A,

and vice versa.

Example 2.2.14. Multiplication by d on X determines a d-covering (X, [d]), and therefore

an X -torsor of type X by the previous proposition.

2.2.5 The Brauer Group, Symbol Algebras, and H?

In this section, we describe the correspondence between the Brauer group and the second
cohomology group. Let F be a field and let d > 2. We say that two central simple algebras A
and B are Morita equivalent if there exist some n, m € Ny so that A® M, (F) and B& My, (F)
are isomorphic as F-algebras. Elements in the Brauer group are given by equivalence classes
of central simple algebras modulo Morita equivalence and the group structure is given by
the tensor product. There is a group isomorphism between Br(F) and H2(F,F™). We will
describe the correspondence for a finite Galois extension K/F. For further details see for

instance [GS17].
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Definition 2.2.15 (Crossed Product Algebra). Let K/F be a finite Galois extension with
Galois group G and let f be a cocycle representing an element in HQ(G, K*). Consider the
F-vector space A = F (x4 : g € G) with multiplication vy = z49(a) and gz, = f(g, h)xgp.

This turns A into a finite dimensional central simple algebra over F.

From now on suppose that the field F' contains a primitive d-th root of unity p. Fix
an isomorphism [.|, : g — Z/dZ with [pi]p = 4. Furthermore, identify Z/dZ with the
subset {0,...,d — 1} of the integers and denote the image of p' under the composition by

] =iew

Definition 2.2.16. Let a,b € F*. The symbol algebra is the F-algebra

d

(a,b)g.F = (a,0)qFp = F <x yrat=ayt =bay= pyw> :

It is easy to show that (a,b)q p is a central simple algebra over F.

Example 2.2.17. Let a,b € F*. The element in H2(F,FX) corresponding to the symbol

algebra (a,b)q ., can be represented by the cocycle

(4917

a if [
(v.7) = va

1 else

p

For more details, see [Rei03, Chapter 7 §29].

The following cocycle representing the symbol algebra (a, b)4  will prove more useful for

our purposes.
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Proposition 2.2.18. Let M be the d-torsion of an elliptic curve E with generators P and
Q. Assume that the Weil-pairing satisfies e(P,Q) = p. Let a,b € F*, then the symbol

algebra (a,b)q g can be represented by the cocycle

Proof. Consider the map

' (%) -
) a<v(;§)>[i\/5)]p y [v(g/&a&) p+ T(d\\/QLZd
(%;@)ﬂ(dﬂ
: oo (1402080) i A8 .
e<v(< f; P v(( f)) Q)

Subtracting this trivial cocycle from the cocycle in example 2.2.17 gives the desired result. []

As mentioned before, these definitions can be generalized to the Brauer group of a variety
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or a scheme, see [Mil80, Chapter IV] for details. A famous result of Gabber [dJ] states that
the Brauer group defined as equivalence classes of Azumaya algebras coincides with the

torsion of Hézt (X,Gp) if X can be endowed with an ample invertible sheaf.

2.2.6 The unramified Brauer group

An important subgroup of the Brauer group of a field, is the unramified Brauer group. In
this section, we review its definition and some basic facts about it. For more details, see
[Sal99, Chapter 10]. First, let R be a discrete valuation domain domain with field of fractions
K. Denote by v : K* — 7Z the valuation defined by R. Let 7 be a prime with v(7) = 1.
Denote by K the completion of K with respect to v. Let R = R/mR and denote by p the
characteristic of R. Let Ky, be the maximal unramified extension of the completion K. The

following result given in [Sal99, Theorem 10.1] will help us define the ramification map.

A

Theorem 2.2.19. Any element in Br(K') of order prime to p is split by Ky;.

For a prime p and an abelian group A, denote by A’ the prime-to-p part. Extend the
valuation v to v : Ky — Z. By [Ser79, p. 28| the valuation map is compatible with the

action of Gal (Kur / K >, where the action on Z is trivial. Define the ramification map as the

composition
/ N\ ~ 2 2% X !
Br(K) —=Br(R) ——=———~H (Gal (KW/K),KW>
N / N /
ramp : UL H? (Gal <KW/K> ,Z) ~L (Gal <KW/K> ,Q/Z)

—~>Hom (Gal <Kur/f(> ,Q/Z)I ;

where the second to last map is the inverse of the coboundary induced by the exact sequence

0 >Z—7Z— Q/Z — 0. It can be shown [Sal99, Theorem 10.3] that the ramification fits
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in the exact sequence

ram

0 — Br(R) —— Br(K)’

Hom (Gal (Kw«/f(> ,Q/Z>,—>0 .

We will now return to the general setting. Let k£ be a fixed ground field, and let F' be
a field extension of k. Let Rp be the set of discrete valuation rings containing k£ that have

field of fraction F'.

Definition 2.2.20. The unramified Brauer group of F (with respect to k) is

Bry,(F) = ﬂ (Image of Br(R) — Br(F)).
RERF

We will use the following identification throughout this work.

Theorem 2.2.21. Let X be a projective regular variety over k with function field k(X).

Then Br(X) equals Bry, k(X).

Proof. See for instance [CTS07, Theorem 5.11] or [Sal99, Proposition 10.5 (c)]. O

2.3 An exact sequence

In this section, we describe the maps in the exact sequence 1.1 explicitly. Consider the

Hochschild-Serre spectral sequence [Mil80, 111.2.20]

Hi (k HI (B, Gm)) = H™ (E,Gp).
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Its sequence of low degree terms is

0 — Br(k) —— Br(E) —= H' (k, E (F)) — 0, (2.3)

where the first map sends the class of a central simple algebra A to the class of AQk(FE). For
more details on this sequence, see also [Fad56] and [Lic69]. The second map is more compli-
cated. Let a € Br(E). Using Tsen’s theorem we view « as an element in H? (Gr, k(E)*) =

Brk(E). Consider the exact sequence

0 — k(E)* — Prin(E) — Div(E) —=0 ,

where Prin(E) denotes the set of pricipal divisors on E and Div(E) is the set of divisors on

E. The sequence induced on group cohomology is

H%(G}, k(E)*) — H?*(Gy, Prin(E)) — H?(G},, Div(E)) ,

where the first map takes a to some o’ in the kernel of the second map. Now consider the

degree sequence

0 — Div!(E) — Div(E) —Z —0,

where DivY(E) is the group of degree zero divisors. Note that H1(G},,Z) = 0 and therefore
the map

H?(G},, DivV(E)) — H?(G}, Div(E))
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is injective. Finally, the exact sequence

0 — Prin(E) — Div'(E) — E(k) —=0

induces an exact sequence

1— HYG}, E(k)) — H?*(G}, Prin(E)) — H?*(G},, DivV(E)) .

The element o’ is in the kernel of the second map, and therefore there exists a unique

o € HY(Gy,, E(k)) with image o'. Set r(a) = o

This completes the description of the exact sequence (2.3). We will use this explicit

description to prove that the map € induced by the cup product (eq. (4.1)) induces a split.
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Chapter 3

Torsor given by multiplication by d

Let k be a field of characteristic different from 2 or 3. Let d > 2 be an integer coprime to the
characteristic of k. Assume additionally that k& contains a primitive d-th root of unity p. Fix
an isomorphism [.|, : pg — Z/dZ with [pl] = 4. Furthermore, for p' € pug, let [pi}f =1 €
{0,...,d —1} C Z. Let E be an elliptic curve over k and denote its d-torsion by M. This
chapter contains a cocycle description of the torsor given by multiplication by d on F. Fix

two generators P and @) of M. Denote by e(.,.) the Weil pairing (section 2.1.3) and assume

that e(P,Q) = p. Let tp, tq € K(E) with div(tp) = d(P) — d(0) and div(tq) = d(Q) — d(0).

3.1 Opver a field with rational torsion

Assume throughout this section that M is k-rational. We may assume that tp,tg € k(E)
since its divisor is invariant under the Galois action of Gj. Let T be the torsor given by

multiplication by d on E as defined in section 2.2.4.

Proposition 3.1.1. The pull-back n* (T) along the generic point n : Spec k(E) — E corre-

sponds to the element in HY (k(E), M) given by the cocycle

where ap,ag € k(E) with adp =tp and adQ =1Q.
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Proof. For the correspondence between torsors and elements in H! see section 2.2.4. Let

P' ¢ E(k) so that [d]P’ = P. Then there is some gp € k(E) with

div(gp) = [d)*(P) — [d]*(0) = ) ((P'®R) —(R)).

ReM

Note that we may choose gp € k(FE) since the divisor is invariant under the action of the
absolute Galois group of k. Now div (gfl;) = div ([d]*tp) and thus we may assume that

g‘]ig = [d]*tp. Similarly we find gg € k(E) with gé = [d]*tg. Now consider the pullback of

T along the generic point 7 : Spec k(F) — Speck. Fix a k(F)-point z( of this pullback, i.e.

a map of algebras so that zq o [d]* = ¢, where ¢ : k(F) — k(E) is the inclusion.

Spec k(FE) _n, k(E)

7 | i{d} 2

Spec k(E) — Spec k(E) — R(E) <—k(E)

After possibly renaming ap and a(, we may assume that z (9p) = ap and x (gQ) = ag.

By proposition 2.1.4 there is a group isomorphism
M — Gal (k(E)/[d]"k(E)) : R — 7p,

where 7p : E — E' is the translation by R-map; 7 : E — E : S — S @ R. By the definition

_ gP(XEBS) _ TE(X)

of the Weil-pairing e(R, P) ap(X) Ip(X)’ for any R € M, X € E(k) any point so

that gp(X) and gp(X @ S) are defined. The analogous result holds for gg as well. Finally,
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we calculate

and

The statement follows since k(E)/[d]*k(E) is generated by gp and gg.

3.2 Over any field

Let k£ be any field. Consider the Galois representation

UG — Aut(M) = GLo(Fy)
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given by the action on M and denote the fixed field of its kernel by L. Consider the tower

of field extensions

k(E)
|

T MW/’“)
HE) Gal(L/k) /k(E

[d]"k(E)

] )

Fix a set éL/k C Gy(p) of coset representatives of Gy (g)/Gr gy = Gal(L/k). Note that
éL/k: is also a set of coset representatives of G[d]*k:(E)/G[d]*L(E) = Gal(L/k) and ev-
ery o € éL/k fixes k(F). Let v € Glqj*k(E), then 7 decomposes as v = 7'& for some

’}// € G[d]*L(E) and some 6 € éL/k

Let T be the torsor given by multiplication by d on E. Consider the pullback n*k(E)

of T to the generic point. Note that fixing a k(FE)-point of n*7 is the same as fixing an

isomorphism ¢q : k(E) — k(F) making the following diagram commute — or equivalently an

element in Gal (k(E)/[d]*k(E)).

HE) —2—~%(E)
[d)*k(E) —2—~k(E)
~ | [d]* ~|dq
E) ——~%(E)
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We will identify G[d]*k(E) with Gk;(E) and G[d]*L(E) with GL(E)- Fix a set of coset rep-
resentatives G L/k 88 before. Then every v € Gk( E) can be decomposed as v'& for some
7 eq L(E) and some 7 € G /i~ Furthermore, ¢ fixes the image of k(L) (top left corner of

the diagram) by construction.

We want to describe the cocycle corresponding to the pullback of 7 along the generic

point using the correspondence in section 2.2.4. Let x; be a k(E) point. We may assume,

that xg = ¢1 o xg for some z( as in the following commutative diagram.

L

Any y=+/6 € Gr(g) with s GLE) 0 € éL/k acts on x1 by

vy =7 odxgor =+ x1.

Finally, 7'.z1 can be computed as in proposition 3.1.1. Summarizing this we conclude the

following proposition.

Proposition 3.2.1. The pull-back of T to the generic point corresponds to the element in

HY(k(E), M) given by the cocycle

v (ag)
aQ

Gk(E)—>M2’yl—>[
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where v = /6 as above, for some & € éL/k and v € GL(E): ap,ag € k(E) so that

@dP =tp and adQ =tQ-

We now proceed to give an explicit discription of the elements ¢p and {p. Remark that
these can be chosen in k(E)* if M is k-rational. For more details on the construction, see
also [Mil04, Section 4.1]. For any two points R, S € E(k), denote by Lp g the normalized
function such that Lr ¢ = 0 gives the equation of the line through R and S. Its divisor is

: LR.S
div(L = (R)+(S)+(e(R®S))—3(0). Defi 1 thpg=7—">"——¢€k(E)"
iv(Lpg,s) = (R)+(5)+(0(R®S5))=3(0). Define an element hp, g T res  (FoS) (E)

with divhg ¢ = (R) + (S) — (R® S) — (0). Now the function tp = szzl hpp € k(E) has

divisor

Similarly, we construct tg. Note that in the case ¢ = 3, we can choose the normalized
function tp,tg € k(E)™ such that tp = 0 and g = 0 give the tangent lines at P, and @

respectively.

3.3 (General Argument that ¢ induces the correct split

In this section we review an abstract argument given in [SkoO1, Chapter 4] to prove that
the map € defined before induces the desired split. We will reprove this in chapter 4 in our

specific case using explit methods.
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Let k be a field with algebraic closure k and let X be a k-variety. Denote the structure
map by p : X — Spec k. Further, let X = X X Spec k SPec k. Assume that M is a Gp-module
that is finitely generated as an abelian group. Assume that the order of the torsion of M is
coprime to the characteristic of k. Denote by S = Hom(S, G;,) the dual k-group of M. Let
T be an X-torsor of type A for some X in Homy, (M, Pic(X)) (theorem 2.2.12) and assume

that k[X]* = k™. Consider the long exact sequence from the spectral sequence of Ext’s

0 — Pic(X) — Pic(X)%% — Br(k)

— Bry(X) —"= H(k, Pic(X)) — H3(k, Gpn)

where Bry(X) denotes the kernel of the natural map Br(X) — Br(X)%k. Define
Bry (X) = r L\, (Hl(k:, M)) C Bry(X).

Theorem 3.3.1. The cup-product p*(a)U[T] is an element of Bry(X) for any a € H'(k, M)
and

r(p*(e) U[T]) = Ala) € H (k, Pic(X)) .

That is, the following diagram commutes

HY(k, M) . (3.1)
p*()U l)\*

—— Br(k) — Bry(X) —"= H(k, Pic(X)) — H3(k,Gy,)
Furthermore, any A € Bry(X) can be written as

A=p (@) U[T]+p*(Ao)
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for some o € H(k, M) and some Ay € Br(k).

This is [Sko01, Theorem 4.11]. We will review the proof here for completion. Note that

it is enough to show that the following diagram commutes

HY(X, §) —— ExtL (p* M, Gy) 25 Homy (M, Pic(X)) , (3.2)

! !

Bry(X) ! H(k, Pic(X))

where d is the connecting homomorphism of the long exact sequence of Ext. The proof will

require some facts on the derived category of X from [Wei94|, that we will review first.

3.3.1 Digression to Derived Categories

Let X be a k-variety. Consider the categories Sh(X) of étale sheaves on X, Gj-mod
of G, modules, and Ab of abelian groups. Denote by D (X), D" (k), and D" (Ab) the
corresponding derived categories of bounded below complexes. Note that all these categories
have enough injectives. For M in one of these categories, let M® be the element in the

derived category with

0 else

For any n € Z, we denote by 7<; and 7>,, the truncation functors. That is, for a complex

F we define 7>,,(F') as the complex

i 50— F"/Im(d) — F" — ...
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Furthermore, denote T[m,n}(F) = T>mT<p(F) and T[n}(F) = T[n,n](F)'

Let 0 A B C 0 be an exact sequence of Gg-modules and let F' be

an object in DT (k). Then the following diagram in D (Ab) commutes

RHomy, (A, 7<1(F)) R Homy, (A,T[l](F)> , (3.3)

; E

R Homy, (C, 7<1(F)) [1] —= R Homy, (c, Tm(F)) 1]

where the vertical maps are the connecting homomorphisms induced by the exact sequence.

Consider the structure morphism p : X — Speck. The direct image functor p, assigns
to an étale sheaf on X an étale sheaf on Spec k. Fix the geometric point 3 : Spec k — Spec k
induced by the inclusion k& C k. By [Stal9, Lemma 54.58.1, Tag 04JQ), the stalk functor
F — F5 induces an equivalence of categories between the category of étale sheaves over X
and the category of Gj-modules. Consider the composition of py with this equivalence of
categories. Abusing notation, we will denote this composition by ps as well. Furthermore,
there is a functor Homy(M,-) : Gp-mod — Ab. For M = Z, this functor is given by
sending a Gp-module N to its G-invariants N Gk. Denote the associated derived functors
by Rps, RHomy(M,-), and H(k,-) = RHomj(Z,-). Recall, that under our equivalence
of categories given by the stalk functor F — Fg, the sheaf R! pyGy, corresponds to the
G.-module

—_—~—

Hi(X,Gp)s = H(X,Gp), (3.4)
by [Har77, IIT Proposition 8.5] and the second equality holds true, because taking stalks
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commutes with cohomology.

The functor p, admits a left-adjoint p* so that Homy, (M, p« F') = Hom x (p* M, F') for any
Gj-module M and any étale sheaf F' on X. We will use the following identities of adjoint

functors throughout

R Homy,(M, ) o Rpsx = RHomy (p* M, -) (3.5)

H(k,-) oRp« = H(X, ). (3.6)

We now review the definition of the hypercohomology functor as given in [Mil80, Ap-
pendix C|. Let f : A — B be a left-exact functor between abelian categories and assume
that A has enough injectives. Denote by CT(A) the category of complexes bounded below.
Let A* € CT(A). Then there exists a complex I®* € O (A) whose objects are injectives,
that is quasi-isomorphic to A. The right-hyperderived functor R f of f assigns to A® the

object H'(fI®) in B. Denote by H(k, -) the hyperderived functor of H(k, -).

For a Gj-module M that is finitely generated as an abelian group with torsion coprime

to the characteristic of k, fix a sequence

of Gp-modules, where G} acts trivially on Z. The commutative diagram 3.3 gives the
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following after setting F' = R p«Gy, and taking cohomology.

R! Homy, (M, 7<1 (R psGyn)) —> RL Homy, (M, m (R p*Gm)> . (3.7)

; k

H! (k, 7<1 (Rp«Gm) [1) H! (k: 711) (Rp+Gim) [1])

It remains to show that the diagrams 3.2 and 3.7 are isomorphic, i.e. there exist isomor-

phisms between their objects so that the following diagram commutes.

R Homy, (M, 7<1 (Rp«Gpy))

TR

Ext}((p*M, Gm)

R! Hom,, (M 1 (R p*Gm)) (3.8)

T

Homy, (M, Pic(X))

H! (k, 7<1 (R psGp) [1]) —— | — H! <k 1) (Rp<Gim) [1]) d
Brq(X) J HY(k, Pic(X))

For the proofs we refer the reader to [Mil80, Appendix C|, [SkoO1, p. 67 ff.], or [Wei94,

Corollary 10.8.3].

3.3.2 Application to our case

Let E be an elliptic curve over a field k of characteristic prime to d. Denote by M the
d-torsion of E(k). Consider the torsor 7 given by multiplication by d as in example 2.2.14.

It’s type is the composition

A: M — E(k) = Pic’(E) — Pic(E).
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Furthermore, recall that Pic(E) = Pic? (E)®Zand H L(k,Z) = 0. Then the first cohomology
becomes

HY (k, Pic(E)) = H' (k: PicU(E)) — H(k, E(F)).

The diagram 3.1 becomes

0 — Br(k) — Br(E) —/= H(k, E(k)) —=0

Note that both A and r are surjective and therefore by definition
Bry(F) = ;Br(E).
By theorem 3.3.1, every element in ;Br(£) can be represented as a cup product
p*(a) U[T] + p*(Ap)

for some o € H'(k, M) and Ay € Br(k). Furthermore, the algebra p*(a) U [T] is trivial if

and only if « is in the image of the Kummer map 6 : E(k)/[d|E(k) — H(k, M).
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Chapter 4

Generators of Br(FE)

Let k be a field of characteristic different from 2 or 3. Let d > 2 be an integer coprime to
the characteristic of £ and assume additionally that k£ contains a primitive d-th root of unity
p. Let E be an elliptic curve over k. Recall that our method of computing generators of

4Br(E) is via an explicit split to the exact sequence
0 —> 4Br(k) —> Br(E) —~ H' (k, E (K)) —>0
described in section 2.3. Consider the Kummer sequence
0—>M—>E(E)ﬂ>E(E)—>o.
The sequence induced on cohomology is

0— E(k)/[d|E(k) —2> H'(k, M) —2~ H' (k, E(k)) —0.

We will describe a map e : H!(k, M) — ,Br(E), that induces a split of the sequence in

section 2.3. Denote by T the torsor given by multiplication by d on E as in chapter 3.
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Define € : H!(k, M) — 4Br(E) as the following composition

*
H'(k, M) > H}, (Spec(k), M) L~ HL (E, M)
€: (4.1)

—U[T]
—> HE (B, M ® M) —— HZ (E, uig) — 4Br(E) .

In [SkoO1, Theorem 4.1.1], the author proves abstractly that e induces such a split using
general properties of torsors and the cup-product. In this chapter, we will determine e

explicitly and prove directly that the map induces the desired split.

Proposition 4.0.1. On the level of cocycles € coincides with the map that assigns to a

I-cocycle f : Gy, = M the 2-cocycle

(f) : Grpy X Grr) = k(E)

lag) (4.2)

2Q

(v, 7)=e | f(0),y [

p

for v, 7 € Gk(E)7T — 75 for some & € éL/k and 7' € GE(E)' (For a description of éL/k

see section 3.2).

Proof. Consider the following diagram

—U[T]

*k
H (k, M) —— H} (E, M)

E

HY (k(E), M)

HZ(E,M © M) —<—~ HZ (E, 1)

[ |

Mﬂgt(k(ﬁj), M ® M) —= ;Brk(E)

It has commutative squares as the cup-product commutes with n* [Bre97, Chapter 2, 8.2].
For every cocycle f : G — M, the Brauer class eo (n*p*([f]) U [n*T]) can be described

by the cocycle in eq. (4.2) by proposition 3.2.1 and by the definition of the cup-product in
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group cohomology (see definition 2.2.9). Recall that by [CTS07, Theorem 5.11] the map on
the right is given by the injection that identifies Br(£) with the unramified Brauer group of

k(E) (for the unramified Brauer group see also section 2.2.6). O

4.1 M is k-rational

Assume throughout this section that M C E(k) with generators P and ) so that e(P, Q) = p.
We are now ready to calculate a set of generators of ;Br(£). By Kummer-theory there is an
isomorphism

o (10 ¢ (510¥) ”

(a,b) — Cabs

where ¢, j, can be represented by the cocycle

G — M
ya 7 (V0
W[w%)pp@ (%> |

Proposition 4.1.1. The composition eo¢(a,b) corresponds to the Brauer class of the tensor

product of symbol algebras

(a:tP)ak(E) @ (0:1Q) 4 (p)
for any (a,b) € kX /(kX)% x X /(kX)4.

Proof. Observe that the class of €. o ¢(a,b) can be represented by the cocycle that takes the
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pair (v,7) € Gpy X Gp) to

i - d
(@] L )] o] p_[ren)
% % CYQ p OéP 14
L . p p
_ - -1
o ([PUD) prton 1 () rlea)
=c P, R € Qa P
% ap 14 % OéQ p
L . p p
The statement follows from proposition 2.2.18. m

Recall that we need to prove that ¢ induces a split to the sequence in section 2.3 on the
right, i.e. we need to show that 7 o e = A and e(ker(\)) = 0. For the definitions of r and A

see section 2.3. We first prove that roe = A.
Proposition 4.1.2. roe = \.

Proof. We will only prove that r o € o ¢(a,1) = Ao ¢(a,1). The other cases are similar. We

showed previously that € o ¢(a, 1) = (a,tp) dk(E)> which corresponds to the cocycle

X {v(d%r +[r<d%>r< J
va ], Ve, (%)

tp else
in H%(G},, k(E)*). This gives an element in H?(G}, Prin(E)) via

X P( %)}Z . {r(d%r oy
Va 1,
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On the other hand for any v € G,

Now we follow the proof of the snake lemma to calculate the image of A(f) under the

connecting homomorphism

HY(k, E(k)) — H?(k, Prin(E))

induced by the sequence

0 — k(E)* — Prin(E) — Div(E) — 0.

First lift it to

((P) = (0)) € Div'(E).

4y 12
VH[7({1\//5_)

p

Now use the boundary map to get

(1) m([“;/;) p((P)(O))) - [”%E) f<<P><o>>+ T(;@ f<<P><o>>
- [“;@ ()= 0)- [”%5’ j(<P><o>>+ T(;@ j“PHO”
) d(P) — d(0) if {7(5@K+ {T(dj&@]j > d7
1 else
which coincides with what we calculated in (). The statement follows. O
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Proposition 4.1.3. ¢ (ker()\)) = 0.

Proof. Recall that ker(\) = Im(d) and let R € E(k). By the previous proposition roeod(R) =
Aod(R) is trivial. Thus the algebra eod(R) is in the image of the Br(k) — Br(£). It remains
to show that the specialization of € o §(R) at 0 is trivial. The cup-product commutes with
specialization at a closed point [Bre97, Chapter 2, 8.2], i.e. ([T']U[T])g = ([T’])S uU([T)g

for every S € E(k) and every [T'] € HY (E, M). By definition of €,
(€0 d(R))g =0(R)UTg € Br(k)

for any S € E(k). In particular, (e o 6(R))y = 6(R)U7Tg. The specialization of 7 at 0 admits
a point (the point 0) and is therefore the trivial torsor. We deduce that (e o 6(R)), is trivial

and thus so is € 0 §(R). O

Theorem 4.1.4. Suppose that the d-torsion M of E is k-rational. Fix two generators P and
Q of M. Lettp,tg € k(E) with divisors div(tp) = d(Q) — (0) and div(tg) = d(Q) — q(0).

Then the d-torsion of Br(FE) decomposes as
and every element in I can be represented as a tensor product

(a,tP)arm) ® (0:1Q) 4 1(p)

with a,b € k™.

This result was previously known and was proved using different methods for instance in
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[CRR16, Remark 6.3].

Proof. Proposition 4.1.2 and proposition 4.1.3 imply that € induces the desired split. There-

fore ;Br(E) = ;Br(k) @ Im(e). The theorem follows from proposition 4.1.1. O

4.2 |L: k| is coprime to ¢

From now on let ¢ = d be an odd prime and drop the assumption that M is k-rational.

Consider the natural Galois representation
U Gy — Aut(M) = GLa(Fy).

Denote by L the fixed field of the kernel of ¥. The degree of the Galois extension L over k

divides the order of GLy(F,), which is (¢ + 1)g(g — 1)

Let T be the torsor given by multiplication by d on E. Denote the generic points of
E and FE x Spec L by n : Speck(E) — E and 5y, : Spec L(E) — E x Specy, respectively.
Consider the pull-back 77 (7) of T to L(E) and the pull-back n,(T) of T to k(E). By
proposition 3.1.1 and proposition 3.2.1 we see immediately that res (n} (7)) = 0} (T). By
INSWO08, Ch. 1, Proposition 1.5.3 (iii) and (iv)] and the construction of €, the following

diagram commutes

/Br(E) —= Br(E® L) = Br(E)

Throughout this section, we assume that ¢ does not divide the order [L : k]. The

46



corestriction map

cor: Br(E® L) — Br(E)

is surjective and every element in I can be written as cor(A) with A €  Br(£). We summarize

this observation in the following theorem.

Theorem 4.2.1. Let tp,tg € L(E) with divisors div(tp) = ¢(Q) — q(0) and div(tg) =

q(Q) — q(0). Then the q-torsion of Br(E) decomposes as

Br(E) = Br(k)® I

q q

and every element in I can be represented as a tensor product

cor (a, tp)q’L(E) ® cor (b, tQ)q,L(E)

with a,b € L*.

Remark 4.2.2. Note that corestriction is in general not injective. To get a smaller set of
generators, observe that by [INSWO08, Ch, 1, Corollary 1.5.7] the image of the restriction map

HY(k, M) — HY(L, M) coincides with the image of the Norm map
Nyjy. « HY(L, M) — H'(L, M).

Now by Kummer theory HY (L, M) = L* /(L*)? x L*/(L*)4 via the isomorphism ¢. Let

g € Gy and (a,b) € L*/(L*)1 x L*/(L*)?. Suppose that g~ (P) = ¢1P ® c2Q and
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g Q) = e3P @ c4Q. The action of g compatible with ¢ is

g.(a, b) :¢_1g-¢(a’ b)

Now the 1mage of the restriction followed by ¢ coincides with the image of the norm on

L* /(L)1 x L™ /(LX) under the above action.

4.3 [L : k| equals ¢

In this section, we assume that L is of degree q over k. After renaming P and () we may
assume without loss of generality that there is some o € G}, such that 0(Q) = P & @ and
o generates Gy /G . Fix a coset representative o of o in Gy (compare section 3.2). To
avoid confusion, we will add subscripts to the maps €,6,r, and A to denote their field of

definition. Additionally denote a primitive element for the extension L/k by .

Consider the diagram

00— H (Gy/Gr, M) ™ B (G, M) —— HY(Gp, M)CHR/OL

€k €L
Br(E) oS Br(E X}, Spec L)

where the first row is the inflation restriction exact sequence. The diagram commutes by
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construction of € and since the restriction map and the cup-product commute [NSW08, Ch.
1 Proposition 1.5.3 (iii)]. We will first describe the image of the inflation map, and then

explore the restriction afterwards. We will apply the following technical lemma throughout.
Lemma 4.3.1. Zg;& o'(R) = 0 for every R € M.

Proof. Let R=mP ® n(@ € M. We calculate directly that

q—1 qg—1

. -1
E a'(mP & nQ) = (mP @ inP @ nQ) —qu@%nP@an =0.
1=0 1=0

4.3.1 The Image of the Inflation Map

Lemma 4.3.2. The group H' (G /G, M) is cyclic of rank q with generator f, defined by

fr(@) =Q.

Proof. Lemma 4.3.1 implies that f7(c%) = Zg;& o' f1(7) = 0 and thus f; defines a cocycle.
Since G, /Gy is cyclic with generator &, every element f in H1(Gy, G, M) is determined

by f(7). Furthermore, if f(7) = mP & nQ, then
f(@) —a(mP) =mP ®nQ ©mP =nQ = f2(7).

The statement follows. O]

Let ag € k(E) with &qQ = tg. Consider ng = Hg;& Gt (ag). Note that ng is defined
to be the element in k(E) with né = Ni(B)/k(E)(tQ). Furthermore, note that divng =

S (01(Q) - (0)).
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Proposition 4.3.3. ¢, (inf (f)) is the inverse of the Brauer class of the symbol algebra

(lq,nQ)%k(E) , where ag € k(E) with an =tq.

Proof. We first show that Hg;& 5l (aQ) € k(E). Let v € G L(E)- By our previous calcula-
tions and with zp and g¢) as in the proof of proposition 3.2.1, we deduce that there is some

R € M such that y(ag) = R.7¢(gg)- Then

q—1 ) p—1 .
Y (H o' (O‘Q)) - (Z UZ(R)) 20(90) = ag (4.4)

1=0

by lemma 4.3.1. Now Hg:_& 5l (aQ) is obviously fixed by ¢ and therefore Hg:_é 5l (aQ) €
k(E). Let v, 7 € Gk(E) and denote v = +/6', 7 = 7/6J with 7,7 € GL(E)- Then by

definition of € we see that

e, (inf (1)) (v,7) = e @P@ZQ,H ([—T Q)| p_ [T (ap) Q))
“w ], ap |,
e (1 —1)i . T’(aQ) 7 (ap) - 7 (ap)
(15 [Pl (o) | o [e)]
(=i, 7@ ). [ [T (e
_ 5 P, o LQ) Q,[ ag ( on ) pP
, ~(i=1)d , —i 2
(T (aP)> 2 [(7(ag) T (ap))
CYQ ap




Now consider the map

X

9:Grp) = k(E)
i1

e (H 5”(@@)) ,
n=0

where v = ~/6" for some 7/ € G L(E)- The differential of g can be calculated as follows: If

1+ 7 < q, then
o ( o 5”(0@)) " <T/ (H‘Zz;%) 5n(O‘Q)>>

() (T 67(ag)
7 (I 7" (2q)) (/') (T2 5" (20)

dg(v,7) =
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A similar calculation shows that if i + 7 > ¢, then

q—1 _@'ﬁ o i
- ap Q
v - (o) (o) (oo
nr:[O )\ (ap) (ag)
The statement follows by subtracting this trivial cocycle and applying proposition 2.2.18. [

Proposition 4.3.4. roeoinf(fr) = A oinf(f).

Proof. By the previous lemma, we get from e(inf(f7,)) the element
1 1+7<q
—1 o
Yo (0(@) = (0)) i+j=>q

in H?(G},, Prin(E)), where 4/,7/ € G). On the other hand, r(inf(f7,)) can be presented by

the cocycle
)
Vol Z a™(Q) — 0.
m=0
This lifts to the map

Vol = 37 (6™(Q)) - (0) € Div(E),
m=0
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and a direct computation of the boundary map gives

Yo (0™(Q) — (0) i+j<q

(o', 7o)

+ (Shso (@) - () i+i>g

which coincides with the previous calculation. O

Corollary 4.3.5. ¢ induces a split to the sequence
1 r 1 7
0 —=  Br(k) —— Br(E) —— H' (k. E (k)) —=0.

Proof. We deduce from the previous proposition and proposition 4.1.2 that r oe = \. Fur-

thermore, e(ker(\)) = 0 follows as in the proof of proposition 4.1.3. O

4.3.2 The Image of the Restriction Map

We now calculate the image of the composition ¢! o res with ¢ as in eq. (4.3). By [SerT79,
Chapter VII, Section 5] the action of G, on L*/(L*)? x L*/(L*)? compatible with ¢ is

given by

53



Lemma 4.3.6. Under the isomorphism ¢~ L, the fized set Hl(L, M)Gk/GL corresponds to

{(a, %a)) 2 0(a)? = 0%(a)a mod (LX)q} .

-1
Proof. Let (a,b) € L*/(L*)4 x L* /(L*)4 be fixed by the above action. Then a = Z (a)

o=’

-1
which implies that b = U(C‘a). Now b = a_l(b) and thus U?a) =2 a(a) which implies that
a? = o(a)o 1 (a) or equivalently o(a)? = 02(a)a. O

Lemma 4.3.7. f ¢ H! (L,M)Gk/GL is in the image of the restriction map if and only if

f(v?) =0 for any v € Gy,.

Proof. Let v € G, and suppose that f is in the image of the restriction map with preimage
g. Then we can write v = v/o" for some 7/ € Gy. We calculate directly using lemma 4.3.1

that

q—1 q—1 . q—1 .
FO1) =901 = A7) =) _aMg(y) =) a'g(y) =0.
i=0 i=0 i=0

For the converse, assume that f satisfies the condition that f(?) = 0 for any v € G. In
particular f(c?) = 0. Define g € H(k, M) by setting g(v) = f(7'), where v = 4/¢" for 4/ €
G . This is well-defined as for any v, 7 € G withy = 7/0’, 7 = 7/07 and 7/, 7' € G, we have

that g (v7) = g (7 (o'7'0™") o) =g (v) g (o'7'0™") = g (v/) o’9(r) = g (v)vg(7). O

We will now prove a technical lemma that will be useful to determine the image of the

restriction.

Lemma 4.3.8. Let k be a field of characteristic prime to q containing a primitive q-th root of
unity. Let k C L C F be a tower of field extensions so that each extension is Galois of degree

q. Let a € L™ such that F = L (¥a). Fiz a representative o € G}, that generates Gal(L/k).
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Suppose that for every v € G we have that v4 (%/ ai(a)) = {oi(a) for 0 <i < q. Then

there exists some b € k™ such that a =b mod (L*)4.

Proof. Assume that a € k*. Fix 0 € G, such that & generates Gal(L/k). Denote the Galois
closure of the extension F over k by L. By Galois theory L = L ({1/5, W, NN W)
and Gal(L/L) is isomorphic to (Z/qZ)" for r = 1, or r = q. We prove the lemma by con-
tradiction. So assume that 7 = ¢. Let 7 € Gal(L/L) be the element with 7 (¥a) = p¥a
and 7 (o' Ya) = o' Ya for 1 < i < q. Now (o7) (¥a) = (po?) (¢/a) = p(¥a), which is a
contradiction to our assumptions. We conclude that F'/k is Galois of degree ¢2. We want to
show that Gal(F/k) = Z/qZ x Z]qZ.

Next suppose that Gal(F/k) = Z/q?Z and denote the generator by 7. Then 7¢ fixes L,
as 79(¥/a) = Ya implies that 79(a) = a and L = k(a). Hence 7 € Gal(F/L), which implies
that 7 is of order ¢, a contradiction. We conclude that Gal(F'/k) = Z/qZ x Z/qZ. Consider
the fixed field F <">, which is a degree ¢ extension of k. By Kummer theory, there exists
an element b € k* so that F{7) = k ({]/l_)) Finally, FF = L (%) = L(¥a) and thus by

Kummer theory a =b mod (L*)1. O

Proposition 4.3.9. The image of the restriction map corresponds to the set
(k%) ((L)INEX)) x {1} € L™ /(LX) x L* /(L*)4

under the isomorphism ¢~ L.

Proof. Let (a,b) € L*/(L*)Y x L*/(L*)7 be in the image of the restriction map. There
exists some f € H'(k, M) so that ¢! ores(f) = (a,b). Then (a,b) is necessarily in the

preimage ¢! (Hl(L, M)Gk/GL) and by lemma 4.3.6 we see that (a,b) = (a, ﬁ) so that
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o(a)? = 02(a)a mod (L*)?. It remains to show that we can choose a € k*.

By definition of ¢ and by lemma 4.3.7, we get that 44 (¥a) = ¥a and 1 ( Uga)) =

%/% for any v € Gy and for any choice of ¢™ root of U?a). Using the condition that
o(a)? = 0%(a)a, we deduce that 4? (‘{/ ai(a)> = {/0%(a) for any i. The statement follows

from lemma 4.3.8. [l
The following theorem summarizes the results of this section.

Theorem 4.3.10. Suppose that |Gy, : G| is of order q and assume that there is some
o € G, with 0(Q) = P ® Q such that G generates Gy, /Gy, Additionally denote a primitive
element for the extension L/k by L.

Br(F) = Br(k)e® I

q q

and I has generators {(Zq’nQ)k(E) (@, tp)yp) a € kx}, where ng € k(E) with ng? =

Npe)/kE)(tQ)-

4.4 ¢ divides the degree [L : k]

Suppose for this section that ¢ divides [L : k]. Let k C L' C L be an intermediate field so
that L/L' is a Galois extension of degree ¢ and ¢ does not divide the degree L'/k. After
renaming P and ), we may assume that there is some element o € G} so that & generates
Gal(L/L') and o(P) = P and 0(Q) = P @ Q. Furthermore, let [ € L with [9 € L' and
L = L'(l). Fix tp,tg € L(E) with div(tp) = q(P) — ¢(0) and div(tg) = ¢(Q) — ¢(0).

Assume additionally that tp o [q],tg o [q] € (L(E)X)d. Furthermore, let ag € k(E) so that
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Although the field extension L’/k might not be Galois, restriction followed by corestric-
tion coincides with multiplication by [L’ : k], which is an isomorphism. Using the previous

section we deduce the following result.

Proposition 4.4.1. Under the above assumptions, the Brauer group decomposes as

Br(E) = Br(k) &I

q q

and every element in I can be expressed using the generators

{cor (lq’nQ)L’(E) ,cor(a,tp)L/(E) ta € L/X} .

This completes the description of the generators of qBr(E).
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Chapter 5

Relations

In this chapter we describe the relations in the Brauer group. Recall that that an element

in I as before is trivial if and only if it is in the image of the composition
E(k)/[d|E(k) = H' (k, M) —— ;Br(k)

As in the section before, we will consider various cases depending on the rationality of the

d-torsion M.

5.1 M 1is k-rational

Assume for this section that M is k-rational. Recall the isomorphism

o1 (K ()7 x (K (8)7) = H" (k, M)

(a,b) — [Ca,b]

from eq. (4.3). We first describe the composition ¢ =1 o 4.
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Proposition 5.1.1. Let R € E(k)/[d|E(k) and lettp,tq € k(E) with div(tp) = d(P)—d(0),

div(tg) = d(Q) — d(0). Assume that tp o [d],tg o [d] € (k(E)*)9. Then

The proof of this proposition is inspired by a computation of the Kummer pairing in

[Sil09, Ch. X, Theorem 1.1].

Proof. Let R € E(k)/dE(k)\ {0, P,Q} and fix some S € E(k) with [d]S = R. Let tp,t( as
above and fix gp, g € k(E) with gg, =tpo|d] and g% = tg o [d]. Since the divisors of gp
and gg are G-invariant, we may choose gp, g € k(E). By the definition of ¢ we see that

for ¢(f) = (a,b) for some cocycle H(k, M) means that

(o Va
e (f(+), P) = (%> and e (f(7),Q) = ”(%).

The Weil pairing satisfies

gp(r(S)eS@ ) _ gp(r(S)) _ 1(gpr(5))

WSS P =220 ® T ®) )

Additionally by definition of gp, we see that gp(S)% = tp o [d](S) = tp(R). A similar result
holds for @ as well. Therefore ¢! o §(R) = (to(R),tp(R)). The other results follow by

bilinearity of the Weil pairing. O
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Summarizing these results, we conclude theorem 1.0.5.

From now on assume that d = ¢ is an odd prime and L is the smallest Galois extension

of k so that M is L-rational.

5.2 [L: k] is coprime to ¢

Suppose throughout this section that ¢ does not divide the order [L : k]. Consider the

following commutative diagram

where the horizontal compositions coincide with multiplication by [L : k| and are therefore
isomorphisms. Thus, the image of §;. is also given by the image of the composition d;. ocor =
corody,. Using the description of the image of d; in the previous section, we deduce the

following result.

Proposition 5.2.1. Suppose that [L : k] is not divisible by q. Fiz two generators P and Q
of M and and let tp,tg € L(E) with div(tp) = q(P) — ¢q(0) and div(tg) = q(Q) — ¢(0).

Assume additionally that tp o [q],tg o [q] € (L(E)X)d. An element

cor(a,tp)r gy ® cor(b, tQ) (k)
in I is trivial if and only if it is similar to one of the following
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tp(PoQ
e cor (to(P), fP)k(E) ® cor <%’ tQ)k(E))

to(PoQ)
e cor (%,1@) o) ® cor (tp(Q),tQ)k(E) , or
e cor (tQ(R)’tP)k(E) ® cor (tP(R>’tQ)k(E) for some R € E(k)\ {0, P,Q}.

The following observation will be useful to calculate these corestrictions explicitly. Con-

sider the following commutative diagram

E(k) E(L) E(k) E(L) E(k)

o K o K i

HY(k, M) 25 HY (L, M) = HY(k, M) 22 HY(L, M) 2> 5k, M)

b e e ]

¢BrE ¢BrEL ¢Bre ¢BrEL ¢BrE

where the composition of morphisms along a row give multiplication by [L : k]Q, which is an
isomorphism. Furthermore, the composition res o cor coincides with the Norm map [NSWO08,
Ch. 1, Corollary 1.5.7]. Therefore, an element in I is trivial if it lies in the image of the
composition coroey, o N /k © 07, ores. In section 7.2, we see how this observation can be

applied to the calculation of the relations in I.

5.3 [L:kl=gq

Throughout this section suppose that [L : k] = ¢ and fix some generator & of Gal(L/k). Let
P,Q € M so that o(P) = P and o(Q) = P & Q. Furthermore, let [ € L with {9 € k and
L =k(). Fixtp,tg € L(F) with div(tp) = q(P) —q(0) and div(tg) = ¢(Q) — q(0). Assume

additionally that tpo|q],tgo[q| € (L(E)x)d .Fix o € éL/k as in section 4.3. Furthermore,
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(T n—1

let ag € k(E) so that ozg? =t and denote ng = [[,Z, 6i(on).

Consider the commutative diagram with exact rows and columns

E(k)N[g|E(L)  inf
[dE(k)

l‘SL/k O, or,

0 —= HY(Gal(L/k), M) H1(k, M) —2S gY(L, M)

o

where o, Jk is the map induced by d,. It is immediate that o Jk is injective. Recall
that H!(Gal(L/k), M) is cyclic of order ¢ with generator fr. Furthermore, we saw that

er, (inf(f1)) = (19, nQ)k(E) (proposition 4.3.3). We deduce the following result.

Proposition 5.3.1. The Brauer class of (lq, nQ)k(E) is trivial, that is, it is in the image of

E(k)N[g]E(L)

B ) 18 non-trivial.

the map Br(k) — Br(FE), if and only if the quotient

Recall that by proposition 4.3.9 any element in the image of (gzb_l o res) can be written

as (a, 1) for some a € k™.

Proposition 5.3.2. The Brauer class of ((I,tp)k(E) 1s trivial if and only if there is some

R € E(k)/[q|E(k) so that ¢~ (a,1) = 6.(R).

5.4 q divides [L : k]

Suppose that ¢ divides [L : k] and use the notation used in section 4.4. Recall that every
element in I can be written as cor(A) for some A €  Br(E x Spec(L')). Such an element is

trivial if and only if it is similar to €, 0d;/. Remark that some corestrictions of elements in

62



qBr(E 1) may coincide and we do not account for this in our description.
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Chapter 6

Conclusions — The Algorithm

In this chapter, we summarize the results from the previous chapters and assemble the
algorithm to calculate generators and relations of the Brauer group. Let k be a field of
characteristic different from 2 or 3 and let ¢ be an odd prime. Assume that ¢ is coprime to
the characteristic of k£ and that k contains a primitive ¢g-th root of unity. Let E be an elliptic

curve over k. Denote by M the ¢ torsion of E(k).

The Brauer group of F decomposes as

Br(F) = Br(k)e® I

q q

and generators G and relations R of I can be calculated using the following algorithm.

1. Determine the kernel of the natural Galois representation
U: G — End(M) =GLo (Iﬁ‘q) )

Denote by L the fixed field of this kernel.

2. (a) If ¢ divides the order of L/k, fix some intermediate field L’ so that L/L’ is a

Galois extension of degree q. Let P and @ be elements in M so that Gal(L/L')
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is generated by @ with o(P) = P and 0(Q) = P & Q. Set

gL/ = {(lq,nQ)L/(E) s (a,tp)Ll(E) Ta e L/X} s

where tp € L'(E) with div(tp) = ¢(P) — q(0) and ng € L'(E) with div(ng) =
S0 0UQ) = X (iP + Q). Furthermore, let to € L(E) with div(tg) =

(b) If ¢ does not divide the order of L/k, fix some generators P and @ of M. Set

gL/ = {(aatP>L(E) ) (ba tQ)L(E) ra,be LX} )

where tp,tg € L(E) with div(tp) = ¢(P) — ¢(0) and div(tg) = ¢(Q) — q(0).
3. Set
tp(P & Q)

(t(P).tp) () © (W’tQ) L(E)

(tQ(P@ Q)

R =
),y O D

U{(tQUR).tp) 1y @ (tp(R).1Q) 1y B € E(L)\{P.Q}}.

(a) If ¢ divides the order of L/k, let

RL/,res = {(CL, tP)L/(E) : res<a;tP)L/(E) € RL} .
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Further, if the quotient % is not trivial let

Rt it = {(lq’nQ)L/(E)} :

If the quotient is trivial, let R/ . c=0. Set R;r =Rys .os UR/ if-

(b) If ¢ does not divide the order of L/k, let L = L' and R, = Rp.

4. Set

G ={cor(A): A€ G}

and

R={cor(A): AcR}.

Note that there are additional relations that come from the fact that the corestriction map
is not injective. These relations need a more careful treatment. See for example section 7.2.

A direct consequence of algorithm 7.2.2 is the following.

Corollary 6.0.1. Every element in I as above can be written as a tensor product of at most

2(q — 1)%(q + 1) symbol algebras.

Remark 6.0.2. Note that we assume that the characteristic of k is different form 2 or 3 for
simplicity of the presentation of the elliptic curves and its torsion subgroups. The general

results still hold in characteristic equal to two and three.
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Chapter 7

Examples

In this chapter, we calculate the g-torsion of the Brauer group for some elliptic curves F,
where ¢ is an odd prime. For computational reasons, we only consider the case ¢ = 3. The
algorithm described in chapter 6 can be used to determine qBr(E ) for any odd prime ¢. As
before, we will consider various cases depending on the extension L, that is the smallest

Galois extension of k, so that M is L-rational.

7.1 M is k-rational over a number field

Let k = Q(w) C C, where w is a primitive third root of unity. In [Pall0] the author describes
a family of elliptic curves such that M is Q(w)-rational, for example E given by the affine
equation y% = x3 4 16. In this case, the three torsion of E is generated by P = (0,4) and
Q = (—4,80w + 4) = (—4,4+/3i). Furthermore, the tangent lines at P and @, respectively

are given by tp =y — 4 and

(z+4) — 8w — 4 = y — 4v/3iz — 20V/3i.

fo =y —
Q=Y 9,1

By the previous discussion 3Br(E) = 3Br(k) @ I and every element in I can be written as a

tensor product

(a,y —4)3(p) ® (b, y — 4V/3ix — 20\/32')3 K(E) (7.1)
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for some a,b € k™. We calculate with the magma code in the appendix , that E(k) = M
and therefore also E(k)/3E(k) = M. By our previous calculations on the relations, a tensor
product as in eq. (7.1) is trivial if and only if it is similar to an element in the subgroup

generated by

(4 — 20V/3i,t p>k(E)

and

6 8 , .
(1—9 — E\/gl, tp) - ® (4\/§Z —4, tQ)k(E) .

7.2 Degree L/k coprime to ¢ for k£ a number field

We first need to discuss computational results for the corestriction of symbol algebras.

Lemma 7.2.1. Let K C F be a finite extension of fields over k. Then

corpy g (a,b) = (a, NF/K(b)>

forallae K*,be F*.
Proof. See for instance [Ser79, page 209]. ]

The following algorithm from [RT83, Section 3] may also be used to calculate the core-

striction explicitly. For a polynomial p(t) = a,t"™ + ap_1t" L at™ with aman # 0

define p*(t) = p#) - and c(p) = (=1)"ap.

amtm
Algorithm 7.2.2. Let K C F be a finite extension of fields over k and let a,b € F*.

Let g(t) € K[t] be the minimal polynomial of a over K and f(t) € K[t is the polynomial

of smallest degree such that NF/K(a)(b) = f(a). Define a sequence gy, ..., gm of nonzero
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polynomials by setting gy = g,91 = [, and for i > 1 let g; 1 be the remainder of the division

of g7 by g; as long as g; # 0. Then

m

corp/c(a,b)p = =Y (elgi—1),e(9i)) i

1=q

Let k = Q(w) and FE the elliptic curve given by the affine equation
y* =1+ B,

where B =2 mod (Q*)3 and B # 1, -3 mod (Q*)2. By [BP12, Theorem 3.2 and Corol-
lary 3.3] we get that L = k(v/B). Let o be given by o(v/B) = —v/B. The three torsion of
E has generators P and Q with P = (0,v/B) and Q = <\3/—4B, \/—3B> . Then o(P) = 2P

and o(Q) = 2Q). We need to calculate

COTL(E) /k(E) ((a, tp)rm) @ (b, tQ)L(E)) -

Recall that by remark 4.2.2, it will be enough to consider (a,b) a Norm in L*/(LX)3 x

DXL For (a,b) € L* /(L) x L* /(L)% we have Npjp(a.b) = (55 7). or

equivalently we may assume that N7, /;.(a) =1 and Ny, .(b) =1 and a,b € L*\ k*. Note

that
tp =Yy — \/E
and
3Y/~4B
to=y— ———1x —3vV—3B.
Q=Y =sB"

Furthermore, v/—3 € k as w € k and J16B2 € k* since B=2 mod (Q*)3.
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Let @ = a;v/B + a9 with a1 # 0 and NL/k<a> = 1. We now employ algorithm 7.2.2 to

calculate cor(a,tp) L(E)- In the notation of algorithm 7.2.2, we calculate

go = Minimal Polynomial of a over k
= (t—a1VB —ag)(t + a;VB — ay)
=2 - 2a9t + a% — Ba%

=2 - 2a9t + NL/k(a)

=2 — 2a9t + 1,
g6 =12 — 2a9t + 1,
ay —1
g1 =Y - ar
a
ai ai
a1y —az

The element g9 is the remainder of the division of gj by g1. Note that

(alt —ajag — a%y) g1 = 2 — 2a9t + a% — a%y2

= g5 — 1+ a3 —ajy’
and therefore

g2 zl—a%—i—a%yQ = 1—a%+a%x3+a%B: 1—NL/k(a)+a%x3:a%x3.
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Overall, the corestriction is

1\ 1 -1
cor(a,tp) = (1, ——) ® (—,a%x?’)
9/ K(E) az —ay k(E)

Finally, let b = bjv/B + by with by # 0 and Nj Ji(b) = 1. Use the notation of algo-

rithm 7.2.2 to calculate cor(b, 1) r,(g)- Then

90 =2 - 200t + 1,

g6 =% = 2bot + 1,

31 3ib
glz—ﬁ(x%—l)t—l—y%—\/_l 2
b1 b1

(x+1).

Furthermore, note that

by b1b9 yb?

<_ V3i(x + 1)t " V3i(z + 1) " 3(x +1)?

)glzt2—2b2t+b§+—1y

:gak—l—i-b%—l-

and therefore
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We deduce that

-1
-1 \/gz
(i W, R
cor(b, tQ)L(E) = <1, b (x + 1)) . ® - V3iby o 1), 1—b5— 3(x+1)2
by k(E)

yby o b3+ B)
(LS - St B
(ﬁi @r1) T B2 K(E)

Overall, the 3-torsion of the Brauer group decomposes as follows.

Proposition 7.2.3. Let k = Q(w) and let E be an elliptic curve given by y*> = 23 + B,
where B = 2 mod (Q*)? and B # 1,—3 mod (Q*)2. Then the 3-torsion of the Brauer

group decomposes as

3Br(E) = 3Br(k) & I

and every element in I can be written as a tensor product

9 yb1 2 b%(a:?) + B)
_ P L T
(QQ aly’al)k(E) @ <\/§z D) P TR T 3G -

for some ay,ag, by, by € kX with a1,by # 0, and a3 — Ba? = b3 — Bb} = 1.

To calculate the relations we need to specify B. We first consider the case B = —1024.
Using the code in the appendix , we calculate that £ (k) = 0. Thus there are no additional
relations. Note that some elements might still become trivial due to the fact that the core-

striction map is not surjective.

Consider the case B = 2. We use the code in the appendix to see that F(k) = Z? with
generators R = (—w,1) = (% — @, 1) and S = (—1,—1). In this case P = (0,/2),Q =
(=2,v/=3V2),tp = y — /2, and tg =y + V=3V2x + v/=3v2. Therefore by a direct
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computation

tp(R) =1— 2, %:2\@—3,

to(R) =1+ g\/—_:sﬂ + ;\/5 % = (514 57iV3) V2 - 323 + 18iV3,
tp(S) = -1 -2, %:—mf—&

fg(5) = -1 % -

Consider the following commutative diagram

E(k) E(L) E(k) E(L) E(k)

bk b

HY(k, M) 25 HY (L, M) =& HY(k, M) 22 HY(L, M) 2> B (k, M)

ok b ]

Y

where the rows compose to multiplication by 4, which is the identity on three torsion. An
element in [ is trivial if it is similar to an element in the subgroup generated by €, o d;.(R)

and € 0 95(5). Finally,

ek © 0 (R) = coroer, o Np ) /x(p) © 01 o res(R)
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and therefore by our previous calculations of the Norm map and corestriction, we get that

ko 0k(R) = (U(tQ(R))’tP>L(E)® (U(tP(R)),tQ)L(E)

_ (—323 4 18iV3 — (—51 n 571\/§> v, (—51 n 57z\/§)2> .
k(E

S B ot )
®(\/§i(x+1) 58 )k(E)

and similarly

o = Ccor M
€ 00 (S) = (a(tp(S))’tQ>L(E>

(L AP +2)
_(\/gi(ﬂﬁLl) e )k(E)‘

7.3 Degree L/k = q for k a number field

Let k = Q(w), w = —% + %g and let E be the elliptic curve given by the affine equation
y2 =23 + 4.

Then the third division polynomial is ¢3(z) = 3z% + 48. We use this to calculate that
generators of the three torsion are given by P = (0,2) and @ = (—2 V2, 2iv/3). Let | = 2.

In our previous notation L = k (%) and the Galois group Gal(L/k) is generated by & with
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o(Q)=P+Q = (—w2 2, 2iv/3). It can be seen that

tP:y—2

to =y +ivV3Vix +2iV3

Using chapter 6 or theorem 4.3.10 we deduce that the Brauer group 3Br(E) = 3Br(k) &1

and [ is generated by
3 . X
{(1 ﬂQ)k(E) (a,tp)ypya €k }

We will now determine ng explicitly. Note that the line through @ and P + @ has divisor

Q+(P®Q)+ (2P & Q). Furthermore, a straightforward calculation shows that

(y — 2v/3i)% = 2 — 6v/3iy” — 36y + 24V/3i
= 3+ 63y — 36y — 24v/3i — 12V/3i <y2 - 4)
= 3 + 6v/3iy? — 36y — 24v/3i — 12V/3iz?
= (y + 2\/32’)3 +4 <2\/§x>3

= Nr(g)/kE) Q)

We summarize our calculations in the following proposition.

Proposition 7.3.1. Let k = Q(w), w = —% + Zﬁ‘/rg and let E be the elliptic curve given by

the affine equation y2 = x3 + 4. Then the Brauer group decomposes as

3Br(E) = yBr(k) & I
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and every element in I can be written as a tensor product of the symbol algebras

<2,y _ 2\/32')

3 k(E) and (a,y — 2)3 (k)

for some a € k*.

We calculate with magma, that E(k) = (P) and E(L) = Z/6Z x Z/6Z. Therefore

E(k)/3E(k) = (P) and E(L)/3E(L) = M and the quotient % is trivial. Therefore

the symbol algebra (2, Yy — Qﬁi)k(E) is not trivial.
Finally, eodores(P) = (2 + i3,y — 2) L(E) and therefore a symbol algebra (a,y— 2)k(E)

is trivial if and only if it is similar to one of the following

{(1, Dy (2+ V3,0 - 2)}@ (-8+8iv3y - 2);@}

7.4 Positive rank over a number field

Let w be a primitive third root of unity in C, i.e. w = —% + 2@ Set k = Q (w) and let £

be the elliptic curve defined by the affine equation
y2 = 13 — 48,
The third division polynomial associated to FE is

W3(z) = 323 — 5762 = 323 — 20322
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We calculate directly that the three torsion M of E(k) is generated by P = (0,8w + 4) =
(0,47j\/§) and ) = <4 {)’/3, 12). Furthermore, we see by direct computation that P ® Q) =

<w24 3, 12). Now using the code in the appendix we calculate that E(k) = Z? @ Z/37Z

and E(L) = 7> @ 7./3Z & Z/37Z. Furthermore, generators of F(L) are

P,Q,R=(—dw—4,-4) = (-2iv3,-4),
S = ((w+1)<%>2+w%+3,(w—1)<%>2+(3w+6)%+6w+3)

We conclude that the quotient % is nontrivial. Finally, the polynomials ¢tp and

tQ are

tp:y—8w—4:y—4i\/§

tQ:y—é(%>2x—12—§

By our algorithm the three torsion of the Brauer group decomposes as

and every element in [ can be written as a (a,tp)k( E) with a € k*. Furthermore, an

element in [ is trivial if and only if its restriction to L is similar to an element in the
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subgroup generated by

3

([ .. 2 1 . .
(42\/5 12— g,tp) . (@ (5 - 92\/§) ,tp> . ® (12 — 43, tQ>L(E) ,

V'3 2 2 .
(45 ()" g,tp)m o (~1-4vA1q)

((w—?)) (%)24—(00—1—4)%—1- %w— ?,tp)L(E)

® ((w—l) (%)2+(3w+6)§/§—2w—1,tQ>

L(E) J

\

7.5 Over a local field

Denote by Q7 the 7-adic field. It is easy to see that the field Q7 contains a primitive third

root of unity w. Let E be the elliptic curve
E:y?=23+16

over k. Consider the reduction E of E modulo 7. Then E is a non-singular curve and using

the code in the appendix we see that
E (F7)=27Z/3Z®7/3Z = {0,(0,3),(0,4),(3,1),(3,6), (5,1),(5,6), (6,1),(6,6)} .

Denote by E the formal group associated to E and consider the group E (7Z7). By [Sil09, IV
Theorem 6.4], there is an isomorphism E (7Z7) — Gg (7Z7), where G, denotes the additive

group. By [Sil09, IV.3 and VIIL.2] there is an exact sequence

0 — Gq (7Z7) — E(Q7) — E (F7) —0 .
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Furthermore, by [Sil09, VIL3 Proposition 3.1] the reduction map 3E(Q7) — E (F7) is in-
jective. Thus E has k-rational 3-torsion. Since 3 is a unit in Z7 we further deduce that

E(Q7)/[3]E(Q7) = E(F)/[3]E(F) = M. Finally,
QF/(QF)° = (25 x (7)) ] (25 x (7Z7))° = Z/3L x Z/3L.

2
Therefore, H'(k, M) = (@?/ ((@?)3) =~ (7/3Z)*. By the algorithm and using [Gro68b,

Corollaire 2.3|, the 3-torsion of the Brauer group decomposes as follows
3Br(E) = 3Br(Q7) & (2/32)° = 3(Q/2) © (Z/3L)* = (Z/32)° .

Remark 7.5.1. The above computations also show that 3Br (E) = 3Br (F7) = 0.

7.6 Over a finite field

Let k = F5(w) be the extension of the field with five elements given by attaching a third

root of unity w. Let E be the elliptic curve given by the affine equation
y2 =23+ 1.

The three torsion of E(k) is also k-rational with generators P = (0,4) and Q = (1,3w + 4).
Furthermore, we use the code in the appendix to calculate that E(k) = Z/6Z x Z/6Z. A
direct calculation gives that (kX)3 = FZ U (1 + 2w)FZ Therefore, the quotient k*/ (kX)3
is isomorphic to Z/37Z with distinct representatives {1,w,w + 1}. We conclude that ¢ is

surjective, and therefore 3Br(£) = 3Br(k). Since F5 is a C-field and finite extensions of
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Ci-fields are C7 as well [GS17, Lemma 6.2.4, page 161], we deduce that Br(k) = 1 and

3Br(F) is trivial.

7.7 Degree [L : k| divisible by ¢

Let k = Q(w), where w is a primitive third root of unity. Consider the elliptic curve E given

by the affine equation

y2:a:3+x—|—1.

The three torsion M of E(k) is generated by P = (x1,y1) and Q = (x9,y9) with

Ji”/ﬁ 8 8V3 \/—?/2—4

~ VA -4 23
O L|VA-8 83 \/ VA -4
o 3 N 2v/3

Y1 :\/xi{>+x1+1,
Y2 :\/J}%—l—l’z-i-l

where A = —496 is the discriminant of E (see [Pall0, Section 3]). Denote P + @Q = (z3,y3)
and 2P + QQ = (x4,y4). By [Pall0, Theorem 4.1 (1)], the field L is k(zq,z92,y1) =

k (z9 — x1,y1) and the Galois group of L over k is isomorphic to SL9(Fg). Consider the

11
subgroup P generated by and denote its fixed field by L’. By the proof of the

0 1
primitive element theorem, an element [ € L with I3 € L' and L = L'(1) is

| =29 + w3 + w2x4.
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As we have seen before, n() is given by the equation of the line through @ and P + @, that
is

Y3 — Y2
—

r—1x9).
T3 — x9

ng=y-—y2—

By the main algorithm we deduce that
and every element in / can be written as a tensor product

3j _

2 Y3 — Y2

COr'y/ <x2+wx3+w :r:4> ,y—yg——(x—xg))
LAE)/K(E) ( L3 — T2 L'(E)

QCOr /(g /k(E) (%y — Y1 — 201 (z — 961)) /
L'(E)

for some a € L' and some j € {0, 1,2}. It remains to calculate COT /(B k(E) of these algebras,
which can be computed for specific values of a and j using algorithm 7.2.2. We can therefore

write every element in [ as a tensor product of at most 16 symbol algebras over k(E).
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Appendix

Magma Code

This appendix contains the magma-code used in chapter 7.

Code for section 7.1

K<w> := CyclotomicField(3);
E := EllipticCurve([L]0,16]);
AbelianGroup(E) ;

Generators(E);

Code for section 7.2

This is the code for B = —1024:

K<w> := CyclotomicField(3);
E := EllipticCurve([L|0,-1024]);

AbelianGroup(E);
This is the code for B = 2:

K<w> := CyclotomicField(3);

E := EllipticCurve([L|0,2]);
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AbelianGroup(E);

Generators(E) ;

Code for section 7.3

We first calculate the k-rational points of £ by using:

K<w> := CyclotomicField(3);
E := EllipticCurve([L|0,4]);
AbelianGroup(E);

Generators(E);

Now we calculate the L-rational points of E with:

K<w> := CyclotomicField(3);

R<y> := PolynomialRing(X);
f =y 2-2;

L :

ext<K|f>;

E :

EllipticCurve([L]0,4]);

Generators(E);

Code for section 7.4

K<w> := CyclotomicField(3);
E := EllipticCurve([K|0,-48]);
AvelianGroup(E);

Generators(E);
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R<y> := PolynomialRing(X);

f :=y3-3;

L := ext<K|f>;

E := EllipticCurve([L|0,-48]);
AbelianGroup(E);

Generators(E);

Code for section 7.5

F := FiniteField(7);

E :

EllipticCurve([F|0,16]);
AbelianGroup(E);

Points(E);

Code for section 7.6

F := FiniteField(5);

R<w> := PolynomialRing(F);

Hh
Il

w2+ w+ 1

L :

ext<F|f>;

E :

EllipticCurve([L|0,1]);
AbelianGroup(E);

Points(E);
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