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THE BRAUER GROUP OF A FIELD

J. Aycock

Abstract. In this paper we discuss the Brauer group of a field and its connections
with cohomology groups. Definitions involving central simple algebras lead to a
discussion of splitting fields, which are the important step in the connection of the
Brauer group with cohomology groups. Finally, once the connection between the
Brauer group and cohomology groups is established, the paper finishes by calculating
specific examples of cocycles associated to certain classes of central simple algebras.
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1 Introduction

The Brauer group is an invariant that pops up in many areas of mathematics, including
number theory, algebraic geometry, and representation theory. The general construction by
way of Azumaya algebras does little to reveal why this might be. Through a little bit of
work, one can see that it is related to certain cohomology groups. The ubiquitousness of
cohomology in modern mathematics then does a better job explaining its significance. In the
sections following, we explore this connection in the special case of the Brauer group of a field.

In Section 2, we define the Brauer group of a field through the introduction of central
simple algebras, which are the Azumaya algebras in this case. In Section 3, we introduce
Galois cohomology and construct an isomorphism between the Brauer group and a certain
cohomology group. In Section 4, we perform calculations explicitly using this isomorphism.
Section 5 explores inflation maps on cohomology and how they relate to some patterns we
notice in the previous section. Finally, in Section 6, we make more calculations involving
the group operation to illustrate that the isomorphism we constructed in Section 3 is an
isomorphism of groups.

2 Central Simple Algebras and Splitting Fields

Elements of the Brauer group are equivalence classes of central simple algebras. As such,
it is important to have an understanding of these algebras to understand the Brauer group.
This section aims to lay the foundation for the rest of our discussion; this foundation starts

with the definition of a CSA.

Definitions 2.1: Fix some field k.

1. An algebra over k is a ring A along with an embedding v : kK < A, where 1 in k£ maps
to 1 in A. This embedding induces a scalar product that allows A to have a vector
space structure over k. The image ¢ (k) is often denoted k - 1, or simply k. We require
(k) to commute with every element of the algebra, so that the “left scalar product”
and a similarly defined “right scalar product” will be the same.

2. The center of an algebra A is the set Z(A) ={z € A:az=z2a Va € A}. If this set
is the subspace k - 1, A is said to be central.

3. A (two-sided) ideal of an algebra is a (two-sided) ideal of the algebra viewed as a ring.
Note that (x - 1)i = x - ¢ € I for every x € k, so it includes the stipulation of being
closed under scalar multiplication. If the only ideals of A are {0} and A, A is said to
be simple.

4. An algebra is a central simple algebra if it is both central and simple. We will refer to
central simple algebras as CSAs, a common abbreviation.
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In addition to these definitions, it is useful to know when an algebra is finite-dimensional.
An algebra is finite-dimensional when it is finite-dimensional as a vector space over k. All
algebras will be assumed to be finite-dimensional unless stated otherwise.

Examples 2.2: Common examples of CSAs include:

1. The ring of n x n matrices M, (k) is a CSA over k for all n > 0. It is equipped with a
scalar product operation that multiplies each entry by an element of k.

2. Central division algebras, meaning central algebras over k in which every nonzero
element has a multiplicative inverse, are CSAs over k as well. The field k itself falls
into this category.

3. The quaternion algebra (aTb), generated by i and j with i® = a,j2 = b,ij = —ji is a
central simple algebra over k. In fact, it is either a division algebra or it is isomorphic

to My(k). A discussion of these algebras and their properties is found in [Lam].

4. Cyclic algebras over k are also CSAs over k. They are constructed as follows: Let K|k
be a cyclic extension of degree m, and fix o a generator of the galois group Gal(K|k).
Then choose some b € k. The cyclic algebra A is generated by K and a particular
element y, subject to the relations y™ = b and Ay = yo(\) for every A € K.

Cyclic algebras are in fact a generalization of quaternion algebras. We can view the

quaternion algebra (“?b) as a cyclic algebra generated by K = k(v/b) and 4, with 4 play-

ing the role of y. This follows because the generator (and only non-identity element) of
Cal(k(v/b)|k) is the automorphism g : z 4+ yvb — = — y\/b.

Tensor products involving CSAs are of particular importance. The following lemma, in
two parts, will prove useful for two separate but important statements: Lemma 2.4 and
Proposition 2.6. It relates the tensor product to the properties of central simple algebras.

Lemma 2.3: Let k be a field. The symbol ® always means tensor over k.

1. Let A and B both be algebras over k. Then Z(A® B) = Z(A) ® Z(B).

2. Let A be a CSA over k, and let B be a simple k-algebra. Then A ® B is simple.
Proof.

1. The inclusion D is obvious, leaving C as a nontrivial part of the proof. We first do the
case of pure tensors. Let a®@b € Z(A® B) with a,b # 0. Since it commutes with every
element of A ® B, it in particular commutes with every element of the form a’ ® 1, so:

(d®1)(a®b)—(a®b)(d ®1)=(da—ad)®b=0.
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Since b # 0, this requires a’a — aa’ to be 0, which means a commutes with o’ for all a’,
so a € Z(A). By a similar argument, b € Z(B).

r

This leads to the general case. Let z = > | _,a;, ® b; € Z(A ® B), and choose an
expansion for z such that r is minimal. In particular, this means the a; are linearly
independent, and similarly for the b;. Then pick a’ € A and consider:

T

(d®1)z—2(d®1) = Z(a/ai —a;a’) ®@b; = 0.

=1

Then for each j, this means:

Z(a'ai —a;a") ® b; = (aja’ — d'aj) @ b;.

i#]
But the left hand side is in A ® span(b;);z; and the right hand side is in A ® span(b;),
and since the b;’s are linearly independent, these sets only intersect at 0. That means
(aja’ — d'aj) ® b; = 0 for each j, which means each a; is in Z(A). Again, a similar
argument shows each b; is in Z(B), so we must have z € Z(A) ® Z(B), as desired.

2. To show that A ® B is simple, we take some nonzero ideal I C A ® B and show it is
all of A® B, by “forcing” 1 to be an element of it as well. Let z € I\ {0}, where

z = iai ® by,
=1

and z is such that r is minimal among nonzero elements of I. Now, since A is simple,
the ideal generated by a; in A is all of A — this means that there is an equation ca,d = 1
for some pair ¢,d € A. Similarly, we have ¢’b;d’ = 1 for some pair ¢’,d’ € B. Then we
set 2/ = (c® )z(d® d'), and we know that 2’ € I, and find that

d=1®1+) aab,

i=2
where a; = ca;d and 0, = ¢'b;d’. Then fix some ay € A, and note

(ag®1)2" = Z(ap® 1) = Z(aoa; —ajag) @ b; € 1.

1=2

Since r was minimal for an element of I, this element must be 0. Next fix by € B,

noting
,

(1®bo)2' — 2/ (1@ by) = Y a; @ (bob}; — b'bo).

=2
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Similarly, this must be zero. This means z’ commutes with every tensor of the form
(a ® 1) and of the form (1 ® b). It further commutes with every product of elements
of that form, and sums of those elements. This means it commutes with all of A ® B.
Then 2’ € Z(A® B), which is equal to Z(A) ® Z(B) by part 1. Then since Z(A) is just
the one-dimensional space k-1, we must have » = 1, so 2’ was just 1® 1 to begin with.
So every nonzero ideal contains 1 ® 1, and is thus all of A ® B, so A ® B is simple.

This lemma gives the following as an immediate corollary:
Corollary 2.4: If A and B are central simple algebras over k, then so is A ® B.
This leads to our definition of the Brauer group.

Definition 2.5: The Brauer group of a field k, Br(k), is the group whose underlying set is
the set of all CSAs over k with the equivalence relation A ~ B if and only if M,,(A) = M, (B)
for some choice of m and n. The equivalence class containing A is denoted [A]. The group
operation is [A] - [B] = [A® B.

What is defined above is certainly at least a monoid, and it will become a group if every
element [A] € Br(k) has an inverse. Each element does have an inverse, with [A]~! = [A°P],
the class of its opposite algebra, which is defined to have the same underlying set and addi-
tive structure, but a(°?) - b?) = (b - a)(°?), where the superscript (’?Y) denotes an element of
the opposite algebra. We will not prove this here, as proofs are found both in [Lam] and in

GS].

The following statements lead to a final theorem on splitting fields which will be useful
in our cohomological study of Br(k).

Proposition 2.6: Let A be an algebra over k, and let K|k be a finite field extension. Then
A is central simple over k if and only if A ® K is central simple over K.

Proof. For the backward implication, note that if I is an ideal in A, I ® K is an ideal in
A® K, soif A is not simple, A® K is not simple. Also note that Z(A) ® K is the center of
A ® K by part 1 of Lemma 2.3, so if Z(A) is not just k, Z(A ® K) will not just be k ® K,
which is the embedding of K in A ® K. Thus if A is not central simple over k, A ® K is
not central simple over K. For the forward implication, Let A be a central simple algebra.
Note again that Z(A® K) is Z(A) ® K, so since A is central, Z(A® K) = K. By part 2 of
Lemma 2.3, since A is central simple and K is simple, A ® K is simple. Then if A is central
simple over k, A ® K is central simple over K.
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Theorem 2.7: Wedderburn’s Theorem. Every CSA over k is isomorphic to a matrix algebra
M,,(D) for some integer n > 0 and some central division algebra D over k. The isomorphism
class of D and the integer n are both uniquely determined.

Unfortunately, the proof is quite involved, and uses machinery we will not use again. As
such, anyone who wishes to learn about this fact will be redirected to section 2.1 in [GS].
However, the importance of this result necessitates its inclusion. An immediate corollary is
that every element of Br(k) can be represented by a unique central division algebra over
k, which often leads to the claim that the Brauer group is a tool for classifying division
algebras. This theorem is also used as the first reduction in the proof of the next lemma,
concerning the case when k is algebraically closed.

Lemma 2.8: If k is algebraically closed, then any CSA over k is isomorphic to M, (k) for
some choice of n.

Proof. By Theorem 2.7, it is sufficient to show that k£ is the only central division algebra
over k. Assume D is a division algebra over k, and take d € D. Since D has finite dimension
over k, the elements 1,d,d?, ... are linearly dependent over k. This means d satisfies some
minimal polynomial f € k[z], which is irreducible over k. But since k is algebraically closed,
the only irreducible polynomials are degree 1, which means d € k. Thus D C k, so D =k,
and k is the only (central) division algebra over k.

In Lemma 2.8, the implicit assumption that every algebra is finite dimensional is integral
to the proof. This lemma and Proposition 2.6 together form the basis for the proof of the
next theorem, which is very important in the next section. The theorem will be followed by
the definition of Br(K|k), a particular subgroup of Br(k).

Theorem 2.9: Let k be a field, and A an algebra over k. Then A is a CSA if and only if
there exists an integer n > 0 and a finite field extension K|k such that A ® K = M, (K).

Proof. The reverse implication follows from Proposition 2.6, since M,,(K) is central simple
over K. Now for the forward direction, first fix k& an algebraic closure of k. By Lemma 2.8,
A®Fk = M,(k) for some choice of n. Though k|k may not be a finite extension, the existence
of some field extension k|k such that A ® k = M,,(k will help us in our search for our finite
extension K|k with A® K @ M, (K).

For any finite field extension K|k, the inclusion map K < k defines an inclusion
A® K — A® k, and the union of these algebras A @ K gives A ® k since k is an al-
gebraic extension of k. Then the elements corresponding to the e;; in M, (k) each have to
be in one of the finite field extensions. For each pair ¢, 7, let K;; be a field extension for
which A ® K;; contains e;; under the inclusion maps mentioned above, and let K* be the

compositum of all these fields, K* = K;1K;... K, . Then since each K, ; was finite, this
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K* will be finite as well, and A ® K* contains each e;;, so it is isomorphic to M, (K™),
proving the theorem.

The theorem states that every CSA has a “splitting field” among its finite extensions.
There is further discussion in [GS] that implies that at least one of these finite splitting fields
is Galois. Splitting fields are useful because of the following fact: (A® K) ® (B ® K) =
(A® B)® K, so if K splits A and B, then it splits A ® B. This leads to a definition of a

kind of a “bonus” Brauer group, which is the basis for our discussion in the next section.
)

Definition 2.10: Let k be a field and K a Galois extension. The Brauer group of k relative
to K is the subgroup of Br(k) consisting of those CSAs split by K. It is denoted Br(K|k).

Finally, since the k-dimension of any CSA A over k is the same as the K-dimension of
A® K over K, we have that the dimension of a CSA over a field is always a square. We call
the integer \/dimy(A) the degree of A, and it is also the n in Theorem 2.9.

3 Galois Cohomology

This section begins with the definition of cohomology groups for a general projective reso-
lution, and then defines the standard resolution, before using that to associate the elements
of Br(k) and Br(K|k) to the elements of two of these groups. No calculations are done on
these groups until the following section — this section simply sets the foundation for those
that come after.

Definitions 3.1: Let G be a group.

1. A G-module is an abelian group A equipped with a G-action G x A — A, (0,a) — oa,
satisfying o(7a) = (o07)a and o(a + b) = oa + ob. Equivalently, it is a module in the
usual sense over the group ring Z[G].

2. A projective G-module is a G-module P such that, for every surjective map of G-
modules « : A — B, the natural map Hom(P, A) — Hom(P, B) given by A — a o \ is
surjective. Free modules are always projective.

3. Given any G-module A, a projective resolution P, of A is an exact sequence
—>P3i3—>P2£2—>P1i1—)P010—>A—>0,
With P; projective for each 1.

4. A chain complex M* is a sequence of GG-modules
My =% My = My = ...,

Where ¢; o ¢;_1 = 0 for all i. That is, im(¢;_1) C ker(¢;) — if the sets are equal, the
chain is called exact.
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5. Given a chain complex M* as above, the group H*(M?*) is defined to be the quotient
Ker(c;)/Im(c;—1). If M* is exact, these are trivial for all i.

Now we can connect definitions 3 and 4 above. Given a projective resolution P, of
some G-module X and another G-module A, there is an associated chain complex M* with
M; = Homg(P;, A), and ¢; : f + fod;y1. Thisis a complex since (¢;110¢;)(f) = fod;_10d; =
f o0 =0 is trivial. We can write this chain complex as Homg(P,, A). The next definition
uses this connection.

Definition 3.2: Fix some projective resolution P, of Z as a trivial G-module. (That is, Z
as an abelian group with g -n = n for all n € Z and all g € G.) Then the ith cohomology
group of G with values in A is H (Homg(P,, A)), as defined above. It is denoted H'(G, A).
These groups also have the following nice properties:

1. The zeroth cohomology group H°(G, A) = A% is the subgroup consisting of elements
of A fixed by G.

2. Any G-homomorphism A — B induces a homomorphism H' (G, A) — H'(G, B) for all
i.

3. Given a short exact sequence of G-modules 0 - A — B — C' — 0, we have a long
exact sequence

.= H7YG,C) - H(G,A) - H(G,B) — H(G,C) — HT(G,A) — ...

of Abelian groups, starting with 0 — H°(G, A).

Remark: It can be shown, using the properties of projective modules, that the groups
H (G, A) are well-defined. That is, that you get the same group regardless of the choice
of resolution. This is discussed in [GS] in section 3.1. The properties 1-3 above are also
discussed in that section.

Now, since the choice of resolution P, does not change the groups, we can choose a specific
resolution, and study cohomology groups induced this way. The resolution most often used
is the standard resolution.
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Definitions 3.3: These definitions culminate in the definition of the standard resolution.

1. Define the map s’ : Z[G"*'] — Z[G"] so that
3;(90,91, o 9i) = (g0, - - 1y 9j—1, 95415 - - - . 9i)

2. Now define the map d; : Z[G**'] — Z[G"] in terms of the s:
;=Y (—1)'s.
=0
3. Finally, the standard resolution is the resolution

LB 7167 Y 76 & 7 0,

where the d; are as above.

It’s easy to check that the alterating signs force d;;; o d; = 0 for all 7, which shows
that im(d;y1) C ker(d;). However to show that the standard resolution is exact, we need
further that ker(d;) = im(d,), which is stronger. To show this, fix g € G define functions
h': Z|G™| — Z|G™?] so that hi(go, ..., 9i) = (9,90, ---,9i). Check that

di+1 o hz + hiil o dl = Idz[Gi+1].
Now take some element x € Z[G*"!] which is in the kernel of d;. Then:
xr = idz[Gi+1](IE) = (di-',-l o} hl + hi_l e} dz)(l’) = (di—l-l (¢] hz)<l’> + (hi_l O dﬂ(l‘) = dH_l(hZ(Z‘)) + 0,

which shows that © € im(d;41), so ker(d;) = im(d;41) for all i. Thus the standard resolution
is in fact a resolution.

Using the standard resolution, we can calculate the cohomology groups explicitly, and
find properties of the elements. First, we define objects closely related to the elements of
Hi(G, A), and then we explore their properties from there.

Definitions 3.4:
1. An i-cochain is a G-homomorphism from Z[G*"'] to A, i.e., an element of Homg(P;, A).
2. An i-cocycle is an element of ker(d;).

3. An i-coboundary is an element of im(d;_;). Thus i-coboundaries are i-cocycles.
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These are groups, with the group of coboundaries a (normal) subgroup of the group of co-
cycles. The group H'(G, A) is given as the factor group of the cocycles modulo coboundaries.

We now cover what are called “inhomogeneous cochains” in [GS], which recover the
cocycle relation that will be generalized to the non-commutative case. The relation follows
from a specific choice of basis for the elements of Z[G*™], and calculation of the differentials
in the standard resolution on them. The relation that we wish to recover for 1-cocycles is

Uyr = G0 (ar).

Definition 3.5: Let A be a G-module. In Z[G"*!], consider the basis elements
[0'1,...,0'2‘] = (1,0’170'10'2,...,0'1 O'z)

as a free Z|GJ-module. Note that when we apply d; to each of these, we get
dil(on,- . ai]) = orfons 0]+ S (W or, - 0g0sens o]+ (—1) o, o],
j=1

Since the set of these form a basis for Z[G'™!], we can identify the i-cochains with maps
[01,...,04 ¥ Qo0 and the induced map Homg(Z[G'], A) — Homg(Z[G™], A) is given
by

7

* . _1\J 1)+l

di COgyoiq 7 0100y, 0y + E ,( 1) QAgy,.cs00) 415105 +< 1) QAgy,.cvoi—1 -
Jj=1

These functions a,, . ,, are called inhomogeneous cochains.

Remarks: This relation holds for arbitrary ¢ in the case where A is commutative, but for
this paper the most important dimensions are ¢ = 2 in the commutative case and ¢ = 1 in
the noncommutative case. For each dimension, the relation above gives the following for
cocycles and coboundaries:

i = 2, A commutative: in the next sections, this case will be written multiplicatively, so
we do this now as well. 2-cocycles are functions a, , satisfying

-1 —1 _
0-1(0’02,03) * Qo005 " Qo1,0003 " Aoy gy = 17

with coboundaries satisfying

-1
Qoy,00 = Jl(b@) ’ bo’10’2 ’ bU1

for some 1-cochain (not necessarily cocycle) b,. The Abelian group H?*(G, A) is defined to
be the subgroup of 2-cocycles modulo the subgroup of 2-coboundaries.
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i = 1, A not neccesarily commutative: this case is requires a little bit of messing around
to get a nice relation in the noncommutative case. What the relation above actually says is
this: a 1-cocycle with values in A is a 1-cochain a, satisfying

-1
o

After multiplying on the left by a,, on the right by a
a,-, we recover the cocycle relation from before,

and finally on the right again by

Uor = Qg - 0(a7).

Now for the coboundaries we take a different approach from the case where A is commuta-
tive. Rather than defining the subgroup of coboundaries and taking the quotient group of
cocycles modulo coboundaries, we define an equivalence relation on our set of cocycles that
leaves the coboundaries equivalent to the identity. Our equivalence relation is as follows: If
a, and b, are two cocycles, we say a, ~ b, if and only if there is some element ¢ € A such
that ¢ 'a,0(c) = b, for all ¢ € G. In this case H'(G, A) is defined to be the pointed set of
equivalence classes of cocycles. The distinguished point is the class of coboundaries. Though
it is not a group, we will still refer to H'(G, A) as a cohomology group in the case that A
may not be commutative.

Now, after one more definition, we will finally get to the results of this section.

Definition 3.6: Let K|k be a field extension, and let A and B be two algebras over k. The
algebras A and B are said to be K|k-twisted forms if A® K = B® K.

The fact that twisted forms are important to us can be seen by reviewing Theorem 2.9.
The theorem can be restated as follows: “a k-algebra A is central simple if and only if it is a
K |k-twisted form of the algebra M, (k) for some finite extension K of k.” Thus a classifica-
tion of twisted forms would help us tremendously in classifying CSAs. Such a classification
comes next.

Theorem 3.7: Let A be an algebra, let G = Gal(K|k), and define the action of G on
Aut(A® K) to be such that o(¢) = (idy ®c) o po (idy ®~1). Then the set of isomorphism
classes of K|k-twisted forms of A is isomorphic to H'(G, Aut(A ® K)).

Proof: We sketch the proof. We first associate to each twisted form a cocycle. To associate
a cocycle to B, we first fix an isomophism ¢ : A ® K — B ® K. Then let the cocycle b,
associated to B to be the map o — ¢~ 'o(¢). We check:

boo(b;) = (¢_10¢0_1)(0¢_17¢7_10_1) = ¢_107—(¢) = bor,

so it is indeed a cocycle.
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Now, to show that the class of the cocycle associated to B is unchanged by the choice of
the isomorphism ¢, we take another isomorphism ¢ : A ® K — B ® K. Note that

W)~ (vl (¥) o(¥T9) = 970 (9),

so the class of the cocycles for B in H'(G, A) is unchanged by the choice of isomorphism
AR K - B® K.

Now by Theorem 2.9, we have that the set of K|k-twisted forms of M, (k) is exactly
the set of CSAs over k split by K with degree n. We call this set CSA,(K|k), and
since Aut(M,(K)) = PGL,(K) (by the Skolem-Noether theorem), we have now identified
CSA,(K|k) with the cohomology group H'(Gal(K|k), PGL,(K)). We want to go forward
and identify the entire group Br(K |k) with some cohomology group, rather than just those
of a certain degree. To do this, we define PG L., (K) with each of these as a subgroup as
follows: given two integers m and n, define the map 4,,,, : PGL,(K) — PGLy,,(K) to be
the map that takes some m x m matrix M to the mn x mn block matrix with n copies of
M along the diagonal. We define PG L (K) to be the limit of PGLj.93...,(K) as n — o0,
such that PGL,,(K) is realized as a subgroup by the inclusion 4, 1.2....,, for every m. This
way we can have Br(K|k) = H'(Gal(K|k), PGLuy(K)).

Now we have a classification of the group Br(K|k) in terms of cohomology, but unfortu-
nately the group Br(K|k) is being identified with the pointed set H'(Gal(K|k), PG Loo(K)).
Even worse, the module PG L. (K) is intractable, so hoping to understand this pointed
set is likely a lost cause. Fortunately, the group PG L., (K) is closely related to the group
G Lo (K), which behaves more nicely. Precisely what we mean when we say that is covered
in the next theorem, which is known as “Hilbert’s Theorem 90.”

Theorem 3.8: H'(G,GL,(K)) = {0}.

Proof. The proof here uses a more general form of Theorem 3.7. In fact, the twisted forms
of an algebra are not the only time when that theorem holds — for this proof we use the fact
that it holds for vector spaces. However, for a vector space, the only invariant we need to
find to find its isomorphism class is its dimension. Thus the twisted forms of a vector space
V' are just the vector spaces already isomorphic to V', so the set of isomorphism classes of
K |k-twisted forms of V' is the one element set {V'}. The set Aut(V) is also the set GL(V),
which is GL,(K) for a vector space V' of dimension n over a field K. Thus the theorem
tells us that the set of Kl|k-twisted forms of V is isomorphic to H*(G,GL,(K)). Then
HY(G,GL,(K)) is a one element set, so it is isomorphic to {0} for all K and n. The same
argument also works for G L. (K).

The next theorem will only be stated; it is described both in Proposition 2.7.1 and in
Proposition 4.4.1 in [GS]. It will serve a central purpose in the proof of Theorem 3.10.
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Theorem 3.9: Let G be a group and 1 - A — B — C — 1 be an exact sequence of
G-modules, such that A is commutative and contained in the center of B. (B and C need
not be commutative.) Then there is an exact sequence

1— A% - B¢ - ¢% - HY(G, A) — HG,B) — HYG,C) % H2(G, A).

Though we do not prove the preceding theorem, understanding the map labeled 0 above
is very important. We describe it here, as it is used in the calculations of nearly every propo-
sition from here on. Given a 1-cocycle ¢, : G — C, we construct a 2-cocycle a, ; : G? — A
using the following process. For each element ¢, € C, lift it to an element b, € B. Then
to each pair of elements o, 7 in G?, associate the element b} . = b,0(b.)b,} € B. Since ¢,
was a cocycle, the projection of this element to C' gives the identity in C'. Then by the
exactness of the sequence, there must be some element a, . that maps to b; .. The map
taking (o, 7) to this a,, is the image of ¢, under 0. It is crucial that choosing a differ-
ent lift b, will give the same element d(c,) = a,, € H*(G, A); while the construction will
yield a different cocycle, we find that it will be in the same class regardless of the choice of lift.

The final proposition for this section takes us back to the Brauer group by associating it

to some cohomology groups. It uses Theorem 3.7 as a starting point, associating Br(K |k)
to H'(Gal(K|k), PGLy(K)), and then uses Theorems 3.8 and 3.9 to show that it is also
isomorphic to H*(Gal(K|k), K*), which is easier to deal with.

Theorem 3.10: The objects Br(K|k), H'(Gal(K|k), PGL+(K)), and H*(Gal(K|k), K*)
are all isomorphic (as pointed sets).

Proof. A full proof of this is found in the reference [GS], and is not reproduced here. A sketch
is as follows. The first two objects are isomorphic because of Theorem 3.7 and the remarks
following it (regarding inclusion maps of PGL,(K) into PGL,,,(K)). For the second two
groups, consider the exact sequence

1 - K* = GLy(K) - PGLy(K) — 1
and applying Theorem 3.9 to it, we get the smaller exact sequence
HY(G,GLw(K)) = HY(G, PGLo(K)) % H*G, K*).

Since the first group is trivial by Theorem 3.8, the map 0 is injective. Then the surjectivity
of this map is all that is in doubt, and is also established by a clever diagram chase.
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4 Calculations of Cocycles in Br(K|k)

In this section we calculate the 2-cocycles associated to quaternion and cyclic algebras over
a field for certain splitting fields. To do so, we use the explicit description of the set
H'(Gal(K|k), PGL,(K)) in terms of twisted forms of M,,(K), and our map d which induces
the isomorphism H'(Gal(K k), PGL,(K)) = H?*(Gal(K|k), K*). Recall that the action of
Gal(K|k) on A® K'is g- (a® \) = a® g(A\), where g is viewed as a map K — K. Our
general strategy for these computations is this: first, for an algebra A, we fix an isomor-
phism ¢: A ® K = M,(K), and then we calculate using Theorem 3.7 what a 1-cocycle
¢y € HY(Gal(Klk), PGL,(K)) associated to A is. Then we calculate d(c,). Recall that to
do this, we choose a specific lift b, of c¢,. Then, using the action ¢ -¢ = copoo™!, we
calculate the values b, (b, )b ! for all 0,7 € Gal(K|k). Finally, we see that these are scalar
matrices, and thus obtained from the inclusion K* — GL,(K). The cocycle a,, associated
to our algebra associates to each pair of group elements o and 7 the scalar along the diagonal
of this matrix b, (b, )b, !. This process will be used throughout this section, as well as the
last two sections in which we find cocycles in slightly different cases.

Note: in this section and others, we employ a particular abuse of notation where the
elements of GL,,(K) are not distinguished from their images in PGL,,(K). This does not
cause any problems, especially as most of the calculations themselves occur in GL,,(K).

Proposition 4.1: Let A = (aTb), and let K = k(v/b) be a splitting field for A. Further let
Gal(K|k) = {e, g} where g is the non-identity element. Then the class [A] in Br(K]|k) is

given by the cocycle a, ;:
1, o=eorT=e
Qg r = .

a, c=T=4g

Proof. To find the 2-cocycle associated to A, we first have to find the 1-cocycle associated
to A. To find that, we first have to define an isomorphism ¢ : A ®@ K — M, (K). We use
this one:

et o ol 2 3

where w, z,y, z are all in K. We then find ¢~'g(¢) on each basis element:
(07 'gog (1) =1, (67gdg ")) =1,

(679097 )() = —j. (97 9097 ")(k) = —k
The initial idea then is to conjugate by i in A, which would be given by ¢(i) in PGLy(K),
as the automorphism group of Ms(K'). We can check:

o) GG 8- 6)
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CRIIERE
ORI R
(2906 Y-

which is exactly the automorphism we were looking for. Using the class of I, will obviously
work for e, since ¢~ 'e(¢) fixes everything, as does conjugation by the identity. The 1-cocycle
is then determined, with ¢, = I, ¢, = ¢(i) =: M. The transfer to the 2-cocycle is then this:
Take a lifting b, from ¢, to GLy(K). The one we use is to write them the same (here the
abuse of notation mentioned above comes in handy!), and then we set a, , to be the element
of K that maps to b,o(b,)b,}. This gives

ol|T byo(b,)b ! — o

ele| LLL'=1L <+ 1

el g IQMMil =1, <+ 1

g|e MIQM_I =1, <+ 1

glg| MMI;*=M? + a
since M? = (3 2) This proves the proposition.

This may seem a little odd, since it seems to forget completely about b. The next propo-
sition does this again, and after we will try to explain why this happens.

Proposition 4.2: Let K|k be a cyclic extension of degree m with galois group G' = (g),
and let A be the cyclic algebra over k generated by K and y with y™ = a. The 2-cocycle
associated to [A] in Br(K|k) is given by the cocycle a, .

L, p+g<m
Qgp g1 =
a, p+qg=m

Proof. as above, we first have to go through the 1-cocycle, which requires a specific isomor-
phism. Our extension K is generated by some (3, along with g(3), ¢*(3), ... which leads us
to this isomorphism ¢ : A ® K — M, (K) with

0 0 a
1 ... 00 0 gm! 0
swen=| 0 seen=|t P
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Again, a simple check reveals that ¢(y)1o(8)d(y) = ¢(g(B)), which is the only relation we
have to check. (The rest follow from the fact that ¢ is an automorphism.) This also shows
where we're going with the 1-cocycle, but first a quick remark about the natural action of

Gon AQ K.

We say that A includes the elements of K, but it would be more appropriate to say
that A contains a commutative subalgebra isomorphic to K. As such, the natural action
of G on A® K fixes elements in A®k. This means g(f®1) = f®1, while g(1®3) = 1®g(p).

The 1-cocycle ¢, can be extrapolated from the value of ¢4, since G is cyclic. Note:

o Hg(d(g  (B®1))) =g(8) ®1.

This means that the value of ¢, should be ¢(y ® 1), and ¢ = ¢(y ® 1)P. After lifting ¢, to
b,, we get
bgpgp(bgq)b;pl-i—q = ¢(y>p+q ’ b;pl-&-q'

If p+ ¢ is less than m, then by+q is just ¢(y)™?~9, but if p 4+ ¢ is m or more we have
bgpra = ¢(y) P77 These two cases, along with the fact that ¢(y)™ = al give us our
2-cocycle a, . as described above,

{1, ptg<m
Qgr ge = .
a, ptq=m

Remarks:

1. Proposition 4.2 reduces to proposition 4.1 in the case m = 2, since we can take K =
k(Vb), B =Vb, g(B) = =8 = —v/b and y = i. This is what we expect, since this is

how we view quaternion algebras as cyclic algebras.

2. Here, we notice a peculiar property that we mentioned briefly before. When we find
b

the cocycle associated to the algebra (%), the cocycle only seems to mention a, and
“forget” about b, because the only constant present in the cocycle is a. In the more
general construction of Proposition 4.2, we seem to remember a, but lose 3. To see why
this happens, we have to think about what group we are working in: in each case, the
fact that we are working in Br(K|k) for various extensions K implicitly assumes that
our algebra is split by K. In the quaternion algebra case, it means that our algebra is
isomorphic to (%b) for some x, and the cocycle just gives us a particular value for z. We
explore this further in next two propositions by giving cocycles for a quaternion algebra
over different splitting fields. Patterns we see in these next calculations transition us

into the next section.
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Proposition 4.3: Let A = (42 ) and let K = k(y/a, vb) be a splitting field for A. We write
the elements of the Galois group G = Gal(K|k) as {e, ga, 9b, gar}, Where e is the identity
on K and g, fixes k( /a) while sending v/b and vab to their negatives. The other Galois
elements g, and g, are defined similarly. A 2-cocycle associated to A in Br(K|k) is given
in the following table, where o is given by the column and 7 is given by the row.

A7l€ 9a 9 Jab
e |1 1 1 1
go |1 a —1 —a
g |1 a —b —ab

Proof. Again, we first have to fix an isomorphism ¢ : A® K — My(K). Since i®1 and j®1
generate A ® K as a K-algebra, we just specify their images:

sion=( 0 ). wien=(" %)

Now we find the 1-cocycle ¢, : G — PGLy(K).
ce=1, cp=0>0iR1), ¢4 =00®1), ¢4, =00k®1).

We use I, M,, M,, and M,, as shorthand for each of these respectively. For each, we compute
bya(b;)b; ! for the lifting b,:

g 17 b0 (br)b7 S G
e | e Ie(DIT'=1 «— 1
€| Te(Mo)Mgt =1 |
e | gb Te(My)M; ' =1 «— 1
€ | Gab Te(My)M' =1 — 1
Ya € Maga(I)Ma =7 < 1
Ja Ya Maga(Ma)]il =al <— a
Go | B | Mugo(Mpy)M, ' =1 <+ -1
Ga | Yab Maga(Mab)Mljl —al <+ -—a
9 | € Mygy(I) M, =1 — 1
9b | Ga Mgy (Mq) M, bl -7 <« 1
9 | G Mygy (M) I™! = bl — b
G | Gab | Mygs(Map) M = b[ — b
Gab € aanb( )Mc:b = — 1
Gab | Ga | Mapgas(M, )Ml:l = aI ~— a
Gab | 9o Mabgab(Mb)M V= bl « —b
Gab | Gab Mabgab(Mab)I’l = —abl <+ —ab

Many of these calculations follow from the fact that M,, = M, M, = —M,M,. This fits with
the table we started with, so we’re done.
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Proposition 4.4: Let A, K, and G be as above. Another cocycle associated to A in
Br(K|k) is given by this table:

A7l€ ga G Yab
e |1 1 1 1
Jgo |1 a 1 a
a1 1 1 1
Jab 1 a 1 a

Proof. Here we fix a new isomorphism, but we “forget” that y/a is an option. Define
¢: AR K — My(K):

¢(i®1):((1) g) qb(j@l):(\ég _(3/5).

This is exactly the same isomorphism we used for K = k(v/b). As such, we will get a similar
1-cocycle:
ce=cq, =1, cg, =g, =0 ®1).

Again we use M as shorthand for ¢(i ® 1). Recreating the calculations from the last proof:

Qa

boo (br )by

ol T — s
e | e Ie(DI™'=1 «+ 1
e | go| Te(MMt=1 + 1
e | o Ie(DI7' =1 «— 1
e | gw| ITe(M)M'=1 + 1
Go | € | Mg, (DM =1 <+ 1
Ga | 9o | Mg, (M)['=0al <« a
o | gy | Mg (DMt =1 <« 1
Ja | Gav | Mgoa(M)I™" =al «+ a
g | € Ig(DNI'=1 « 1
G | Yo | Igp(M)M' =1 «+ 1
gy | 9p [gb([)[_l =1 — 1
gy | Gab Igb(M)M_1 =1 <+ 1
Gab | € Mgab( )M_l =1 <« 1
Jab | YGa Mgab(M)Iil =al < a
Jav | 9 | Mgap(DDM P =1 « 1
Gab | Gab Mgab<M)[_1 =al < a

which again agrees with our stated table.
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Remark: The tables created above have a curious property. When you cover up certain

rows and columns in the table for (%) in Br(k(v/a, vb)|k), you get cocycles for the same

algebra in the smaller Brauer group Br(k(v/b)|k). For example, only looking at the rows
and columns associated to e and g, gives the table

7\’

Ya
1
a

[ —

Ya

while looking at the rows and columns for e and g4, gives the table

T\U ‘ € Yab
e |1 1
YJab 1 —ab

The first is the table for (%b) in the smaller group, while the second is the table for (%bb)
as we constructed above. These two algebras are in fact isomorphic, since we can use k
and 7 in the place of ¢ and j in the first one and get the presentation as the second. This
property is reason to believe that we can construct natural maps from the group Br(K|k)
to the group Br(L|k) whenever L|K|k is a tower of Galois field extensions, “inflating” the
table in Br(K |k) to a larger one in Br(L|k). The next section talks about these maps, which

exist for more arbitrary cohomology groups, called inflation maps.

5 Maps between Br(K|k) and Br(L|k)

The property of the above table leads us to believe that, when we have a tower of extensions
L|K |k, we should have a map between Br(K|k) and Br(L|k). This map is, in fact, a map
that exists more generally between cohomology groups: inflation maps. As such, we have
a slight detour into more group cohomology to define these inflation maps, before coming
back to the focus of our paper, the Brauer groups. Before we define these maps, we first
show that they will apply.

Remark Let L| K|k be a tower of field extensions, so that L/ K, L/k, and K /k are all Galois.
The groups Gal(L|k), Gal(L|K), and Gal(K|k) fit into the following short exact sequence:

1 = Gal(L|K) — Gal(L|k) — Gal(K|k) — 1.

This is a standard fact from Galois theory. The reason we mention this is that, if we take
G = Gal(L|k) and H = Gal(L|K), the quotient group G/H is isomorphic to Gal(K|k). This
is important, as we will see when we define inflation maps.

Proposition 5.1: If A is a G-module and H is a normal subgroup of G, then A¥, the set
of elements of A fixed by H, is a G/H module.
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Proof. We just have to show that A is stable under the action of G. To see this, take
g€ G ,he H,and a € A”, and considering

h(g(a)) = g(g~"hg)(a) = g(h'(a)) = g(a)

shows that g(a) is fixed by h for every g € G,h € H, and a € AH.

In particular, take G = Gal(L/k) and H = Gal(L/K) as above, and look at the G-
module L*. The G/H module (L*)# is just K* as a Gal(K/k)-module in the natural way.

We would now like to construct the inflation maps. Given an i-cocycle a,, ., represent-
ing a class in H/(G/H, A™), we would like to construct an i-cocycle inf(a,, .. ,,) representing
a class in H'(G, A). Concretely, the i-cocycle for G is a function G* — A, while the i-cocycle
that we start with is a function (G/H)" — A®. The natural thing to do is to set

where gH denotes the equivalence class of g in G/H. The next proposition shows us that
there are natural, well-defined maps H'(G/H, A") — H!(G, A), and tracing through with
the standard resolution will give us that the map we define below is the map described above.

Proposition 5.2: Let H be a normal subgroup of a group GG. There exist natural maps
inf : H(G/H, A") — HY(G, A) for all i.

Proof. We construct these maps, by setting up the construction of the cohomology groups
in Definition 3.2. Let P, be a projective resolution of Z as a trivial G-module, and let Q.
be a projective resolution of Z as a trivial G/H-module. Using the projection G — G/H,
we can also view each (); as a G-module. By using the fact that the P, are projective, this
gives us natural maps «; so that the diagram

> P 5B p 2 p Bog - 0
1 ag log 1l ag 1 Idy
— QQ q—2> Ql q_1> QO q_0> 7 - 0

of G-modules commutes. Each a; induces a map Homg(Q;, A?) — Homg(P;, A®), which
preserves the images and kernels of the boundary maps induced by the p; and ¢;. Further,
since H fixes every element of A”, Homg/y(Q;, A¥) = Homg(Qi, A™”), which means these
induce nice maps Homg/y(Q;, A”) — Homg(P;, A”¥). They then induce homomorphisms
HY(G/H,A") — H(G,A™). We now use the inclusion map A7 — A, gives us a natural
homomorphism H!(G, A®) — H(G, A). Composing these two gives us the inflation maps

inf : H'(G/H, A™) — H'(G, A)

for all 1.
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To see why these inflation maps are useful, we invoke the first remark in this section. If
LKk is a tower of Galois field extensions, we write G = Gal(L/k), H = Gal(L/K), and we
get G/H = Gal(K|k). Now if we take L* as our A, we have K* as our A¥, and we get a
natural map for ¢ = 2 in particular,

inf : H*(Gal(K k), K*) — H*(Gal(L|k), L*),

which is in fact a map Br(K|k) — Br(L|k), whose construction is the point of this section.
To finish our discussion of inflation maps, we try to recover the cocycle for (‘%’) we found
in Proposition 4.4 from the one we found in Proposition 4.1.

Construction 5.3: Take k a field, K = k(v/b), and L = k(y/a,vb). The Galois groups
G = Gal(L|k) and G/H = Gal(K|k) (where H = Gal(L|K)) will be denoted as in the
previous section, with G/H = {e, g} and G = {e, ga, 9, gap}- The projection map G — G/H
takes e and g;, to e and takes g, and g, to g. Then take the cocycle a, . for (“Tb) in Br(K|k)
as described in Proposition 4.1. We construct a cocycle a;, . for that algebra in Br(L|k):

a/

o,T
€ | Qee=1

o
(&
€ Ja | Qe,g = 1
€
€

9o | Qee = 1
Gab | Qe,g = 1
YGa € | Qge = 1
Ga Ga | Qg g = Q
Ga gy | Qge = 1
Ga | Gab | Agg = A
Gp | € |Gee=1
9o Ga | Geg = 1
G | G | Gee =1
gv | Gab | Qe,g = 1
Gab | € | Qge = 1
Gab | Ga | Qg g = @
Gab | Gb | Qge = 1
Gab | Gab | Qg g = @

which fits into the table we constructed in proposition 4.4:

T\U € Ga Gv Gab
e |1 1 1 1
Jgo |1 a 1 a
g |1 1 1 1
g |1 a 1 a
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Remark: Finally, we mention that Br(k) itself is identified with Br(ksep|k) for some sep-
arable closure kg, of k. This means that if we let G be the Galois group Gal(ksep|k), we
have Br(k) = H*(G,kZ,). Further, since ks, is a Galois extension of k, if we have a specific
presentation of GG, we can use inflation maps as above to find cocycles for algebras in Br(k)
once we have a cocycle in Br(K|k), so that working in the smaller groups Br(K|k) gives us

all the information we need to work in the absolute Brauer group Br(k).

6 Cocycles for tensor products

Remember that all the work we did in Section 3 only established that the group Br(K|k)
and the group H?(Gal(K|k), K*) are isomorphic as pointed sets. Here, we present some
evidence that they are in fact isomorphic as groups, although we still fall short of proving it.
In this section we calculate the cocycles associated to certain tensor products of quaternion
algebras and cyclic algebras. First, we calculate the cocycle associated to a tensor product
of two quaternion algebras split by the same quadratic extension, and then we use this result
to find a presentation of the tensor products of two quaternion algebras split by the same
quadratic extension. Finally, we calculate the cocycle associated to a tensor product of two
cyclic algebras, and observe what algebra this means that tensor product should be isomor-
phic to.

First, however, we require the Kronecker product of matrices, to create an isomorphism
from M,,(K) ® M,(K) to M,,,(K). This isomorphism is very simple; if {e;;} is a basis
for M,,(K) and {e},} is a basis or M, (K), and {f,,} is a basis for M,,,(K), then we map
€ij ® ek to fivmkjtmi- Then if A = (a;;) is an m x m matrix and B = (by) is an n X n
matrix, then the under the isomorphism we get

bnA R blnA
buiA ... b A

which is a block matrix where each m x m block is a scalar multiple of A. This allows
us to extend our isomorphisms we obtained in the third section to isomorphisms of tensor
products of such algebras.

Proposition 6.1: The cocycle for (%¢) ® (b—,:) in Br(k(y/c)|k) is given by the table

A\ le g
e 1
g |1 ab

k

Proof. Let {14,144, ja, ka} be a basis for A = (%<), and similarly {1, iy, js, ks } for B = (
We define our isomorphism ¢ : (A® B)® K — M,(K) on the generators i, @1, ®1, j, @1

).
L,

bye
k
&
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lq @ Jp ® 1, and j, ® jp ® 1:

000 ab 0 aye O 0
o 00b 0 S c 0 0 0
Pl ®ip® 1) = 0 a0 0l Pia @ Jy®1) = \é_ 0 0 —av/c

100 0 0 0 —ve 0
0 0 bye 0 c 0 0 0
o 0 0 0 -—b/e o 0 —c 0 0
dla@n@l)=| 2 o 0\[ ’ @i @D =19 o _¢ g
0 —ve 0 0 00 0 c

These come exactly from the Kronecker product of matrices discussed above, as well as
the isomorphism (£¢) ® k(y/c) = Ma(k(y/c)) that we constructed in Proposition 4.4. The
cocycle for e fixes every one of these, so as usual, it is associated to conjugation by the
identity I. On the other hand, the cocycle for ¢ fixes i, ® 7, ® 1 and j, ® j, ® 1 while taking
1a ® Jp ® 1 and j, ® 7, ® 1 to their negatives. At this point, this could be represented by
either ¢(i, ® i, ® 1) or ¢(j, ® jp ® 1) in PGL4(K), but the choice of which to use is made
clear when you look at how it acts on 1, ® i, ® 1 and i, ® 1, ® 1 (by fixing them) and on
1, ® jp ® 1 and j, ® 1, ® 1 (by taking them to their negatives). Here it is clear that the
1-cocycle should be:

1 000 0 0 0 ab
CZOlOO C_OObO
¢ oo01o0]) ¥ 0 a 0O O
0001 1 00 0

Now taking our usual convention of lifting ¢, to b,, (denoting b, = M) noting that
b; = M? = ably, we can fill in our 2-cocycle a,,, : G* = K* as follows:

ol|T w0 (b )b ! — Upr
ele ]e(I)I =T «+« 1
elg| Te(MM=1 + 1
gle| Me(h)M='=1 <+ 1
glg| Mg(M)I7' =M? <« ab

which is exactly the table given in the statement.

C

The previous proposition suggests that the class of (%‘3) ® (b?) should be the same as

the class of (%) in Br(K|k) (and thus in Br(k) since Br(K|k) is a subgroup of that), so
by looking at degrees we would guess:

(5o (5) = (85) s ()

The next proposition is a direct proof of this statement, taken almost directly from [Lam].
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Proposition 6.2: The isomorphism above holds.

Proof. We find a basis for the first algebra that acts like a standard basis for the second
algebra, which shows that the first isomorphism holds. The second isomorphism does not
need to be proven.

First, let the bases of (%) be as in the previous proposition. Then set

1=1,®1p [ =i, @, J = 7o @ Ly, K = ko ® s,
1= 1a®1b7 -[/ - 1a®ib7 J, :ja®kba K, = _b(ja ®jb)7
and let X be the span of {1, 7, J, K} while Y is the span of {1,1’, J’, K'}. Note that

P=i2®i=abl, > =52@1; =cl, —JI = —juiq @iy = iaja @ ip = 1J,

so X is isomorphic to (%C) Further,

I"=12®i =01, J* =20k = b1, —JT = j, @ —kyipy = jo @ ivky = I'J,

b,—bc?

k
In particular, (ci + j)(—ci — j) = —c%** — cij — cji — j2 = —c®b — cij + cij + ¢*b = 0, so we
have zero divisors. So X ® Y = M, ((%C)) Thus if A® B= X ®Y, we're done. This is
true because the elements of X commute with the elements of Y, and because together they
generate the whole space A ® B. This proves the proposition.

which means Y is isomorphic to ( , which is split because it is not a division algebra.

Proposition 6.1 gave us insight into the isomorphism class of (%) ® (bf), and Proposi-
tion 6.2 showed us that the insight was correct. The next proposition will give us a similar

insight for cyclic algebras.

Proposition 6.3: Let K|k be a cyclic field extension of degree n with galois group G = (g).
Let A= (K,z|z" =a, 7 '\z = g(\)VA € K) and B = (K, yly" =b, y ' \y = g(\) V) € K)
be cyclic algebras over k. Then a cocycle for A ® B in Br(K|k) is given by

L, ptg<n
a = .
gP,99 ab, p+q2n

Thus we have an isomorphism A® B = M, (C), where C' = (K, z|z" = ab, 27Xz = g(\) VA €
K) is a cyclic algebra over k.

Proof. Let K = k(t). As in the quaternion case, we start with an isomorphism ¢ from
(A® B)® K to M,2(K). We use block matrices to do this. To make the notation easier, let
T, M,, and M, be defined as:
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t 0 0

n—1 t 0

- g ‘() '
0 0 g(t)

Ti..10)
stenyel)=| |,
R RERT S
7{]@\77\770777
s(lene)=| 1 |
0B,
Myi...1 0
dronel=| 1],
707\77\7a

0 ... 0 1bM,
‘M, 00, 0
droyol)= |~ 1711 | s(rey) @ 1) = abl,
(R
0 | jMaj 0

The 1-cocycle is defined to be ¢, : G — PGL,2(K) with

g =d((z@y)®1).

As usual, we lift to b,, and set a,, = baa(bT)b;}. This gives, as expected,

1, p+qg<n
Agr,g1 = :
ab, p+qg=>n
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Finally, we note that this suggests that A ® B is in the same class as C' = (K, z|2"
ab, 27'\z = g(A\)VA € K), and by matching degrees this yields that we suspect A ® B
M, (C).

[ral
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