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Preface

The purpose of this book is to give a gentle introduction to noncommutative rings
and algebras that requires fewer prerequisites than most other books on the subject.
It is based on a series of lectures given to masters students at the University of
Ljubljana and is intended to serve as a first reading on noncommutative algebra for
beginning graduate and advanced undergraduate students. The first two chapters,
in which some results of historic importance are derived by rudimentary tools, can
have a wider audience. For example, they can be used in a course for future high
school teachers, or for an undergraduate seminar. Mathematicians working in areas
that only have some interactions with noncommutative algebra may also benefit
from this book in which important, classical themes are presented in a simple
manner, avoiding excessive generality.

The necessary background needed to follow this text is a standard knowledge of
linear algebra and a basic knowledge about groups, rings, and fields. To make
precise what we mean by this, the book begins with a survey of prerequisites. This
is followed by the first chapter which considers finite dimensional division alge-
bras. Its most prominent results are Frobenius’ theorem on real division algebras
and Wedderburn’s theorem on finite division rings. The second chapter is devoted
to the structure of finite dimensional algebras, featuring the classical Wedderburn’s
theory. After the first two warm-up chapters, which mostly deal with results known
for a hundred years, the next two introduce and study more abstract notions:
modules, vector spaces over division rings, and tensor products. The Double
Centralizer Theorem and the Skolem-Noether Theorem are included therein. The
fifth chapter considers the structure theory of rings. The main themes are primitive
rings, the Jacobson Density Theorem, and the Jacobson radical. If the first five
chapters survey the “greatest hits” of noncommutative algebra, the last two are
slightly more specialized, reflecting my personal taste and interests. They treat
polynomial identities and related notions, such as free algebras and rings of
quotients.

The order of the topics in the book is quite close to the chronological order of
their development. This actually occurred unintentionally, probably as a result of
my attempt to follow the principle that an advanced concept should be introduced
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viii Preface

only when truly needed, and not at a higher level of generality than necessary.
Not because I do not appreciate abstract concepts; after all, they are what makes
mathematics beautiful. But it is because they can be better understood and valued
when given some evidence that they are indispensable. Another principle I have
followed, especially in the early chapters, is to choose proofs that appear to be the
simplest. This may not always be the same as the shortest, but rather proofs that
seem very natural and easy to memorize. It has been my desire to write the book in
such a way that readers would not get an impression that one needs supernatural
abilities to create mathematics, but that even they themselves may be able, with
some luck and courage, to discover a little piece of it.

One challenge in the exposition of the book was to find new proofs of classical
theorems that would fulfill the simplicity criteria described above. This has been in
fact my little passion over the last years, which has eventually yielded some
results. The proofs of the following theorems are different from those in the
standard sources: Frobenius’ theorem (Sect. 1.1), the Skolem-Noether Theorem
(Sect. 1.6), Wedderburn’s structure theorems (Sect. 2.9), Martindale’s theorem on
prime GPI-rings (Sect. 7.7), Posner’s theorem on prime PI-rings (Sect. 7.9), and
the Formanek-Razmyslov Theorem on central polynomials (Sect. 7.10). How
much originality is there in these proofs? Frankly, I do not know. I have not found
such proofs in the literature, and have published them in mathematical journals
through a series of papers. On the other hand, so many mathematicians have
known these theorems, especially the first three listed, for so many years that one
hardly imagines that something entirely new about them can still be found. It is not
so rare that some mathematical ideas are discovered, forgotten, and rediscovered.
Anyway, I hope that these proofs provide interesting alternatives to those from
other sources. Two remarks must be added. First, the proof of Frobenius’ theorem
was obtained in a joint work with Peter Semrl and Spela Spenko. Second, shortly
after the publication of my paper on alternative proofs of Wedderburn’s structure
theorems Edmund Puczylowski informed me that he had used them in his class,
but with a modification—which I immediately liked. I am now happy to use this
modified version in the book.

Each chapter ends with exercises of varying difficulty levels. They are sorted by
topics, not by difficulty. Some of the harder ones are accompanied with hints, but
others are not, in order to give the student the opportunity to fully enjoy the
pleasure of discovering the solution. A fair amount of exercises are original, but
there are also some that appear, either as exercises or as theorems with proofs, in
almost every book on the subject. I tried to avoid long, theoretical exercises, and
gave preference to those that I had found entertaining and appealing.

The list of references at the end of the book is very short. It includes only books
which are explicitly referred to on relatively rare occasions when details are not
provided (say, when closing the discussion on a topic with additional information,
or when omitting tedious details in some example). Most of these books are
textbooks on noncommutative rings and algebras, but written at a more advanced
level than this one. An exception is perhaps J. Beachy’s Introductory Lectures on
Rings and Modules [Bea99] whose emphasis, however, differs from ours. At the


http://dx.doi.org/10.1007/978-3-319-08693-4_1
http://dx.doi.org/10.1007/978-3-319-08693-4_1
http://dx.doi.org/10.1007/978-3-319-08693-4_2
http://dx.doi.org/10.1007/978-3-319-08693-4_7
http://dx.doi.org/10.1007/978-3-319-08693-4_7
http://dx.doi.org/10.1007/978-3-319-08693-4_7

Preface ix

time of writing I was frequently consulting many of the listed books, but mainly
T. Y. Lam’s A First Course in Noncommutative Rings [Lam01] (together with the
accompanying problem book [Lam95]) and L. H. Rowen’s Graduate Algebra:
Noncommutative View [Row08]. I warmly recommend these two texts as further
reading to students who want to dig deeper into the field of noncommutative
algebra.

English is not my mother tongue and I apologize to the reader if this is
sometimes too obvious. “Translating” the English stuck in my mind into the
English as it should be has been a big and often frustrating challenge for me during
the writing process. The bright side of this is that it gives me the opportunity to
thank my sons Jure and Martin for their continuous help in this matter.

The most difficult step in writing a book is forcing yourself to write the first
sentence. I am thankful to my friend and colleague Peter Semrl for giving me the
necessary encouragement to make it.

Rough drafts of most chapters were first read by Spela Spenko. Her criticism
has been very helpful (as always). Aljaz Zalar has solved most of the exercises and
made me think of modifying some. Igor Klep provided many helpful suggestions
concerning Chaps. 1 and 6. The book has been read cover to cover by Nik Stopar
and Janez Ster. Their comments have contributed to the improvement of the text
and saved me from some errors. My sincere thanks go to all of them, as well as to
the Springer staff for their professional assistance.

Ljubljana and Maribor, March 2014 Matej BreSar
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Prerequisites

This preliminary chapter aims to give an accurate survey of the background
material needed to follow this text. It is supposed to be used as a handbook, only
when there is a need. We will therefore write it in a concise and condensed
manner, paying less attention to motivation and insight than in the rest of the book.
Some simpler proofs that are as much a part of understanding the subject as
definitions and theorems will be outlined, but deeper results will be just stated as
facts. The reader should be warned that the topics will be presented in a slightly
unbalanced manner. Some will be examined carefully, while other equally or even
more important ones will be only touched upon or even omitted. Of course, the
emphasis will be on topics that are needed later.

Through this chapter we also indicate what knowledge the reader is assumed to
have. We gain different knowledge at different places, so there might be at least
something new for many of the readers. Maybe we will also mention a couple of
things for which it would be pretentious to say that everyone should have learnt
them in one of the undergraduate courses. Some notational and terminological
conventions will also be included. Therefore, even well-prepared readers may
occasionally consult this chapter, say in case they find something ambiguous in the
text. Most of the conventions, however, are standard. Let us just point out two
issues before we start.

Formally, the term “noncommutative ring” means a not necessarily commu-
tative ring. But we shall use this term in a loose manner. By saying that this book is
about noncommutative rings we mean that it considers rings that can be
commutative or not, while by saying that some particular ring is noncommutative
we shall mean that this ring is not commutative. At any rate, even when we use this
term in its precise sense, the stress is on rings that are not commutative. The goals
and the means of the theory of commutative rings are somewhat different.

We will not assume that every ring must have a unity 1, which may be a subject
of dispute. Not that this is uncommon, but the fact is that many mathematicians
believe that, at least in a textbook, the existence of 1 should be added to the axioms
of a ring. This has advantages, but also disadvantages. There are some interesting
and important classes of non-unital rings, e.g., nilpotent rings, nil rings, radical

Xix
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rings, and simple rings consisting of finite rank operators. In the non-unital setting
we can treat ideals as (sub)rings and we can avoid the unitization process for rings
that seem more natural without unity. On the other hand, sometimes the non-unital
situation is not essentially more interesting, but causes technical difficulties which
are distracting for a newcomer. At such instances we will simply add the
assumption that a ring has a unity. Of course, some price has to be paid for
omitting a possible axiom; admittedly, here and there our exposition would be
slightly simpler if the presence of unity was automatically assumed. The readers
who believe that all rings should have unities can simply skip parts of the text
where the lack of unity creates some problems. There are not that many anyway.

Sets and Relations

First, a word about notation. By the set of natural numbers, N, we mean positive
(not nonnegative) integers:

N={1,2,...}.

We assume there is no need to explain the meaning of §, N, U, C, 2. By C and 2
we denote the strict inclusion, by S\ 7 the set {s € S|s &€ T}, and by |S| the
cardinality of the set S.

If 7 is a (possibly infinite) index set and {S;|i € I} is a family of sets, then
IT;;S; denotes the Cartesian product of the sets S;. Thus, I1;-;S; is the set of all
maps f : I — |J,; Si such that f(i) € S; for every i. Setting s; := f(i) we can write
f as (s;). If I is finite, say I = {1,...,n}, then we write (s;) as (sy,...,s,), and
Ic;S; as Sy X -+ x S,,. In particular, S; X S; is the set {(s1,s2) | s1 € S1,52 € S2}.

By idg we denote the identity map on the set S. Given a map f : X — Y and sets
SCX, T CY, we write f(S) for {f(s)|s € S} and f~1(T) for {x € X|f(x) € T}.
By f|g we denote the restriction of f to S. If f is bijective, then f~! denotes its
inverse map. The function composition will be denoted by fg rather than f o g. The
reason behind this is that functions appearing in algebra are often considered as
elements of an algebraic system in which multiplication is defined as composition.

A relation ~ on a set S is said to be an equivalence relation if it is reflexive,
symmetric, and transitive. This means that a~a, if a~b then b~a, and if a~ b
and b ~ c then a ~ c. The equivalence class of an element a is the set of all b € S
such that a ~ b. It is easy to see that S is a disjoint union of its equivalence classes.
An equivalence relation on S thus gives rise to a partition of S.

Our next goal is to state a somewhat less elementary, yet one of the most
frequently used results in mathematics—the so-called Zorn’s lemma. A set S
together with a relation < which is reflexive (a <a), anti-symmetric (a < b and
b <a implies a = b), and transitive (a <b and b <c implies a <c) is called a
partially ordered set. For example, the power set of a given set is partially
ordered by inclusion. A subset C of a partially ordered set S is called a chain if for
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each pair a,b € C we have either a <b or b <a. An element u € S is called an
upper bound for C if ¢ <u for every ¢ € C. Finally, an element m € S is called a
maximal element of S if for every a € S, m <a implies m = a. We are now in a
position to state

Zorn’s lemma Let S be a nonempty partially ordered set. If every chain in S
has an upper bound in S, then S contains a maximal element.

Zorn’s lemma is equivalent to the axiom of choice which says the following: If
{A;|i € I} is a family of nonempty sets, then there exists a family of elements
{a;|i € I'} such that a; € A; for every i € I.

Groups

A semigroup is a set S together with an associative binary operation. This means
that S is endowed with a map S x S — S, (x,y) — xy, such that (xy)z = x(yz) for
all x,y,z € S. It is easy to see that associativity makes it possible for us to write all
products, including those of more than three elements, without parentheses. In
particular, we can define the nth power x” of every x € S and every n € N. We say
that elements x,y € S commute if xy = yx. If xy = yx holds for all x,y € S, then we
say that S is commutative.

An element e € S that satisfies ex = x for every x € S is called a left identity
element. Similarly, a right identity element is every element ¢’ € S satisfying
xe! = x for every x € S. If S has both a left identity element e and a right identity
element ¢, then they are equal; indeed, they both must be equal to ee’. In this case
we call e = ¢’ an identity element of S. From now on we will denote an identity
element by 1.

A semigroup with a (necessarily unique) identity element 1 is called a monoid.
An element a in a monoid M is said to be right invertible if there exists b € M
such that ab = 1. Every such element b is called a right inverse of a. Analogously
we define left invertibility and left inverses. We say that a is invertible if it is both
right and left invertible. In this case any right inverse of a is equal to any left
inverse of a. Indeed, ab = ca =1 implies b = (ca)b = c¢(ab) = c. Thus, there
exists a unique element which is both a left and right inverse of a. We call it the
inverse of a and denote it by a~!. If a is invertible, then so is a" for every n € N,
Its inverse is (a~!)" which we also denote by a~". For convenience we set @’ = 1
for every a € M. Further, if a and b are invertible, then so is ab, and
(ab)™' = b 'a~'. The set of all invertible elements of M will be denoted by M*.

A monoid in which every element is invertible is called a group. In the next
paragraphs we give some basic examples.

If M is a monoid, then M* is clearly a group. For example, Z is a monoid under
(the usual) multiplication, and hence Z* = {—1,1} is a group. Similarly, if F €
{Q,R,C} then F is a monoid under multiplication, and F* =T \ {0}. The set
M, (F) of all n x n matrices with entries in I is a monoid under the usual matrix
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multiplication; the corresponding group M, (F)" of all invertible matrices is called
the general linear group (over ).

Let X be a set. A bijective map from X onto X is called a permutation. The set
of all permutations of X is a group under the composition. Indeed, the composition
is associative, idy is the identity element, and inverses clearly exist. We call it the
symmetric group of X. If X = {1,...,n}, then we denote the symmetric group of
X by S,.. It is easy to see that |S,| = n!. A permutation in S,, is called a transposition
if it interchanges two of the elements and leaves all the rest fixed. Every
permutation o € S, can be written as a product of transpositions. If
0 =T1...T, = p;...p, Where all 7; and p; are transpositions, then either both p
and g are even or both p and g are odd. In the first case we say that ¢ is an even
permutation, and in the second case we say that it is an odd permutation. We define
if ois even
if ois odd

A commutative group is called abelian. So far we have used only multiplicative
notation for binary operations. For abelian groups we often use additive notation.
This means that the result of the operation is written as x + y instead of xy. An
abelian group in which this notation is used is called an additive group. (The
convention that an additive group must necessarily be abelian is not entirely
standard, but it is convenient to adopt it in this book.) An identity element in an
additive group is written as 0. Further, we write —x instead of x~! and nx instead of
x". A simple example of an additive group is Z under the usual addition. Another
example is Z, = {0, 1,...,n — 1} where addition is taken modulo n.

Until further notice we continue using the multiplicative notation. A map ¢
from a group G into a group G’ is called a group homomorphism, or simply a
homomorphism when it is clear from the context that groups are the subject of
consideration, if ¢(xy) = ¢(x)¢(y) for all x,y € G. The set kergp := {x € G| ¢(x)
= 1} is called the kernel of ¢, and the set im¢ := {¢(x) |x € G} (= ¢(G)) is
called the image of ¢. Note that ¢ is injective if and only if kerp = {1}.

A bijective homomorphism is called an isomorphism. We say that groups G
and G’ are isomorphic, and write G = G, if there exists an isomorphism ¢ from G
onto G'. In this case its (set-theoretic) inverse ¢! is an isomorphism from G’ onto
G. The relation of being isomorphic is an equivalence relation. Isomorphic groups
have exactly the same properties; informally we consider them as identical,
although they may appear very different at a glance. For example, consider the set

G of all matrices of the form {f‘ﬁ z] with o, 8 € R, a # 0 or 8 # 0. One can

check that G is a group under multiplication, and that the map

5 2

the sign of o, sgn(o), by sgn(o) := { 1_1

—p
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is an isomorphism from G onto C* = C\ {0}. Thus, as long as we are interested
only in multiplication, the set of matrices G is just a disguised form of the more
familiar set of nonzero complex numbers. Another example: The multiplicative
group (0, 00) is isomorphic to the additive group R via the isomorphism x — In(x).

A homomorphism from a group into itself is called an endomorphism. An
automorphism is an endomorphism which is also an isomorphism. An injective
homomorphism ¢ : G — G’ is sometimes called an embedding. This term is
usually used when we wish to point out that by identifying G with im ¢ we may
view G as a subgroup of G’. We also say that G embeds in G'. For example, the
additive group R can be canonically embedded into the additive group C by
a— o+ 0i.

Every group G can be embedded into a symmetric group. This result is known
as Cayley’s theorem, and can be proved as follows. For any a € G we define
4, : G — G by £,(g) = ag. One immediately checks that ¢, is a permutation of G,
¢, =idg if and only if @ = 1, and ¢,, = £,¥¢;, for all a,b € G. Accordingly, a+ ¢,
is an embedding of the group G into the symmetric group of the set G.

A homomorphism between additive groups is also called an additive map. We
will also come across biadditive maps: We say that a map f: G| x G, — G,
where G|, G,, G’ are additive groups, is biadditive if it is additive in each variable,
ie.,

fx+y,2) =f(x,2) +f(y,2)  and  flx,z+w) =f(x,2) +f(x,w)

for all x,y € Gy, z,w € G,.

A subset H of a group G is called a subgroup if it contains 1, is closed under
the group operation, i.e., h, /' € H implies h#' € H, and h~' € H whenever h € H.
Note that H is itself a group. A (left) coset of H in G is a set xH := {xh|h € H}
where x is a fixed element in G. It is easy to see that |xH| = |yH]| for all x,y € G,
xH = yH if and only if x~'y € H, and xH # yH if and only if xH N yH = (). From
these observations one easily infers Lagrange’s theorem which says that the
number of cosets of a subgroup H in a finite group G is equal to % In particular,
|H| thus divides |G|. Let us point out one corollary to this fundamental result. We
say that an element a in a group G has finite order if a” = 1 for some r € N. If r is
the smallest natural number with this property, then r is called the order of a. In
this case (a) := {1,a,...,a™"'} is a subgroup of G, called the cyclic subgroup
generated by a. If G is finite, then every element in G is of finite order, and hence
Lagrange’s theorem tells us that |{a)| divides |G| for every a € G. Since |{a)| =r
is the order of a it follows that al®/ = 1 for every a € G.

Let a be an arbitrary element in a group G. Every element of the form xax~!,
x € G, is called a conjugate of a. A subgroup N of G is called a normal subgroup
if it contains every conjugate of each of its elements, i.e., a € N implies xax~' € N
for every x € G. Every subgroup of an abelian group is normal. The center of a
group G, defined as the set of all elements in G that commute with every other
element in G, is a normal subgroup of G. If ¢ : G — G’ is a homomorphism, then
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ker ¢ is a normal subgroup of G, while img is a subgroup of G’ which is not
necessarily normal.

The next construction works for normal subgroups of arbitrary groups, but we
confine ourselves to additive groups as this is all we need. Thus, let H be a
subgroup of an additive group G. A coset of H in G is in the additive notation
written as x + H. Let G/H denote the set of all cosets of H in G endowed with the
addition defined by

(x+H)+ (y+H):=(x+y) +H.

It is easy to see that this operation is well-defined, i.e., x + H =x"+ H and y +
H =y + H implies (x+y) + H = (X +) + H, and that G/H is a group under
this operation. We call it the factor group of G by H. The map x+—x+ H is a
surjective homomorphism from G onto G/H with the kernel H. It is called the
canonical homomorphism.

Let G’ be another additive group. If ¢ : G — G’ is a homomorphism, then

G/ kerg = im¢.

An isomorphism is given by x + ker ¢ — ¢(x). Indeed, this map is well-defined
since x + ker ¢ = y + ker ¢ implies x — y € ker ¢ and hence ¢(x) = ¢(y). Clearly,
it is additive and a bijection from G/ ker ¢ onto im g.

Given groups Gy, ..., G,, we define their direct product G, X --- x G, as the
Cartesian product of the sets Gi,...,G, endowed with the componentwise
operation:

(X15 o X)) (V1 -+ 5 V) = (XIV15 -+ s Xn V)

It is immediate that G; x --- X G, is a group, and that each G; can be naturally
(canonically) embedded in G| x - -- X Gy,. The direct product I1;c;G; of a possibly
infinite family of groups {G; |i € I} is defined analogously. The operation is thus
given by (x;)(y;) = (x;y:). If G; are additive groups, then the operation in I7;;G; is
also written additively: (x;) + (y;) = (x; + ¥i).

Let now Gy, ..., G, be subgroups of an additive group G. Then so is their sum

Gl+"'+G"::{xl+“'+xn|X1€G1,...,xn€Gn}.
It
GiN(Gi+ - +Gii + Gy +---+G,) = {0}

for every i, then G| + - - - + G, is called the direct sum of the subgroups G;, and is
denoted by G; @ --- & G,. Every element in G; & --- & G, can be written as
x1 + -+ -+ x, where x; € G; in a unique way, so the x;’s basically play the role of
components. The difference between the groups G; @ --- & G, and G| X --- X G,
is merely formal. In more accurate terms, they are canonically isomorphic via
X1+ (X, X))
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Rings

A ring R is an additive group endowed with another associative binary operation
(x,y) — xy, called multiplication, such that the distributive laws hold in R, i.e.,

(x+y)z=xz+yz and x(y+2z)=xy+az

for all x,y,z € R. In other words, (x,y)+ xy is a biadditive map. The following
simple facts follow easily from the definition: Ox =x0 =0, (—x)y = x(—y) =
—xy, (—x)(—y) = xy for all x,y € R.

A ring R is commutative if xy = yx for all x,y € R. For example, Z, with the
usual addition and multiplication, is a commutative ring. The additive group Z,
becomes a commutative ring if we take multiplication modulo n. The set Cla, b] of
continuous functions f : [a,b] — R, endowed with the usual addition and
multiplication of functions, is a commutative ring.

Commutative rings play a secondary role in this book. But we will be often
concerned with the “most commutative” part of our rings. The set

Z(R) :={c € R|cx=xc for all x € R}

is called the center of the ring R, and its elements are called central elements.
Obviously, R is commutative if and only if Z(R) = R. If R is not commutative then
Z(R) is more often than not a relatively small subset of R.

We assume the reader is familiar with at least one example of a noncommu-
tative ring, namely with M,(R), the ring of all n X n matrices with entries in R.
Here one takes the usual matrix addition and multiplication. We will introduce
matrix rings in a more accurate and general manner in the next section.

One of the most intriguing properties in rings is that the product of two nonzero
elements can be 0. This cannot happen in, say, Z, but can easily occur in Z, if n is
not prime, or in M, (R). A nonzero element x in a ring R is said to be a left zero-
divisor if there exists a nonzero element y € R such that xy = 0. Analogously we
define a right zero-divisor. An element that is both a left and right zero-divisor is
called a zero-divisor. For example, a central element that is a left (or right) zero-
divisor is automatically a zero-divisor.

Every ring is a semigroup under multiplication. If it is actually a monoid, then it
will be called a unital ring. Thus, a ring R is unital if it contains an element 1 such
that 1x = x1 = x for all x € R. We will call 1 the unity of R. Most rings that first
come into our minds are unital; a simple example of a ring without unity is 27Z, the
ring of even integers. If 1 = 0 in a ring R, then R is the trivial or zero ring whose
only element is 0.

In a unital ring we can speak about left invertible, right invertible, and
invertible elements. A nonzero unital ring D in which every nonzero element is
invertible (i.e., D* = D\ {0}) is called a division ring. Division rings obviously
have no (left, right) zero-divisors. A commutative division ring is called a field.
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Obvious examples are Q, R, and C. It is easy to show that Z, with p prime is a
field. Conversely, Z, is not a field if n is not prime.

We say that a ring R has characteristic » if n is the smallest natural number
such that nx = 0 for every x € R (note that in a unital ring R the condition nx = 0
for every x € R is equivalent to nl = 0). If no such natural number n exists, then
we say that R has characteristic 0. The characteristic of R will be denoted by
char(R). For example, char(Z) = 0 and char(Z,) = n. If R is unital and m € N is
such that m1 = 0, then m = rs implies (r1)(s1) = 0. Hence, either R has zero-
divisors or char(R) is prime. In particular, the characteristic of a field is either 0 or
a prime number p. Fields of prime characteristic are called fields of finite
characteristic. The subset Fy of a field F consisting of all elements of the form
(n1)(m1)~", n,m € Z, m1 # 0, is easily seen to be a field isomorphic to Q if
char(F) = 0, and to Z, if char(F) = p. We call F; the prime subfield of F.

A map ¢ from a ring R into a ring R’ is called a ring homomorphism if

p(x+y) =o(x) +o(y) and @(xy) = o(x)p(y)

for all x,y € R. Thus, ¢ is an additive group homomorphism and simultaneously a
multiplicative semigroup homomorphism. Its kernel is ker ¢ := {x € R| ¢(x) = 0},
and its image is im¢ := {¢(x) | x € R}. The other necessary definitions are the
same as for group homomorphisms (as well as for homomorphisms of other alge-
braic structures). Thus, an isomorphism is a bijective homomorphism, an endo-
morphism is a homomorphism from a ring into itself, an automorphism is an
endomorphism which is also an isomorphism, and an embedding is an injective
homomorphism. The relation of being isomorphic is an equivalence relation. We
write R 2 R’ if R and R’ are isomorphic. Let us modify our earlier example on groups

—B
easily seen to be a ring isomorphic to C. An isomorphism is defined exactly as
before, just that now there is no need to exclude the case where @ = = 0. Math-
ematicians are inclined to “forget” about the difference between isomorphic objects,
so some might even say that R is the field of complex numbers.

A subset of a ring R which is a subgroup with respect to addition is called an
additive subgroup of R. Let S be an arbitrary nonempty subset of R. The set S of
all elements of the form ms; + - - - + m,s, where m; € Z and s; € S is an additive
subgroup of R which contains S. Moreover, S is the smallest additive subgroup
containing S in the sense that it is contained in every other additive subgroup
which contains S. We call S the additive subgroup generated by S. (For S = () we
define S = {0}.)

An additive subgroup of R which is closed under multiplication is called a
subring of R. A subring is itself a ring. For example, the center Z(R) is a subring
of R which is commutative as a ring. We remark that Z(R) can contain only 0 even

to give one illustration. The set R of all matrices of the form [ “ g ] witho, B € R, is
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when R is a nonzero ring. If, however, R is unital, then 1 € Z(R). A subring D of a
unital ring R that contains 1 and is a division ring is called a division subring of R.
If it is also commutative, then we call it a subfield of R.

The subring generated by the subset S of R is, of course, defined as the smallest
subring of R containing S. Note that it is equal to the additive subgroup generated
by the set of all possible (finite) products s;. . .s, of elements s; € S. If the subring
generated by S is R itself, then we call S a generating set for the ring R, and its
elements are called generators of R. We also say that S generates R. A ring is said
to be finitely generated if it contains a finite generating set.

The terms “generated by”, “generating set”, “generators”, “finitely generated”
are used, in the same sense as above, for other algebraic structures as well. We
hope that their meaning can be understood without always giving a detailed
explanation.

A subring / of R is called a left ideal of R if xu € I for all x € R and u € I.
Analogously, a subring I of R is called a right ideal of R if ux € I for all x € R and
u € 1. If I is both a left and right ideal, then [/ is called an ideal; we also say a two-
sided ideal when we wish to stress that it is not only left or right. Left and right
ideals are also called one-sided ideals.

For example, the ideals of the ring Z are nZ:= {nk|k € Z}, n>0. In
commutative rings the adjectives “left” and “right” are, of course, superfluous.
b o
not an ideal of the ring M;(R). By putting zeros in one of the rows instead of in a
column we obtain a right ideal that is not an ideal.

Every ring R has at least two ideals: {0} and R. From now on we will write {0}
as 0. The reader should thus be warned that the symbol O can mean two different
things, either the zero element or the zero (or trivial) ideal. From the context it
should always be clear what we have in mind.

A (left, right, two-sided) ideal I different from R is said to be proper. Note that
in this case I does not contain any invertible element if R is unital.

If I and J are ideals of R, then so is their intersection I NJ, their sum
I+J:={u+v|uelvelJ}, and their product IJ which is defined as the
additive subgroup generated by the set {uv|u € I,v € J}. The same is true if we
replace “ideal” by “left ideal” or “right ideal” (incidentally, the sum and
the product of subrings may not be a subring). We remark that, in accordance with
the definition of the product, /" should be understood as the additive subgroup
generated by the set {u;...u, |u; € I'}. Let us also point that IJ CINJ if I,/ are
two-sided ideals.

Let S be a subset of R and let a,b € R. We write

The set of all matrices of the form [ ], o, B € R, is an example of a left ideal but

aS:={ax|x €S}, Sa:={xa|xeS}, aSh:={axb|xeS}.

Note that Ra is a left ideal and aR is a right ideal. By RaR we denote the additive
subgroup generated by the set {xay|x,y € R}, which is clearly an ideal. If R is
unital, then Ra is the left ideal generated by a, aR is the right ideal generated by a,
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and RaR is the ideal generated by a. If R is not unital, then the left ideal generated
by a is equal to Ra + Za where Za := {ka |k € Z}, the right ideal generated by a
is equal to aR + Za, and the ideal generated by a, which is sometimes denoted by
(a), is equal to RaR + Ra + aR + Za.

We have thus described the (left, right, two-sided) ideals generated by one
element. Replacing one element by an arbitrary subset S of R does not make the
task of description much harder. For example, the ideal generated by S is the
additive subgroup of R generated by the set of elements of the form xsy, xs, sy, s
with x,y € R and s € S.

The sum of an arbitrary family of ideals {/;|i € I} is defined as the ideal
generated by [ J,, ;. It is easy to see that it is actually equal to the additive
subgroup generated by | J;, I;. The same is true for left or right ideals.

Let I be an ideal of a ring R. As [ is, in particular, an additive subgroup of R, we
can form the factor additive group R/I. Recall that R/I consists of all cosets x + 1,
X € R, which are added according to

x4+ +G+I1)=x+y) +1I
We can make R/I into a ring by defining the multiplication by
x+Dy+1):=xy+1.

It is quite obvious that the ring axioms are fulfilled. The main issue is to show that
this multiplication is well-defined. However, using Rl C I and IR C [ this is also
easy. We call R/I the factor ring of R by I (or the quotient ring, but we will avoid
this term to prevent confusion with the notion of a ring of quotients). Note that the
canonical homomorphism x— x + I, mentioned in the additive group setting, is
now a ring homomorphism.

A simple example: the ring Z/nZ is isomorphic to Z,.

Let ¢ : R — R’ be a ring homomorphism. Note that ker ¢ is an ideal of R, while
img is in general only a subring of R’. Just as in the group-theoretic setting we
have

R/kerp =~ img

with an isomorphism defined by x + ker ¢ — ¢(x).
Given rings Ry, ...,R,, we define their direct product R; X --- X R, as the
Cartesian product endowed with the componentwise operations:

(X150 Xn) + 1y yn) = (1 F Y15 X0+ Ya)s
(x17"'7x11)(y]""7yn) = ('xlyl7"'7xnyn)'

Clearly, R; X --- X R, is a ring. We may view R; as an ideal of Ry X --- X R, via
the canonical embedding x; +— (0,...,0,x;,0,...,0).
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One analogously defines the direct product I7;c;R; of a possibly infinite family
of rings {R;|i € I'}. The operations are thus given as follows:

(xi) + (i) = (xi +yi),
(xi) (i) = (xiyi)-

Incidentally, the subset of IT;c;R; consisting of all (x;) such that all but finitely
many x; are 0 is a subring of IT;R;, called the direct sum of the family
{R;|i € I'}. The notions “direct product” and “direct sum” thus coincide for finite
families of rings. It is therefore common to use the notation R; & - - - & R,, instead
of Ry X --- X R,. However, we will stick with the latter.

Matrices

We have already mentioned that the set of all real n x n matrices, M,(R), is a ring
under the usual matrix operations. This ring is not commutative as long as n > 2,
and has plenty of zero-divisors. One can replace the role of R in the definition of
addition and multiplication not only by another field, but by any other ring. This
does not affect the proof that the ring axioms are fulfilled.

Let us be precise. Take an arbitrary ring R and n € N. Given any a; € R,
1 <i,j<n, we denote by (a;) the n X n matrix

a  ap ain
azl A aon
anl ap2 ... Qpp

Define addition and multiplication of such matrices by
(a5) + (by) := (ay + by)

and

(Clu)(b”> = (Cij); where Cij = Zk:l aikbkj.

One readily checks that in this way the set of all n x n matrices with entries in R
becomes a ring. It will be denoted by M, (R). Note that M;(R) can be identified
with R. If R is unital, then so is M, (R). Its unity is the identity matrix I,, i.e., the
matrix whose entries on the main diagonal are 1 and all other entries are 0.

Sometimes we call M, (R) the full matrix ring over R, in order to point out that
it contains all n X n matrices with entries in R. The term matrix ring is often used
as a synonym for the full matrix ring, but it can also mean any ring whose elements
are matrices.



XXX Prerequisites

A special but extremely important case is when R = F'is a field. When working
with M, (F) we often rely on linear algebra methods. We assume the reader is
familiar with the notions such as the eigenvalue, determinant, trace, and
characteristic polynomial of a matrix.

Polynomials

Let R be an arbitrary ring R. We define a polynomial over R as a formal infinite
sum

0
2 i 2

(1,‘(,()’ =ay)t+a1w+aw +...,
i=0

where a; € R and all but finitely many a; are 0. The elements a; are called coef-
ficients, and w is a formal symbol called an indeterminate. The coefficient a is
called the constant term. If n > 0 is such that ¢; = O for all i > n and @, # 0, then
we usually write the above polynomial as

ap+aw+ -+ a,o”

(later we will avoid this lengthy notation and write a polynomial as f (@) or simply f).
This polynomial is said to have degree n, and a, is called its leading coefficient.
If a; = O for all i > 0, then the corresponding polynomial is denoted by 0. A poly-
nomial that is either O or has degree 0 is called a constant polynomial.

The addition and multiplication of two polynomials are defined by

o0 o0 o0
Zana)” + ana)” = Z(an + by)o",
n=0 n=0 n=0
o0 o0 o0 n
(Z ana)”> (Z bna)”) = Z c,", where ¢, = Zaibn,i.
n=0 n=0 n=0 i=0

This makes the set of all polynomials over R into a ring, which we denote by R[w]
and call a polynomial ring. If R is unital, then so is R[w)]. Elements in R commute
with w, but they do not necessarily commute with each other. In fact, R is com-
mutative if and only if R[w] is commutative. We are primarily interested in the
situation where R is a field. In this case we will write R as F and thus denote the
polynomial ring as Flw].

So far we have considered polynomials in one indeterminate. The notion of a
polynomial in several indeterminates i, ..., ®, is not conceptually much more
demanding, but notationally heavier. It can be defined as an infinite sum
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o0 o0
i i
e a,»lm,-na)l .. .(,()n 5
i=0  i,=0
where a;,_; € R and all but finitely many a;, _,, are 0. Each term a;, _; o} ...k
whose coefficient g;,_;, is not 0 is called a monomial. Of course, we may neglect
the terms with zero coefficient, and so every polynomial in several indeterminates
is a finite sum of monomials. The expressions .. .wi" basically play the role of
components. The addition is defined componentwise. The multiplication is

determined by distributivity and the rule

i in J i) — i1+j in+Hin

(ail,»m,iua)ll e w;z )(bjl ---- ,juwll' . 'w:i ) - (ail,-»<,i,xbj1~,---1jn)wll L 'wil .
These two operations make the set of all polynomials in wy,...,®, into a ring
which we denote by R[wi,...,w,]. Incidentally, alternatively one can define

R[wy, . ..,w,] recursively as R[wy, .. ., w,—1][w,]-

One can also start with a possibly infinite set of indeterminates 2 = {w; |i € I},
and introduce the polynomial ring R[£2]. Each polynomial in R[£2] involves only
finitely many indeterminates, so the above definitions regarding R[w, . . ., @,] still
make sense. Only the notation is even more entangled. Let us point out that each
w; € §2 is a central element of R[$2].

Vector Spaces

A vector space over a field F is an additive group V endowed with an additional
operation F XV — V, (A,v)— v, called the scalar multiplication, which
satisfies

(@ (A+p)yv=2r+ puv,
(b) A(v+w) =2rv+ Aw,
(©) AMuv) = (v,

@ lv=v

for all A,u € F, v,w € V. Note that Av =0 if and only if A =0 or v =0, and
(=A)v = —xv. Elements in V are called vectors and elements in F are called
scalars. Instead of “vector space” we often say “linear space” or just “space”.
A vector space over R is called a real (vector) space, and a vector space over C is
called a complex (vector) space.

The prototype example of a vector space is F”, the Cartesian product of n
copies of F, endowed with componentwise operations

()"17"'7)‘%) + (Ml?"'v“n) = ()‘l +/‘L17"'7)"n +Mn)7
AL - hn) = (AA1, - M)
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In particular, F = F' is a vector space. We have introduced F[w] and C[a, b] as
rings, but they are also vector spaces if we define scalar multiplication in the usual
way.

A nonempty subset W of a vector space V over F is a (linear) subspace if
Aw+A'w' € Wiorall A, A" € Fand w,w' € W. A subspace is itself a vector space.
For example, the set of all polynomials in F[w] of degree at most 7 is a subspace of
Flw].

A linear combination of vectors vy, ..., v, is every vector of the form A,v; +
-+ 4 A,v, where A; € F. If S is a nonempty subset of a space V, then the subspace
Vs generated by S is equal to the set of all linear combinations of vectors in S. It is
called the linear span of S; we also say that Vs is spanned by S or that S spans V.
Note that, by definition, a linear combination involves a finite number of vectors. If
S is an infinite set, then the linear span of S is the union of the linear spans of all
finite subsets of S.

Vector space homomorphisms are linear maps, also called linear operators.
These are maps ¢ : V — V' that satisfy

P(Av + pw) = Ap(v) + ne(w)

for all A,u € F, v,w € V. The notions such as “kernel”, “image”, “endomor-
phism”, “isomorphism”, etc. should be self-explanatory. Sometimes we will
denote linear operators with capital letters (A, B, etc.). A linear map from a vector
space over F into the space F is called a linear functional. A map
f: Vi x Vo, — V' where V|, V,, V' are vector spaces over F, is said to be bilinear
if it is linear in each variable, i.e.,

fQu+pv,z) = Af(u,2) + uf(v,z)  and  f(v, Az +puw) = Af(v,2) + uf(v,w)

forall A, u € F, u,v € Vi, z,w € V,.

A subset S of a vector space V over F is said to be linearly independent if for
all distinct vectors sy,...,s, €S and all scalars Ay,..., A, € F, Ays;+---+
Ausp = 0 implies A} = --- = A, = 0. If S is not linearly independent, then we say
that S is linearly dependent. If S = {s;|i € I}, then instead of saying that S is
linearly (in)dependent we can also say that the vectors s;, i € I, are linearly
(in)dependent.

A linearly independent subset of V that spans V is called a basis of V. For
example, {(1,0), (1, 1)} is a basis of F2. The standard basis of F*is {(1,0), (0, 1)},
and the standard basis of F|w] is {1, w,®?,...}. The basis of {0} is 0.

A vector space V over F is finite dimensional if it is finitely generated, i.e., it is
spanned by a finite set. Such a space has a finite basis. Moreover, all its bases have
the same cardinality, called the dimension of V and denoted dimg V. (The concept
of dimension also makes sense for infinite dimensional spaces, but we will not use
it for them.) If V is n-dimensional, i.e., dimpV =n, then every linearly
independent set of n vectors in V is a basis of V, every subset of V having
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more than n vectors is linearly dependent, and the dimension of every proper
subspace of V is less than n. An example of such a space is F", and in fact every
space V with dimg V = n is isomorphic to F".

We say that a linear operator A from one space to another has finite rank if its
image is a finite dimensional space. In this case we call the dimension of the image
the rank of A.

Every vector space, finite or infinite dimensional, has a basis. We will actually
prove this in Sect. 3.3, but in a more general framework.

Algebras

A vector space A over a field F is an algebra over F, or an F-algebra, if it is
endowed with associative multiplication A x A — A, (x,y) — xy, satisfying

(Ax+uy)z=A(x2) + u(yz) and  x(Ay + uz) = A(xy) + u(xz)

for all A,u € F, x,y,z € A. We often say only “algebra” without specifying the
associated field. An R-algebra is also called a real algebra, and a C-algebra is
called a complex algebra. There is also the notion of an algebra over a com-
mutative unital ring. The axioms are the same, just the role of a field is replaced by
a commutative unital ring. Rings can be then viewed as algebras over Z, which
conveniently puts rings and algebras under one roof. However, we will consider
only algebras over fields in this book.

Thus, an algebra is a ring which is also a vector space, and multiplication is not
only biadditive but bilinear. Many rings mentioned earlier are actually algebras.
For example, F|w] is an F-algebra and C[a, b] is a real algebra. If A is an algebra,
then the ring M,,(A) is an algebra if we define scalar multiplication by

May) := (hay).
Similarly, the ring A[w] becomes an algebra by defining
A (Z aiwi) = Z(kai)wi.
=0 i=0

We say that A is a finite dimensional algebra if it is finite dimensional as a vector
space. The dimension of A over F will be denoted by

[A:F].

Thus, [A : F] is nothing but dimg A, but it will be used only for algebras.
Algebras are, in particular, rings, so all ring-theoretic notions make sense for

algebras. However, some need small adjustments. A subalgebra is a subring

which is also a subspace. Thus, for example, the real algebra R has no proper
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nonzero subalgebras, but the ring R has plenty of subrings. Similarly, algebra
ideals, one-sided or two-sided, are ideals in the ring-theoretic sense which are also
subspaces. If I is an ideal of an F-algebra A, then the factor ring A/I becomes an
F-algebra, called the factor algebra of A by /, if we define scalar multiplication by

AMx+1):=rx+1.

The direct product of algebras is an algebra with operations defined compo-
nentwise. An algebra homomorphism is a ring homomorphism which is also a
linear map. For example, the aforementioned isomorphism between the ring of

o

matrices of the form [7 5

5], a, B € R, and the ring C is actually an R-algebra

isomorphism.

The center of an algebra is defined just as the center of a ring. A unital
algebra is an algebra which is unital as a ring, and a division algebra is an algebra
which is a division ring. We define the characteristic of an F-algebra A, char(A),
as the characteristic of A considered as a ring. The axioms readily imply that
char(A) coincides with the characteristic of the associated field F as long as A is
nonzero; therefore char(A) is either 0 or prime. Hence Z, is not an algebra over
any field if n is not prime (Z,, with p prime, is a field and therefore an algebra over
itself). It is also easy to see that Z is not an algebra over any field.

An F-algebra is, in particular, a vector space. Let {e; |i € I} be its basis. For
each pair i,j € I there exist o € F, k € I, such that

eiej: E Ot,'jkek

kel

and all but finitely many «;;’s are 0. We call these formulas the multiplication
table (if A has a small dimension, then one can really write this down in the form
of a table). Two F-algebras A and B are isomorphic, A = B, if and only if they
have the same multiplication tables with respect to some bases. By this we mean
that there exist a basis {¢; |i € I} of A, abasis {f;|i € I} of B, and scalars o € F,
i,j,k €I, such that eje; = >, e and fi f; = >, i fi for all i,j € 1. Indeed,
if this holds then the linear map that sends e; into f; is easily seen to be an algebra
isomorphism (note that such a map exists and is unique). Conversely, an algebra
isomorphism from A onto B clearly maps a basis of A onto a basis of B and
preserves the multiplication table. Thus, if [A : F| = n, then the multiplication in A
is determined by n® scalars o Let us mention that not every choice of the a;’s is
appropriate since the associativity condition must be fulfilled.

Let A be a nonzero unital algebra. We may consider F as a 1-dimensional
subalgebra of A via the canonical embedding A — A1. Accordingly, the element
A1 € A will be often written simply as A. Given a € A and a polynomial

flo)=x+ro+- -+ 10" € Flo),
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we define the evaluation of f at a as
fla) :=xr0+ra+ -+ 1,d" € A.

We remark that f — f(a) is a homomorphism from F[w] into A. If f has constant
term 0, then we can define f(a) also when A is not unital.

We conclude this section with a particularly important example of an algebra.
Let V be a vector space over F. Then Endg(V), the set of all endomorphisms of V
(i.e., linear operators from V into V) becomes an F-algebra if we define addition,
scalar multiplication, and multiplication by

(A+B)(v) :=A(v) + B(v),
(AA)(v) == AA(v),
(AB)(v) = A(B()).

The verification is straightforward. Suppose that dimp V = n<oo. Pick a basis
{ei,...,e,} of V. For every A € Endp(V) there exist scalars a;; € F such that

n
Ale) = Zaij‘ei, j=1,..,n
i=1

A straightforward verification shows that the map A+ (a;) is an algebra iso-
morphism from Endr(V) onto the matrix algebra M, (F) (incidentally, in Sect. 3.4
we will prove a generalization of this fact). Thus,

Endr(V) =2 M,(F) if dimgV = n.

In particular, [End(V) : F] = (dimg V).

Fields

We need just a little of field theory in this book. Therefore we will provide the
reader only with basic information, but not even all of that will be used.

We start with a field construction which is usually considered as a part of
commutative ring theory rather than field theory. A commutative ring without
zero-divisors is called a commutative domain (perhaps the reader is familiar with
a more common term “integral domain”, but usually one assumes that integral
domains must be unital, which we do not need right now). Typical examples are
the ring of integers Z and the polynomial ring F|w] where F is a field. Of course,
fields are also commutative domains, but they are too “perfect” to be listed among
typical examples.

The field Q is constructed from the commutative domain Z. Essentially the
same construction works for making a field from any nonzero commutative
domain Z. Let us sketch it (for more details the reader can look at Sect. 7.1 where
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this construction is presented in a slightly more general context). Define the
relation ~ on the set Z x (Z\ {0}) by (r,s) ~(r,s) if rs’ = rs. It is easy to
check that this is an equivalence relation. Denote by rs~! the equivalence class of
(r,s). Thus, rs~! = 's'"! if and only if rs’ = r’s. Define addition and multipli-
cation on the set Z of all equivalence classes as follows:

= (ru+1s)(su) ",

= rt(su) .

rs ! + !

-1

rs !

These operations are well-defined, and Z is a field. It is called the field of quo-
tients of Z. One can embed Z into Z and accordingly consider Z as a subring of Z.
We remark that there does not exist a subfield E of Z such that Z C E - Z.1If

Z = 7,then Z = Q. If Z = F|w)], then Z is called the field of rational functions in
o and is denoted by F(w). More generally, if §2 is an arbitrary set of indetermi-
nates, then the field of quotients of F[£2] is called the field of rational functions in
£2 and denoted by F(£2).

We proceed to the genuine field theory. A field K is said to be an extension
field of a field F if F is a subfield of K. For instance, R is an extension field of Q,
and C is an extension field of R. Given a field F, one usually wants to construct
extension fields satisfying certain requirements. The original field F is often
contained in all other fields that appear in the study. In this case we call it the base
field.

If K is an extension field of F, then we may view K as an algebra over F.
Indeed, K is a ring by definition, and the scalar multiplication should be simply
understood as the given multiplication in K restricted to the situation where the
first factor lies in F—if A € F and k € K then Ak € K and all algebra axioms are
satisfied. We say that K is a finite extension of F if [K : F] <oo. For example, C is
a finite extension of R with [C : R] = 2, while R is not a finite extension of Q. If K
is a finite extension of F and L is a finite extension of K, then L is a finite extension
of Fand [L: F]=[L:K][K : F].

The main point is that K can be viewed as a vector space over F. Let us give a
simple illustration of the usefulness of this viewpoint. Let K be a finite field. Then
char(K) is a prime number p. Hence K can be considered as a finite dimensional
space over the prime subfield Fo = Z,, and as such is isomorphic to Fjj for some
n € N.But then |K| = |Fjj| = p". We have thereby found out that the cardinality of
a finite field can only be p" with p prime and n € N. This assertion has a sort of a
converse, which, however, is less obvious: For every prime p and n € N there
exists an (up to isomorphism) unique field having p" elements.

An element a in an extension field K of F is said to be a root of the polynomial
f(w) € Flw]iff(a) = 0. For example, v/2 € Ris aroot of w> — 2 € Q[w]. A root of
a polynomial of the form " — 1, n € N, is called a root of unity. We say thata € K
is algebraic (over F) if a is a root of some nonzero polynomial in F[w]. More
specifically, a is algebraic of degree m if it is a root of a polynomial in F|w] of
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degree m, but is not a root of a nonzero polynomial in F[w] of degree less than m.
In this case the subfield of K generated by a and F is equal to Fla]:=
{ho+r1a+ 4+ An1a" | Ao,. .., Am_1 € F}, and [Fla] : F] = m. For example,
Q[V2] = {xo + 11V2 | ko, 11 € Q).

If a € K is a root of a polynomial f(w) € F[w] of degree n, then there exists a
polynomial g(w) € K[w)] of degree n — 1 such that f(w) = (& — a)g(w). From this
one easily infers that f(w) cannot have more than »n roots in K. If a1, ...,a, are
distinct roots of f(w) in K, then f(w) = c(w — ay)...(w — a,) where ¢ € F is the
leading coefficient of f(w).

A field K is said to be algebraically closed if every nonconstant polynomial in
K[w] has a root in K. As is evident from the first assertion in the previous
paragraph, this is equivalent to the condition that every polynomial f(w) € K|[w] of
degree n > 1 splits into linear factors: f(w) = ¢(w — ay)...(w — a,) where ¢,a; €
K (some of the a;’s may be equal). The Fundamental Theorem of Algebra states
that the field C is algebraically closed. The polynomial w? + 1 does not have a root
in R, so R is not algebraically closed. However, from the fundamental theorem of
algebra it can be easily deduced that every polynomial in R]w] splits into linear
factors a + bw and quadratic factors ¢ 4 dw + ew?, where a,b,c,d, e € R.

Working with algebraically closed fields is often essentially easier than with
general fields. Let us only point out one matter that is of importance in
noncommutative algebra. Recall that square matrices A and B are similar if there
exists an invertible matrix T such that A = TBT~'. If K is an algebraically closed
field, then every matrix A € M,(K) is similar to a block diagonal matrix J €
M, (K) whose blocks are matrices in My, (K), n = >, k;, having a fixed scalar A; on
the main diagonal, the scalar 1 on the superdiagonal, and zeros elsewhere. The
matrix J is called the Jordan normal form of A. The scalars A; appearing in J are
the eigenvalues of A.

A field extension F of a field F is said to be an algebraic closure of F if F is
algebraically closed and every element in F is algebraic over F. For example, C is
an algebraic closure of R. Every field F has an algebraic closure, which is,
moreover, unique up to isomorphism. This is one of the deeper results stated in this
preparatory chapter.



Chapter 1
Finite Dimensional Division Algebras

Finite dimensional division algebras are as simple and “spotless” as a (not necessarily
commutative) ring can be. Their definition gathers together all of the most favorable
properties. They are also the oldest, the most classical topic of noncommutative
algebra. But as it often happens, the simplest objects are not the easiest to study, and
classical themes are not less profound than modern ones. In many algebra textbooks
finite dimensional division algebras are treated in the last chapters by using advanced
tools. Our goals in this first chapter, however, are relatively modest. We will give
an elementary, self-contained introduction to finite dimensional algebras, which in
particular includes two results of extreme importance and beauty: Frobenius’ theorem
on real division algebras and Wedderburn’s theorem on finite division rings. We shall
not strictly confine ourselves to division algebras; presenting some of the results in
the context of (central) simple algebras, even not necessarily finite dimensional ones,
will not change the level of complexity of arguments and shall prove useful later.

1.1 After the Complex Numbers: What Comes Next?

A 2-dimensional real vector space can be transformed into the complex numbers
by appropriately defining multiplication. One just takes two linearly independent
vectors, denotes one of them by 1 to indicate that it plays the role of a unity, requires
that the square of the other one is —1, and then extends this multiplication to the
whole space by bilinearity. If one is interested in the geometric interpretation of this
multiplication, then one will choose these two vectors more carefully. However, from
the algebraic point of view it does not matter which two vectors we take, as long as
they are linearly independent and therefore form a basis of our space. In any case we
get a 2-dimensional R-algebra isomorphic to the complex number field C.

Why confine ourselves to 2-dimensional spaces? Are there other ways to create
some kind of “numbers” from finite dimensional real vector spaces? In any set of
“numbers” one should be able to add, subtract, and multiply elements, and mul-
tiplication should be associative and bilinear. Thus, our space should in particular
© Springer International Publishing Switzerland 2014 1
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2 1 Finite Dimensional Division Algebras

be an R-algebra (in the early literature elements from algebras were actually called
hypercomplex numbers). In a decent set of “numbers” one should also be able to
divide elements, with the obvious exclusion of dividing by 0. We can now rephrase
our question in a rigorous manner as follows: Is it possible to define multiplication
on an n-dimensional real space so that it becomes a real division algebra?

For n = 1 the question is trivial; every element is a scalar multiple of unity and
therefore up to isomorphism R itself is the only such algebra. For n = 2 we know
one example, C, but are there any other? This question is quite easy and the reader
may try to solve it immediately. What about n = 3? This is already a nontrivial
question, but certainly a natural and challenging one. After finding a multiplication
in 2-dimensional spaces of such enormous importance in mathematics, should not
the next step be finding something similar in 3-dimensional spaces? Furthermore,
what aboutn = 4,5,6,...7

We will give complete answers to the above questions. Throughout the section,
we assume that D is an n-dimensional division R-algebra. We will find all possible n
for which such an algebra exists, and moreover, all possible multiplications making
a finite dimensional real space into a division algebra.

First we recall the notational convention. For A € R, we write A1 € D simply as
A. In fact we identify R with R1, and in this way consider R as a subalgebra of D.

Lemma 1.1 For every x € D there exists A € R such that x> + »x € R.

Proof Since the dimension of Disn, the elements 1, x, . .., x" are linearly dependent.
This means that there exists a nonzero polynomial f(w) € R[w] of degree at most
n such that f(x) = 0. We may assume that the leading coefficient of f(w) is equal
to 1. As we know, f(w) splits into linear and quadratic factors in R[w]:

f@) =(@=ap)...(@—a) (@ + Ao+ pw) ... (@ + i+ 1)
where «;, A;, i € R. Since f(x) = 0, we have
(x—otl)...(x—ar)(x2+k1x+ul)...(x2+k5x+us)=0.

As D is a division algebra, one of the factors must be 0. That is, x is a root of a linear
or quadratic polynomial in R[w]. In any case the desired conclusion holds. O

The 1-dimensional subspace Ri of C can be described as the set of all z € C such
that z> is a nonpositive real number. The analysis of the set of all such elements in
our abstract setting will lead us to the answers to our questions.

Lemma 1.2 The set V = {v € D|v* € R,v? < 0} is a linear subspace of D.
Moreover, D =R @ V.

Proof We start with a useful observation. If x € D\ V is such that x? € R, thenx? > 0
and so x> = o for some « € R. Thus (x — &) (x + &) = 0, giving x = +a € R.
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Itis clear that R NV = 0 and that V is closed under scalar multiplication. Let us
show that u +v € V if u, v € V. We may assume that u and v are linearly indepen-
dent. We claim that u, v, 1 are also independent. Indeed, taking «, 8, ¥ € R such that
au = Bv+ y it follows by squaring both sides that Byv € R, hence § = 0ory =0,
and @ = B = y = 0 now readily follows. By Lemma 1.1 there exist A, i € R such
that

(u+v)2+)\(u+v) € R and (u—v)2+,u(u—v) € R.
On the other hand,
U+ + w—v)? =22 +2% eR.

Comparing all the relations we obtain A(u + v) + w(u — v) € R. Since u, v, 1 are
linearly independent, this yieldsA+u = A—pu = 0, hence . = u = 0,andu+v € V
follows from the first paragraph. Thus, V is a subspace of D. If x € D\R, then, by
Lemma 1.1, x> + vx € R for some v € R. Again using the observation from the first
paragraph we see that x + 5 € V. Accordingly,x = -3 + (x+3) e RoV. O

2

We set uov :=uv+vuforu,veV.Sinceuov= (u+v)>—u>—?it follows

from Lemma 1.2 that uov € R. If v # 0, then v o v = 2v2 # 0.
Lemma 1.3 [fn > 2, then there exist i, j, k € D such that
i2=j2:k2=—1, (11)
ij=—ji=k, ki=—-ik=j, jk=—-k=1i, '
and 1,1, ], k are linearly independent.

Proof Lemma 1.2 shows that V has dimension n — 1 > 1. Therefore we may choose
linearly independent v, w € V. Letu := w — Y22y, Observe thatu # O and uov = 0.

T 1 . 1 T . .
Seti = _«/—TZM’J = —mv, and k := ij. It is straightforward to check that (1.1)
holds, from which we obtain that

(o +a1i + a2 j + azk) (g — a1i — o j — azk) = a(z) —I—a% —l—ag +a§ (1.2)

is a positive real number for any o, 1, oz, @3 € R that are not all 0. This proves,
in particular, that 1, i, j, k are linearly independent. O

The second formula in (1.1) can be easily remembered by the following picture:

O
o
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Going clockwise, the product of two consecutive elements is the third one; going
counterclockwise, we obtain the negative of the third one.

Lemma 1.3 rules out the case where n = 3. If n = 4 then D has a basis 1, i, j, k
with multiplication table (1.1). This is a real finding. Let us change the point of view.
Suppose we are given a 4-dimensional real vector space D with basis {1, i, j, k}
in which we define multiplication by (1.1) and the requirement that 1 is a unity.
A direct verification shows that D is indeed an R-algebra (note that it is enough
to check associativity for elements from a basis!). We define the conjugate of an
arbitrary element h = o9 + «1i + a2 j + a3k in D by

h:=oay—aji —arj— azk.

If h # 0, then hh (= hh) is a nonzero scalar by (1.2). Therefore 4 is invertible with
inverse -=/. Accordingly, D is a division algebra.

The standard notation for this 4-dimensional noncommutative real division alge-
bra is H, in honor of its discoverer, the Irish mathematician W. R. Hamilton. The
elements of H are called (real) quaternions. As the first noncommutative algebraic
system ever introduced, H is of great historic value. Before this discovery Hamilton
had been struggling for a long time to extend the multiplication of complex numbers
to the 3-dimensional space, that is, he had wanted to solve our problem for n = 3.
We have just seen that this had been hopeless. On October 16, 1843, when walking
with his wife along the Royal Canal in Dublin, the idea of 4-dimensional quaternions
suddenly came into his mind, and he carved the formula i> = j> = k> = ijk = —1
in a stone of Broom Bridge. This story may have a flavor of a romantic legend, but
is documented in Hamilton’s letters.

The following theorem was proved in 1878 by another great mathematician,
F. G. Frobenius.

Theorem 1.4 (Frobenius) A finite dimensional real division algebra D is isomorphic
toR, C, or H.

Proof If n = 1,then D = R. If n = 2, then V # 0 by Lemma 1.2, so D contains an
element i such that iZ = —1; but then D = C. By Lemma 1.3 we know that n # 3
and that D = H if n = 4.

Suppose n > 4. Let i, j, k be the elements from Lemma 1.3. Since the dimension
of V is n — 1, there exists v € V not lying in the linear span of i, j, k. Therefore
e:=v+ %Vi + ]%j + ]%Vk is a nonzero element in V and it satisfiesioe = joe =
koe = 0. However, from the first two identities we conclude eij = —iej = ije, which
contradicts the third identity since ij = k. Thus, n can only be 1, 2, or 4. O

1.2 Beyond Frobenius’ Theorem
Frobenius’ theorem is a classification theorem par excellence. Three important exam-

ples of finite dimensional real division algebras were discovered by mathematicians,
each of them has turned out to be immensely important, and, up to isomorphism,
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these three are in fact the only ones that exist. Yet this definitive result has various
extensions. However, they are mostly concerned with nonassociative algebras, i.e.,
algebras in which multiplication is not necessarily associative. This goes beyond the
scope of this book. Still, at this point it seems appropriate to at least mention the
algebra of octonions O, the natural successor in the sequence R, C, H. This is an
8-dimensional nonassociative real algebra which contains a copy of H as its subal-
gebra. Its standard basis contains a unity 1 and seven elements whose squares equal
—1. Although not associative, O satisfies weak associativity conditions x%y = x(xy)
and yx> = (yx)x forall x, y € O; nonassociative algebras satisfying these two condi-
tions are called alternative. Further, O is a nonassociative division algebra, which,
by definition, means that for all a, b € O with a # 0, the equations ax = b and
ya = b have unique solutions in Q. Let this be enough in our attempt to make the
reader curious and challenged for seeking further information about octonions else-
where. Two books that include an introduction to nonassociative algebras and can
be recommended are [McCO04] and [ZSSS82].

Let us return to our theme. A close inspection of the arguments from the previous
section gives further insight. First, does the last paragraph of the proof of Theorem 1.4
resemble something familiar? Observe that (i, v) — — %uov defines an inner product
on V such that i, j, k are orthonormal vectors, so we were performing nothing but
the Gram-Schmidt process when introducing e. Moreover, this is not just any inner
product. Identifying each u = aji+ a2 j + a3k € V withu = (¢, oz, @3) € R3, we
have —%u ov = u - v where - is the dot product. Another interesting observation is
that % (uv—vu) = u x vwhere X is the cross product. Using uv = %uov+ %(uv —vu)
one now easily sees that Hl can be equivalently introduced as the vector space R x R3
(with pointwise addition and scalar multiplication) endowed with multiplication

(a0, w)(Bo, V) = (pBo —u -V, oV + Bou +u x V).

Let us mention in passing that another standard way is to introduce quaternions as
certain 2 x 2 complex matrices. We will arrive at this in Example 2.72.

Our second remark concerning the previous section is that the finite dimensionality
of D was used only at one point, namely at the beginning of the proof of Lemma 1.1
when concluding that every x € D is a root of a nonzero polynomial in R[w]. This
observation yields a slightly different interpretation of the obtained result. Let us
first introduce some terminology. We say that an element x from an F-algebra A is
algebraicif there exists a nonzero polynomial f(w) € F[w] such that f(x) = 0.
This is, of course, just the repetition of the definition given in Prerequisites for field
extensions, and just as before we define the degree of algebraicity. If every element
in A is algebraic, then A is said to be an algebraic algebra. The following simple,
fundamental fact was indirectly observed in the proof of Lemma 1.1.

Lemma 1.5 Every finite dimensional algebra is an algebraic algebra.

Proof The set of all powers of each element is linearly dependent. (|
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Our proof of Frobenius’ theorem thus shows that an algebraic real division algebra
is isomorphic to R, C, or H|, and hence it is finite dimensional. Let us mention that
infinite dimensional algebraic algebras (over any field) do exist, and will also be met
in this book (for the first time in Example2.7).

After describing finite dimensional real division algebras, one may wonder what
about the complex ones? The answer is simple and comes easily. Instead of C we
can actually take any algebraically closed field.

Proposition 1.6 If D is a finite dimensional division algebra over an algebraically
closed field F, then D = F.

Proof Let x € D. By Lemma 1.5 there exists a nonzero polynomial f(w) € Flw]
such that f(x) = 0. We may assume that its leading coefficient equals 1. Since F
is algebraically closed, we have f(w) = (v — «1)...(w — «,) for some «; € F.
Consequently, (x — 1) ...(x — ;) = 0. As D is a division algebra, this gives
x —«a; = 0 for some i, and hence x = «; € F. O

Of course, again we may substitute “algebraic” for “finite dimensional”.
This proposition may seem disappointing after encountering the quaternions. But
later we will see that it can be actually considered as “good news”.

Remark 1.7 The 4-dimensional algebra with basis {1, i, , k} and multiplication
determined by (1.1) can be formed over any field F, not only over R. However,
if F = C, then this is not a division algebra. In fact, from (1.2) we see that it is
a division algebra if and only if for all o; € F, (x(z) + ozlz + a% + a% = 0 implies
g = o] = ap = a3 = 0. This condition is of course fulfilled in R and some other
fields (say, in QQ), but not in algebraically closed fields. Still, one might wonder what
algebra we get if F = C. This is not a hard question, but we will answer it later, in
Example 2.72.

1.3 Simple Rings

Our next main goal is a theorem on finite division rings. In the next sections we shall
progress slowly towards its proof, making several digressions that will turn out to
be important later when dealing with more general rings and algebras. For a while
division algebras will mostly lie dormant in our exposition. This section is devoted
to the following notion.

Definition 1.8 A ring R is said to be simple if R? 0 and 0 and R are the only ideals
of R.

The condition that R? #0, i.e., xy #0 for some x, y € R, is needed to exclude patho-
logical cases. In nonzero unital rings it is automatically fulfilled. The condition about
ideals is, of course, more restrictive. Most of rings are not simple, yet some of the
most significant are. At any rate, simple rings form one of the most important classes
of rings.
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Example 1.9 Every division ring D is simple. Moreover, D does not even have one-
sided ideals different from O and D. This follows immediately from the elementary
observation that proper one-sided ideals cannot contain invertible elements.

There are many important simple rings that are not division rings. We will now
present the most fundamental example. First we have to introduce some notation and
terminology.

Consider the matrix ring M, (S) where S is an arbitrary unital ring. Let Ej; denote
the matrix whose (i, j) entry is 1 and all other entries are 0. We call Ej;, 1 <1i,j < n,
the standard matrix units. By aE;; we denote the matrix whose (i, j) entry isa € S
and other entries are 0. Every matrix in M, (S) is a sum of such matrices. Note that
for every A = (a;;) € M, (S) we have

EjAEy = ajEj forall 1 <i,j, k,[ <n. (1.3)

This formula considerably simplifies computations in M,,(S). Yet the reader might be
more persuaded in the correctness of the arguments based on (1.3) by occasionally
writing down matrices and then making the usual matrix calculations. Just do this
with 2 x 2 matrices, it is enough to feel certain.

Example 1.10 If D is a division ring, then M, (D) is a simple ring for every n € N.
Indeed, let I be a nonzero ideal of M, (D). Pick a nonzero (a;;) € I. Choose j and
k so that ajx #0. From (1.3) we see that ajE;; € I for all i and /, and hence also
(daj;(])E,-,- -ajxEy = dE;; € I for every d € D. Consequently, I = M,(D).

Remark 1.11 Rather than in simple rings, we are currently interested in simple
algebras, i.e., algebras satisfying the conditions of Definition 1.8. This may sound
a bit ambiguous. Namely, an ideal of an algebra A must be a vector subspace, while
Definition 1.8 speaks about ideals of a ring which are merely additive subgroups.
Fortunately, both possible interpretations lead to the same conclusion. Indeed, assume
that A is an algebra such that 0 and A are the only algebra ideals of A, and [ is a ring
ideal of A such that 7 0 and I #£A. Then Al is an algebra ideal of A, so it is either
0 or A. Since AI C I # A, the only possibility is that Al = 0. This implies that the
algebra ideal / = {x € A|Ax = 0} is nonzero, so that J = A. That is, A2 = 0. This
possibility is excluded in Definition 1.8. Thus, an algebra A is simple as an algebra
if and only if it is simple as a ring.

Without assuming that A2 # 0 it is possible that A has many ring ideals, but no
algebra ideals different from O and A. For instance, take the 1-dimensional algebra
A = Ra with trivial multiplication, i.e., a> = 0. Then clearly A has no algebra ideals
different from O and A, but has plenty of ring ideals (say, Za).

Our next goal is to give an example of an infinite dimensional simple algebra
which will accompany us throughout the book. First we introduce a useful notion
that naturally arises in noncommutative algebra.
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Definition 1.12 The commutator of elements a and b in a ring R is the element
la, b] := ab — ba.
Obviously, a and b commute if and only if [a, b] = 0. We also remark that
la,b] = —[b,a] and [a, bc] = [a, b]c + b]a, c].

Example 1.13 Let F be a field with char(F) = 0. Recall that Endg(F[w])
denotes the algebra of all linear operators of the vector space F[w]. Define D, L €
Endr(F[w]) by

D(f() = f'(). L(f()) = of (@).

Here, f/(w) is the derivative of f(w). The subalgebra of Endp (F[w]) generated by
D and L is called the Weyl algebra. We denote it by 7. A more accurate name
is the first Weyl algebra. We will introduce the higher Weyl algebras .7, later, in
Example 6.4. The origin of these algebras is in quantum mechanics, but we will see
that they are also very interesting algebraic objects. Let us examine some properties
of & .

It is straightforward to check that

D, L] =1, (1.4)

the identity operator. This is the basic relation in .27]. Everything what follows will
be deduced from it. In particular we now see that .o7] is a unital algebra. Next, by
induction on n one easily shows that

[D,L"] = [D,L" "L+ L"'[D,L] = nL"! (1.5)

for every n € N (here we follow the convention that 7% = I for every operator T).
Similarly we get

[D",L] =nD""". (1.6)

Let .Z be the subalgebra of .o7; generated by / and L. From (1.5) we see that
[D, Z] C Z; in particular,

DL C ¥+ ¥D. (1.7)

Using [D", T] = D[D" !, T] + [D, TID™ ! we obtain inductively that
D", L1 C L+ LD+ + D" for every m € N, (1.8)

This readily implies that the linear span of {TD" |T € ., m > 0} is a subalgebra
of 7], and hence, since it contains L and D, it is equal to 7. That is, we have
shown that
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(a) Every element in <] can be written as Ty + T\D + - - - + T,,D", where n > 0
and Ty, Ty, ..., T, € Z.

We claim that the elements 7; are uniquely determined. Thus, we have to show that
To+T1D+---+T,D" = 0implies T; = 0 for each i. And this is easy. Considering
the action of the left-hand side operator on 1 we get 7o(1) = 0, and hence Ty = O.
Similarly, by considering the action on w we get T; = 0. We continue with w2,
3, etc. Note that the assumption that char(F) = 0 is used when deriving 7, = 0,
T3 = 0, etc. Since {L™ | m > 0} is obviously a basis of ., we have thereby proved
that

(b) The set {L"D" | m,n > 0} is a basis of <.

(Analogously one shows that so is the set {D™L" | m, n > 0}.)
Let us finally prove that

(¢) ) is a simple algebra.

Let .# be a nonzero ideal of &7). Take S = ZZ:O Tka € &, Ty € &, such that
T, # 0 and n is minimal. Suppose n > 0. Since L commutes with each T;, it follows,
by making use of (1.6), that

[S,L] = Z Ty [D*, L] = z kT DKL, (1.9)
k=0 k=1

However, since nT,, # 0 and [S, L] € .7, this contradicts the minimality of n. Thus
n=01ie., . NZL #0. Nowtake T = Zlm:oajU € S NYZL, aj € F,such that
oy, # 0 and m is minimal. Suppose m > 0. Using (1.5) we obtain

m
[D.T]=> jol/ ™", (1.10)
j=1

contradicting the minimality of m. Therefore m = 0, i.e., I € .#, and so .¥ = &].
This proves (c).

1.4 Central Algebras
The center of a unital algebra obviously contains scalar multiples of unity. In many
important examples of algebras these are also the only central elements.

Definition 1.14 A nonzero unital algebra is said to be central if scalar multiples of
unity are the only elements in its center.

Unless specified otherwise, by an algebra we shall mean an algebra over the field
F.If A is a nonzero unital algebra, then we identify F with F - 1, and write A instead
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of A1 for every scalar A € F. Thus, A is central if Z(A) = F. In other words, A is
central if it is an algebra over its center.

Lemma 1.15 Let A be a unital algebra and let n € N. Then A is central if and only
if M,,(A) is central.

Proof If ¢ € Z(A), then the diagonal matrix with all diagonal entries equal to ¢ lies in
Z(My,(A)). Thus, A is central if M,,(A) is. Now let A be central. Pick C € Z(M,,(A)).
Since C commutes with every Ey;, k # [, one easily shows that C is a diagonal
matrix with all diagonal entries equal. As C also commutes with every aE11, a € A,
we conclude that this diagonal entry lies in the center of A, and hence it is a scalar.
Thus M,,(A) is central. ]

Example 1.16 As the simplest application of Lemma 1.15 we have that M,,(F) is a
central algebra.

Example 1.17 Ttis easy to verify that H is a central R-algebra.
Example 1.18 Obviously, C is central as a C-algebra, but not as an R-algebra.
Theorem 1.4 therefore implies

Corollary 1.19 A finite dimensional central division R-algebra is isomorphic to R
or H.

Example 1.20 The Weyl algebra .« is central. Indeed, take S = > }_, T,D* e
Z(). As [S,L] = 0, it follows from (1.9) that 7; = O for i > 1. Therefore
S = z;-”zo a;L/. Using [D, S] = 0 we see from (1.10) that o; = 0 for i > 1. Thus
S=apeF.

Example 1.21 Tf A is a simple unital ring, then its center is a field. Indeed, if ¢ is a
nonzero central element, then cA must be, as a nonzero ideal of A, equal to A. This
implies that ¢ is invertible. If we multiply cx = xc from the left and right by ¢!
we see that ¢! is also a central element. Consequently, every simple unital ring
can be viewed as a central algebra over its center. Namely, we can define scalar
multiplication simply as the ordinary multiplication of a central element with an
arbitrary element from A, and all algebra axioms are readily fulfilled.

The main attention in the following sections will be devoted to finite dimensional
central simple algebras, which form an extremely important class of algebras. For
instance, the algebras M, (F') and H belong to this class, as it is evident from the above
examples. Later we will see that every finite dimensional central simple algebra is
built from matrices and division algebras (Corollary 2.62). However, our immediate
goal is to derive some results on these algebras directly from the definition, without
relying on the description of their structure. For this purpose we will now introduce
a certain algebra of linear operators.
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1.5 Multiplication Algebra

Let A be an algebra. For a, b € A we define maps L,, R, : A — A, called the left
multiplication map and right multiplication map, by

L,(x) :== ax, Rp(x) := xb.

These maps will frequently play important roles in this book. Of course, they can be
defined if A is merely a ring, but we will usually treat them on algebras. In this case
they can be considered as elements of Endr (A), the algebra of all linear operators
from A into itself.

Note that for all a, b € A, A, u € F we have

Lap = LaLp, Rap = RpRq,
LaRp = RpLyg,
Lyatpb = Mg+ plp,  Rugtpp = ARq + URp.

Hence we conclude that
M) :={LyRp, + -+ Ly,Rp, |ai, b € A,n € N}

is a subalgebra of Endfr(A).
Definition 1.22 The algebra M (A) is called the multiplication algebra of A.

If A is unital, then L, = L,R; and R, = L{R} lie in M (A), and so in this case
we can describe M (A) as the subalgebra of Endr(A) generated by all left and right
multiplication maps. We also remark that a = L,(1) = R;(1), and so the conditions
a=0,L, =0, and R, = 0 are equivalent if A is unital.

Remark 1.23 Take fe M(A). Then there exist a;, b; €A such that f = Z?:l LyRp;,
i.e.,

n
fx) = Za,'xbi, x eA.
i=1

These elements are not unique, f can be presented as a sum of operators of the form
L,Rp in many ways. If f # 0, then a;, b; can be chosen so that both the set of all
a;’s and the set of all b;’s are linearly independent. For example, this is fulfilled if
we require that n is minimal. Indeed, if, under this assumption, one of the elements,
say by, was a linear combination of the others, b,, = Z;:ll Aibi, then f would be
equal to

n—1
: / Lai+)\iaani ’
i=1
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contradicting the minimality of n. Furthermore, if {; | i € I} is a basis of A, then we
can express each R;, as a linear combination of Ry, from which we see that every
f € M(A) is a(finite) sum of operators of the form L, R,,;. Similarly, f can be written
as a sum of operators of the form L,,R),, and, moreover, as a linear combination of
operators Lul.Ruj.

The fact that the elements from M (A) can be expressed in different ways through
left and right multiplication maps may create some annoyance. The following lemma
shows that in central simple algebras this problem is controllable.

Lemma 1.24 Let A be a central simple algebra, and let a;, b; € A be such that
> Lo;Ry; = 0. If the a;’s are linearly independent, then each b; = 0. Similarly, if
the b;’s are linearly independent, then each a; = 0.

Proof The two assertions of the lemma are analogous, so we consider only the case
where the a;’s are independent. Suppose b,, # 0. Since A is simple, the ideal generated
by b, is equal to A. That is, ijzl w;jb,zj = 1 for some wj, z; € A. Hence

m n n m n
0= Z RZj (Z Luini)RWj = Z Lui (Z Rij,-Zj) = Z La,-Rc,-
j=1 i=1 i=1 j=1 i=1

where ¢; = XL, wibizj; thus, ¢, = 1. This clearly implies that n > 1. We

may assume that n is the smallest natural number for which the lemma does not
hold. Since

n n n—1
0= (z La[Rc,-)Rx — Ry (Z La,-Rc,-) = Z La,-Rxc,-—c,-x
i=1 i=1 i=1

for every x € A, it thus follows that xc; — c¢jx = 0. Consequently, ¢; € F. But then

n

0= § LaiRe; = Lejay+-tenans

i=1
which contradicts the linear independence of the a;’s. (]

In the next lemma we consider the finite dimensional situation. Let us recall that
if[A: F]=d, then [Endr(A) : F] = d°.

Lemma 1.25 If A is a finite dimensional central simple algebra, then M(A) =
Endr(A).

Proof Let {u1,...,uy} be a basis of A. Lemma1.24 implies that the operators
LuiRuj, 1 < i,j < d, are linearly independent. This becomes clear if we rewrite

szzl AijLy;Ry; as >¢ | LRy, where b; = Z;lzl Ajjuj. Therefore
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[M(A) : F]1 > d* = [Endfp(A) : F],

and so M(A) = Endg(A). O

It may be instructive for the reader to find an independent, direct proof of this
lemma for the special case where A = M,,(F) (what is a natural basis of Endr (A)?).

Lemmas 1.24 and 1.25 will be used at different places throughout the book. In the
next sections we will see that three classical results can be deduced from them.

1.6 Automorphisms of Central Simple Algebras

The first result that we will derive from Lemmas 1.24 and 1.25 is an important special
case of a celebrated theorem established by T. Skolem in 1927 and somewhat later
rediscovered by E. Noether. We will establish the general Skolem-Noether Theorem
later, in Sect.4.9, when having appropriate tools at our disposal. Treating a special
case at this early stage of development of the theory gives us an opportunity to
demonstrate a simple, but efficient method of proof.

In unital rings (and algebras) there is a canonical way of constructing automor-
phisms; every invertible element gives rise to one:

Definition 1.26 An automorphism ¢ of a unital ring R is said to be an inner auto-
morphismif there exists an invertible ¢ € R such that ¢(x) = axa~!, x € R.

An automorphism that is not inner is called outer. Here are a few examples of
such automorphisms.

Example 1.27 The conjugation z + Z is an automorphism of the R-algebra C. Of
course it is outer for the identity map is obviously the only inner automorphism of a
commutative ring. We also remark that it is an element of Endg (C), but not of M (C).
Therefore the assumption that A is central cannot be omitted in Lemma 1.25.

Example 1.28 For every o € F\{0}, f(w) — f(w + @) is an outer automorphism
of the algebra Flw].

Example 1.29 Let S be aring and let R = S x S be the direct product of two copies
of S. Then (s, ) — (¢, s) is an outer automorphism of R.

In light of these examples one can appreciate the next theorem.

Theorem 1.30 (Skolem-Noether) Every automorphism of a finite dimensional
central simple algebra A is inner.

Proof Let ¢ be an automorphism of A. Lemma 1.25 shows that ¢ = > | L, Ry, for
some a;, b; € A. We may assume that a; # 0 and the b;’s are linearly independent
(cf. Remark 1.23). Since ¢ preserves multiplication, we have Ly ()¢ = ¢L, for every
x € A. Note that this yields
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n
ZL¢(X)ai—aiXRhi =0.
i=1

Lemma 1.24 in particular implies that
pXx)a; —ajx =0, x € A. (1.11)

It remains to show that a; is invertible. As A is simple, there are w;, z; € A such that
Z;"zl wjaizj = 1. In view of (1.11) this can be written as

(iwj‘P(Zj))al =1, and al(iqﬁ_l(wj)zj) =1.

Jj=1 J=1
Having both a left and right inverse, a; is invertible. |

Example 1.27 shows that the assumption that A is central is indispensable in
Theorem 1.30.

Remark 1.31 (a)Inlight of the end of the proof of Theorem 1.30 it seems appropriate
to mention that in a finite dimensional unital algebra A, a right inverse of an element
is automatically also a left inverse; that is, ab = 1 implies ba = 1. This can be
proved as follows. Take a € A. By Lemmal.5 there exists a nonzero polynomial
f(w) € Flw] such that f(a) = 0. Assume that f has the smallest degree among
all such polynomials. We can write f(a) = 0 as ag(a) = o where « is the negative
of the constant term of f, and g(w) € F[w] is a nonzero polynomial with smaller
degree than f(w), so that g(a) # 0. If & # 0, then a is invertible, a~' = o~ !g(a).
If « = 0, then ag(a) = g(a)a = 0 and a cannot have neither a left nor right inverse.

(b) The discussion in (a) shows, in particular, that finite dimensional unital algebras
enjoy a rather special property: every nonzero element is either invertible or a zero-
divisor.

(c) A nonzero subalgebra A of a finite dimensional division algebra D is itself a
division algebra. Indeed, take 0 7~ a € A;then 1 € A for a is algebraic and invertible,
and with reference to (a) we see thata=! = «~!g(a) € A.

The field of rational functions F (w) is a division algebra over F, but its subalgebra
Flw] is not a division algebra. The finite dimensionality assumption in (c) is thus
necessary. The next example shows that (a) and (b) do not always hold in infinite
dimensional algebras.

Example 1.32 From calculus we know that differentiation and integration are inverse
operations. But one needs to be a little careful to interpret this statement correctly. If
by integration we mean the operator J given by J(f)(x) = fg f(t)dt, then by first
integrating and then differentiating f we get f, but if we first differentiate and then
integrate the constant function 1 we get 0.
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Let us translate this phenomenon to an appropriate algebraic setting. Let D, J
be elements in the algebra Endr (R[w]) defined by D(w") = ne""! (just as in
Example 1.13) and J(0") = %, n > 0 (note that it is enough to specify the
action of a linear operator on a basis). Then DJ = I, but JD # I. Thus, D is right
invertible but not left invertible, and J is left invertible but not right invertible. From
D —JD) = 0and TDJ = T for any T € Endr(R[w]) we infer that D is a left
zero-divisor but not a right zero-divisor. Similarly, J is a right zero-divisor but not a
left zero-divisor.

We have chosen this example because of its connection to calculus. Here is a
slightly simpler example of two operators A and B that satisfy AB = [ and BA # I:
A(l) =0,A(@") = "', n>1,and B(&") = 0", n > 0.

1.7 Maximal Subfields

In this section we get back on track and consider division algebras again. Neverthe-
less, we will introduce the next notions in a more general setting.

If a subalgebra K of a unital algebra A is a field and K D F (i.e., K contains the
unity of A), then we call it a subfield of A. In this case we may consider A as a vector
space over K. Indeed, one can regard the multiplication of elements from K with
elements from A as a scalar multiplication K x A — A. The vector space axioms are
readily fulfilled. We remark that this does not yet mean that A is also a K-algebra—
this is true only if K is contained in the center Z(A) of A (cf. Example 1.21).

Remark 1.33 1f K is a subfield of a finite dimensional unital algebra A, then we have
[A: F]=[A:K][K : F].

This formula is well-known in the special case where A is an extension field of K.

The same proof works in the general case. Indeed, if {k; |i = 1, ..., m} is a basis of
Kover F,and{a;|j=1,...,n}isabasisof Aover K, then {kia;|i=1,...,m, j =
1, ..., n}is easily seen to be a basis of A over F.

Definition 1.34 A subfield that is not properly contained in a larger subfield of A is
called a maximal subfield of A.

Example 1.35 Each of R @ Ri, R @ Rj, and R & Rk is a maximal subfield of H,
2-dimensional and isomorphic to C. With some abuse of notation, we can therefore
regard H as a complex vector space (but not as a complex algebra).

If K is a subfield of A, then R, € Endg(A) for every u € A. Indeed, R, (kx) =
kxu = kR, (x) for all k € K, x € A. We also remark that given f € Endg(A), its
scalar multiple kf, where k € K, can be interpreted as the operator Ly f. This is a
trivial observation, but should be kept in mind when reading the next proof.
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Theorem 1.36 Let D be a finite dimensional central division F-algebra. If K is a
maximal subfield of D, then [D : F] = [K : F12.

Proof Pick a basis {uy, ..., ug} of the F-algebra D. We claim that {R,, ..., R}
is a basis of the K-algebra Endg (D). Lemma 1.24 implies that this set is linearly
independent, so it suffices to show that it spans Endg (D). Let f € Endg (D). In
particular, f € Endp(D), so it follows from Lemma 1.25 (and Remark 1.23) that
f= Zle L4 R, for some a; € D. Since f is K-linear, i.e., fL; = Lif holds for
every k € K, we have

d
ZLaik—ka,-Ru,' =0.
i=1

Lemma 1.24 tells us that a;k — ka; = O for every i and every k € K. This implies
that a; € K, since otherwise the subalgebra generated by a; and K would be a field
larger than K (cf. Remark 1.31(c)). Thus, f is a K-linear combination of the R;;’s,
proving our claim.

Accordingly,
[D: F]=d = [Endg(D) : K] = [D : K)%.
On the other hand,
[D: F]l=[D:K][K: F]
by Remark 1.33, and the result follows. O

Corollary 1.37 The dimension of a finite dimensional central division algebra is a
perfect square.

Proof A finite dimensional central division algebra certainly contains maximal sub-
fields. Indeed, these are exactly the subfields of maximal dimensions. The desired
conclusion therefore follows from Theorem 1.36. U

The main application of Theorem 1.36 will be given in the next section.

1.8 Wedderburn’s Theorem on Finite Division Rings

Finite fields exist and their structure is well-known. Do there exist finite division
rings that are not commutative? The set of nonzero elements of such a ring would
form a nonabelian finite group under multiplication. Understanding this group, which
misses only one element in our ring, should be sufficient for understanding the ring.
As finite groups are one of the most studied algebraic objects, it seems natural to
involve group-theoretic techniques when addressing the above question.
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We shall need the class formula from elementary group theory. Let us recall it and
sketch its proof. Let G be a finite group with center 3(G). For every a € G we let

&(a) :={g € G|ag = ga}.

This is a subgroup of G. The set {xax~! | x € G} of all conjugates of a has the same
cardinality as the set of all (left) cosets of €(a) in G. Indeed, xax~! — xC(a) is
a well-defined bijection. Conjugacy is an equivalence relation on G. Partitioning G
into its disjoint equivalence classes (which are called conjugacy classes) and using
Lagrange’s theorem telling us that the number of cosets is %, we obtain the
desired formula

1G]

G| = '3@'*2@’

(1.12)

where the sum is taken over representatives of nontrivial conjugacy classes.
We are now in a position to prove that the answer to our question from the first
paragraph is “no”. This was established by J. H. M. Wedderburn in 1905.

Theorem 1.38 (Wedderburn) A finite division ring is commutative.

Proof Suppose this is not true. Then there exists a noncommutative finite division
ring D of minimal cardinality; all its proper division subrings are therefore commu-
tative. We may regard D as a central division algebra over its center F.

For every a € D we set

C(a) :={x € D|ax = xa}.

Clearly C(a) is a division subring, and hence a subfield of Dif a ¢ F. Since elements
in any subfield that contains a commute with a, C(a) is actually a maximal subfield.
Let g = |F|. (As we know, ¢ is a prime power, but we will not use this.) Note that an
m-dimensional vector space over F has g™ elements. Accordingly, by Theorem 1.36
there exists d > 2 such that |D| = qd2 and |C(a)| = ¢ for every a € D\F. Now
apply (1.12) to G := D* = D\{0}. Since 3(G) = F\{0} and €(a) = C(a)\{0} it
follows that there exists s € N such that

g -1

g =1

qdz—lzq—1+s

. 2 . . > . .
Since qd — 1 is a multiple of qqd_ 11 , this leads to a contradiction that

2
¢" -1 (¢ -1
=1 ¢1-1

=1 _I_qd 4. +qd(d—2) +qd(d—1)

is a divisor of ¢ — 1. O
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The statement of this theorem is incredibly simple. It provides us an elementary
connection between three fundamental concepts: invertibility, finiteness, and com-
mutativity. Such simple, basic results often have equally simple, few lines proofs.
But no such proof of Wedderburn’s theorem is known (nor expected). There are,
however, numerous different proofs, both elementary and advanced. Probably the
most famous one is a short proof found by E. Witt in 1931. Although Witt’s proof
is a rather standard choice for a textbook (for example, it is included in Lam’s
book [LamOl]), we have demonstrated the proof by T. Nagahara and
H. Tominaga from 1974. It is also quite short and, hopefully the reader will agree,
beautiful. Besides, it is much closer to the spirit of this book than Witt’s and many
other proofs, especially because of the auxiliary results led to it, which will also be
used later.

1.9 Further Examples of Division Algebras

So far we have met only one example of a noncommutative division algebra, namely
H. Moreover, we have proved that there are no noncommutative finite dimensional
division algebras over algebraically closed fields or over finite fields, and that H is
the only such example over the field of real numbers. The lack of examples has now
become apparent. The aim of this section is to bring to light some relatively simple
examples; there are other important examples which, however, are not so easily
approachable by elementary means. Let us warn the reader that some verifications
will be omitted in our discussion. We feel that without indicating additional examples
this chapter would be a torso, but studying them in detail would make exposition a
bit lengthy and tedious.

Example 1.39 In Remark 1.7 we have pointed out that one does not need to limit to
R to get division algebras with the same multiplication table as H. The idea now is
to alter this table a little bit to get new examples of division algebras. Let F be a field
with char(F) # 2, and pick A, u € F\{0}. We define the generalized quaternion

algebra A = (AT“) as the 4-dimensional unital algebra with basis {1, i, j, k} and

multiplication table
P=A jP=u, kK =—Au,

Thus, H = <_lﬂ’{l ) It is easy to check that A is a central simple algebra; the proof

is left as an exercise for the reader. We define the conjugate a of a € A in the same
way as in H. Thatis,ifa =g+ v, 0 € F,v = aji + a2 j + azk, thena = og — v.
Noticing that

aa = aa = 01(2) — Aalz — ;ux% +k,u,ot§
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we see, by the same argument as in Remark 1.7, that A = (A%) is a division algebra
ifand only if for all o; € F,

aé—ka%—ua%—l—kua%:O = o =a; =ar =a3 =0.

Now it depends on F' whether this can be fulfilled for some choices of A and u. Of
course it is never fulfilled if F is algebraically closed. If F = R then it is fulfilled
if both A and u are < 0, but for any such choice of A and u we get an algebra
isomorphic to H. It turns out that over some fields (including Q) we can get infinitely
many pairwise nonisomorphic division algebras.

The downside of Example 1.39 is the limitation to dimension 4. By Corollary 1.37
this is the smallest possible dimension of a noncommutative central division algebra.
Let us proceed to higher dimensions.

A class of rings is often closed under some constructions. Is it possible to form
new division rings from a given division ring D? The usual suspects, direct products
and matrix ring construction, obviously fail because of abundance of zero-divisors.
What about the polynomial ring D[w]? It is even farther from a division ring, as
polynomials of degree > 1 will never be invertible in D[w]. Let us consider a larger
ring D[[w]] of formal power series over D. Its elements are written as formal sums
>0 an@", ay € D. The main difference from polynomials is that we impose no
restriction on the @;’s. The addition and multiplication are defined in the same way
as for polynomials:

o0 o0 o0
Zana)” + anw" = Z(an +b)w",
n=0 n=0

n=0

o o0 o0 n
(Z a,,w") (Z bnw”) = chw", where ¢, = Zaibn,i.
n=0 n=0 n=0

i=0

This definition obviously makes sense if we replace D by an arbitrary ring R. Thus, for
every ring R we can construct the formal power series ring R[[w]] which contains
the polynomial ring R[w] as a subring. However, let us return to the case where
R=D.

Lemma 1.40 Let D be a division ring. Then Z,?io ap” is invertible in D[[w]] if
and only if ag # 0.

Proof The right invertibility of > o ) a," is equivalent to the existence of elements
b; € D, i > 0, such that

aopby = 1, apb; +a1bg =0, agby + a1by + arbg = 0, etc.

If ap # 0, then these equations can be solved. Indeed, the first equation gives by =
aal, the second one gives by = —aalmbo, etc. Thus in this case Z;’io apo" is right
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invertible. Similarly we see that it is left invertible, and hence invertible. Conversely,
if Z;iio ap,” is invertible, then ag # 0 for agby = 1 holds for some by € R. ([

Thus, although much closer than D[w], D[[w]] is still far from being a division
ring. If only w was invertible, then the invertibility of elements with zero constant
term would not be a problem. Why not make it invertible?

Example 1.41 For an arbitrary ring R we define the Laurent series ring R((w)) as
the set of all formal series > oo a,@" where only finitely many a,’s withn < 0
can be nonzero, and with operations defined in the obvious way by formally adding
and multiplying series. Note that multiplication is possible since, by assumption, for
every f # 01in R((w)) there exists m € Z such that f = Z,‘ﬁm apo™ and a,, # 0.
One can check that R((w)) is a ring containing R[[w]] as a subring. If R = D is a
division ring and f is a nonzero element written as above, then fw™" is invertible

by Lemma 1.40, implying that f is invertible. Accordingly, D((w)) is a division ring.

If A is an algebra, then the ring A((w)) becomes an algebra by defining scalar
multiplication in the self-explanatory way. Of course, if D is a division algebra, then
D((w)) is also a division algebra. However, it is infinite dimensional. Therefore this
example is not entirely satisfactory for us. Let us modify it a little bit.

In each of the rings R[w], R[[w]], and R((w)), @ commutes with elements in R
and is therefore a central element. We will now change this as follows. Let o be a
ring endomorphism of R. Instead of wa = aw we now require that wa = o (a)w for
all a € R. Accordingly,

(o)) (bw’) = ac’(b)w'™ foralla, b € R. (1.13)

We can now consider the set of polynomials >} a;w' endowed with the usual
addition and multiplication determined by (1.13). The resulting ring is called a skew
polynomial ring and is denoted by R[w; o ]. Similarly we introduce the skew power
series ring R[[w; o ]]. Assuming that o is an automorphism we see that (1.13) makes
sense also for the negative integers i and j, which enables us to introduce the skew
Laurent series ring R((w; 0)).

Example 1.42 1f Disadivision algebra, then sois D((w; 0)). The proofis practically
the same as for D((w)). Of course, D((w; o)) is infinite dimensional over the base
field F, but we can also view it as an algebra over its center Z. Let us add some
assumptions. First of all, as the noncommutativity is guaranteed by (1.13), we assume
that D = K is afield. Further, assume that the automorphism o has order n (i.e., n is the
smallest natural number such that 6" = idg), and F = {x € K | o (x) = x}. Readers
familiar with Galois Theory surely know concrete examples of such automorphisms.
We leave it as an exercise to prove that the center Z of K ((w; 0)) is F ((w")), and that
[K ((w; 0)) : Z] = n? (or see [LamO1, pp- 217-218] for details). That is, K ((w; o))
is a central division algebra over Z of dimension n>.

We recommend [LamO1, Pie82], and [Row08] for more examples of finite dimen-
sional division algebras. One may say that these algebras do exist and are many, but



1.9 Further Examples of Division Algebras 21

it is not so easy to construct them. Also, it is not always easy to study them. Some
rather basic questions about them are still open. Here is an example:

Problem 1.43 Suppose a division algebra D is algebraic and finitely generated (as
an algebra). Is then D finite dimensional?

This question was posed for general (not necessarily division) algebras by A.G.
Kurosh in the early 1940s. However, in 1964 E. S. Golod and 1. R. Shafarevitch
showed that in this generality the answer is negative. Thus it is necessary to impose
some restrictions on the algebras in question. Problem 1.43 is often referred to as the
“Kurosh problem for division algebras”.

Exercises

1.1. Prove that the following statements are equivalent for a nonzero ring D:

(i) D is adivision ring.
(ii) For all a, b € D with a # 0, the equations ax = b and ya = b have
unique solutions in D.
(iii) For all @, b € D with a # 0, the equation ax = b has a solution in D.
(iv) D?* # 0 and D has no right ideals other than 0 and D.

Remark: As mentioned in Sect.1.2, nonassociative division algebras are
defined through condition (ii). The equivalence of (i) and (ii) thus means
that in associative algebras this definition coincides with the standard one.
In nonassociative algebras, however, the condition of being a division algebra
is independent of the condition that every nonzero element a has a right and
left inverse. The latter only means that the equations ax = b and ya = b can
be solved for b = 1, while the former does not even imply the existence of
unity. For example, take an associative division algebra (possibly a field) D
having an automorphism ¢ # idp. The vector space D endowed with the new
product x - y := ¢(xy) is then a nonassociative division algebra without unity.

1.2. Let x, y be elements in a division ring D such that x # 0,y # 0, and x # y~!.

Prove Hua’s identity xyx = x — (x~' + (7! — x)_l)_l.

1.3. Show that a division ring D satisfying (xy)> = (yx)? for all x,y € D is
commutative.
Hint: When considering an identity in a ring that involves arbitrary elements
it is often useful to replace these elements by the sum (or product) of two
elements.

1.4. Let D be a unital R-algebra. Suppose there exists a linear map x — x from D
into D such that xx = Xx € R for every x € D, and xX # 0 if x # 0. Show
that D is isomorphic to R, C, or H.
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L.5.
1.6.

1.7.

1.8.

1.9.

1.10.

1.12.
1.13.

1.14.

1.15.

1.16.

1.17.

1.18.

1 Finite Dimensional Division Algebras

Hint: See the comment following Lemma 1.5, and the hint from the previous
exercise.

Let o € R. Find all solutions of the equation x*> = « in HL.

Let R be a unital ring. Show that every ideal of M,,(R) is of the form M,,(I) for
some ideal / of R.

Show that a (not necessarily unital) ring R is simple if and only if M, (R) is
simple.

Show that the center of a simple ring is either O or a field. In particular, a
commutative simple ring is thus necessarily a field.

Give an alternative proof of Proposition 1.6 by considering the eigenvalues of
left multiplication maps.

Show that a ring R has a left unity (i.e., a left identity element with respect to
multiplication) if and only if every map f : R — R satisfying f(xy) = f(x)y,
X,y € R, is of the form f = L, for some a € R. Describe all such maps f in
the case where R = M,,(27).

. Let A be a unital F-algebra with [A : F'] = n. Show that [M(A) : F] > n, and

find an example where [M(A) : F]l=n > 1.
Remark: The other extreme where [M(A) : F] = n? is treated in Lemma 1.25.

Find an element in M (H) that cannot be written as L,Rp, a, b € H.

Let A be a finite dimensional central simple algebra. Suppose that a linear map
d : A — A satisfies d(xy) = d(x)y + xd(y), x,y € A. Show that there exists
a € A such that d(x) = [a, x], x € A.

Remark: In terminology introduced in Definition 2.41 and Example 2.43 below,
this can be stated as that every derivation of A is inner.

Check that if ¢ is an automorphism of the algebra A, then (a;;) = (¢(a;j)) is
an automorphism of the algebra M,,(A). Use this to find an outer automorphism
of the R-algebra M,,(C).

Show that a nonzero algebra endomorphism of a finite dimensional simple
algebra is an automorphism.

Let A be a finite dimensional central simple algebra. Describe all algebra
endomorphisms of A x A.

Show that the only inner automorphism of the Weyl algebra 7 is id,;, and
find an example of an outer automorphism of 7] .

Hint: What restrictions on the action of an automorphism on D and L does
[D, L] = I bring?

A map x — x* from an F-algebra A into itself is called an involution if

*

x+"=x" 4y, ) =y,

*)* = x
for all x, y € A. Immediate examples are the conjugation 4 > & on H, the

transposition M — M' on M, (F), and the conjugate transposition M > M*
on M, (C). Given an involution * on A, we set § = {x € A|x* = x} and


http://dx.doi.org/10.1007/978-3-319-08693-4_2
http://dx.doi.org/10.1007/978-3-319-08693-4_2

Exercises 23

1.19.

1.20.

1.21.
1.22.

1.23.
1.24.

K = {x € A|x* = —x}. Elements in § are called symmetric, and elements in
K are called skew-symmetric. Show that S and K are additive subgroups of
A, xy+yx e Stforallx,ye S,xy—yx e K forallx,y e K,andA =S K if
char(F) # 2. Find a linear involution on M3 (F), char(F) # 2, such that the
space of symmetric elements S is 1-dimensional.

Hint: Involutions share some properties with the map x — x~! on the group

of invertible elements, which is in the matrix case connected with the notion
of an adjugate matrix.

A bijective linear map 6 from an F-algebra A into itself is called an
antiautomorphismif 0(xy) = 6(y)0(x) for all x,y € A (linear involutions
are thus antiautomorphisms). Describe all antiautomorphisms of R-algebras
M, (R) and M, (H).

Hint: What is the product of two antiautomorphisms?

Show that every maximal subfield K of H is of the form K = h(R @ Ri)h~!
for some h € H\{0}.

Hint: This can be shown in many ways. To minimize computation, try to apply
Theorem 1.30. More precisely, find an isomorphism from R @ Ri onto K, and
then extend it to an automorphism of H (and thereby prove “by hand” a special
case of Theorem4.46 below).

Find a maximal subfield of the F-algebra M, (F) for F = R, C.
Prove that a finite dimensional division algebra D is a finite field if and only
if there exists n € N such that x* = x for all x € D.

Remark: In Sect.5.10 we will establish an incomparably deeper result. This
exercise is meant just as a small illustration of the applicability of rudimentary
tools that are at our disposal now.

Show that (%) = M, (F) for every field F with char(F) # 2.

Let D be a division ring. Show that every nonzero ideal of D[[w]] is generated
by " for some n > 0.
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Chapter 2
Structure of Finite Dimensional Algebras

This chapter is centered around Wedderburn’s structure theory which under rather
mild and inevitable restrictions describes the form of a finite dimensional algebra. In
some sense it reduces the problem of understanding finite dimensional algebras to
the problem of understanding finite dimensional division algebras. The latter can be
difficult, but at least for division algebras over some fields definitive answers were
given in Chap. 1.

Just as in the previous one, in this chapter we also wish to follow the conceptual
simplicity as our basic principle. Rather than building powerful general machineries
and then derive classical theorems as their byproducts, we will give direct proofs
that only illustrate more general phenomena. There will be enough opportunities
for demonstrating more profound theories later. That said, we will usually say a bit
more than needed for achieving our main goals, and make occasional digressions
from the main themes. Partially this will be done in order to make the exposition
less condensed and more illuminating, and partially because of future goals. Thus
we shall give a survey of the very basic theory, but with one eye on more general
topics.

2.1 Nilpotent Ideals

So far we have treated rings without proper nontrivial ideals. Such rings can be
relatively easily handled, they are considered as “nice” from the structural point of
view. We will now briefly consider rings that are in complete contrast; they contain
nontrivial ideals with a particularly “bad” property.

Definition 2.1 An ideal / of a ring R is said to be a nilpotent ideal if there exists
n € N such that /" = 0.

The condition /" = Omeans thatuu, ... u, = Oforallu; € I. To avoid confusion,
we introduce two related notions.

© Springer International Publishing Switzerland 2014 25
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Definition 2.2 An element « in a ring R is said to be a nilpotent element if there
exists n € N such that ¢" = 0.

Definition 2.3 An ideal I of a ring R is said to be a nil ideal if all elements in / are
nilpotent.

Obviously, a nilpotent ideal is nil. The converse is not true in general (see
Example 2.7).

A trivial example of a nilpotent ideal is I = 0, but of course we are interested in
nontrivial examples. An extreme case is when the ring R itself is nilpotent.

Example 2.4 Take any additive group R, and equip it with trivial product: xy = 0
for all x, y € R. Then R2=0.

Example 2.5 A nilpotent element lying in the center Z(R) of the ring R clearly
generates a nilpotent ideal. A simple example of such an element can be obtained by
taking the direct product of the ring from Example 2.4 with any other ring.

The next example is more illuminating.

Example 2.6 LetA = T,/ (F) be the algebra of all upper triangular n x n matrices over
a field F, i.e., matrices that have zeros below the main diagonal. Let N be the set of
all strictly upper triangular matrices, i.e., matrices in A that have zeros also on the
diagonal. Then N is an ideal of A such that N = 0 and N"~! # 0. One can find a
variety of other ideals of A that are contained in N, and are therefore nilpotent. For
instance, the set / of all matrices whose (1, n) entry is arbitrary and all other entries
are 0 is an ideal of A satisfying 1> = 0.

Example 2.7 Let A be the set of all infinite, N x N matrices over F that are upper
triangular and have only finitely many nonzero entries. Note that A is an algebra
under the standard matrix operations. Let / be the set of all matrices in A that are
strictly upper triangular. Then [ is a nil ideal of A which is not nilpotent.

Remark 2.8 Nilpotent one-sided ideals are defined in the same way as nilpotent
ideals. If L is a nilpotent left ideal of R, then L is contained in a nilpotent (two-sided)
ideal L 4+ LR. Indeed, it is easy to see that L = 0 implies (L + LR)" = 0. Similarly,
every nilpotent right ideal is contained in a nilpotent ideal.

At this point we can mention a celebrated open problem. From Remark 2.8 we see
that a ring with a nonzero nilpotent one-sided ideal also contains a nonzero nilpotent
ideal. In 1930, G. K6the conjectured that the same is true for nil ideals. The following
question is thus known as Kothe’s problem.

Problem 2.9 Ifaring R has a nonzero nil one-sided ideal, does R also have a nonzero
nil ideal?

In various special situations this is known to be true. But in general the problem is
still open after all these years.
Let us return to nilpotent ideals.
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Lemma 2.10 The sum of two nilpotent ideals is a nilpotent ideal.

Proof Letl, J beideals such that I =0 and J™ = 0. We claim that (/ —|—J)”+’"’1 =0.
That is, the product of n + m — 1 elements of the formu +v,u € I, v € J,is 0. Such
a product can be written as a sum of products w = wiwy ... Wy4,—1 Where each
w; € 1 U J. If at least n of these wgs are in I, then w = 0 as I"" = 0. If the number of
the w;’s belonging to / is smaller than n, then at least m of them lie in J, and hence
w = 0 since J™ = 0. O

By a maximal nilpotent ideal we mean a nilpotent ideal that is not properly
contained in a larger nilpotent ideal.

Lemma 2.11 If a ring R has a maximal nilpotent ideal N, then N contains all
nilpotent ideals of R.

Proof If I is another nilpotent ideal, then / + N is again a nilpotent ideal by
Lemma?2.10. Because of the maximality of N we must have [ + N = N, and thus
I CN. O

Thus, a maximal nilpotent ideal, if it exists, is unique and is equal to the sum of
all nilpotent ideals. However, not every ring has such an ideal. That is to say, the sum
of all nilpotent ideals of a ring is not always nilpotent (although it is nil for each of
its elements is contained in a nilpotent ideal by Lemma2.10).

Example 2.12 LetA and I be the algebra and its nil ideal from Example 2.7. For every
k € N, let I denote the set of all matrices in / with the property that their nonzero
entries appear only in the first £ rows. It is easy to check that /; is a nilpotent ideal
of A; in fact, I,f“ = 0. If A had a maximal nilpotent ideal N, then, by Lemma2.11,
N would contain each I, and hence also U,fil I = I. However, I is not a nilpotent
ideal.

Anyway, a finite dimensional algebra certainly does have a maximal nilpotent
ideal. Indeed, it contains at least one nilpotent ideal (namely 0), and therefore the
(nonempty) set of all nilpotent ideals contains an element of maximal dimension.
This is obviously a maximal nilpotent ideal.

Definition 2.13 The maximal nilpotent ideal of a finite dimensional algebra A is
called the radical of A.

Let us stress that this definition is adjusted to the finite dimensional context. There
are several nonequivalent definitions of radicals of general rings, which agree with
Definition2.13 in the case of finite dimensional algebras.

Example 2.14 The radical of the algebra A = T,,(F) from Example 2.6 is N, the set
of all strictly upper triangular matrices. Indeed, N is a nilpotent ideal of A, and any
ideal of A that properly contains N cannot be nilpotent since it necessarily contains
a nonzero diagonal matrix.
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Example 2.15 The radical of a finite dimensional simple algebra is 0. Namely, a
simple algebra A cannot be nilpotent since A” = 0 implies that A”~! is a proper ideal
of A, and hence it is O.

From now on in this chapter we will be interested in rings that have no nonzero
nilpotent ideals. At the end we will describe the structure of all finite dimensional
algebras with this property.

2.2 Prime and Semiprime Rings

The goal of this section is to introduce two important classes of rings, the prime rings
and the semiprime rings. Let us start, however, with another class with which the
reader is presumably already familiar, at least in the commutative context.

Definition 2.16 A ring R is said to be a domain if for all a, b € R, ab = 0 implies
a=0orb=0.

In other words, R is a domain if it has no left (or right) zero-divisors. Equivalently,
R is a domain if it has the cancellation property: If a # 0, then each of ab = ac and
ba = ca implies b = c.

Commutative domains are of utmost importance in algebra. Noncommutative
domains also form a notable class of rings, but their role in noncommutative algebra
is not entirely parallel to the role of commutative domains in commutative algebra.
The most basic examples of commutative rings are domains, while even the matrix
ring M, (F), which one might consider as the prototype of a noncommutative ring,
is not a domain. The next lemma introduces a wider class of rings, which can be
regarded as a noncommutative counterpart of the class of commutative domains.

Lemma 2.17 Let R be a ring. The following conditions are equivalent:

(i) Foralla,b € R, aRb = 0 impliesa =0 orb = 0.

(1) For all left ideals I and J of R, IJ = 0 implies I =0 orJ = 0.
(iii) For all right ideals I and J of R, IJ = 0 implies I = 0 orJ = 0.
(iv) For all ideals I and J of R, IJ = 0 implies I = 0 or J = 0.

Proof If I and J are left ideals satisfying IJ = 0, then /RJ = 0 since RJ C J. Hence
we see that (i) implies (ii). Similarly, (i) implies (iii), and each of (ii) and (iii) trivially
implies (iv).

Assume that (iv) holds and that a, b € R satisfy aRb = 0. The product of the
ideals RaR and RbR is then 0. Hence one of them, say RaR, is 0. This implies that Ra
and aR are two-sided ideals such that Ra - R = R - aR = 0. By (iv), Ra = aR = 0.
But then Za is an ideal of R satisfying Za - R = 0, and so (iv) now yields a = 0.
Thus, (iv) implies (i). O

Definition 2.18 A ring R is said to be prime if it satisfies one (and hence all) of the
conditions of Lemma2.17.
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Lemma 2.19 A commutative ring is prime if and only if it is a domain.
Proof 1t is enough to observe that ab = 0 implies aRb = 0 if R is commutative. [J

Remark 2.20 Let R be a prime ring with char(R) # 0. We first remark that if 0 #
a € Rand n € N are such that na = 0, then aR(nb) = 0 for every b € R, and hence
nR = 0. Secondly, if nR = O and n = rsforsome r, s € N, then 7R -sR = 0. Since rR
and sR are ideals of R, we must have ¥R = 0 or sR = 0. This implies that char(R) is
a prime number p. Therefore we can consider R as an algebra over Z,, in the natural
way. Thatis, fork € Z, = {0, 1, ... ,p—1}andx € Rwe define kxasx+ --- +x
(k times).

We proceed with a yet wider class of rings.

Lemma 2.21 Let R be a ring. The following conditions are equivalent:

(i) Foralla € R, aRa = 0 implies a = 0.

(ii) For all left ideals I of R, I> = 0 implies I = 0.
(iii) For all right ideals I of R, I* = 0 implies I = 0.
(iv) For all ideals I of R, I> = 0 implies I = 0.

(V) R has no nonzero nilpotent ideals.

Proof The proof that (i)—(iv) are equivalent is similar to the proof of Lemma2.17,
so we omit it. It is trivial that (v) implies (iv). Conversely, if (iv) holds and / is an
ideal such that /" = 0, then (I”’l)2 = 0 and hence I""! = 0. Inductively, we get
I1=0. O

Definition 2.22 A ring R is said to be semiprime if it satisfies one (and hence all)
of the conditions of Lemma?2.21.

We remark that as a special case of (i) we have that each of the conditions aR = 0
and Ra = 0 implies a = 0 if R is semiprime.
Let us record the obvious analogue of Lemma2.19.

Lemma 2.23 A commutative ring is semiprime if and only if it has no nonzero
nilpotent elements.

Remark 2.24 1f A is an algebra and I, J are ring ideals of A such that IJ = 0, then the
linear spans of I and J are algebra ideals of A whose product is 0. Hence it follows
that a prime algebra can be equivalently defined as an algebra which is prime as a
ring, or as an algebra in which the product of any two of its nonzero algebra ideals
is nonzero. A similar remark holds for semiprime algebras (as well as for simple
algebras, cf. Remark 1.11).

Remark 2.25 Let I be a nonzero ideal of a prime ring R. If a, b € R are such that
alb = 0, then aRuRb = 0 for every u € I. Using (i) from Lemma?2.17 twice it
follows that @ = 0 or b = 0. This in particular shows that an ideal of a prime ring is
again a prime ring. Similarly, an ideal of a semiprime ring is a semiprime ring.
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Let us return to the situation considered in Lemma?2.11. The following can be
added.

Lemma 2.26 If N is a maximal nilpotent ideal of a ring R, then the factor ring R/N
is semiprime.

Proof Let K be an ideal of R/N such that K> = 0. ThenJ = {x € R|x + N € K}
is an ideal of R such that J> € N. As N is nilpotent, it follows that J is nilpotent as
well. Lemma?2.11 therefore implies that / € N, and hence K = 0. O

Example 2.27 Let A and N be as in Example 2.14. Then A/N is isomorphic to F",
the direct product of n copies of F. Indeed, the map (a;;) — (a1, a2, ..., @)
from A to F" is easily seen to be a surjective algebra homomorphism with kernel N.

The following relations between the classes of rings introduced so far are obvious
from definitions:

division ring = simple and domain,
simple = prime,
domain = prime,

prime = semiprime.

None of these implications can be reversed.

Example 2.28 We know that the Weyl algebra .<7] is simple. Let us show that it is
also a domain, but not a division ring. We use the same notation as in Example 1.13.
Take S, T € £ and r, s > 0. Applying (1.8), it follows that

r+s—1
(SD")(TD*) = STD"™* + S[D", T1D* = STD"™* + Z S;D!
i=s

for some S; € .Z. Accordingly, for all S,, Ty € £ we have

m+n—1

m n
(Zs0) (Zr07) =sulal™ + 3 5D
r=0 s=0 j=0

where S} € Z. Since .Z is obviously a domain (isomorphic to F[w]), it follows from
(b) in Example 1.13 that <7 is a domain, and also that the only invertible elements
in 7] are the nonzero elements from F.

Example 2.29 The ring Z is a domain that is not a simple ring.

Example 2.30 The matrix ring M,,(F), n > 2, is simple, but not a domain.
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Example 2.31 1Tt is easy to check that the ring M,,(Z), n > 2, is prime. But it is
neither a domain nor a simple ring. The obvious, and in fact the only examples of its
ideals are M, (kZ), k > 0.

Example 2.32 Every commutative ring that has zero-divisors but does not have
nonzero nilpotent elements, is semiprime but not prime. A concrete example is the
ring of continuous functions Cla, b].

The next example points out an important difference between the classes of prime
and semiprime rings, and also indicates at least a slight analogy between prime rings
and prime numbers.

Example 2.33 Let R and R be nonzero rings. Then their direct product R = R X R;
is not a prime ring, as R; x 0 and 0 x R, are nonzero ideals of R whose product is
0. On the other hand, if both R; and R, are semiprime, then R is also semiprime.

‘We shall soon meet an important and non-obvious example of a finite dimensional
semiprime algebra, related to the notion of a group. Before arriving at this specific
topic, we will consider, in the next two sections, some notions that are of general
importance in ring theory.

2.3 Unitization

Let A be an F-algebra. Then the set F' x A becomes an F-algebra, which we denote
by A?, if we define addition, scalar multiplication and product as follows:

Ax) +(u,y) =G +u,x+y),
Hh, x) == (LA, 1X),
A, 0)(w, y) = (A, ux + Ay + xy).

We consider A as a subalgebra of A* via the embedding x > (0, x). Note that A is
actually an ideal of A®. A crucial observation for us is that A* is a unital algebra.
Indeed, (1, 0) is its unity.

Definition 2.34 The algebra A” is called the unitization of A.

Remark 2.35 Replacing the role of F by Z one defines the unitization R* of a ring
R in exactly the same way (just ignore the scalar multiplication). Alternatively, one
can use Z, instead of Z if char(R) = n > 0.

This construction is intended primarily for algebras (and rings) without unity.
The idea behind it is to be able to reduce some problems for general algebras to
unital algebras; this does not always work, but sometimes it does. In principle one
can construct A* even when A is unital. This may seem somewhat artificial at first
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glance, especially since the unity of A is then different from the unity of A*. However,
constructions of new rings and algebras from the old ones sometimes turn out to be
unexpectedly useful, say when searching for counterexamples.

The unitization of A does not preserve all properties of A. For instance, the sim-
plicity is definitely not preservered since A is an ideal of A®. If A is a nonzero prime
unital algebra, then A¥ is not prime since I = {(A, —1) | A € F} is an ideal of A*
such that JA = Al = 0. The non-unital case is different.

Lemma 2.36 IfA is a prime algebra without unity, then A® is also prime.

Proof Let (A, a), (1, b) € AF satisfy (X, a)Aﬁ(u, b) = 0. Then (A, a)(1, 0)(u, b) =
0, and hence A = 0 or © = 0. Let us consider the case where A = 0; the case where
© = Ocanbe treated similarly. We may assume thata 7 0. From (0, a)(0, x)(u, b) =
0 we infer that pax 4+ axb = 0 for every x € A. We may now also assume that ;v 7 0,
since otherwise aAb = 0 and hence b = 0, as desired. Setting e := —M’lb we thus
have ax = axe for every x € A. Accordingly, a(xy)e = axy = (axe)yforallx, y € A.
We can rewrite this as

ax(y —ye) =0 = ax(y — ey).

Since A is prime it follows that y = ye and y = ey for every y € A. This contradicts
the assumption that A is not unital. [

2.4 The Regular Representation

Let us begin with a question. Given a unital algebra A, is it possible that

[a,b] = 1 2.1)

for some a, b € A? It is not our intention to discuss the reasons for the relevance of
this equation. This problem was primarily chosen in order to illustrate the usefulness
of the concept that we are about to introduce.

The reader’s answer to our question might be “why not?”, and itis difficult to argue
against it. After all, we saw that (2.1) appears in the Weyl algebra <7 ; see (1.4). This
algebra is infinite dimensional. Let us modify our question: Can (2.1) occur in a finite
dimensional algebra? The answer is closer as it may seem. A shortcut to it is based on
left multiplication maps L, : x > ax. Recalling the formulas L4 ,p = ALy + Ly
and L, = L,Lp we see that a — L, is an algebra homomorphism.

Definition 2.37 The homomorphism a — L, from A into Endr(A) is called the
regular representation of A.

The regular representation is injective, unless aA = 0 for some nonzero a € A.
The latter condition is quite special, in particular it cannot happen if A is unital. Thus,
under a mild assumption a — L, is an embedding of A in Endr(A), which makes
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it possible for one to identify an element a € A with L, € Endr(A). When trying
to deal with an element a from an abstract algebra one might feel barehanded at the
start. The advantage of considering L, is that it is a linear operator and therefore we
can rely on linear algebra methods.

The answer to our question is now within reach, but let us first record the following
lemma giving a firm basis for using the approach just indicated. The reader will notice
the analogy with Cayley’s theorem from group theory.

Proposition 2.38 Every F-algebra A can be embedded into the algebra Endr (V)
for some vector space V. If A is finite dimensional, then V can be chosen to be finite
dimensional, and so in this case A can be embedded into M, (F) for some n € N.

Proof If A is unital, then we can take V = A and apply the regular representation.
If it is not unital, then we can embed A into its unitization A%, and accordingly take
V = A" In any case V is finite dimensional if A is; if V is n-dimensional, then
Endp(V) = M, (F). O

This proposition enables one to consider elements from a finite dimensional alge-
bra as matrices. The proof was easy, and this observation is often useless. But
occasionally it can be very helpful. Let us return to our question. Thus, assume
that a finite dimensional algebra contains elements a, b satisfying (2.1). Then, by
Proposition 2.38, there exist matrices A, B € M, (F) such that [A, B] = I (namely, the
regular representation maps 1 into 7). Now, the trace of the matrix [A, B] = AB — BA
is 0, while the trace of the matrix 7 is n. If char(F) = 0, then this is impossible, and
hence (2.1) cannot occur. The same argument yields the following sharper assertion.

Proposition 2.39 Let A be a nonzero finite dimensional unital algebra over a field
F with char(F) = 0. Then 1 cannot be written as a sum of commutators in A.

Example 2.40 Let us show that Proposition2.39 does not hold if F has prime char-
acteristic p. Define D, L € Endr(F[w]) just as in Example 1.13. Let / be the ideal
of Flw] generated by w?, let V = F[w]/I, and let ¢ : F[w] — V be the canonical
homomorphism. Note that V is a p-dimensional vector space. Since D(w?) = 0itfol-
lows that D(I) € 1. We have L(I) C [ for trivial reasons. These inclusions show that
the maps d, £ : V — V given by d¢ = ¢D and £¢ = ¢L are well-defined. Clearly
d, ¢ € Endp(V) = M, (F), and we have [d, £] = 1. The reader may wish to write
down the matrix representations of d and £ to obtain a more explicit interpretation
of this example.

One might wonder whether there is really no other way to handle (2.1) than reduc-
ing the problem to matrices. This does seem to be the most natural and simple way, but
there are others. Let us allow ourselves a digression, and prove a lovely result by N.
Jacobson from 1935, dealing with the more general condition [[a, b], a] = 0. Thiscan
easily occur in finite dimensional algebras even when a and b do not commute, regard-
less of char(F'). Say, the standard matrix units E1, Ep satisfy [E2, E11] = —E12,
and hence [[E12, E11], E12] = 0. The most convenient way to consider this condition
is through the following concept.
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Definition 2.41 Let A be an algebra (resp. ring). A linear (resp. additive) map d :
A — A s called a derivation if d(xy) = d(x)y + xd(y) for all x, y € A.

It is easy to guess where this name comes from.
Example 2.42 The differential operator D from Example 1.13 is a derivation.
The basic example in noncommutative rings is of different nature.

Example 2.43 For every a in an algebra (or ring) A, the map d : A — A given by
d(x) = [a, x] is a derivation. Such a derivation is said to be an inner derivation.

Proposition 2.44 (Jacobson) Let A be a finite dimensional algebra over a field F
with char(F) = 0. If a,b € A satisfy [[a, b],a] = O, then [a, b] is a nilpotent
element.

Proof Let d be the inner derivation d(x) = [a, x]. Our condition can be written as
d?(b) = 0. A simple induction argument shows that

d(d(b)k) =0 forevery k € N. 2.2)
We claim that
d"(b") = nld(b)" foreveryn € N. (2.3)

This is trivial for n = 1, so let n > 1 and assume that (2.3) holds for n — 1. From the
definition of a derivation one easily infers that d" satisfies the Leibniz rule that we
know from calculus. Accordingly,

nepny . gn n—1y __ N n i n—i pn—1
d"(b") = d"(bb )_g(i)d B Y
=bd @'Y + nd(b)d" " 7).

Now use the induction assumption together with (2.2) and (2.3) follows.

As an immediate consequence of (2.2) and (2.3) we get d" (b*) = 0 whenever
k < m. By Lemma.5 there exists m € N such that 5 is a linear combination
of bX with k < m. Hence d™(b™) = 0, and so m!d(b)™ = 0 by (2.3); that is,
[a, b]" = 0. a

The proof just given was actually discovered by D. Kleinecke, but it is similar to
Jacobson’s original proof.

Remark 2.45 From the proof we see that a slightly more general result than stated
is true: If A is as in Proposition2.44, d is a derivation of A, and d?(b) = 0 for some
b € A, then d(b) is nilpotent. Note that we can reword Proposition 2.44 as follows:
If 6 is an inner derivation of A (induced by b), and a € A is such that [§(a), a] = 0,
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then §(a) is nilpotent. Using the regular representation it can be easily shown that
this is also true for every, not necessarily inner, derivation é. Indeed, [§(a), a] = 0
implies [Ls), Lq] = 0. The condition that § is a derivation can be expressed as
Lsay = [8, La]. Therefore we have [[8, Ly], Ls] = 0. Proposition2.44 applied to the
(also finite dimensional) algebra Endr(A) tells us that Ls) = [8, L,] is nilpotent.
Hence 6 (a) is nilpotent too.

A more sophisticated application of the regular representation will be given in the
next section.

2.5 Group Algebras

Group theory and ring theory are two branches of algebra. In a first course in abstract
algebra one might get an impression that, although sometimes similar, they are basi-
cally unconnected. But there are many links between groups and rings. The concept
that we are about to introduce gives rise to striking interactions.

Assume temporarily that G is an arbitrary set. If F' is, as always, a field, then we can
form the vector space over F whose basis is G. Its elements are formal sums 3, ; A¢8
where A, € F and all but finitely many A, are zero. The definitions of addition and
scalar multiplication are self-explanatory. Assume now that G is a group. Then this
vector space becomes an algebra if we define multiplication by simply extending
the group multiplication on G to the whole space; taking into account the algebra
axioms this can obviously be done in a unique way. Thus,

(z Agg) (Z ;th) = Z vk, where v = Z Agltp.
keG

geG heG gh=k
We denote this algebra by F[G].
Definition 2.46 The algebra F[G] is called the group algebra of G over F'.

It is actually enough to assume that G is merely a semigroup to construct F[G].
In this case we call F[G] a semigroup algebra. Similarly, we can speak about a
monoid algebra if G is a monoid. Furthermore, one can replace the role of the field
F by any ring R, and then define addition and multiplication in formally the same
way. Everything still makes sense, but of course the resulting object is a ring rather
than an algebra. It is called a (semi)group ring and is denoted by R[G]. For example,
considering Ny : = NU {0} as a monoid under addition, we readily see that R[Np] is
isomorphic to the polynomial ring R[w].

It is easy to find group algebras that are domains. Say, F[Z] is such an example.
However, if a group G has an element g # 1 of finite order, then F[G] is not a
domain. Indeed, g" = 1 implies (1 — g)(1 + g+ --- + g"") = 0. The following
problem has been open for a long time.
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Problem 2.47 If a group G has no elements different from 1 of finite order, is then
F[G] a domain?

If G is a nontrivial group, then the set of all >, A,g such that >, ;4 = 0
is a proper nonzero ideal of F[G]. It is called the augmentation ideal of F[G]. The
algebra F[G] therefore is not simple. The main issue of this section is the question
whether F[G] is semiprime. We begin with the simplest example.

Example 2.48 Let G = Zj. It is more convenient to use the multiplicative notation,
so we write G = {1, g} where g> = 1. The group algebra F[G] thus consists of
elements of the form A1 + ug, A, u € F, which are multiplied according to

AL+ uW 14+ p1'g) = AN + up)1 + (' + ur)g.

It is easy to verify that A1 + wg — (A + u, A — n) is a homomorphism from F[G]
into F x F. If char(F) # 2, then itis bijective; thus, F[G] = F x F holds in this case.
In particular, F[G] is semiprime. This is no longer true if char(F) = 2 since F(1+g)
is then a nilpotent ideal of F[G]. Note that, in this case, F[G] is isomorphic to the
subalgebra of M;(F) consisting of matrices of the form [g u ] An isomorphism is
givenby A1 + pug > [)"g” kiu] .

Thus, the group algebra F[Z,] is semiprime if and only if char(F) # 2. We will
now generalize this observation to group algebras over arbitrary finite groups. First
we recall some facts from linear algebra. Let V be a finite dimensional vector space,
andlet T : V — V be a linear map. Choosing a basis in V, we can represent T as a
matrix relative to this basis. Different bases give rise to similar matrices. Therefore,
no matter which basis we choose, the trace of a matrix representing 7' is always
the same. We can therefore define tr(7), the trace of T, as the trace of any matrix
representation of 7. If T is nilpotent, then tr(7) = 0. This can be deduced, for
example, from the Jordan normal form of a matrix representation of 7', as 0 is clearly
the only eigenvalue of 7. Note that here we have to use the fact that every field F has
an algebraic closure F, and then consider the matrix representation of 7' as a matrix
in M, (F).

The following theorem was proved in 1898 by H. Maschke.

Theorem 2.49 (Maschke) Let G be a finite group. Then the group algebra F[G]
is semiprime if and only if either char(F) = 0 or char(F) is a prime number p that
does not divide |G|.

Proof Since F[G] is a finite dimensional vector space over F, we can define a linear
functional p : F[G] — F by

pa): = tr(Lg).
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Letn = |G| and denote the elementsin Gby g1, g2, ... , g¢» Where gy = 1. Obviously,
p(g1) =n.1f i > 2, then

L, (g) = gigj € G\ {gj}

for every j. The matrix representation of Lg; with respect to the basis {g1, g2, ..., &n}
has therefore zeros on the diagonal. Consequently, p(g;) = 0. This is a crucial
observation upon which our proof is based.

Suppose now that F[G] has a nonzero nilpotent ideal /. We want to show that
then F' has finite characteristic p which divides n = |G]|. Pick a nonzero a € I, and
writea = ), A;jg;. Without loss of generality we may assume that 4 # 0. Indeed,
otherwise we choose 7 such that A; # 0 and replace a by gi_la, which is of course
also an element from /. We have

pl@) =rp(g1) +Ar20(82) + -+ + App(gn) = nAL.

As an element of a nilpotent ideal, a is a nilpotent element. Hence L, is a nilpotent
linear map, and so p(a) = 0. That is, nA; = 0. Since 1| # 0, this is possible only
when p = char(F) divides n.

Conversely, assume that p = char(F) divides |G|. Set r= Y7, g;. Since rg; =
gjr = r for every j, we see that the 1-dimensional space Fr is an ideal of F[G]. As
r* = |G|r = 0, Fr is a nilpotent ideal. O

The real meaning of Theorem2.49 will become clearer later, after describing the
structure of finite dimensional semiprime algebras. This description is, in fact, our
central goal in the rest of the chapter. To this end we need several simple auxiliary
results, which are all of independent interest.

2.6 Matrix Units

We are already familiar with standard matrix units Ej;. Let us introduce their abstract
generalization.

Definition 2.50 Let R be a unital ring and letn € N. A set{e;; € R|1 <i,j < n}is
called a set of n x n matrix units if

ennten+ - +em=1

and
ejjer = ojkeil

1ifj =k

foralll <i,j, k, [ <n.Here, §j; stands for the “Kronecker delta”: §jz = [0 i £k
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Standard matrix units in R = M,,(S), where S is an arbitrary unital ring, of course
provide a basic example. This is not the only set of matrix units in R, not even when
§ = F is a field. For example, if e;; are matrix units and p is an invertible element,
then f;j := p~'e;;p are also matrix units.

The matrix units e;; with i # j are substantially different from the matrix units
e;i. In particular, the ¢;;’s satisfy eizj = 0 and are thus nilpotent elements, while the

eii’s satisfy eizi = ¢eji.
Definition 2.51 An element ¢ in a ring R is said to be an idempotent if ¢> = e.
Idempotents e and f are called orthogonal if ef = fe = 0.

Thus, the ¢;;’s are pairwise orthogonal idempotents whose sum is 1. Every e;;
gives rise to the subring e;iRe;; = {ejiaeji|a € R} of R, and all of these rings are
isomorphic:

ejiRe;; = eijejj.
Indeed,
eijaei — eji(ejaei)eij = ejj(ejiae;)e;;

is an isomorphism. Checking this is straightforward and left as an exercise. We just
wanted to indicate why one often considers only eq1Re11. Another instructive little
exercise is to show that the ideal generated by each matrix unit e;; is the whole ring.

We have defined matrix units in an arbitrary unital ring. However, we will now
show that a ring with matrix units is in fact a full matrix ring.

Lemma 2.52 If a unital ring R contains a set of n x n matrix units e;j, then R =
M, (S) where S = ej1Req].

Proof Define ¢ : R — M, (e11Re11) by
(p(a) = (a,‘j), where ajj = eyjaejy.

Note that a;; = ej1ajje11 and so a;; indeed lies in e Req1. The additivity of ¢ is clear.
The (i, j) entry of ¢(a)@(b) is equal to

n

n
> eniacriebej = 611‘0(2 ekk)bejl = ejjabejy,
k=1 k=1

which is the (i, j) entry of @(ab). Thus, ¢(ab) = ¢(a)p(b). If a;; = 0 for all i, j,
then e;iae;; = ejjajje1; = 0, and so a = 0 since the sum of the e;;’s is 1. Thus ¢ is
injective. Finally, observe that ¢ (exjaey;) is the matrix whose (k, /) entry is ejjaeq
and all other entries are 0, from which the surjectivity of ¢ follows. (]

Remark 2.53 If Ris an algebra, then the isomorphism from Lemma 2.52 is an algebra
isomorphism.
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2.7 Idempotents

Let us take a brief digression and say a few general remarks about idempotents. In
what follows e will denote an arbitrary idempotent in a ring R.

As we have seen in the preceding section, the subring eRe of R may be of relevance.
We call eRe the corner ring corresponding to e. This term obviously arises from the
matrix ring example (what is eRe if R = M,(S) and e = E{1 + --- + E?). The
corner ring eRe is unital, even if R is not; its unity is e. We shall soon see that eRe is
only one out of four subrings of R that are naturally attached to e.

For simplicity of exposition we assume, until further notice, that R is a unital ring
and that e is a nontrivial idempotent, i.c., an idempotent different from 0 and 1.
Then

fi=1—e

is also a nontrivial idempotent, e and f are orthogonal, and their sum is 1. A model
for such a pair of idempotents, and a motivating example for what we are about to
say, are matrix units ey; and e in a 2 x 2 matrix ring.

Suppose exje + exaf + fxze + fxaf = 0 for some x; € R. Multiplying from the
left and right by e we obtain exje = 0. Similarly we see that all other terms are 0.
On the other hand, since every x € R can be written as

x = exe + exf + fxe + fxf
it follows that
R = eRe @ eRf ® fRe @ fRf. 2.4

Here we have in mind the additive group direct sum. We call (2.4) the Peirce decom-
position of R (with respect to e). Set

Ri1 :=eRe, Ry :=eRf, Ry1 :=fRe, Ry :=fRf.

Thus R and R»; are corner rings corresponding to e and f, respectively, while R
and Ry are subrings with zero multiplication. Furthermore, we have

RijRyy € 8jkRy

forall 1 <i,j, k, [ <2, which resembles calculations with matrix units. The point
here is that when having a nontrivial idempotent e in our ring, we can, with the help
of its indispensable companion f = 1 — e, mimic 2 x 2 matrices. Sometimes such an
approach is really efficient. We did not say, however, that a ring R with a nontrivial
idempotent e is necessarily isomorphic to a 2 x 2 matrix ring (over some ring). This
does hold true under the additional assumption that the equations
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exfye = e and fyexf =f

are solvable in R. Namely, then we can introduce the elements
el] :=e, e :=exf, ey :=fye, en:=f,

which readily form a set of 2 x 2 matrix units of R, yielding R = M>(eRe) by
Lemma?2.52.

There are many rings without nontrivial idempotents, for example domains, and
hence in particular division rings. As indicated above, the existence of a sole nontrivial
idempotent can already have an impact on the handling of a ring. But actually the
existence of one idempotent implies the existence of “many”, at least when the
summands eRf and fRe from the Peirce decomposition are nonzero. Namely, if e is
an idempotent, then so are e + exf and e + fxe for every x € R. Also, p~lep is an
idempotent for every invertible p € R.

Observations from the previous paragraph are meaningless if e is a central idem-
potent, i.e., an idempotent from the center Z(R) of R. In this case eRf = fRe = 0
and the Peirce decomposition reduces to two summands / := eR = eRe and
J == fR = fRf. Clearly [ and J are ideals of R, R =1 & J,and R = [ x J via
the isomorphism x > (ex, fx). A central idempotent thus gives rise to a decomposi-
tion of a ring.

We have assumed at the beginning that R was unital, which made it possible for us
to introduce the idempotent f = 1 — e. The presence of 1 could actually be avoided
without harming the essence of the above discussion. We did not really deal with
f itself, but with products of f with elements from R. Now, if one does not assume
that R is unital and then writes x — ex instead of fx, x — ex — xe + exe instead of
fxf, etc., then most of what was said above makes sense. In particular, the Peirce
decomposition is still available, but the price we have to pay for not assuming the
existence of 1 are lengthy and messy formulas. However, the assertions concerning
central idempotents need only minor changes. The following can be extracted from
the discussion in the previous paragraph: If e is a central idempotent in R, then / = eR
and J = {x — ex | x € R} are ideals of R such that

R=I®J=1xJ.

Considering [ as a ring, we see that e is its unity. Ideals are rarely unital rings. In
fact, only those that are generated by central idempotents are.

Lemma 2.54 Let I be an ideal of a ring R. If I is a unital ring, then its unity e is a
central idempotent in R, [ = eR, and there exists an ideal J of R such thatR = 1 ®J.
Moreover, R =1 x J.

Proof Sincee € I,wehaveeR C I,and conversely,/ = el C eR.Thus/ = eR. Next,
since ex, xe € I for every x € R, we have ex = (ex)e and xe = e(xe). Consequently,
ex = xe, and so e is a central idempotent. Now we refer to the discussion before the
lemma. [l



2.7 Idempotents 41

Again assuming that R is unital, we can state a kind of converse to Lemma?2.54:
If 7 and J are ideals of R such that R = I @ J, then there exists a central idempotent
e € Rsuchthat ] = eRand J = (1 — ¢)R (so [ and J are unital rings). The proof
is easy. Just write | = e + f with e € I, f € J, and check that e has the desired
properties.

2.8 Minimal Left Ideals

When considering one-sided ideals we will usually give preference to the left ones.

Definition 2.55 A left ideal L of a ring R is called a minimal left ideal if L # 0
and L does not properly contain a nonzero left ideal of R.

Minimal right ideals and minimal two-sided ideals are defined analogously.
Example 2.56 The only minimal left ideal of a division ring D is D itself.

Example 2.57 Let R = M, (D), D a division ring, and let L be the set of matrices
in R that have arbitrary entries in the ith column and zeros in all other columns. It
is an easy exercise to show that L is a minimal left ideal of R. We also remark that
L = RE;; where Ej; is the standard matrix unit, and that E;;RE;; = {dE;; |d € D} is a
division subring of R isomorphic to D.

Lemma 2.58 If L is a minimal left ideal of a semiprime ring R, then there exists an
idempotent e € R such that L = Re and eRe is a division ring.

Proof Since R is semiprime, there exist x,y € L such that xy # 0. In particular,
Ly # 0. But Ly is a left ideal of R contained in L, so Ly = L because of the
minimality of L. Accordingly, there exists e € L such that ey = y. Hence it follows
that e — e belongs to the set J := {z € L|zy = 0}. Clearly, J is again a left
ideal of R contained in L. Since x € L\ J, this time we conclude that J/ = 0. In
particular, > = e. Ase € L, we have Re C L, and since 0 # e € Re it follows
from the minimality assumption that L = Re. Now consider the corner ring eRe.
Let a € R be such that eae # 0. We must prove that eae is invertible in eRe. We
have 0 # Reae C Re = L, and so Reae = L. Therefore beae = e holds for some
b € R, and hence also (ebe)(eae) = e. Since ebe is a nonzero element in eRe, by
the same argument there exists ¢ € R such that (ece)(ebe) = e. But a left inverse
coincides with a right inverse, so eae = ece is invertible in eRe, with ebe being
its inverse. (I

A similar statement of course holds for minimal right ideals. Also, without any
change in the proof we see that the lemma holds for algebras as well. Needless to
say, minimal left ideals of algebras are defined in the same way as minimal left ideals
of rings.
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Semiprime rings with minimal left ideals thus contain particularly nice corner
rings. Unfortunately, the existence of minimal left ideals in rings is an exception rather
than a rule. However, in nonzero finite dimensional algebras they exist for obvious
reasons—just take any nonzero left ideal of minimal dimension. The following result
thus follows immediately from (the algebra version of) Lemma?2.58.

Corollary 2.59 If A is a nonzero finite dimensional semiprime algebra, then there
exists an idempotent e € A such that eAe is a division algebra.

Corollary 2.59 is exactly what we will need in the next section. However, it would
be inappropriate to stop the discussion on minimal left ideals at this point without
mentioning the converse of Lemma?2.58.

Corollary 2.60 The following statements are equivalent for an idempotent e in a
semiprime ring R:

(1) eRe is a division ring.
(i1) Re is a minimal left ideal of R.
(iii) eR is a minimal right ideal of R.

Proof Since (i) is, unlike (ii) and (iii), a left-right symmetric condition, it suffices
to prove that it is equivalent to (ii). As we know that (ii) implies (i) by (the proof
of) Lemma2.58, we must only show that (i) implies (ii). Thus, assume that eRe is a
division ring, and take a left ideal / of R such that 0 # I C Re. It is enough to show
that e € 1, as this clearly yields I = Re. Pick 0 # u € I. By the semiprimeness of R
we have uru # 0 for some r € R. Note that u = ue for u € I C Re. Consequently,
eru = erue is a nonzero element of eRe, and hence there exists v € R such that
(eve)(eru) = e. Therefore e € Ru C 1. ([l

We will continue the study of minimal left ideals later, in Sect. 5.4.

2.9 Wedderburn’s Structure Theorems

In 1907, Wedderburn laid down the foundations of the structure theory of noncom-
mutative algebras. Equipped with simple lemmas from the previous sections we are
now in a position to prove Wedderburn’s theorems. The first one characterizes finite
dimensional simple algebras.

Theorem 2.61 (Wedderburn) Let A be a nonzero finite dimensional algebra. The
following statements are equivalent:

(i) A is prime.

(i1) A is simple.
(iii) There exist n € N and a division algebra D such that A = M, (D).
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Proof We already know that (iii) implies (ii) (Example 1.10), and trivially (ii) implies
(i). Thus we only have to prove that (i) implies (iii). Let us first do this under the
additional assumption that A is unital. The proof is by induction on d := [A : F].

Ifd = 1, then we simply taken = 1 and D = F. Thus, letd > 1. By Corollary2.59
there exists an idempotent e € A such that eAe is a division algebra. If e = 1, then the
desired result holds (with n = 1). Assume therefore that e is a nontrivial idempotent.
Setf := 1 —e. Note that fAf is a nonzero prime algebra with unity f. Since e does not
belong to fAf, we have [ fAf : F] < d. The induction assumption implies that fAf is
isomorphic to the algebra of m x m matrices over some division algebra. Accordingly,
SAf contains matrix units e;;, i,j = 1, ... ,m, such that ey fAfe;; = ej1Aeq; is a
division algebra. Our goal is to extend the matrix units of fAf to matrix units of A.
We begin by setting n := m + 1 and e,,, := e. Then Z?:l eii =f+e=1,and of
course eypej; = ejjen, = 0 forall i, j < n. It remains to find e;, and ey;, i < n—1
(informally: the last row and the last column of matrices from our algebra are still
“unknown”, except for their intersection).

Let us first find ey, and ey;. This is the heart of the proof. Using the primeness
twice we see that ejjaeya’e; # 0 for some a,a’ € A. As ejjAey; is a division
algebra with unity e, there is @’ € A such that

/ "
(e11aepaerr)(enna ern) = eiq.

Setting ey, := eq1aey, and e, := eyd’ej1a”’er) we thus have

€ln€nl = €11-
Since e,1 € eypAeqy, we have e, = eyepn1 and e,1 = ey1€11 = epie1ne,1. Compar-
ing both relations we get

(en1€1n — emn)en1 = 0.

The element ey, e1, — ey, lies in the division algebra e, Ae,,;,. If it was not zero, then

we could multiply the last identity from the left-hand side by its inverse, leading to
a contradiction 0 = ¢,;,¢,,; = e,1. Therefore

€nl€in = €nn-

Finally, we define e,; := e,1e1; and ej, := ejjey, forj = 2, ... ,n — 1. Note that
ejj = ejreyj and ejjex; = Sjrerq holds for all i, j, k = 1, ..., n. Consequently, for
alli,j, k,l =1, ... ,n wehave

ejjer] = ejejjeriel] = djkeireriel = Sjeirel = djej.

Thus e;,7,j = 1, ..., n, are indeed matrix units of A. Lemma2.52 (together with
Remark 2.53) yields the desired conclusion A = M,,(D), where D = ej1Aeq].

It remains to show that (i) implies (iii) without the assumption that A is unital.
Suppose A is prime and not unital. Then A® is a prime unital algebra by Lemma 2.36.
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Since (i) implies (iii) (and hence (ii)) for unital algebras, it follows that Alis simple.
However, this is a contradiction since A is a proper nonzero ideal of A", O

We can add to Theorem 2.61 that D is, of course, also finite dimensional, and that
[A: F] = n?[D : F]. Let us also mention that the classical version of Theorem2.61
does not involve prime algebras. Usually it is stated as

Aissimple < A = M,(D).

However, for our approach to the structure theory the concept of primeness is more
suitable than the concept of simplicity. At any rate, it is interesting that finite dimen-
sional prime algebras coincide with simple ones. In general, the class of prime alge-
bras is much larger than the class of simple algebras.

Let us also remark that the restriction to finite dimensions in Theorem?2.61 is
absolutely necessary. Just think of the Weyl algebra, which is a simple domain but
not a division algebra (see Example 2.28).

Corollary 2.62 A finite dimensional algebra A is a central simple algebra if and
only if there exist n € N and a central division algebra D such that A = M, (D).

Proof Apply Theorem2.61 and Lemma1.15. |

Corollary 2.63 The dimension of a finite dimensional central simple algebra is a
perfect square.

Proof We have [M,(D) : F] = n?[D : F]. Now use Corollary 1.37. U

The direct product of prime algebras is a semiprime algebra (cf. Example2.33).
We will now show that in the finite dimensional setting every semiprime algebra is
built in this way.

Theorem 2.64 (Wedderburn) Let A be a nonzero finite dimensional algebra. Then
A is semiprime if and only if there exist ny, ... ,n, € N and division algebras
Dy, ... ,Dy suchthat A = M, (D1) x --- X My, (D).

Proof We only have to prove the “only if”” part. We proceed by induction on d =
[A: Fl.Ifd = 1, then A = Fa with a*> # 0. Thus a*> = Aa, A # 0, so that
A1~ la is the unity of A. Hence A = F. Let d > 1. If A is prime, then the result
follows from Theorem2.61. We may therefore assume that there exists 0 # a € A
such that I = {x € A|aAx = 0} is a nonzero set. Clearly, I is an ideal of A, and
therefore a semiprime algebra (cf. Remark 2.25). Since a ¢ I we have [I : F] < d.
The induction assumption implies that / = M, (D7) x --- X My, (Dp) for some
n; € N and division algebras D;, i = 1, ..., p. As each factor M, (D;) has a unity,
sodoes /. By Lemma?2.54 there is an ideal J of A such that A = I x J. We may use the
induction assumption also for J and conclude thatJ = an a Dpr1) X -+ XMy, (D))
for some n; € N and division algebras D;,i = p + 1, ..., r. The result now clearly
follows. ([
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Theorem?2.64 in particular shows that a nonzero finite dimensional semiprime
algebra is automatically unital.

A more common name for a finite dimensional semiprime algebra is a (finite
dimensional) semisimple algebra. Accordingly, a more standard wording of
Theorem2.64 is

Ais semisimple <= A = M,,(D1) x --- x M, (D,).

Semisimple rings form another class of rings, which we will meet later. In the finite
dimensional context, semisimple algebras coincide with semiprime ones.

If a finite dimensional algebra A has nonzero nilpotent ideals, then we can factor
out its radical and thereby obtain a semiprime algebra (Lemma?2.26). This yields
the following result which gives a more complete picture of the structure of finite
dimensional algebras.

Theorem 2.65 Let A be a finite dimensional algebra. If N is its radical (i.e., the
maximal nilpotent ideal), then

A/NgMnl(Dl) X XMn,(Dr)

for some ny, ... ,n, € N and division algebras Dy, ... ,D,, unless A = N is a
nilpotent algebra.

Actually, more can be said. If A is an algebra over a perfect field F (fields of
characteristic 0, algebraically closed fields, and finite fields are all examples of perfect
fields), then there exists a subalgebra A" of A such that A" = A/N = M, (D) x

- X My, (D,) and A = A’ ® N, the vector space direct sum. This result is known
as Wedderburn’s principal theorem. We omit the proof. The interested reader can
find it, for instance, in [Row91, pp. 163-164]. For a nice illustration of the theorem
examine the case where A = T,,(F), cf. Examples2.14 and 2.27.

We will give additional information on Wedderburn’s structure theorems in
Sects. 3.9, 5.3, and 5.4.

2.10 Algebras Over Special Fields

The purpose of this section is to restate Wedderburn’s theorems for algebras over
some special fields. We begin with algebraically closed fields, for which these theo-
rems take on extremely simple forms. The following result was proved (for F = C)
already in 1892 by T. Molien.

Corollary 2.66 (Molien) Let A be a nonzero finite dimensional semiprime algebra
over an algebraically closed field F. Then A = My, (F) X --- x My, (F) for some
ni, ...,nr € N. Moreover, if A is prime then r = 1.

Proof Use Theorems?2.61 and 2.64 along with Proposition 1.6.
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In the next result we will indicate the usefulness of Corollary 2.66 by combining
it with Maschke’s theorem. Given a finite group G, we can form the group algebra
F[G] for any field F. Understanding F[G] can give us a clue for understanding G.
We have a freedom in selecting the field F. In view of Corollary 2.66, choosing F to
be algebraically closed seems to be a good idea. Maschke’s theorem (Theorem 2.49)
suggests that by requiring that char(F) = 0 we will be on the safe side. An obvious
choice now is F = C.

Corollary 2.67 Let G be a finite group. Then there exist ny, ... ,n, € N such that
CIGl =M, (C) x --- x M, (C).

Thus, starting with an abstract finite group, we were able to represent it through
its group algebra as a “concrete” object, the direct product of full matrix algebras.
Corollary 2.67 is a basic result in the representation theory of finite groups. A rep-
resentation of a group G is a group homomorphism from G into the general linear
group, i.e., the group of all invertible n x n matrices.

Example 2.68 Consider the group algebra C[S3], where S3 is the symmetric group
of {1, 2, 3}. Representing it as My, (C) x - - - x M, (C), we must have > n,2 =0,
the dimension of C[S3]; moreover, at least one n; must be different from 1 since S3
is noncommutative. The only possibility is that C[S3] = M>(C) x C x C.

In the next results we confine ourselves to simple algebras.

Corollary 2.69 A finite dimensional simple R-algebra A is isomorphic either to
M, (R), M, (C), or M,,(H) for some n € N.

Proof Combine Theorem 2.61 with Theorem 1.4. (I
With reference to Corollary 2.62 we get

Corollary 2.70 A finite dimensional central simple R-algebra A is isomorphic either
to M,(R) or M,,(H) for some n € N.

Corollary 2.71 A finite simple ring R is isomorphic to M, (F) for some n € N and
some finite field F.

Proof As noticed in Remark 2.20, char(R) is a prime number p and we can consider
R as a Zy-algebra. Therefore Theorem2.61 tells us that R = M, (D) where D is a
finite dimensional division algebra over Z,. By Theorem 1.38, D is a field. O

Wedderburn’s theorems reduce the problem of classifying finite dimensional
(semi)prime F-algebras to classifying finite dimensional division F-algebras. The
latter is fully understood if F is one of the fields considered in this section. For
some fields F', however, finding all finite dimensional division F-algebras may be an
extremely difficult problem and their explicit list cannot be given.
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2.11 Scalar Extension (A Naive Approach)

In most of the above sections the field F has played just a formal role in our study
of F-algebras. In the previous section, however, we saw that F is of essential impor-
tance if we wish to describe algebras precisely. We now aim to present a simple
construction which enables replacing the given field F by a “better” field for which
the structure theory yields definitive results. The standard way for introducing this
construction requires the concept of the tensor product. Following the elementary
style of this chapter we will use an alternative way which has many disadvantages
and one advantage: it is very simple and intuitively clear. It is our hope that a naive
approach used here will help the reader to easily understand (and appreciate) the
“correct” definition given later, in Sect.4.7.
Let us begin with an illuminating example.

Example 2.72 Consider the algebra H¢ of “complex quaternions”, i.e., Hg is the
4-dimensional C-algebra with basis {1, i, j, k} satisfying the same multiplication
rules (1.1) as the standard real quaternions H (cf. Remark 1.7). That is, we keep the
multiplication table of H], but change the scalars from R to C. Every complex algebra
can be canonically considered as a real algebra (of dimension 2# if it is n-dimensional
as a complex algebra). In this sense we may regard H as an R-subalgebra of H¢. As
a sum of squares of nonzero complex numbers can easily be 0, the proof that H is
a division algebra does not work for Hic. Moreover, indirectly it shows that H is
not a domain. Let us determine what H really is. We shall write i for the complex
imaginary unit (to distinguish it from i € H). It is straightforward to check that the
elements
1 —ii Jj—ik —j — ik 1 +1ii
A M e 2 e

form a set of 2 x 2 matrix units of Hc, and that e;Hce;; = Ce;; = C. Using
Lemma?2.52 we may now conclude that

He = M (C).

Considering the restriction of this isomorphism to H we see that H is isomorphic to
the real algebra of all complex matrices of the form [ 5,7 |.

One might object that by changing the real scalars into the complex ones we did
not make the quaternions nicer. On the contrary, we have spoiled the property of
being a division algebra. However, our aim was to indicate a general principle that
is hidden behind this example. Let us consider another, admittedly less appealing, in
fact quite trivial example.

Example 2.73 The standard matrix units E11, E12, E21, Eo» form the standard basis
of M>(R). Again substituting the scalars we can consider the C-algebra M>(R)c
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consisting of elements le =1 AijEjj, Ajj € C, whose multiplication is determined by
EjiEy = $jkEj. It is obvious that

Mry(R)¢ = M>(C).

Let us summarize what has been inferred in these two examples. From
Corollary 2.69 we see that up to isomorphism there are exactly two 4-dimensional
simple real algebras: H and M3 (R) (they both happen to be central). If we take the
standard basis of any of them and introduce the algebra that has the same basis and
the same multiplication table, only the scalars are changed from R to C, then this
new algebra is isomorphic to M, (C).

Now we proceed to the abstract situation. Take an algebra A over F. For sim-
plicity assume that it is finite dimensional. Choose a basis {eq, ... , eq} of A with
multiplication table

d
eiej = Z()l,’jkek. (2'5)
k=1

The constants ;€ F completely determine the multiplication in A. Let K be a
field extension of F. We now introduce the K-algebra Ax which has the same basis
{e1, ..., eq} and whose multiplication is determined by the same formula (2.5) (this
makes sense since «;j; € F' C K). Thus, we only change the scalars but keep the
operations. The associativity of the multiplication in Ak is a consequence of the
associativity of the products of the e;’s. We call Ag the scalar extension of A to K.

Since F is a subfield of K, we can canonically consider Ag as an F-algebra and
A as its F-subalgebra. Let us also point out that

[Ak : K]=1[A: F]. (2.6)

Our definition of scalar extension depends on a basis. It would be formally more
correct to denote it by something like Ag (¢, ,....¢,) instead of just Ax. However, let us
put aside a natural question of what happens if we take another basis, and stick with
the simplified notation Ag. The “correct” definition that will be given in Sect. 4.7 is
independent of basis, and when we reach that point everything should be clear. Let
us now only concentrate on a generalization of our observations on 4-dimensional
(central) simple real algebras.

Theorem 2.74 Let A be a finite dimensional central simple F-algebra. If F is an
algebraic closure of F, then Az = M, (F) where n = /[A : F].

Proof Letus show that Az is simple. Take a nonzero ideal I of A, and pick a nonzero
u=»xre + --- +xrgeq € I. We may assume that 1 # 0. Let ¢ € Endr(A) be such
that ¢(e1) = 1 and ¢(e;) = 0,7 > 2. By Lemma 1.25 there exist a;, b; € A such that
@ = >'_| Ly,Ry,. Therefore
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r d r d
I> Za,’ub,‘ = Z)\,j (Z aiejb,-) = ijga(ej) = Al.
i=1 =1 = =1

Thus I contains an invertible element, so that I = Az. This means that Az is simple.

From Corollary 2.66 it follows that Az = M, (F) for some n € N; (2.6) tells us that
[A:F]=n? O

Theorem 2.74 can be used to reduce various problems on finite dimensional cen-
tral simple algebras to matrix algebras over fields (even better, over algebraically
closed fields). A quick illustration: Theorem 2.74 immediately yields a new proof of
Corollary 2.63.

Exercises

2.1. Describe the radical of the subalgebra of M,,(F) consisting of all matrices
whose last k rows are zero.

2.2. Find an ideal of the algebra IT,>,T,,(F) that is nil but not nilpotent.

2.3. Let R be an arbitrary ring. Show that:

(a) The left ideal generated by a € R is nil if and only if the right ideal
generated by a is nil.

(b) The sum of all nil left ideals of R is equal to the sum of all nil right ideals
of R, and is therefore an ideal of R.

(¢) The sum of a nil left ideal of R and a nil ideal of R is nil.

(d) The sum of all nil ideals of R, Nil(R), is a nil ideal of R, and the ring
R/Nil(R) has no nonzero nil ideals.

(e) If R/Nil(R) is commutative (in particular, if R itself is commutative), then
Nil(R) is equal to the set of all nilpotent elements in R.

Remark: We call Nil(R) the upper nilradical of R. There is also the notion of
the lower nilradical (also called the prime radical) of R which is defined as
the intersection of all prime ideals of R, i.e., ideals with the property that the
corresponding factor rings are prime. It can be shown that the lower nilradical
is a nil ideal, and hence contained in Nil(R), and that a ring is semiprime if
and only if its lower nilradical is zero.

2.4. Prove that the following statements are equivalent:

(i) Kothe’s problem has a positive answer.
(i) The upper nilradical of an arbitrary ring contains all nil one-sided ideals
of this ring.
(iii) The sum of two nil left ideals of an arbitrary ring is nil.

2.5. Show that a prime ring without a nonzero nilpotent element is a domain.
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2.6.

2.7.

2.8.

2.9.

2.10.

2.11.

2.12.

2.13.

2.14.

2.15.
2.16.
2.17.

2.18.

2 Structure of Finite Dimensional Algebras

Show that a semiprime ring R is prime if and only if the intersection of any
two nonzero ideals of R is nonzero. Give an example showing that this is not
always true if R is not semiprime.

Show that a ring R is prime (resp. semiprime) if and only if M, (R) is prime
(resp. semiprime).

Let a, b be elements in a ring R. Note that aRb = 0 implies bRa = 0 in case R
is semiprime, and give an example showing that this is not true in every ring R.
Let R be a prime ring. Show that if a € R commutes with every element from
a nonzero left ideal L of R, then a € Z(R). Is this still true if R is semiprime?
Let R be a semiprime ring, and let a € R be such that axa = a’x for every
x € R. Show that a € Z(R).

Find an example of a commutative domain without unity such that its unitiza-
tion is not a domain.

Remark: Lemma?2.36 thus does not hold for rings.

Show that a unital F-algebra B is isomorphic to the unitization A* of some
algebra A if and only if there exists a nonzero algebra homomorphism from B
into F. Notice that every group algebra F[G] is an example of such an algebra.
Let A be a nonzero finite dimensional unital algebra over a field F with
char(F) = 0, and let ¢ be an automorphism of A. Show that ¢ (a) # a + 1 for
every a € A.

Hint: Express Ly through ¢, <p_1, and L,.

Let A be a unital algebra, and let G be a subgroup of the multiplicative group
A*. Explain why, in general, the group algebra of G is not isomorphic to the
subalgebra of A generated by G (which is just the linear span of G, so the
elements in both algebras look the same), and find an example (with G # {1})
where these two algebras are isomorphic.

Show that every group algebra F[G] has a (linear) involution.

Show that 0 is the only idempotent in a domain without unity.

Letey, e beidempotents in an F-algebra A. Note that if char(F) # 2, thene; +
e is an idempotent if and only if e; and e, are orthogonal. Show that this can
be extended to any number of idempotents in case A is finite dimensional and
char(F) = 0; that is, the sum of idempotents e, ... , e, € A is an idempotent
if and only if e1, ... , e, are pairwise orthogonal.

Hint: The trace of an idempotent matrix is equal to its rank.

Show that the subring generated by all idempotents in a ring R contains the
ideal generated by all commutators [e, x] where e is an idempotent and x is an
arbitrary element in R. Hence conclude that a simple ring containing at least
one nontrivial idempotent is generated (as a ring) by its idempotents.

Hint: Express [e, x] as a difference of two idempotents (an inspection of
Sect.2.7 should give an idea how this can be done), and use the identity
yu = [e, yle, ull — [e, ylle, u] where u = [e, x].
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2.19.

2.20.

2.21.

2.22.

2.23.

2.24.

2.25.

Show that a unital ring R contains an element which is right invertible but
not left invertible if and only if M>(R) contains an invertible upper triangular
matrix whose inverse is not upper triangular.

Hint: If ab = 1, then e := 1 — ba is an idempotent and ae = eb = 0.

Prove that a nonzero idempotent e in a ring R cannot be written as a sum of
two nonzero orthogonal idempotents in R if and only if there does not exist
an idempotent f € R different from 0 and e such that f = ef = fe. Such an
idempotent e is said to be primitive. Show that a sufficient condition for e
being primitive is that Re is a minimal left ideal of R, and that this condition
is also necessary if R = A is a finite dimensional semiprime algebra.

Let Ry, ..., R, be unital rings. Show that every ideal of Ry X --- X R, is
of the form /1 x --- x I, where [; is an ideal of R;. Hence conclude that the
number of ideals of a finite dimensional semiprime algebra is a power of 2.
Let A be a nonzero finite dimensional algebra. Show that:

(a) Aisnilif and only if A is nilpotent.

(b) A is adomain if and only if A is a division algebra.

(c) A has no nonzero nilpotent elements if and only if A is isomorphic to a
direct product of division algebras.

(d) There exists n € N such that x” = x for every x € A if and only if A is
isomorphic to a direct product of finite fields.

Remark: Later, in Sect. 5.10, we will consider the condition x” = x in arbitrary
rings, even under the assumption that » may depend on x.

Show that F[Z,] = Flw]/(0" — 1) for every field F. Use this to find the
Wedderburn decomposition (in the sense of Theorem2.64) of R[Z3].

Remark: This can be also used for describing C[Z3]; however, Corollary 2.67
readily implies that C[G] = C x --- x C for every finite abelian group G.
The subset Qg := {1, —1,i, —i,j, —j, k, —k} of H is clearly a group under
multiplication. It is called the quaternion group. Find the Wedderburn decom-
position of C[Qs].

Hint: What is the codimension of the augmentation ideal of a group algebra?

Let A be a finite dimensional central simple F-algebra such that [x, y][z, w] +
[z, w]lx, y] € F forall x,y, z, w € A. Prove that either A = F or [A : F] = 4.
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Chapter 3
Modules and Vector Spaces

Modules at last! In most books on a similar subject modules appear on the very
first pages. And there are good reasons for this. Ring theory and module theory are
symbiotic. Many questions about rings can be handled most effectively by using
modules. Moreover, sometimes modules seem to be inevitable. In spite of that, we
have decided to postpone introducing modules up until now. Our viewpoint has
been that an intrinsic approach from the first chapters, where results on rings and
algebras were rather quickly derived from basic definitions, should be easier and
more appealing for a newcomer to the subject. We have now reached the point where
continuing without modules could be inefficient.

This chapter is mostly of a preliminary nature. Several fundamental module-
theoretic notions will be considered at an introductory level. The emphasis will be
on vector spaces and simple modules. Compared with the previous two chapters,
this one lacks striking theorems and surprising proofs. An exception is perhaps a
supplement to Wedderburn’s structure theory, given close to the end of the chapter.

3.1 Concept of a Module

Being familiar with vector spaces, the definition of a module can be easily memorized.
One just replaces the role of a field by an arbitrary ring.

Definition 3.1 LetR be aring. A left R-module (or left module over R) is an additive
group M together with amap from Rx M toM, (r, m) +— rm,suchthatforallr, s € R,
m,neM:

@) (r+s)ym=rm+ sm,
(b) r(m+n) =rm+ rn,
(c) r(sm) = (rs)m.

If, additionally, R is a unital ring and
d) Im=m
for every m € M, then M is said to be a unital left R-module.

© Springer International Publishing Switzerland 2014 53
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A (unital) right R-module is defined similarly, only the order of elements from R
and M has to be interchanged. That is, one requires the obvious analogues of (a)—(d)
for a map (m, r) — mr, where m € M and r € R.

Remark 3.2 If R is commutative, then every left R-module M becomes a right R-
module by defining mr := rm forallm € M, r € R.

Distinguishing between left and right R-modules is therefore more substantial
when R is noncommutative. This does not mean, of course, that the theory of left R-
modules is any different from the theory of right R-modules. Results on left modules
have obvious analogues for right modules, and vice versa. Among two equivalent
choices, let us decide to work with the left version. Thus, unless specified otherwise,
we will henceforth adopt the following convention:

R-module := left R-module.

When it will be clear which ring R we have in mind, or when R will play just a formal
role in our discussion, we will simply use the term “module”.

Modules appear all over the place; finding examples is easy, making a selection
is harder.

Example 3.3 A vector space over a field F is a unital F-module.

Example 3.4 Every additive group M is a unital Z-module, with nm, where n € Z
and m € M, having the usual meaning.

Example 3.5 Let M be an additive group. The set R = End (M) of all endomorphisms
of M (i.e., all additive maps from M into M) becomes a ring if we define the sum
f + g and the product fg of f, g € R as follows:

(f +8)(m) :=f(m) + g(m), (fg)(m) :=f(g(m)). (3.1)

We can view M as a unital R-module via fin := f(m),f € R,m € M.

Example 3.6 A left ideal L of a ring R is a left R-module with r¢, where r € R and
£ € L, simply being the ordinary product in R. In particular, R itself is an R-module.

Similarly, a right ideal of R can be considered as a right R-module, while an
ideal (in particular, R itself) is both a left and a right R-module. Moreover, it is an
R-bimodule:

Definition 3.7 Let R and S be rings. If M is both a left R-module and a right S-
module, and also

(rm)s = r(ms) forallr e R,meM,s €S,

then M is said to be an (R, S)-bimodule. An (R, R)-bimodule is also called an R-
bimodule.
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Example 3.8 If Ris a subring of aring R, then R’ is an R-bimodule (via the ordinary
product in R").

Replacing rings by algebras one has to make some obvious modifications in the
above definitions (as well as in examples). For instance, a (left) A-module, where
A is an algebra over a field F, is defined as a vector space V over F together with a
mapA x V — V, (a,v) — av, that satisfies (a), (b), (c), and

(Aa)v = a(Av) = A(av) forallh e F,ae A,veV.

In other words, the map must be bilinear, not only biadditive.

Example 3.9 The n-dimensional space F" can be viewed as a unital M, (F')-module
if we write vectors in F” as columns and define the module operation as the standard
product of a matrix with a column vector.

Example 3.10 A vector space V over F is a unital Endr(V)-module.

Note that Example 3.10 is a refined version of Example 3.5 which also includes
the scalar multiplication, and that Example 3.9 is just a disguised form of its finite
dimensional version. The relevance of these examples will become evident from the
following discussion.

Let A be an algebra over F and let V be a vector space over F. An algebra homo-
morphism from A to Endg (V) is called a representation of A. If ¢ : A — Endp (V)
is a representation, then V becomes an A-module by defining av := ¢(a)(v). Con-
versely, every A-module V gives rise to a representation ¢ : A — Endp(V) given
by ¢(a)(v) := av. We may therefore regard representations and modules as equiv-
alent concepts. For example, instead of with the regular representation we can deal
with the (left) A-module A; thus, in a hidden manner modules were already treated
before. We will usually present our results in the language of modules rather than
in that of representations. Still, being aware of a possible interpretation in terms of
representations is important for understanding the philosophy of the subject. Con-
sidering a module over an algebra is essentially the same as representing algebra
elements as linear operators of a vector space. This indicates why modules can be
useful for the structure theory. Namely, they can be used to identify some abstract
algebras with algebras of linear operators. In the previous chapter we have shown
that some abstract algebras can be identified with algebras of matrices. But from
linear algebra we know that the two seemingly quite different notions, matrices and
linear operators, are basically equivalent. Thus, as it turns out, constructing matrix
units, the approach taken in the previous chapter, is not the only way to describe
algebra elements as matrices—one can rely on modules instead. Perhaps this sounds
very vague at this point, especially since the matrices from the previous chapter were
not the “ordinary”” matrices we know from linear algebra, but matrices with entries
from a division algebra. However, as will become apparent in Sect. 3.4, this is not
really a problem. In Chap.5 we will show that the module-theoretic approach to the
structure theory yields a profound generalization of Wedderburn’s theory.
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Similar observations as for modules over algebras can be made for modules over
rings: an R-module M can be identified with a ring homomorphism from R into
End(M), the ring of endomorphisms of the additive group of M. Its kernel will later
turn out to be important, so we give it a name.

Definition 3.11 The annihilator of an R-module M is the set
anng(M) :={r € R|rM = 0}.

If anng (M) = 0, then M is said to be a faithful module (here, O stands for {0} and
M for {rm |m € M}).

A glance at the definition shows that anng (M) is a left ideal, but actually it is—as
a kernel of a ring homomorphism—a two-sided ideal.

Example 3.12 Consider the abelian group Z,, as a Z-module. Then anny,(Z,) = nZ.

Example 3.13 The modules from Examples 3.9 and 3.10 are faithful.

3.2 Basic Module-Theoretic Notions

Even the readers that have never met modules before might experience a sense of
déja vu when reading this section. Basic notions of module theory are very similar
to those one encounters in the first meetings with vector spaces, groups, and rings.
We will therefore introduce them in a rather quick and perhaps slightly dry manner.
The reader is advised to translate these notions into the (presumably more familiar)
language of vector spaces.

For simplicity of exposition we will consider only modules over rings. It should
be obvious how to make the necessary adjustments for modules over algebras. One
just has to require the natural scalar multiplication properties at appropriate places.

Throughout this section, R stands for a ring and M for an R-module. Recall that
a module means a left module by our convention.

Definition 3.14 A subset L of M is called a submodule of M if L is an additive
subgroup of M and r¢ € Lforallr e R, £ € L.

Of course, a submodule is itself a module.

Example 3.15 Every module M has at least two submodules: 0 and M. Submodules
different from M are said to be proper, and submodules different from 0 are said to
be nonzero or nontrivial.

Example 3.16 1If we consider an additive group as a Z-module, then its submodules
are exactly its subgroups. Similarly, viewing a vector space over F as an F-module,
we see that its submodules are its subspaces.
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Example 3.17 The submodules of the R-module R are the left ideals of R. This
simple fact will be used frequently.

Example 3.18 Let J be a left ideal of R. The additive subgroup of M generated by
the elements of the form um, where u € J and m € M, is a submodule. We denote it
by JM.

The intersection of submodules is obviously a submodule. Given a subset X of
M, the intersection of all submodules containing X is therefore the submodule gen-
erated by X. Explicitly, it can be described as the additive subgroup generated by the
elements rx +nx,r € R, n € Z, x € X (there is no need to involve nx if M is unital).
If a (sub)module N is generated by some finite set, then we say that N is finitely
generated. Modules generated by only one element are called cyclic. A unital cyclic
module can be written as

Rm :={rm|r € R},

where m is its generator.
We proceed to another fundamental notion.

Definition 3.19 Let N be another R-module. A map ¢ : M — N is an R-module
homomorphism if

o(m+m') = g(m) +¢(m) and @(rm) = ro(m)

forallr e Rand m,m’ € M.

The kernel of ¢, kero = {m € M |@(m) = 0}, is clearly a submodule of M,
and the image of ¢, im¢ = {@p(m) |m € M}, is a submodule of N. An R-module
isomorphism is, of course, a bijective R-module homomorphism. We say that M
and N are isomorphic modules, and write M = N, if there exists an isomorphism
@ : M — N. It is immediate to check that in this case its inverse ¢ ™' : N — M is
also an isomorphism. An R-module endomorphism is an R-module homomorphism
from M into itself, and an R-module automorphism is an endomorphism which is
also an isomorphism.
We define the endomorphism ring

Endgr(M)

as the set of all R-module endomorphisms of M endowed with operations defined as
in (3.1), i.e., pointwise addition and composition as multiplication. It is immediate
to check that Endg (M) is indeed a (unital) ring. Note that f € Endg(M) is invertible
if and only if f is a bijective map, i.e., f is an automorphism.

After being familiar with factor groups and factor rings, the following notion
should be easy to grasp. Take a submodule L of M. As L is, in particular, a subgroup
of the additive group of M, one can form the factor group M /L. Recall that its
elements are cosets m + L = {m+ €| £ € L}, m € M, which are added according to
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m+L)+@m +L)=m+m)+L.

We claim that M /L becomes an R-module if we set

rm+L):=rm+L, reR, meM.

Indeed, this operation is easily seen to be well-defined, and the module axioms are
clearly fulfilled.

Definition 3.20 The R-module M /L is called the factor module.

The map m +— m + L is an R-module homomorphism from M onto M /L, called the
canonical homomorphism. Note that its kernel is equal to L. Another fundamental
fact connecting homomorphisms and submodules is the following: If ¢ : M — N is
an R-module homomorphism, then

M/kerp = img.

Indeed, the map m + ker ¢ — ¢(m) is well-defined and is an isomorphism.
Our last theme is about sums and products of (sub)modules.

Definition 3.21 If {M;|i € I} is a family of submodules of M, then the submodule
generated by |J;.; M; is called the sum of the submodules {/; | i € I}. We write it
as ) ;c; M;. If every M; has trivial intersection with the sum of the other submodules,

ie, M (Ziel\{i} M[) = 0, then we say that this sum is a direct sum, and write it
as @ie[Mi.

Note that >";_; M; consists of all (finite) sums of elements from | J;.; M;. Hence
we see that the sum »_,; M; is direct if and only if for all distinct iy, ..., i, € I and
allmi, eM;,....mj e M; ,mj + --+m =Oimpliesm,-] = =m, =0.1If
the index set [ is finite, say I = {1, ..., n}, then we can write the sum >_;_, M; as
My +---+M,,orM & --- DM, if it is a direct sum.

A formally more adequate term for the above defined direct sum is the internal
direct sum. One can, on the other hand, start with an arbitrary family of R-modules
{M;|i € I}, not necessarily submodules of the given module, and then form their
direct product I7;c;M;: this is the Cartesian product of the M;’s endowed with the
componentwise operations

iel

(mi) + (m}) = (mj + m)) and r(m;) = (rm;)

for all r € R, m;, m; € M;, i € I.Its submodule consisting of all elements for
which all but finitely many of the components are 0 is called the external direct
sum of the M;’s. The external direct sum obviously contains isomorphic copies of
the modules M; as its submodules, and, moreover, it is equal to their internal direct
sum. Therefore we often neglect the difference between internal and external direct
sums, and use the same notation for both. Thus, M| & - - - & M,, may mean an internal
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or an external direct sum. Since the index set is finite here, this sum coincides with
the direct product H{’lei (written also as M| x --- x M,).

Given a submodule L of M, does there exist another submodule K such that
M = L @ K? It is easy to see that the answer is negative in general. Say, the proper
nonzero submodules of the Z-module Z are nZ, n > 2, and any two of them intersect
nontrivially. Submodules for which the answer to our question is positive therefore
deserve attention.

Definition 3.22 A submodule L of M is called a direct summand of M if there
exists a submodule K of M suchthat M = L @& K.

Example 3.23 Let L be a left ideal of a unital ring R. Consider L as a submodule of
the R-module R. We claim that L is a direct summand if and only if there exists an
idempotent e € R such that L = Re. The “if” part is obvious: if L = Re then one
easily checks that K = R(1 —e) satisfies R = L & K. To prove the converse, suppose
there exists a left ideal K such that R = L @ K. Then there existe € L and f € K
such that 1 = e+ f. For every £ € L we thus have £ — fe = {f € LN K = 0, so that
£ = Le. In particular, e = e? and L C Re. Since ¢ € L it follows that L = Re.

3.3 Vector Spaces Over Division Rings

The following familiar notion from linear algebra can be also considered in modules.

Definition 3.24 A subset B of an R-module M is said to be linearly independent
if for all distinct elements by, ..., b, € B and all elements r{,...,r, € R, rib1 +
-+ + rpb, = 0 implies r; = 0 for every i. If B is not linearly independent, then we
say that it is linearly dependent.

One should not be misled by the experience with this concept in vector spaces. For
instance, if M is not faithful, then even singletons {x} are never linearly independent.

Definition 3.25 A linearly independent subset B of an R-module M is called a basis
of M if M is generated by B.

Assume that R is unital. A unital R-module is said to be a free R-module if it
has a basis. (A remark for the readers familiar with categories: free R-modules are
free objects in the category of unital R-modules.) Thus, a unital R-module M is free
if it contains a linearly independent subset B with the following property: for every
m € M thereexistby,...,b, € Bandry,...,r, € Rsuchthatm = rib1+- - -+r,b,.
Being free is a rather exceptional property for an R-module, but examples can be
easily found. The simplest one is the R-module R. Indeed, {1} is its basis. It is easy
to see that every free R-module is isomorphic to a direct sum of copies of the R-
module R. The structure of free modules is thus quite simple, apparently just as that
of vector spaces over fields. Yet a closer look shows that not everything we know
about vector spaces holds for free modules. Say, for some rings R it may happen
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that different bases of a free R-module have different cardinalities. This may arouse
the reader’s curiosity, but we abandon the discussion on general free modules at
this point. A more complete information about them can be found in many other
algebra textbooks (for example, [Hun74] gives a gentle introduction). From now on
we will consider only free modules that are relevant for our goals. Before introducing
them in the next definition, let us point out that up until now it went without saying
that “vector space” means a vector space over a field. The following more general
conception turns out to be very useful.

Definition 3.26 Let D be a division ring. A unital (left) D-module is called a (left)
vector space over D.

A right vector space is of course defined as a unital right D-module. Vector spaces
over fields are traditionally left vector spaces, but this is just a matter of notational
convention (cf. Remark 3.2). One must be more careful about “left” and “right” when
considering vector spaces over noncommutative division rings. However, from now
on we assume that our vector spaces are left vector spaces.

We believe that the notions such as a subspace, linear combination, linear span,
etc., need no explanation. They are defined just as for vector spaces over fields.
Fortunately, studying vector spaces over division rings at a basic level is no harder
than studying vector spaces over fields. Every vector space is a free module over the
corresponding division ring, i.e., the following theorem holds.

Theorem 3.27 Every vector space has a basis.

Proof The proof is a typical application of Zorn’s lemma. Let . be the set of all
linearly independent subsets of V. Since @ is vacuously a linearly independent set,
& # (. Partially order .’ by inclusion, i.e., define that A < Bif A C B.If {A; |i € I}
is a chain in .7, then it is easy to see that U := | J;; A; is a linearly independent set.
Thus U € .# and obviously it is an upper bound for the chain {4; |i € I}. By Zorn’s
lemma . contains a maximal element B.

Let us show that B is a basis of V. Since B € .7, it is enough to show that B
generates V. If V = {0}, then B = ¢ and this is trivially true. Thus, let V £ {0}.
Pick anonzero v € V. Our goal is to prove that v is a linear combination of elements
from B. We may assume that v ¢ B. Then BU {v} contains B as its proper subset, and
therefore it is a linearly dependent set. This means that there exists a finite subset of
B U {v} which is linearly dependent. Since subsets of B are linearly independent, this
subset must contain v. Thus, there exist by, ..., b, € Band dy, dy, ..., d, € D, not

all zero, such that
dov +diby + -+ + dnby = 0.

The linear independence of by, ..., b, implies that dy # 0. Therefore
v = (—dy 'd)by + -+ (—dy 'dn)by

is indeed a linear combination of elements from B. O
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If we introduce . as the set of all linearly independent subsets of V that contain
a given linearly independent set, the same proof gives the following.

Theorem 3.28 Every linearly independent subset of a vector space is contained in
a basis.

A vector space V is said to be finite dimensional if it has a finite basis. Suppose
V contains a basis with n elements. Then:

(a) Every basis of V has n elements.
(b) If U is a subspace of V, then its bases have < n elements.
(c) If a subspace U of V has a basis with n elements, then U = V.

For vector spaces over a field these are the most basic facts that one learns in a standard
linear algebra course. The reader must have seen the proofs. Glancing through them
one notices that they still work if a field is replaced by a noncommutative division
ring. Therefore we feel that we can omit giving these proofs without harming the
reader’s understanding of the subject (the unconvinced reader can take a look at, for
example, [Hun74, pp. 185-187]). In view of (a), we can define the dimension of V,
dimp V, to be n if V contains a basis with n elements.

3.4 Endomorphisms and Matrices

Let V be a vector space over a division ring D. The endomorphism ring Endp (V) will
often play an important role in our discussions. Its elements, the endomorphisms, are
also called linear maps or linear operators. Each linear map is uniquely determined
by the action on a basis. More precisely, the following holds.

Remark 3.29 LetB = {b;|i € I}beabasisof V.Foreach family of vectors {w; | i € I}
in V there exists a unique f € Endp (V) such that f (b;) = w; for every i € 1. Indeed,
the uniqueness is clear since B is a basis, and the existence is also clear as we may
extend f from B to V by linearity, i.e., we define

fldiy by, +---+db;,) =dyw +---+d,w,

e D.

Assume now that V is n-dimensional. If D = F'is a field, then we know that the ring
Endf (V) is isomorphic to the matrix ring M,, (F'). Representing every endomorphism
by a matrix with respect to a fixed basis gives rise to a standard isomorphism. Let us
see if this still works if D is a noncommutative division ring.

Choose and fix a basis {by, b2, ..., b,} of V. Given f € Endp(V), we have

for every finite subset {iy, ..., i,} of I and arbitrary d;, ..., d

In

n
Fb) = "fibis j=1,....n,
i=1
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for some fj; € D. We attach the n x n matrix ¢(f) to f so that fj; is its (7, j) entry, i.e.,

i1 fiz - fin
H1 2
o) = N
nlfn2~-fnn

Let g be another element from Endp(V), and let g;; € D be such that

n
gb) =D gibi. j=1.....n.
i=1

Then
(f +8)(b) = D (fij + gip)bi
i=1

and hence ¢(f 4+ g) = ¢(f) + ¢(g). If o(f) = 0, then f vanishes on a basis, and
so f = 0. This proves the injectivity of ¢. The surjectivity is also obvious in view of
Remark 3.29. Indeed, given arbitrary f; € D, we can define f € Endp(V) according
to f(bj) = Z;':lfijb,', so that ¢ (f) = (fj). Thus, ¢ is an isomorphism of additive
groups. This is hardly surprising. Let us now examine the action of ¢ on products.
To determine ¢( fg), we compute

b) =1 (b)) = > auf ) = X (D fubi) = D (3w
k=1 k=1 i=1 i=1 k=1
Thus, the (7, j) entry of ¢(fg) is
> suifie (3.2)
k=1

We can now compare this with the (i, j) entry of ¢ (f)¢(g) which is equal to

> fagy (3.3)
k=1

As D may be noncommutative, there is, unfortunately, no reason to believe that (3.2)
and (3.3) coincide. But let us look on the bright side: the summations (3.2) and (3.3)
are very similar, the terms differ only in the order of factors. This can be remedied.
We need the following definition.
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Definition 3.30 Let R be a ring. The opposite ring of R, denoted by R°, is the ring
consisting of the same elements as R, having the same addition as R, and multipli-
cation - given by

X-y:i=yx,

where yx is the product in R.

Note that R° is indeed a ring; in particular, the product - is associative. This ring
often naturally appears in the study of modules. For example, an obvious adaptation
of Remark 3.2 shows that there is a canonical correspondence between left R-modules
and right R°-modules.

The rings R and R° are not always isomorphic, but they are antiisomorphic. We
say that a bijective additive map 6 from a ring R onto aring S is an antiisomorphism
if0(xy) = 0(y)0(x) forall x, y € R. Obviously, the map x > x is an antiisomorphism
from R onto R°. Antiisomorphic rings are simultaneously division rings. Thus D is
a division ring if and only if D° is.

Let us now consider ¢(f) as an element of M, (D°) (rather than M,(D)). This
point of view does not affect the above discussion up until (3.3). In M,,(D°), the (i, /)
entry of ¢(f)p(g) is equal to

n n
D fag = e
k=1 j=1

which does coincide with (3.2), the (i, j) entry of ¢ (fg). Thus ¢ is an isomorphism
from Endp (V) onto M,,(D°). We have proved

Theorem 3.31 LetV be an n-dimensional vector space over a division ring D. Then
the rings Endp(V) and M, (D°) are isomorphic.

Remark 3.32 Ttis clear from the proof that Theorem 3.31 also holds for free modules.
That is, Endg (M) = M,,(R°) if M is a free R-module having a basis with n elements.

Remark 3.33 From Theorem 3.31 and Example 1.10 we infer that the ring Endp (V)
is simple if V is finite dimensional. (The converse is actually also true, the interested
reader can look at Example 5.10).

Remark 3.34 Theorem 3.31 yields an alternative aspect of Wedderburn’s structure
theory. We now see that we can add another equivalent condition to (i)—(iii) of
Theorem 2.61: (iv) A = End 4 (V) where A is a division algebra (in fact, A = D°)
and V is an n-dimensional vector space over A. Let us remark that V is automatically
also a vector space over the base field F, since F(= F - 1) is contained in A. The
elements in End 5 (V) are, in particular, F-linear maps.
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3.5 Simple Modules

In Sect. 3.3 we have seen that the structure of an R-module is quite simple if R = D is
a division ring. We shall now consider another class of easily approachable modules.
However, they are of a quite different nature.

Definition 3.35 Let R be a ring. An R-module M is said to be simple if RM # 0
and its only submodules are 0 and M.

If M is unital, then the condition RM # 0 reduces to M # 0.

Simple modules are of enormous importance in ring theory. From now on they
will frequently play an important role in our discussions. In Chap. 5 we will see that
the structure theory of rings rests upon them.

Another term for a simple module is an irreducible module. An irreducible
representation of an algebra A is defined as a representation ¢ : A — Endp (V) for
which there does not exist a proper nonzero subspace W of V that is invariant under
every ¢(a), a € A. It is easy to check that this is equivalent to the condition that the
associated A-module is irreducible.

The following lemma shows that simple modules are cyclic modules generated
by every nonzero element.

Lemma 3.36 An R-module M # 0 is simple if and only if M = Rm for every
0#£#meM.

Proof Suppose M is simple. Letm € M. As Rm is a submodule of M, we have either
Rm = 0or Rm = M. Since N := {m € M | Rm = 0} is also a submodule of M and
since RM # 0, we have N = 0. Therefore Rm = M whenever m # 0.

Conversely, it M = Rm for every 0 # m € M and L is a nonzero submodule of
M,then M = R¢ C Lforevery0 # ¢ € L. Thus L = M. O

Viewing modules as generalizations of vector spaces, one might first wonder what
does the simplicity mean for the latter. The answer is easy:

Example 3.37 A vector space V over a division ring D is simple (as a D-module) if
and only if dimp V = 1.

This example, however, is not really illuminating. The next ones better reflect the
meaning of simple modules in the theory that we shall later develop.

Example 3.38 Let V be anonzero vector space over adivisionring D. As in Example
3.10 we may regard V as a module over R = Endp (V) (via fv := f(v)). We claim
that V is a simple R-module. In view of Lemma 3.36 it suffices to show that for each
pair v, w € V with v # 0 there exists f € R such that f(v) = w. Now, by Theorem
3.28 we may choose a basis of V containing v, and then use Remark 3.29 to conclude
that such an f indeed exists.

Example 3.39 Let L be a left ideal of a ring R such that RL # 0. Then L is simple
as an R-module if and only if L is a minimal left ideal.
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The following lemma indicates the significance of this example.

Lemma 3.40 Let R be a simple ring having a minimal left ideal L. Then every simple
R-module is isomorphic to L.

Proof Let M be a simple R-module. By simplicity of R we have LR = R. Hence
LM O L(RM) = (LR)M = RM # 0. Choose m € M such that Lm # 0. Since
Lm is a submodule of M it follows that Lm = M. The map ¢ : L — M given by
¢(£) = £mis therefore a surjective R-module homomorphism. Its kernel is a left ideal
of R properly contained in L, so it can only be 0. Therefore ¢ is an isomorphism. [J

Example 3.41 Let R = M, (D), D a division ring. Then R is a simple ring (Example
1.10). A typical example of a minimal left ideal is RE];, the set of all matrices
that have zeros in all columns except in the first one (Example 2.57). Therefore
every simple R-module is isomorphic to RE|. Neglecting the zero columns, we may
identify this module with D", the abelian group of all n-tuple columns on which R
acts via the usual matrix multiplication. (A side remark, related to Theorem 3.31:
We can consider D" as a left vector space over D, but then the matrices from R do
not act on D" as D-linear operators; if, however, we consider D" as a right vector
space over D, then they do.)

3.6 Maximal Left Ideals

Minimal left ideals are prototypes of simple modules. However, they only rarely exist
inrings. Say, even such a simple and basic example of a ring as Z does not have them
(why?). Let us now consider left ideals having the opposite property. As it turns out,
they also have a tight connection with simple modules.

Definition 3.42 A left ideal U of a ring R is called a maximal left ideal if U # R
and U is not properly contained in a proper left ideal.

Maximal right ideals and maximal ideals are defined analogously.

Example 3.43 Let R = M,(D), D a division ring, and let U = RE|; & --- &
RE,_1,—1. That is, U is the set of all matrices that have zeros in the last column.
It is easy to check that U is a maximal left ideal of R. We remark that R = L @ U
where L is the minimal left ideal RE,,,,.

Example 3.44 If R is a commutative unital ring, then an ideal U of R is maximal if
and only if the factor ring R/U is a field. This is well-known, and the proof is easy
(cf. Lemma 5.38 below, which considers a more general situation). Hence:

(a) pZ is a maximal ideal of Z for every prime number p.

®) U. = {f € Cla,b]|f(c) = 0}, where c is a fixed number from [a, b], is a
maximal ideal of the ring of continuous functions C|a, b]. Indeed, f > f(c) is
a homomorphism from C[a, b] onto R with kernel U,, so that C[a, b]/U. = R
is a field.


http://dx.doi.org/10.1007/978-3-319-08693-4_1
http://dx.doi.org/10.1007/978-3-319-08693-4_2
http://dx.doi.org/10.1007/978-3-319-08693-4_5

66 3 Modules and Vector Spaces

It turns out that the U, ’s are actually the only maximal ideals of C[a, b]. Of course,
the pZ’s are the only maximal ideals of Z.

Most rings have plenty of maximal left ideals.

Lemma 3.45 IfR is a unital ring, then every proper left ideal L of R is contained in
a maximal left ideal.

Proof Let . be the set of all proper left ideals of R that contain L. Since L € .,
. is nonempty. Partially order . by inclusion. If {K; | i € I} is a chain in ./, then
K = [J;¢; K isits upper bound. Indeed, K is easily seen to be a left ideal, and K # R
since 1 ¢ K. By Zorn’s lemma .¥ contains a maximal element, which is obviously
a maximal left ideal of R containing L. (]

One can imagine that a maximal left ideal U of a ring R is “too big” to be simple
as an R-module. However, we will be interested in the factor module R/U which
should be expected to be “small”. Here we regard R as an R-module and U as its
submodule, so the operations in R/U are given by

r+U0)+G+U)=@r+s)+U and r(s+U)=rs+U.

Lemma 3.46 Let R be aring. Every simple R-module is isomorphic to R/ U for some
maximal left ideal U of R. Conversely, if U is a maximal left ideal of R such that
R? & U (this is automatically fulfilled if R is unital), then R/ U is a simple R-module.

Proof Let M be a simple R-module. Choose 0 # m € M. Then Rm = M and hence
¢ : R— M, ¢(r) = rm, is a surjective R-module homomorphism. Its kernel U is a
left ideal of R, and R/U = M. We have to show that U is maximal. Let L be a left
ideal of R such that U € L € R. Then L/U is a submodule of R/U. Since R/U,
being isomorphic to M, is a simple module, it follows that L/U = 0or L/U = R/U.
Accordingly, L = U or L = R, showing that U is maximal.

To establish the converse, take a maximal left ideal U of R, and consider a sub-
module N of R/U. Clearly, L := {£ € R|{ 4+ U € N} is a left ideal containing U.
Thus L = U or L = R, yielding N = 0 or N = R/U. Therefore R/U is simple
provided that R - R/U # 0,i.e., R> € U. a

Example 3.47 LetR, U, and L be as in Example 3.43. Note that R/U = L.

Example 3.48 By Example 3.44 it is now clear what are the simple Z-modules and
Cla, b]-modules.

Lemmas 3.45 and 3.46 yield

Corollary 3.49 Every nonzero unital ring has a simple module.
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3.7 Schur’s Lemma

In the previous chapter we saw that minimal left ideals give rise to division rings
(Lemma 2.58), and this was our basis for developing the structure theory of finite
dimensional algebras. Simple modules, which can be regarded as generalizations of
minimal left ideals (Example 3.39), have a similar role in the structure theory of
more general rings and algebras. As a first step towards this more general theory we
will now show that simple modules give rise to division rings. The next lemma may
be just a straightforward observation, but an extremely useful one. It is named after
I. Schur who used it in the representation theory of groups.

Lemma 3.50 (Schur’s Lemma) If M is a simple R-module, then the endomorphism
ring Endgr (M) is a division ring.

Proof Let f € Endgr(M), f # 0. Then kerf is a submodule of M different from
M, and imf is a submodule of M different from 0. Since M is simple, the only
possibility is thatker f = 0 and imf = M. Thus f is an automorphism, and therefore
an invertible element in Endg (M). O

A slightly more general version of Schur’s Lemma states that a nonzero homo-
morphism from an arbitrary module into a simple module is surjective, and a nonzero
homomorphism from a simple module into an arbitrary module is injective.

A minimal left ideal L of a semiprime ring R thus gives rise to two division rings:
the first one is described in Lemma 2.58 and the other one arises from Schur’s Lemma
if we regard L as a simple R-module. What is the connection between them? The
answer will be given in the corollary to the next lemma.

Lemma 3.51 Let e be an idempotent in a ring R. Then Endg(Re) = (eRe)°.
Proof Define ¢ : Endg(Re) — eRe by

p(f) :=f(e).

Since f is an endomorphism, we have f(e) = f(ee) = ef (¢), and since f maps into
Re we have f(e) = f(e)e. Accordingly, f(e) = ef (e)e indeed belongs to eRe. The
additivity of ¢ is clear. So is the injectivity: f(e) = 0 implies f(re) = rf(e) = 0
for every r € R. Pick a € eRe and define f : Re — Re by f(u) := ua. Then
f € Endg(Re) and ¢(f) = f(e) = a, which proves that ¢ is surjective. Next,

o(fe) =f(g(e)) =f(gle)e) = g(e)f (e) = p()e(f).

Therefore ¢ is an antiisomorphism. Composing ¢ with the canonical antiisomor-
phism x — x from eRe onto (eRe)° we thus obtain an isomorphism from Endg (Re)
onto (eRe)°. O

Corollary 3.52 Let L be a minimal left ideal of a semiprime ring R. Then there
exists an idempotent e € R such that L = Re, D = eRe is a division ring, and
Endg(L) = D°.

Proof Use Lemmas 2.58 and 3.51. (I
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3.8 Semisimple Modules

Theorem 3.27 saying that every vector space has a basis can be equivalently stated
as that every vector space is the direct sum of a family of 1-dimensional subspaces.
In view of Example 3.37 this can be further rephrased as follows: If D is a division
ring, then every unital D-module is the direct sum of a (possibly infinite) family of
simple submodules. We will now consider modules with this property over arbitrary
rings.

Definition 3.53 Let R be a ring. An R-module M is said to be semisimple if M is
the direct sum of a family of simple submodules.

The sum of an empty family of submodules should be understood as 0. The zero
module is therefore semisimple. As indicated above, all unital modules over division
rings are semisimple. Trivially, simple modules are semisimple. A more interesting
example, related to Examples 2.57, 3.39 and 3.43, is

Example 3.54 Let R = M, (D), D a division ring. Pick 1 < k < n, and set M =
RE1®- - -®RE}y. Thus, M is aleftideal of R consisting of all matrices that have zeros
in the last n — k columns. Each RE;; is a minimal left ideal of R, and hence a simple
module. Therefore M is a semisimple module. In particular, R = RE1| & - - - ® RE,,
is semisimple as an R-module.

Recall a familiar fact from linear algebra: Every generating set of a vector space
V contains a basis of V. In other words, if V is equal to the sum of 1-dimensional
subspaces, then V is equal to the direct sum of some of them. The next lemma extends
this fact to modules over arbitrary rings.

Lemma 3.55 [famodule M is the sum of a family of simple submodules {M; | i € I},
then there exists K C I such that M is the direct sum of the family {M; | k € K}.

Proof Let . be the set of all / C [ such that the sum of the family {M; |j € J}
is direct. Clearly . is a nonempty set since {i} € . for every i € I, and can be
partially ordered by inclusion. The existence of a maximal element in .% is a typical
application of Zorn’s lemma. Indeed, just note that the upper bound of every chain
is its union. Denote a maximal element by K, and set My := @rcxMy. Suppose
there exists i € I such that M; € M. Then M; N My is a proper submodule of M;.
As M; is simple, we must have M; N My = 0. Accordingly, the sum of the family
{M;|j € K U {i}} is direct, which contradicts the maximality of K. Hence M; C My
foreach i € I, so that My = M. O

This lemma implies that one can equivalently define semisimple modules by
omitting the word “direct” in Definition 3.53:

Corollary 3.56 If a module is the sum of a family of simple submodules, then it is
semisimple.
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Every subspace of a vector space is a direct summand. The reader probably knows
this fact at least for finite dimensional vector spaces over fields. For general vector
spaces it can be derived from Theorem 3.28. Let us show that it actually holds for
semisimple modules.

Lemma 3.57 Every submodule of a semisimple module is a direct summand.

Proof Let M be a semisimple module. Thus M = @;c;M; where M; are simple
submodules. Let L be a submodule of M. By simplicity of M; we either have LNM; =
M;or LN M; =0, i.e., L either contains M; or has trivial intersection with it. If the
former holds for every i € I, then L = M and the desired conclusion trivially holds.
We may therefore assume that L N M; = 0 for some i € I.

As one should expect, we have to invoke Zorn’s lemma at one point. Consider
the set . of all J C I such that L ) (@je JM]) = 0; . is nonempty by the previous
paragraph. A standard argument shows that .’ has a maximal element, let us call it
K, with respect to inclusion. We claim that L @ (eake KMk) = M. If this was not true,
there would existi € [ such that M; £ L & (@keKMk), and hence, by simplicity of

M;, M; N (L &) (@keKMk)) = 0. But then L [ (@jeKU{i}Mj) = 0, contradicting the
maximality of K. (]

It turns out that for unital modules the converse is also true: If every submodule
of a unital module M is a direct summand, then M is semisimple. We will not need
this result, so we omit the proof. One can find it, for example, in [Row0S, p. 36].

Do not be misled with subspaces of vector spaces—submodules are only seldom
direct summands. For instance, proper nonzero submodules of the Z-module Z are
nZ, n > 2, and none of them is a direct summand. Thus Z is not a semisimple
Z-module. We will soon learn that the semisimplicity of the R-module R is in fact
an extremely restrictive condition.

3.9 Wedderburn’s Structure Theory Revisited

So far we have introduced several concepts related to modules and considered their
formal properties. Itis about time to experience module theory in action. We are going
to do this now by giving a useful supplement to Wedderburn’s structure theory.

We will thus consider finite dimensional algebras and modules over them. In the
proofs we will refer to previous sections which, however, deal only with modules over
rings. This should not confuse the reader. Everything from these sections makes sense
for modules over algebras. Of course, all definitions must be appropriately interpreted
in the context of algebras. For example, a simple module over an algebra should have
no proper nonzero algebra submodules, algebra module homomorphisms must be
linear maps, etc. These changes do not really affect the proofs.

We can add the uniqueness statement to Wedderburn’s Theorem 2.61.

Theorem 3.58 If A is a finite dimensional prime (or equivalently, simple) algebra,
then there exist a unique n € N and an (up to isomorphism) unique division algebra
D such that A = M,,(D).
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Proof We only have to prove the uniqueness part. Assume therefore that A = M,,(D)
and A = M,,(C) for some n, m € N and division algebras D and C. It suffices to
prove that D = C since this in particular implies that D and C are of the same
dimension, from which n = m follows.

Let ¢ : M,,(D) — A be an isomorphism. Set e := ¢(E11). Since M,(D)E1; is a
minimal left ideal of M, (D), Ae = gp(M” (D)E“) is a minimal left ideal of A. By
Lemma 3.51, Endg(Ae) = (eAe)®. On the other hand, eAe = (p(EllM,,(D)E”) =
E\ M, (D)E(1 = D. Accordingly,

Enda(Ae) = D°.

Analogously, there exists an idempotent f € A such that Af is a minimal left ideal of
A and

End (Af) = C°.

As both Ae and Af are simple A-modules, Lemma 3.40 tells us that they are isomor-
phic. This implies that the algebras End (Ae) and End4 (Af) are isomorphic. Indeed,
if 0 : Ae — Af is a module isomorphism, then g > 6g6~! defines an algebra
isomorphism from Endg (Ae) onto Endy (Af). Consequently, D° = C°, and hence
D=C. (]

Wedderburn’s Theorem 2.64 can be for unital algebras extended as follows.

Theorem 3.59 Let A be a nonzero finite dimensional unital algebra. The following
statements are equivalent:

(i) A is semiprime.
(i) A =My, (Dy) x --- x My, (Dy) for some n; € N and division algebras D;.
(iii) Every unital A-module is semisimple.
(iv) A is a semisimple A-module.
(v) Every left ideal of A is of the form Ae where e € A is an idempotent.

Proof (i) = (ii). Theorem 2.64.

(i) = (iii). We claim that (ii) implies that there exist pairwise orthogonal
idempotents ey, ..., es, where s = n; + --- 4+ n,, such that ey + - + ¢, = 1,
A = Ae; @ --- @ Aey, and each L; := Ae; is a minimal left ideal of A. Observe,
first of all, that it suffices to show this for A = M, (D). In this case we have
A = AE|| & --- @ AE,, and each AE;; is a minimal left ideal of A (cf. Example
3.54), which proves our claim.

Let M be a unital A-module. For every m € M we have

m=Ilm=em+4+---+emeLim+---+ Lgm.

Thus, M is the sum of the family of its submodules {L;m |m € M, 1 < i < s}. Pick
m and i such that L;m # 0. Let us show that L;m is a simple submodule of M. We
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will actually show that L;m is isomorphic to L; which is, as a minimal left ideal of
A, a simple A-module. Clearly, ¢ — ¢m defines an A-module homomorphism from
L; onto L;m. Its kernel is a proper submodule of a simple module L;, so it must be
0. Therefore L; = L;m indeed holds. We now see that M is the sum of the family of
simple submodules {L;m |m € M,1 <i < s, Lim # 0}, and thus M is semisimple
by Corollary 3.56.

(iii) = (iv). Trivial.

(iv) = (v). Let L be a left ideal of A. Consider L as a submodule of a semisimple
module A. From Lemma 3.57 it follows that L is a direct summand. As shown in
Example 3.23, this is equivalent to the existence of an idempotent e € A such that
L = Ae.

(v) = (1). A left ideal containing a nonzero idempotent cannot be nilpotent. [l

Unlike (iii)—(v), (i) and (ii) are left-right symmetric conditions. Therefore we can,
in particular, add the following equivalent statement to the above list: (v’) Every right
ideal of A is of the form eA where e is an idempotent.

Corollary 3.60 Ler A be a finite dimensional simple algebra. If finite dimensional
unital A-modules have the same dimension, then they are isomorphic.

Proof Let M be a unital A-module. By Theorem 3.59 (iii), M is semisimple. If M
is also finite dimensional, then it is obviously a finite direct sum of simple modules:
M=M&---®&M,, M; simple. By Lemma 3.40, each M; is isomorphic to a minimal
left ideal L of A. Therefore M is isomorphic to the direct sum of r copies of L. The
number r thus determines M up to isomorphism. On the other hand, r is determined
by the dimension of M. Thus, if N is a unital A-module of the same dimension as M,
then M = N. ([

A brief inspection of the proof of Theorem 3.59 shows that we have used the
assumption that A is finite dimensional only in the proof of (i) = (ii). All other
implications hold for every unital algebra, and even for every unital ring (provided
that in (ii) we assume that D; are division rings, not algebras). Certainly (i) =
(ii) does not hold for general unital rings, there are a myriad of counterexamples (Z
to start with). However, it turns out that (v) = (ii) does hold. Thus, (ii)—(v) are
equivalent if A = R is an arbitrary unital ring. A ring satisfying these equivalent
conditions is called a semisimple ring. Clearly, a ring is isomorphic to M, (D) if and
only if it is a simple semisimple ring (this may sound strange, but not every simple
ring is semisimple; the terminology becomes a bit awkward here). Moreover, the
uniqueness part of Corollary 3.58 also holds in this context.

The preceding paragraph outlines the so-called Wedderburn-Artin theory,
developed by E. Artin some 20years after Wedderburn’s seminal work on finite
dimensional algebras. Treating semisimple rings is not substantially harder than
treating semisimple finite dimensional algebras. Nevertheless, we have decided to
stick with the classical finite dimensional context, which is probably intuitively more
clear and therefore easier to understand for a beginner. The interested reader will find
a detailed exposition of the Wedderburn-Artin theory in a number of textbooks, in



72 3 Modules and Vector Spaces

particular in [Bea99, FD93, Her68, LamO01, Pie82, Row91, Row08]. One of the ingre-
dients of this theory are the artinian rings, which will be briefly touched upon in the
next section.

3.10 Chain Conditions

The following three statements are equivalent for a vector space V: (i) V is infinite
dimensional, (ii) there exists an infinite descending chain Vi 2 V, D ... of sub-
spaces of V, (iii) there exists an infinite ascending chain W C W, C ... of subspaces
of V. Indeed, each of (ii) and (iii) obviously implies (i), and the converses follow by
taking a linearly independent subset {v{, v2, ... } of V and defining V,, to be the linear
span of {v,, V441, ...} and W, to be the linear span of {vy, ..., v,}. The following
two notions can be therefore viewed as generalizations of finite dimensionality.

Definition 3.61 A module M is said to be artinian (or is said to satisfy the descend-
ing chain condition on submodules) if for every chain M| 2 M, 2 ... of submod-
ules of M, there exists m € N such that M}, = M1 = ...

Definition 3.62 A module N is said to be noetherian (or is said to satisfy the
ascending chain condition on submodules) if for every chain Ny € N, € ... of
submodules of N, there exists n € Nsuch that N, = N1 = ...

Let X be a set and .7 be a set of subsets of X. We say that A € .7 is a minimal
element in . (with respect to set inclusion) if there does not exist ¥ € .# such that
A D Y. Similarly, we say that B is a maximal element in .7 if there does not exist
Z e Y suchthat B C Z.

Lemma 3.63 The following statements are equivalent for a module M:

(i) M is artinian.
(i1) Every nonempty set of submodules of M has a minimal element.

Proof (i) = (ii). Let . be a nonempty set of submodules of M. Pick M| € ..
If M is not minimal, then there exists M> € .% such that M| D M. If M, is not
minimal, then M, 2 M3 for some M3 € .. Continuing this process we arrive in
a finite number of steps at a minimal element in .&’; for if not, there would exist

an infinite chain My 2 M, 2 .... (Note that the axiom of choice was used in this
argument.)

(i) = (1). Let M1 © M, 2 ... be a descending chain of submodules of M. If
M,, is a minimal element of the set {M{, M, ...}, then M,, = M, 11 = .... O

Lemma 3.64 The following statements are equivalent for a module N :

(i) N is noetherian.
(i1) Every nonempty set of submodules of N has a maximal element.
(iii) Every submodule of N is finitely generated.
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Proof (i) <= (ii). This can be proved in the same manner as Lemma 3.63, just
the inclusions must be reversed.

(il) = (iii). Let P be a submodule of N. Denote by . the set of all finitely
generated submodules of P. Since it contains 0, . is nonempty. Thus there exists a
maximal element B in .. We have to show that B = P. Let by, ..., b, be generators
of B. Take an arbitrary p € P. The submodule generated by p, by, ..., b, lies in .7
and contains B, and therefore it must be equal to B. In particular, p € B.

(iii) = (i). Let N € N, C ... be achain of submodules of N. Note that Uf’il N;j
is also a submodule of N, and is therefore generated by finitely many elements
1, ..., cq. Bach ¢; lies in one of the N;’s, so there exists n € N such that N, contains
allcy, ..., cq. Hence Ny = U2 Niyie, Ny = Nyg1 = .. .. O

Definition 3.65 A ring R is said to be left (resp. right) artinian if R is an artinian
left (resp. right) R-module.

Definition 3.66 A ring Ris said to be left (resp. right) noetherianif R is a noetherian
left (resp. right) R-module.

A left artinian (resp. noetherian) ring is not necessarily right artinian (resp.
noetherian), and vice versa. For simplicity we will consider only left artinian and
left noetherian rings in this section. Of course, all statements that we will record
have analogous right versions. If R is both left and right artinian (resp. noetherian),
then we say that R is artinian (resp. noetherian). A left artinian (resp. noetherian)
commutative ring is obviously automatically artinian (resp. noetherian).

Since submodules of the left R-module R are the left ideals of R, R is left artinian if
and only if for every chain L; 2 L, D ... of left ideals of R there exists m € N such
that L,, = L,;+1 = . ... Analogously, R is left noetherian if it satisfies the ascending
chain condition on left ideals.

There is a non-obvious relation between these two classes of rings: A left artinian
unital ring is left noetherian. But we will not prove this. On the other hand, the ring
Z is noetherian but not artinian; this follows easily from the fact that the nonzero
ideals of Z are nZ, n € N, and that nZ C mZ if and only if m divides n.

The artinian property turns out to be a perfect ring-theoretic substitute for finite
dimensionality. The basic structure theory of finite dimensional algebras can be,
sometimes with literally the same proofs and sometimes with an extra effort, gener-
alized to artinian rings. But we will not go into details on that. Let us mention only
the fundamental result, often referred in the literature as the Wedderburn-Artin the-
orem, which states that a ring R is simple and left artinian if and only if R = M,,(D)
where n € N and D is a division ring. In Chap. 5 we will prove a version of the (more
substantial) “only if” part, saying that a simple unital ring with a minimal left ideal is
isomorphic to M, (D) (Corollary 5.34). Left artinian rings of course do have minimal
left ideals by Lemma 3.63 (the set of all nonzero left ideals has a minimal element).

The noetherian property gives rise to a considerably richer class of rings. Lemma
3.64 implies that aring R is left noetherian if and only if every left ideal of R is finitely
generated. In particular, if every left ideal of R is principal, i.e., it is generated by a
single element, then R is left noetherian. Besides Z, the basic example of such a ring
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is F[w] where F is a field. We assume that the reader has learned this fact in a basic
algebra course. A deeper result, known as Hilbert’s basis theorem, says that if 7'
is a left noetherian unital ring, then so is T[w]. We will now prove a slightly more
general version which is not limited to polynomials. However, the reader will notice
that the polynomials are imitated in the proof.

Theorem 3.67 Let R be a unital ring, T be a subring of R that contains the unity of
R, and d € R. If T is left noetherian, T + dT = T + Td, and R is generated by the
set T U {d}, then R is left noetherian.

Proof From Td C T +dT it follows easily that Td* € T 4dT + - - - +d°T for every
s > 1. Similarly, dT € T + Td yields d*°T C T + Td + - - - + Td®. Consequently,

T+dl+---+d°T=T+Td+---+Td* foreverys > 1. (3.4)

We denote the set in (3.4) by Ry; we also set Ry := T. Clearly, TRy = R,T = R; for
every s > 0.

Take a left ideal L of R. Our goal is to prove that L is finitely generated. Set
Wo:=LNT and

Wi:={weT|dweR_1+L}, k>1.

Using (3.4) one easily verifies that Wy is aleftideal of 7. Since T is left noetherian, W
is finitely generated: W = Z]rk: 1 Twji for some wj € Wy. Next, using dL C L and
dRy_1 C Ry we infer that Wy € Wy forevery k > 0. Therefore W, = W, = ...
for some n > 0.

By definition of Wy, k > 1, for each wy there is £j € L such that £; — dkwjk €
Ry—1; for k = 0 we simply take €jo = wjo € L.LetM := > }_, Z]r"zl R{j;.. We want
to show that L is equal to M and is therefore finitely generated. Obviously M C L.
Since R is generated by 7' U {d} it can be deduced from (3.4) that R = U?io R;.
Therefore it suffices to show that L N Ry € M for every s > 0. We proceed by
induction on s. For s = O we have LN Ry = Wy C M,solets > 1. Take £ € LN R,
and let wy € T be such that £ — d*w,; € Ry_.

First assume s < n. Since, by the very definition, wy € W;, we have wy, =
Z;;l tiwjs for some t; € T. By (3.4) there exist elements t]/ € T such that
d*t; — t]fds € R;_. A short calculation, based on £;; — d*wj; € Ry_1, shows
that £ — Z;;l tlf £js € Ry_1. Since this is an element from L, we may use the induction
assumption to conclude that it lies in M. As Z;;l t]fE ;s € M by definition, it follows
that £ € M.

If s > n, then wy € Wy = W,,. As in the previous paragraph we can find £, t// €

T such that wy = Z;Ll tiwj, and d"t; — t;d" € R,_1. One can verify that £ —
Z;”z 1 d“_”tjfﬂjn € R;_1. Therefore this element lies in M by induction assumption,
yielding £ € M. U
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Example 3.68 The Weyl algebra .7 satisfies the conditions of Theorem 3.67 with
Z playing the role of T and D playing the role of d. Indeed, .Z is easily seen to be
isomorphic to F[w] and is therefore (both left and right) noetherian. From (1.7) it
follows that £ +D.¥ C £ +.ZD. Analogously we see that ¥+ D C X +D.Z.
Of course, .«7] is generated by £ U {D}. Therefore .<7] is noetherian.

Exercises

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.
3.7.

3.8.

Let R be a unital ring and M be a unital R-module. Show that M is cyclic if
and only if M = R/L for some left ideal L of R.
Let L and N be submodules of a module M. Show that:

(a NJINNL)= (N+L)/L.
(b) If L € N, then N/L is a submodule of M /L, and (M/L)/(N/L) = M/N.

Remark: These two results, together with the standard fact that M/ ker ¢ = N
if ¢ : M — N is a surjective homomorphism, are often referred to as the
isomorphism theorems. They are usually attributed to E. Noether. Analo-
gous theorems, with analogous proofs, hold for other algebraic structures, in
particular for groups and rings. The ring-theoretic versions of (a) and (b) read
as follows: If I and J are ideals of a ring R, then J/J NI = (J +1)/I, and
(R/D)/J /) ZR/JIfT CJ.

Let L be a submodule of a module M. Show that every submodule of M /L is
of the form N /L, where N is a submodule of M which contains L. Similarly,
if J is an ideal of a ring R, then every ideal of R/I is of the form J /I, where J
is an ideal of R which contains /.

Let e and f be idempotents in a ring R. Show that the left ideals Re and Rf are
isomorphic as R-modules if and only if there exist u, v € R such that e = uv
and f = vu. Moreover, if R = M, (F) with F a field this is further equivalent
to the condition that e and f are similar matrices, i.e., there exists an invertible
t € Rsuch that f = rer™!.

Let R be a unital ring, and let M be a free R-module with basis B. Note that
every function from B into a unital R-module N can be (uniquely) extended to
a homomorphism from M into N. Hence deduce that every unital R-module
is the homomorphic image of a free R-module.

Is a submodule of a free module free?

A module P is said to be projective if for every surjective homomorphism f :
M — N and every homomorphism g : P — N there exists a homomorphism
h : P — M such that fh = g. Show that every free module is projective.
Note that aring R is isomorphic to R® if and only if R has an antiautomorphism.
Show that if R is such a ring, then so is M,(R). Find an example of a ring
without antiautomorphisms.

Hint: Where does an antiautomorphism send a left unity?
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3.9.

3.10.
3.11.

3.12.

3.13.
3.14.

3.15.

3.16.
3.17.

3.18.

3.19.

3.20.

3 Modules and Vector Spaces

Let V be a vector space over a division ring D. Suppose V has an infinite
countable basis. Show that the ring Endp (V) is isomorphic to the ring of all
column finite N x N matrices over D°, i.e., matrices with the property that
each of their columns has only finitely many nonzero entries.

Remark: The column finite matrices indeed form a ring under the standard
matrix operations. So do, for instance, the row finite matrices. On the other
hand, the set of all N x N matrices is not a ring since one faces infinite sum-
mations when performing multiplication. (This set is thus merely an additive
group.)

Describe the center of the ring Endp (V).

Let V be a finite dimensional vector space over a division ring D. We define
rank(f), the rank of f € Endp(V), as the dimension of im f. Show that
rank(f) = dimp V — dimp ker f. Further, show that d(f, g) := rank(f — g)
defines a metric on Endp (V).

Let D be a division ring and let A = (a;;) € M, (D). Which of the following
conditions imply that A is invertible?

(a) A is left invertible.
(b) A is not a left zero-divisor.

(C) ZO’ESn sgn(a)alg(l) <« - Apo(n) 75 0.

Show that every simple module over a unital ring is unital.

Let V be a nonzero vector space over a division ring D, and let R =
Endp(V). As in Example 3.38, consider V as a (simple) R-module. Show
that Endg(V) = D.

Let M be a simple module over a commutative unital ring R. Show that the
division ring Endg (M) from Schur’s lemma is a field isomorphic to the factor
ring R/U where U is a maximal ideal of R.

Show that a homomorphic image of a semisimple module is semisimple.
Show that finite dimensional simple algebras A and B are isomorphic if (and
only if) there exists n € N such that the algebras M, (A) and M, (B) are
isomorphic.

The left annihilator of a subset / of a ring R is the left ideal lanng (1) := {x €
R | xI = 0}, and the right annihilator of / is the right ideal ranng (/) := {x €
R|Ix = 0}. Show that if R is semiprime and [/ is an ideal, then lanng (/) =
ranng (/) is an ideal, and if, additionally, R is a finite dimensional algebra,
then lanng(lanng (7)) = I. Note that this formula is not, in general, valid if /
is merely a left ideal. However, a similar formula that also involves the right
annihilator does hold in this case. Find it!

Let L be a submodule of amodule M. Show that M is artinian (resp. noetherian)
if and only if both L and M /L are artinian (resp. noetherian).

Show that an injective endomorphism of an artinian module is automatically
surjective. Similarly, a surjective endomorphism of a noetherian module is
injective.
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3.21.

3.22.

3.23.

Suppose a module M is both artinian and noetherian. Show that for every
endomorphism ¢ of M there exists n € N such that M = im ¢" @ ker ¢".

Remark: This result is known as Fitting’s lemma.

Show that the polynomial ring F[$2], where F is a field, is noetherian if
and only if the set §2 is finite. Is the ring of continuous functions Cla, b]
noetherian?

Let V be a vector space over a division ring D. Show that the following
statements are equivalent:

(i) The space V is finite dimensional.
(i1) The ring Endp (V) is left artinian.
(iii)) The ring Endp (V) is left noetherian.

Hint: The ring M,,(D°) has the natural structure of a vector space over D° of
dimension 12, and its left ideals are automatically subspaces.



Chapter 4
Tensor Products

Sometimes we find some mathematical concept difficult to comprehend at the
beginning. Later, when we get used to it, it appears so natural to us that we do
not understand anymore what appeared so mysterious about it before. Perhaps the
tensor product is a concept with which many have such an experience.

Our intention is to give a gentle introduction to tensor products. After a preliminary,
unavoidable consideration of tensor products of vector spaces, we will proceed with
tensor products of algebras. This will in particular yield a deeper insight into central
simple algebras. In the final part of the chapter we will prove two classical results, the
Double Centralizer Theorem and the Skolem-Noether Theorem, and thereby illus-
trate the usefulness and the strength of the approach based on tensor products and
modules.

4.1 Concept of a Tensor Product

Take two vector spaces U and V over a field F. For simplicity assume, temporarily,
that they are finite dimensional, dimr U = m and dimr V = n. The tensor product
of U and V is a vector space of dimension mn. One is usually interested in algebraic
objects only up to isomorphism, and so might consider this description of the tensor
product as satisfactory. However, it does not really give a clue about the idea upon
which this concept is based. The tensor product serves as a device transforming
bilinear maps into linear ones. This ambiguous description in some sense better
reflects the essence of this concept. Before starting with a rigorous treatment, let us
give an indication in what way the latter could be connected with an mn-dimensional
space. Pick abasis {eq, ..., e, } of U andabasis { f1, ..., fu} of V.One easily notices
that a bilinear map f from U x V into another vector space W is uniquely determined
by its mn values B(e;, fj), 1 <i <m,1 < j < n. Now, take any vector space of
dimension mn, choose its basis, and define a linear map f from this space into W
so that the elements from the chosen basis are mapped into the elements S(e;, f;).
It is clear that B together with the chosen bases contains all information about .
© Springer International Publishing Switzerland 2014 79
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Thus, instead of considering a bilinear map on U x V, we can consider a linear map
defined on a space of dimension dimg U - dimp V.

We now proceed to the formal definition. Its major advantage comparing to the
above discussion is that it is independent of basis. Before stating the definition we
make a few comments in order to avoid a possible misapprehension.

Given any set X we can construct a vector space over F having X as a basis
(cf. Sect.2.5). Its elements are formal linear combinations of elements from X, i.e.,
they can be written as D .y A,x where all but finitely many A, € F are zero. Thus
X basically plays the role of an index set. Operations in this space are defined in the
obvious way. Ignoring the terms with zero coefficient we get another interpretation:
For every element w in the vector space with basis X there exist a finite subset
{x1,..., x5} of X and unique Ay, ..., A, € F such thatw = A1x; + -+ - 4+ Apx,.
We will deal with the situation where X is the Cartesian product U x V of spaces U
and V. Let us emphasize that here we consider U x V only as a set, not as a vector
space. Therefore, for example, (0, 0) is just an element from the standard basis of the
space with basis U x V, it is not its zero element. Further, (u + 1/, v) is an element
from this basis and is therefore different from (u, v) + (&, v) which is the sum of
two basis elements, while A(u, v) coincides with (Au, v) only when A = 1. We may
thus think of the space with basis U x V as being “huge”, incomparably larger than
UandV.

Let us now state the definition. It concerns arbitrary vector spaces, not necessarily
finite dimensional ones.

Definition 4.1 Let U and V be vector spaces over F. Denote by % the vector space
with basis U x V. Let .4/ be the subspace of % generated by all elements of the
form

A+ Nu',v) —A(u,v) =N, v),
U, 2w+ 2V) — A, v) — X (u, V),

AA € F,u,u’ €U,v,Vv € V. The tensor product of U and V is the factor vector
space % /.4 . Itis denoted by U ® V (or by U @ V when we wish to emphasize
that we consider spaces over F).

This definition is of little practical use. The characteristic property of U ® V,
described in the following theorem, is the one that matters.

Theorem 4.2 Let U and V be vector spaces over F. Then there exists a bilinear
mapU xV - UQYV, (u,v) = u v, such that:

(a) Every elementin U ® V is a sum of elements of the formu @ v,u e U,v e V.

(b) Given a bilinear map B : U x V. — W, where W is a vector space over F,
there exists a linear map B : U ® V. — W such that B(u @ v) = B(u, v) for all
uelU,veV.

Moreover, properties (a) and (b) characterize U @ V up to isomorphism.
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Proof We define u ® v as the coset (u, v) + 4. Considering the generators of .4/
we see that the map (u,v) — u ® v is bilinear. By definition, every element in
U ® V can be written as a linear combination of elements of the form u ® v. Since
AMu ®v) = (Au) ® v, (a) follows.

Let 8 : U x V — W be abilinear map. Since U x V is a basis of %, there exists
alinear map B : % — W such that B((u, v)) = B(u,v) forallu € U,v € V (cf.
Remark 3.29). The bilinearity of 8 implies that .4~ C ker B. Accordingly, we can
define a linear map  on % /.4 = U ® V by B(x + .#) = B(x). In particular,
pu®v) = pu,v).

To prove the last statement, assume that 7 is another space for which there exists
a bilinear map U x V — T, (u,v) — u © v, with properties (a) and (b). Since
(u,v) — u ® v is a bilinear map, there exists a linear map ¢ : T — U ® V
satisfying ¢ (u ©v) = u @ v. Analogously, there exists alinearmapy : UQV — T
satisfying ¥ (1 ® v) = u © v. Consequently, ¢ and ¢ are inverses of each other, and
hence T and U ® V are isomorphic vector spaces. (]

Remark 4.3 From (a) it follows that f is a unigue linear map from U ® V into W
sending ¥ ® v into B(u, v).

Bilinear maps appear so often in mathematics that we simply cannot avoid them.
However, they may be a bit clumsy to deal with. Theorem 4.2 shows that we can
“glue” spaces U and V into the space U ® V so that a bilinear map definedon U x V
can be credibly represented by a linear map defined on U ® V. Linear maps are not
only simpler than bilinear ones, they are the “proper” maps (i.e., the homomorphisms)
in the context of vector spaces.

Example 4.4 Let A be an F-algebra. The multiplication on A is by definition a
bilinear map (x, y) — xy from A x A into A. Sometimes it is more appropriate to
consider multiplication as a linear map from AQ A into A, determined by x®@y +— xy.

Let us mention that one can also define tensor products of modules. For modules
over commutative rings this can be done in basically the same way as for vec-
tor spaces, the differences are merely terminological. More substantial changes are
needed if rings are noncommutative.

4.2 Basic Properties of Tensor Products

The results of this and of the next couple of sections should convince the reader that
the concept of the tensor product is natural. It is compatible with fundamental linear
algebra concepts.

Let us first summarize the most relevant properties of the tensor product estab-
lished so far. The tensor product of vector spaces U and V is a vector space U Q V
consisting of elements that can be written as

UL RQVI+ur @vo+--4+u, vy, uj elU,v; €V.


http://dx.doi.org/10.1007/978-3-319-08693-4_3

82 4 Tensor Products

Such an expression is far from unique. After all, we have to take into account that
the map (u, v) — u ® v is bilinear, meaning that

QU+ @v=ru®v)+\u ®v),
UR MW +XNV)=2u®v)+ XN u®V)
forallA, A" € F,u,u’ € U, v,V € V. These formulas readily imply
u®0=0, 0®v=0

forallu € U, v € V. Last but not least, we have the so-called universal property
(b) from Theorem 4.2, which might be easier to memorize through a commutative
diagram:

UxV ° UV

\Q; E/
/
w

Here, ® denotes the canonical map (u, v) — u @ v. Let us emphasize that ® and g
are bilinear maps, while g is linear.

Elements of the form u ®v are called simple tensors. One should keep in mind that
these are only generators of the space U ® V, not its typical elements. This warning
may seem redundant at this point, but actually its disregard is a common source of
errors. Standard tensor product considerations deal only with simple tensors, which
may be misleading. Say, Theorem 4.2 describes 8 by B(u ® v) = B(u, v); this is
all right since £ is linear and so its action on U ® V is uniquely determined by this
rule. There are, however, other instances where an information about simple tensors
is not sufficient.

Let us examine further properties of tensor products. First a word about notation:
throughout this and the next section, U, U’, V, V', W denote arbitrary vector spaces
over the field F. The next lemma introduces the tensor product of linear maps.

Lemmad.5 Ifp : U — U and : V — V' are linear maps, then there exists a
unique linear map U @ V. — U’ ® V', which we denote by ¢ ® ¥, such that

(@ Y)u®v) =9 ®Y()
forallu e U,veV.

Proof The linearity of ¢ and 1, together with the bilinearity of ®, clearly imply that
the map (u, v) — ¢(u) ® ¥ (v) is bilinear. Theorem 4.2 thus shows that the linear
map sending u ® v into ¢(u) ® ¥ (v) indeed exists. Its uniqueness is obvious. [



4.2 Basic Properties of Tensor Products 83

The lemma basically states that the map given by

1

D ui@vi> > o) @ yr(v)

is well-defined. The given proof is quite illustrative. In order to establish something
about tensor products one usually begins by introducing a bilinear map, and then, by
the universal property, transforms it into a linear one. As a rule this quickly yields
conclusions which may not be so easily obtained by other means.

It is clear that for linear maps with appropriate domains and codomains we have

PRV @Y) =9 @Yy
Consequently, if ¢ and ¥ are isomorphisms, then so is ¢ ® ¥, and
o) =p eyl

This in particular shows the following:

UZSU ad V=V =UQV=U@V.
Let us also mention the formulas

Ao +29) @Y =Ap® V) +2'(¢' ® V),

PO MY +1Y ) =1e@Y) + A (9@ Y),

which follow immediately from the definition.

In the next lemmas we prove that the tensor product is commutative and associa-
tive. One should not understand this literally; such statements can only be true up to
isomorphism. However, such abuse of terminology is quite standard.

Lemmad4.6 UQV =2V RU.

Proof ThemapU x V — V ® U, (u,v) — v Q u, is bilinear, hence there exists
alinearmapU @ V — VU, u ®v — v ® u. Similarly there is a linear map
VU - U®V,v®u — u ®v. Obviously, these two maps are inverses of
each other. (]

Lemmad4.7 (UQV)QW=ZU® (V®W).

Proof The bulk of the proof is to show that the rule (4 @ V) Qw > u Q (v @ w)
determines a well-defined map from (UQ V)Q@ W to U ® (V ® W). Since the elements
(u®v) ®@w generate the vector space (U ® V) ® W (why?), the symmetrically defined
mapu ® (v @ w) = (1 ® v) ® w is then obviously its inverse.
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Takew € W. Themap U xV - UQ (VO W), (u,v) —» u® (v @ w), is
bilinear, and hence u ® v — u ® (v ® w) determines a well-defined map from U ® V
to U @ (V ® W). This is true for every w € W. Accordingly,

(Zui@)vi,w) > Zui Qi ®w)

is a well-defined bilinear map from (U @ V) x W to U ® (V ® W). Therefore the
map determined by (# @ v) @ w — u ® (v ® w) is indeed well-defined. U

One usually identifies (U ® V) @ W and U ® (V ® W), and denotes each of these
two spaces simply by

URQVeW.

Alternatively one can introduce U ® V ® W via trilinear maps; the resulting space is
the same up to isomorphism. Of course, the tensor product of more than three spaces
can also be defined.

4.3 Linear (In)dependence in Tensor Products

An element in U ® V can be written as a sum of simple tensors in many different
ways. Fortunately, this non-uniqueness has its limitations.

Lemmad4.8 Letey,...,e, € U belinearly independent. Ifvy, ..., v, € V are such
that
e@vi+--+e, v, =0,

then each v; = 0.

Proof Let f;: U — F be alinear functional such that f;(e;) = §;;forj=1,...,n
(cf. Theorem 3.28 and Remark 3.29). The map (u,v) + f;(u)v is bilinear, and
so there exists a linear map o; : U ® V — V satisfying o;(u @ v) = fi(u)v.
Consequently,

n n

j=1 j=1 0

All results in this section will follow from this simple lemma. Let us first point
out that in particular it shows that forallu € U andv € V,

uv=0=u=0orv=0.

Incidentally, the tensor product of modules over rings does not always enjoy this
property.
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We continue with a useful technical improvement of Lemma 4.8.

Lemma 4.9 Let ey, ...,e, € U be linearly independent. If vi,...,v, € V are
such that

L@Vt -+ Qv =w1®zZ1+ -+ Wiy @Zm

for somew; ...,wyu € Uandzy,...,zm €V, then each v; is a linear combination
of 21, -+ Zm-

Proof The set {ey, ..., e,} can be extended to a basis of the linear span of the set
{e1,...,en, w1, ..., wy}. Denote the additional vectors (if there are any) in this basis
by ent1, ..., ep. Write each w; as a linear combination of basis vectors. Then, using
the bilinearity of ®, we see that the given identity can be rewritten as

@Vt ten®v, Fen1®z, + - tep®2, =0,

where each vl’- is the sum of v; and a linear combination of the z;’s. Lemma 4.8 tells
us that v} = 0. O

Let us also record the obvious analogues of the above lemmas.

Lemma 4.10 Let fi,..., f, € V be linearly independent. If uy, ...,u, € U are
such that

M fi+--4u, @ fu =0,

then each u; = 0.

Lemma 4.11 Let fi,..., f, € V be linearly independent. If uy, ...,u, € U are
such that

U fi+  Fu @fu=wiQzi+ -+ wu ®zpy

forsomewy, ..., wy € Uandzy...,zy €V, then each u; is a linear combination
ofwi, ..., Wi

Bases of U and V give rise to bases of U ® V:

Theorem 4.12 If{e; |i € I} is a basis of U, and {f; | j € J} is a basis of V, then
{ei® filiel, jeJ})isabasisofURV.

Proof Writing u € U as a linear combination of the ¢;’s, and v € V as a linear
combination of the f;’s, it follows, by the bilinearity of ®, that u ® v is a linear
combination of the ¢; ® f;’s. Therefore the set {¢; ® f;|i € I, j € J} generates
U ® V. It remains to show that it is linearly independent. By definition, a subset of a
vector space is linearly independent if each of its finite subsets is linearly independent.
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Every finite subset of {¢; ® fj|i € I, j € J} is contained in a set of the form
{ei, ® filk=1,...,m, I =1,...,n}. Therefore it suffices to show that such sets
are linearly independent. Assume, therefore, that

m n

D> hulei ® f3) =0

k=1 I=1

for some Ay; € F. We can rewrite this as

m n
Zeik ® (Z Xk[fj,) =0.
k=1 =1

Since ¢, ..., ¢, are linearly independent, > | Ay fj, = O for all k by Lemma
4.8. The linear independence of f,, ..., fj, yields A;; = O for all k and /. O

The next two corollaries are immediate.

Corollary 4.13 If{e; |i € 1} is a basis of U, then every element in U @ V can be
written uniquely in the form ) ;. e; ® v;.

If 7 is an infinite set, then this should be understood as that all but finitely many
v;’s are zero.

Corollary 4.14 If{f;|j € J}is a basis of V, then every element in U ® V can be
written uniquely in the form Zjej uj ® fj.

Remark 4.15 Another useful observation is that every nonzero elementx € U ® V
can be written as x = Zf-l: L u; @ v; where uy, ..., uq are linearly independent
vectors in U and vy, .. ., vg are linearly independent vectors in V. The proof is easy:
just require the minimality of d with respect to all possible expressions of x, and the
independence of the u;’s and of the v;’s clearly follows.

Let now [ and J be finite sets. Theorem 4.12 then yields the formula announced
at the beginning of the chapter.

Corollary 4.16 IfU and V are finite dimensional vector spaces over F, then
dimpU ® V =dimp U -dimp V.

Observe the analogy with the formula on direct sums:
dimp U @V =dimp U +dimp V.

Remark 4.17 Corollary 4.16 resembles another formula from basic linear algebra:

The dimension of Homg (U, V), the vector space of all linear maps from U to V,
is equal to dimg U - dimp V. Therefore the spaces Homp (U, V) and U ® V are
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isomorphic. What we wish to point out is a canonical isomorphism—yet not between
exactly these two spaces. Let U* be the dual space of U (i.e., the space of all linear
functionals on U). Instead of U ® V we consider V ® U* which is a space of
the same dimension. Given v € V and f € U¥, define T, y € Homg(U, V) by
T, y(u) = f(u)v. Note that T, s has rank one provided that v # 0 and f # 0,
and conversely, every linear map U — V of rank one is of the form 7, ; for some
0#veVandO0# f € U*. The map (v, f) — T, s is bilinear, hence there exists
a linear map

¢:VQU" - Homp(U,V), o(v® f) =T, .

As every nonzero map in Hom g (U, V) is a sum of maps of rank one, ¢ is surjective.
But then ¢ is an isomorphism for it is linear and the spaces V ® U* and Hom (U, V)
have the same dimension. One often simply identifies v ® f with T, ¢, and thus
considers simple tensors v ® f as rank one maps given by

v ® fHu) = fuyv.
This is commonly used regardless of whether U and V are finite dimensional or not.

Remark 4.18 The following elementary facts
U®F=U and FV =V

also deserve to be mentioned. The proofs are immediate. By bilinearity of ® every
element in U ® F can be written as u ® 1. Therefore u ® 1 +— u is an isomorphism
from U ® F onto U. Similarly, | ® v — v is an isomorphism from F ® V onto V.

4.4 Tensor Product of Algebras

After a linear algebra inset we are now ready to return to themes that are in the spirit
of this book. Let A and B be algebras over a field F'. The vector space A ® B can be
turned into an algebra by defining multiplication in a simple, natural way.

Lemma 4.19 If A and B are F-algebras, then A ® B is an F-algebra relative to
the multiplication determined by

xRVZOW) =xzQ yw

forallx,z € A, y,w € B.

Proof Pick z € A and w € B. Let R, and R,, denote the corresponding right
multiplication maps. By Lemma 4.5 we have the map R; ® R,, € Endr(A ® B) that
sends x ® y into xz @ yw. Since
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A x B — Endp(A® B), (z,w) — R, ® R,
is a bilinear map, there exists a linear map
¢:A® B — Endp(A® B), ¢p(zQ@w) =R, ® R,,.
We now define the product of r, s € A @ B as follows:
rs = @(s)(r).
This multiplication is obviously bilinear, and for all x, z € A, y, w € B we have
x®y)Z@W) =9Z@W)(x®Yy) =(R; ® Ry)(x ® y) =xzQ yw.

Finally, from the associativity in A and B we immediately infer that

(cencew)usn=can(cewue).

Since every element in A ® B is a sum of simple tensors, this implies that our
multiplication is associative. (|

Lemma 4.19 basically states that
(ZM ® yi) (Z 7 ® w.,') = Zx,'z./ ® Yiw;
i j ij

is a well-defined operation on A ® B. From now on we will always consider A ® B,
the tensor product of algebras A and B, as an algebra in which multiplication is
defined by the above formula.

By Lemma 4.6 we know that A ® B and B ® A are isomorphic as vector spaces.
The canonical isomorphism x ® y — y ® x also preserves multiplication. Therefore
we have an algebra isomorphism

A®B=BQ®A.
Similarly, just as for tensor products of vector spaces we see that
(ARB)®C=AQ®(B®C(),
AQRF=ZA and FQ®B = B,
AZA andB=B' — AQB=A®B

holds for all F-algebras A, A’, B, B/, and C.
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Let S be a subalgebra of A and T be a subalgebra of B. Regarding S and T
as algebras we can form their tensor product S ® 7', which is clearly canonically
isomorphic to the subalgebra of A® B consisting of all elements of the form >, 5; ®1;,
s; € S, t; € T. In this sense we can consider S ® T as a subalgebra of A ® B.

We continue with illuminating examples.

Example 4.20 Let G and H be groups. What is the tensor product of group algebras
F[G] and F[H]? From Theorem 4.12 we know thatthe set {g¢ ® h|g € G,h € H}
is a basis of F[G] ® F[G]. By definition, G x H 1is a basis of the group algebra
F[G x H]. Therefore there exists a bijective linear map F[G] ® F[H] — F[G x
H] determined by g ® h +— (g, h). This map is clearly also multiplicative, so
we have

FIGI® F[H] = F[G x H].

Example 4.21 Let A be an arbitrary F-algebra. We claim that
AR® Flo] = Alw].

Indeed, using Corollary 4.14 we see that every element in A ® F[w] can be uniquely
written as >, @; ® '. It is now straightforward to check that the map

AR Flo] - Alw], Zai ®a)i — Zaiwi,
i i

is an algebra isomorphism.

In particular, Flw] ® Flw:] = (Flw1])[w2] = Flw;, wz]. Note that, via this
isomorphism, the element f ® g € Flwi] ® F[w>] corresponds to the polynomial
f(w1)g(w2) € Flwy, wz]. It is in fact common not to distinguish between the two,
and thus consider f ® g as the polynomial

(f ® &)(wi, w) = f(w1)g(w).
Example 4.22 For every F-algebra A and every n > 1 we have

M, (F)® A= M,(A). 4.1)

The proof is similar to that from the preceding example. After noticing that every
elementin M, (/') ® A can be uniquely written as the sum of simple tensors E;; ®aj;,
where E;; are the standard matrix units, it readily follows that

n n

n n
My(F)® A — My(A), D D> Eij®aij > » . > aijEij,

i=1 j=I i=1 j=1
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is an algebra isomorphism. This map should be considered as canonical—one often
identifies (A;;) ® a € M, (F) ® A with the matrix in M, (A) whose (i, j) entry is
Ajja.

As an important special case of (4.1) we have

My (F) @ My (F) = My (F). 4.2)

Namely, M, (M,,(F)) = 2m(F). This is basically just a rewording of the
well-known fact that matrices can be added and multiplied blockwise. A detailed
proof is perhaps a bit tedious, but straightforward.

Alternatively, we can state (4.2) as

Endr(U) @ Endp(V) = Endp(U ® V),

where U and V are finite dimensional vector spaces over F.

Example 4.23 Let V be a vector space with a countably infinite basis {e, e2, ... }.
Set A := Endg(V) and define f;; € A, i, j = 1, 2, according to

Sfi1(ezk—1) = ez—1, fri(ex) =0,

Sfi2(e2k—1) =0,  fra(ex) = exx—1,

falea—1) = ey,  fai(exw) =0,

fole—1) =0, falew) =ex
for all k € N. One can check that { fi1, f12, f21, f22} forms a set of 2 x 2 matrix
units of A. Therefore A = M>(f11Af11) by Lemma 2.52 (and Remark 2.53). It is
an easy exercise to show that f11Af11 = Endr(V7) where V is the subspace of V

generated by all exr—1, k € N. As the spaces V| and V are isomorphic, we actually
have Endr (V) = A, and hence A = M, (A). It is not difficult to generalize this to

A= M,(A) foreveryn € N.
We can now better understand and appreciate the uniqueness in Wedderburn’s the-
orem (Theorem 3.58). Further, now we see that the tensor product of algebras does
not obey the “cancellation law”, i.e.,

SRAZTR®A= S=T.

Namely, by (4.1) we have F @ A = M,,(F) ® A foreveryn € N.
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4.5 Multiplication Algebra and Tensor Products

Let A and B be unital algebras. Then 1 ® 1 is clearly the unity of A ® B. One usually
identifies Awith AQ1 := {a®1|a € A} (= AQF)and Bwith1®B :={1®b |b €
B}, and in this way considers A and B as subalgebras of A ® B. Obviously, elements
from A commute with elements from B, and the algebra A ® B is generated by AU B.
If we add the statement of Lemma 4.8 to these properties, we get a characterization
of the tensor product of unital algebras:

Lemma 4.24 Let T be a unital algebra. Suppose T contains subalgebras A and B
which contain the unity of T and satisfy

(@) ab=ba foralla e A, b € B.

(b) T is generated by AU B.

(©) Ifay,...,a, € A are linearly independent and by, . .., b, € B are arbitrary,
then ayby + - - - + apb, = 0 impliesby = --- = b, = 0.

Then A ® B = T under the map a ® b — ab.

Proof The standard universal property argument shows that there exists a linear map
¢ :AQ® B — T suchthat 9(a ® b) = ab foralla € A, b € B. According to (a),
(b), and the assumption that A and B contain the unity of 7', every element in 7 is of
the form a1 by + - - - +apb, witha; € A and b; € B. Therefore ¢ is surjective. Since
every x € A® B canbe written as x = a; @ by + - -+ + a, ® by, where ay, ..., a,
are linearly independent (cf. Remark 4.15), we see from (c) that ¢(x) = 0 implies
x = 0. Therefore ¢ is injective. Finally, using (a) we obtain

¢((a®b)(a ®b")) =g¢(aa’ @ bb") = ad'bb’ = aba'b' = p(a @ b)p(a' ® V'),
which shows that ¢ is an algebra isomorphism. (]

Remark 4.25 1t is instructive to compare (a)—(c) with analogous properties of the
direct product. Suppose now that an algebra S contains subalgebras A and B such
that

(@) ab=ba=0foralla € A,b € B.
(b’) Sisthe sumof A and B.
(¢’) Ifae Aand b € B are such thata +b =0, thena = b = 0.

Then A x B = S under the map (a, b) — a + b.

As it will be apparent from the next proof, the situation considered in Lemma
4.24 was indirectly met already in Sect. 1.5 when studying the multiplication algebra
M (A) of a central simple algebra A.

Theorem 4.26 If A is a central simple algebra, then A @ A° = M(A) under the
map a @ b +— L,Rp.
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Proof The sets £ = {L,|a € A} and #Z = {Ry|b € A} of all left and right
multiplication maps are subalgebras of M (A). By definition, M (A) is generated by
Z U Z. Obviously, elements from . commute with elements from Z. It is clear
that ar, ..., a, € A are linearly independent if and only if L,,, ..., L,, € £ are
linearly independent. In this case Ly Rp, + -+ + Ly, Rp, = 0 implies b; = 0 (and
hence Rj, = 0) by Lemma 1.24. Lemma 4.24 therefore tells us that

L QA= M(A) under the map L, ® Rp +—> L, Rp.

We can polish this a little bit. Note that A = % under a — L. Since Ry, = Ry Rp,
there is no reason why A and % should be isomorphic. However, A° and % are;
b +— Ry is, of course, an isomorphism. Making use of Lemma 4.5 (and the comments
following this lemma) we thus see that

ARA°=Z X ® Z underthemapa @ b+ L, Q@ Rp.
Composing the isomorphisms a ® b — L, ® R, and L, ® R, — L, R we arrive
at the desired conclusion. [l

Lemma 1.24 can now be sharpened as follows.

Corollary 4.27 If A is a central simple algebra, then for all a;,b; € A we have
>y La Ry, =0ifand only if 3! a; ® b; = 0.

Corollary 4.28 If A is a finite dimensional central simple algebra, then A ® A° =
M, (F), wheren = [A : F].

Proof Apply Lemma 1.25, which says that M(A) = Endr(A), together with the
standard fact Endg(A) = M, (F). U

Example 4.29 The conjugation h +—> h is an antiautomorphism of H. Therefore
H° = Hunderthemaph — h,and hence HQrH°® = HRrH. AsHQRrH® = M4(R)
by Corollary 4.28, we have

Her H= Mi(R).

4.6 Centralizers in Tensor Products

The center Z(A) of an algebra A is the set of elements in A that commute with all
elements in A. We now extend this concept by considering sets of elements in A that
commute with some elements in A.

Definition 4.30 Let S be a subset of an algebra A. The centralizer of S in A is the
set

Ca(S) :={a e Alas =sa foreverys e S}.
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In the same way one defines the centralizer of a subset of a ring, but we shall
deal only with centralizers in algebras. Let us also mention that we have encountered
centralizers of singletons in the proof of Wedderburn’s theorem on finite division
rings.

First we record a few simple remarks to build intuition. The centralizer of any set
S is a subalgebra of A which contains Z(A). On the other hand, the centralizer of S
coincides with the centralizer of the subalgebra generated by S and Z(A). Therefore
one usually considers only centralizers of subalgebras containing the center. One
might expect that, roughly speaking, a large subalgebra has a small centralizer, and
a small subalgebra has a large centralizer. Let us support this inexact statement with
the following obvious facts:

S1 € S = Ca(S2) € Ca(S),
Ca(A) = Z(A) and Ca(Z(A)) = A.

Condition (a) in Lemma 4.24 can be read as B € C7(A) (or A C C7(B)). This
suggests that the concept of the centralizer plays a role in tensor products of algebras.
Our starting point is

Proposition 4.31 Let A and B be unital algebras. If S is a subalgebra of A that
contains the unity of A, and T is a subalgebra of B that contains the unity of B, then

CagB(S®T) = Ca(S) ® Cp(T).

Proof Tt is enough to prove Cagp(S ® T) C Ca(S) ® Cp(T), since the converse
inclusion is trivial. Let ¢ € Cagp(S ® T). We can write ¢ = Z?:l Vi ® z; where
Y1, ..., Yq € Aarelinearly independentand zy, ..., zg € B arelinearly independent
(cf. Remark 4.15). From c(s ® 1) = (s ® 1)c, s € S, it follows that

d
D s —sy) ®zi = 0.

i=1

Lemma 4.10 implies that y;s — sy; = 0 for every i and every s € S. Therefore each
yi lies in C4(S). Analogously, by considering c(1 ® t) = (1 ® t)c, t € T, we infer
that each z; lies in Cg(T). Thus ¢ € C4(S) ® Cp(T). (I

Corollary 4.32 If A and B are unital algebras, then Z(A @ B) = Z(A) ® Z(B).
Proof Use Proposition 4.31 for S = Aand T = B. ([
In the statement of the next corollary we identify A with A® 1 and B with | ® B.

Corollary 4.33 If A and B are central algebras, then AQ B is also a central algebra,
Cagp(A) = B and Cagp(B) = A.
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Proof The first assertion follows from Corollary 4.32, the second one from
Proposition 4.31 by taking S = A and T = F (= F - 1), and the third one from
Proposition 4.31 by taking S = Fand T = B. ]

Corollary 4.34 Let A be a unital algebra and let S be its subalgebra that contains
the unity of A. If B is a central algebra, then C pgp(S ® B) = C4(S). In particular,
Cum, A (M, (S)) = Ca(S) for everyn € N.

Proof Proposition 4.31 shows that Cogp(S ® B) = C4(S) ® F = C4(S). The last
assertion follows by taking M, (F) for B (cf. Example 4.22). O

If S is a subalgebra of A, then we can consider A as a (left) S-module (cf. Example
3.8). Therefore it makes sense to speak about Endg(A).

Corollary 4.35 Let A be a finite dimensional central simple algebra. If S is a sub-
algebra of A that contains the unity of A, then C4(S) ® A° = Endg(A).

Proof Theorem 4.26, along with Lemma 1.25, tells us that a ® b — L, R}, defines
an isomorphism from A ® A° onto End(A). Accordingly, the centralizer of S @ F
in A ® A° is isomorphic to the centralizer of {L;|s € S} in Endr(A). The former
equals C4(S) ® A° by Proposition 4.31, while the latter is nothing but Endg(A). [

4.7 Scalar Extension (The “Right”” Approach)

We are now in a position to place the notion of the scalar extension, already discussed
in Sect.2.11, on a solid foundation. Recall the basic idea behind the definition: Given
an F-algebra A and an extension field K of F, we wish to construct a K -algebra
Ak that has essentially the same multiplication as A. As we have seen, relying on
a fixed chosen basis this can be achieved by elementary means. We will now show
that by making use of the tensor product this construction can be accomplished
independently of basis.

Recall that we can consider an extension field K of F' as an F-algebra. Therefore
K ®F Ais an F-algebra. The point is to convert it into a K -algebra.

Lemma 4.36 Let A be an F-algebra and let K be an extension field of F. Then
K ®r A is a K-algebra relative to the scalar multiplication determined by

AMp®x)=MAuw) ®@x, A, ueck, xecA.
Proof Take A € K. The map
KxA—->K®A, (u,x)—~ (An) ®x,

is bilinear, and hence there is an F'-linear map
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KQrA—> KQrA, u®@xm+— (Aun) @ x

(incidentally, this also follows by using Lemma 4.5 for the (left) multiplication map
L; on K and the identity map on A). Our scalar multiplication is thus well-defined
and A(r +s5) = Ar + As holds for A € K, r,s € K ®f A. It is straightforward to
check that we also have

A4+ wyr =rr+ur, (Aw)r =xr(ur), Irs) = (Ar)s =r(As)

forh,ue K,r,s € K Qp A. O

Definition 4.37 Let A be an F-algebra and let K be an extension field of F. The
K-algebra K ®f A (defined in Lemma 4.36) is called the scalar extension of A to
K. It will be denoted by Ag.

The following assertions are immediate:

e 1 ® Aisan F-subalgebra of Ag isomorphic to A.

e Ak is linearly spanned by 1 ® A.

e If {e; |i € I}is abasis of A, then {1 ® ¢; |i € I} is abasis of Ag (cf. Corollary
4.14).

Assume now that A is finite dimensional. Then we obviously have

[Ax : K]=[A: F].

If {e1, ..., eq} is a basis of A with multiplication table
d
eiej = Zaijkek, ajjk € F,
k=1

then the elements ¢; = 1 ® ¢; form a basis of A g with the same multiplication table:

d
ejej = Zaljk?k.
k=1

Neglecting the insignificant notational differences, we thus see that Definition 4.37
coincides with the definition given in Sect.2.11. Being independent of basis, the new
definition is not only more clear and elegant, but also more suitable for practical use.

We already saw in Sect.2.11 that scalar extensions can be used to transform
finite dimensional central simple algebras into the matrix algebras over fields. Let us
consider this phenomenon from the conceptual standpoint.

Definition 4.38 Let A be a finite dimensional central simple F-algebra. An exten-
sion field K of F is said to be a splitting field for A if Ax = M, (K) for some
neN.
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We can now reword Theorem 2.74 as follows.

Theorem 4.39 An algebraic closure F of F is a splitting field for every finite dimen-
sional central simple F-algebra.

For division algebras we have another, more intrinsic class of splitting fields:

Theorem 4.40 Let D be a finite dimensional central division algebra. Every maxi-
mal subfield K of D is a splitting field for D.

Proof If a € Cp(K), then a and K generate a field. Therefore ¢ € K since K is
maximal. That is, Cp(K) = K. Similarly, Cpo(K) = K. Corollary 4.35 therefore
shows that K ® r D and Endg (D°) are isomorphic as F-algebras. However, from
the proof we see that the isomorphism is given by k ® d — LRy, and so they are
actually isomorphic as K -algebras. Since D° is finite dimensional over K, we have
Endg (D°) = M, (K). (]

Example 4.41 A basic example of a maximal subfield of H is R @ Ri; but in view
of Theorem 4.39 this is hardly a new example of a splitting field for H. If we take,
for instance, the rational quaternions Q & Qi & Qj & Qk, then Theorems 4.39 and
4.40 do yield different splitting fields.

4.8 Simplicity of Tensor Products

The basic Wedderburn’s structure theorem (Theorem 2.61) can be interpreted as
follows: A finite dimensional algebra is simple if and only if it is isomorphic to the
tensor product of a matrix algebra M, (F) and a division algebra D (cf. Example
4.22). This shows that, unlike the direct product, a more sophisticated tensor product
may give rise to simple algebras. Let us examine when this can occur.

Theorem 4.42 Let A be an arbitrary unital algebra, and let B be a finite dimensional
central simple algebra. Then every ideal of A @ B is of the form [ @ B where I is
an ideal of A. Accordingly, A @ B is simple if and only if A is simple.

Proof Let U be anideal of A ® B. Itisimmediate that / :={a € A|la® 1 € U}is
then an ideal of A, and that / ® B C U. To prove the converse inclusion, pick u € U.
Let {f1,..., fu} be a basis of B. By Corollary 4.14 we have u = Z?:] aj ® fj
for some a; € A. Take ¢ € Endp(B) such that ¢(f1) = 1 and ¢(f;) =0, j > 2.
In view of Lemma 1.25, we can represent ¢ as Z{Zl Ly, R;, bi, c; € B. Hence we
have

n

Us> a@bu(l®c)=>. D> aj®bifici=» aj@¢(f))=a® 1.

i=1 i=1 j=I j=1

Thus, a; € I. Similarly we see thateacha; € I,andsou € I® B.ThusU = I ® B.
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If Ais simple,then /] = 0Qor/ = A,and hence U = 0 or U = A ® B. Thus
A ® B is simple. Conversely, assume that A ® B is simple, and choose a nonzero
ideal I of A. Then I ® B is anonzero ideal of A ® B,sothat I ® B = A ® B. Given
a € A, we can therefore finda; € I and b; € Bsuchthata® 1 = Zi a; ® b;. From
Lemma 4.11 we see that a is a linear combination of the @;’s. Hence a € I. Thus
I = A, proving the simplicity of A. (]

The assumption that B is finite dimensional can actually be removed. The proof is
basically the same, one just has to apply Corollary 5.24 from the next chapter instead
of Lemma 1.25. For our current purposes, however, the finite dimensional case is
sufficient.

Corollary 4.43 Let A be an arbitrary unital algebra. Then every ideal of M, (A) is
of the form M, (I), where I is an ideal of A. Accordingly, M, (A) is simple if and
only if A is simple.

Proof Take M, (F) for B in Theorem 4.42. O

It should be remarked that Corollary 4.43 can be also proved by entirely elementary
means, avoiding the tensor products.

Corollary 4.44 The tensor product of two finite dimensional central simple algebras
is a finite dimensional central simple algebra.

Proof Use Theorem 4.42 together with Corollary 4.33. ]

The tensor product of two finite dimensional simple algebras may not be simple.
If, however, one of them is central, then it is. If both are central, then so is their
tensor product. These phenomena are nicely illustrated by the tensor products of real
division algebras:

Example 4.45 We have
CQrC=ECxC, CQrHZ= M>(C), HRpr H= M4(R).

The last statement was noticed in Example 4.29. We know already from Sect.2.11
that the scalar extension of H to C is M»(C). Therefore C ®g H is isomorphic to
M> (C) even when we consider them as C-algebras (and hence also when we consider
them as R-algebras). We may also regard C @p C as a C-algebra (in light of Lemma
4.36). As such it is isomorphic to C x C since they are both unital 2-dimensional
C-algebras containing an element which is not a scalar multiple of unity and whose
square is —1 (i.e., 1 ® i and (i, —i), respectively). Therefore C g C and C x C are
isomorphic also as R-algebras.
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4.9 The Skolem-Noether Theorem

Most parts of this and the preceding chapter were devoted to building machinery.
In these final sections we shall finally be rewarded. We are going to prove two
appealing theorems on finite dimensional central simple algebras by using several
abstract results on tensor products and modules.

In Sect. 1.6 we have proved that all automorphisms of finite dimensional central
simple algebras are inner. As we pointed out then, this result is an important special
case of the so-called Skolem-Noether Theorem. We are now in a position to establish
the general version of this theorem.

Theorem 4.46 (Skolem-Noether) Let A be a finite dimensional central simple alge-
bra. If S is a simple subalgebra of A that contains the unity 1 of A, then every homo-
morphism from S into A that maps 1 into 1 can be extended to an inner automorphism

of A.

Proof Asweknow, A isisomorphic to a matrix algebra over a central division algebra
(Corollary 2.62). However, for the purposes of this proof it is more convenient to
represent it as an endomorphism algebra. More precisely, according to Theorem
3.31 we have A = Enda(V), where A is a central division algebra and V is a finite
dimensional vector space over A. In fact, there is no loss of generality in assuming
that A = EndA (V) (note that the conclusion of the theorem holds simultaneously
for isomorphic algebras).

LetT = S®F A, where F is the base field. As S is simple and A is central simple,
T is a simple algebra by Theorem 4.42. Let us point out that V is also a vector space
over F and elements in A are F-linear maps (cf. Remark 3.34). Givenv € V, we
see that the map § x A — V, (0,8) — o (dv) is bilinear, and hence there is an
F-linearmap T — V, 0 ® § — o (8v). Since v is arbitrary, there exists a bilinear
map T x V — V, (t,v) — tv, such that

(0 ®8)v=0(v) forallo € §,6§ € A,ve V. 4.3)

In this way V, considered as a space over F, becomes a unital 7-module. Indeed,
since elements in S are A-linear maps, we have

(0 ®8)(0' ®8))v =00 (88)) = 7 (o' (5(6')))
— (5 (a’(a/v))) = (0880’ ®8W).

To avoid confusion, we denote V, when viewed as a T-module with respect to (4.3),
by Vi.

Letgp : § — A be ahomomorphism such that ¢ (1) = 1. By making only obvious
changes in the above discussion we see that V becomes a unital 7-module with
respect to the action
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(0 ®68)-v=¢()(v) forall ceS,6eAveV. 4.4)

Let us denote V, when viewed as a T-module with respect to (4.4), by V5.

We have arrived at the crucial point of the proof: since V| and V; have the same
dimension over F (indeed, as vector spaces over F they are simply identical) and T
is a simple algebra, Corollary 3.60 implies that they are isomorphic as 7-modules.
Let @ : Vi — V5 be an isomorphism. Given § € A and v € V, we have

(V) =a(1®6Hy) =1Q 6 -a(v) = p(1)(ba(v)) = da(v).

That is, « is a A-linear map. As vector spaces over F, both V| and V, are equal to
V. Therefore @ € A. Moreover, since « is bijective, it is invertible in A.
Let o € S. We can multiply o and o as elements in A. For v € V we have

(@o)() =a(@() =a((@ @ y) =0 @ 1-a) = ¢(@) (@) = (p()a) V).

Since v is arbitrary, this means that coc = ¢ (o)« for every o € S. That is, (o) =
-1

aoa”!, so ¢ can be extended to the inner automorphism a — aac ™! of A. O

The Skolem-Noether Theorem turns out to be very useful. In particular, as one
can find in several textbooks (e.g., in [FD93], [Her68], and [Hun74]). Frobenius’
theorem on real division algebras and Wedderburn’s theorem on finite division rings
can be derived from it. Of course, these proofs are not as elementary as those given
in Chap. 1. But they are very elegant and therefore worth seeing.

4.10 The Double Centralizer Theorem

Let S be a subalgebra of an algebra A. The centralizer of its centralizer, C4 (C4(S)),
is called the double centralizer of S. This is obviously a subalgebra of A which
contains S. Quite possibly S is its proper subset. Say, if S does not contain Z(A),
this is certainly the case. Another example: if A = M,(F) and S = T,,(F),n > 2,
then CA(S) = F = Z(A), and hence CA(C4(S)) = A 2 S. On the other hand, if
S=AorS = Z(A), then C4(C4(S)) = S. A more illuminating situation where
the equality holds is described in the following example.

Example 4.47 Considering central algebras S and T as subalgebrasof A :=S® T,
we have C4(S) = T and C4(T) = S by Corollary 4.33, and hence C4(C4(S)) = S
and CA(CA(T)) = T.If Sand T are finite dimensional, then we also have [A : F] =
[S: FI[CA(S): F1=[T : F][Ca(T) : F1.

This example illustrates the next theorem in which, however, we will not assume
that S is central.
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Theorem 4.48 (Double Centralizer Theorem) Let A be a finite dimensional central
simple F-algebra. If S is a simple subalgebra of A that contains the unity of A, then
Ca(S) is a simple algebra,

[A: F]=[S: F][Ca(S): F], (4.5)

and C4(Ca(S)) = S.

Proof The last claim follows from the first two. Namely, knowing that C4(S) is
simple, we can replace S by C4(S) in (4.5). Thus,

[A: F]=[Ca(S) : FI[Ca(Ca(S)) : F].

Comparing this formula with (4.5) we obtain [C4(C4(S)) : F] = [S : F]. Since
S C Ca(CA(S)), the desired conclusion C4(C4(S)) = S follows.

We divide the proof of the first two claims into two steps. In the first one we
will consider the case where S is a division algebra, and in the second one we will
consider the general case.

(I) Assume that S = D is adivision algebra. By Corollary 4.35 we have C4 (D) ®
A° Z Endp(A). Theorem 3.31 shows that Endp (A) = M, (D°), wheres = dimp A.
Therefore Endp(A) is a simple algebra. Using the easier “only if” part of Theorem
4.42 it follows that C4 (D) is simple. It remains to prove the second claim. On the
one hand, we have

[Endp(A) : F1=s’[D: F],
and on the other hand,
[Endp(A) : F]=[Ca(D) : F][A: F].

We claim that
[A: F]
s = .

[D: F]

If D was a field, this would follow from Remark 1.33. Fortunately, the proof remains
unchanged if D is noncommutative. Combining the above three formulas we obtain
(4.5) (for S = D).

(IT) Assume now that § is an arbitrary simple subalgebra of A. As we know from
Wedderburn’s theorem (Theorem 2.61), there exist » € N and a division algebra D
such that § = M, (D). This implies that S contains a set of r x r matrix units ¢;;.
These are also the matrix units of A for A has the same unity as S. Lemma 2.52
therefore implies that A = M, (B), where B = e11Aej; 2 ej1Seq; = D. Since B is
a central algebra (Lemma 1.15), we see from Corollary 4.34 that

Ca(S) E Cp(D).
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As B is also a simple algebra (Corollary 4.43), we can apply (I) with B playing the
role of A. Thus, Cp(D) is a simple algebra and [B : F] = [D : F][Cp(D) : F].
The former establishes the simplicity of C4(S), and the latter implies

[A: Fl=r’[B:Fl=r*[D: F][Cg(D): F].

Since r2[D :F]1=1[S: Fland [Cp(D) : F] = [C(S) : F], this proves (4.5). O

Adding the assumption that S is central, we arrive at the situation considered in
Example 4.47.

Corollary 4.49 Let A be a finite dimensional central simple F-algebra. If S is a
central simple subalgebra of A that contains the unity of A, then A = S ® C4(S).

Proof Consideralinearmap ¢ : SQC4(S) — A, p(s®t) = st. Since elements from
S commute with elements from C 4 (S), ¢ is multiplicative. The algebra S ® C4(S)
is simple (Theorem 4.42), so that ker¢ = 0. From [A : F] = [S : F][Ca(S) :
F] we see that S ® C4(S) and A are of the same dimension. Hence ¢ is an
isomorphism. (]

Corollary 4.49 deals with the case where the center of S is minimal. Let us take
a look at the opposite extreme. Assume that S = K is a maximal subfield of a finite
dimensional central division algebra D. As observed in the proof of Theorem 4.40,
Cp(K) = K in this case. Corollary 4.49 does not hold for § = K; after all, K ® K
is a commutative algebra. The only nontrivial information that we extract from the
Double Centralizer Theoremis [D : F] = [K : F]?, whichis nothing but the content
of Theorem 1.36.

4.11 The Brauer Group

The basic idea behind the concept of the Brauer group is to use the tensor products
to classify finite dimensional central division algebras over a given field. The tensor
product of two such algebras is not always a division algebra. For instance, H@p H =
M4 (R) (Example 4.29). However, it always is a central simple algebra (Corollary
4.44), and such an algebra conceals within itself a central division algebra. That is,
it is isomorphic, for some n € N, to M,,(D), where D is a central division algebra
(Corollary 2.62). Moreover, D is essentially unique (Corollary 3.58). Thus, ignoring
the matrix part of the resulting central simple algebra, we can say that the tensor
product of two finite dimensional central division algebras gives rise to an algebra
from the same class. Say, the product of H with itself brings out R. (Maybe not a
very exciting result, but what to expect in view of Frobenius’ theorem?)

Let us now make everything precise. Fix a field F. Let A and A’ be finite
dimensional central simple F-algebras. Then, as we know, there exist n,n’ € N
and central division algebras D, D" such that A = M, (D) and A’ = M,/ (D’). We
shall say that A and A’ are equivalent, and write A ~ A’, if D = D’. This definition


http://dx.doi.org/10.1007/978-3-319-08693-4_1
http://dx.doi.org/10.1007/978-3-319-08693-4_2
http://dx.doi.org/10.1007/978-3-319-08693-4_3

102 4 Tensor Products

is unambiguous since D and D’ are uniquely determined up to isomorphism. Note
that ~ is indeed an equivalence relation in the class of all finite dimensional central
simple F-algebras. The equivalence class of A will be denoted by [A]. Thus, if D is a
finite dimensional central division algebra, then [D] = [M2(D)] = [M3(D)] = ....
As indicated in the previous paragraph, among all representatives of this class we are
really interested only in D (and division algebras isomorphic to D). The problem is
that D may be hidden, so we are forced to treat all representatives equally.

Proposition 4.50 The set of all equivalence classes of finite dimensional central
simple F-algebras, endowed with multiplication

[A]-[B] =[A® B],

is an abelian group.

Proof We first have to show that this multiplication is well-defined. That is, we have
to prove that for all finite dimensional central simple algebras A, A’, B, B,

A~A"and B~B = A® B~ A ®B.

By definition, A ~ A’ means A = M,(D) and A’ = M, (D’) with D = D’. But
then we actually have A" = M, (D). Similarly, B ~ B’ implies that B = M,,(C)
and B = M,,/(C) for some m, m’ € N and a central division algebra C. Since
D ® C is again a finite dimensional central simple algebra by Corollary 4.44, we
have D @ C = My (E) with k € N and E a central division algebra. Now, using
the associativity and commutativity of tensor products, together with basic facts
about matrix algebras represented as tensor products (explained in Example 4.22),
we obtain

A® B = (My(F)® D) ® (My(F)®C)
= (My(F) ® My(F)) ® (D ® C)
= My (F) ® (Mk(F) ® E)
= Muymi(F) @ E
= Mumi(E).

Similarly we see that A’ ® B' = M/« (E). Accordingly, AQ B~ A’ ® B’.

The multiplication is associative and commutative since the tensor product is
associative and commutative. Obviously, [ F] is the identity element. Finally, from
A ® A° = M, (F) (Corollary 4.28) we infer that [A]7! = [A°]. ([l

Some of the readers may have noticed that there is a missing point in this proof.
One would first have to verify that the equivalence classes of finite dimensional
central simple F-algebras indeed form a set. This is not a difficult task, but we shall
not go into this matter.
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Definition 4.51 The group from Proposition 4.50 is called the Brauer group of the
field F. It will be denoted by Br(F).

The name was given after R. Brauer who made fundamental contributions to this
field of research.

Computing Br(F) for a given field F is not an easy task. But at least we know
the following:

e If F is algebraically closed, then Br(F) = {1}.
e If F is finite, then Br(F) = {1}.
e Br(R) = 7.

These are restatements of Proposition 1.6, Theorem 1.38, and Corollary 1.19 with
Example 4.29.

Brauer groups turn out to be important in different mathematical areas. Anyhow,
we close our discussion on this topic at this point, and refer to [FD93] and [Pie82] for
possible further reading. One might protest that we have just warmed up, and besides
the definition and fancy interpretations of some fundamental results from Chap. 1 we
have told nothing. But perhaps the reader will agree that the definition of the Brauer
group is captivating in its own right. This short section is only an invitation into a
rich area.

Exercises

4.1. Let U and V be vector spaces of dimension at least 2. Prove that not every
element in U ® V is a simple tensor.

4.2. Let U be areal vector space. Show that the identity >/, u; Qu; = 0inU @ U
implies that each u; = 0.

4.3. Let U be a vector space over a field F with char(F) # 2. Denote by S the
subspace of U ® U generated by all elements of the form u ® u, u € U,
and by T the subspace generated by all elements of the form u ® v — v ® u,
u,v € U.Show that U ® U = S @ T. What is the dimension of S and T if
dimp U =n < 00?

Hint: Make use of the mapu @ v — v ® u.

4.4. Show that (U ® Uz) @ V = (U1 ® V) & (Ux ® V) holds for vector spaces.
Extend this to algebras.

4.5. Use the tensor product to construct a 9-dimensional algebra whose radical is
5-dimensional.

4.6. Let S = (s;j) € My (F) and T = (t;;) € M, (F). The mn x mn matrix


http://dx.doi.org/10.1007/978-3-319-08693-4_1
http://dx.doi.org/10.1007/978-3-319-08693-4_1
http://dx.doi.org/10.1007/978-3-319-08693-4_1
http://dx.doi.org/10.1007/978-3-319-08693-4_1

104

4.7.
4.8.

4.9.

4.10.

4.11.

4.12.

4.13.

4.14.

4 Tensor Products

suT si2T ... simT STt S1102 -+ Simtin

so1 T s2oT ... somT S11021 S11t22 ... Simban
ST := . L. . = . . .

Sm1T sm2T ... ST Sm1tnl Sm1tn2 - -« SmmlInn

is called the Kronecker or tensor product of matrices S and 7'. This definition
is clearly in accordance with the convention from Example 4.22. Note that
it is also compatible with the tensor product of linear maps in the following
sense: If S is the matrix corresponding to a linear map f with respect to a basis
{e1,...,em}, and T is the matrix corresponding to a linear map g with respect
to a basis { f1, ..., fu}, then S ® T is the matrix corresponding to f ® g with
respect to the basis {e1 @ f1,...,e1 ® fn,e2 ® f1,...,em ® fr}. Show that
tr(S® T) = tr(S)tr(T) and det(S ® T) = det(S)" det(T)™.

Hint: ST = (S® I,,)(I;, ® T) where I} stands for the k x k identity matrix.

Show that algebras A and B must be unital in case A ® B is unital.
Show that p € N is prime if and only if there do not exist algebras A # F and
B # Fsuchthat A® B = M,(F).
Let A, A’, B, B’ be finite dimensional simple algebras. Suppose there exist
m,n € N such that M,,(A) = M,(B) and M, (A") = M,,(B’). Show that
ARA'=ZBQ®B.
Let A be a central simple algebra over a field F' with char(F) # 2, 3. Show
that a € A satisfies [a, [a, [a, x]]] = O for all x € A if and only if there exists
A € F such that (a — k)z = 0. Analyze, in a similar fashion, the condition
la, [a, [a, x]]] = [a, x].

Hint: Interpret the conditions [a, [a, [a, x]]] = 0 and [a, [a, [a, x]]] = [a, x]
in the multiplication algebra M (A).

Let A be a 4-dimensional central simple F-algebra. Show that C4({a})
F 4 Fa foreverya € A\ F.

Hint: Apply scalar extension to reduce the problem to the case where A =
M;(F) and F is algebraically closed (so that the Jordan normal form of a is
applicable).

Let A be a finite dimensional central simple algebra. Show that the linear span
of all commutators in A has codimension 1 in A.
Let A be an F-algebra and let K be an extension field of F. True or False:

(a) If A is prime, then Ak is prime.
(b) If Ak is prime, then A is prime.

Let A be an R-algebra. Show that the set A x A equipped with operations
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4.15.

4.16.

4.17.

4.18.

4.19.

4.20.

@, »+@Ew=x+z,y+w),
(@ +iB)(x,y) = (ax — By, Bx +ay),
(x, )z, w) = (xz — yw, xw + yz),

where x, y,z,w € A and «, B € R, is a C-algebra isomorphic to Ac.

Remark: This construction provides a shortcut to the notion of the scalar exten-
sion for mathematicians working in areas in which R and C are the only fields
that matter.

Let D and D5 be finite dimensional central division F-algebras. As we know,
D1 ® D, is isomorphic to M,,(D) for some m € N and a central division
algebra D. Examine DY ® M,, (D) to show that m divides [D; : F],i =1, 2.
Hence conclude that D1 ® D> is a division algebra in case [D1 : F] and
[D> : F] are relatively prime.

Remark: The latter fact is usually used in the proof of the following important

and beautiful result: If D is a finite dimensional central division F-algebra,

and [D : F] = p]f' pf" where p; are different primes, then there exist

central division algebras Di,..., D, such that D = D; ® --- ® D, and
ki

[D;: F]=p;".

Let char(F) = p > 0. Suppose a unital F-algebra A contains an element
a such that a ¢ F and a? € F. Show that then A ® A contains a nonzero
nilpotent element.

Remark: Using this one can show that even the tensor product of fields is not
always a semiprime algebra. On the other hand, if char(F) = 0 and K, L are
field extensions of F such that at least one of them is finite, then K ® p L is a
direct product of fields (and is hence semiprime). The proof uses only standard
field extension tools, and readers can try to produce it themselves.

Let A and B be simple unital F-algebras. Show that the algebra A ® B is
semiprime if (and only if) its center is semiprime.

Hint: Take anilpotentideal I of A® B, and consider anelement >, a; ®b; #
0 in I such that n is minimal.

Show that besides 0, R, and H, the only subalgebras of H are those of the form
hrR® R, h e H\ {0}.

Let A be a finite dimensional central simple algebra over a field F with the
property that A> % —1 for every A € F. Show that if u, v € A satisfy u> =

v2 = —1, then there exists an invertible ¢ € A such that u = ava—1.

Hint: F 4+ Fu and F + Fv are isomorphic subfields of A.

A linear map § from an algebra A into itself is called a generalized derivation
if 6(xyz) = 6(xy)z — x8(y)z + x6(yz) for all x, y, z € A. Show that every
generalized derivation of a finite dimensional central simple algebra A is the
sum of a left multiplication map and a right multiplication map.
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4.21.

4.22.

4.23.

4.24.

4 Tensor Products

Hint: Observe that
x 0 x8(x) —486(Dx
od] = 0"

defines an algebra homomorphism from an isomorphic copy of A in M>(A)
into My(A).

Let S be a subalgebra of an algebra A. Show that:

(a) If S is commutative, then so is C4(CA(S)), and CA(C4(S)) C Ca(S).
(b) If S is equal to the centralizer of some subset of A, then S = C4(C4(S)).

Let A and S be as in the Double Centralizer Theorem. Note that the center Z
of S is a field, and that S, C4(S), and C4(Z) are algebras over Z. Show that
S®z Ca(S) = Ca(2).

Let A be a finite dimensional central simple R-algebra. Show that A contains a
subfield K such that K = C4(K) if and only if A is isomorphic to R, M>(R),
or HL.

Let A and A’ be finite dimensional central simple F-algebras. Show that:

(a) A~ A’if and only if there exist m, m" € N such that M, (A) = M,/ (A").
(b) A= A’ifandonlyif A~ A" and[A: F]=[A": F].



Chapter 5
Structure of Rings

Although most of the concepts introduced in the first four chapters involve
general rings and algebras, the majority of the main results concern algebras of finite
dimension. In this chapter we will make a clean break from the finite dimensional
context.

The goal of the chapter is to extend Wedderburn’s structure theory of finite
dimensional algebras, discussed in Chap. 2, to general rings. As one would expect,
this cannot be done in a straightforward manner and the main results are considerably
more complex.

The topics will be considered in a different order than in Chap. 2. In the first part
we will treat primitive rings, which play a similar role in general rings as simple
algebras do in the context of finite dimensional algebras. The second part will be
primarily devoted to the Jacobson radical, a generalization of the radical of a finite
dimensional algebra.

Most of the theory that we are about to expose was developed around 1945 by
N. Jacobson, a student of Wedderburn.

5.1 Primitive Rings

Wedderburn’s basic structure theorem says that a finite dimensional prime algebra
can be represented as an algebra of all n x n matrices over a division algebra D, or,
equivalently, as an algebra of all linear operators on an n-dimensional vector space
over a division algebra A = D° (cf. Remark 3.34). We are going to introduce a class
of prime rings for which a more general structure theorem holds.

The fact that minimal left ideals give rise to division rings (Lemma 2.58) was
one of the main ingredients in our proof of Wedderburn’s theorem. Relying on min-
imal left ideals in more general rings would have a limited reach since their exis-
tence is questionable. But there is a perfect substitute for them, namely, the simple
modules—they exist under rather mild conditions (cf. Lemma3.46), and they also
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yield division rings by Schur’s Lemma. At this point we advise the reader to glance
through Sects.3.5-3.7 in order to better understand the discussion that follows.

Let R be a ring and let V be a simple (left) R-module. Schur’s Lemma (Lemma
3.50) tells us that

A :=Endp (V)
is a division ring. Let § € A and v € V. We simplify the notation by setting
dv:=48()eV. (5.1
Obviously, we have

81+ 8)v=561v+ v, §(vi +vy) =68vi + bvy,
(6182)v = 61(82v), lv=v

for all §1,682,6 € A and vy, vo,v € V. This means that V is a vector space over
A; more precisely, the additive group of V becomes a vector space over A relative
to the operation A x V. — V defined in (5.1) (that is why we have denoted our
simple module by V instead of, say, M). From now on we shall therefore consider
V simultaneously as a module over R and a vector space over A. Since § € A is an
endomorphism of the R-module V, the following fundamental formula

S§(rv) =r(Sv) foralls e A,re R,veV, 5.2)

connects both structures. Now, § and r appear symmetrically in (5.2). Accordingly,
why not interpret (5.2) as that r is an endomorphism of the vector space V over A?
‘We will formalize this idea in the next section. However, an extra condition is needed
for its full realization. If r lies in the annihilator of V, then r gives rise to the zero
endomorphism of V over A. We will therefore require that V is faithful.

Definition 5.1 A ring R is said to be primitive if it has a faithful simple module V.

Recall from Definition3.11 and Lemma3.36 that this means that V # 0 and the
following two conditions are fulfilled:

e rV #0forevery 0 #r € R.
e Rv=1Vforevery0 #veV.

Since our modules are, by convention, left modules, a more adequate name for
such aring is a left primitive ring. Analogously one defines a right primitive ring,
and it turns out that these two classes of rings do not coincide. It is good to keep this
in mind, but we will omit writing “left” before “primitive ring”.

Remark 5.2 Let R be a primitive ring. If a ring § is isomorphic to R, then § is
primitive too. Indeed, if V is a faithful simple R-module, then the additive group
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of V becomes a faithful simple S-module by defining sv := ¢(s)v, where ¢ is an
isomorphism from S onto R.

The discussion before Definition 5.1 indicates a simple example, in fact the
prototype, of a primitive ring:

Example 5.3 Let V be a nonzero vector space over a division ring A. Then the ring
R := End 4 (V) is primitive. Indeed, V is its faithful simple module (via fv := f (v)).
The condition that Rv = V if v 3 0 follows from Remark 3.29 and the fact that v
is contained in a basis (cf. Theorem 3.28). Let us stress that here V is of arbitrary
dimension, finite or infinite.

More concrete examples of primitive rings will be met later. Let us now compare
the class of primitive rings to other classes of rings introduced earlier.

Lemma 5.4 A primitive ring R is prime.

Proof Let a,b € R be nonzero elements. Take a faithful simple R-module V. By
faithfulness, there are u, v € V such that au # 0 and bv # 0, and by simplicity there
is r € R such that r(bv) = u. Accordingly, (arb)v # 0, and so aRb # 0. O

Lemma 5.5 A prime ring R with a minimal left ideal is primitive.

Proof Let L be a minimal left ideal of R. Itis clear that L is simple as an R-module.
The primeness of R implies that it is also faithful. Indeed, L = 0, where r € R,
implies rRL C rL = 0, and hence r = 0. O

Lemma 5.6 A simple unital ring R is primitive.

Proof Since R is unital, it has simple modules by Corollary 3.49. The annihilator of
every module is an ideal, and so simple modules over simple rings are automatically
faithful. ]

A non-unital simple ring is not always primitive. Such rings may have surpris-
ing properties. For example, in 2002 A. Smoktunowicz constructed a simple nil
ring. Primitive rings, however, cannot be nil. In fact, if R is a nil ring and M is an
R-module, then we clearly have rm # m foreveryr € R and 0 # m € M. Thus, in
view of Lemma 3.36, nil rings do not even have simple modules.

Lemma 5.7 A commutative primitive ring R is a field.

Proof Let V be a faithful simple R-module, and pick 0 # v € V. We claim that
for every r € R, rv = 0 forces r = 0. Indeed, Rv = V by simplicity of V, hence
rV = rRv = Rrv = 0, and therefore r = 0 by the faithfulness of V. Now take
0 # a € R. Then av # 0, and therefore, by the simplicity of V, there exists b € R
such that b(av) = v. Consequently, (xba — x)v = 0 for every x € R. Therefore
bax = xba = x, and so ba = 1 (in particular, R is unital). As R is commutative,
this means that b = a~ . (I
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Example 5.8 The simplest example of a prime ring that is not primitive is Z.

Example 5.9 The Weyl algebra 7| is a simple unital ring (see Example 1.13), and
hence a primitive ring.

Example 5.10 If V is an infinite dimensional vector space over a division ring A,
then the ring End 4 (V) is primitive, but not simple. An example of its proper nonzero
ideal is the set of all finite rank operators. These are operators whose rank, i.e.,
the dimension of their image, is finite. It is easy to check that finite rank operators
indeed form an ideal. It is proper since it does not contain the identity operator, and
it certainly is nonzero; in fact, from Remark 3.29 we deduce that for every subspace
W of V there is a linear operator having W as its image.

Thering End 4 (V) is also the simplest example of a primitive ring that has minimal
left ideals. An example of a primitive ring without minimal left ideals is the Weyl
algebra o71. All this is easy to see, but we postpone the explanation until Sect. 5.4.

Let us close this section by mentioning that every F-algebra can be embed-
ded into a primitive ring, namely, into Endz (V) for some vector space V over F
(Proposition2.38). This is not always true for rings. For example, take a ring that
contains nonzero elements u and v satisfying 2u = 3v = 0 (e.g., Zy X Z3). In light of
Remark 2.20 we see that this ring cannot be embedded into a prime ring, and hence
neither into a primitive ring by Lemma 5.4.

5.2 The Jacobson Density Theorem

The following notion is often one’s first thought when encountering a primitive ring.

Definition 5.11 Let V be a vector space over a division ring A, and let R be a
subring of the endomorphism ring End 4 (V). We say that R is a dense ring of linear
operators of V if foreveryn € N, every linearly independent subset {u1, uz, ..., u,}
of V, and every (not necessarily linearly independent) subset {v{, v2,...,v,} of V,
there exists f € R such that

fwy) =vi, fuz) =va, ..., f(uy) = vy

The term “dense” comes from a topological characterization. We will not need it,
so let us not go into detail about this. Still, having in mind the meaning of density
intopology, we may have got the message; a dense ring of linear operators of V
can be considered as a rather large subring of End (V), or better, large enough for
certain purposes.

Lemma 5.12 A ring R is a dense ring of linear operators of the vector space V over
A if and only if for every g € End s (V) and every finite dimensional subspace U of
V there exists [ € R such that f|ly = glu.
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Proof Take g € Enda(V) and a finite dimensional subspace U of V. Pick a basis
{ui,uaz, ..., uy} of U. If R is a dense ring, then there exists f € R such that
fui) =g;),i =1,...,n. Consequently, fly = glu-

Proving the converse is just as easy, only standard facts about endomorphisms
and bases have to be used (cf. Remark 3.29). ([l

Corollary 5.13 If'V is a finite dimensional vector space over A, then Enda(V) is
the only dense ring of linear operators of V.

If V is infinite dimensional, then we have a variety of dense rings of operators on
V. The next lemma gives a partial evidence for this.

Lemma 5.14 If R is a dense ring of linear operators of a vector space V, then so
are its nonzero ideals.

Proof Let I be a nonzero ideal of R. Choose a nonzero & € I, and letu € V be

such that v := h(u) # 0. Now take linearly independent vectors uy, ..., u, € V and
arbitrary vectors vy, ..., v, € V. Since R is dense, there exist g1, ..., g» € R such
that g; (u;) = u and g; (u;) = 0if j # i. Further, there are f1, ..., f, € R such that

fi(v) = v;. Consequently,
k:= fihgi +---+ fuhgn € 1

satisfies k(u;) =v;,i =1,...,n. U

Example 5.15 The ring of all finite rank operators on an infinite dimensional vector
space V over A is thus a proper dense subring of End o (V) (cf. Example 5.10).

The next theorem is one of the cornerstones of noncommutative algebra.

Theorem 5.16 (Jacobson Density Theorem) A ring R is primitive if and only if it is
isomorphic to a dense ring of linear operators of a vector space over a division ring.

Proof Let us first resolve the easy part. A dense ring of linear operators of a vector
space V is primitive, since V is its faithful simple module (via fv := f (v)). In
fact, one only needs the n = 1 case of Definition 5.11 to establish this. In view of
Remark 5.2, the “if”” part is thus proved.

We proceed to the nontrivial part. Let R be a primitive ring and let V be its
faithful simple module. Then A = Endg (V) is a division ring by Schur’s Lemma.
The additive group of V becomes a vector space over A with respect to the operation
defined by (5.1) (i.e., 8v := §(v)), and the formula (5.2) (i.e., §(rv) = r(8v)) holds.
All this is easy to see and was explained in greater detail in the previous section.
Now, for each r € R we define ¥ : V — V according to

r(v) :=rv. (5.3)

It is clear that 7 is an additive map. Moreover, by (5.2) we have 7 € End (V). Note
that
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R — Enda(V), r+— T,

is a ring homomorphism; the faithfulness of V implies that it is injective. Thus, R is
isomorphic to

R :={r|r € R} CEnds(V).

Our goal is to prove that R is dense. The desired condition from Definition 5.11
certainly holds for n = 1, since Rv =V foreveryv #0in V.

Let us pause for a moment. So far we have shown that up to isomorphism primitive
rings can be characterized as rings satisfying the n = 1 case of Definition 5.11. This
was obtained almost for free; more precisely, the arguments were straightforward,
but, of course, an ingenious recasting of the definition of primitivity was behind
them. The second part of the proof is more tricky.

We claim that it is enough to prove the following:

() Let U be a finite dimensional subspace of V. For every w € V \ U there exists
r € Rsuchthat7(U) = 0 and 7(w) # O.

Indeed, assume (*) and take linearly independent vectors uy, ..., u, € V and arbi-
trary vectors vy, ...,v, € V. Given 1 < i < n, use (x) with the linear span of
Uiy ... Ui—1, Ujt], ..., U, playing the role of U and u; playing the role of w. Thus

there exists 7; € R such that 7;(u;) = 01if j # i and 7; (u;) # 0. As we know, we
can find s; € R such that 5; (r;(u;)) = v;. Note that

ri=s1r1+s20m+ -+ s, €R

satisfies ¥ (u;) = vj, i = 1,...,n.

Suppose () is not true. Without loss of generality we may assume that U is a
space of the smallest dimension for which () does not hold. Note that dimps U > 1,
since (x) is obviously true for the zero space. Let Uy be an arbitrary subspace of U
such that dimp Uy = dima U — 1. We set

L:={f e R| €Uy = 0}.

Take any z € V_\ Up. Since (x) does hold for Uy by our assumption, there exists
£ € L such that £(z) # 0. In view of (5.3) this means that Lz # 0. As L is clearly a
left ideal of R, Lz is a submodule of the R-module V. The simplicity of V therefore
yields

Lz =YV forall z € V\Uy. 5.4)

Let w € V\U be a vector for which () does not hold, and choose u € U\ Uy.
We claim that the map § : V — V given by

8(fu) :=4€w foralll e L (5.5)
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is well-defined. First of all, since Lu = V by (5.4), § is defined on the whole space
V. Suppose that £ € L is such that fu = 0, i.e., £(u) = 0. Then £ vanishes on both
Up and Au, so that £(U) = 0. Our assumption on w implies that £(w) = 0, i.e.,
£w = 0. Therefore § is indeed well-defined. One easily checks that § is an R-module
endomorphism, i.e., § € A. According to (5.2) we can therefore rewrite (5.5) as

£(6u) =4¢w foralll e L,
that is,
L(u —w)=0.
From (5.4) it follows that du — w € Uy. However, this yields
w=308u— (bu—w) € Au+Uy=U,

contradicting the choice of w. This proves (). (I

5.3 Alternative Versions and Applications

We have stated the Jacobson Density Theorem in a condensed manner. For appli-
cations it is sometimes useful to know that the vector space from the theorem has
a tight connection to a faithful simple R-module V. Actually, the faithfulness of V
was needed only to assure the injectivity of the canonical homomorphism r + 7. If
V is not faithful, then this homomorphism has a nontrivial kernel, namely anng (V).
In this case R/anng (V) is isomorphic to R. We thus have the following expanded
version of the Jacobson Density Theorem:

Theorem 5.17 Let R be a ring and let V be a simple R-module. Consider V as
a vector space over the division ring A = Endg(V). Then the ring R/anng (V) is
isomorphic to a dense ring of linear operators of V.

Our next objective is the Jacobson Density Theorem for algebras. Let A be an
algebra over a field F'. We say that A is a primitive algebra if it has a faithful simple
A-module V. Here, of course, by a module we mean an algebra module. Therefore
A :=End4 (V) is a division F-algebra, not merely a ring. Likewise End, (V) is an
F-algebra, and r +— 7 is an algebra homomorphism. Accordingly, Theorem 5.16
gets the following form.

Theorem 5.18 An F-algebra A is primitive if and only if it is isomorphic to a dense
algebra of linear operators of a vector space over a division F-algebra.

We are now in a position to give a different proof of the fundamental Wedderburn’s
structure theorem (Theorem2.61).
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Corollary 5.19 Let A be a nonzero finite dimensional algebra. The following state-
ments are equivalent:

(i) A is prime.

(1) A is simple.

(iii) There exist a finite dimensional division algebra A and a finite dimensional
vector space V over A such that A = Enda (V) (and hence A = M, (D),
where D = A° andn = dimp V).

(iv) A is primitive.

Proof We know that (iii) implies (ii) (Example 1.10), and trivially (ii) implies (i).
Since A is finite dimensional it has a minimal left ideal L. Lemma 5.5, which was
stated for rings but obviously it also holds for algebras, therefore tells us that (i)
implies (iv). It remains to show that (iv) implies (iii).

Let A be primitive. From Theorem 5.18 we know that A is isomorphic to a dense
algebra A of linear operators of a vector space V over a division algebra A. Let
ui,...,un € V be linearly independent over A. Then there exist f1, ..., fi, € A
such that f;(u;) # 0 and f;(u;) = 0if j # i. Note that f1, ..., fj are linearly
independent over the base field F'. Therefore m < [A : F]. Since A is finite dimen-
sional over F, V must be finite dimensional over A. Corollary 5.13 implies that
A = End(V) (and hence A = M, (D), D = A°, by Theorem 3.31). Obviously, A
is also finite dimensional over F. (I

We can now somewhat better understand the meaning and importance of the
Jacobson Density Theorem. It yields a genuine generalization of Wedderburn’s clas-
sical theory. This will become even more apparent later, especially when exploring
the connection between primitive rings and the Jacobson radical.

Looking back at our proof of Theorem 2.61, it may now seem a bit raw and naive.
Why struggle with matrix manipulations when we can obtain the same and more
by refined linear operator methods? Note, however, that the arguments in the last
proofs are much more complex than those in Chap. 2; juggling with several tools and
concepts in one proof may not be so easy for a beginner.

Let us now change the perspective. Suppose we are given a nonzero vector space
V over a division F-algebra A and an F-subalgebra A of Enda (V). When is A
dense? We can view V as a faithful A-module (via fv := f(v)), which is simple if
Av ={f()| f € A}equals V for every nonzero v € V. Let us therefore assume the
latter. One should not, however, hastily conclude that this already means that A is
dense. We also have to assume that End4 (V) = A (in this context we identify § € A
with the map V — V, v i §v). Obviously, A € End4 (V). The converse inclusion
does not always hold.

Example 5.20 Consider C as a 2-dimensional space over R (= A = F). Let A be
the subalgebra of Endgr (C) consisting of all (left) multiplication maps L,, z € C.
Obviously, Av = C for every 0 # v € C. It is easy to see that End4 (C) = C, so it
properly contains R. Moreover, from Corollary 5.13 we see that A is not dense.
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The Jacobson Density Theorem for algebras of linear operators therefore reads
as follows.

Theorem 5.21 Let A be a division algebra over a field F, let V be a vector space
over A, and let A be an F-subalgebra of Enda(V). If Av = V for every nonzero
v e VandEnds(V) = A, then A is a dense algebra of linear operators of V.

Remark 5.22 The condition “Av = V for every nonzero v € V" (i.e., the condition
that V is simple as an A-module) is equivalent to the condition that there does not
exist a proper nonzero subspace W of V that is invariant under every f € A. Indeed,
just observe that Av is a subspace invariant under every f € A, and the statement
follows.

The next two corollaries are concerned with the simplest situation where A = F'.
The first one is a classical result which was, in a slightly different form connected to
the representation of groups, obtained by W. Burnside in 1905.

Corollary 5.23 (Burnside) Let V be a finite dimensional vector space over an alge-
braically closed field F. If A is a subalgebra of Endp (V) such that Av =V for
every nonzerov € V,then A = Endg (V).

Proof All we have to show is that End4 (V) = F, and thisis easy: End4 (V) is a finite
dimensional division algebra over F, so it must be equal to F by Proposition 1.6. [

If acentral simple F'-algebra A is finite dimensional, then its multiplication algebra
M (A) coincides with Endr(A) (Lemma 1.25). In the next corollary, first proved by
E. Artin and G. Whaples a couple of years before Jacobson’s discovery of the density
theorem, we extend this extremely useful result to infinite dimensional algebras.

Corollary 5.24 (Artin-Whaples) Let A be a central simple algebra. Then its multi-
plication algebra M (A) is a dense algebra of linear operators of A.

Proof Take 0 # v € A. Since A is simple, the ideal of A generated by v is equal
to A. Thus, for every w € A there exist a;, b; € A such that >°; a;vb; = w. The
condition M (A)v = A is thus fulfilled.

It remains to prove that Endys(4)(A) = F. That is, we have to show that each
8 € Endpy(4)(A) is a scalar multiple of id4. To this end we only have to use

8(La(1)) = La(8(1)) and 8(R4(1)) = Ra(8(1)).

Indeed, these two formulas can be rewritten as §(a) = adé(1) = §(1)a for every
a € A, and therefore §(1) € F since A is central. O

As already remarked after the proof of Theorem4.42, Corollary 5.24 makes it
possible for us to get rid of the assumption that the algebra B from that theorem is
finite dimensional.
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5.4 Primitive Rings Having Minimal Left Ideals

If the Jacobson Density Theorem says that all primitive rings are, in some sense,
close to rings of matrices over division rings, then those with minimal left ideals are
closer. This is what we intend to show in this section.

Although we are presently interested in primitive rings, it seems more natural to
start things off with general rings.

Lemma 5.25 Let R be a ring having minimal left ideals. Then the sum of all minimal
left ideals of R is a two-sided ideal of R.

Proof We have to prove that the sum of all minimal left ideals of R is a right ideal.
Note that it is enough to show the following: If L is a minimal left ideal of R and
a € Rissuchthat La # 0, then La is also a minimal left ideal. To this end, consider
the map L — La, x > xa. It is obviously a surjective R-module homomorphism.
The minimality of L is equivalent to the condition that L, regarded as an R-module,
has no proper nonzero submodules. The kernel of our map is therefore equal to
0. Thus, L and La are isomorphic as R-modules. Hence La does not have proper
nonzero submodules, meaning that La is a minimal left ideal. O

Minimal one-sided ideals of a semiprime ring R were already considered in
Lemmas2.58 and2.60. Recall that a left (resp. right) ideal J of R is minimal if
and only if J is of the form J = Re (resp. J = eR), where e is an idempotent in R
such that eRe is a division ring. Furthermore, given an idempotent ¢ € R, Re is a
minimal left ideal of R if and only if eR is a minimal right ideal of R. In particular,
R has minimal left ideals if and only if R has minimal right ideals.

Lemma 5.26 Let R be a semiprime ring having minimal one-sided ideals. Then the
sum of all minimal left ideals of R coincides with the sum of all minimal right ideals
of R.

Proof Let T be a minimal right ideal of R. As just mentioned, there exists an
idempotent ¢ € R such that 7 = eR and L := Re is a minimal left ideal of R.
Therefore ¢ = ee € L. That is, e lies in a minimal left ideal, and hence T = ¢R is
contained in the sum of all minimal left ideals by Lemma 5.25. Similarly, by using
the obvious analogue of Lemma 5.25 for right ideals, we see that every minimal left
ideal is contained in the sum of all minimal right ideals. (]

Definition 5.27 Let R be a semiprime ring. If R has minimal one-sided ideals, then
let soc(R) denote the sum of all minimal left ideals of R (equivalently, soc(R) is the
sum of all minimal right ideals of R). Otherwise we let soc(R) = 0. We call soc(R)
the socle of R.

As soc(R) is a two-sided ideal of R, it is equal to R if R is a simple ring having
a minimal one-sided ideal. For example, the ring of matrices over a division ring
R = M, (D) readily coincides with soc(R) since it is equal to the sum of its minimal
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left ideals RE;;, i = 1,...,n (cf. Example3.54). However, this example is too
plainto reveal the true nature of the socle. The discussion that follows will give a
better insight.

From now on we consider the case where R is a primitive ring. Let us first recall
what we already know. The Jacobson Density Theorem says that there is an isomor-
phism r — 7 from R onto a dense ring R of linear operators of a vector space V
over a division ring A. We keep this notation until the end of the section. Assume
additionally that R has a minimal left ideal L. Then we can consider L as a faithful
simple R-module (in fact, it is enough to assume the primeness of R for this, see
Lemma 5.5). Corollary 3.52 tells us that V and A can be chosen so that V = Re
and A = (eRe)° for some idempotent e € R. However, we shall not elaborate this
view any further. The clue for obtaining additional information about R is to consider
all minimal one-sided ideals of R, not only the chosen minimal left ideal L. More
precisely, the socle of R will play a fundamental role.

The following example is supposed to serve as a motivation for the next lemma.

Example 5.28 An example of a minimal leftideal of R = M, (D) is L := REq, the
set of all matrices that have zeros in all columns except in the first one (Example 2.57).
By Theorem3.31 we may consider elements in R as linear operators. Note that all
nonzero elements in L have rank one, and each of them generates the left ideal L.

Lemma 5.29 Let R be a primitive ring, andleta € R. Thenthe leftideal L generated
by a is minimal if and only if the operator a has rank one.

Proof Suppose a does not have rank one. We may assume that a # 0. Therefore
there exist Lu,v eV such that a(u) and a(v) are linearly independent over A. By
density of R there exists 7 € R suchthat7(a(#)) = 0and7(a(v)) # 0. Accordingly,

[:={xeL|%u) =0}

is a left ideal of R which is nonzero (since 0 # ra € I') and properly contained in L
(since a ¢ I). Therefore L is not minimal.

Assume now that a has rank one. Let J be a left ideal of R such that0 # J C L.
We have to show that a € J. Choose a nonzero y € J, and let u € V be such
that y(u) # 0. By density we can find r € R satisfying 7(y(#)) = a(u). Note
that a(u) # O since y € L = Ra + Za and y(u) # 0. Now take an arbitrary
v € V. Since a has rank one, we have a(v) = da(u) for some § € A. Therefore
v —éu € kera C kery, so that y(v) = §y(u). Consequently,

ry(w) =r(6y(u)) = 6r(y(u)) = da(u) = a().

Thereforea =ry € J. (]
Describing the socle of a primitive ring is now an easy task.

Theorem 5.30 Let R be a primitive ring, and let a € R. Then a € soc(R) if and
only if the operator a has finite rank.
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Proof If a € soc(R), then a = aj + - - - + a, where each q; lies in some minimal
left ideal L;. If a; # 0, then a; has rank one by Lemma 5.29. Hence a has rank at
most n.

Conversely, assume that @ has finite rank. Let {v{, ..., v,,} be a basis of the
image of a. Since R is dense, there exist rq, ..., rm € R such that 77(v;) = v; and
ri(vj) =0if j # i. Note that 71 + - - - +7,, acts as the identity on the range of @, and
soa =rja+ - -+ rya. Since each 7;a has rank one, r;a lies in soc(R) by Lemma
5.29. Consequently, a € soc(R). O

Example 5.31 If R = EndA(V), then soc(R) is the set of all finite rank linear
operators of V.

We are, of course, interested in the situation where soc(R) # 0,i.e., R has minimal
left ideals. The next corollaries highlight what Theorem 5.30 says about such rings.

Corollary 5.32 A primitive ring R has minimal left ideals if and only if R contains
a nonzero finite rank operator.

Theorem 5.30 together with Lemma 5.14 gives

Corollary 5.33 A primitive ring R having minimal left ideals contains a nonzero
ideal (in fact, its socle) which is isomorphic to a dense ring of finite rank linear
operators of a vector space over a division ring.

The point here is, of course, that these operators are of finite rank. This brings
them close to operators on finite dimensional spaces, and hence close to matrices.

A primitive ring having minimal left ideals thus contains a particularly nice ideal.
Do we control the whole ring if we control one of its nonzero ideals? We certainly
cannot claim this for general rings. Say, if a ring R is equal to the direct product of
two unrelated rings R; and R, then the properties of the ideal R x 0 have nothing
to do with the properties of the other part 0 x R,. However, prime, and therefore
primitive rings cannot be decomposed in such a way. Problems on prime rings can
be often easily reduced to the same problems on any of their nonzero ideals.

Our final corollary can be considered as an extension of Wedderburn’s
Theorem?2.61.

Corollary 5.34 A simple unital ring R having minimal left ideals is isomorphic to
M, (D) for some division ring D and n € N.

Proof The simplicity of R implies that soc(R) = R. In particular, 1 € soc(R),
and so 1 has finite rank by Theorem 5.30. Being the unity of a dense ring R, 1
must be the identity map on V. This means that V is finite dimensional over A,
and so R = End 4 (V) by Corollary 5.13. The desired conclusion now follows from
Theorem3.31. (]

Primitive rings having minimal left ideals form an important, easily approachable,
and also somewhat exclusive subclass of primitive rings. Every such ring must in
particular contain a nontrivial idempotent, unless it is a division ring. Therefore
a primitive domain, which is not a division ring, cannot have minimal left ideals.
A concrete example is the Weyl algebra o] (cf. Example2.28). Another important
example is a free algebra, which will be introduced in the next chapter.
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5.5 Primitive Ideals

Our aim now is to briefly examine the following notion that links primitive rings
with the central topic of the second part of this chapter, the Jacobson radical.

Definition 5.35 An ideal P of a ring R is said to be a primitive ideal if P is the
annihilator of a simple R-module.

(A formally more appropriate term is a left primitive ideal—not because it was
merely a left ideal, it certainly is two-sided, but because “module” means “left
module” by our convention.)

Clearly, R is a primitive ring if and only if O is a primitive ideal of R. More
generally, we have

Lemma 5.36 An ideal P of a ring R is a primitive ideal if and only if R/ P is a
primitive ring.

Proof Let P be a primitive ideal of R and let M be a simple R-module such that
P = anng(M). One immediately checks that the additive group of M becomes a
simple R/ P-module if we define

(r+ P)m:=rm forallr e R, me M.

This operation is indeed well-defined since P C anng(M). On the other hand, from
P D anng (M) we infer that M is a faithful R/P-module. Therefore the ring R/ P
is primitive.

The proof of the converse is analogous. Starting with a faithful simple R/P-
module N, we note that by defining

rn:=( + P)n forallr € R,n € N,

the additive group of N becomes a simple R-module (the well-definedness is not
an issue here). It is also clear that anng(N) = P. Accordingly, P is a primitive
ideal. (]

Example 5.37 Let R = Ry X --- X R, where each R; is a primitive ring. Then every
Pi=R; x---XRi_1 X0OX Rjy1 X -+ X Ry, (5.6)

is a primitive ideal. Indeed, R/ P; = R; is a primitive ring. In the special case where
R; = M,,,(D;) for some n; € N and a division ring D;, the P;’s are easily seen to be
the only primitive ideals of R. Moreover, in this case they are the maximal ideals.

Lemma 5.38 Let W be an ideal of a ring R. If R/ W is a simple ring, then W is
a maximal ideal. Conversely, if W is maximal and R*> & W (this is automatically
fulfilled if R is unital), then R/ W is a simple ring.
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Proof Let R/ W be simple. If J is an ideal of R suchthat W € J C R, then J/W is
an ideal of R/W,sothat J/W =0or J/W = R/W. This readily implies / = W
or J = R, proving the maximality of W.

If I is an ideal of R/ W, then Z := {r € R|r + W € I} is an ideal of R which
contains W. Assuming that W is maximal it follows that Z = W or Z = R, that is,
I =0orI = R/W. Therefore R/ W is a simple ring provided that (R/ W)? # 0,
ie, RZZ W. O

Since simple unital rings are primitive (Lemma 5.6), Lemmas 5.36 and 5.38 yield
Corollary 5.39 Every maximal ideal of a unital ring R is a primitive ideal.

Maximal ideals of Z and C|a, b], presented in Example 3.44, are therefore exam-
ples of primitive ideals. For commutative rings the converse to Corollary 5.39 actually
also holds.

Corollary 5.40 Every primitive ideal of a commutative ring R is a maximal ideal.

Proof If P is a primitive ideal of R, then R/P is a primitive commutative ring
by Lemma 5.36, and hence a field by Lemma 5.7. Therefore P is maximal by
Lemma 5.38. ]

A primitive ideal of an algebra A is, of course, defined as the annihilator of a
simple (algebra) A-module. As one would guess, all results from this section still
hold if we replace “ring” by “algebra”. Since finite dimensional primitive algebras
are automatically simple by Corollary 5.19, a similar argument as in the proof of
Corollary 5.40 gives

Corollary 5.41 Every primitive ideal of a finite dimensional algebra A is a maximal
ideal.

In general rings it is easy to find examples of primitive ideals that are not maximal.
Say, the zero ideal of a non-simple primitive ring will do (see, e.g., Example 5.10).
Primitive ideals are also related to maximal left ideals.

Lemma 5.42 [f P is a primitive ideal of a ring R, then there exists a maximal left
ideal U of R such that P = {x € R|xR C U}. Conversely, if U is a maximal
left ideal of R and R*> & U (this is automatically fulfilled if R is unital), then
P :={x € R|xR C U} is a primitive ideal of R.

Proof Let M be a simple R-module such that P = anng(M). By Lemma3.46
there exists a maximal left ideal U of R such that M = R/U. Therefore P =
anng(R/U) ={x € R|xR C U}.

Assume now that U is a maximal left ideal of R such that R> € U. Lemma3.46
tells us that R/U is a simple R-module. Consequently, anng(R/U) =
{x € R|xR C U} = P is aprimitive ideal of R. O

Corollary 5.43 Every maximal left ideal U of a unital ring R contains a primitive
ideal P.
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5.6 Introducing the Jacobson Radical

Recall that the radical of a finite dimensional algebra A is defined as the (necessarily
unique) maximal nilpotent ideal of A. A simple-minded attempt to use the same
definition for general rings immediately fails, simply because rings may not have
maximal nilpotent ideals (Example 2.12). Anyway, generalizations should have some
purpose. Our goal is to define the radical of a ring R as an ideal consisting of all
the most “undesired” elements in R, that is, the elements whose presence creates an
obstacle for understanding the structure of R. Further, we wish the factor ring of R
modulo the radical to be “nice” in the sense that its radical is zero, so that we can say
something about its structure. As witnessed by Theorem2.65, the radical of a finite
dimensional algebra does satisfy these criteria: the corresponding factor algebra is
the direct product of full matrix algebras over division algebras. Of course, we have
to be realistic in our expectations when trying to extend this result to general rings.
One cannot hope that the structure of “nice” rings is as simple as the structure of
“nice” finite dimensional algebras.

There are different radicals defined for general rings, each of them having its own
relevance. From the point of view of the structure theory, the following radical is
arguably the most important.

Definition 5.44 The Jacobson radical of a ring R, denoted by rad(R), is the inter-
section of all the primitive ideals of R. If R has no primitive ideals (i.e., R has no
simple modules), then we define rad(R) = R.

In other words, rad(R) consists of all elements that annihilate every simple R-module.
It is obviously a (two-sided) ideal of R. Since our modules are actually left modules,
apparently a more appropriate name for rad(R) would be the left Jacobson radical.
Fortunately, it turns out that the Jacobson radical is a left-right symmetric notion, so
this terminological query is unnecessary.

The meaning of the Jacobson radical may not be evident from the definition. In
what follows we will discover several properties and characterizations of rad(R), and
thereby give a better insight into its nature. It truly is an amazing concept; we shall
see that it touches several seemingly unrelated notions, from simple modules and
primitive rings (and hence dense rings of linear operators) to maximal (two-sided
and one-sided) ideals, nilpotency and invertibility.

Let us first clarify the relation to nilpotent ideals. Actually, it is not more demand-
ing to consider more general nil ideals.

Lemma 5.45 Every nil left or right ideal of a ring R is contained in rad(R).

Proof Let I be a nil left (resp. right) ideal. If the lemma was not true, there would
exist a simple R-module M, u € I and m € M such that n := um # 0. Since
Rn = M (Lemma3.36), we can find x € R satisfying xn = m. Thatis,v :=xu € [
(resp. v := ux € I) satisfies vm = m (resp. vun = n), and hence vkm = m (resp.

vEn = n) for every k € N. But this is impossible for v is nilpotent. (]
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Later we will see that even a domain may have a large Jacobson radical. Therefore
rad(R) is not always nil, let alone nilpotent.

It goes without saying that the Jacobson radical of an algebra A, rad(A), is
defined as the intersection of all primitive (algebra) ideals of A. We may, on the
other hand, treat an algebra merely as a ring. Fortunately, the Jacobson radical of the
ring A coincides with the Jacobson radical of the algebra A. We suppress the proof
of this fact (see, e.g., [Hun74, p. 451]). The only information about the Jacobson
radical of an algebra that we need is that it contains all nilpotent ideals. This is clear
from the proof of Lemma 5.45.

Theorem 5.46 If A is a finite dimensional algebra, then rad(A) is the unique max-
imal nilpotent ideal of A.

Proof Let N be the unique maximal nilpotent ideal of A (its existence is explained
in Sect.2.1). We know that N C rad(A), so we only need to prove the converse
inclusion. Take g € rad(A). We claim that ¢ + N € rad(A/N). If this was not true,
there would be a simple A/N-module M such that (¢ + N)M # 0. Note that the
additive group of M becomes a simple A-module by defining

xm:=(x+ N)m forallx € A,m € M.

Since g € rad(A), we have g M = 0. This contradicts (g + N)M # 0, and so our
claim is proved.

Let us complete the proof by showing that rad(A/N) = 0. By Theorem 2.65 we
know that A/N is isomorphic to a finite direct product of full matrix algebras over
division algebras. We have thus arrived at the situation considered in Example 5.37.
Defining primitive (in fact, maximal) ideals P; as in (5.6) we clearly have ﬂi P, =0.
Consequently, rad(A/N) = 0. ([

The Jacobson radical of a finite dimensional algebra A thus coincides with the
radical of A introduced in Sect.2.1.

5.7 Quasi-invertibility

The Jacobson radical is intimately connected with the concept of invertibility. This
statement does not seem to make much sense for non-unital rings. However, we shall
rely upon the following notions which make it possible to imitate invertibility in
arbitrary rings.

Definition 5.47 An element y in aring R is said to be left quasi-invertible if there
exists x € R such that

x+y=xy. (5.7
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We call x a left quasi-inverse of y. Analogously, x € R is said to be right quasi-
invertible if there exists y € R, called a right quasi-inverse of x, which satisfies
(5.7).

If R is unital, then (5.7) can be written as
I-x)d-y)=1
Therefore,
x is a left quasi-inverse of y <= 1 — x is a left inverse of 1 — y.
In particular,
yis left quasi-invertible <= 1 — y s left invertible.

(Thus 1 is not left quasi-invertible.) A similar statement can be made for right quasi-
invertibility.
There is another way of looking at these notions. Define o : R X R — R by

xXoy:=x+Yy—xy.
This operation is associative. Indeed, one immediately checks that
(xoy)oz=x4+y+z—xy—xz—yz+xyz=xo0(yoz).

Clearly x 00 = 0 ox = x. Accordingly, R endowed with o is a monoid with identity
element 0. Therefore (5.7) can be interpreted as that x is a left inverse of y with
respect to o. Since the left and right inverses in a monoid coincide,x oy = yoz =0
implies x = z. We can reword this as follows.

Lemma 5.48 [f an element y has a left quasi-inverse x and a right quasi-inverse z,
then x = z.

Definition 5.49 An element y € R is said to be quasi-invertible if there exists
X € R which is both a left and right quasi-inverse of y. In this case we call x a
quasi-inverse of y.

In other words, x is a quasi-inverse of y if it satisfies (5.7) and xy = yx. Actually,
X i8 the quasi-inverse of y; its uniqueness follows from Lemma 5.48. We also see
that y € R is quasi-invertible if and only if it is both left and right quasi-invertible.
If R is unital, this is further equivalent to the invertibility of 1 — y.

n

Example 5.50 Everynilpotentelementy € R isquasi-invertible. Indeed, — > °7 | y
is its quasi-inverse (the nilpotency of y implies that this sum is actually finite). If R is
unital, we can rewrite this observation in the familiar form: (1 — y)~! = 3" .
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Definition 5.51 We say that S C R is a quasi-invertible set if all elements in S are
quasi-invertible. Analogously we define a left (resp. right) quasi-invertible set.

Lemma 5.52 [fa left ideal L is left quasi-invertible, then L is quasi-invertible.

Proof Take £ € L. By assumption £ has a left quasi-inverse k € R. Fromk = k¢ —¢
we see that k also lies in L. Thus, k has a left quasi-inverse m. Lemma 5.48 implies
{ = m, meaning that & is the quasi-inverse of £. (|

This simple lemma will eventually lead to the left-right symmetry of the Jacobson
radical.

Assume for a moment that R is unital. If 1 — a € R is not left invertible, then
R(1 — a) is a proper left ideal of R, so it is contained in some maximal left ideal U
(Lemma3.45), which gives rise to a simple R-module R/U (Lemma3.46). These
observations can be easily extended to the non-unital situation.

Lemma 5.53 Let R be an arbitrary ring. If a € R is not left quasi-invertible, then
there exists a maximal left ideal U of R such thata ¢ U. Moreover, R/ U is a simple
R-module and a ¢ anng(R/U).

Proof The assumption that a is not left quasi-invertible can be read as that a does not
lie in the left ideal L := {ra — r |r € R}. Moreover, we claim that if L’ is a proper
left ideal containing L, thena ¢ L’. Indeed, by writingr € Rasr = —(ra—r) +ra
we see that R is the only left ideal of R that contains L U {a}. This makes it possible
for us to apply Zorn’s lemma in a similar way as in the proof of Lemma 3.45. Let .
be the set of all proper left ideals of R that contain L. Partially order . by inclusion.
If {K;|i € I}is achainin.”, then K = J;.; K; is its upper bound. Indeed, K is
a proper left ideal since a ¢ K. Therefore . has a maximal element U. Clearly, U
is a maximal left ideal and a ¢ U. Furthermore, since a — a? € L C U it follows
that a> ¢ U. Lemma 3.46 now tells us that R/U is a simple R-module. Finally,
a(a + U) # 0 shows thata ¢ anng(R/U). U

This lemma in particular shows that for every element that is not left quasi-
invertible we can find a simple module which is not annihilated by this element.
Elements from rad(R) are therefore necessarily left quasi-invertible, and hence quasi-
invertible by Lemma 5.52. This observation can be sharpened as follows:

Theorem 5.54 Let R be a ring and let g € R. The following statements are equiv-
alent:

(1) The ideal generated by q is quasi-invertible.
(i1) The left ideal Rq is quasi-invertible.
(iii)) g € rad(R).

Proof (1) = (ii). Trivial.
(i) = (iii). Suppose g ¢ rad(R). Then there exists a simple R-module M such
that gm # 0 for some m € M. Accordingly, Rgm = M by Lemma3.36. Therefore
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{m = m for some £ € Rq. Since £ is quasi-invertible, there exists r € R such that
r 4+ € = r{. Consequently, m = ¢m = r¢m — rm = 0, which contradicts gm # 0.
(iii) = (i). As noticed before the statement of the theorem, Lemmas 5.52 and
5.53 show that rad(R) is a quasi-invertible ideal. Its subsets are therefore also quasi-
invertible. (]

By making obvious modifications in the proof, one shows that (i) is also equivalent
to (ii”) the right ideal g R is quasi-invertible, and (iii’) ¢ annihilates all simple right
R-modules. We have thereby established that the left Jacobson radical coincides with
the right Jacobson radical (see the comment following Definition 5.44).

The following corollary is immediate.

Corollary 5.55 The Jacobson radical of a ring R is a quasi-invertible ideal which
contains every quasi-invertible one-sided ideal of R.

Let us mention that Corollary 5.55 implies Lemma 5.45 since nilpotent elements
are quasi-invertible (see Example 5.50).

Corollary 5.56 The Jacobson radical of a unital ring R is equal to the intersection
of all the maximal left ideals of R.

Proof Let T denote the intersection of all the maximal left ideals of R. Clearly, T is
a left ideal. Lemma 5.53 along with Lemma 5.52 implies that 7 is quasi-invertible.
Hence T C rad(R) by Corollary 5.55. The fact that rad(R) € T clearly follows
from Corollary 5.43. O

It is interesting in its own right that the intersection of all the maximal left ideals
is a two-sided ideal. Of course we may replace “left” by “right” in the statement of
Corollary 5.56.

For the reader’s convenience we gather together various characterizations of the
Jacobson radical of a unital ring in the next corollary.

Corollary 5.57 Let R be a nonzero unital ring. The following statements are equiv-
alent for g € R:

(i) g € rad(R).
(i) gM = 0 for every simple R-module M.
(iii) q lies in every ideal P of R such that R/ P is a primitive ring.
(iv) 1 — xq is invertible for all x € R.
(v) 1 =2, xiqyi is invertible for all x;, y; € R.
(vi) q lies in every maximal left ideal of R.

One can add appropriate right versions of (ii)—(iv) and (vi).
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5.8 Computing the Jacobson Radical

After discovering a variety of abstract descriptions of the Jacobson radical, it may
still be unclear how to determine rad(R) for a given ring R. There is no magical
device for this, but we can gain intuition by examining some special situations.

Let us begin with two illustrative examples. Since we know that the Jacobson
radical of a finite dimensional algebra is the maximal nilpotent ideal (Theorem 5.46),
our first example is just a repetition of Example2.14.

Example 5.58 The Jacobson radical of T, (F'), the algebra of all upper triangular
n X n matrices over a field F, is the set of all strictly upper triangular matrices.

The ring in the next example has no nonzero nilpotent elements, in fact it is a
domain. Yet its Jacobson radical is quite big.

Example 5.59 Take a division ring D and consider the ring D[[w]] of formal power
series. Let T denote its ideal generated by w, i.e., T is the set of all elements with
zero constant term. Lemma 1.40 says that f € D[[w]] is not invertible if and only if
f € T.This readily implies that every proper one-sided ideal of D[[w]] is contained
in T'. Therefore T is the unique maximal left ideal of D[[w]]. Corollary 5.56 shows
that rad(D[[w]]) = T.

The Jacobson radical is compatible with various ring constructions. Let us con-
sider only the simplest construction, i.e., the direct product.

Proposition 5.60 Let {R; |i € I} be a family of rings. Then
rad(ITies Ri) = ITierrad(R;).

Proof Note that (r;) is quasi-invertible in R := [T,y R; if and only if r; is quasi-
invertible in R; for every i. Accordingly, ¢ = (g;) € R is such that Rq is quasi-
invertible in R if and only R;g; is quasi-invertible in R; for every i € I. Thus, by
Theorem 5.54, g € rad(R) if and only if ¢; € rad(R;) for every i € I. ([l

Relating the Jacobson radical of a ring to the Jacobson radical of some of its
subrings is another topic of interest. For ideals the relation is simple and nice.

Proposition 5.61 [f I is an ideal of a ring R, thenrad(I) = I Nrad(R).

Proof Lety € I Nrad(R). As an element of rad(R), y is quasi-invertible in R. If x is
its quasi-inverse, then we see from x = xy — y that x also lies in /. This shows that
I Nrad(R) is a quasi-invertible ideal of the ring /. Therefore I Nrad(R) < rad([)
by Corollary 5.55.

Proving the converse inclusion is a bit more tricky. Take ¢ € rad(/) and r € R.
In view of Theorem 5.54 it is enough to show that # := rqg is quasi-invertible in
R. Since u?> = (rqr)q € Irad(I) C rad(I), it follows that u? is quasi-invertible.
We claim that this implies that u is also quasi-invertible. In unital rings this follows
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easily from 1 — u? = (1 — u)(1 + u), but of course we do not wish to assume the
existence of unity. At any rate, the proof is easy. A direct computation shows that if
v is the quasi-inverse of u2, then vu +v — u is a left quasi-inverse of u and uv +v — u
is a right quasi-inverse of u#. Thus u is quasi-invertible (and v = vu) by Lemma
5.48. (]

If the size of rad(R) measures the intricacy of the structure of R, the following
definition considers the worse (yet not the least interesting) situation.

Definition 5.62 A ring R is said to be a radical ring if rad(R) = R.
Let us mention two alternative ways to state this definition.

Proposition 5.63 The following statements are equivalent for a ring R:

(i) R isa radical ring.
(i1) Every element in R is quasi-invertible.
(iii) R has no simple modules.

Proof From Corollary 5.55 we see that (i) and (ii) are equivalent. If R is a radical
ring, then R cannot have simple modules since their annihilators are always proper
subsets of R. Thus, (i) implies (iii), while the converse holds by Definition 5.44.

Proposition 5.64 The Jacobson radical of an arbitrary ring R is a radical ring, i.e.,
rad(rad(R)) = rad(R).

Proof Take rad(R) for I in Proposition 5.61. ]

Examples 5.58 and 5.59 therefore also yield examples of radical rings. The one
from the first example, the ring of all strictly upper triangular matrices, is nilpotent.
Such rings are automatically radical; more generally, every nil ring is a radical ring
by Lemma 5.45.

5.9 Semiprimitive Rings

After considering the most unfavorable situation where rad(R) = R, let us now
examine the opposite extreme.

Definition 5.65 A ring R is said to be a semiprimitive ring if rad(R) = 0.

Example 5.66 Every primitive ring is semiprimitive since 0 is its primitive ideal.
More generally, the direct product of primitive rings (in fact, even of semiprimitive
rings) is semiprimitive by Proposition 5.60.

Example 5.67 If R is a nonzero commutative unital ring, then rad(R) is equal to
the intersection of all the maximal ideals of R by Corollary 5.56. With reference to
Example 3.44 we thus have:
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(a) Since the intersection of all the maximal ideals pZ of Z is O (here, p is a prime
number), Z is a semiprimitive ring.

(b) Similarly, since (), <., Uc = 0, where U. = {f € Cla, b]| f(c) =0}, Cla, b]
is a semiprimitive ring.

A semiprimitive ring R cannot have nonzero nil ideals by Lemma 5.45. In
particular, semiprimitive rings are thus semiprime. The converse is not true.

Example 5.68 Let D be adivisionring. In Example 5.59 we saw that D[[w]] has abig
Jacobson radical. Thus, D[[w]] is an example of a semiprime ring (in fact, a domain)
that is not semiprimitive. The polynomial ring D[w], however, is semiprimitive.
Indeed, take f € rad(D[w]). Then f is quasi-invertible by Corollary 5.55; that is,
1 — f is invertible. Since polynomials of degree O are clearly the only invertible
elements in D[w], and since f € rad(D[w]) cannot be invertible, it follows that

f=0.

The reader might have noticed that we did not use the full force of the assumption
that D is a division ring. Instead of analyzing what else the above simple argument
brings, we mention a much deeper result by S. A. Amitsur from 1956: Every ring R
has a nil ideal N such that rad(R[w]) = N[w]. Consequently, R[w] is semiprimitive
if R has no nonzero nil ideal. But even Amitsur’s theorem is not the end of the story.
A precise description of N is still a mystery. It turns out that the validity of the
statement “If R is nil, then N = R’ is equivalent to a positive answer to Kothe’s
problem.

It is not always easy to find out whether or not a ring is semiprimitive. Here is a
famous old problem:

Problem 5.69 Let G be a group and let F be a field with char(F) = 0. Is the group
algebra F[G] semiprimitive?

The answer is “yes” if G is finite. Indeed, this is just a rewording of Maschke’s
theorem (namely, as is evident from Theorem 5.46, a finite dimensional algebra is
semiprime if and only if it is semiprimitive). Thus, we are asking whether Maschke’s
theorem can be generalized to infinite groups. It turns out that the problem can be
reduced to the case where F = Q.

Let us return to problems we can handle. At the beginning of Sect.5.6 we said
that a decent radical should have the property that the factor ring of R modulo the
radical has zero radical. We still owe the proof that the Jacobson radical does satisfy
this property.

Lemma 5.70 The ring R/rad(R) is semiprimitive for every ring R.

Proof The case where R is a radical ring is trivial. By Proposition 5.63, we may
therefore assume that R has simple modules. Take such a module M. The additive
group of M becomes a simple module over R/rad(R) by defining

(x +rad(R))m :=xm forallx € R,m € M.
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Checking this is straightforward, including the well-definedness which follows from
rad(R)M = 0. Now, if ¢ +rad(R) € rad(R/rad(R)),thengM = (g +rad(R))M =
0. Since M is an arbitrary simple R-module, this gives g € rad(R). ]

Another debt to the reader is an explanation why semiprimitive rings are supposed
to be “nice”. Why would it be easier to deal with a semiprimitive ring than with any
old ring? For primitive rings this is clear as we have the Jacobson Density Theorem.
Direct products of primitive rings can therefore also be viewed as easily approachable.
Unfortunately, not every semiprimitive ring can be represented as such a product
(say, Z cannot). We are forced to deal with the following generalization of the direct
product.

Definition 5.71 Let {R; |i € I} be a family of rings. A subring R of the direct
product IT;cr R; is called a subdirect product of the family {R; | i € I} if for each
jel, themapm;: R — Rj, m;((r;)) =rj,is surjective.

If I = {1, 2}, this means that for every r| € R there exists r, € R such
that (r1, 72) € R, and similarly, for every r» € R, there exists r{ € Rj such that
(r1,r2) € R. Forinstance, every ring R is isomorphic to the subdirect product of two
copies of R viar > (r, r). Subdirect products are thus quite different from direct
products.

Lemma 5.72 A nonzero ring R is semiprimitive if and only if R is isomorphic to a
subdirect product of primitive rings.

Proof Let R be semiprimitive. Denote the family of all the primitive ideals of R by
{P; |i € I}. Recall that the rings R/ P; are primitive (Lemma 5.36). By assumption,
(Nics Pi = 0. This shows that the homomorphism

R — ic/R/P;, 71— (r+ P;) (5.8)

is injective. Its image is clearly a subdirect product of the family {R/P; |i € I}.
Conversely, take a family of primitive rings {R; |i € I} andlet ¢ : R — ITjc/ R;
be an injective homomorphism such that 7;(¢(R)) = R; for every j € I. Set
P; :=kerm;¢.Since R/P; = R; we see, again by Lemma 5.36, that P; is a primitive
ideal of R. If r € ();; Pi, then ¢(r) = 0 and hence r = 0. Thus rad(R) C (),
P =0. O

Example 5.73 Let R = A be a finite dimensional semiprimitive algebra. As men-
tioned above, A is then in particular semiprime, and hence, by Wedderburn’s theorem,
isomorphic to a finite direct product of simple (= primitive in this context) algebras.
Therefore A has only finitely many primitive ideals (cf. Example 5.37). Note that
the homomorphism from (5.8) is surjective.

Example 5.74 From Example 5.67 and the proof of Lemma 5.72 we infer the fol-
lowing:
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(a) Z isisomorphic to a subdirect product of the fields Z,, p prime.
(b) Cla, b] is isomorphic to a subdirect product of the fields Cla, b]/U, = R,
a < ¢ < b (cf. Example 3.44).

Roughly speaking, Lemma 5.72 shows that a semiprimitive ring can be decom-
posed into primitive factors, however, in a fashion which is not always easily con-
trollable. When making this decomposition we somehow lose track of the way the
components are “glued together”. The example with C[a, b] is illustrative. The direct
product of the fields Cla, b]/U, = R, a < ¢ < b, can be identified with the ring
of all functions from [a, b] into R. Thus, when applying the method of Lemma 5.72
to Cla, b] we lose the information that functions from our ring are continuous. The
structure theory is powerful, but has its limitations.

Our final result in this section summarizes some of the main features of the
structure theory. One can compare it with the analogous result concerning finite
dimensional algebras, Theorem 2.65.

Theorem 5.75 Ifaring R is nota radical ring, then the ring R /rad(R) is isomorphic
to a subdirect product of dense rings of linear operators of vector spaces over division
rings.

Proof Combine Lemmas 5.70 and 5.72 with the Jacobson Density Theorem. (]

5.10 Structure Theory in Action

The structure theory that we have developed is not only beautiful, itis truly applicable.
The purpose of this final section is to indicate how the theory works in “real life”.

Suppose we are given a problem on a ring R. The following procedure, indicated
by Theorem 5.75, sometimes leads to its solution:

(a) By factoring out rad(R) one reduces the problem to the case where R is semi-
primitive.

(b) Using the representation of a semiprimitive ring R as a subdirect product of prim-
itive rings, one further reduces the problem to the case where R is primitive.
(In practice one does not necessarily work with subdirect products, but uses
the fact that the intersection of the primitive ideals of R is 0. We have
introduced subdirect products primarily to indicate the philosophical aspect of
semiprimitivity.)

(c) A problem on a primitive ring R can be usually solved by representing R as a
dense ring of linear operators of a vector space V over a division ring A.

(d) If dimpy V = 1, the density condition does not have the same meaning as other-
wise. In this case R is a division ring (isomorphic to A®) and a different argument
may be needed.

Needless to say, we cannot solve just any problem by following this procedure.
There are, however, various important instances where at least some, if not all of
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the steps (a)—(d) can be realized. We will give an evidence of the feasibility of the
procedure by presenting a proof of (yet another) theorem by Jacobson. This theorem
was one of the first applications of the structure theory, and still is one of the most
striking ones.

We first record two elementary lemmas. The reader is probably familiar with the
first one. Anyway, we give the proof for the sake of completeness.

Lemma 5.76 If K is a finite field with char(K) = p, then there exists n € N such
that |K| = p" and kP = k for every k € K. Moreover, if ki, ..., kyn_1 are the
nonzero elements in K, then

n

o —w=(w-—k)...(0—kp_1o. (5.9)

Proof We may consider K as a vector space over the prime subfield Fo = Z,.
If K is n-dimensional over Fy, then |K| = |Fj| = p". The multiplicative group
K* = K\{0} thus has p" — 1 elements, so that k”"~! = 1 for every k € K*.
Consequently, k" = k for every k € K. That is to say, every element in K is a root
of the polynomial w?”" — w. Since the degree of this polynomial is equal to |K |, the
desired conclusion follows. (]

The next lemma concerns powers of inner derivations in rings of prime character-
istic. We denote the inner derivation x — ax — xa by ad a (this notation is borrowed
from the theory of Lie algebras). We first remark that in any ring R, regardless of its
characteristic, for all a, x € R we have

(ad )" (x) = Z(—l)k(’Z)am_kxak. (5.10)
k=0

Using (") + (7) = (m,jl) one easily proves this by induction on m.

Lemma 5.77 If R is a ring with char(R) = p, where p is prime, then (ada)?" =
ada?" foralla € R and n € N.

Proof If1 < k < p—1,then p does notdivide k!(p—k)!, soitdivides () = #lk),
Therefore (5.10) reduces to (ada)” = ada” if m = p (if p = 2 then this is true
as xa> = —xa®). This proves the claim of the lemma for n = 1. We may therefore

assume the claim is true for n — 1. Consequently,
n n—1\ P n—1\P n— n
(ada)? = ((ada)p 1) = (adap l) = ad (a” l)p =ada?,

as desired. O

Letus now tackle the Jacobson’s theorem. First, a few words about the background.
The reader is perhaps familiar with the notion of a Boolean ring. This is a ring in
which every element is an idempotent (e.g., a direct product of copies of Z,). One
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of the first things one learns about such rings is that they are commutative. The
proof is easy: If x and y are elements of a Boolean ring R, then x, y, x 4+ y are
idempotents, which readily implies xy + yx = 0; setting y = x we get char(R) = 2,
so xy + yx = 0 can be written as xy = yx. This was extremely easy, but the fact
itself may appear a bit surprising at first glance since idempotents in rings do not
always commute. Now consider a more general condition where a ring R satisfies
x3 = x for every x € R.Is R commutative? It turns out that this is true indeed,
but giving a proof may already be a small challenge for the reader. The case where
x* = x is yet more entangled, but again the commutativity can be derived by ad hoc
arguments. If we wish to consider the general case where there exists n > 2 such
that

x" =x forallx € R, 5.11)

the need for a conceptual approach becomes apparent. But first of all, why would
anyone be interested in (5.11)? Asnoticed in Lemma 5.76, every finite field F satisfies
(5.11) with n = | F|. The very same proof shows that the same holds for every finite
division ring. Surely, such rings are automatically fields by Wedderburn’s theorem
(Theorem 1.38), but this is exactly the point we wish to make. We are wondering
whether Wedderburn’s theorem can be generalized to arbitrary rings via (5.11). And
indeed it can. Even better, there is no need to fix n; it may depend on x.

Theorem 5.78 (Jacobson) If a ring R is such that for every x € R there exists an
integer n(x) > 2 such that x"™) = x. then R is commutative.

Proof We will follow the procedure outlined above.

(a) In the first step we will show that rad(R) = O (so that there is no need to factor
out rad(R)). Choose g € rad(R), and set n = n(g). Then ¢"~! also lies in
rad(R), so it is quasi-invertible (Corollary 5.55). Thus, there exists » € R such
that ¢"~! 4+ r = r¢"~!. Multiplying this identity from the right by ¢ and using
q" = g we obtain g = 0.

(b) We now know that R is semiprimitive. We may assume that R 7 0, so that there
is a family {P; | i € I} of primitive ideals of R such that ();.; P; = 0. Therefore
R is commutative if and only if each primitive ring R/ P; is commutative. Since
R/ P; satisfies the same condition, x"™ = x for every x € R/P;, we see that
without loss of generality we may assume that R itself is primitive.

(c) Inview of the Jacobson Density Theorem, we may assume that R is a dense ring
of linear operators of a vector space V over a division ring A. Suppose there exist
linearly independent vectors u1, up € V. Choose f € R such that f(u1) = us
and f(u2) = 0. Then f"(u;) = 0 for every n > 2, while f(u;) # 0. However,
this contradicts our assumption that f*/) = f. The result is thus proved if
dimp V > 2.
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(d)

It remains to treat the case where dimy V = 1, i.e., the case where R = A°isa
division ring. This is the difficult part of the proof.
Let us write D instead of R. We begin by pointing out two facts that follow
immediately from the condition x"™) = x, x € D. The first one is that every
nonzero subring of D is automatically a division ring (since the inverse of x is
a power of x), and the second one is that D has finite characteristic p (indeed,
just take 2 =1 4 1 for x).

Suppose, on the contrary, that D is not commutative. Takea € D\Z (D). Since
D has finite characteristic and a"“~! = 1, we see that the subring generated
by a, let us call it K, is finite. As observed in the previous paragraph, K is
necessarily a field, so we can invoke Lemma 5.76. Thus, there exists n € N
such that |K| = p” and, in particular, a?" = a. Consider D as a vector space
over K. The inner derivation d := ad a is clearly a K-linear map, so it can be
considered as an element of the K -algebra Endg (D). We can therefore evaluate
the polynomial from (5.9) at d. Since d”" = d by Lemma 5.77, we obtain

d—ki)...(d—kp_1)d =0, (5.12)

where the k;’s are the nonzero elements of K. Note that, in this context, k;
should be understood as the map D — D, x — k;jx. Now, sincea ¢ Z(D),d is
anonzero map. From (5.12) it thus follows that at least one of the maps d —k; hasa
nontrivial kernel. This means that there is b € D suchthatab—ba = d(b) = k;b
with 0 # k; € K. Accordingly, a and b do not commute and ba € Kb.

Let Dg be the subring of D generated by a and b. As observed at the beginning,
Dy is in fact a division ring. Of course, it is noncommutative for ab # ba. From
ba € Kb it clearly follows that ba” C Kb for every r € N. Hence bK C Kb,
and consequently, b° K C Kb*® for every s € N. This shows that

K+Kb+--+Kbp"®=2

is a subring of D. Since it is a subset of Dy and since it contains a and b, it
is actually equal to Dy. But then Dy is a finite set. However, this contradicts
Wedderburn’s theorem on finite division rings (Theorem 1.38). O

The first three steps (a)—(c) were quite easy, but nevertheless fascinating. They

illustrated how the structure theory can be used to reduce a problem on a general
ring to a much simpler ring, in this case a division ring. After that we were left to
ourselves, and so the last step (d) had to be more ingenious.

It should be mentioned that Jacobson’s original proof was somewhat different.

We have mainly followed the proof due to I. N. Herstein.
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Exercises

5.1.

5.2.
5.3.

54.

5.5.

5.6.

5.7.

5.8.

5.9.

5.10.

5.11.

5.12.

5.13.

Let e be a nonzero idempotent in a ring R. Show that eV is a simple eRe-
module if V is a simple R-module and eV # 0. Hence infer that eRe is
primitive if R is primitive. Use this to show that the rings M, (Z) and M,, (F [w])
are prime but not primitive.

Show that the ring M,,(R) is primitive if and only if R is primitive.

Let R be a primitive ring with a faithful simple R-module V. Show that R is
adivision ring if and only if forall» € R andv € V, rv = 0 implies r = 0 or
v=0.

Let R be a primitive ring. Suppose that a, b € R satisfy (xa)?> = (xb)? for
every x € R. Show that eithera = b ora = —b.

Give an example showing that the assumption that F is algebraically closed
in Burnside’s theorem (Corollary 5.23) is necessary.

Give an alternative proof of Lemma 1.24 by using the Artin-Whaples Theorem
(Corollary 5.24).

Show that the Weyl algebra <7 is a dense algebra of linear operators of F[w].

Remark: Since 7] is primitive (Example 5.9), the Jacobson Density Theorem
for algebras tells us that 27| is isomorphic to a dense algebra of linear operators
of a vector space over some division algebra. What has to be shown is that
7 is a dense algebra of linear operators of the original space F[w], i.e., the
fulfillment of the conditions of Theorem 5.21 has to be verified.

Let R be a ring, V be an R-module, and ¢ be an automorphism of R. Note
that the additive group of V becomes an R-module if we define the module
operation by x - v = ¢(x)v forall x € R, v € V. If V is faithful and simple,
then so is the new module. Use this construction to show that the Weyl algebra
/1 has nonisomorphic faithful simple modules.

Let R be a primitive ring having a minimal leftideal L. Show that every faithful
simple R-module is isomorphic to L.

Remark: This is a generalization of Lemma 3.40.

Fields are the only commutative primitive rings (Lemma 5.7), and the center of
a simple unital ring is necessarily a field (Example 1.21). However, the center
of a unital primitive ring may not be a field. Find an example of such a ring.

Hint: If R is a primitive ring having minimal left ideals, then every subring of
R that contains soc(R) is also primitive.

Show that the sum of minimal left ideals of the upper triangular matrix ring
T, (F) does not coincide with the sum of its minimal right ideals.

Let R be a primitive ring having minimal left ideals. Show that soc(R) is
simple as a ring, and is contained in every nonzero ideal of R.

Let R be a unital ring, and let M be a nonzero finitely generated unital R-
module. Show that rad(R)M is a proper submodule of M.

Remark: This result, known as Nakayama’s lemma, is particularly well-
known in commutative algebra and algebraic geometry.
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5.14.

5.15.

5.16.

5.17.

5.18.

5.19.

5.20.

5.21.

A unital ring R is said to be local if the set of all non-invertible elements in
R forms an ideal. Show that this ideal is exactly rad(R), and that R is local
if and only if R/rad(R) is a division ring. Verify that the following rings are
local:

(a) The ring D[[w]] where D is a division ring (cf. Example 5.59).

(b) The subring of M, (D), D a division ring, consisting of upper triangular
matrices all of whose diagonal entries are equal.

(c) Zpn where p is prime and n € N.

(d) The unitization of a radical algebra.

Let a be an element in a unital ring R. Show that the following statements are
equivalent:

(1) a is invertible.
(i1) a + rad(R) is invertible in R /rad(R).
(iii) a + P is invertible in R/ P for every primitive ideal P of R.

Hint: If a does not have a left inverse, then there exists a maximal left ideal
containing a. If a has a left inverse b, then (1 — ab)a = 0.

Let a be an element in a ring R. Show that if there exists n € N such that a”
is quasi-invertible, then so is a.

Hint: After examining the (intuitively more clear) case where R is unital, one
can easily guess how to handle the general case.

Let a be a nonzero element in aring R such that a” = a for some n > 2. Show
thata ¢ rad(R). (In particular, rad(R) does not contain nonzero idempotents.)
Let a, b be elements in a ring R. Show that a Rb is a quasi-invertible set if and
only if ba € rad(R).

Hint: This can be proved either directly (it is not difficult) or as an application of
the theory along with the following (quite remarkable) fact: For any u, v € R,
uv is quasi-invertible if and only if vu is quasi-invertible. In a unital ring this
means that 1 — uv is invertible if and only if 1 — vu is invertible.

Let R be an arbitrary ring. Show that

RR|\ [rad(R) R
rad ([o RD—[ 0 rad(R)i|'

Remark: Of course, this can be extended to upper triangular matrices over
R of any size. It is also appropriate to mention the formula rad(M,(R)) =
M, (rad(R)), which could as well be included among exercises. Its proof is not
difficult, yet somewhat more involved than the one concerning the triangular
case.

Show that a nonzero ring R is semiprimitive if and only if R has a faithful

semisimple module.
Let R be a semiprimitive ring. True or False:
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5.22.

5.23.

5.24.

5 Structure of Rings

(a) Ifforevery primitive ideal P of R the ring R/ P has no nonzero nilpotent
elements, then R has no nonzero nilpotent elements.

(b) If for every primitive ideal P of R the ring R/ P has no nontrivial idem-
potents, then R has no nontrivial idempotents.

Let R be a semiprimitive ring. Show that the following statements are equiv-
alent fora € R:

(i) For every x € R there exists m(x) € N such that [a, x]"®) = 0.

(ii) For every x € R there exists n(x) € N such that (ax)"™) = (xa)"™.
(ili) a € Z(R).

Show that an algebraic division algebra over a finite field is commutative.
Hint: One way of proving this result, which is also due to Jacobson, is to use
Jacobson’s Theorem 5.78, together with standard facts about fields and their
extensions.

Show that a ring R is commutative if every commutator in R is an idempotent.
Remark: This is a very special case of Herstein’s generalization of Theorem

5.78 which says aring R is commutative if and only if for every pairx, y € R
there exists an integer n(x, y) > 2 such that [x, y]***¥) = [x, y].



Chapter 6
Noncommutative Polynomials

Polynomials in several variables are a fundamental topic of interest in commutative
algebra. Their counterparts in noncommutative algebra are the noncommutative poly-
nomials, i.e., polynomials in noncommuting indeterminates. Thus, if &, are such
indeterminates, then £ and né are different noncommutative polynomials. Opera-
tions on such polynomials are defined in the obvious way. For example, if f = &n+n
and g = n€ — n, then

fHg=¢tn+ng fo=¢en"E+n* —En* —n*, gf =ng*n—n*

The purpose of this chapter is to give a basic introduction to a couple of topics
related to noncommutative polynomials. There will be plenty of examples and simple
observations, more than theorems and proofs. The emphasis will be on polynomial
identities. These are noncommutative polynomials which vanish when replacing
indeterminates with arbitrary elements from a given algebra. However, most of the
deeper results on polynomial identities will be obtained in the next chapter, when we
will have more tools at our disposal. The main goal of this chapter is to introduce an
appropriate framework.

6.1 Free Algebras

After the above informal introduction, let us define noncommutative polynomials
precisely. Take a nonempty set X. It is convenient to consider it as an indexed set, so
let us write X = {&;|i € I}. A finite sequence of elements from X will be denoted
by &;,&i, .. .&;, and called a word. The empty sequence is not excluded; we denote
it by 1 and call it the empty word. Defining multiplication by juxtaposition, i.e.,

Eir&iy - - -6in) - Gji&jp - - - &) = 6i&in - - 80, 81 §jy - - - &)
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the set of all words becomes a monoid (with unity 1), which we denote by X*. It is
called the free monoid on X. Viewing & € X as an element of X*, we can write
5,-2 for &;&;, Ei3 for &;&;&;, etc. Accordingly, every w # 1 in X* can be written as
w= Eilj' 5;;2 . silj’, where i; € I and k; € N. Of course, i; can be equal to iy if j # k,
but we can achieve that ; # ij;1.

Recall that given a monoid and a field one can form a monoid algebra.

Definition 6.1 Let F be a field and X a set. The free algebra on X over F is the
monoid algebra of X* over F.

In short, this is the algebra whose basis is the set of all words formed from X
(including 1) and whose multiplication is determined by juxtaposition of words.

The free algebra on X over F will be denoted by F(X), or, if X is a finite
(resp. countably infinite) set, also by F(&1, ..., &,) (tesp. F(&1, &, ...)). The ele-
ments in X are called indeterminates.If X has just two elements, then we will
avoid indices and write F (€, n). We call elements in free algebras noncommutative
polynomials. However, we will usually omit “noncommutative’ and call them sim-
ply polynomials. The classical polynomials in commuting indeterminates will also
occasionally appear in the sequel, but there is little chance for confusion. Already
the notation will be different. We will use w for denoting commuting indeterminates,
and & or n for noncommuting indeterminates.

The notions such as a coefficient, the constant term, and a constant polynomial
are defined for noncommutative polynomials in the same way as for commutative
polynomials.

The role of the field F' in the definition of F(X) is purely formal. One can replace
it with an arbitrary ring R and form the ring R(X) of (noncommutative) polynomials
with coefficients in R. The operations in R(X) are defined just asin F(X). In particular,
elements from R commute with indeterminates from X, but not necessarily between
themselves. Studying R(X) atabasic level is not much harder than studying F (X)) with
F a field. Nevertheless, we restrict ourselves to the latter, at least in this chapter. In
the next one we will actually encounter the case where R = Z. One can also describe
Z(X) as the subring of Q(X) consisting of polynomials with integer coefficients.

Let A be another unital F-algebra. A unital algebrahomomorphism (i.e., an algebra
homomorphism that sends 1 into 1) from F(X) into A is uniquely determined by the
action on X. This is clear since F' (X) is generated by the set X U {1}. What we wish to
point out is a kind of converse: An arbitrary function f from X into A can be extended
to a unital algebra homomorphism f from F (X) into A. Indeed, there is only one way
to define this extension, and it is well-defined and is a homomorphism. The following
diagram is thus commutative.

XX

X
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This may be just a simple observation, but is of fundamental importance. We will refer
to it as to the universal property of F(X). (Readers familiar with the categorical
language will recognize that this property shows that F(X) is a free object in the
category of unital F-algebras.)

Every polynomial f € F(X) involves only a finite number of indeterminates.
If these are &, ..., &;,, then we write f = f(&;,, ..., & ). Usually we will simply
write f = f(&1, ..., &,). Given such a polynomial and elements xp, ..., x, € A, we
define the evaluation f (xq, . .., x;) in the obvious way. Say, if f = 5125251 —&&3+1,
then f (x1, x2, x3) = x%xle —x2x3+1 € A, i.e., one just substitutes x; for &;. In more
formal terms, the universal property shows that the function &; — x; gives rise to the

unital homomorphism from F (&, ..., &,) into A which maps f into f(xy, ..., x,).
If Aisnotunital, thenf (x1, ..., x;,) still makes sense provided that f has zero constant
term.

A polynomial is said to be a monomial if it is a nonzero scalar multiple of a
word. Every nonzero polynomial f € F(X) is a sum of monomials. More precisely,
f can be uniquely written as f = Ayw1 +- - - + AWy, Where wy, ..., wy, are pairwise
different words and the coefficients Aq, ..., A, are nonzero scalars. Then f is the
sum of the monomials A;w;.

We define the length of a nonempty word w = &, &, ...&;, as £(w) := m, and
the length of the empty word as £(1) := 0. The degree of a nonzero polynomial
f=xwi+ - 4 Apwy (A # 0) is defined as

deg(f) := max{£(w1), ..., L(wy)}.

Ife(wy) = --- = £(wy),1.e.,if all monomials of f have the same degree, thenf is said
to be a homogeneous polynomial. For instance, £21 — £n& + > is homogeneous of
degree 3. We will be often concerned with homogeneous polynomials of the following
type: f = f(&1, ..., &,) is called a multilinear polynomial if each indeterminate &;
appears in every monomial of f exactly once. That is, f is of the form

f= Z ooty - o)

oeS,
where A, € F and S, is the symmetric group on {1, ..., n}. Observe that for every
F-algebra A, the map (xy, ..., x,) — f(x1,...,x,), x; €A, is multilinear.

Take nonzero polynomials f = Aywy + -+ + Auwy, and g = w1z + - -+ + UnZns
and assume, for notational simplicity, that deg(f) = £(wi) and deg(g) = £(z1).
Note that wyz; = wyz; occurs only when k = [ = 1. Hence deg(fg) = ¢(wi1z1) =
£(w1) + £(z1). Thus,

deg(fg) = deg(f) + deg(g)

holds for all nonzero f, g € F(X) (if one defines deg(0) := —oo, then “nonzero”
can be omitted). An immediate consequence is that F'(X) is a domain.
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Remark 6.2 A much deeper result is that F(X) is a primitive algebra unless X is
a singleton (note that F (&) is just the usual polynomial algebra F[£] which is not
primitive by Lemma 5.7). We shall not need this result, so we omit the proof. Let us
just give its rough outline for the simplest case where X = {£, n}. Take a vector space
V over F with basis {e, | n € N}. Define g, h € Endr(V) by g(e1) = 0 and g(e,) =
ep—1 forn # 1, and h(e,) = e,2 | for every n. Let A be the subalgebra of Endg (V)
generated by g and /. Itis not hard to prove that A is a primitive algebra, in fact a dense
algebra of linear operators of V. A slightly harder, but still elementary exercise is to
prove that F'(£, n) is isomorphic to A. The point is to show that the homomorphism
f(&,n) — f(g,h), which exists by the universal property, is injective. Details can
be found, for example, in [LamO1, pp. 184—185].

6.2 Algebras Defined by Generators and Relations

Let A be a unital algebra over a field F. Take a subset X of A that generates A. In
principle, X can be any set of generators, but in practice we are more interested in
“smaller” sets. Forget for the moment that X is a subset of an algebra and consider
it merely as a set. Then we can form the free algebra F'(X). The function & +— &
from the set X into the algebra A can be, as pointed out in the preceding section,
uniquely extended to a unital algebra homomorphism ¢ from F(X) into A. As its
range contains X, ¢ is surjective. We have thereby shown that every unital algebra
is a homomorphic image of a free algebra. Setting I = ker ¢ we can rephrase this as
follows: For every unital F-algebra A there exists a free algebra F(X) and its ideal /
such that

A= FX)/I.

These simple observations indicate that free algebras play a special role in non-
commutative algebra. They are hidden behind every algebra. When searching for
counterexamples, one often starts by examining free algebras.

Let us now change the viewpoint. We begin by taking a nonempty set X and a
nonempty subset R of F(X). Let us form the factor algebra F (X) /(R) where (R) is the
ideal of F(X) generated by R. As noticed above, every unital algebra is isomorphic
to an algebra of this kind. This construction thus gives us endless opportunities
to create interesting examples. Also, it makes it possible for us to get a clearer
picture of some important algebras that we often come across. Before proceeding
to examples, we introduce some notation and terminology. We set X = {&;|i € I}
and R = {f; = f; (Sil, e, Ein(j)) |j € J}. Denote the coset & + (R) by x;. Note that
bi (x,-], . ,x,-n(j)) = 0 for every j € J. Let us switch to a more suggestive notation
and write F(X)/(R) as

Flxi, i € 1fi (X -0 %)) =0, j €J).
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We say that this algebra is defined by the generators x; and relations f;. Indeed the
elementsx;, i € I, together with 1 generate the algebra, and, unlike the generators &; of
the free algebra F(X), they are not independent but related through the polynomials
f;j- These may not be the only polynomials that relate the x;’s. However, if f =
f(&. ..., &,) € F(X)issuchthatf(x;,, ..., x;,) =0, ie.,

fEi e 6) + R = (6 + R ... &, + R®) =0,
then f lies in the ideal of F'(X) generated by the f;’s.

Example 6.3 LetA := F(x,y|x*> =0, y> =0, xy + yx = 1). A concrete example
of a pair of elements satisfying these relations are the matrix units Ej> and E>; in
M, (F). Let us show that A is actually isomorphic to M, (F'). We begin by noticing that
xyx = x and yxy = y. Hence it follows that every element in A is a linear combination
of x, y, xy, and yx. Suppose A1x + Aoy + A3xy + Aayx = O for some A; € F. Then the
polynomial £ (§, n) = A1& +Aan+XA3En+ Aqané lies in the ideal of F (&, n) generated
by R = {€2, 2, £n + n& — 1}. Accordingly, for every F-algebra B and every pair of
elements a, b € B, the evaluation f(a, b) lies in the ideal of B generated by the set
{az, b2, ab+ ba — 1}. Choosing B = M>(F) and a = E12, b = E»1, we see that each
Ai = 0. Consequently, {x, y, xy, yx} is a basis of A. Note that its multiplication table
is the same as that of {E12, E»1, E11, E22} in M>(F). Therefore A = M, (F).

Example 6.4 Assume that char(F) = 0. Let us show that the first Weyl algebra <7
over F, introduced in Example 1.13, is isomorphic to A := F(x,y|[x,y] = 1). By
the universal property of F' (£, n) we can define the unital homomorphism £ (&, )
f(D, L) from F(&, n) onto <. Since R := {[&, n] — 1} is contained in its kernel,
this homomorphism gives rise to the homomorphism f(x, y) — f(D, L) from A =
F(&,7n)/(R) onto «7. We have to show that this is an isomorphism. To this end, we
refer to the proof of the assertion (a) from Example 1.13. It is evident that it depends
only on the formula [D, L] = I. Therefore the same conclusion holds for every unital
algebra generated by a pair of elements whose commutator equals 1. Accordingly,
every element in A can be written as a linear combination of the elements y™x",
m,n > 0. Using (b) from Example 1.13 we now see that our homomorphism is
injective, and hence an isomorphism.

Now take an arbitrary n € N. The nth Weyl algebra, <7, is defined as the sub-
algebraof Endr (F[wy, .. ., w,]), the algebra of all linear operators of Flwy, ..., w,],
generated by the operators D;, L;, i = 1, ..., n, given by

a
Di(f(a)l,...,a)n)) = 8_c];(wl’ ceey Wp), L,-(f(a)l, ...,a)n)) =owif(wi,...,w,).

One can show that o7, is isomorphic to

F<'xl5yl’ l= 17'-'5n| ['xl5y]] =8l]7 ['xlﬂxj] =07 [ylay]] =05 lv_]: 1,...,”),
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and that 7, is, just as 7| (cf. Examples 1.13, 2.28, and 3.68), a simple noetherian
domain. Proving all this for an arbitrary # is not much harder than forn = 1.
To provoke the reader’s curiosity we mention a problem by J. Dixmier from 1968.

Problem 6.5 Is every nonzero algebra endomorphism of .27, surjective?

Recently it has turned out that this problem, to which one usually refers to as
Dixmier’s conjecture, is equivalent to the famous Jacobian conjecture from alge-
braic geometry. We omit stating this conjecture here; the interested reader will easily
find information about it at many places.

Example 6.6 The algebra A := F(x;, i € I'|[x;,x;] = 0, i,j € I) is generated by
the elements x; which commute with each other, and these commuting relations are
the only defining relations. It should come as no surprise that A is the same thing as
Flw;, i € I], the algebra of polynomials in commuting indeterminates w;. To give a
formal proof, we use the universal property to define the unital homomorphism from
F(X),X ={&|i €I}, onto Flw;, i € I],determined by &; — w;. Its kernel contains
the set R := {;&; —§;&; | i,j € I}, and every elementin A = F(X)/(R) can be written
as f + (R) where f is such that in each of its monomials the indeterminates &; appear
in the same fixed order. This readily implies that A = Flw;, i € I].

Example 6.7 The Grassmann algebra (or the exterior algebra) over a field F' with
char(F) # 2 is defined as

G:=Fx, i e N|x? =0, xixj + x5 = 0, i,j € N).

Hence we have, for example, xjx2x1 = —x%xz = 0; in general, x;Gx; = 0. Note also
that every product of different x;’s can be written as plus or minus

XiyXig oo - Xiyy 11 <Ip < -++ <lp. (6.1)

Accordingly, these elements, together with 1, linearly span G. Let us show that
each of them is nonzero. It suffices to show that xjx;...x, # 0. If this was not
true, then £1&> . .. &, would be contained in the ideal of F(&1, &, ...) generated by
R = {é;'iz, &i& + & 11, j € N}. Then we could write £1&; ... &, as a sum of terms of
the form méizm’ and p(§:& + £&)p’, where m, m', p, p’ are monomials. The linear
span of all multilinear monomials, i.e., the space of all multilinear polynomials, has
trivial intersection with the linear span of all monomials that are not multilinear.
Hence it follows that £1&; . . . &, is a linear combination of polynomials

Ex) - - - So(j—l)(éo(j)éa(jﬂ) + Eo(j+1)$o(j))§a(j+2) ke

where o € §,,. Such a linear combination is a multilinear polynomial with the pro-
perty that the sum of its coefficients corresponding to even permutations coincides
with the sum of its coefficients corresponding to odd permutations. Since £1&> ... &,
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does not share this property, we have arrived at a contradiction. Thus, the elements
from (6.1) are indeed nonzero.

Suppose Z?:l Aib;i = 0 where A; € F\{0} and each b; is either 1 or is as in
(6.1). We may assume that there exists k € N such that x; appears in b,, but not
in b;. Hence Zl'f;ll Aibixi = 0 and b1x; # 0. Continuing this procedure we arrive
at a contradiction that one of the A;’s is zero. Thus, the elements of the form (6.1),
together with 1, form a basis of G.

It is obvious that x;x, commutes with each x;, and hence it lies in Z(G), the center
of G. The same reasoning shows that every element from (6.1) with n even lies in
Z(G). Moreover, using the assumption that char(F) # 2 it is easy to see that Z(G) is
actually the linear span of all such elements and 1. We will write Gq for Z(G), and
similarly, we will write G for the linear span of all elements of the form (6.1) with
n odd. Note that G = Go @ G, the vector space direct sum.

One often considers the Grassmann algebra in n generators. We can describe it as
the subalgebra of G generated by 1, x1, ..., x,,. By counting the basis elements we
see that its dimension is 2".

The Grassmann algebra has a big center and plenty of nilpotent ideals, in contrast
to algebras that we prefer in structure theory. However, G has turned out to be
an extremely useful tool in various mathematical areas. A small evidence of its
applicability will be given in the proof of the Amitsur-Levitzki Theorem in Sect. 6.9.

6.3 Alternating Polynomials

In this section we consider special polynomials that play an important role in the
theory of polynomial identities, the theme of the subsequent sections. For simplicity
we will confine ourselves to multilinear polynomials.

Let us begin with an example. Consider the polynomial

h(&1, &, &3, 1) = E1nk&3 — E1nés&r + Eanészér — &ané1&3 + &3n&16r — E3nréy.

Note that by substituting &; for & we get 0, i.e., h(&1, &1, &3, n) = 0. Similarly,
h(§1,%2,81,m) = 0and h(§, &, 6, 1) =0.

Definition 6.8 A multilinear polynomial f = f(&1,...,&,, n1,...,n,) € F(X) is

said to be alternating in &, ..., &, if f becomes zero whenever one substitutes &;
for&, 1 <i<j<n.
Replacing & by &1 + & inf (&1, &1, &3, ..., &, 11, ..., 1) =0 we get

fG1. 6.8, ... &, ....n) = —f(62, 81,83, ... &1, 1),

Similarly, f changes sign if we switch any pair of indeterminates &; and §;. The
name “alternating” comes from this condition, which is obviously equivalent to the
definition provided that char(F) # 2.



144 6 Noncommutative Polynomials

Our main reason for considering alternating polynomials is their connection to
the notion of linear dependence.

Lemma 6.9 Let A be an F-algebra and let ay, ..., a, € A be linearly dependent
elements. If a multilinear polynomial f = f (&1, ..., &, 01, ..., 1) € F(X) is alter-
nating in &1, ..., &, thenf(ay, ..., an, x1,...,%x,) =0forall x1,...,x, €A.

Proof We may assume that, say, a, = Z;’;ll Aja; for some A; € F. Consequently,

n—1
f(al»-~~1anvxl»-"1xr) :z)“if(alv'~-3an—lsaisxla"-7xr) :Ov
i=1

since f(¢1,...,&, ..., &—1,&,m,...,n)=0fori=1,...,n— 1. |

Two families of alternating polynomials are of special importance. The first one
consists of polynomials that are alternating in all indeterminates (i.e., there are no

)’]j,S).

Definition 6.10 Let n > 2. The polynomial

sn=sn(El, o, E) = D sgn(@)Eoqh) - Eo i)

oeS,
is called the standard polynomial of degree n.

The reader’s first thought may have been that this is similar to the definition of the
determinant of a matrix. There are indeed several analogies.

Choose indices 7, j and a permutation 0. Write £5(1) . . . &5 (n) as m&m';m” where
m, m’, m" are monomials in the remaining indeterminates. Then the term mé&jm’&;m”
corresponds to a permutation whose sign is opposite to that of o. This readily implies
that s, is alternating.

Note that s, = &1& — £&¥&1, and s3 = h(&, &, &3, 1) where h is the above
polynomial (substituting 1 for n simply means that one can “erase” 7 in the formula
defining h).

The second family is similar, but it involves the 7;’s.

Definition 6.11 Let n > 2. The polynomial

cp=cpr, .., 1) = Z Sgn(a)éo(l)UISG(Z)WZ s nnflga(n)

oES,

is called the nth Capelli polynomial.
(Warning: some authors use slightly different definitions.)

Thus, co = &1m1& — &m1&1, and one gets c3 by writing 11 for n and inserting 71,
between the last two factors of each term of /4. Note that
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sp(€1, .o ) =cnEr, . 6 1L D)

It is easy to see that ¢, is alternating in &1, ..., &,. Let us also mention the easily
derived formula

n
=D (DT Emic 1 Er i B e, (62)

i=1

which holds for every n > 3. Similarly, for every n > 3 we have

sn= D (=D e 1 E L B ). (6.3)
i=1

6.4 Polynomial Identities: Definition and Examples

Much of the rest of the book is devoted to the following notion.

Definition 6.12 A polynomial f = f(&,...,&,) € F(&1,&,...) is said to be a
polynomial identity (or simply an identity) of an F-algebra A if f(xq, ..., x,) =0
for all x1, ..., x, € A. In this case we also say that A satisfies f.

The reader should not confuse this with algebras defined by generators and relations,
where polynomials vanish only on some of the generators. The condition that f is an
identity of A is quite restrictive, provided, of course, that f is a nonzero polynomial.

Definition 6.13 If a nonzero polynomial is a polynomial identity of A, then A is
called a PI-algebra.

There are two basic examples of PI-algebras.

Example 6.14 Saying that A is commutative is the same as saying that A satisfies the
identity [£1, &] (= &1& — &&). Every commutative algebra is thus a PI-algebra.

This suggests one way of looking at the notion of a polynomial identity, i.e., as a
generalization of commutativity. The second basic example is of a different nature.

Example 6.15 Every finite dimensional algebra is a PI-algebra. If [A : F] = d, then
every multilinear polynomial that is alternating in d + 1 indeterminates is an identity
of A by Lemma 6.9. In particular, A satisfies 544 1.

Thus, M, (F) is a Pl-algebra. In fact, a considerable part of the theory of poly-
nomial identities is centered around matrices. Roughly speaking, the theory has two
branches, combinatorial and structural. The goal of the first one is understanding
of the set of all identities of a given algebra A, with a special emphasis on the case
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where A = M,,(F'). Concerning the second one, let us only mention at this point that
a prime PI-algebra can be embedded, in a particularly nice way, into a matrix algebra
over a field extension of the base field. This indicative result is a byproduct of the
structure theory which will be exposed in the next chapter (see Corollary 7.59 and
Remark 7.60). The combinatorial aspect will be briefly touched upon in the rest of
this chapter.

There are other examples of PI-algebras, quite different from commutative and
finite dimensional ones.

Example 6.16 The commutator [x, y] of any two elements x, y in the Grassmann
algebra G lies in Z(G) = Gy. It is enough to show this for basis elements x =
Xy ...X;, andy = xj, ...x;,. Note that [x, y] can be nonzero only if both n and m are
odd, and in this case it indeed lies in Gy. Thus, G satisfies the identity [[£1, &2], &3].

On the other hand, if char(F) = 0, then none of the standard polynomials is an
identity of G. To show this, we first observe that

Xo(1) - - -Xo(r) = SgN(O)X] ... Xy (6.4)

holds for every permutation o on {1, ..., r}. By writing o as a product of trans-
positions we see that it is enough to prove (6.4) for the case where o itself
is a transposition, and in this case the formula is pretty obvious. Consequently,
Sp(x1, ..., x) = rlxp...x, # 0 for every r > 2. From Example6.15 we therefore
infer that G cannot be embedded into any algebra that is finite dimensional over
some field extension of F; in fact, it cannot even be embedded into M,,(C) for any
commutative algebra C (see Theorem 6.39 below).

Example 6.17 1f A is a nilpotent algebra, then A satisfies the identity & ... &, for
somen € N. A concrete example is the algebra of all strictly upper triangular matrices
over acommutative algebra C. Now consider 7}, (C), the algebra of all upper triangular
n x n matrices over C. Note that the commutator of any two matrices from 7,,(C) is
a strictly upper triangular matrix. Therefore 7,,(C) satisfies [&1, n1] . . . [, n]-

Example 6.18 Suppose &2 is an identity of A. This does not necessarily mean that
A2 =0 (for example, consider the 3-dimensional subalgebra Fx| + Fx; + Fxixp
of the Grassmann algebra G). However, A3 =0, provided that char(F) # 2. The
proof is easy. We have x> = 0 for every x € A. Replacing x by x + y, and using
x2 =y> =0, we get xy + yx = 0 forall x, y € A (i.e., £n + n& is an identity of A).
Consequently, for all x, y, z € A we have

(y)z = —z(xy) = —(20)y = y(zx) = (y2)x = —x(y2),

yielding xyz = 0.

Much more can be said. If char(F) = 0 and A satisfies the identity £”, then A is a
nilpotent algebra, i.e., A satisfies £1&; . . . &; for some d, depending on n. This result
is called the Nagata-Higman Theorem. The proof uses elementary tools, but we
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omit it (it can be found, for example, in [ZSSS82]). Finding the exact lower bound
for d is an open problem.

Example 6.19 Letn > 2. Theorem 5.78 implies that an algebra satisfying the identity
&" — & is commutative. Concrete examples are Boolean rings and finite fields. Of
course, Theorem 5.78 says more than that. However, the condition x"® = x cannot
be interpreted in terms of polynomial identities.

How to obtain new Pl-algebras from the old ones? In the next two examples
we give some answers to this question. The first example, as trivial as it is, is of
fundamental importance.

Example 6.20 If f is an identity of an algebra A, then f is also an identity of every
subalgebra of A as well as of every homomorphic image of A (equivalently, of A/
for every ideal I of A). In particular, a subalgebra or a homomorphic image of a
PI-algebra is again a PI-algebra.

Example 6.21 Let {A;|i € I} be a family of algebras. If each A; satisfies the same
identity f, then so does the direct product IT;c;A;. On the other hand, if each A; is
a PI-algebra, then there is no reason to believe that I1;c;A; is a Pl-algebra too. If,
however, the set [ is finite, say I = {1, ..., n}, then this is true. Namely, if f; is an
identity of A;, then f . ..f, is anidentity of A| X - - - X A,,. Not only the direct product,
even the tensor product of two PI-algebras is again a PI-algebra. But this is anything
but obvious. It was proved by A. Regev in the early 1970s.

All these examples may give the wrong impression that most algebras are PI-
algebras. Infinite dimensional algebras with small centers, e.g., infinite dimensional
central algebras, are actually only rarely PI-algebras. This will become clear as the
theory unfolds. Let us mention, at this point, just an obvious example of an algebra
without nonzero identities.

Example 6.22 The free algebra F (&1, &, ...) is not a Pl-algebra.

One can define polynomial identities for rings, not only for algebras. We will in
fact deal with PI-rings in the next chapter. In this one, however, we consider only
algebras in order to make the exposition simpler.

6.5 Linearization

The purpose of this section is to get familiar with the process of linearization.
The concept of this process is applicable to various situations throughout mathemat-
ics. Our goal, however, is to show that it can be used to recast an arbitrary polynomial
identity into a multilinear one.

In Example 6.18 we have already met a simple example of a linearization: If A
satisfies £2, then it also satisfies the multilinear identity £n + n&. The proof is very
easy, one just replaces an arbitrary element by the sum of two arbitrary elements.
This simple idea, which is the essence of “linearization”, can be pushed further.
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Example 6.23 Consider a slightly more complicated situation where A satisfies
f(&) = £3. All relevant calculations can be made in a free algebra, so we can ignore
A for a while. Let us define two new polynomials g = g(&1, &) and h = h(&y, &, &3)
as follows:

g =fé1+&) —f&)—f&),
h = g1, & + &) — g1, 86) — g6, 8).

Of course, & can be explicitly expressed by f, i.e.,

h=fE +&+8&)—fE1+8&)—fE1 +8&) —fE+E5)+fED +f(&) +1(&).

However, to compute /4 it is easier to first compute g,

g = E182 + £2616 + 261 + E26r + E16281 + B2,

and hence derive

h= &b

oeS3

Since A satisfies f, it also satisfies 4. We have thus found a multilinear polynomial
identity of A, but at the cost of increasing the number of indeterminates.

To consider arbitrary polynomials, we first introduce an auxiliary notion. The
degree of a polynomial f in &; is the maximal number of occurrences of &; in the
monomials of f. For example, f = 512525351 + £,&3&, has degree 3 in &1, degree 2 in
&, and degree 1 in &;.

Theorem 6.24 [f an algebra A satisfies a nonzero polynomial identity, then A also
satisfies a nonzero multilinear polynomial identity of the same or lower degree.

Proof Letf = f(&1,...,&,) be a nonzero identity of A. Denote by d; the degree of
f in &;. The proof is by induction on d := max{dy, ..., d,} > 0.

If d = 1, then each &; appears in every monomial of f/ at most once—"“at most”
and not “exactly”, so f is not necessarily multilinear. But this can be easily remedied.
If, say, A&; . .. &, where A is a nonzero scalar, is a monomial of f of minimal degree,
then we just substitute O for the remaining indeterminates, and hence obtain a nonzero
multilinear identity f (&1, ..., &y, 0, ..., 0) of degree less or equal to deg(f).

Let d > 1. Without loss of generality we may assume that there exists k < n
suchthatdy = --- = d, = d and d; < d for i < k. Define a new polynomial which
involves an additional indeterminate, g = g(&1, ..., &, &:+1), by

g= & &1, 8+ &) —f 1 1. 8) — f (6L Enm1 Enrl)-
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Note that g is also an identity of A. Let us write f = >, A;w;, where the w;’s are
pairwise different words and the A;’s are nonzero scalars. Then g can be written as
g = > ; Migi, where g; is obtained from w; in the same way as g is obtained from f.
If &, does not occur in w;, then g; = —w;. If &, occurs only once in w;, then g; = 0.
If &, occurs at least twice in wy;, then g; is the sum of all possible words obtained by
replacing at least one, but not all, of the &,’s in w; by &,11. Thus, if in any of these
words one substitutes &, for &,41, then one gets back the word w;. Therefore the
words appearing in g; are different from the words appearing in gy whenever i’ # i.
As d > 1, the indices i such that &, occurs at least twice in w; do exist. This shows
that g # 0.
The following conclusions can be drawn from the preceding paragraph:

g is a nonzero identity of A.

deg(g) < deg(f).
Forj=1,...,n—1, the degree of g in &; is less or equal to d;.
The degree of gin &, and &,y isd — 1.

Now repeat this procedure, first with g in place of f and &,,_ in place of §,,, and then
with other indeterminates down to &;. At the end we arrive at a situation where a
nonzero identity has degree at most d — 1 in every indeterminate. 0

This theorem is of crucial importance if one is interested in the structure of an
algebra satisfying some nonzero polynomial identity. With regard to particular iden-
tities, it should be remarked that in the finite characteristic case some information
can be lost when performing the linearization process. Take our first example where
an F-algebra A satisfies £2. Linearizing we get that it also satisfies £ + n&. If
char(F) # 2, then the two identities are equivalent, each one implies the other one.
If char(F) = 2, then the multilinear one only tells us that the algebra is commutative,
while the original one shows much more, every element has square zero.

6.6 Stable Identities

Let A be an F-algebra and let f € F(X) be an identity of A. Take an extension field
K of F.Isf an identity of Ax = K ® A, the scalar extension of A to K? Since Ag has
the same multiplication table as A, an affirmative answer seems plausible. However,
the next simple example shows that this may not be true even for A = F.

Example 6.25 Let F be a finite field with n elements. Then f = £ — & is an identity
of F (see Lemma 5.76). Since f cannot have more than n zeros in any field, f is not
an identity of any extension field K of F' that properly contains F'.

The main goal of this section is to show that the above question does have an
affirmative answer if F is infinite. Moreover, we may replace the role of the field K
by an arbitrary commutative algebra C.
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Definition 6.26 An identity f of an F-algebra A is said to be stable (for A) if f is an
identity of C ® A for every commutative F-algebra C.

Example 6.25 thus shows that £” — & is not a stable identity for A = F if |F| = n.
Let us turn to positive results.

Lemma 6.27 Every multilinear identity is stable.

Proof Letf =f(&1, ..., &,) be amultilinear polynomial, and consider, for arbitrary
Aand C, f(x1,...,Xx,) withx; € C ® A. Each X; is a sum of simple tensors, and so,
by multilinearity of f, f (x, . .., X;) can be written as a sum of elements of the form
f(c1 ®x1,...,cn ®xp). Since C is commutative we have

fla1®x1,...,cu®xp) =c1...cp ®f(x1, ..., Xn),

which is 0 if f is an identity of A. O

The classical polynomials in commuting indeterminates play a similar role in
commutative algebra as the noncommutative polynomials do in noncommutative
algebra. The algebra of commutative polynomials F[£2] satisfies the universal prop-
erty in the context of commutative unital algebras, the evaluation of a commutative
polynomial in elements from a commutative algebra can be defined in the obvious
way, and every commutative unital algebra is a homomorphic image of F[§2] for
some set £2. A detailed explanation of all this is essentially the same as for F(X)
in Sects.6.1 and 6.2. At any rate, these are just elementary observations—but very
useful ones, as we shall see in the rest of the chapter.

Lemma 6.28 Let f = f(&1,...,&,) be an identity of an F-algebra A. If f is an
identity of Flwy, . .., ws] @ A for every s € N, then f is stable for A.

Proof Let C be a commutative unital F-algebra. Since every commutative algebra
is a subalgebra of a commutative unital algebra (say, of its unitization), it suffices
to show that f is an identity of C ® A. Take arbitrary elements X; = ij:’ 1 Cij @ Xij,
i=1,...,n,in C ® A. Let us set

mi
%= Y w; ®x; € FIR]®A,

j=1
where 2 = {w;li=1,...,n,j =1,...,m}. By assumption, f (X1, ..., %,) = 0.
Therefore, if ¢ is the (unital) homomorphism from F[£2] into C sending w;; into c¢;;,
then f (X1, ..., %) = (¢ ® ida) (f (X1, ..., %)) = 0. O

Let us warn the reader that henceforth our argumentation will be somewhat less
formal than in the proof of Lemma 6.28. We will avoid speaking about the univer-
sal property and homomorphisms from F[2], but simply substitute elements from
commutative algebras for indeterminates in formulas involving polynomials.
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Theorem 6.29 Let F be an infinite field. Then every polynomial identity of an arbi-
trary F-algebra A is stable.

Proof Let f = f(&1,...,&,) be an identity of A. Pick s € N and take arbitrary
elements x; = szij ®xjjin Flowy, ..., o] ®A,i=1,...,n. By Lemma 6.28 it is
enough to show that f (X1, ..., X,;) = 0. Suppose this is not true. Then we can write
fG ) =Dk ®ay, (6.5)

k

where g1 # 0 and the a;’s are linearly independent (cf. Remark 4.15). Since F is
infinite, there exist Ay, ..., Ay € F such that g1 (A1,...,As) # O (the proof is a
straightforward induction on s; for s = 1 just use the fact that the number of zeros
of a polynomial cannot exceed its degree). Let us set oy := p;j(Aq,...,As) and
Br = qk (A1, ..., Ay); thus By # 0. Substituting A; for w; in (6.5) we get

f(Zalj ® X155 - -5 Zanj ®)an) = Z’Bk X ag.
J J k

Since wjj, B € F, we have Zj i ®x; =1Q® (ZJ aijxij) and >, B ® ar =
1® (Zk ,Bkak>. The above identity can be therefore rewritten as

1 ®f(2a1jx1j, e, Zanjx,,j) =1Q® (Z,Bkak)v
J J k

which is a contradiction. Namely, the left-hand side is O since f is an iden-
tity of A, while the right-hand side is not O since B; 7# O and the a;’s are
linearly independent. (]

Theorem 6.29 can be proved in a more direct manner, avoiding the polynomial
algebra. But we wanted to point out the general principle. If one wishes to prove a
result for general commutative algebras, then it is sometimes enough to prove it for
polynomial algebras. This approach will be used a few more times in the rest of the
chapter.

Returning to scalar extensions, we now see that, as long as F' is an infinite field, an
F-algebra A and its scalar extension Ag satisfy the same identities (with coefficients
in F). Indeed, an identity of Ak is also an identity of A since we can embed A into
Ak viax — 1 ® x, and an identity of A is also an identity of Ax by Theorem 6.29.
For instance, from Example 2.72 we now see that H and M>(C) satisfy the same
identities (with real coefficients). More generally, by making use of splitting fields,
the problem of determining identities of a finite dimensional central simple F-algebra
A can be reduced to the case where A = M,,(K). This is true even when F is finite
since then A is already isomorphic to M,,(K) by Corollary 2.71.
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6.7 T-ideals

Throughout this section, X denotes the countably infinite set {£1, &, ...} of non-
commuting indeterminates. By Id(A) we denote the set of all polynomial identities
of an F-algebra A. Obviously, Id(A) is an ideal of the free algebra F'(X). One can
say more about it, as we shall soon see. We restrict our discussion to nonzero unital
algebras, so that evaluations make sense also for polynomials with nonzero constant
term. This will simplify the exposition.

Definition 6.30 An ideal / of F(X) is called a T-ideal if ¢ (I) < I for every algebra
endomorphism ¢ of F(X).

Remark 6.31 1If ¢ is an endomorphism of F(X) and g; := ¢(&;), i € N, then

w(f(éls ’SH)) :f(81’ 7grl)

for every f € F(X). On the other hand, for any g; € F(X), i € N, there exists
an endomorphism ¢ of F(X) satisfying ¢(§;) = g;. Thus, an ideal I of F(X) is a
T-ideal if and only if for all f = f(&1,...,&,) € [ and g1, ..., g, € F(X) we have
fgr, ... 8n) €1.

If A is a nonzero unital algebra, then Id(A) is obviously a proper T-ideal of F(X).
The next lemma in particular shows that the converse is also true. That is, for every
proper T-ideal I of F (X)) there exists anonzero unital F-algebraA such that/ = Id(A).

Lemma 6.32 If1 is a proper T-ideal of F(X), then I = 1d(F(X)/I).

Proof Take an arbitrary polynomial f = f(§1,...,&,) € F(X), and consider its
evaluations on F(X)/I. Note that

fler+1,....8n+D=f(g1,....80) +1

forall g1, ..., g, € F(X). Using Remark 6.31 we thus see that f € [ if and only if f
is an identity of F(X)/I. (]

Assume temporarily that / is just a nonempty subset of F/(X). The variety deter-
mined by I, denoted by 7#'(I), is the class of all unital algebras A such that / C Id(A);
that is, every polynomial from / is an identity of A. For example, ¥ ({£1&, — £&1})
is the class of all commutative unital algebras. Note that the variety determined by
the set / coincides with the variety determined by the T-ideal generated by /. There-
fore, assume from now on that 7 itself is a T-ideal; to avoid the trivial situation,
assume also that / # F(X). Lemma 6.32 shows that the algebra F(X)/I belongs to
¥ (I). Moreover, F(X)/I is a distinguished representative of the class 7 (I) due to
the following property. If A € ¥'(I) and {a;, ap, ...} is a countably infinite subset
of A, then there exists a unique unital homomorphism ¢ : F(X)/I — A such that
& +1)=a;,i=1,2,.... Indeed, just take the unital homomorphism from F (X)
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to A determined by & — q;, note that [ lies in its kernel since A € ¥/ (I), and the
existence of ¢ follows. The uniqueness is obvious. Because of this property, we call
F(X)/I the relatively free algebra (with respect to 7).

To each unital algebra A we can assign the T-ideal Id(A) and the corresponding
relatively free algebra F(X)/Id(A).

Example 6.33 1f A is not a Pl-algebra, then Id(A) = {0} and so the corresponding
relatively free algebra is just the free algebra F(X).

Example 6.34 Let A = M, (F). We begin by introducing a seemingly unrelated
notion. Let 2 = {w;,? lj,k=1,...,n,i=1,2,... } be a set of commuting inde-

terminates. For each i we set
[OINO; (@
w)] W5 -.
@ (D) (@)
; W51 Wyh .. @
g(l) — .21 .22 ' .2n e M, (F[.Q])
o O 0
Wy @ps -
We call g an n x n generic matrix. Thus, the entries of a generic matrix are distinct
(independent) commuting indeterminates. The subalgebra of M, (F[£2]) generated
by all # x n generic matrices g”, i € N, and the identity matrix is called the algebra

of n x n generic matrices. It will be denoted by GM,, (F). Assume from now on that
F is an infinite field. We claim that

F(X)/Id(Mp(F)) = GM,(F),

i.e., the relatively free algebra corresponding to M,, (F) is isomorphic to the algebra
of n x n generic matrices. To prove this, take an identity f of M,, (F). Since F is infinite,
Theorem 6.29 tells us that f is also an identity of F[£2] ® M,(F) = M, (F[£2]) (cf.
Example 4.22). But thenf is also an identity of the subalgebra GM,,(F) of M,, (F [.Q]) .
Accordingly, GM,,(F) € ¥ (I) where I = Id(M,(F)). As observed above, this
implies that there exists a unital homomorphism ¢ : F(X)/I — GM,(F) such that
(&+1) =gV, i=1,2, ... Itis clear that ¢ is surjective. Let us prove that it is also
injective. Take f = f (&), ..., &) such that o(f +1) = 0,i.e.. f(gV,...,g") = 0.
Since the entries of the matrices g are independent commuting indeterminates, we
can replace them by arbitrary elements in F (cf. the previous section). This shows
that f € I. Therefore f is injective, and hence an isomorphism.

6.8 The Characteristic Polynomial

This section may appear as an intruder in the chapter. The main reason for its inclu-
sion is that it is needed in the next section for the proof of the Amitsur-Levitzki
Theorem. On the other hand, although the results of this section do not directly
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involve polynomial identities, they consider some other kind of identities that have
many interactions with them. At any rate, the topics of this section are of general
interest and importance.

Some of the readers may have already met what we are about to say in a linear
algebra course, yet probably at a lower level of generality. A typical course considers
only matrices with entries from a field. Many concepts, however, still make sense if a
field is replaced by a more general ring. Say, the determinant of a matrix A € M,,(C),
which we denote by det(A), can be defined in the usual way as long as C is a
commutative ring. Accordingly, we can define the characteristic polynomial of
A as

pa(w) = det(A — wl) € Clw].

For any polynomial ¢ € C[w] we define g(A) in the same way as when C is a field.
The Cayley-Hamilton Theorem says that

pa(A) =0.

Quite possibly the reader is familiar with this theorem only in the case where C is a
field. However, from many of its proofs it is evident that C can be any commutative
ring. On the other hand, the Cayley-Hamilton theorem for fields easily implies the
Cayley-Hamilton Theorem for commutative rings. Indeed, assuming the truth of the
theorem for fields, it follows that it is also true for commutative domains since they
can be embedded into their fields of quotients. In particular, the theorem holds for
thering Z[w11, w12, . . ., wuu]. Thus, if g¢ = (wj;) is a generic matrix, then pg(g) = 0.
Now take any commutative ring C, choose ¢;; € C, 1 < i,j < n, substitute ¢;; for
wj; in this identity, and the validity of the Cayley-Hamilton Theorem for C follows.

For any matrix A € M, (C) we define tr(A), the frace of A, in the usual way. Our
goal is to express the coefficients of p4 through the traces of the powers of A. To
this end, we need formulas on symmetric polynomials in commuting indeterminates
with integer coefficients, which were discovered already by Isaac Newton. Recall
that a polynomial is said to be symmetric if it remains unchanged after permuting
the indeterminates. Important examples are the so-called elementary symmetric
polynomials, defined by ¢y := 1 and

er = erp(wi, ..., wy) = E Wiy Wiy .« . . Wi,
1<i|<ip<--<ix<n

k=1,...,n,ie., e is the sum of all distinct products of k distinct indeterminates;
in particular, e; is the sum of all w;’s, and e, is their product. Let w be another
indeterminate. Note that

(=D — o) (@ —w2) ... (0 — wy) = Z(—l)fen_jwf. (6.6)
j=0



6.8 The Characteristic Polynomial 155

Elementary symmetric polynomials are thus intimately connected with the roots of
polynomials. Another reason for their importance is that they generate the algebra
of all symmetric polynomials, but we will not need this fact. Our goal is to connect
the elementary symmetric polynomials with the symmetric polynomials

n
pj =pjw1, ..., wy) :=Za)i], j=>1.
i=1

One can verify that

el =p1, 2er =eip1 —p2, 3e3 =exp1 — e1p2 +p3, (6.7)

which indicates the general rule.

Lemma 6.35 (Newton’s formulas) Fork =1, ..., n, we have
k
ke = D (=17 erp;. (6.8)
j=1

Proof From (6.6) it follows that
n ) .
Z(—l)fen_jw{ =0, i=1,...,n
j=0

Summing up over all i we obtain (6.8) for k = n. The case where k < n follows
easily from this one, basically we are facing only a problem in notation. The one
that we are using suggests that » is fixed and k varies. While this setting is natural in
view of applications, in the proof that follows it is inconvenient to regard » as fixed.
Let us therefore write, just for the purpose of this proof, e , for e; and p; , for p;.
Our goal is to show that the polynomial

k
P :=key , — Z(_l)j_lek—j,npj,n
j=1
is 0. Note that for any 7, j < k we have
ein(wi,....,0r,0,...,0) = ek (w1, ..., w1),
pin(@1,...,0,0,...,0) =pj (o, ..., o).

Since (6.8) holds for n = k, it follows that P(wy, ..., wg, 0, ..., 0) = 0. This means
that P does not contain nonzero monomials in wy, ..., wx. Similarly, by setting
zeros at other places, we see that P does not contain nonzero monomials in any set
of k indeterminates. However, from the definition of P it is obvious that its nonzero
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monomials could only be of degree k, and therefore cannot involve more than k
indeterminates. Hence P = 0. O

In the characteristic zero case we can therefore express the e ’s through the p;’s.
Say, from (6.7) we obtain

1 1
In general, for each k = 1, ..., n there exists a polynomial gy = g (w1, ..., w) €
Qlw1, w2, . ..] such that

ek = qk(p1, ..., pK). (6.9)

For our goals it is important to note that g; has zero constant term. We also remark that
if )" ... ", A € Q,mj > 0,is amonomial of g, then m| +2my +- - - +kmy = k.
For convenience we also set gp := 1, so that (6.9) holds fork =0, 1, ..., n.

Theorem 6.36 If C is a commutative Q-algebra, then for every A € M,,(C) we have

pa(@) = D (=1 g, j(tr(A), r(A?), ..., tr(A" 7))o,
j=0

Proof A standard reasoning shows that it suffices to consider the case where A
is a generic matrix. Therefore we may assume that C = Q[w;1, w12 - .., ®py]. In
particular, C is thus a commutative domain and as such it can be embedded into a
field (e.g., its field of quotients), which can be further embedded into an algebraically
closed fields (e.g., its algebraic closure). But then there is no loss of generality in
assuming that C itself is an algebraically closed field. Hence we have pa(w) =
(=D (@—2x1) ... (w—Ap), where the X;’s are the eigenvalues of A. From the Jordan
normal form of A it readily follows that tr(A’) = pilki, ..., ), i=1,...,n. Using
(6.6) we now obtain

pa@) =D (=1ey j(h1, ..., ko’
j=0

n
- Z(_l)]‘h—](pl()"l» AR ] )"n)a o 7pn—j()"17 LI ] )”n))wj
j=0

= Z(—l)jqn_j(tr(A), (AT,

Jj=0

as desired. O
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For example, for n = 2 we have

pa(@) = 0? —tr(A)w + %(tr(A)2 — tr(Az)) (6.10)

(and hence det(A) = %(tr(A)2 — tr(Az)) in this case). In general, the coefficient at
w/ is a Q-linear combination of expressions of the form

tr(A)™tr(A%)™ . (A"
where my +2mp + -+ (n —jymy,_j =n—j.

Corollary 6.37 Let C be a commutative Q-algebra. If A € M, (C) is such that

tr(A) = tr(A%) = - -- = tr(A") = 0, then A" = 0.
Proof Since the polynomials gi, k = 1, ..., n, have zero constant terms, it follows
that pa(w) = (—1)"". O

6.9 The Amitsur-Levitzki Theorem

The matrix algebra M, (F) has dimension n?, and thus satisfies s,241 (see Example
6.15). From (6.3) we therefore see that it also satisfies 5,25, 5,23, etc. But does
it satisfy s; with k < n? 4+ 1? Moreover, what is the minimal degree of a nonzero
identity of M, (F)? We first approach these questions from the opposite direction.

Lemma 6.38 A nonzero polynomial of degree less than 2n is not an identity of
M, (F).

Proof By Theorem 6.24 it suffices to treat multilinear polynomials. Take a nonzero
multilinear polynomial f of degree 2n — 1. Thus, f = ZUGSZ}H Aooly - -é5n-1)
with, say, A1 # 0. The sequence of matrix units E11, E12, E22, ..., Ey—1.n, Eny has
the property that their product in the given order is E1,,, while the product in any other
order is zero. Therefore f(E11, E12, - - ., Eqn) = A1E1, # 0. Similarly, by taking an
appropriate subsequence we see that a nonzero multilinear polynomial of degree less
than 27 — 1 is not an identity of M, (F). O

Thus, the best we can hope for is that M,,(F) satisfies sp,—and this is indeed the
case! This was proved by S. A. Amitsur and J. Levitzki in 1950. The charming proof
that we are about to give is due to S. Rosset.

Theorem 6.39 (Amitsur-Levitzki) The standard polynomial s>, is an identity of
M, (C) for every commutative algebra C.

Proof By assumption, C is an algebra over some field F'. Let Fy be the prime subfield
of F', and consider C as an algebra over Fy. Since M,(C) = C ®p, M, (Fp) (Example
4.22), and since multilinear identities are stable (Lemma 6.27), it is enough to prove
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that sy, is an identity of M, (Fy). Suppose this is true for Fp = Q. Then sy, is
also an identity of M,,(Z). But M,,(Z,) is a homomorphic image of M, (Z). Indeed,
if ¢ is the canonical homomorphism from Z onto Zj,, then (m;;) ((p(mij)) is
a homomorphism from M, (Z) onto M, (Z,). Therefore s, is also an identity of
M, (Zy). We have thus reduced the problem to proving that s2, is an identity of

M, (Q).
Take Ay, ..., A, € M,(Q). We must show that s5,(A1, A2, ...,Az,) = 0. We

will accomplish this with the help of the Grassmann algebra G = Go @ G over Q
with generators x1, x2, . .. (see Example 6.7). For B = (b;;) € M,(Q) andx € G we
define Bx to be the matrix (b;ix) € M,(G). Note that the product (Bx)(B'x") of two
such matrices is equal to (BB") (xx'). Let us set

A=Ax; +Axxp + - - - + Aopxo, € My (G).

From x;Gx; = 0 we easily infer that

= D Ac)Ao(@) - - AcanXo(1) ko) - - - Xo 2n)-

geSy,

Recall that x4 (1) . . . X5 () = sgn(o)xy ...x;, (see (6.4)). Consequently,
AP = 52,(A1, A, ..., Ad)X1X2 . . Xon.

Hence we are reduced to proving that A" = 0, i.e., (Az)n = 0. Note that A lies
in M,,(Gp). As Gy is a commutative algebra, Corollary 6.37 tells us that it suffices

to show that (Az)k = A% has zero trace for k = 1, ..., n. To this end, notice that

A2kl Z Bjy; for some B; € M,(Q) and y; € G;. Consequently,
tr(A%) = w(Aa%") = tr(zAiBj.Xiyj) = > tr(AiB))xy;.
ij ij
On the other hand,

tr(A%) = w(A%714) = Ztr BiA)yjxi.

Comparing both expressions and using tr(A;B;) = tr(BjA;) (a general prop-
erty of the trace) and x;y; = —y;x; (a consequence of y; € Gip), we obtain
tr(A%) = 0. O
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Exercises

6.1.

6.2.
6.3.
6.4.

6.5.

Suppose that f € F(&, n) commutes with £1n. Show that there exists p € Flw]
such that f = p(&n).

Remark: This is a simple special case of a theorem by G. Bergman: If f, g € F(X)
commute, then there exist 4 € F(X) and p, g € F[w] such that f = p(h) and

g =q(h).

Find an automorphism of F (&, n) different from the identity map.

Show that F (£, &, ...) can be embedded into F (&, ) via & > £'n.

A linear subspace J of an algebra A is called a Jordan subalgebra of A if
uov := uv+vu € J for all u,v € J. For example, the set of symmetric
matrices in M,,(F), n > 2, is a Jordan subalgebra of M, (F), but not a subalgebra.
Elements of the Jordan subalgebra of F(X) generated by X U {1} are called
Jordan polynomials. For example, if char(F) # 2 then 512 = %él o & and
£166 = %51 o(k10&) — %(51 0 &1) o & are Jordan polynomials. Show that
£l 516283 + 53681, (515 — £,£1)? are also Jordan polynomials. Find a Jordan
subalgebra J of the Grassmann algebra G such that ujupuzus + uquzuouy ¢ J
for some uy, up, uz, ug € J. Hence, conclude that £1£,&3&4 + £46362&1 isnot a
Jordan polynomial, and neither is £§1&, ...&, + &,&,—1...& for any n > 4.

Remark: A nonassociative (=not necessarily associative) algebra J is called a
Jordan algebra if xy = yx and x> (yx) = (x2y) x for all x, y € J. Every Jordan
subalgebra of an associative algebra is a Jordan algebra under the product o.
Such Jordan algebras are called special. There exist Jordan algebras that are not
special; they are called exceptional.

Analogously, a Lie subalgebra of an algebra A is defined as a linear subspace of
A, say L, suchthat [u, v] € Lforallu, v € L. For example, the set of all trace zero
matrices in M, (F), n > 2, is a Lie subalgebra of M,,(F), but not a subalgebra.
A Lie polynomial is an element of the Lie subalgebra of F'(X) generated by X.
Find a multilinear Lie polynomial of degree 3 which is simultaneously a Jordan
polynomial. Show that &€& ...&, — &§,&,—1...& is not a Lie polynomial for
n>3.

Remark: A nonassociative algebra L is called a Lie algebra if x> = 0 and
(xy)z + (zx)y + (yz)x = O for all x, y, z € L. A Lie subalgebra of an associative
algebra is a Lie algebra under the product [ ., .]. Conversely, the Poincaré-
Birkhoff-Witt Theorem shows that every Lie algebra is isomorphic to a Lie
subalgebra of an associative algebra. (The product in Lie algebras is actually
usually denoted by [ ., . ], so the defining identities are written as [x, x] = 0 and
[[x, ¥1, z]1 + [z, x1, ¥] + [[y, zl, x] = O; the latter is called the Jacobi identity.)
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6.6.
6.7.

6.8.

6.9.

6.10.
6.11.
6.12.
6.13.

6.14.

6.15.

6.16.

6.17.

6.18.

6.19.

6.20.

6 Noncommutative Polynomials

Describe the R-algebras C, R x R, and H in terms of generators and relations.
Find all invertible elements in F{x, x| xx’ = x'x = 1).

Remark: A more standard notation for this algebra is F[x, x~1]. Its elements
are called Laurent polynomials (cf. Example 1.41). Note also that F[x, x 1
is isomorphic to the group algebra F[Z].

Let g € F*. Show that F(x, X', y,y |xx' =x'x =1, yy' = y'y = 1, xy = qyx)
is a simple noetherian domain provided that g is not a root of unity.

Show that F(x, y|xy = 1) is a primitive algebra with nonzero socle, and that
it contains a left zero-divisor which is not a right zero-divisor.

Hint: Examine the element e := 1 — yx.

Prove that F'(§1, &2) @ F(n1, m2) = F(x1, x2, y1, y2 | [x, ;1 = 0, i,j = 1, 2).
Prove that the Weyl algebras satisfy <7, = o, ® <7, ¢, | <k < n.

Find the Jacobson radical of the Grassmann algebra G.

Letfi(&1,...,&) € F(X),i =1, ..., m,be linearly independent polynomials.
Show that an F-algebra A must be a Pl-algebra if for arbitrary x, ..., x, € A
the evaluations f;(x1, ..., x,), i = 1, ..., m, are linearly dependent in A.

We say that an F-algebra A is an algebraic algebra of bounded degree if
there exists n € N such that for every x € A there is f(w) € F[w] of degree
n satisfying f(x) = 0. Show that the class of algebraic algebras of bounded
degree properly contains the class of finite dimensional algebras, and is properly
contained in the class of PI-algebras.

Show that the algebra of all finite rank operators on an infinite dimensional
vector space over F is an algebraic algebra, but not a PI-algebra.

Let A be an algebra and let M be an A-bimodule. Equip A x M with pointwise
addition and scalar multiplication, and the product (x, m) (v, n) = (xy, xn—+my).
Check that in this way A x M becomes an algebra; let us call it Ay;. Show that
A is a PI-algebra if and only if Ay, is a PI-algebra.

Find an identity of minimal degree of the subalgebra of M, (F) consisting of
all matrices that have zeros in all columns except in the first one.

Show that, in general, Id(A) # Id(A[w]), although A and A[w] satisfy the same
multilinear identities.

Letf = f(&,...,&,) € F(X) be a multilinear polynomial, and let k € N.
Prove that tr(f(Ay,...,A,)) = 0 forall Ay, ..., A, € M(F) if and only if
there exist fy € Id(My(F)) and g;, h; € F(X) such that f = fo + > ".[gi., hil.

Hint: Use m&,m’ = m'mé&, + [m&,, m'] for monomials m, m’.

Show that every generic matrix in M, (F[$2]) is invertible in M,, (F (£2)). Hence
conclude that if F is an infinite field, m € F(X) is a nonzero monomial, and

f € F(X) is such that mf € 1d(M,(F)), then f € Id(M,(F)).

Remark: A theorem by Amitsur says that this is true even when m is an arbitrary
polynomial which is not an identity of M,,(F). See also the comment following
Theorem 7.65.
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6.21.

6.22.

Let A be a nonzero finite dimensional semiprime algebra. Show that there exists
n € N such that A satisfies 52, but does not satisfy nonzero identities of degree
less than 2n.

Given A, B € M) (F), let

Pap(,n) :=&n+né —t(B)§ —tr(A)n + tr(A)tr(B) — tr(AB) € F(§, n).

Recalling the form (6.10) of the characteristic polynomial, we see that by
applying the linearization method to the Cayley-Hamilton Theorem we obtain
P4 (A, B) = 0. Show that the identity

> SE(0)Pa, A ) Aoy Aoy (Ao ()Ac): Ao3)Asay) =0

(76S4

yields the Amitsur-Levitzki Theorem for n = 2 (provided that char(F) # 2,
but from the first paragraph of our proof of the Amitsur-Levitzki Theorem it is
evident that this can be assumed without loss of generality).

Remark: We have confined ourselves to n = 2 for clarity. The Amitsur-Levitzki
Theorem can be, in a similar fashion, derived from the Cayley-Hamilton theo-
rem for any n. This was discovered by Yu. P. Razmyslov, and is actually one of
the standard proofs of the Amitsur-Levitzki Theorem. A deeper result, obtained
independently by Razmyslov and C. Procesi, shows that in fact every polyno-
mial identity of M,,(F), char(F) = 0, is a consequence of the Cayley-Hamilton
identity ps (A) = 0. Moreover, the same is true for the more general trace iden-
tities. We omit giving their definition, but just give a hint by saying that the
characteristic polynomial p4 givesrise to a trace identity that is not a polynomial
identity.



Chapter 7
Rings of Quotients and Structure of PI-Rings

A commutative domain can be embedded into a field, its field of quotients. One
usually learns this simple and highly useful fact in one’s first encounters with abstract
algebra. Therefore it is natural to seek its analogies in noncommutative rings. The
lack of commutativity causes considerable difficulties. Nevertheless, various gener-
alizations of the construction of the field of quotients exist in noncommutative ring
theory. We will discuss a few of them: rings of central quotients, classical rings of
quotients, and Martindale rings of quotients. Although now the issue is the noncom-
mutativity, we cannot entirely escape from the commutative context. The centers of
the constructed rings will be of crucial importance for us. The so-called extended
centroid of a prime ring, i.e., a field defined as the center of the Martindale ring of
quotients, will enable us to extend a part of the theory of central simple algebras
to general prime rings. We will also use it as a principal tool in the second part
of the chapter, devoted to the structure theory of prime rings satisfying polynomial
identities (or their generalizations, the generalized polynomial identities). As a very
rough summary, it can be stated that prime PI-rings are close to finite dimensional
simple algebras.

7.1 Rings of Central Quotients

A glance at the construction of the field of quotients of a commutative domain shows
that it highly depends on the commutativity. There is no obvious way to avoid it.
However, in this first section we will take an easy way; we are going to use essentially
the same construction for a noncommutative ring R, but allow only the elements from
the center Z = Z(R) as “denominators”. More precisely, we will assume that the
nonzero elements from Z satisfy the (obviously necessary) condition from the next
definition, and enlarge R in such a way that these elements become invertible in the
new, larger ring.

© Springer International Publishing Switzerland 2014 163
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Definition 7.1 A nonzero element a in a ring R is said to be regular if it is neither
a left nor right zero-divisor.

Constructing the ring of central quotients Q7 (R). We assume that R is any ring
such that its center Z is nonzero and all elements in Z\ {0} are regular; in particular,
Z is a commutative domain. We claim that the relation ~ on the set R x (Z\{O})
defined by

(r,o)~ 7)) < ri/=r'z

is an equivalence relation. Only the transitivity is not entirely obvious. Thus, assume
that (r,z) ~ (v, z) and (v',7) ~ (", 7", ie., r7 = r'zand 7’ = r'Z. Then

17" —v"2)7 =r'zz" —¥'7"z=0,andso (r,2) ~ (+", z”) follows from the regularity

of /. Let rz~! denote the equivalence class of (r, z). Thus, 7z~! = 'z~ ! if and only if
rz’ = r'z;inparticular, rz (@)L =rwl Let 0z (R) denote the set of all equivalence

classes, equipped with addition and multiplication defined by

(rw + s2)(zw) !,

+
[}
=
I

rz b oswTl = rs(ow) L

To prove that these operations are well-defined, we must show that (r, z) ~ (+/, Z)
and (s, w) ~ (s', w) imply (rw + sz, zw) ~ (F'w + 5’7/, Zw') and (rs, zw) ~ (r's’,

'w’). But this is straightforward. As one would expect, Q7 (R) equipped with these
operations is aring. Verifying this requires a little patience, but no more than verifying
that Q is a ring.

Definition 7.2 The ring Qz(R) is called the ring of central quotients of R.

No matter whether R is unital or not, Oz (R) is. Its unity is 2oz, ! wh/e\re zo is an
arbitrary element in Z\{0}. The center of Qz (R), which we denote by Z, is easily
seen to consist of elements of the form w L, z,weZ,w ;é 0.If z # 0, then wz™
is the inverse of zw™!. Therefore Z is a ﬁeld of course, Z is nothing but the field
of quotients of Z. Every ring whose center is a field can be considered as a central
algebra over its center. Thus, Qz(R) is a central algebra over Z.

One immediately checks that

t:R— Qz(R), 1(r)= (rz())zal,

is an embedding of R into Qz(R) (we remark that the definition of ¢ is independent
of the choice of zg € Z\{0}). It is convenient to identify R with its isomorphic copy
t(R) inside Qz(R), and thus consider R as a subring of Qz(R). The expression rz 7,
so far used just as a notation for the equivalence class, can then be interpreted as the
product of r € R and the inverse of z € Z\{0}. Every element in Z\{0} is invertible
in Qz(R). Intuitively, Qz(R) is the smallest ring containing R that has this property.

The next proposition says this in more formal terms, through a universal property.
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Proposition 7.3 If T is a unital ring and ¢ : R — T is a homomorphism such that
©(2) is invertible in T for every z € Z\{0}, then ¢ can be uniquely extended to a
homomorphism ¢ : Qz(R) — T.

Proof Tt is straightforward to check that g(rz~ ') := @(r)@(z)~! is a well-defined
homomorphism which extends ¢. The uniqueness is clear. (]

Letus add that if ¢ is injective and every element in 7 can be written as ¢ (r)¢(z) ™',
then @ is an isomorphism.
The next theorem summarizes our discussion up to now.

Theorem 7.4 Let R be a ring such that its center Z is nonzero and all elements in
Z\{0} are regular. The ring Qz(R) has the following properties:

(@) Qz(R) is a unital ring containing R as a subring.
(b) Every element in Z\{0} is invertible in Qz(R).
(c) Every element in Qz(R) is of the form rz=\, where r € R and z € Z\{0}.

Moreover, these properties characterize Qz(R) up to isomorphism.

It is easy to see that if R is a prime ring with nonzero center Z, then Q7 (R) exists
(i.e., nonzero elements in Z are regular) and is a prime ring.
We continue with examples. The first two are obvious, but worth mentioning.

Example 7.5 1If the center of a unital ring R is a field, then Qz(R) = R.
Example 7.6 If R is acommutative domain, then Qz (R) is the field of quotients of R.

Example 7.7 We claim that Qz(M,,(Z)) = M, (Q). Obviously, M,,(Q) has the prop-
erty (a). Commuting with matrix units we easily notice that the center of M, (Z)
consists of matrices nl with n € Z (cf. the proof of Lemma 1.15). Therefore M, (Q)
has the property (b), as well as (c); to notice the latter, make use of the common
denominator of the entries of a matrix in M,,(Q).

Example 7.8 A small variation of the preceding example: If R = [222], i.e., the
subring of M»(Z) consisting of matrices whose (1, 2) entry is an even integer, then
0z(R) = M>(Q). The point we wish to make here is that even if a ring is a bit “odd”,
its ring of central quotients may be “spotless”.

Example 7.9 If R is the ring of quaternions with integer coefficients, R = Z &
Zi @ Zj & Zk, then Qz(R) is the ring of quaternions with rational coefficients,
0z(R) = Q& Qi d Qj ® Qk. Indeed, Z(R) = Z and checking (a)—(c) is immediate.

Certain simple modifications of our construction of Qz(R) are also important and
can be found in standard textbooks, usually under the name “(central) localization”.
We will not need them, but let us just give a clue what changes can be made. The role
of Z\ {0} can be replaced by any subset S of Z that is closed under multiplication, and
instead of requiring that the elements from § are regular, one defines the equivalence
relation ~ on R x S as follows: (r,z) ~ (r',7) <= (7 —r'z)7” = 0 for some
7" €S.
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7.2 Classical Rings of Quotients

Given aring R, is it possible to construct a larger ring Q such that all regular elements
in R, not only those from the center, are invertible in Q? More specifically, can we
construct Q in such a way that Theorem 7.4 with the set of all regular elements
playing the role of Z\{0} holds for Q? The answer is not as straightforward as for
the ring of central quotients. It certainly is positive for some rings (for commutative
domains, for example). But it can also be negative, as we will see.

Let us make it precise what ring Q we wish to have. To avoid trivialities, we tacitly
assume that our rings contain at least one regular element.

Definition 7.10 Let R be aring and S be the set of all regular elements in R. A ring
Q is called a right classical ring of quotients of R if it has the following properties:

(a) Qis aunital ring containing R as a subring.
(b) Every element in S is invertible in Q.
(c) Every element in Q is of the form rs~!, where r € Rand s € S.

It is clear that elements of R that are not regular cannot be invertible in any larger
ring. The existence of a right classical ring of quotients of R is thus the best we can
hope for if we wish to make as many elements in R invertible as possible.

A left classical ring of quotients of R is defined analogously, one just substitutes
s~1r for rs~! in (c). However, up until the end of the section we will consider only
right classical rings of quotients.

Example 7.11 Let R be any of the rings from Examples 7.6-7.9, i.e., a commutative
domain, M,,(7Z), [% ZZZ], or Z & Zi ® 7Zj & Zk. It is easy to verify that the ring of
central quotients Qz(R) is also a right classical ring of quotients of R.

Example 7.12 1f every regular element in R is already invertible, then R is its own
right classical ring of quotients. Every finite dimensional unital algebra thus has this
property (see Remark 1.31 (b)).

Suppose R has a right classical ring of quotients Q. Given r € Rand s € S, we
have s~ !r € Q by (a) and (b), and so by (c) there exist 71 € R and s1 € S such that
sTlr = r1s1_1. Multiplying by s from the left and by s; from the right we obtain

rs1 = sr1. Thus, the following holds:
rSNsR #@ foreveryr e Rands e S. (7.1)

It is easy to find rings in which (7.1) is not fulfilled, and hence rings not having
right classical ring of quotients (see Example 7.18 below). The main goal of this
section is to prove that (7.1) is also sufficient, not only necessary, condition for a ring
R to have a right classical ring of quotients. This result is basically due to O. Ore;
more precisely, he proved it, in 1931, for the special case where R is a domain. The
condition (7.1) is called the right Ore condition.
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Unlike in the previous section, the noncommutativity is now a serious obstacle.
There are two standard ways to overcome it. The first one, used already by Ore, is
based on a careful modification of the construction from the previous section. While
this approach is intuitively clear, working out the details is extremely tedious. We
will therefore choose the other way. To gain intuition, we sketch it for the seminal
case R = Z. Viathe regular representation we may identify Z with the maps x — nx,
n € 7, from Z into itself. Our goal is to describe Q without explicit use of fractions,
i.e., by staying inside the framework of the ring Z. Consider, for example, the map
f 27 — Z,f(2x) = x. Note that f halves each number from its domain, so it carries
information about the rational number % Similarly, g : mZ — 7, g(mx) = nx, where
m € Nandn € Z,corresponds to ;- € Q (in the sense that g(u) = - uforallu € mZ).
Given another map of this kind, g’ : m'Z — Z, g'(m'x) = n'x, we can consider g+ ¢’
and gg’ as maps defined on mm’Z (maybe one can choose larger domains, but this
is irrelevant for us). Note that g + g’ corresponds to o+ r';—/,, and gg’ to o ";l—,, By
identifying maps that correspond to the same rational number we can obtain, in this
way, an alternative definition of the field Q. Perhaps an overcomplicated one, but
having an advantage of being suitable for generalizations to noncommutative rings.
The crucial point is that the above maps are Z-module homomorphisms from ideals
of the ring Z into Z.

Constructing the right classical ring of quotients Q,.(R). Let R be a ring sat-
isfying the right Ore condition (7.1). Denote by .# the set of all right ideals of R
that contain at least one regular element. A right ideal can be considered as a right
R-module. Consider the set of all pairs (f, 1) where I € .# andf : I — R is aright
R-module homomorphism. Define an equivalence relation on this set as follows:
(f,I) ~ (g,J) if f and g coincide on some K € .# such that K € I N J. In order
to verify the transitivity, it is enough to notice that Iy NI, € . if both I, I, € 7.
Let us therefore prove this. Take s; € ;N S,i = 1,2, and use (7.1) to find s € S and
r € R such that s1s = sor. Hence I1 N I> contains a regular element, namely s15, so
it belongs to .7

We write [ f, I] for the equivalence class determined by (f, I). Let Q,.(R) denote
the set of all equivalence classes, endowed with addition and multiplication

Lfi. L]+ 2, L] =1fi +f,. L NDL],
Ui, 1L B o= Lfifan £y DI

We must prove that these operations are well-defined. First of all, f2_1 ) ={x e
I | f>(x) € I} indeed lies in .#. Namely, from (7.1) we infer that given s; € I; N S,
i = 1,2, there exist s € S and r € R such that f>(s2)s = sir, showing that the
right ideal fz_l(l 1) contains the regular element s»s. Assume now that (fi, ;) ~
(g1,J1) and (f2, I2) ~ (g2, J2). Thus, there exist K; € .# such that K; € I; N J;
and f; = g;on K;, i = 1,2. Consequently, fi +f» = g1 + g on K1 NK, € ¥
and hence (f1 + f>, 11 N L) ~ (g1 + g2,J1 N J2), which proves that addition is
well-defined. Concerning multiplication, note that f; fo = g1g> on f2_1 (Ki)NK;p €

# and hence (f1 f>, f2_1 (1)) ~ (g182. 8 ! (J1)). Thus, both operations are indeed
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well-defined. Verifying that Q,.(R) is a ring with zero element [0, R] and unity
[idg, R] is straightforward.

This construction is the basic example of the so-called “noncommutative local-
ization”. Its general version considers an arbitrary set closed under multiplication
instead of the set of all regular elements. This does not make the construction sub-
stantially more complicated, but we will not go into this matter.

We are now in a position to prove the result announced above.

Theorem 7.13 (Ore) A ring R has a right classical ring of quotients if and only if R
satisfies the right Ore condition.

Proof We only have to prove the “if”” part. Assume that R satisfies the right Ore
condition and let us show that Q,.(R) is a right classical ring of quotients of R.
We embed R into Q,.(R) via

t:R— O (R), (r)=I[L,,R];

here, as always, L, stands for a left multiplication map. Let us only check the injec-
tivity. If [L,, R] = 0, then L, = O onsome / € .#. Since I contains a regular element,
it follows that r = 0.

Let s € S. Then the map f : sSR — R, fi(sx) = x, is well-defined. Moreover, f; is
a right R-module homomorphism. Note that sR € .# since s> € sR N S. The reader
can readily verify that [ fi, sR] is the inverse of ¢(s). In particular, ¢(s) is invertible.

Now take an arbitrary [f, I] € O, (R). Pick s € I NS and set r := f(s) € R. We
have f(sx) = rx = L,f;(sx) for all x € R. Hence

[f,I1 = [f, sR] = [L,fs, sR] = [L,, RI[fs, sSR] = t(r)e(s) "

Identifying R with ¢(R) we thus see that Q,.(R) has all the desired properties. O

The ring Q,.(R) has a universal property, analogous to that satisfied by Qz(R)
(see Proposition 7.3).

Proposition 7.14 Let R be a ring satisfying the right Ore condition. If T is a unital
ring and ¢ : R — T is a homomorphism such that ¢(s) is invertible in T for
every regular element s € R, then ¢ can be uniquely extended to a homomorphism

@ :0r(R)—>T.

Proof Take [f,I] € O, (R). Pick s € I NS and define ¢ : Q.(R) — T by

BUL D = p(f(s)e(s) ™.

One can immediately check that ©(«(r)) = ¢(r), so ¢ extends ¢. However, we
must first prove that ¢ is well-defined. Assume, therefore, that (f,1) ~ (g,J).
Our goal is to show that e(f)e)™' = @)@~ for every t € JNS.
Let K € .# be such that K € I NJ and f = g on K. It suffices to show that
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o(fF&)e)™" = o(fw)e)~" holds for u € K N S. Namely, by analogy we then
also have q)(g(t))(p(t)_l = go(g(u))(p(u)_l, and so the desired conclusion follows
from f (u) = g(u). By regularity of s and u we have sR, uR € .#, and hence sSRNuR €
# . Therefore there exist x, y € R such that v := sx = uy € S. Since ¢(s) and ¢(v)
are invertible in T by assumption, v = sx gives ¢(s) ™' = ¢(x)¢(v)~!. Consequently,

P(fNe) ™ = o(F ()M = p(F (M) L.

Similarly, from v = uy we infer o(fW)ew)™" = o(f()e()~ L Comparing we
get p(f (D)™ = o(f@)p )~

The additivity of ¢ is clear. To prove the multiplicativity, take [f;, I;] € Oy (R),
i =1,2.Pick s; € I} N S. By definition we have o ([ f1, [11[ /2, I2]) = ¢(f1(f2(52)))
go(sz)_l where s; is an arbitrary element infz_l(ll) N S; since [f1, 1] = [f1, s1R]
we may choose sy € fz_l(is). Thus f>(s2) = s1x and hence ¢(x) = (p(sl)_l
@(f2(s52)), yielding

o(fi(A52))) = e(Ails))e®) = ¢(fils1)e(s1) @ (H(s2)).

This readily implies that ([ f1, [11[ />, 1) = @ f1, 1))@ f>, I2]). Thus, @ is a
homomorphism extending ¢. The uniqueness is obvious because of condition (c)

from Definition 7.10. O

Corollary 7.15 If a ring satisfies the right Ore condition, then its right classical
ring of quotients is unique up to isomorphism.

Remark 7.16 Similar results of course hold for the /eft classical ring of quotients.
One defines the left Ore condition as Sr N Rs # ) for every r € R and s € S, and
constructs the left classical ring of quotients Q;.(R) of R by using left ideals and right
multiplication maps for defining the canonical embedding. Proposition 7.14 together
with its left analogue easily implies that if R has both a left and right classical ring
of quotients, then they are isomorphic. In other words, if both the left and right Ore
condition are fulfilled, then Q,.(R) = Q- (R).

7.3 Ore Domains

In this section we take a closer look at the classical situation where R is a domain.
The right Ore condition (7.1) in this case gets a slightly simpler form:

rRNsR #0 forevery r,s € R\ {0}. (7.2)

Definition 7.17 A nonzero domain satisfying the right Ore condition (7.2) is called
a right Ore domain.
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Theorem 7.13 implies that a ring R is a right Ore domain if and only if R is a subring
of a division ring D (=Q;.(R)) such that every element in D is of the form rs—1 with
r,s €R,s #0.

Not every domain is right Ore.

Example 7.18 LetR = F(&, n). We obviously have ERNnR = 0. Therefore R is not
a right Ore domain (and neither a left Ore domain, i.e., the condition Rr N Rs # 0
for every r, s € R\ {0} is not fulfilled). ([l

A domain that is neither right nor left Ore may still be embedded into a division
ring, but not in such a way that condition (c) of Definition7.10 would be fulfilled.
The free algebra F (&, ) turns out to be an example of such a domain. On the other
hand, there do exist domains that cannot be embedded into division rings. For details
we refer the reader to [Lam99, Chap. 9].

The connection between F' (£, ) and the nonfulfillment of the right Ore condition
is even tighter.

Proposition 7.19 Let A be a nonzero unital algebra over a field F. If A is a domain
that is not right Ore, then A contains a subalgebra isomorphic to F (&, n).

Proof By assumption there exist 7, s € A \ {0} such that rA N sA = 0. Let Ag be the
unital subalgebra of A generated by r and s. We claim that the unital homomorphism
f&,n) — f(r,s) from F(£, n) onto Ag is injective, and hence an isomorphism.
Suppose this is not true. Then there exists a nonzero polynomial f (&, ) such that
f(r,s) = 0. We may assume that f is of minimal degree. Let us write f = A +
&g + nh, where X is the constant term of f and g, h € F(&, n). There is no loss of
generality in assuming that 2 # 0. Setting u := g(r, s) and v := h(r, s) we thus have
A 4+ ru + sv = 0. Multiplying on the right by  we obtain r(A + ur) + svr = 0, and
so r(A +ur) = —svr € rAN sA = 0. Since deg(h) < deg(f), v # 0. As s and r are
also nonzero and A is a domain, we have arrived at a contradiction. O

Trivial examples of right Ore domains are division rings and commutative domains.
As another simple example we mention the ring of quaternions with integer coeffi-
cients (cf. Examples7.9 and 7.11). The next proposition gives rise to less obvious
examples.

Proposition 7.20 (Goldie) A right noetherian domain R is a right Ore domain.

Proof Take r,s € R\ {0}, and set J,, := rsR + r2sR + - - + r"sR. Since the J,’s
obviously form an ascending chain of right ideals, there exists n € N such that
Jn = Jyy1 = .... Pickany xo € R\ {0}. Then r"tlxg is a nonzero element from
Jn+1, and hence also from Jj,. Thus there exists k < n such that

k k+1

rUsxg +r +1

SXjeg 1 e s, = P sxg

for some x, ..., x, € R with x; # 0. The cancellation property of R yields
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n—k n+1—ksx

SXk + FSXg1 + - +T1 TSXp =71 0.

Therefore sx; % 0 lies in rR. This shows that (7.2) holds. O

Example 7.21 The Weyl algebra .27, is a noetherian domain (Example 6.4), therefore
O, (4y) exists and is a division ring. Moreover, Q,.(<%,) = Q).(<7,) by Remark 7.16
and the left version of Proposition 7.20.

Proposition 7.20 is just a small extract from the theory developed by A. W. Goldie
in the late 1950s. His main result characterizes rings whose right classical ring of
quotients is isomorphic to My, (D1) x -+ x My, (D,) where D; are division rings.
A corollary of special importance is that right noetherian semiprime rings do have
this property. Goldie’s theory is treated in many books, including [Her68, Lam99,
MRO1, Row08].

7.4 Martindale Rings of Quotients

In this section we take another step forward in the study of rings of quotients—
or perhaps a step backwards. Namely, the next construction is similar to, and in
fact slightly simpler than the construction of Q,.(R). Roughly speaking, we will
just replace the role of the right ideals containing regular elements by the (easier to
handle) nonzero two-sided ideals. In spite of the technical similarities, the philosophy
behind these two constructions is different. The goal of the next one is not making
regular elements invertible, but merely providing a larger ring that can be used as
a tool for solving problems concerning the original ring. Still, the field of quotients
of a commutative domain serves as a prototype here as well. We will assume that
our rings are prime. This is a natural setting; a commutative ring is a domain if and
only if it is prime, and the role of prime rings among general rings is often parallel
to the role of domains among commutative rings. With a little extra effort we could
handle more general semiprime rings, but we will stick with the classical prime ring
situation, as considered in the seminal work of W. S. Martindale from 1969.

Constructing the right Martindale ring of quotients O, (R). Let R # 0 be a
prime ring. The set _# of all nonzero ideals of R is closed under products, and hence
also under finite intersections. We endow the set of all pairs (f, ), where ] € 7
and f : I — R is aright R-module homomorphism, by the following relation, which
is readily seen to be equivalence: (f, 1) ~ (g, /) if f and g coincide on some K € ¢
such that K € I N J. Write [ f, I] for the equivalence class determined by (f, I),
and denote by Q,(R) the set of all equivalence classes, equipped with addition and
multiplication

LA, hl+ [, k] = 1A +f. 1N D],
LA, L, ) = (A, ]
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(note that f1 f> is indeed defined on 1>/ since f>(I211) = f>(I2)I1 C Ip). It is easy to
verify that these operations are well-defined. Indeed, assume that (f1, I1) ~ (g1, J1)
and (f2, b) ~ (g2, J2),i.e., there exist K; € ¢ suchthat K; € I; NJ; and f; = g; on
Ki,i=1,2.Thenfi+f =gi1+gonKiNK> € Zandfifor = gigoonKrK; € 7.
Thus, (fi +/f2, 51 N ) ~ (g1 + g2, J1 NJ2) and (f1 f2, I211) ~ (g182,J2J1). One
immediately checks that Q,(R) is a ring with zero element [0, R] and unity [idg, R].

Definition 7.22 The ring Q,(R) is called the right Martindale ring of quotients
of R.

The left Martindale ring of quotients Q;(R) is constructed analogously through
the left R-module homomorphisms. In general, O, (R) Z Q;(R).

Theorem 7.23 Let R # 0 be a prime ring, and let ¢ be the set of all nonzero ideals
of R. The ring Qr(R) has the following properties:

(a) Or(R) is a unital ring containing R as a subring.

(b) Forevery g € Q,(R) there exists I € 7 such that qI C R.

(c) Foreveryqe Q,(R)yandl € ¢, ql =0 implies q = 0.

(d Ifl € Z andf : 1 — R is a right R-module homomorphism, then there exists
q € Oy (R) such that f (x) = gx forall x € I.

Moreover, these properties characterize Q,(R) up to isomorphism.

Proof We already know that Q,(R) is a unital ring. Note that
t:R— Oy(R), «(r)=IL,R],

where L, is a left multiplication map, is an embedding of R into Q,(R) (injectivity
follows from the primeness of R). Identifying R with its isomorphic copy t¢(R) we
may consider R as a subring of Q,(R), so that (a) holds.

Take g = [f, I] € O,(R). For every x € I we have

gx = [f, 1][Lx, Rl = [fLx, RI] = [Ly(x), Rl = f(x) € R.

This proves (b). Moreover, note that g/ = 0 implies f (I) =0 and hence g =[f, I]=0.
If I’ is another member of ¢ and g’ = 0, then also (¢/)I’ € ¢qI’ = 0. Since R is
prime and g/ C R, this yields g/ = 0, and hence ¢ = 0. Thus (c) is proved. Verifying
(d)isalsoeasy: If I € # and f : I — R is aright R-module homomorphism, then,
as noticed at the beginning of this paragraph, ¢ := [f, I] € O»(R) satisfies f(x) = gx
forallx e 1.

Let Q be an arbitrary ring with properties (a)—(d). Take g € Q. By (b) there exists
I € # suchthatql C R. Therefore we can define the right R-module homomorphism
f:1— Rbyf(x) =gxforallx € I.IfI" € ¢ alsosatisfiesgl’ C R, thenf coincides
withf" : I' = R, f(x) = gx’,onINI" € #.Hence we see that the map

¢:0—> 0:R), 9@ =1f.1],
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is well-defined. It is easy to check that ¢ is a ring homomorphism. The injectivity of
¢ follows from (c), and the surjectivity from (d). Therefore O = Q,(R). (Il

Further properties of Q,(R) can be extracted from the basic ones (a)-(d). For
example, (c) can be extended as follows.

Lemma 7.24 For every q1,q2 € O,(R) and I € _#, qilqy = 0 implies q; = 0 or
q2» = 0. Accordingly, O, (R) is a prime ring.

Proof By (b) we may choose I; € ¢ such that ¢;I; € R, i = 1,2. Hence we may
conclude from (q111)I(g212) < (q11g2)I> = Othatg1l; = Oor g2l = 0 (see Remark
2.25). From (c) we thus get g1 = 0 or ¢g» = 0. (]

For further reference we record a straightforward extension of (b).

Lemma 7.25 Given q1, ...,q, € Qr(R) there exists I € / such that qil C R,
i=1...,n

Proof By (b),foreachithereexists/; € ¢ suchthatg;l; € R.Hencel :=I1N---NI,
has the desired property. O

Example 7.26 If R is a commutative domain, then, as already indicated, Q,(R) is
isomorphic to the field of quotients Qz(R) of R. We must show that Qz(R) has
properties (a)—(d). Only (d) is not entirely obvious. Assume, therefore, thatf : I — R
is aright R-module homomorphism. Take anonzeroa € I. We have f (x)a = f (xa) =
f(ax) = f(a)x for every x € I, and hence f(x) = gx where g ::f(a)cf1 € 07(R).
Thus, for a commutative domain R we have Qz(R) = Q. (R) = Q,(R). The
same is true if R is any of the rings from Examples7.7-7.9, i.e., M, (Z), [% 2ZZ ], or
7,6 Zi ® 7Zj & Zk. One can prove this from scratch. On the other hand, one can apply

Corollary 7.61 below.

Example 7.27 1f R is a simple unital ring, then Q,(R) = R. Indeed, R obviously has
properties (a)—(c), and checking that it also satisfies (d) is immediate: If f : R — R
is a right R-module homomorphism, then f(x) = f(1x) = f(1)x for all x € R.

Example 7.28 Let V be an infinite dimensional vector space over a field F. Denote
by K the subring of Endr (V) consisting of all finite rank operators. Clearly, every
operator in K is a sum of rank one operators v ® h, defined by (v ® h)(u) = h(u)v;
here,v € Vand h € V*, the dual of V (cf. Remark 4.17). It is an easy exercise to show
that K is a simple ring without unity. Let R be any ring such that K € R € Endg(V).
Note that R is prime and that K is its minimal ideal. Let us show that

0r(R) = Endp (V).

We must verify that Endr (V) has the four properties (a)—(d). The first three are
easy: (a) is trivial, (b) follows from the fact that K is a (left) ideal of Endr(V), and
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(c) from the fact that every nonzero ideal of R contains K. To verify (d), take a
nonzero ideal I of R and a right R-module homomorphism f : I — R. Pickvg € V
and hy € V* so that hy(vg) = 1. Define ¢ : V — V by q(v) := f(v ® hy)(vo).
Obviously, g(v +V') = g(v) + q(v'). Since

FORK = fkK') = f (k1K) = Af (K’

holds for all A, € F and k, k' € K, i.e., (f(kk) — kf(k))K = 0, it follows that
f(k) = M (k), k € K. This yields g(Av) = Ag(v). That is, ¢ € Endp (V). Next, for
allv € Vand h € V* we have

fORh =fO0vQ®hy-voRh) =f(v®hgy) -voRh

=f(v®ho)(vo) ®h=q() ®h
=q-vQ®h.

Thus, f (k) = gk for every k € K, and hence f(x)k = f(xk) = gxk for all x € I and
k € K. Thatis, (f(x) —gx)K = 0, which yields f (x) = gx. This completes the proof.

7.5 The Extended Centroid

Throughout this section we assume that R is a nonzero prime ring.
Definition 7.29 The center of Q,(R) is called the extended centroid of R.

The extended centroid of R will be denoted by C. As usual, Z will stand for the
center of R, and, as in the preceding section, _# for the set of all nonzero ideals of
R. We will continuously refer to properties (a)—(d) of Theorem 7.23.

Lemma 7.30 If g € O,(R) is such that gr = rq for all v € R, then q € C. Accord-
ingly, Z is a subring of C.

Proof Pick ¢ € Q,(R). We must show that [¢, ¢'] = 0. By (b) there exists / € 7
such that ¢'I € R. Take x € I. Since g commutes with x and ¢'x, we have ¢gg'x =
q'xq = ¢q'qx. Thus, [¢, ¢')I = 0, and hence [¢, ¢'] = 0 by (c). O

If elements in Q,(R) correspond to right R-module homomorphisms, then
elements in C correspond to R-bimodule homomorphisms (these are, of course,
maps that are both left and right R-module homomorphisms):

Lemma 7.31 Iff : I — R, where I € _#, is an R-bimodule homomorphism, then
there exists A € C such that f(x) = Ax forall x € I.

Proof Sincef is, in particular, a right R-module homomorphism, by (d) there exists
q € Q,(R) such that f(x) = gx, x € I. On the other hand, since f is also a
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left R-module homomorphism it follows that g(rx) = r(gx) for all r € R and
x € I. That is, [¢g, r]I = 0, and so [g, r] = 0 by (c). Therefore A := g € C by
Lemma 7.30. O

Conversely, if A € C and I € _¢ are such that A/ C R, then x — Ax is an
R-bimodule homomorphism from / into R. The extended centroid, although defined
through the right Martindale ring of quotients, is thus a left-right symmetric notion.

Remark 7.32 Suppose R is an algebra over a field F. Every o € F gives rise to the R-
bimodule homomorphism x +— ax from R into R. Using Lemma 7.31 one therefore
easily infers that F embeds canonically in C. Accordingly, F can be considered as a
subfield of C.

Theorem 7.33 The extended centroid C of a nonzero prime ring R is a field.

Proof Take A # 0in C and choose I € .# satisfying (b). Clearly, Al € ¢ by (c).
We claim that f : Al — R, f(Ax) = x, is well-defined. Indeed, Ax = 0 obviously
implies Al, = 0, where I, is the ideal of R generated by x, and hence x = 0 by
(c). Since f is an R-bimodule homomorphism, Lemma 7.31 yields the existence of
u € C such that f(y) = uy,y € Al. Writing y = Ax, x € I, we thus get uAx = x.
That is, (uA — 1)I = 0, and so A = 1 by (c). Thus, A is invertible. [l

We may therefore regard Q,(R) as an algebra over C.

Definition 7.34 The C-subalgebra of Q,(R) generated by R is called the central
closure of R.

The central closure of R, which will be denoted by Rc, obviously consists of
elements of the form Zi Air;, where A; € C, r; € R. Thus, Rc is, like C, a left-right
symmetric object. The following symmetric version of Lemma 7.25 therefore holds
for elements in R¢.

Lemma 7.35 Given qy, ..., q, € Rc, there exists I € _# such that q;I € R and
IgiCRi=1...,n

Proof It is enough to prove the lemma for » = 1. Namely, just as in the proof
of Lemma 7.25, we can take the intersection of ideals corresponding to particular
elements. Thus, pick ¢ = D ; Air; € Rc. By Lemma 7.25 there exists / € .# such
that A;/ C R for each i. This clearly implies that g/ € R and, since A; commutes
with elements from /, also Ig C R. O

Assume that R has a nonzero center Z. Then the field of quotients ZofZ may be
viewed as a subfield of C. For clarity we record the following simple lemma.

Lemma 7.36 IfZ # 0, then Qz(R) can be embedded in Rc. Moreover, lf? = C,
then Qz(R) = Rc.

Proof The first statement follows from Proposition7.3, and the second one is
obvious. O
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Rings from Example 7.26 satisfy the condition 7= C. In general, 7 is not equal
to C, not even when Z is already a field and thus equal to Z.

Example 7.37 Let F( be a subfield of F. Consider the special case of Example 7.28
where R = K + Fy - 1 (here, 1 is the identity operator). Note that Z = Fy - 1, and
hence Z = Z = Fo. In Example 7.28 we have shown that Q,(R) = Endr(V), which
implies that C = F. Accordingly, Rc = K + F - 1.

This example indicates the intrinsic nature of the notion of the extended centroid.
Namely, in the framework of the F-linear operators it is more natural to deal with F'
than with its subfields.

Definition 7.38 If R = R, then R is said to be centrally closed.

We remark that Z # 0 implies C € R¢. Indeed, A = (Az~!)z € R for every
A € C, where z € Z \ {0}. Therefore, in this case R is centrally closed if and only if
Z = C. But R may be centrally closed also when Z = 0.

Example 7.39 Every simple ring R, regardless of whether its center is 0 or not, is
centrally closed since AR € R for all A € C by (b). A concrete example of a simple
ring with zero center is the ring K of finite rank operators from Example 7.28.

By the term “centrally closed prime algebra” we will mean a centrally closed
prime ring viewed as an algebra over its extended centroid. As pointed out in the
preceding paragraph, the center of such an algebra A is either 0 or coincides with the
extended centroid. In the latter case, A is a central algebra. The notion of a centrally
closed prime algebra can be thus considered as a generalization of the notion of
a central simple algebra. An example of a centrally closed prime algebra that is
not simple is Endr (V) where V is an infinite dimensional vector space over F (cf.
Example 7.28).

Lemma 7.40 The central closure Rc of any prime ring R is a centrally closed prime
algebra over C.

Proof Since Rc2Re / , the primeness of Rc follows from Lemma 7.24.
Let us denote the extended centroid of Rc by E. By Remark 7.32 we may
consider C as a subfield of E. The lemma will be established by showing that E = C.
Take ¢ € E. By (b), there exists a nonzero ideal U of R¢ such that eU C R¢. Note
that / := {x € UNR|ex € R} is an ideal of R. We claim that / # 0. Indeed, choose
u # 0in U and use Lemma 7.25 to get J € _¢ such that uJ C R and (eu)J C R.
Then uJ is contained in / and is not 0 by (c). We can now define the R-bimodule
homomorphism f : I — R, f(x) = ex. By Lemma7.31 there exists A € C such that
ex = Ax, x € 1. This readily implies that ey = Ay for every y from the subspace 1 of
Rc generated by I. Observe that T is an ideal of R¢, so that (c) yieldse =1 e C. O
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7.6 Linear (In)dependence in Prime Rings

Numerous applications of the Martindale rings of quotients stem from the results
we are about to establish. To get a feel for the topic, we first examine the condition
studied in the next lemma in the simple setting of division rings. Thus, let D be a
division ring, and let a, b € D be such that axb = bxa for every x € D. A natural
possibility where this occurs is when @ and b are linearly dependent over the center
of D. Actually, this is the only possibility. Indeed, assuming that a # 0 and then
multiplying axb = bxa by a~' on both sides we get xba~' = a~'bx, which readily
implies that A := ba~!(= a~'b) lies in the center of D and satisfies b = Aa. Thus,
we have a simple connection between the multiplicative structure of D (axb = bxa)
and the linear structure of D (b = Xa). This little observation can be generalized in
various directions.

We use the same notation as in the preceding sections. In particular, R always
denotes a nonzero prime ring and _¢ the set of all nonzero ideals of R. By (b) and
(c) we refer to conditions of Theorem 7.23.

Lemma 7.41 Leta,b € Q,(R) andlet] € 7. If axb = bxa for all x € I, then a
and b are linearly dependent over C.

Proof By Lemma 7.25 there exists / € _# such that aJ C R and bJ C R. By
replacing the role of / by I NJ we see that there is no loss of generality in assuming
that al € R and bl C R.

We may assume that a # 0. Then al # 0 by (c), and hence K :=lal € ¢ . We
claim that the map f : K — R,

f(zxia)’i) = inbyi’ xi,yi €1,
; ;

is well-defined. Assume that 3", x;ay; = 0. Multiplying on the right by zb, z € R, and
using a(yiz)b = b(y;z)a, it follows that (Z, xibyl-)za = 0. But then > ; x;by; = 0
since R is prime. Note also that f indeed maps into R for bI C R. Obviously, f is an
R-bimodule homomorphism, so it follows from Lemma 7.31 that there exists A € C

such that f(w) = Aw for every w € K. In particular, xby = Axay forall x, y € I. That
is, I(b — Aa)l = 0, and hence b = La by Lemma 7.24. O

Even in the basic case where a, b € R and I = R, the involvement of the extended
centroid C in Lemma 7.41 is indispensable, i.e., it cannot be replaced by the center
Z even when Z is a field. Indeed, a glance at Example 7.37 convinces us of that.

The next lemma treats a considerably more general condition, but, as we shall
see, the proof can be easily reduced to the situation treated in Lemma 7.41.

Lemma 7.42 Let a;, b; € Q,(R) and I € _# be such that

n
Zaixb,- =0 forallx € I.
i=1
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If a1, ...,ay are linearly independent over C, then each b; = 0. Similarly, if
b1, ..., by are linearly independent over C, then each a; = 0.

Proof Let us only prove the first statement. The second statement can be handled
similarly. Thus, assume that ay, ..., a, are linearly independent. The n = 1 case
follows from Lemma 7.24. We may therefore assume that the desired conclusion
holds if the number of summands is smaller than n. Suppose that, say, b, # 0. By
(b) we can choose J € _# such that b,J € R. Then xb,y € I whenever x € [
and y € J, so that Z;’zl a;i(xb,y)b; = 0. Since the last term, a,xb,yb,, is equal to
—( Z:le aixb,-) vb,, we can rewrite this identity as

n—1
> aix(buybi — biyb,) =0 forallxel,yeJ.

i=1

The induction assumption yields b,yb; — bjyb, = O forally e Jandi =1, ...,
n — 1. As b, # 0 by assumption, Lemma 7.41 tells us that there exist A; € C

such that b; = A;b,, i = 1,...,n — 1. But then we can rewrite Z?:l aixb; = 0
as (31 Aiaj)xb, = 0, where A, = 1. Hence > .7, Aja; = 0 by Lemma 7.24,
contradicting the linear independence of the a;’s. ([

Lemma 7.42 will play a crucial role in the rest of the chapter. Let us point out that
this lemma generalizes Lemma 1.24, which was used as one of the main tools in the
first chapters.

The following theorem is just a refined version of Lemma 7.42.

Theorem 7.43 Let a;, b;, cj,d;j € O,(R) and I € ¢ be such that

n m
Zaixb,- = chxdj forallx € I.
i=1

j=1
Ifay, ..., a,arelinearly independent over C, then each b; is a C-linear combination
ofdy, ..., dy. Similarly, if by, ..., by, are linearly independent over C, then each a;
is a C-linear combination of cy, . . ., Ciy.

Proof We only prove the first statement. The proof is practically the same as that of
Lemma 4.9, but we give it anyway. Extend {ay, ..., a,} to a basis of the C-linear
span of {ay, ...,an, 1, ..., cy}. Denote the additional basis elements (if there are
any) by a,41, ..., ap, and write each ¢; as a C-linear combination of ay, .. ., a,. Our
identity can then be rewritten as Zf: | aixb; = 0, where b}, i < n, is the sum of b;
and a linear combination of the d;’s. Lemma 7.42 shows that each b;. =0. ([l

Mentioning a result on tensor products (Lemma 4.9) in the last proof was no
coincidence. The above results can be interpreted in terms of tensor products and
multiplication algebras. The next theorem is a generalization of Theorem 4.26 which
considers central simple algebras.
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Theorem 7.44 If A is a centrally closed prime algebra, then A ® A° = M (A) under
the map a @ b +— L,Ryp.

Proof The proof is literally the same as that of Theorem 4.26. The only difference
is that one has to refer to Lemma 7.42 instead of to Lemma 1.24. (I

The next theorem and its corollary make a passage to the topics of the next
sections. The theorem shows that the linear dependence of elements in Q,(R) can be
characterized through an identity involving the Capelli polynomials ¢;, (introduced
in Sect. 6.3).

Theorem 7.45 Elements ay, ..., ay, € Qr(R), m > 2, are linearly dependent over
Cifandonly if cp(ay, ..., am, X1, - .., Xm—1) =0 forall xy, ..., xp—1 € R.

Proof Since ¢, is alternating in the first m indeterminates, the “only if” part follows
from Lemma 6.9. The “if” part will be proved by induction on m. The m = 2 case
is exactly the content of Lemma 7.41 (with I = R). We may thus assume that there
exist xp, ..., x;—1 € Rsuch that ¢,,—1(ay, ..., anm—1,x2, ..., xn—1) # 0. Applying
the formula (6.2) from Sect. 6.3 we see that ¢, (ay, ..., am, X1, ..., Xn—1) = 0 can
be written as

m
i1
S =D axiem-1(ar. .. a1, @i X X)) =0,

i=1
and so the linear dependence of a1, . . ., a,, follows from Lemma 7.42. O

Note that the theorem remains valid, with the same proof, if the x;’s are taken
from a nonzero ideal of R.

Corollary 7.46 For every n > 2, the Capelli polynomial c, is an identity of every
proper subalgebra of M, (F), but not of M,,(F) itself.

Proof A proper subalgebra B of M, (F) has dimension less than 12, so c,» is an
identity of B by the “only if” part of Theorem 7.45 (the extended centroid of
M, (F) is of course F, cf. Example7.27). Conversely, choosing linearly indepen-
dentay, ..., a, € M,(F) it follows by the “if” part that there exist x; € M, (F) such
thatc,2(ay, ..., a,2,x1,....x,2_1) #0. O

7.7 Prime GPI-Rings

We now change the subject of discussion. The theory developed in the previous
sections will still be present, but just as a tool used in the proofs. The central topic from
now on will be rings satisfying polynomial identities and generalized polynomial
identities. Although it may appear strange at a glance, we will first treat the latter
and after that the former. This order is more suitable for our approach.
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Informally, one can think of a generalized polynomial identity as of a polynomial
identity in which some of the indeterminates are replaced by fixed elements. Thus,
there exist elements a;, such that

E ajpXj, iy - . - Aj,  Xj,Aj, = 0 (7.3)

holds for arbitrary x;,.

Example 7.47 Let R be the ring from Example7.28, i.e., R is any ring such that
K € R € Endp(V) where V is an infinite dimensional vector space over F and K is
the subring of Endr (V) consisting of all finite rank operators. In fact, what we are
about to say also makes sense if V is finite dimensional (in this case we clearly have
R = Endr (V) = M, (F)), we are now just more interested in rings that do not satisfy
nontrivial polynomial identities. Take any rank one operator a € K. One can readily
check that for every x € R there is A, € F such that axa = Aa. Given x,y € R, we
thus have (axa)ya = AyAya = ay(axa). Thus,

axaya = ayaxa forallx,y € R. (7.4)

This is a model of a generalized polynomial identity.

We will confine ourselves to prime rings. Otherwise axb = 0, x € R, was a
nontrivial generalized polynomial identity, which would make the subject rather
muddled. The standard definition of a prime GPI-ring requires the introduction of
an appropriate generalization of a free algebra, which provides a suitable setting for
“generalized polynomials”. To make our exposition as simple as possible, we will
avoid this and give a rather straightforward definition which involves only multilinear
identities, i.e., such that each x; appears in each term of (7.3) exactly once (as for
examplein (7.4)). More precisely, by amultilinear generalized polynomial identity
of a prime ring R we mean an identity of the form

N
DD Ak )aiXe a3 - -y Xomdy =0 (7.5)
oeS, i=1
forallxy, ..., x, € R, where af; are fixed elements in Q,(R). Assuming that the a;’s

belong to R does not make the treatment much easier, and because of applications it is
really useful to involve Q,(R). Applying the linearization process, which works just
as well as for ordinary polynomial identities, it is possible to show that restricting to
multilinear identities does not cause loss of generality; our definition of a prime GPI-
ring will in fact be equivalent to the standard one (as given in the treatise [BMM96]
of the theory of generalized identities). Before giving it, let us ask ourselves what
should be required in order to consider the identity (7.5) as nontrivial, in the sense
that it can yield some information about the structure of R. Assuming that every
a;, # 0is certainly not enough. Say, ax — xa = 0 only means that a is in the center of
R, and says nothing about R. More generally, from Lemma 7.42 (and Theorem 7.43)
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we know that the identities of the form >_, a;xb; = 0 are merely consequences of
the linear dependence relations among the a;’s and the b;’s. A similar statement can
be made for any multilinear generalized polynomial identity in which the x;’s appear
in the same order in each of the terms, i.e., Zi apiX1a1iX202; . . . Ap—1,iXpan; = 0 (cf.
Theorem 7.45 and its proof). Therefore, the least one has to require in order to regard
(7.5) as nontrivial is that one of the summations

Ng

o o o o o
Z ApiXo (1) A1 X0 (2)A2; -+ - Ap—1 iXo (n)Ap; (7.6)
i=1

is not always zero (i.e., is not an identity itself). As we shall see, this is already suffi-
cient. Let us call (7.6) the o-term of (7.5). Every multilinear generalized polynomial
identity is thus the sum of its o-terms.

Definition 7.48 A nonzero prime ring R is said to be a GPI-ringif there exists a
multilinear generalized polynomial identity of R such that one of its o-terms is not
an identity of R. For convenience, we also consider R = 0 as a GPI-ring.

The ring R from Example7.47 is thus a GPI-ring since axaya # 0 for some
x,y € R. We remark that the center of R may be 0 (say, if R = K), and that the
extended centroid of R may properly contain the field of quotients of the center of R
(Example 7.37). This shows that prime GPI-rings do not share all the nice properties
of prime PI-rings that will be studied in the next sections; cf. Theorem 7.56 and
Corollary 7.57.

The study of generalized polynomial identities was initiated by S. A. Amitsur. In
the first paper on the subject, in 1965, he described primitive GPI-rings. Our goal
in this section is to prove a more general result on prime GPI-rings, established by
W. S. Martindale in 1969.

As always, C stands for the extended centroid of a prime ring R, R¢ for the central
closure of R, and Q,(R) for the right Martindale ring of quotients of R.

Lemma 7.49 If R is a nonzero prime GPI-ring, then there exist a,b € R\ {0} such
that dim¢c aRcb < oo.

Proof Among multilinear generalized polynomial identities of R whose o-terms
are not all identities, choose one with the minimal number of summands. There
must be at least two permutations, o1 and o, such that the corresponding o1-term
and op-term are not identities. As 01_1 # 0y ' we may assume without loss of
generality that Ufl(l) < of] (2) and o{] 2) < o{l(l). As usual, let xq, ..., x, be
variables in our identity. Denote by fi(x1, ..., x,) the sum of all o-terms such that
o~ l(1) < o71(2), and by f2(x1, . .., x,) the sum of all o-terms such that o712 <
o1 (1). Thus, f1(x1, ..., x,) consists of summands in which x| appears before x»,
and f>(x1, .. ., x,) consists of summands in which x; appears before x;. Of course,
filxr, ..o, x0) +xr, ..., x,) =0forall xq, ..., x, € R. In view of the minimality
assumption there exist wy, ..., w, € R such that fi(wy, ..., w,) # 0. Note that the
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identity f1(x, y, w3, ..., wy) = —fo(x,y, w3, ..., wy), where x, y are arbitrary and
the w;’s are fixed, can be written as

1 m
Zpixqiyri = Zsjytjxuj forall x,y € R (7.7)
i=1 j=1
and some p;, q;, 1i, 8}, tj, uj € O, (R). We may assume that {p1, ..., px} is a maximal
linearly independent subset of {p1, ..., p;}. Expressing each p;, i > k, as a linear
combination of py, ..., px, we see that (7.7) gets the form
k m
Zp,-xhi(y) = Zsjytjxuj forall x,y € R, (7.8)
i=1 j=1

where h; belong to M (Q,(R)), the multiplication algebra of Q,(R). We are now in a
position to apply Theorem 7.43. Accordingly, each A;(y) is a C-linear combination
of uy, ..., uy. This holds for every y € R, but since the elements in A := R¢ are
just C-linear combinations of elements in R, it actually holds for every y € A. As the
summations in (7.8) are not O if we take x = w; and y = wp, h;(y) # 0 for some i
and y. To summarize, the algebra M (Q,(R)) contains nonzero elements that map A
into some finite dimensional spaces. Among them choose / so that it can be written
ash = ZLI Ly, Rp; with d minimal. We have to prove thatd = 1. Suppose this is not
true, i.e., d > 1. We will derive a contradiction by a similar trick as in the proof of
Lemma 7.42. First observe that the minimality of d implies that the sets {ay, ..., aq}
and {b1, ..., by} are linearly independent. By Lemma 7.41 there exists » € R such
that byrby — birbg # 0. Note that i’ := hRp, — Ryp,h € M(Q,(R)) can be written
ash' = Zflz_ll L“inf- where b; = byrb; — b;rby. But this contradicts the assumption
that d is minimal. Namely, dim¢ h(A) < oo implies dim¢ /#/(A) < 00, and the linear
independence of ay, ..., ag—; together with b} # 0 implies &’ # 0 by Lemma 7.42.

Thus, there exist nonzero a;, by € Q,(R) such that dim¢ ajAb; < oo. This read-
ily implies that dim¢ ajrAb1s < oo for any r, s € R. By Theorem 7.23 (b)—(c), we
may choose r and s so that a := ajr and b := bys are nonzero elements in R. O

We are now just a step away from Martindale’s theorem. However, let us pause
for a moment and examine the special case where R is a simple unital ring. This is
needed for applications to PI-rings in the next section.

Lemma 7.50 A simple unital GPI-ring R is a finite dimensional algebra over its
center Z.

Proof Recall that Q,(R) = R and hence C = Z, the center of R (cf. Example7.27).
By Lemma 7.49 there exist a, b € R\ {0} such that L R}, is a finite rank operator.
Since R is simple and unital, Z/’ ujavj = >, wibzx = 1 for some u;, vj, wy, zx € R.
Consequently, Zj’ i Lu Rz, (LaR},)LVjRWk is the identity operator, and has finite rank.
This means that [R : Z] < oo. O
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Theorem 7.51 (Martindale) A nonzero prime ring R is a GPI-ring if and only if
A := Rc is a primitive ring containing an idempotent e such that Ae is a minimal
left ideal of A and eAe is a finite dimensional division algebra over C.

Proof We start with the easier “if”” part. Let d := [eAe : C]. Then
Sq+1(exie, ..., exqgr1e) =0

forallxy, ..., xs41 € R(see Example6.15). Thisis a generalized polynomial identity
whose 1-term exjexse. .. ex,e is not identically zero since R is prime.

We proceed to the “only if” part. By Lemma 7.49, there exist a, b € R \ {0} such
that dimc aAb < oo. If L # 0 is a left ideal of A such that L € Ab and M # 0 is
a right ideal of A such that M C aA, then ML C aAb and hence dim¢c ML < o0;
moreover, ML # 0 for A is prime (Lemma 7.40). Choose L and M so that ML has
minimal dimension. We claim that AML is a minimal left ideal of A. Let L’ be a left
ideal suchthat0 # L' € AML.ThenL’' C L,hence ML' C ML, andso ML' = ML by
the dimension assumption. Consequently, L’ 2 AML’' = AML, proving that AML is
indeed minimal. We can now invoke Lemma 2.58 to obtain an idempotent e € A such
that Ae = AML and eAe is a division algebra. Moreover, using e € AML C AaAb it
can be easily shown that eAe is finite dimensional over C. Finally, Lemma 5.5 tells
us that A is a primitive ring. (|

The results from Sect. 5.4 therefore hold for the central closure R¢c of a prime
GPI-ring R. Moreover, the associated division ring of R¢ is a finite dimensional
algebra in this context. A general prime GPI-ring is therefore quite close to the one
considered in Example 7.47.

7.8 Primitive PI-Rings

We proceed with polynomial identities. So far we have considered them only in
algebras, not yet in rings. Thus, the first question that presents itself is how to define
a polynomial identity of a ring. An obvious choice is to give the same definition
as for algebras, but requiring that the noncommutative polynomial in question has
coefficients in Z (instead of in F'). This is all right, but the problem, then, is identifying
identities that should be treated as nontrivial. For instance, if aring R has characteristic
p, then the polynomial p&é vanishes on R. As there is no reason why an algebra of
characteristic p should be a PI-algebra, we cannot regard p&, in spite of being a
nonzero polynomial in Z(£), as anontrivial identity of R. Any definition of a nontrivial
polynomial identity of a ring is therefore somewhat technical. One possibility is to
admit those polynomials whose coefficient at one of their monomials of highest
degree is 1. Assuming that such a polynomial is an identity and then employing
the linearization process, one derives a multilinear identity in Z(&, &, ...) such
that one of its coefficients is 1. This can be easily shown by inspecting the proof of
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Theorem 6.24, but there is no absolute need for us to bother with details. Let us simply
restrict our attention to multilinear identities. Unlike in Chap. 6, we are now interested
in the structure of rings satisfying some nontrivial polynomial identity, rather than
in particular polynomial identities. Therefore we can afford this restriction without
any loss of generality.

Definition 7.52 A ring R is said to be a PI-ring if there exists

= koboty.. Eom) € ZiE1, E2,...)

ogeS,

such that k; = 1 and f is a (polynomial) identity of R, i.e., f(x1, ..., x,) = O for all
X1,...,X, €R.

Of course, it is only important that one of the k,’s equals 1. But it is convenient
to require that k; = 1. This does not harm the generality for we can always rename
the indeterminates.

If R is an algebra over a field, then R is a PI-algebra in the sense of Definition 6.13
if and only if R is a PI-ring in the sense of Definition 7.52. This is not obvious, but
we omit the proof.

We will consider only prime PI-rings. This will make it possible for us to develop
a decent structure theory. Without any restriction on rings we would face examples
such as nilpotent rings, Boolean rings, the Grassmann algebra, etc. This is just too
much to handle.

We will study general prime PI-rings in the next section, while this one is devoted
to a smaller class of primitive PI-rings. What are the examples of such rings? Recall
that there are two basic examples of Pl-algebras: commutative algebras and finite
dimensional algebras. Since a commutative primitive ring is a field (Lemma 5.7), and
hence a 1-dimensional algebra over itself, the only immediate examples of primitive
PI-rings are finite dimensional primitive (and hence simple, see Corollary 5.19)
algebras. We will show that these obvious examples are, in fact, the only examples.
For simple unital rings, which form a subclass of primitive rings (see Lemma 5.6),
this follows immediately from Lemma 7.50. Namely, every prime Pl-ring R is also a
GPI-ring. Indeed, the identity > es, koXo(1y .- Xgm) = 0, k; =1, can be regarded
as amultilinear generalized polynomial identity (7.5) with af; being integer multiples
of 1; if R # 0, then its 1-term x ... X, is not an identity since R, as a prime ring, is
not nilpotent. Thus:

Lemma 7.53 A simple unital Pl-ring R is a finite dimensional algebra over its
center Z.

The assumption that R is unital is actually redundant. Theorem 7.56 below shows
that a simple PI-ring has a nonzero center, from which one easily deduces that it
is automatically unital. Anyway, Lemma 7.53 in its present form is sufficient for


http://dx.doi.org/10.1007/978-3-319-08693-4_6
http://dx.doi.org/10.1007/978-3-319-08693-4_6
http://dx.doi.org/10.1007/978-3-319-08693-4_6
http://dx.doi.org/10.1007/978-3-319-08693-4_5
http://dx.doi.org/10.1007/978-3-319-08693-4_5
http://dx.doi.org/10.1007/978-3-319-08693-4_5

7.8 Primitive Pl-rings 185

our purposes. We will use it not only in the proof of the next theorem, but also
in the next section. Since this lemma was (indirectly) derived from Lemma 7.49
which concerns prime GPI-rings, one might wonder whether the proof of the latter
becomes simpler if we adapt it to the case where R is a simple unital PI-ring. However,
besides notational simplifications and the omission of the last paragraph, there are
no essential differences.

The following theorem was proved in 1948 by 1. Kaplansky in his pioneering
paper on polynomial identities.

Theorem 7.54 (Kaplansky) A primitive PI-ring R is a finite dimensional simple
algebra over its center Z.

Proof In light of the Jacobson Density Theorem (Theorem 5.16), we may assume
that R is a dense ring of linear operators of a vector space V over a division ring
A. We will now mimic the proof of Lemma 6.38. Let f be a polynomial as in
Definition 7.52. Suppose there exist linearly independent vectors ug, u1, ..., u, € V.
By density, we can choose A1, ..., h, € R so that h;(u;) = S;uj—1,1 < i,j < n.
Then hy ... h,(u,) = ug, while for any product of the £;’s in a different order
we have h; hj, ... h;,(u,) = 0. Hence f(hy, ..., hy)(u,) = ug # 0, a contra-
diction. Consequently, dimy V' < n, and so R = Enda(V) (Corollary 5.13).
Thus, R is a simple unital ring (cf. Theorem 3.31 and Example 1.10). Now apply
Lemma 7.53. (]

7.9 Prime PI-Rings

The class of prime PI-rings is substantially larger than the class of primitive PI-rings.
First of all, it contains all commutative domains. Rings from Examples7.7-7.9,
ie., M,(Z), [%222], and Z & Zi & Zj & Zk are all examples of prime PI-rings.
Indeed, proving that they are prime is easy, and, as subrings of finite dimensional
algebras (M,,(Q), M>(Q), and Hi, respectively) which satisfy standard polynomials,
they are PI-rings. A description of prime PI-rings is therefore necessarily somewhat
entangled, especially when compared with that of primitive PI-rings. Examples just
given indicate that rings of quotients naturally come into play in this context.

Our first lemma already says a lot, yet it does not give the full picture. We use the
standard notation: R is a nonzero prime ring with center Z, extended centroid C, and
central closure Rc.

Lemma 7.55 IfR is a prime Pl-ring, then A := Rc is a finite dimensional central
simple algebra.

Proof Let U be a nonzero ideal of A. Every multilinear identity of R is obviously
also an identity of A, and hence also of U. Let f = > s koko(1)---Eom) €
Z(&1,&>,...), ki = 1, be a multilinear identity of U of minimal degree n.
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Write

f =gk + D gibami, (7.9)

where g, g; are multilinear polynomials and each m; is a monomial with leading
coefficient 1 and of degree at least 1. Since g has degree n — 1 and &;...&,_ is
one of its monomials, g is not an identity of U. Let uj,...,u,—1 € U be such
that  := g(uy, ..., uy,—1) # 0. According to (7.9), f(u1, ..., un—1,x) = 0 can be
written as ux = > vixw; for all x € U and some v; € AU Z, w; € U. This in
particular holds for all x in R N U, which is an ideal of R different from O (the latter
follows from Theorem 7.23). Writing ux as ux1, we thus infer from Theorem 7.43
that 1 is a C-linear combination of the w;’s. Therefore 1 € A and so C C A,
yielding 1 € >, Cw; € U. Thus U = A, showing that A is a simple unital algebra.
By Lemma 7.53, A is finite dimensional over its center (which is equal to C by
Lemma 7.30). O

Given an arbitrary ring R and its proper ideal I, it is quite likely that / does not
contain nonzero elements from the center Z of R. For example, this is certainly the
case if Z is a field. On the other hand, take M,,(Z), which is a typical example of a
prime PI-ring. One can easily check that its nonzero ideals have the form M,,(kZ) for
some k € N (cf. Corollary 4.43). Therefore each of them contains nonzero integer
multiples of the identity matrix. Thus, nonzero ideals of M, (Z) intersect the center
of M,,(Z) nontrivially. This is actually true for every prime PI-ring:

Theorem 7.56 If1 # 0 is an ideal of a prime PI-ring R, then I N Z # 0.

Proof Take an arbitrary nonzero C-linear functional y on A := R¢. Since we know
by Lemma 7.55 that A is a finite dimensional central simple algebra, Lemma 1.25
shows that there exists g € M(A) such that g(x) = y(x)1, x € A. Choose a;, b; € A
so that g = Z?:lLaini and the sets {ai,...,a,} and {b1, ..., by} are linearly
independent (cf. Remark 1.23). Lemma 7.35 implies that there exists a nonzero ideal
J of R such that, in particular, @;J € R and Jb; C R for every i. Then K := J1J is also
a nonzero ideal of R and satisfies g(K) € I N C. Since g(K) # 0 by Lemma 7.42, it
follows that I N C # 0. Of course, INC =1NZforl CR. U

Theorem 7.56 actually holds even for semiprime rings. This was proved by
L.H. Rowen in 1973 (for the proof see, e.g., [RowO08, p. 419]).

Corollary 7.57 IfRis aprime PI-ring, thenZ # 0 and C = Z, the field of quotients
of Z. Moreover; if Z is a field, then R is a finite dimensional central simple algebra.

Proof Taking R for I in Theorem 7.56 we obtain Z # 0. Let A € C. By (b) (of
Theorem 7.23) there exists an ideal / # 0 of R such that A/ C R. Using Theorem 7.56
again we obtain anonzeroz € INZ.Hence Az € RNC =Z,andso A = 7771 with
z,7 € Z. This proves that C = Z Finally, if Z is a field, then Z = 7= C, and hence
R = Rc is a finite dimensional central simple algebra by Lemma 7.55. (I
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The next theorem sharpens Lemma 7.55. It is usually attributed to E. Posner who
proved a slightly weaker version in 1960.

Theorem 7.58 (Posner) If R is a prime PI-ring, then Qz(R) is a finite dimensional
central simple algebra.

Proof Corollary 7.57, together with Lemma 7.36, shows that Q7 (R) = R¢. Now use
Lemma 7.55. O

By Wedderburn’s theorem, Qz(R) is isomorphic M, (D) for some finite dimen-
sional central division algebra D and n € N. The point of Theorem 7.58 is that every
prime Pl-ring is very close to such an algebra. Namely, every element in Qz(R) can
be written as rz~ ' where r € R and z € Z. For example, every matrix in M, (Q) is of
the form 17, where z € Z \ {0} and T € M, (Z).

The converse to Theorem 7.58 is trivially true: If Qz(R) is finite dimensional,
then it satisfies a standard identity so that it is a PI-ring, and so is its subring R. A
somewhat rougher characterization of prime PI-rings reads as follows.

Corollary 7.59 A prime ring R is a Pl-ring if and only if R can be embedded into
M, (K) for some m € N and some field K.

Proof The “if” part is clear. Let R be a PI-ring. Then Qz(R) is a finite dimensional
simple algebra over its center Z.LetK bea splitting field for Qz(R) (for example,
we can take an algebraic closure of ?). The scalar extension of Qz(R) to K is then
isomorphic to M,,(K). ([

Remark 7.60 If R is a prime PI-algebra over a field F, then F is a subfield of 7 (see
Remark 7.32), and so K is an extension field of F.

Corollary 7.59 implies that every prime PI-ring R satisfies a standard polynomial.
In fact, if R embeds in M,,(K), then, by the Amitsur-Levitzki Theorem, R satisfies
S2m-

As observed in the proof of Theorem 7.58, Oz (R) = R holds for a prime PI-ring.
For clarification, we add the following corollary.

Corollary 7.61 IfR is a prime PI-ring, then Qz(R) = Q,(R) = Q.r(R).

Proof 1tis clear that Q7 (R) satisfies conditions (a)—(c) of Theorem 7.23. It remains to
prove (d). Take anonzeroideal I of R and aright R-module homomorphism f: I — R.
By Theorem 7.56 there exists 0 # ¢ € INZ. Wehavef(c)x = f(cx) = f(xc) = f(x)c
for every x € I, and so f(x) = ¢~ f(e)x. Since ¢~ If (¢) € Qz(R), this proves that
0z(R) = 0 (R).

To prove that Q. (R) = Qz(R), we have to verify that Oz (R) satisfies conditions
of Definition 7.10. Only the fulfillment of (b) is not entirely obvious. Take a regular
element s in R. Then s is clearly also regular in Qz(R). But then, since Qz(R) is a
finite dimensional unital algebra, s is invertible in Oz (R) (cf. Remark 1.31 (b)). This
proves (b). ([l
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In this final section we apply the above theory to a different theme.

Definition 7.62 Let A be an algebra over a field F. A polynomial (&1, ...,&,) €
F(&1, &, ...) with zero constant term is said to be a central polynomial for A if

f(x1,...,x,) lies in the center of A for all x1, ..., x, € A, but f is not an identity
of A.
In other words, f (&1, ..., &,) is a central polynomial if f is not an identity, but

[f, &n+1] is. This shows that central polynomials can exist only on PI-algebras. The
condition that f must have zero constant term excludes the trivial possibility where
f is a sum of a constant polynomial and an identity.

Example 7.63 The polynomial [£1, &] is a central polynomial for the Grassmann
algebra G; see Example 6.16.

Example 7.64 The polynomial [&], £&]% is a central polynomial for the algebra
M>(F). One can check this by a short calculation. On the other hand, this follows
from the Cayley-Hamilton Theorem applied to the commutator of two 2 x 2 matri-
ces. Indeed, recall that the characteristic polynomial is given by the formula (6.10)
from Sect. 6.8, and that the trace of a commutator is 0. A similar, but multilinear
polynomial [£1, £2][&3, £4] + [£3, €41[&1, &2] is also central for M3 (F).

There is no obvious way to generalize Example 7.64 to matrices of larger size. In
fact, finding examples of central polynomials for M,,(F) is not an easy task. However,
they do exist, as we will soon find out.

Let us recall a few facts about the T-ideal I, := Id(M,,(F)) from Sect.6.7. We
assume, until further notice, that F is an infinite field. The relatively free algebra
F(X) /I, is then isomorphic to the algebra of n x n generic matrices GM,,(F); this is
the subalgebra of M, (F[2]), 2 = {9;,? ljk=1,....n,i=1,2,...}, generated

by all n x n generic matrices g = (.QS?), i € N, and the identity matrix (Example
6.34). The algebras M,(F) and GM,,(F) satisfy the same polynomial identities
(Lemma 6.32).

The next theorem was established independently by E. Formanek and Yu.P.
Razmyslov in the early 1970s.

Theorem 7.65 For every n € N, there exists a central polynomial for M,,(F).

Proof Let F($2) be the field of rational functions in £2 (i.e., the field of quo-
tients of F[£2]). Consider GM,,(F) as a subring of the F(§2)-algebra M, (F(52)).
Denote by GM,,(F) the F(§2)-subalgebra of M, (F(52)) generated by GM,, (F).
This is, of course, just the linear span of GM,,(F). Corollary 7.46 states that the
Capelli polynomial c,> is not an identity of M,(F), therefore it is not an iden-
tity of GM,,(F'), and neither of GM,,(F). Using Corollary 7.46 again it follows
that GM,,(F) = M, (F(82)). This implies that GM,,(F) is a prime ring. Indeed,


http://dx.doi.org/10.1007/978-3-319-08693-4_6
http://dx.doi.org/10.1007/978-3-319-08693-4_6
http://dx.doi.org/10.1007/978-3-319-08693-4_6
http://dx.doi.org/10.1007/978-3-319-08693-4_6
http://dx.doi.org/10.1007/978-3-319-08693-4_6
http://dx.doi.org/10.1007/978-3-319-08693-4_6

7.10 Central Polynomials 189

if a, b € GM,(F) satisfy axb = 0 for every x € GM,(F), then this obviously
also holds for every x € GM,,(F) = M, (F(82)), and hence a = 0 or b = 0 since
M, (F(£2)) is prime.

Thus, GM,,(F) is a prime PI-ring. The F-subalgebra of GM,,(F) generated by all
generic matrices g (but without the identity matrix) is clearly an ideal of GM,,(F).
Theorem 7.56 implies that it contains a nonzero central element. Hence, the center
of GM,,(F) contains elements different from scalar multiples of unity. The same
therefore holds for the isomorphic algebra F(X)/I,,. Let f + I,, be an element of the
center of F'(X) /I, which is not of the form « + I,,, « € F. Note that f — &g, where
« is the constant term of f, is a central polynomial for M, (F). O

With some extra effort one can prove Amitsur’s theorem saying that GM,,(F') is not
only prime, but a domain (see, e.g., [Row08, p. 467]). Consequently, Oz (GM,,(F))
is also a domain; moreover, Theorem 7.58 thus implies that it is a finite dimensional
central division algebra. It is called the universal division algebra of degree n.

Requiring the infinity of F in our proof of Theorem 7.65 is the price we had to
pay for relying merely on the abstract theory. Constructive proofs, such as given by
Formanek and Razmyslov, work regardless of the cardinality of F. (On the other
hand, the case where F is finite can be reduced, by elementary means, to the case
where F is infinite.)

As indicated in the last two paragraphs, there is much more to say. But every book
must have an end.

Exercises

7.1. Let R be a ring such that its center Z is nonzero and all elements in Z \ {0} are
regular. Show that Qz(S) = Qz(R) for every ring S such that R € S € Oz (R).

7.2. Find an example of a ring R such that R C Oz (R) C O, (R).

7.3. Let F C K be fields, and let T be a ring such that F € T C K and K is the
field of quotients of 7. Note that R = [g ﬂ is a ring under the standard matrix
operations. Prove that R satisfies the right Ore condition and describe its right
classical ring of quotients. Show by an example that R does not necessarily
satisfy the left Ore condition.

7.4. Show that every PI-algebra A satisfies a nonzero identity in two indeterminates.
Hence derive that if A is a domain then it is a right (and left) Ore domain.

Remark: The latter can be also deduced from Proposition7.19, as well as from
the structure theory (cf. Corollary 7.61).

7.5. Let I be a nonzero ideal of a prime ring R. Show that Q,(I) = Q,(R).
7.6. Show that an automorphism of a nonzero prime ring R can be uniquely extended
to an automorphism of Q,(R).
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1.7.

7.8.

7.9.

7.10.

7.11.

7.12.

7.13.

7.14.
7.15.

7 Rings of Quotients and Structure of PI-Rings

Let ¢ be an automorphism of a prime ring R, and let 0 # g € Q,(R) be such
that gp(x) = xq for all x € R. Show that ¢ is invertible in Q,(R) (and so
@(x) = g 'xq for all x € R).

Let R # 0 be a prime ring. Denote by Q(R) the set of all g € Q,(R) for which
there exists a nonzero ideal J of R such that Jg € R. Show that Qs(R) is a
subring of Q,(R) which contains R and whose center is the extended centroid C
(thus, R € R¢c € Qx(R) € O,(R)). We call Q,(R) the symmetric Martindale
ring of quotients of R. Note that ¢ from the preceding exercise actually lies in
QO (R). Show that if R is a domain,then so is O, (R).

Show that & is a zero-divisor in Q,(F (&, n)). Thus, Q,(F (€, 1)) is not a domain
and it properly contains F (&, n). Show, however, that F (£, n) is centrally closed.

Let R be a ring. Note that the set of all R-bimodule homomorphisms from R
into R forms a ring under the standard operations. We denote it by W and call
it the centroid of R. Show that:

(a) If R is unital, then W is isomorphic to the center Z of R.

(b) If R? = R, then W is commutative.

(c) If R simple, then W is isomorphic to the extended centroid C of R.

(d) If R is prime, then W can be embedded into C; show by an example that
W is not necessarily isomorphic to C.

Letd and d’ be derivations of aring R. Check that dd’ —d'd is again a derivation,
while there is no reason to believe that dd’ is a derivation. In fact, show that
if R is prime and char(R) # 2, then dd’ is a derivation only when d = 0 or
d’ = 0. The assumption on char(R) is necessary; show that if R is semiprime,
then d? is a derivation if and only if 2d = 0.

Remark: The first of these two results was obtained by E. Posner in 1957,
before the discovery of the extended centroid. However, the proof becomes
shorter by making use of it.

Let R be a prime ring with extended centroid C. Suppose that a nonzero
derivation d of R and ¢ € Q,(R) \ C satisfy d(x)g = —qd(x) for all x € R.
Show that there exists A € C such that d(x) = A[g, x] for all x € R, and that
¢ eC.

Let R be aring. A biadditive map D : R x R — R is called a biderivation if the
maps x — D(x,y) and x — D(y, x) are derivations for every y € R. Suppose
that R is prime and noncommutative. Show that then there exists A from the
extended centroid C such that D(x, y) = A[x, y] for all x, y € R. Hence derive
that every additive map f : R — R satisfying f (x)x = xf(x) for every x € R is
of the form f(x) = Ax + u(x) where A € Cand u : R — C.

Hint: Begin by computing D(xy, zw) in two different ways.

Let R be a domain. Show that if R is a GPI-ring, then it is a PI-ring.

Let R be a simple unital ring. Prove that R is isomorphic to the ring of n x n
matrices over a field if and only if there exists 0 # a € R such that axaya =
ayaxa for all x,y € R.



Exercises 191

7.16.

7.17.

7.18.

7.19.

7.20.

7.21.

7.22.

7.23.

Let R be a prime ring, and let a; € R. Prove that ajxayxaz = 0 for all x € R
implies that at least one g; is 0. Show by an example that ajxaxxazxas = 0 for
all x € R does not, in general, imply that one of the a;’s is 0.

Hint: Theorem 7.51 suggests where to look for examples. However, they exist
only under a strong restriction on char(R).

True or False:

(a) Every nonzero ideal of a prime PI-ring contains a regular element.

(b) Every nonzero ideal of a prime GPI-ring contains a regular element.
(c) Every left zero-divisor in a prime PI-ring is also a right zero-divisor.
(d) Every left zero-divisor in a prime GPI-ring is also a right zero-divisor.

True or False:

(a) If anonzero ideal of a prime ring R is a PI-ring, then R is a PI-ring.
(b) If a nonzero left ideal of a prime ring R is a PI-ring, then R is a PI-ring.

Show that a prime PI-ring with finite center is isomorphic to the ring of n x n
matrices over a finite field.

Let R be prime PI-ring, let 7 be the field of quotients of the center Z of R, and
let n € N. Prove that the following statements are equivalent:

(1) Oz(R) is a central simple algebra over 7 with dim3 Qz(R) = n?.
(ii) R satisfies sp,, but does not satisfy nonzero identities of degree less than
2n.

(iii) There exists a field K such that R can be embedded in M,,(K), and M,,(K)
satisfies the same multilinear identities as R (accordingly, R cannot be
embedded in M,,_(H) for any commutative ring H).

(iv) The degree of algebraicity over Z of every element in R is at most 7, and
there exist elements in R whose degree of algebraicity is n.

A polynomial f(&1,...,&,) € F(&,&,...) is called a weak identity of

M, (F) if f(ay, ..., ay) = 0 for all trace zero matrices a; € M, (F). Find a

weak identity of M>(F) of degree 3.

Hint: Example 7.64.
Show that [£1, &;] cannot be a central polynomial for a prime algebra.

Remark: This can be proved by applying the theory, but also directly, by
elementary means.

Show that a central polynomial for M,,(F) is an identity of M,_1 (F).
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