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Chapter 1

Review of group theory

1.1 Motivation and definition

A group is an abstract version of the set of symmetries of an object. As an
example, consider the plane motions preserving an equilateral triangle. There are
six such symmetries: rotation 120° clockwise or anti-clockwise, reflection in one
of the three altitudes and the identity symmetry that does not move any points
at all. Note that the composition of two symmetries is again a symmetry. For
instance, drawing the triangle as in Figure 1.1 and letting r denote rotation 120°
clockwise and s reflection in the vertical altitude, the composition sor is reflection
in the altitude through the lower right corner.

B

C A
A / \ B
sSsor

B C A C

e}

Figure 1.1: Composition of symmetries

Obviously, composition of symmetries satisfies the associative law (a0 b) o c =
a o (boc). Moreover, each symmetry is invertible and the inverse map is again
a symmetry. That is, for each symmetry a there is a symmetry a=!' such that
aoa~! = a toa = id. The formal definition of a group is based on these properties

of symmetries.

Definition 1.1.1. A group G is a set equipped with a map G x G — G (the
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multiplication) that we denote (a,b) — a-b = ab. The multiplication should
satisfy the associative law

a-(b-c)=1(a-b)-c, a, b, c e G. (1.1a)
Moreover, there should be an identity element 1 € G such that
a=1l-a=a-1, acG. (1.1b)

Finally, each element should be invertible, that is, each a € G should have an
inverse a~! € G such that
a-a=a " a=1. (1.1¢)

It is easy to see that the identity element and the inverse of each element are
unique.

Note that we do not require the commutative law a - b = b - a. Indeed, it is
easy to check that, in the example of Figure 1.1, r o s # s o r. However, there are
many important examples of groups where the commutative law holds. A group
with that property is called abelian (or commutative). In abelian groups, it is
customary to use additive rather than multiplicative notation. That is, we denote
multiplication by (a,b) — a + b (and call it addition), inversion by a — —a and
the identity element by 0. Using the commutative law in the form

a+b=b+a,
the group axioms (1.1) simplify to
a+(b+c)=(a+b)+c, a=a+0, a+ (—a) =0.

In an abelian group we may introduce subtraction as a—b = a+(—b). By contrast,
in non-abelian groups we never write ¢ as it is not clear if this would mean ab~!
or b~ ta.

Some examples of groups are:

e The set of all invertible maps from a set X to itself is a group under compo-
sition. We will denote it Sx.

e If X is a finite set, an invertible map from X to itself is called a permutation.
We often take X = {1,...,n} and write S, instead of Sx. The group S, is
called the symmetric group on n elements.

e If V is a vector space!, the set of invertible linear maps from V to V is a
group, again under composition. It is called the general linear group and is
denoted GL(V).

'We will review the definition in §3.1; you may think of R” or C”.



e The set of invertible complex n x n-matrices is a group under matrix mul-
tiplication. It can be identified with GL(C"); another common notation is

GL(n,C).

e Each of the number systems Z, Q, R and C is an abelian group under addi-
tion.

e None of the number systems Z, QQ, R and C is a group under multiplication.
However, Q* = Q\ {0} is a group and so is R* and C*, but not Z*. Likewise,
Q-0 and R are groups under multiplication. All these groups are abelian.

e Any vector space is an abelian group under addition of vectors.

e For a fixed positive integer n, the numbers 0,1,...,n — 1 form an abelian
group under addition modulo n. It is known as the cyclic group of order n
and will be denoted Z,,.

Thanks to the associative law, one can define positive powers a* of an element
unambiguously (a*> = a-a, a® = a-(a-a) = (a-a)-a,a* =a-(a-(a-a)) =---). One
also defines a® = 1 and a* = (a!)~* for negative k. It is then easy to prove that
a"*tt = d*a! for k, 1 € Z. Of course, in an abelian group we write ka =a +--- +a
rather than a* = a-- - a.

Exercise 1.1.1. Write down the 6 x 6 multiplication table for the symmetry group
of the triangle.

Exercise 1.1.2. Show that if ab = 1 in a group then ba = 1. (That is, any right
inverse is also a left inverse.)

Exercise 1.1.3. Let Z} be the subset of Z,, consisting of integers relatively prime
to n. Show that Z is a group under multiplication modulo n.

1.2 Subgroups and homomorphisms

Many groups in the list of examples above are sitting inside each other; for instance,
7Z C Q € R C C. Another example is the symmetry group of the equilateral
triangle, which sits inside the much larger group of all invertible maps from the
triangle to itself.

Definition 1.2.1. A subgroup? of a group G is a non-empty subset H C G such
that if a,b € H thena-b€ H anda™' € H.

2Swedish: undergrupp, delgrupp. A unicorn dies each time you say subgrupp.



Equivalently, a subgroup is a subset H C G which is a group with the same
multiplication as G (or, to be hyper-correct, the restriction of the multiplication
on G xGto HxH).

We also need a notion of “sameness” for groups. For instance, if we know how
a symmetry (still in the sense of planar motions) of the equilateral triangle acts
on the corners, we know how it acts on the whole triangle. Thus, we can identify
the symmetries with permutations of the three corners. Since all six permutations
appear in this way, the symmetry group of the equilateral triangle can be identified
with S3. The technical term for being the same algebraic structure is isomorphic.

Definition 1.2.2. We say that two groups G and H are isomorphic if there exists
an invertible map ¢ : G — H (called an isomorphism) such that

o(a-b) = ¢(a) - o(b), a, beqG. (1.2)

Note that the multiplication dot on the left of (1.2) refers to the multiplication
in G and the one on the right to the multiplication in H. We will use the notation
G ~ H for isomorphic groups.

Relaxing the condition that ¢ is invertible gives another important type of map
between groups.

Definition 1.2.3. If G and H are groups, a map from G to H that satisfies (1.2)
1$ called a homomorphism.

An endomorphism is a homomorphism from a group G to itself. A bijective
endomorphism is called an automorphism.

Exercise 1.2.1. Show that if ¢ : G — H is a homomorphism, then ¢(1g) = 1y
and ¢(a™t) = ¢(a)! for all a € G.

Exercise 1.2.2. Show that the cyclic group Zy is isomorphic to a subgroup of

C.

Exercise 1.2.3. Show that the group R~ (under multiplication) is isomorphic to
the group R (under addition).

Exercise 1.2.4. Is Q-( isomorphic to Q7

Exercise 1.2.5. Show that any subgroup of Z is of the form nZ = {nz; x € Z},
where n is a non-negative integer.

Exercise 1.2.6. Let H C G be a subset such that a, b € H = ab € H. Show
that if GG is finite then H is a subgroup of G. Show that this need not be the case
if G is infinite.



1.3 Generating sets and cyclic groups

It is easy to see that the intersection of any family of subgroups is itself a subgroup.
Thus, if S C G is an arbitrary subset, we can take the the intersection of all
subgroups of G containing S, obtaining in this way the smallest such subgroup. It
is called the group generated by S.

A group generated by a single element is called a cyclic group.

Proposition 1.3.1. Any cyclic group is either isomorphic to Z or to Z,, for some
positive integer n.

Proof. Suppose G is generated by a € G. With a* as defined in §1.1, let H =
{a*; k € Z} C G. Since a*a! = a**' and (a*)™! = a7*, H is a subgroup containing
a. Since G is generated by a it follows that H = G. There are now two possibilities.
If the powers a® are all distinct, then k — a* defines an isomorphism from Z to
G. Else, a* = a' for some k < I. With n = [ — k we then have a” = 1. Let n
be the smallest positive integer with this property. Then, G = {1,a,d?,...,a" '}
and k — a” is an isomorphism from Z, to G. ]

The order of a finite group is the number of elements in the group. The order
of a group element a is the smallest positive integer n such that a™ = 1. By the
proof of Proposition 1.3.1, any element in a finite group has finite order, which is
equal to the order of the subgroup generated by a.

Exercise 1.3.1. Show that the group generated by S C G consists of all finite
words z1 - - - x,, where z; € S or xi_l € 5. If G is abelian, show that this simplifies
to kyxq + -+ + knx,, where k; € Z and z; € S.3

Exercise 1.3.2. Show that the group S3 is generated by two elements. Describe
all pairs of elements that work.

1.4 Actions and representations

We started our lecture by saying that a group is an abstraction of the set of
symmetries of an object. It is natural to ask how much more general these abstract
groups are compared to concrete symmetry groups. The answer is that they are
not a bit more general; if we define a symmetry group to be a group of invertible
maps on some set X, then any group is isomorphic to a symmetry group. Indeed,
if G is a group we can define ¢ : G — Sg by ¢(a)(b) = ab. It is easy to see that ¢ is
an injective homomorphism, hence G is isomorphic to the subgroup Im(¢) C S¢.

3Note the similarity to the subspace spanned by a set S in linear algebra. As we will see in
83, abelian group theory can be viewed as linear algebra over Z.
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In particular, for finite groups we have Cayley’s theorem, saying that any group
with n elements is isomorphic to a subgroup of S,,.

More generally, a homomorphism ¢ : G — Sx is called a group action®. If it is
injective, so that G is isomorphic to a subgroup of Sy, it is called a faithful action.
An example is the action of S3 on the equilateral triangle.

A particular case of group actions are group representations. These are homo-
morphisms G — GL(V'), where V is a vector space. (Since GL(V) is a subgroup
of Sy, a representation is indeed an action.) Group representations are a powerful
tool to investigate symmetries, both from an abstract and an applied viewpoint.
For instance, in quantum mechanics a physical system is described by a Hilbert
space. Symmetries of the system result in a representation of the corresponding
group on the Hilbert space, which may lead to non-trivial physical information.

We will have much to say about group representations in §6-8, but let us note
already that there is a version of “Cayley’s theorem” for representations. Namely,
let G be a group and V' the complex vector space of all functions G — C. Then
we can define ¢ : G — GL(V) by (¢(a)(f))(b) = f(a™'b), where a, b € G and
f € V. It is easy to check that ¢ is an injective homomorphism (called the reqular
representation), so we have realized G as a group of invertible linear maps on a
vector space. In particular, if G is a finite group with n elements, then dim (V') = n.
We conclude that any group with n elements can be realized as a group of complex
n X n-matrices.

Exercise 1.4.1. Show that ¢(a)(b) = aba™! defines an action of a group G on
itself. Show that this action is faithful for G = S3, but not for groups in general.

Exercise 1.4.2. Let V' be the vector space of all complex-valued functions on a
finite group G. A natural basis for V' are the Kronecker delta functions (d,).cc
defined by d,(a) = 1 and 6,(b) = 0 for b # a. Show that, in the regular represen-
tation, ¢(a)(dy) = dap. Conclude that any group with n elements can be realized
as a group of n X n permutation matrices, that is, matrices with exactly one 1 in
each row and column, all other elements being 0.

Exercise 1.4.3. Starting from the example with the equilateral triangle, describe
a two-dimensional faithful representation of Ss.

1.5 Cosets and quotients

Definition 1.5.1. If H C G is a subgroup and a € G, then aH = {ah; h € H} is
called a (left) coset> of H.

4Swedish: gruppverkan.
5Swedish: sidoklass.
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As an example, if nZ is considered as a subgroup of Z, the cosets are the residue
classes {x € Z; x = k mod n}. As another example, if the z-axis {(z,0); x € R}
is considered as a subgroup of R?, the cosets are the horizontal lines. For a non-
commutative example, let SL(n, C) (the special linear group) denote the subgroup
of GL(n,C) consisting of matrices with determinant 1. Then the cosets consist of
matrices with determinant a, for fixed a € C*.

It is easy to see that the cosets form a partition of GG, that is, each element of G
belongs to exactly one coset. Moreover, the map h — ah is a bijection H — aH,
so all cosets of H have the same cardinality. In particular, if G is finite then
the number of cosets is |G|/|H|. (In general, we use |S| to denote the number of
elements in a finite set S.) The following simple consequence is fundamental for
understanding the structure of finite groups.

Proposition 1.5.2 (Lagrange’s Theorem). If H is a subgroup of a finite group G,
then |H| divides |G)|.

To exemplify the usefulness of this result we state two immediate consequences.

Corollary 1.5.3. If G is a group of order n, then the order of each element in G
divides n. In particular, a™ =1 for all a € G.

This follows by applying Lagrange’s theorem to the subgroup generated by a.
Corollary 1.5.4. If G is a group with p elements for a prime p, then G ~ Z,,.

Indeed, by Corollary 1.5.3, all elements have either order 1 or p. Since only
the unit element has order 1, any other element generates a subgroup isomorphic
to Z,, which must be the whole group.

In some situations, the cosets of a subgroup form a group in a natural way. For
instance, adding residue classes modulo n gives the cyclic group Z,. In general,
we would like to multiply cosets by the rule

aH -bH = abH, (1.3)

but this may depend on the choice of a. If we replace a by ah, with h € H, the
left-hand side of (1.3) does not change, so we must have ahbH = abH. Multiplying
with b~*a~! from the left gives b='hbH = H, which is equivalent to b='hb € H.
This motivates the following definition.

Definition 1.5.5. A subgroup H C G is called normal if a*ha € H for alla € G
and h € H.

If H is a normal subgroup of G, we write H < G. It is then easy to see that
(1.3) defines a group structure on the cosets of H. The resulting quotient group is
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denoted G/H. In particular, the unit element is 1g/5 = H. As we have already
indicated, an example of a quotient group is Z/nZ ~ Z,,.

If G is abelian, then a~*ha = h always, so any subgroup of an abelian subgroup
is normal. On the other hand, it is easy to check that the permutations of {1, 2,3}
that fix the element 3 form a non-normal subgroup of Ss.

To state the main fact about quotient groups we need the following definition.

Definition 1.5.6. The kernel® of a group homomorphism ¢ : G — H is the
inverse image of the identity, that is, Ker(¢) = {a € G; ¢(a) = 1}.

The following important result is often called the first isomorphism theorem.
We will leave the proof to the reader. The second and third isomorphism theorem
are given as Exercises 1.7.9-1.7.10.

Theorem 1.5.7. If ¢ : G — H is a homomorphism then Ker(¢) is a normal
subgroup of G and G/ Ker(¢) ~ Im(¢p). Conversely, if N <G, then ¢(a) = aN
defines a homomorphism ¢ : G — G /N with kernel N and image G/N.

In particular, the normal subgroups of GG are exactly the kernels of all homo-
morphisms from G to other groups. Likewise, the quotient groups of GG are exactly
the images of homomorphisms from G to other groups.

One way to think of Theorem 1.5.7 is in terms of information: Ker(¢) describes
the information about G that is forgotten by ¢ and Im(¢) describes the information
that is retained.

Exercise 1.5.1. Show that R/Z is isomorphic to a subgroup of C*.

Exercise 1.5.2. Let G be the symmetry group of the square, consisting of four
rotations (including the identity) and four reflections. Let a and b denote the
reflections in the two diagonals. Now let K = {1,a} and H = {1,a,b,ab}. Show
that K < H and H <G but K is not normal in G.

1.6 The symmetric group

We collect some facts about the symmetric group that will be needed in §7.
First of all, we introduce the cycle notation. It should be sufficient to explain
this for an example. Let 0 € Sg be defined by the table

x‘l
o(x) |3

2 3 4 6
2 6 5 1

5
4

6Swedish: kérna.
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In cycle notation, we write

o= (136)(45), (1.4)

where the first factor stands for the 3-cycle 1 +— 3, 3 — 6, 6 — 1 and the second
factor for the 2-cycle 4 +— 5, 5 — 4. The 1-cycle or fix-point 2 — 2 could have
been denoted (2) but one usually omits 1-cycles from the notation. Clearly, the
cycle notation is unique up to permuting the cycles and cyclically permuting the
elements in each cycle. For instance,

(45)(136), (361)(45), (54)(613)

all represent the same permutation as (1.4). In particular, we can define the cycle
structure of a permutation to be (cq,...,c,), where ¢; is the number of k-cycles
appearing in the cycle notation.

It is easy to multiply permutations in the cycle notation. For instance, let o
be as above and 7 = (1 52 6)(3 4). To compute (07)(1), we only need to look at
the underlined symbols in

or=(136)(45)(1526)(34). (1.5)

Starting from the right, we see that 1 is mapped to 5, which is then mapped to 4,
so (o7)(1) = 4. To get the cycle notation for o7, we successively compute in the
same way (07)(4) = 6 and so on. In this case we obtain a single cycle, namely,

oT=(1463521). (1.6)

To avoid a possible source of misunderstanding, we stress that a permutation
can be written as a product of cycles in many ways. When we speak about the
cycle notation or cycle structure, we always refer to a factorization into disjoint
cycles. For instance, the right-hand sides of (1.5) and (1.6) represent the same
permutation, but only (1.6) reveals the cycle structure.

Next, we consider conjugation of permutations, that is, the map o — 707~
for fixed 7. If o(i) = j, then (ro77)(7(7)) = 7(j). In cycle notation, this means
that any pair of symbols (-7 j---) is replaced by (---7(i) 7(j) - - - ), so we simply
need to apply 7 to every symbol. For instance, if o is as in (1.4), then

1

ror ' = (7(1) 7(3) 7(6))(7(4) 7(5)), T € Se. (1.7)

We can think of this as expressing the same permutation as ¢ after the “change
of coordinates” i +— 7(i). It follows that the permutations conjugate to o are
precisely those that have the same cycle structure as o.

In general, when a group acts on itself by conjugation, the orbits {ro7™!; 7 €
G} are known as conjugacy classes. As we just explained, the conjugacy classes
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in S,, consist of permutations with the same cycle structure. Since the sum of the
total length of the cycles (counting 1-cycles) is n, conjugacy classes in S,, can be
labelled by partitions of n, where we define a partition of n to be an expression
for n as a decreasing sum of positive integers. If the number of k-cycles is ¢, then
the corresponding partition has ¢, parts equal to k.

As an example, the seven partitions of 5 are

5 4+1, 342, 3+1+1, 24241, 2+41+1+1, 14+1+1+1+1
A typical representative of the corresponding conjugacy class is, respectively,
(12345), (1234), (123)(45), (123), (12)(34), (12), id.
We encourage the reader to check that the number of elements in each class is
24, 30, 20, 20, 15, 10, 1.

In general, we have the following result that we will need in §7.5.

Lemma 1.6.1. The conjugacy class with cycle structure (c1,...,¢,) consists of
n!
[T, kexci!
elements.

To see this, start with a representative of the conjugacy class written in the
cycle notation, with 1-cycles included. For instance, if n = 5 and (cq,...,c5) =

(1,2,0,0,0) we may take
(12)(3 ()

We can create the whole conjugacy class by conjugating with a general 7 € S,,,

which gives
(r(1) 7(2))(7(3) 7(4))(7(5))-

We claim that, for each of the n! choices for 7, there are always [[}'_; k¢! choices
that lead to distinct cycle notations for the same element. Namely, for each k-cycle
we may pick any element that we write first, which gives £k choices. Having made
these choices we can still write the k-cycles in any order, which accounts for the
factor ¢!

We will need the sign of a permutation, which is a homomorphism sgn : S,, —
{£1}. You may have encountered this in linear algebra in the definition of the
determinant, which can be written”

det (a;;) = > sgn(o) [ aio0- (1.8)

n
1<i,j<n
<iyg< 1

€Sy 1=

" Actually, most authors of linear algebra textbooks make a complete mess of their chapter on
determinants, precisely because they try very hard to avoid writing down this simple definition.
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An elegant definition of the sign is by the identity

LTo(j) — Lo(i
sen(o) = [[ =20 (L9)
I<icjen T3 T i
SIS
where x1,...,x, can be thought of as real or formal variables. Since each factor

in the numerator is plus or minus a factor in the denominator, sgn(o) takes values
in {£1}. It follows immediately that

Lo(r(j)) — Lo(r(i)) LrG) — Tr(a)
Sgn = — = Sg€n So1 s
gn(oT) | | o) — T | | z; — 2 gn(o)sgn(7)
1<i<j<n 1<i<j<n

where in the first factor we used (1.9) with z; replaced by x-;).

Exercise 1.6.1. Pick two elements ¢ and 7 in the group S5. Define them by a
table of values and then give their cycle notation. Compute o7 and 707! both
using the tables and using cycle notation.

Exercise 1.6.2. Given o € S,, an inversion is a pair (i,7) with 1 <i < j <n
and o(j) > o(i). Show that sgn(o) equals 1 if o has an even number of inversions
and —1 else.

Exercise 1.6.3. Show that any permutation can be written as a product of trans-
positions (2-cycles). Show that sgn(o) equals 1 if o is the product of an even
number of transpositions and —1 else.

1.7 Additional exercises

Exercise 1.7.1. Show that GL(2,Z,), the group of invertible matrices with ele-
ments in Z,, is isomorphic to S3. (The definition of matrix multiplication should
be obvious, but formally it is based on the fact that Z, is a ring; see Chapter 2.)

Exercise 1.7.2. A proper subgroup H of GG is a subgroup which is neither equal
to {1} nor to G. Show that if G has no proper subgroups, then G ~ Z,, where p
is a prime or p = 1.

Exercise 1.7.3. Show that the matrices

b by

generate a subgroup of GL(2,C) with eight elements. Find a nice way to express
the relations between these elements and carve them into a bridge.®

8The first person to do so was William Rowan Hamilton on 16 October 1843. The group is
called the quaternion group and generates the famous quaternion algebra.
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Exercise 1.7.4. If H, K and L are subgroups of a group G with H C K U L,
show that either H C K or H C L. In particular, K U L is a subgroup if and only
ifKCLorLCK.

Exercise 1.7.5. The direct product G x H of two groups is a group wih multipli-
cation (a,b) - (¢,d) = (ac,bd). Show that Zys X Zyn ~ Zpy if and only if M and

N are relatively prime.

Exercise 1.7.6. Show that any automorphism of Q is given by ¢(x) = ax for
some fixed a € Q*. Can you prove that this is true also for R? (Hint: No, you
can’t.)

Exercise 1.7.7. Show that Q 22 Q x Q as groups. (It may surprise you to learn
that R ~ R x R as groups and, more generally, R™ ~ R" as groups for any m
and n. However, it is impossible to give an isomorphism explicitly (unless m = n),
since their existence depends on the axiom of choice.)

Exercise 1.7.8. Let G be a group, and let G’ be the subgroup generated by all
commutators aba='b~!, a, b € G. (It is called the derived group or the commutator
subgroup.) Show that G’ is a normal subgroup of G and that G/G" is abelian. More
generally, show that a quotient G/N is abelian if and only if G’ C N.

Exercise 1.7.9. If A and B are subsets of a group G, let AB = {ab; a € A, b € B}.
Show that if H is a subgroup and N is a normal subgroup, then H N is a subgroup of
G and HNN a normal subgroup of H. Moreover, show that HN/N ~ H/(HNN).

Exercise 1.7.10. If M and N are normal subgroups in G with M C N, show
that G/N ~ (G/M)/(N/M).

Exercise 1.7.11. Show that, for any a € G, ¢,(b) = aba™' defines an isomorphism
from G to itself. Show that these maps, which are called inner automorphisms,
form a group under composition.

Exercise 1.7.12. The center Z(G) of a group G is the set of elements a € G such
that ab = ba for all b € G. Show that Z(G) is a normal subgroup and that G/Z(G)
is isomorphic to the group of inner automorphisms of G.

Exercise 1.7.13. Show that if G/Z(G) is cyclic, then G is abelian and hence
Z(G) =G.

Exercise 1.7.14. If G acts on a set X and x € X, show that G, = {g € G; gz =
x} is a subgroup of G. It is called the stabilizer or isotropy group of z. Let
Gz = {gr; g € G} be the orbit of . Show that there is a bijection between the
orbit of x and the cosets of GG,. In particular, if G is a finite group,

G| = |G| - |G|, €. (1.10)
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Exercise 1.7.15. Suppose ¢ : G — Sy is a group action, and let V' be the vector
space of functions X — C. Show that ¥(a)(f) = fo (¢(a')),a € G, f €V,
defines a representation ¢ : G — GL(V).

Exercise 1.7.16. If a permutation o has cycle structure (cy,...,c,), what is the
order of o?

Exercise 1.7.17. Show that sgn is constant on each conjugacy class of S,,. Find
an expression for sgn(¢) on permutations o with cycle structure (cy, ..., ¢,).

Exercise 1.7.18. Show that the group of rotations preserving a cube is isomorphic
to Sy. (Hint: any rotation permutes the four long diagonals.) Geometrically,
there are five types of rotations: the identity, rotations by 120° around a long
diagonal, rotations by 90° around a line connecting the midpoints of two opposite
faces, rotations by 180° around such lines and, finally, rotations by 180° around
a line connecting the midpoint of two opposite edges. Show that these five types
correspond to the five conjugacy classes in S;. Give the correspondence explicitly.

Exercise 1.7.19. Show that there are only two groups of order 4, namely, Z, and
73 = 7y x Ly (see Exercise 1.7.5 for the definition of direct product).

Exercise 1.7.20. Show that if G has even order, then there is always an odd
number of elements of order 2.

Exercise 1.7.21. Show that if all elements in a group G have order 1 or 2, then
G is abelian and |G| = 2F for some k.°

Exercise 1.7.22. Classify all groups of order 6 by the following method. First
use Exercises 1.7.20 and 1.7.21 to show that GG has an element a of order 2 and an
element b of order 3.1° Then show that G = {1,b,0? a,ab,ab®}. Show that either
ba = ab or ba = ab®. Finally, show that G = Zg or G = Ss.

9Tt follows from Theorem 5.1.1 below that G ~ Z5.
10This also follows from a famous theorem of Cauchy: if p is a prime that divides |G|, then G
has an element of order p.



Chapter 2

Review of ring theory

2.1 Definition

Structures equipped with both addition and multiplication are ubiquitous in math-
ematics. Familiar examples include numbers, square matrices and polynomials.
The notion of a ring is an abstract version of such structures.

Definition 2.1.1. A ring R is a set equipped with two maps R X R — R, called
addition and multiplication and denoted (a,b) — a +b and (a,b) — a-b = ab. It
should be an abelian group under addition, that is,

a+ (b+c)=(a+0b)+c, a+b=b+a, a,bceRr
and there exists an element 0 € R and a map R — R denoted a — —a such that
a+0=a, a+(—a)=0, a€R.
Moreover, the multiplication should be associative,
a-(b-c)=(a-b)-c, a, b, c € R,
and satisfy the distributive laws
a-(b+c)=a-b+a-c, (a+b)-c=a-c+b-c, a, b ceR.

We will also assume that multiplication has a unit element, that is, there is an
element 1 € R such that

a-1=1-a=a, a € R.

The reader should be aware that the precise definition of a ring varies; in
particular, many authors do not assume the existence of a multiplicative unit.
Some examples:

e The number systems Z, Q, R and C are rings.

18



19

The even integers 27 satisfy all axioms except that it does not have a mul-
tiplicative unit. With our conventions, it is not a ring.

Sets of polynomials such as Z[z], R[z,y] and, more generally, R[xq,...,x,]
when R is a ring, are all rings.

If G is an abelian group, then the endomorphisms of G, that is, the group
homomorphisms from G to itself, forms a ring with the operations (¢-1)(a) =
d(¥(a)) and (¢ + ¥)(a) = ¢(a) + ¢(a). We will denote it End(G).

The n x n-matrices with entries in a ring R form a ring.
Addition and multiplication modulo n give a ring structure to 7Z,.

The ring Z; containing only one element is known as the zero ring or the
trivial ring. It is the only ring such that 0 = 1.

The space R? with vector addition and vector multiplication (“cross prod-
uct”) satisfies most axioms but the product is not associative and does not
have a unit. It is not a ring.

Additional axioms give special classes of rings.

If the commutative law ab = ba holds, then R is called a commutative ring.

A non-zero ring where all non-zero elements are invertible, that is, if for each
a # 0 there exists an element ¢! with aa™! = a~!
ring or a skew field.

a =1, is called a division

A commutative division ring is called a field!.

A non-zero ring without zero divisors, that is, ab = 0 implies a = 0 or b = 0,
is called a domain. 1t is often useful to replace b by b — ¢ and formulate this
as the cancellation property: ab = ac implies a = 0 or b = ¢. All division
rings are domains.

A commutative domain is called an integral domain?. All fields are integral
domains.

As examples, Q, R and C are fields, whereas Z is only an integral domain. The
ring Z, is a field when n is prime, but otherwise it is not even a domain.

Exercise 2.1.1. Show that in a ring with more than one element, 0 # 1.

!Swedish: kropp. Fields are often denoted K or k, after the German counterpart Korper.
2Swedish: integritetsomrade.
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Exercise 2.1.2. Show that, in a ring R, the left cancellation property ab = ac =
a =0 or b = c and the right cancellation property ac = bc = a =1b or ¢ = 0 are
both equivalent to R being a domain.

Exercise 2.1.3. Prove that the ring of 2 x 2-matrices over a ring R is never a
domain. Prove that it is commutative only if R is the zero ring.

Exercise 2.1.4. Give an example of a ring with two elements a and b such that
ab =1 but ba # 1. Prove that this can never happen in a division ring.

Exercise 2.1.5. Let R be the power set (set of all subsets) of a set S. Show that
R is a ring with the operations

a+b=(aUb)\ (aNb), ab=anb.

2.2 Ideals and homomorphisms

As for groups, we need a notion of homomorphisms.

Definition 2.2.1. A ring homomorphism is a map ¢ : R — S between two rings,
such that

d(x+y) =d(x) +d(y), oxy) = o(x)d(y), o(1) =1, T,y €R.

A bijective homomorphism is called an isomorphism.

Note that ¢(0) = 0 follows by taking y = 0 in ¢(z + y) = ¢(x) + ¢(y) and
adding —¢(z) to both sides. We must add ¢(1) = 1 as a separate axiom as we
cannot always cancel ¢(x) from the identity ¢(z)p(1) = ¢(z).

In groups, kernels of homomorphisms are the same as normal subgroups. In
rings, the corresponding notion is ideal.

Definition 2.2.2. An ideal is a non-empty subset I of a ring R such that
a,bel = a—-0bel,

acl, reR = ar rael.

It follows that 0 € I, —a € I and a+b € I, for a, b € I. Note that if 1 € I
then the second property gives I = R. Thus, non-trivial ideals do not contain 1
and are, in particular, not subrings.

Later in the course, the following weaker concept will be important. Clearly,
the two notions are equivalent for commutative rings.
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Definition 2.2.3. A left ideal is a non-empty subset I of a ring R such that
a,bel = a—0bel,

ael, re R = rael.

Lemma 2.2.4. The ideals in Z are precisely the subsets of the form nZ, with
n € 2.

Proof. Let I be an ideal in Z. Either I = {0} = 0Z or I contains a smallest positive
integer n. Suppose m € I and apply the division algorithm to write m = ng + r,
where 0 < r < n — 1. By the definition of an ideal, r € I and, by our choice of
n, we must have r = 0 . Hence I C nZ. The reverse inclusion follows from n € I
and the definition of an ideal. ]

The intersection of any family of ideals is an ideal, and we can therefore define
the ideal generated by a set S C R as the smallest ideal containing S. The ideal
generated by a finite set {ay,...,a,} will be denoted (a1, ...,a,). An ideal (a)
generated by a single element is called a principal ideal. In a commutative ring,
we can write

(a1,...,a,) = {a1x1 + -+ + apxy; 1, ..., 7, € R} (2.1)

and, in particular, (a) = aR = {ar; r € R} (see Exercise 2.2.2 for the case of
non-commutative rings).

Lemma 2.2.4 shows that all ideals in Z are principal, so they correspond more or
less to numbers (except for the fact that n and —n generate the same ideal). Some
rings also contain non-principal ideals. An example is the ideal {a + ibv3; a, b e
27} in the ring Z[v/—3] = {a+ibV/3; a, b € Z}. In work that predated ring theory,
Kummer developed a theory of “ideal numbers” to deal with problems caused by
such non-principal ideals. This is the historical origin of the term “ideal”.

Definition 2.2.5. A principal ideal domain® or PID is an integral domain where
all ideals are principal.

Examples of PIDs are Z and (with almost the same proof as Lemma 2.2.4) the
polynomial ring k[z]| for any field k. Examples of integral domains that are not
PIDs are Z[z] and Rz, y].

If [ is an ideal, then the cosets r + I = {r + x; x € I} form a ring with the
obvious operations r+ 1 +s+1 =r+s+1, (r+1)(s+ 1) =rs+ 1. This quotient
ring is denoted R/I. An example is Z/nZ, which is isomorphic to Z, not only as
an additive group but also as a ring.

3Swedish: huvudidealomrade.
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Just as for groups, we have the following first isomorphism theorem for rings.
(For the second and third isomorphism theorems, see Exercise 2.4.2-2.4.3.) Again,
we leave the proof to the reader.

Theorem 2.2.6. If ¢ : R — S is a ring homomorphism, then the kernel Ker(¢) =
{z € R; ¢(x) =0} is an ideal in R and R/ Ker(¢) ~ Im(¢) as rings. Conversely,
if I C R is an ideal, then ¢(x) = x + I defines a surjective ring homomorphism
R — R/I with Ker(¢) = I.

In a nutshell: ideals are precisely kernels of homomorphisms and quotients are
precisely images of homomorphisms.

To give a familiar example, consider the principal ideal I = (z2+1) in R = R|z].
The ring R/I formally consists of polynomials in z where 2%+ 1 is identified with 0.
After this identification, any such polynomial can be written a + bx with a, b € R,
where the multiplication is determined by the rule 22 = —1. This is precisely the
complex numbers, though one usually writes i rather than z. To relate this to
Theorem 2.2.6, consider the ring homomorphism ¢ : R — C given by ¢(p) = p(i).
It is surjective with kernel I, so we can indeed deduce from Theorem 2.2.6 that
R/I ~C.

Exercise 2.2.1. Show that, for any ring R, there is a unique ring homomorphism
Z — R.

Exercise 2.2.2. Let R be a ring and S C R an arbitrary subset. Show that the
smallest left ideal containing S is

{x1$1+...+$m5m;mez>o,l‘j€R, SjGS, Sj#skal“j%k}-

In particular, when S is finite with n elements, we can take m = n and recover
(2.1) for ideals in commutative rings. Show that the smallest ideal containing S is

{Z1s191 + *+* + TmSmYm; M € Zso, 5, y; € R, s; € S},

where the s; are not assumed to be distinct. In particular, a principal ideal in a
non-commutative ring has the form

(@) ={z1ah + - - - + Tpaypm; m € Zso, z;, y; € R}.

Exercise 2.2.3. Let R be the ring of 2 x 2-matrices over some ring S and let
I C R be the matrices whose second column is zero. Show that [ is a left ideal in
R. Show that it is an ideal only if S is the zero ring.

Exercise 2.2.4. Show that all ideals in Z, are principal. For which n is Z, a
principal ideal domain?

Exercise 2.2.5. Show that (z,y) is a non-principal ideal in R[z, y].
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2.3 Unique factorization

Some of the most important theorems in mathematics are about unique factoriza-
tion in rings. For instance, the fundamental theorem of arithmetic states that any
positive integer can be written uniquely as a product of primes (up to reordering
the factors). The fundamental theorem of algebra implies that any complex poly-
nomial in one variable has a unique factorization of the form C(z —ay) - - - (x —ay,),
again up to reordering. We want to put such results in a general framework. In
particular, we will show a unique factorization result in a general principal ideal
domain (PID).

Let R be an integral domain. We recall that this means that R is a non-zero
commutative ring with the cancellation law

ab=ac = a=0 or b=c.

By a unit in R we mean an invertible element. (For instance, the units in Z are
+1 and the units in Clz] are non-zero constants.) We will sometimes write a ~ b
if a = eb for some unit e.

Lemma 2.3.1. Ifa and b are elements in an integral domain R, then (a) = (b) if
and only if a ~ b.

Proof. 1f (a) = (b), then a = bc and b = ad for some ¢, d € R. It follows that
a = acd. Applying the cancellation law gives a = 0 or c¢d = 1. In the first case,
we must have b = 0 and in the second case ¢ = d! is a unit. In any case we may
conclude that a ~ b. The converse is easy. ]

By an wrreducible element we mean a non-zero non-unit p such that if p = ab
then either a or b is a unit. Equivalently, p is not irreducible if we can write p = ab
with neither a nor b a unit.

We write a | b if b = ac for some ¢ € R. By a prime element we mean a
non-zero non-unit p such that if p | ab then p | a or p | b. It is easy to see that any
prime element is irreducible.

In Z there is no difference between prime elements and irreducible elements;
both notions mean +p with p a prime number. Likewise, in C[z] both notions
mean a polynomial of degree 1 (to prove this one needs the fundamental theorem
of algebra).

By contrast, in the ring Z[v/—5], it is easy to check that the elements 3 and
2 + /=5 are all irreducible. However, in view of the identity

3-3=(2++vV-5)-(2—-+v-5),

none of these elements are prime. For instance, 2+ +/—5 |3 -3 but 2+ +/—51 3.
It would seem from this example that non-prime irreducible elements are related
to non-unique factorizations. Indeed, we have the following result.
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Proposition 2.3.2. Let R be an integral domain such that any non-zero non-
unit can be written as a product of irreducible elements. Then, the following two
conditions are equivalent:

(A) Every irreducible element is prime.

(B) Factorization into irreducible elements is unique up to reordering and multi-
plication by units.

More precisely, condition (B) means that if

T=pP1 - "Pe=q " -q

with all p; and ¢; irreducible, then k = [ and, after reordering the elements, p; ~ g;
for all j.

A domain such that the conditions in Theorem 2.3.2 hold (including the state-
ment in the first sentence) is called a unique factorization domain (UFD).

Proof of Prop. 2.3.2. To prove that (A) implies (B), we use induction on the min-
imal number of irreducible factors of x. If x = p; is itself irreducible, then the
statement in (B) follows from the definition of irreducibility. Suppose now that (B)
holds for all products of k irreducible factors and consider a product © = p; - - - Pry1
with all p; irreducible. If we also have z = ¢ - - - ¢;, then since p; is prime it di-
vides one of the factors g;. After reordering, we may assume p; | ¢;. Since ¢; is
irreducible, p; = eq; with e a unit. Cancelling p; we get

p2...pk+1:eq2...ql‘

We may now apply the induction hypothesis to deduce that (B) holds for the
element x.

To prove that (B) implies (A), let p be irreducible and suppose that p | ab, that
is, ab = pc for some c. We factor each of the elements a, b and ¢ into irreducibles
and plug into the equation ab = pc (if the element is a unit, we leave it as it is).
By (B), p is equivalent to one of the irreducible factors on the left-hand side. If
that factor comes from a we have p | @ and else p | b. O

The following result will be important in §5.
Theorem 2.3.3. Fvery PID is a UFD.
To prove Theorem 2.3.3 we need the following lemma.

Lemma 2.3.4. Any PID is a Noetherian ring, that is, it does not contain any
infinite strictly increasing chain of ideals

LCLCI;C .
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Proof. Suppose there is such a chain and let [ = Ugly. It is easy to see that [ is
an ideal. (For instance, if x € I and y € I, then = € I}, and y € I; for some k and
[. If | > k, then = € I; so, by the fact that [; is an ideal, z —y € [; C I.) By the
definition of a PID, I = aR for some a € R. Since a € I, there exists a k with
a € Iy. But then, I = aR C I, so I = I;. This contradicts the assumption that
I, € Iy C 1. O

We can now prove that a PID satisfies the first requirement for being an UFD.

Lemma 2.3.5. In a PID, any non-zero non-unit can be factored as a product of
irreducible elements.

Proof. Take a non-zero non-unit element a. If it is irreducible we are done. If
not, we can write a = bc with b and ¢ non-units. This implies (a) C (b). For if
(a) = (b), then Lemma 2.3.1 gives a = be for some unit e. Then, ac = ae implies
¢ = e, which contradicts ¢ being a non-unit. This argument can be repeated.
If b and ¢ are both irreducible we are done; otherwise one of them, say b, can
be factored. The factors of b generate ideals strictly larger than (b). Continuing
in this way we will either end up with a factorization of a into irreducibles or
with an infinite strictly increasing chain of ideals. However, the second scenario is
impossible in view of Lemma 2.3.4. O]

Next, we will verify condition (A) in Proposition 2.3.2. It will be useful to
know some facts about greatest common divisors. Let a and b be elements of a
PID. Then (a,b) = (c¢) for some element ¢, which is uniquely determined up to
multiplication by a unit. It is clear that ¢ | a, ¢ | b and that if d divides both a and
b then d | ¢. Thus, it make sense to call ¢ the greatest common divisor of a and b,
and write ¢ = ged(a,b). Since ¢ € (a,b) = aR + bR we can write ¢ = as + bt for
some s,t € R. In particular, if ged(a, b) = 1 we have Bezout’s identity as+ bt = 1.

Lemma 2.3.6. In a PID, every irreducible element is prime.

Proof. Let p be an irreducible element and assume that p | ab. Let ¢ = ged(p, a).
Then, p = cd for some element d. Since p is irreducible either ¢ or d is a unit. If
d is a unit then p ~ ged(p, a) and hence p | a. If ¢ is a unit then Bezout’s identity
gives 1 = ps + at for some elements s and ¢. Then b = pbs + abt and since p | ab
we may conclude that p | b. O

This completes the proof of Theorem 2.3.3.
Finally, we mention without proof the following fact.

Theorem 2.3.7. If R is a UFD then so is the polynomial ring R[z].
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By iteration, R[zi,...,x,] is a UFD. This shows that the class of UFDs is
much larger than the class of PIDs; for instance, Z[x] and Rz, y] are UFDs but
not PIDs.

To summarize some relations between various classes of rings, we have
fields C PIDs C UFDs C integral domains C commutative rings C rings. (2.2)

Exercise 2.3.1. Where do the rings Zs, Z¢, Z, Z[z], Z[z,y], R[z] and Rz, y] fit
in the chain of inclusions (2.2)?

Exercise 2.3.2. The real numbers R is a PID. What is the prime factorization of
a real number?

Exercise 2.3.3. Let R = R + 2°R[x] C R[z]. Show that R is not a UFD.

Exercise 2.3.4. Let R = Rz, zs,...] (the elements in this ring are normal
polynomials like 7 + 5z125 + 13x§m1000, but there is no bound on the number of
variables). Show that R is not Noetherian.

2.4 Additional exercises

Exercise 2.4.1. A ring is called Boolean if a®> = a for all a. Show that any Boolean
ring is commutative and that —a = a for all a. (One can prove that any Boolean
ring is isomorphic to a subring of a ring of sets defined as in Exercise 2.1.5.)

Exercise 2.4.2. Let I be an ideal and S a subring of a ring R. Show that
S+I1={s+i;s€S,ie€l}isasubring of R and SN an ideal in S. Moreover,
show that (S +1)/I ~S/(SNI).

Exercise 2.4.3. If [ and J are ideals in a ring R with I C J, show that R/J ~
(R/D)/(J/T).

Exercise 2.4.4. A prime ideal is an ideal I in a commutative ring R such that
I # R and
abel = aclorbel.

Show that [ is a prime ideal if and only if R/ is an integral domain.

Exercise 2.4.5. A maximal ideal in a commutative ring R is an ideal I such that
I # R and there is no ideal J with I C J C R. Show that [ is a maximal ideal if
and only if R/ is a field.
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Exercise 2.4.6. A primary ideal in a commutative ring R is an ideal I such that
I # R and
abel = aelord" el for somen > 0.

Show that an ideal is primary if and only if every zero-divisor x in R/ is nilpotent,
that is, 2™ = 0 for some n > 0.

Exercise 2.4.7. Show that, in the ring 7Z, maximal ideals and prime ideals are
both precisely the ideals pZ for p prime. Also show that primary ideals are precisely
the ideals p*Z for p prime and k a positive integer.

Exercise 2.4.8. Let I be the set of polynomials p in Z[z| such that p(0) is even.
Show that [ is a maximal ideal but not a principal ideal.

Exercise 2.4.9. Show that (z?> — 2) is a prime ideal in Z[z], but not a maximal
ideal.

Exercise 2.4.10. Show that (z,z* + y* — 1) is not a prime ideal in R[z, y].

Exercise 2.4.11. Show that, in a principal ideal domain, every non-zero prime
ideal is maximal.

Exercise 2.4.12. Let K be a field and consider the unique homomorphism ¢ :
Z — K (see Exercise 2.2.1). Show that Ker(¢) = pZ, where p is either zero or a
prime p. The number p is called the characteristic of K. (Slightly illogically, the
case p # 0 is often called finite characteristic.)

Exercise 2.4.13. In a PID, one may define the least common multiple as lem(a, b) =
ab/ ged(a, b) (it is defined up to multiplication by a unity). Prove that aRNbR =
lem(a, b) R.

Exercise 2.4.14. Let R be a PID and a, b € R with ged(a,b) = 1. Show that
R/abR ~ R/aR x R/bR.

Exercise 2.4.15. By Exercise 2.4.14, Zy ~ 74 X Z3 both as groups and as rings.
How many group isomorphisms are there between them? How many ring isomor-
phisms are there?

Exercise 2.4.16. Show that if R is an integral domain but not a field, then R[z]
is not a PID.



Chapter 3

Modules

3.1 Definition

We will give two equivalent definitions of modules. In the first, we view modules as
a generalization of vector spaces, where the field of scalars is replaced by a general
ring.

Definition 3.1.1. If R is a ring, an R-module M (or a module M over R) is an
abelian group equipped with a map R x M — M, denoted (r,m) — rm, such that

r(my + ms) = rmy + rma, (r1 +ro)m = rim + rom, (3.1a)

(rirg)m = ri(ram), Im =m (3.1b)
forallr, ri, ro € R and m, my, mgy € M.

We will often view the dependence of R as understood and write “module”
rather than “R-module”.

As we have indicated, a module over a field is called a vector space. Just as
in linear algebra, we sometimes refer to the elements of R as scalars and to the
product (r,m) +— rm as scalar multiplication.

In our second definition, we think of modules as representations of rings. Re-
call that a group representation is a homomorphism G — GL(V') for a vector
space V. In other words, the abstract group G is realized concretely by invertible
linear maps on a vector space. For rings, we will instead consider realizations by
endomorphisms of an abelian group.

Definition 3.1.2. If R is a ring, an R-module M is an abelian group equipped
with a ring homomorphism ¢ : R — End(M).

It is straight-forward to check that the two definitions of a module are equiva-
lent, via the correspondence ¢(r)(m) = rm.
We will now give some examples of modules.

28
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e If M is a Z-module, then it is easy to see that

r+---+u, k>0,
k
kx =<0, k=0,
—(z4+ax+---+z), k<O
k

Conversely, these relations define a Z-module structure on any abelian group.
Thus, Z-modules are essentially the same as abelian groups (if you insist on
a more precise statement, they are equivalent as categories). This might
seem uninteresting, but in §5 we will derive quite non-trivial facts on abelian
groups as special cases of results for modules.

o If ] C R is a left ideal, then I is an R-module, with the module structure
given by the ring multiplication. In particular, any ring is a module over

itself.

e The direct product R" = R X --- x R is an R-module with component-
wise addition (x1,...,2,) + (Y1,---,Yn) = (x1 + Y1, .., 2, + y,) and scalar
multiplication r(xy, ..., z,) = (rz1,...,r2,).

e Let X be any set and RX be the set of all functions from X to a ring R.
Then, R¥ is an R-module with addition (f + g)(z) = f(z) + g(z) and scalar
multiplication (rf)(z) = r f(x). When X = {1,...,n} is finite we can
identify RY with R", simply by identifying f with (f(1),..., f(n)) € R™

Exercise 3.1.1. Prove that, in an R-module, Om = 0 and (—1)m = —m (on the

left, 0 is the zero element in R and —1 the additive inverse of 1 in R; on the right,
0 is the zero element in M and —m the additive inverse of m in M).

Exercise 3.1.2. Let I be a left ideal in a ring R. Show that R/[ is an R-module
in a natural way.

Exercise 3.1.3. Let ¢ : R — S be a homomorphism of rings. Show that S is an
R-module with scalar multiplication rs = ¢(r)s.

3.2 Submodules, homomorphisms and quotients

In analogy to the cases of groups and rings, we will use the following terminology.

Definition 3.2.1. An R-module homomorphism is a map ¢ : M — N between
R-modules such that ¢(x +y) = ¢(x) + ¢(y) and ¢(rz) = ro(x) for all T € R and
x,y € M. If ¢ is also bijective it is called an R-module isomorphism. We then
call M and N isomorphic and write M ~ N.
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When R is a field, an R-module homomorphism is called a linear map. We will
sometimes write R-linear map instead of R-module homomorphism.

The set of all R-module homomorphisms from M to N is denoted Hompg(M, N).
Note that it is itself an R-module with the obvious operations (¢+1)(x) = ¢(z) +
Y(x), (rg)(z) =r¢(z). In particular, M* = Hompg(M, R) is called the dual module
of M.

Definition 3.2.2. A subset N C M of an R-module is called an R-submodule if
it is a subgroup and rn € N for allT € R andn € N.

When R is a field, a submodule is called a linear subspace.

If N C M is a submodule, we can define the quotient module M /N as the set of
all cosets m+ N = {m+n; n € N}, where m € M. We know from §1.5 that M /N
is an abelian group. More generally, it is an R-module with scalar multiplication
r(m 4+ N) = rm + N. To see that this is well-defined, we must check that if
m+ N =m’ + N then rm + N = rm’ + N. Equivalently, if m —m’ € N then
r(m —m') € N. This follows from N being a submodule. It is straight-forward to
check that the axioms (3.1) hold in M/N.

It is easy to check that, if ¢ : M — N is an R-module homomorphism, then
the kernel Ker(¢) = {x € M; ¢(x) = 0} and image Im(¢p) = {¢(z) € N; x € M}
are submodules. We then have the following fundamental isomorphism theorem.
(This is often called the first isomorphism theorem for modules; the second and
third are given as Exercise 3.6.1-3.6.2.) Again, we leave the proof as an exercise.

Theorem 3.2.3. If¢ : M — N is an R-module homomorphism, then M/ Ker(¢) ~
Im(¢) as R-modules. Conversely, if N is an R-submodule of M, then the map
m— m+ N from M to M/N is an R-module homomorphism with kernel N and
image M/N.

This means that the R-submodules of M are exactly the kernels of R-module
homomorphisms defined on M, and the quotients of M are precisely the images
of such homomorphisms.

For vector spaces, Theorem 3.2.3 is closely related to the dimension theorem of
linear algebra. Namely, let A be a real (n x m)-matrix. Then A can be identified
with a linear map R™ — R™. The kernel, or nullspace, of A is a subspace of some
dimension k and can thus be identified with R¥. Similarly, the image, or range, of
A can be identified with R!, where [ is known as the rank of A. Theorem 3.2.3 then
gives an isomorphism R™ /R* ~ R!. Using basic facts on dimension of vector spaces
one may conclude that m — k = [, which is indeed the content of the dimension
theorem.

Note that any ring is an R-module over itself. To avoid a common source
of confusion, one must understand that the R-module structure is quite different
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from the ring structure. For instance, a ring homomorphism is required to satisfy
o(ry) = ¢(x)p(y) and a module homomorphism ¢(zy) = x¢(y). As an example,
the map ¢(z) = 2x from Z to Z is a Z-module homomorphism but not a ring
homomorphism. Also note that an R-submodule of a ring is precisely a left ideal.

Exercise 3.2.1. Show that, for any ring R, R[x] ~ R|[x,y] as R-modules.
Exercise 3.2.2. Describe Homy(Z, Z), Homz(Q,Z) and Homgz(Z, Q).

Exercise 3.2.3. Let [ be an ideal in R, M be an R-module and let I M denote the
set of finite sums ayzy + - - - + @, x,,, where a; € I and z; € M. Prove that M/IM
is a module over R/I with the natural scalar product (r+1)(m+1M) = rm+1M.

3.3 Generators and cyclic modules

It is easy to see that the intersection of any family of submodules is a submodule.
Thus, if S C M is any subset, the intersection of all submodules of M containing S
is the smallest submodule with that property. We call it the submodule generated
by S. More explicitly, it is given by {riz; + -+ + rpx,; m € N, r; € R, x; € S},
where we can take the z; as distinct. In particular, if S = {zy,...,2,} is finite,
then the module generated by S is Rxy + -+ -+ Rz, = {rizy + -+ rpx,; 7 € R},
A module generated by a finite set is called finitely generated. A module Rx
generated by a single element is called cyclic.

Proposition 1.3.1 can be reformulated as saying that a cyclic module over 7Z is
isomorphic to a quotient of Z. We will generalize this to modules over any ring.
It will be useful to define the annihilator of an element x in an R-module M to
be the left ideal

Ann(z) = {r € R, ro = 0}.

Lemma 3.3.1. Let M be a module over a ring R. Then, the following are equiv-
alent:

(A) M is cyclic, that is, M = Rx for some x € M,
(B) M ~ R/I for some left ideal I C R.
More precisely, a module Rx generated by x is isomorphic to R/ Ann(x).

Proof. If M = Rx, then ¢(r) = rz gives a surjective homomorphism R — M with
kernel I = Ann(x), so Rx ~ R/I. Conversely, if we let x =1+ 1 € R/I, then z
generates R/I and Ann(x) = 1. O

Exercise 3.3.1. Show that an R-module M is finitely generated if and only if
M ~ R™/I for some n and some left ideal I C R".
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3.4 Direct sums

When K and L are modules, K x L is a module with (ki,0;) + (ko,l2) = (k1 +
ko, ly + I3) and r(k,l) = (rk,rl). Often, we have a module M and ask whether it
is isomorphic to K x L. Since K ~ K x {0} C K x L and L ~ {0} x L, one may
assume that K and L are submodules of M. The following criteria are then useful.

Lemma 3.4.1. Let K, L be submodules of some module M. Then, the following
are equivalent:

(A) The map (k,l) — k+1 is a module isomorphism K x L — M.

B) Any element x € M can be written uniquely asx =k+1, k€ K, € L.

(B)
(C) K+ L=M and KN L ={0}.
(D)

There exists a module homomorphism P : M — M such that P> = P,
Im(P) = K and Ker(P) = L.

The proof is straight-forward and left to the reader. If these conditions hold,
we write M = K & L and call M the direct sum of K and L. We will use the same
notation K @ L for the module K x L, when K and L are not a priori defined as
submodules of some module.

If K is a submodule of M| it is natural to ask whether there is a submodule L
of M such that M = K ¢ L. If that is the case, we call K a direct summand of
M and L a complement of K.

Not all submodules are direct summands; for instance, you may check that
the Z-module Z,4 contains a submodule isomorphic to Zs, which is not a direct
summand.

We will now give criteria for determining whether a submodule is a direct
summand. We need some terminology. An ezact sequence is a finite or infinite
sequence of modules and homomorphisms

oL ME N

such that Im(f) = Ker(g) at each step. A short exact sequence has the form

0=LL ML N0 (3.2)

where 0 = {0} is the trivial R-module. This means that f is injective, Im(f) =
Ker(g) and g is surjective. Thus, by Theorem 3.2.3, up to isomorphism any short
exact sequence has the form

0—-L—M-—M/L—D0, (3.3)

where L is a submodule of M.



33

Lemma 3.4.2. Given a short exact sequence (3.2), the following are equivalent:
(A) There is a homomorphism ¢ : M — L with ¢ o f =id.
(B) There is a homomorphism 1 : N — M with g o) =
(C) The submodule Im(f) = Ker(g) in M is a direct summand.

If these conditions hold, we say that (3.2) is a split exact sequence and that ¢
or v splits the sequence.

Proof. We prove the equivalence of (B) and (C). The equivalence of (A) and (C)
is similar and left as an exercise.

Assuming (B), we show that M = Ker(g) @ Im(¢). By Lemma 3.4.1, it is
enough to check that M = Ker(g) + Im(¢) and Ker(g) N Im(¢) = {0}. For the
first part, we write x = 1 + x5, where 1 = x — ¢(g(x)) and x5 = ¥(g(x)). It
is then clear that x; € Ker(g) and, obviously, x5 € Im(v). For the second part,
suppose y € Ker(g) NIm(y), so y = ¥(b). Then 0 = g(y) = g(b(b)) = b so
y=v(0)=0.

To show that (C) implies (B), let M; = Ker(g) and suppose there exists My with
M = Mi®M,. Let h be the restriction of g to M. We claim that h : My — N isan
isomorphism. Indeed, it is injective since Ker(h) = Ker(g) N My = M, N M, = {0}.
To see that h is surjective, take y € N arbitrary and choose = € M with g(z) = y.
Decomposing © = x1 + xa, x; € M;, we have y = g(z1) + g(z2) = 0+ h(z2)
so y € Im(h). Since h is an isomorphism, so is ¢ = h™!, and it is clear that
go =id. [

Exercise 3.4.1. What can you say about a “very short” exact sequence 0 — L —
M — 07

Exercise 3.4.2. Let M be an R-module. Suppose P, ..., P, € Endgr(M) satisfy
P1 + -+ Pn = IdM and PJPk = 6jkPj~ Show that

M=Im(P) @ - @ Im(P,).
Conversely, it M = M, @ --- @ M,,, show that there exist P; as above with M; =
Im(P).

3.5 Free modules

Two fundamental notions of linear algebra that we have not yet extended to mod-
ules are basis and dimension.
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Definition 3.5.1. A basis for an R-module M is a set (€;)ien € M such that any
x € M can be written uniquely as x = ), x;e;, where x; € R and only finitely
many x; are non-zero. A module is called free if it has a basis.

We give some examples.

The module R" is a free R-module with basis e; = (1,0,...,0),..., e, =
0,...,0,1).

Conversely, if M has a finite basis, then M ~ R™ for some n. Indeed, if
e1,...,e, is a basis, then (z1,...,z,) — z1e; + -+ - + z,6, gives an isomor-
phism R"™ — M. More generally, if two R-modules have bases with the same
cardinality, then they are isomorphic.

If X is any set, we define the free R-module generated by X to be the module
of finite sums ) _ 7@, where r, € R and all but finitely many r, are non-
zero. Such sums can be added and multiplied by scalars in an obvious way.
This is a free module with basis X. An equivalent definition is obtained by
considering x — r, as a function on X. In this language, the free module
generated by X is the space of all functions f: X — R such that f(z) =0
for all but finitely many .

The cyclic group Z, is not free as a Z-module. Indeed, if e is an element in
a basis then 0 = ne = Oe are two distinct expressions for the element 0 € Z,,
as a Z-linear combination of basis elements.

Any vector space has a basis. This statement is equivalent to the axiom
of choice, which means that it may be impossible to give a basis explicitly.
Nobody can write down a basis for, say, the real vector space of continuous
functions on [0, 1], or for R considered as a vector space over Q.

An important difference between vector spaces and general R-modules is that
a module can have two bases with different cardinalities. We will give an example
of this phenomenon.

Let V' be the vector space of real sequences (z1,s,...) with finitely many
non-zero entries, and let R = Endg(V'). Explicitly, R is the ring of real matrices
(@jx)5%=1 such that only finitely many elements in each column are non-zero. Con-
sider R as an R-module. As for any non-zero ring, the identity element forms a
basis of R with one element. Now consider the two matrices

1

0
fi= 1o

000 0 010000
0100 0007100
000 1 o =loo0oo00 01
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It is easy to see that any A € R can be written uniquely as A = A; fi + As fo, where
Aj and A, are obtained from A by deleting all even and odd columns, respectively.
Thus, f; and fo form a basis for R with two elements. For this ring, R ~ R? as
R-modules, an explicit isomorphism being A — (A;, As). By a variation of the
same argument, R ~ R" for any n.

For modules over non-zero! commutative rings, one cannot construct such ex-
amples. Any two bases for a free module over a non-zero commutative ring have
the same cardinality. We will be content with proving this for finitely generated
modules.

Proposition 3.5.2. Any two bases for a finitely generated free module M over a
non-zero commutative ring R have the same number of elements. This number is
called the rank (in the case of vector spaces, dimension) of the module.

Proof. First note that any basis of a finitely generated free module is finite. To
see this, let zy,..., 2, be generators and (e;);ca a basis. Expressing each z; in
terms of the basis elements, all coefficients outside a finite subset of A vanish.
Consequently, taking € M arbitrary, x can be expressed as a combination of
basis elements indexed by a finite set. By the definition of basis, this set must be
all of A.

Assume now that we have two bases (e;)L; and (f)p_; for M. We can write

n m
;=Y apfe fi = bier, aj, bi € R.
k=1

k=1

If we plug one of these expressions into the other one, we find that the matrices
A = (a;) and B = (b;),) necessarily satisfy AB = I,,, and BA = I,,, where [}, is
the identity matrix of order k. We want to prove that m = n. For a contradiction,
assume m > n. We then create (m x m)-matrices A’ and B’ by filling out the
matrices A and B by zeroes, that is,

A=A 0], B’:m.

It is now easy to compute

! AV [n O
AB =1,  BA= [0 o]

Taking determinants we get
det(A") det(B') =1, det(B') det(A") = 0,

which is a contradiction as 1 # 0 in a non-zero ring. [

! Any module over the zero ring is isomorphic to the zero module, which has two bases with
different cardinalities, namely, () and {0}.
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In the proof we used that
det(AB) = det(A) det(B) (3.4)

for matrices over commutative rings. Indeed, looking at the proof for real matrices
found in any linear algebra textbook, it should be clear that it only uses general
properties of commutative rings. It is also possible to deduce the identity from the
fact that it holds for, say, real numbers. As this is a very general and useful tech-
nique, we sketch the argument. The same method can be applied to any polynomial
identity. We first consider det(AB) — det(A) det(B) = p(ai1, .-, Gun, b1ty -« 5 bun)
as a polynomial in all the matrix elements of A and B. We know that p is iden-
tically zero as a function on R?". As it is a polynomial function, it follows that

it is the zero polynomial. That is, p = 0 as an element of Z[xq,...,2s,2]. But
if a1,...,ay are any elements of a commutative ring, then p — p(aq,...,ay) de-
fines a ring homomorphism Z[zy,...,zx] — R. In particular, if p is the zero

polynomial then p(ai,...,ay) = 0. (Note that the last statement is not true for
non-commutative rings; zy — yz is the zero polynomial in Z[z,y] but ab — ba = 0
does not hold as a general identity in rings.)

The following result is used in the proof of Lemma 5.2.5 below.

Lemma 3.5.3. If M is a module over a ring R and L C M 1is a submodule such
that M /L is free, then L is a direct summand of M.

Proof. Consider the exact sequence (3.3). We will apply criterion (B) in Lemma 3.4.2.
Take a basis (e;);en for M/L and pick for each j a representative f; € M of the
coset e;. Define ¢ : M/L — M by

w (Z l‘j@j) = Zl’jfj, S R.
J J
It is then easy to check that i satisfies the appropriate condition. O
Exercise 3.5.1. Show that Z[z] is a free module over Z[z?]. Calculate its rank.

Exercise 3.5.2. Show that Q is not a free module over Z.

Exercise 3.5.3. If V is a free module with a finite basis (e;)?_;, show that the dual
module V* is free with basis vectors (e})!; determined by e}(e;) = d;;. Morover,
show that if V is a free module with an infinite basis (e;);eca, then the dual basis
vectors (€]);ea do not form a basis for V*, unless the ring of scalars is the zero
ring.
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Exercise 3.5.4. The elements ey, ..., e, in an R-module V' are called R-linearly
independent if

e +--F+ape, =0 = x=---=z,=0,

where x; € R. Show that ey,..., e, are a basis for V if and only if they generate
V' and are R-linearly independent.

Exercise 3.5.5. Give an explicit counterexample to the following false statement:
“If V is a free R-module of rank n and ey, ..., e, are R-linearly independent, then
é1,...,e, form a basis for V7.

Exercise 3.5.6. If M and N are finitely generated free modules of rank m and n,
respectively, show that M & N is again free with rank m + n.

Exercise 3.5.7. Let R be the ring of infinite matrices defined in the text. Con-
sidering R as a module over itself, give a basis with infinitely many elements.

3.6 Additional exercises

Exercise 3.6.1. Show that, if M and N are submodules of the same module, then
M+N={m+n;meM, ne N} and M NN are modules, and (M + N)/M ~
N/(MNN).

Exercise 3.6.2. Let L C M C N be three modules. Show that M/L is a sub-
module of N/L and that (N/L)/(M/L) ~ N/M.

Exercise 3.6.3. If A is a submodule of M and B a submodule of N, show that
(M x N)/(Ax B)~(M/A) x (N/B).

Exercise 3.6.4. A module P is called projective if, given a homomorphism f :
P — N and a surjective homomorphism g : M — N, there exists a homomorphism
h: P — M with f = goh. (It is understood that all modules are over the same
ring R and homomorphism means R-module homomorphism.) Show that a free
module is projective.

Exercise 3.6.5. Let R be a commutative ring and I C R a non-principal ideal.
Show that when considered as R-modules, R is free but the submodule [ is not
free.

Exercise 3.6.6. Let R be a commutative ring containing a zero-divisor a. Show
that the ideal aR is not free as an R-module.?

2This and the previous exercise show that if a non-zero commutative ring R is such that
the submodule of any free module is free, then R is a PID. The converse is also true, see
Proposition 5.2.2 below for the case of finitiley generated modules. For general modules one
needs the axiom of choice.
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Exercise 3.6.7. Let R = R[zy,xa,...] be as in Exercise 2.3.4 and let I be the
ideal consisting of polynomials with zero constant term. Show that R is finitely
generated as an R-module, but the submodule [ is not finitely generated.



Chapter 4

Tensor products

4.1 Tensor products: three definitions

Tensor product is a fundamental operation on vector spaces and, more generally,
modules over commutative rings. The idea behind tensor products is to put multi-
linear and linear maps on equal footing. Let us start with the simplest non-trivial
case: bilinear forms on R%. Let f : R?xR? — R be such a map. Bilinearity means
that

flau+bv,w) = af(u, w)+bf (v, w), fu,av+bw) = af(u,v)+bf(u,w), (4.1)

where a, b € R and u, v, w € R%. Let ¢; = (1,0), e3 = (0,1) be standard basis
vectors. It follows from (4.1) that

flarer + azes, bieg + boes)
= alblf(el, 61) + alef(el, 62) + CLlef(eQ, 61) + CLQbe(GQ, 62). (42)
Thus, f is uniquely determined by the four values f(e;,e;). This is reminiscent of

linear forms on a four-dimensional space. Let us introduce such a space R? @ R?
with basis vectors denoted

e1®e;, e1@e, exe;; e e

(At this point, the symbol “®” has no independent meaning; we could as well have
denoted the vectors ejq, e12 and so on.) There is then a bijection between bilinear
forms f: R? x R? — R and linear forms ¢ : R? ® R? — R, given by

flei,e;) = gle; ®e;), 1,7 =1,2. (4.3)

This example suggests the following definition: If U is a vector space with basis
(ej)jen and V' a vector space with basis (f;)jer, then U @ V' is the vector space
with basis vectors denoted (e; ® f;)iea, jer. This definition is perfectly fine, and is
actually used in some textbooks. However, it has three problems:

39
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e [t is not so elegant to have the definition depend on a choice of basis for the
vector spaces. This is no big problem, as it is easy to describe the effects of
a change of basis.

e For general vector spaces, the existence of a basis depends on the axiom of
choice. Most mathematicians allow themselves to use this axiom, but prefer
a constructive definition when possible.

e The definition extends to free modules, but not to modules in general. This
is too restrictive for many purposes.

To obtain a better definition, we try to make sense of (4.3) when e; are not
assumed to be elements of a fixed basis. That is, we want to write

fu,v) = glu®w) (4.4)

for general vectors, or elements of a module. In general, let U, V and W be
modules over a commutative ring R.! We want to define an R-module U ® V' so
that (4.4) gives a bijection between R-bilinear maps f : U x V' — W and R-linear
maps (that is, R-module homomoprphisms) g : U ® V. — W. Here, R-bilinear
means that

flayuy + agug,v) = ay f(ug,v) + as f(ug, v), (4.5a)
f(u, a1v1 + agve) = ay f(u,v1) + as f(u, vg), (4.5b)

where a; € R, u, u; € U and v, v; € V. We get an important hint on how to do
this by choosing W = U ® V and g = Id. In this case, f(u,v) = u ® v, so (4.5)
reads

(a1uy + agus) @ v = a1 (u1 ® v) + az(ug @ v), (4.6a)
U ® (a1v; + agve) = a1(u ® v1) + az(u ® vs). (4.6b)

Apparently, these relations must be valid in our module U ® V.

It turns out that the relations (4.6) are all that we need. We define the tensor
product U ® V to be the R-module spanned by all expressions u ® v, u € U,
v € V, subject to the relations (4.6). For the reader who prefers a more formal
explanation, let F' be the free module generated by U x V', that is, the module

'We will not actually use commutativity, but as indicated in Exercises 4.6.5-4.6.6 the defini-
tion that will follow is adapted to the commutative case. To obtain useful tensor products over
non-commutative rings one should consider bi-modules with scalar multiplicattion from both the
left and the right.
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consisting of finite sums » . a;(w;,v;), a; € R, u; € U, v; € V. Let S be the
submodule of F' spanned by all elements of the form

(aruy + aguz, v) — aq(ug,v) — az(ug, v), (4.7a)

(u, 101 + agvy) — ag(u, v1) — as(us, ve), (4.7b)

where again a; € R, u, u; € U and v, v; € V. Then we define U ® V = F/S and
write the coset (u,v)+S as u®wv.? To stress the dependence on the ring of scalars
one often writes U ®pr V.

A word of warning: The tensor product U®V does not consist only of elements
u ® v, where u € U and v € V. In general, it consists of finite sums of such pure
tensors.

Another word of warning: Do not confuse tensor product with direct product.
The vector space R™ x R* = R™ ¢ R"™ has dimension m + n; the vector space
R™ @ R™ has dimension mn.

Let us now show that our tensor product does the intended job, namely, that R-
bilinear maps f: U x V — W can be identified with R-linear maps g: U ® V —
W. The identification should have the form (4.4), that is, f = g o m, where
m: UxV — U®YV is the bilinear map 7(u,v) = v ® v. We need to show that
for any f there is a unique ¢ with this property. By construction, any element
x € U®V can be written as a finite sum « = ). u; ® v;. Since we require g to
be R-linear, (4.4) gives g(x) = Y. f(w;,v;). This show that g is unique. To show
that it is well-defined on U ® V' we must show that it preserves the relations (4.6).
That follows from f being bilinear.

The correspondence between bilinear maps on U x V' and linear maps on U @ V'
is referred to as the universal property of the tensor product.

Definition 4.1.1. Let U, V and T be R-modules and let m : U xV — T be a
bilinear map. We say that ™ has the universal property for tensor products if, for
any R-module W and R-bilinear map f: U xV — W, there is a unique R-linear
map g : T — W such that f = gom.

It is standard abuse of terminology to say that 7" has the universal property.
As we have seen, U ® V' has the universal property. By the following result, any
module with the universal property can be identified U ® V.

Proposition 4.1.2. Ifm : U XV — T, and 7y : U x V — T, both have the
universal property, then there is a unique isomorphism of R-modules ¢ : Ty — Ts
such that ¢ o m = my.

2My apologies to those readers whose reaction is “Why didn’t you just say this from the
start?”.
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Proof. By Definition 4.1.1 with (m, f) replaced by (7, m), there is a unique R-
linear map ¢ : T} — T, with my = ¢omy. It remains to prove that ¢ is bijective. To
this end, we reverse the role of m; and 7y, finding a homomorphism v : T, — T}
with m = ¢ omy. We then have two R-linear maps id and ¢ o ¢ from T3 to 77 such
that m; = idom = (¢ o ¢) o m. Applying the uniqueness part of Definition 4.1.1
to f = m, we find that 1) o ¢ =id. Again reversing the role of m; and 7, we have
¢ o1 =1id. Thus, ¢ is an isomorphism with inverse 1. [

Proposition 4.1.2 might seem rather abstract, but it is actually quite useful.
For instance, it implies the following important fact, which shows that our first
attempt at a definition leads to the same result when it makes sense.

Proposition 4.1.3. Let U and V' be free modules with bases (e;)icn and (f;)ier,
respectively. Then, U @ V' is free with basis (e; ® f;)iea, jer-

Proof. Let T be the free module with basis e; ® f;, which is now just a notation
for some elements labelled by A x I'. If u € U and v € V are arbitrary, then we
can write u = ), rie; and v = ). s; f; for unique 7;, s; € R (all but finitely many
being zero). Thus, we can define 7: U xV — T by m(u,v) = >, irisj(e; ® f;). It
is easy to check that 7 is bilinear. We will show that it has the universal property.
Let h : U xV — W be bilinear. That h = g o w implies that g(e; ® f;) =
h(ei, f;). If g is an R-module homomorphism, it is then uniquely determined on
T by g(3_; mijei ® f3) = 22, rijh(ei, f3), rij € R. We must show that h = go
holds on the whole space U x V. Indeed, with u and v as above we have h(u,v) =
> i risihles fi) =32, yrisjg(es ® f;) = (g o m)(u, v). O

To summarize, we have indicated three definitions of the tensor product U® V.
The first one, given in terms of basis elements, only works for free modules (and, in
particular, for vector spaces). The second one, as a quotient of the free vector space
spanned by U x V| works for any modules (but is of interest mainly for modules
over commutative rings). Third, we could very abstractly define “tensor product”
as “an object that has the universal property for tensor products”. This still calls
for a proof that an object with the universal property exists, for which one has to
go back to one of the first two definitions (or perhaps some other construction).

Exercise 4.1.1. Let z = (2,1,0)®(0,1,3) +(0,2,0) ®(1,2,0) € R*®@R3. Express
z in the standard basis (e; ® e;)7,_; (where e; = (1,0,0) and so on).

Exercise 4.1.2. If f: Uy — Vj and g : Uy — V5 are R-module homomorphisms,
show that there is a naturally defined R-module homomorphism f®g¢g: Uy ®@U; —
Vi® Va.
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4.2 Properties of tensor products

The tensor product satisfies properties such as

UV ~VeU, (4.8a)
UaV)aW~Ua(VaW), (4.8D)
U (VeW)~ U V)e UeW), (4.8¢)

where in each case the isomorphism is the obvious one, e.g. u®v +— v®u in the first
case. Fach of these statements can be proved either from our definition or using
Proposition 4.1.2. For instance, to prove that ¢(u ® v) = v ® u is an isomorphism
U®V — V ® U, the first method amounts to observing that applying ¢ to
the relations (4.6) gives the same relations with U and V interchanged. For an
“abstract nonsense” proof, consider the map f : U x V — V ® U defined by
f(u,v) = v ®@u. Then, f is bilinear, so by the universal property there exists an
R-linear map g : U® V — V ® U such that g(u ® v) = v ® u. Interchanging the
roles of U and V' we find a homomorphism in the other direction, which gives the
inverse of g.

Having understood the two-fold tensor product U ® V, it is no great step to
consider multiple tensor products V; ® --- ® V,, of R-modules. The appropriate
modifications of (4.6) and (4.7) should be obvious. Propositions 4.1.2 and 4.1.3
hold with straight-forward modifications of the statements and proofs. One can
show that

UQVeaW~UV)eW~U® (VeW)

and so on, so one could alternatively define multiple tensor products as iterates of
the two-fold tensor products. We will sometimes use the notation

V=V ®---QV.
—————

n

For the reader who is mostly used to tensor products of vector spaces, some
aspects of tensor products over rings may seem surprising. As an example, let m
and n be relatively prime positive integers. We claim that

Z, @5 Ly = 0. (4.9)
Indeed, if p and ¢ are integers with mp + ng = 1, then
r@y=(mp+ng)(z®@y)=mprRy+zRngy =0

for all x and y. The identity (4.9) simply reflects the fact that any Z-bilinear map
on Z, X Z, is identically zero.
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Tensor products can often be thought of as change of scalars for modules. In
general, let M be an R-module and ¢ : R — S a ring homomorphism. Then, S
can be viewed as an R-module with scalar multiplication rs = ¢(r)s, r € R, s € S
(see Exercise 3.1.3). In particular, S ®g M is an R-module. More interestingly,
S ®r M can be considered as an S-module through s(t ® z) = st ® . We can
think of this S-module as obtained from M by changing the scalars from R to S.
The most familiar example is probably when V' is a real vector space; then C ®@g V'
is the complezification of V. Another example is (4.9), where we start with Z, as
a Z-module and restrict the scalars to the quotient Z,,; this can only be done in a
trivial way when ged(m,n) = 1.

Exercise 4.2.1. If M is a module over a ring R, show that R ®@ M ~ M as
R-modules.

Exercise 4.2.2. Show that if M is a free R-module with basis (e;);ea and R is
a subring of S, then the S-module S ®i M is also free with the same basis. In
particular, show that the complexification of R"” can be identified with C™.

Exercise 4.2.3. Compute the tensor product (4.9) when m and n are not assumed
to be relatively prime.

Exercise 4.2.4. Let U and V be finitely generated and free modules over a ring
R. Show that Homg(U,V) ~ U* ® V', where ¢ @ v € U* ® V' corresponds to the
homomorphism u — ¢(u)v.

Exercise 4.2.5. Let V' be a module over a commutative ring R. Using the uni-
versal property, show that V @z R" ~ V™.

4.3 Symmetric and anti-symmetric tensors

We will need some basic facts on symmetric and anti-symmetric tensors. For our
purposes, and also for the main application which is certainly to differential forms
on real and complex manifolds, it is enough to take the underlying ring to be R
or C. It is not hard to develop a theory for general commutative rings, but some
technical problems appear if some elements of the form 1+ --- + 1 do not have
multiplicative inverses. For simplicitly, we will assume that these problems do
not appear. Thus, throughout this section we assume that R is a commutative
ring such that Q C R. For instance, R could be a field of characteristic zero (see
Exercise 2.4.12) or a polynomial ring over such a field.

Let V and W be R-modules and f: V" — W a multilinear map. We say that
fis symmetric if

f(@oq), s Tow)) = f(@1,.. ., 20), c€S,, Ti,...,xp€V.
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We call f antisymmetric if

[(@or), s Tom)) = sgn(o) f(z1,. .., zn), oES,, Ti,...,r, €V. (4.10)

Here o denotes the sign of a permutation, see §1.6. By Exercise 1.6.3, an equivalent
condition is that f changes sign when two variables are interchanged.

Two familiar examples from linear algebra are the standard scalar product
(u,v) = u - v, which is a symmetric bilinear form R™ x R” — R, and the cross
product (u,v) — u x v, which is an anti-symmetric bilinear map R? x R3 — R3.

As we will consider the two cases in parallel, let ¢ € {id,sgn} and call a form
e-symmetric if

[(@o1), - Tom)) = (o) f(21,. .., 20), c€S,, xi,...,x,€V.

By similar arguments that led us from bilinear forms to the definition of the tensor
product U ® V', but starting from e-symmetric multilinear forms, one is led to
supplement the relations in V®" with

x1®---®l’n25(0')5(70(1)@"‘@1’0(”), UESTL' (411)

It suffices to postulate this for some generating subset of S,,, such as the transposi-
tions. Let us introduce the notation V2" = V®" /M, where M. is the submodule
spanned by the elements

T1® @y —(0)To(1) @+ @ Ty(n), oESy, T1,...,0, €V,

This is non-standard notation that we only introduce in order to discuss the two
cases in parallel. The case ¢ = id is called the symmetric power and will be denoted
VO (another common notation is S™(V')). The case e = sgn is the exterior power
VA" The coset containing 1 ® - - - ® x,, is denoted 1 ® -+ - ® x,, and x1 A - -+ Az,
respectively. To compute with these products one only needs to know that they
are both linear in each argument x; and that the symmetric product is invariant
under reordering the x;, whereas the exterior product changes sign when two of
the variables x; are interchanged. It is also good to know that xy A--- Ax, =0
if x; = x; for some i # j. Indeed, applying the relation (4.11) with ¢ = sgn and
o= (ij)givesxy A+ Ax, = —21 A+ Ax,. Using our assumption that 1+ 1 is
invertible, it follows that z; A --- A z,, = 0.

It is straight-forward to prove that there is a bijection between e-symmetric
multilinear maps V" — W and R-linear maps V" — . One can also prove that
V" is characterized by a corresponding universal property.

It is often useful to consider V" as a submodule of V®" rather than a quotient.
To this end, let 7 : S,, — Endg(V®") be defined on a spanning set by

W(U)(U1®"'®Un) :’l}a—l(l)@--'@vg—l(n). (412)
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It is easy to check that
7(or) = m(o)m(T).

In the case when V' is a vector space, this means that 7 is a representation of S,,.
Let

N.={z € V®"; n(0)(x) =e(0)z, 0 € S,}.
This may be called the space of e-symmetric (that is, symmetric or antisymmetric)
tensors. Note that M, can be defined as the span of all elements of the form

z—¢e(o)m(o)(x), r eV, oeSs,. (4.13)

Proposition 4.3.1. We have V" = M. & N.. In particular, the space of -
symmetric tensors N is isomorphic to the e-symmetric tensor power VZ" =
Ve /M..

Proof. We prove this by giving the projection from V®" to the second term ex-
plicitly (cf. condition (D) in Lemma 3.4.1). This is a special case of a construction
that will be central later in the course, namely, averaging over group actions. In
the case at hand, we define

p- % S c(0)7(0) € Endp(Vo™). (4.14)

’ O’GSn

Note that we are using that n! has a multiplicative inverse in the ring.
We first prove that

m(c)o P =Pon(o) =¢e(0)P, o€ S,. (4.15)

To see this, we write

T res, " res,

where we replaced 7 by o~ !7 in the sum and used that e(c17) = (o) 'e(r) =
g(o)e(7). The second equality is proved in the same way.

We now prove that Im(id —P) € M. C Ker(P) (as the inclusion Ker(P) C
Im(id —P) is trivial, it follows that all three spaces are equal). The first inclusion
is easy since

v P(r) = o 3" — <(o)n(o)a),
oESH

where each term is of the form (4.13). For the second inclusion, it suffices to show
that P(y) = 0 when y is given by (4.13). This follows from (4.15).
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Next, we prove that Im(P) C N. C Ker(id —P) (again, all three spaces are
in fact equal). The first inclusion follows immediately from (4.15). The second
inclusion is very easy: if x € N, then x is fixed by all terms in (4.14) so x = Pxz.

The conclusion now follows from generalities on projections. Indeed, any = €
V@ can be written z = (x — P(x)) + P(z) € Im(id —P) + Im(P) C M. + N..
Moreover, if z € M. N N, C Ker(P) N Ker(id —P) then Px = 2 — Px = 0, which
gives z = 0. O]

We now give the following analogue of Proposition 4.1.3. Although it is proba-
bly possible to give an “abstract nonsense” proof, we choose to base our proof on
Proposition 4.3.1.

Proposition 4.3.2. Suppose that V' is a free module with basis (€;);en. Let < be a
total ordering of the index set A. Then, V™ has a basis consisting of the elements

€y O -Oe,, 1< i, (4.16a)

and V" a basis consisting of the elements
en NoooANep i <o <. (4.16b)

Proof. 1t follows from Proposition 4.1.3 that the elements ¢;, ® - - - ®¢;, span V",
Using the relations (4.11), each of these elements is +1 times a similar element
with i1 < --- <4,. If we are in the alternating case and have equality between two
indices, the corresponding element is 0. This proves that the elements (4.16) form
a spanning set. To show that they are independent, suppose there is a relation
between them, that is,

> alit, .. in)e, @@ e, € M. (4.17)
1= =i
for some a(iy, ..., i,) € R. Here, < means < and <, respectively. We need to show

that a vanishes identically. By the proof of Proposition 4.3.1, (4.17) is equivalent
to the relation

0 =n! Z aliy, ... in)Pleg, @ ®e;,)

1< <y

= Z Z e(o)aliy, . .. ,in)(eigfl(l) R ® eiafl(n))

11<<1p 0ESH

= Z ZS(U)G(jo—(l)w~->ja(n))(€j1®"'®€jn)-

J1y0sJn 0ESR
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Since this is an expansion in a basis for V", it follows that

Z E(J)a<jo(1)7 < >jcr(n)) =0

O'ESn

for all indices ji. In the alternating case, only o with j,q) < -+ < jo(n) give a non-
zero contribution. Since there is at most one such permutation o, we conclude that
a vanishes identically. In the symmetric case, there may be several terms. (For
instance, if n = 3 and j; = j2 < js then both ¢ = id and ¢ = (1 2) contribute.)
However, they all lead to the same value for e(o)a(js(1), - - -, Jo(n)), S0 @ must vanish
identically. O

In the finite rank case, it is a standard exercise in combinatorics to count the
elements in (4.16).

Corollary 4.3.3. If V is a free module with rank d, then V" has rank (d+271).
If 0 <n <d, then V" has rank (z) If n > d, then V" = {0}.

It seems interesting that if V' has rank n, then V" has rank 1. Let us have
a closer look at this case. Let eq,...,e, be a basis for V' and consider a general
exterior product u; A --- A u,, where u; = Zj a;jej, a;; € R. If we use the
multilinearity to expand

WA Aty = (anner + -+ Qipen) A A (Gpuer + -+ Gpncn)

we get n” terms, but they vanish if the same basis vector e; appears twice. Thus,
we only get a non-zero result if in the j-th factor we choose the term a;,(j)eq(;),
where o € S,,. That is,

UL A AUy = Z Haj,g(j) Co) N N eon) = Z sgn(o) Haj,g(j) et N Aey
j=1

og€Sy j=1 0ESH

=det(A)es A -+ Aey, (4.18)

where A = (a;j)1<ij<n. We have rediscovered the determinant! Up to multiplica-
tion by a constant, the determinant is the only n-linear antisymmetric form on an
n-dimensional space.

Let us conclude with a remark that will be followed up in the last part of the
course. The module V" contains the two submodules Njq and Ny, isomorphic
to VO and V", respectively. If V is free with rank d, then V®" has rank d",
whereas the rank of the two submodules add up to (d+2_1) + (Z) Ifn =2 we
have (d+1) + (d) = d?, which corresponds to the fact that any bilinear form f can

2 2
be written uniquely

f(z,y) + fy, z) N f(z,y) — fly, )

flz,y) = 5 5




49

as the sum of a symmetric and an antisymmetric form. If n = 3, we have (d;“Q) +
(g) = d(d* + 2)/3 ~ d®/3 for large d. Thus, the symmetric and antisymmetric
forms only account for about one third of all trilinear forms. As we will see later
in the course, the remaining forms correspond to a two-dimensional representation
of S3 (id and sgn are one-dimensional representations). Understanding general

n-linear forms requires a good understanding of the representation theory of S,,.

Exercise 4.3.1. Show that f is antisymmetric as defined in the text if and only
if f(z1,...,2,) =0 whenever z; = z; for some indices with i # ;.3

Exercise 4.3.2. Express u A v A w in the standard basis for R?*, where u =
(1,0,0,1), v =(1,1,1,0) and w = (0,1,1,—1).

Exercise 4.3.3. Find a general expression for the exterior product (z1,xs,x3) A
(y1,92,y3) on R3. What is the relation to the “cross product” in linear algebra?

Exercise 4.3.4. Prove directly that P? = P, where P is given by (4.14).

Exercise 4.3.5. Clearly, the associative law for (V A V) AV is meaningless, since
we can only consider the exterior product of a vector space with itself. Does the
generalized associative law

VAVIANVAV)=VAVAVAV

hold in general?

Exercise 4.3.6. Let V be a free module of rank d. Give a natural module isomor-
phism between V" and the submodule of R[xy, ..., 4] consisting of homogeneous
polynomials of degree n.

Exercise 4.3.7. Let P, and P, be the two projections obtained by choosing € =
id and € = sgn in (4.14). Show that PP, = PP, = 0. Deduce that with
U = Im(id — P, — P,), one has the decomposition

VE VO g VA g UL

Exercise 4.3.8. Let (e;)i_; be a basis for a module V and let w; = 37, a;;e; be
arbitrary elements of V. Show that

UL A AUy, = E det (a;s.)es;, N+ Nes,.
1<ij<m' %
1<s1<<sm<n

3You need to use that 2 = 1 + 1 is not a zero-divisor in R. If that would be the case, then
one normally uses the definition suggested by this exercise.
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4.4 Associative algebras and tensor algebras

Associative algebras play a relatively minor role in this text, but it will be useful
to know the basic definitions.

If R is a commutative ring, an associative algebra A over R is a ring that is
also an R-module, such that the multiplication A x A — A is R-bilinear. Since
the multiplication is automatically additive (the distributive laws) it is enough to

postulate
r(ab) = (ra)b = a(rb), reR, a beA

For the remainder of this section, we will understand “algebra” to mean associative
algebra over a commutative ring R.

By our definition of a ring, algebras have a multiplicative unit. We stress that
not all authors make this assumption. We also mention that to define algebras
over non-commutative rings is more complicated as one needs to distinguish scalar
multiplication from the left and right.

Note that we are considering three multiplications at once: the algebra mul-
tiplication A x A — A, the ring multiplication R x R — R and the scalar mul-
tiplication R x A — A. They are all denoted by concatenation of symbols or,
occasionally, by a dot. Fortunately, if an expression is ambiguous it is independent
of the interpretation. For instance, it does not matter if

rsab, rseR, abeA (4.19)

is interpreted as ((rs)(ab)), as ((rs)a)b or in any other way, as the axioms guarantee
that the result is the same.
Algebras may seem complicated but you have already seen many examples.

e The polynomial ring R[x] is an algebra with scalar multiplication
blag + -+ + apx™) = bag + - - - + ba,z", b, a; € R.
More generally, R[z,...,z,] is an algebra.

e If V' is an R-module, then Endg(V) = Hompg(V, V) is an algebra, with the
operations

(f+9)(@) = f(2) +9(x), (fg)(x) = flg(x)), (rf)(x)=r-f(2),
where x € V, r € R and f € Endg(V).

e The ring of (n x n)-matrices with coefficients in R is an algebra with usual
addition, matrix multiplication and multiplication of a matrix by a scalar.
It can be identified with Endg(R").
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Homomorphisms and isomorphisms of algebras are defined in an obvious way.
If A is an algebra and I C A is an ideal (in the usual sense of ring theory), then [/
is automatically an R-submodule since rz = (rls)x € [ for all r € R and = € .
Then, the quotient A/I is an algebra in a natural way. It is also straight-forward
to define direct sums of algebras.

Let V be an R-module. It is sometimes useful to consider

RaVa(VeaV)e(VeaVeV)e---

as a single object. We will write it as
T(V) =P Ve
k=0

By definition, V®® = R and the elements in T(V) can be written uniquely as
finite sums v = >, vy, vi € VEF. Clearly, T(V) is an R-module. In fact, it is an
associative algebra, called the tensor algebra of V. To define the product of two
elements v, w € T(V), we first write v = ), v, w = >, wy with vg, wy, € ek,
By bilinearity, we must have vw = ), vyw;. Next, we write vj, and w; as a sum of
pure tensors 1 ® -+ - ® ) and y; ® - - - ® y;, respectively. Again using bilinearity,
it is enough to define the product of pure tensors. Assuming for the moment that
k, 1 > 1, it is given by the concatenation

(vl®---®vk)-(w1®---®wl):vl®---®vk®w1®---®wl. (420)

Note, however, that the expression of vy (and w;) as a sum of pure tensors is not
unique, so we must check that this definition is meaningful. This follows from the
universal property of the tensor product. Namely, the map V* x V! — V@t
given by

(vl,...,vk,wl,...,wl) U R RUERQW Q- @ w

is multilinear and can thus be lifted to a bilinear map V& x V& — V@FE+) n the
cases k = 0 and [ = 0, we define the product asr-v=v-r =rv, r € V¥ = R and
v e T(V). It is clear from the construction that the product on T(V') is associative
and has a unit.

In the tensor algebra, it is customary to denote the product by ®. Thus,
instead of (4.20) we write

(M@ @) QWI® - Quw) =@ QU QW ® -+ @ uw.

Formally, we are using the same symbol ® to mean two different things, but
once the tensor algebra is defined there is no need to distinguish between the two
meanings.
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Let us briefly consider the symmetric algebra. In much the same way, we define
S(V) = @,-, V. The product

(v1®---®vk)®(w1®---®wl):v1®---®vk®w1®---®wl

extends to a bilinear map on S(V'), which makes it an algebra over R. Clearly,
S(V) is a commutative algebra. It is easy to see that if V' is a free module with
basis e,...,e,, then S(V) ~ R[xy,...,z,| as algebras, where the isomorphism is
defined by e; — x;.

Finally, and most importantly, we define the exterior algebra, or Grassmann
algebra. 1t is given by A(V) = @,—, V *. If V is free with rank n, this simplifies
to A(V) = @B;_, V"*. The product

(U A Avg) Awy A== Awy) = A Avg Awp A -+ Ay (4.21)

makes A (V') an associative algebra. It is important to note that the product is not
anti-symmetric, that is, v Aw = —w A v is not true for general v, w € A(V). The
reason is that, if the two factors on the left-hand side of (4.21) are interchanged,
we need to move all the v; across the w; to get the correct result on the right.
This can be achieved with kl transpositions. It follows that

vAw = (=1)FwAv, ve VM we VM (4.22)

Note also that the identity v Av = 0 does not hold in general. By (4.22), it is true
if v € V™ with k£ odd. When k is even, v Av = 0if v = v; A --- Ay, is a pure
tensor but not in general. For instance, in /A (R?*) we have

(e1\ea+egNeg)A(erNegtesAey) = erAesAegAeg+egAegNegNeg = 2(e1 AeaAegAey).

In the next section, the following notation will be useful. Suppose V' is a vector
space with basis (e;)7_,. Let [n] = {1,...,n}. When S C [n] is a set of cardinality
m, we can order the elements as S = {s; < sy < -+ < s,,}. We then write

eg =¢€g N+ Neg, .

By Proposition 4.3.2, (eg)s form a basis for V™ as S runs over sets of cardinality
m. Consider the product of two such basis elements in the Grassmann algebra. If
T ={t; <--- <t} then

esNep=¢eg N---Neg, Ney N Ney,.

This vanishes if SNT # () and is otherwise proportional to egur. To get to egur we
must order the factors on the right-hand side. This can be done by first commuting
ey, across all e;; with s; > t; and then repeating the same process for o, ..., ;.



93

When we are done, we have performed one flip for each pair (s,t) € S x T such
that s > t. Thus, if we introduce the notation

0, SNT # 0,
6(8, T) = {(_1>{(s,t)€SXT;S>t}|7 S N T — @7
then we can write
eser = e(S;T)esur. (4.23)

Exercise 4.4.1. Show that R[x] ®g R[y| ~ Rz, y] as algebras.

4.5 Grassmannian and Plucker relations

In this section, V' is an n-dimensional vector space over a field K with characteristic
zero. (These conditions could be relaxed.)
As a motivating example, consider the element

u=e; Neg+egNes+2e; Aeg+esAes+ea Aeg— ez Aey € RYARY

Suppose that we want to know whether u is a pure tensor, that is, if u = v A w for
some v, w € R*. Tt turns out that the answer is yes; you may check that

u = (2€1+€2—€3>/\<€1+€2+€4).

It would be nice to have a systematic way to answer this question. We will prove
that pure tensors in V™ can be characterized by certain quadratic relations in
the coefficients. In the special case n = dim(V) = 4 and m = 2, an element
> i<jcr<a Qk€; A ey is a pure tensor if and only if

12034 — (13024 + Q14023 = 0. (4.24)

You can check directly that this holds for the element w.

To characterize pure tensors is interesting for several reasons. One is that, in a
sense that we will make precise, pure tensors in V" correspond to m-dimensional
subspaces in V. The set of all such subspaces is known as a Grassmannian. If
we can characterize pure tensors algebraically, we can describe the Grassmannian
as an algebraic variety. Another reason is that the algebraic relations describing
pure tensors can be formulated as quadratic relations between minors of general
determinants. These so called Plicker relations are useful in a variety of contexts.

Lemma 4.5.1. The vectors vy, ...,v, € V are linearly dependent if and only if
vy A Ao, =0.
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Proof. If the vectors are linearly dependent, then one of them is a linear combina-
tion of the others. If, say, v; = zk# axvk, then

/Ul/\.../\fUm:Zak’ul/\...’(}j,l/\vk/\'l}jJrl/\"'/\/Un:0-
=y

On the other hand, if the vectors are linearly independent, then they form a basis
for their span U C V. It then follows Prop. 4.3.2 that v; A --- A v, is a basis for
the one-dimensional space U™, O

Let us call two non-zero elements u, v € V™ equivalent if u = av for some
a € K. The equivalence classes form the projective space P(V/™).

Lemma 4.5.2. The correspondence vy A -+ A vy, > span{vy,...,v,} defines a
bijection between the subset of P(V ™) corresponding to non-zero pure tensors and
the Grassmannian consisting of all m-dimensional subspaces of V.

Proof. 1f vy,...,v, and wq,...,w,, are two bases for the same m-dimensional
subspace, then we can expand each w; in terms of the v;. After using linearity
and antisymmetry we get a relation of the form

WL A AWy =CUL A AN Upy, ce K,

where ¢ # 0 by Lemma 4.5.1 (explicitly, ¢ is the determinant of the change of basis
matrix; cf. (4.18)). Thus, the map span{vy,...,v,} — v1 A+ -+ Av, is well-defined
up to the above equivalence relation. Conversely, if v A --- A v, # 0 it follows
from Lemma 4.5.1 that the vectors v; span an m-dimensional space. Thus, the
map from subspaces to pure tensors can be inverted. O

We will use the standard notation (z,y) instead of y(z) when z € V and
y € V*. When A € Hom(V, W) we write A* € Hom(W* V*) for the dual map
defined by

(Az,y) = (z, A'y).

Suppose we have chosen a basis (e;)%_; for V. We then have a natural basis
(es)s for V™ indexed by S C [n] = {1,...,n} of cardinality m. There are dual
basis elements (eg)* of (V/™)* and also basis elements (e*)g = €; A---Aei of
(V)™ By the following result, these can be identified. From now on, we will
make this identification and write the dual basis elements as e%.

Lemma 4.5.3. There is a vector space isomorphism ® : (V)" — (V™) such
that

<U1/\/\Um,(1)<€1/\/\£m)> = det (<Uia§j>)7 Uj € V, gj < V*

1<i,j<m

In the notation above, ®((e*)s) = (es)* for any choice of basis of V.
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Proof. Given a basis (e;)j_, for V, we have

(es, (")) = det (G

where S = {s1 < --- < sp}, T = {t1 < -+ < ty}. The first row in the matrix
vanishes unless s; = ¢, for some k. If that is the case, the first column vanishes
unless £ = 1. Repeating this argument, we find that the determinant vanishes
unless s; = ¢; for all j, that is, it is equal to dgp. This shows that ® maps (e*)g to
(es)*. Since it maps a basis to a basis, it extends to an isomorphism on the whole
space. O]

Note that the existence of an isomorphism (V*)"™ ~ (V"™)* is obvious as the
two spaces have the same dimension. Lemma 4.5.3 shows that the isomorphism
can be defined without reference to a choice of basis. That is, the spaces are
naturally isomorphic.

Assume now that we have chosen a basis e for the one-dimensional space V",
Then, if x € V™ and y € V™) we have x Ay = ce for some ¢ € K. For

fixed x, the scalar ¢ depends linearly on y. Thus, we can define a map * : V™ —
(V/\(n—m))* by

r Ay = (y,xx)e, reVim oy Vhmm),

The map z + xx is called the Hodge star.
Let us see how the Hodge star looks in a basis. Let (e;)7_; be a basis for V
and take e = e; A --- Ae,. Then, the Hodge star is determined by

es N\ er = {eq, xeg)e. (4.25)
By (4.23), this can be writtem
dse7€(S; 5% e = (er, xeg)e,
where S°¢ denotes the complement of S. It follows that
xeg = £(9;5°) €ge. (4.26)
As an example, if m = 1 and n = 3, the Hodge star is determined by
kep = ey Ney, xeg = —ej Nes, *xe3=e] Nes.

As the Hodge star maps a basis to a basis, it is an isomorphism of vector spaces.
We stress that it does not depend on a choice of basis for V', but only on a choice
of basis for the one-dimensional space V. Geometrically, this corresponds to a
volume form on V. If K = R, V is equipped with an orientation and a rule for
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computing n-dimensional volumes. Namely, if vy, ..., v, are linearly independent
vectors and vy A - -+ Av, = ae, then we can define the volume of the parallelepiped
spanned by vy, ..., v, to be |a|] and call the vectors positively oriented if a > 0.

When v € V™, we write A, : V' — VA for the map A, (v) = uAv. We then
have a map A, : V* — (V)N whose dual map is A, : VA7) )/,
Thus, we can introduce the map

Ly = )\u o )\Iu . V/\(nferl) N V/\(erl).

Since y, is a quadratic function of u (that is, y, = t?u, for t € K) the following
result describes the Grassmannian algebraically by quadratic relations.

Theorem 4.5.4. The element u is a pure tensor if and only if p, = 0.

Proof. Assume first that u = vy A- - - Avy,. If the vectors v; are linearly dependent,
then u = 0 and hence p, = 0. Else, complete the vectors to a basis (v;)7_; for V.
Choosing € = vy A - -+ A vy, (4.26) gives

KU = Vg N AUy,

We then have, for any v € V/A\(=—m+1)

(ALuv, v5) = (v, xu Avj) =0, m+1<j<n.

*u 7

It follows that AX, v € span{vy, ..., v}, which gives p,(v) = u A Xf,v = 0.

For the converse, assume that u € V™ satisfies 1, = 0. Let (v;)%_, be a
basis for Tm(A;,). As before, we complete it to a basis (v;)j_; for V and let
e = v A---Av,. That p, = 0 means that uAv; =0for 1 < j < k. By Lemma 4.5.5
below, m > k and u = v; A -+ Avp A w for some w € VAN™=F) By (4.26),
*u € span{vy, ;... ,vi M=) - SQuppose first that *u A v; # 0 for some j > k + 1.
Then, we can pick z € V"= with 0 # (z,*u A v]) = (A, v}). But this
contradicts the fact that Im(\;,) = span{vi,..., v }. It follows that xu A v =0
for all j > k + 1. Then, Lemma 4.5.5 gives m = k, *u = cv;; A--- Av, and

consequently u = dvy A+ - - Avy is a pure tensor (here, ¢ and d are some scalars). [
In the proof, we used the following result.

Lemma 4.5.5. If vy, ..., v are linearly independent elements of V. and u € V™
is such that w A v; = 0 for each j, then m > k and uw = vy A--- ANvp Aw for some
w € VNm—k)

Proof. Complete the vectors to a basis (v;)j_, for V, and expand u = ¢ a(S)vs
in the corresponding basis for V™, If j < k, then

0=unuv =Y &(S;{j}alS)vsugy-
S;j¢S
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By linear independence, a(S) = 0 unless j € S. Thus, u is a linear combination of
basis vectors vg with [k] C S. Since any such basis vector equals Fop A vs\x], the
desired conclusion follows.

The statement of Theorem 4.5.4 is short and elegant, but to understand its
real content we work out what it means in a basis.

Theorem 4.5.6 (Reformulation of Theorem 4.5.4). Given a basis (e;)j—, for V,
let w="> ga(S)es € V™. Then, u is a pure tensor if and only if

Y ela(xeu{jha(y \ {5}) =0 (4.27)

JEXNY

for all X, Y C [n] with | X|=n—m+1, |Y|=m+1. Here, ¢(j) € {1} can be
defined as
e() = (U (X NY)\ {7} e(X NY*{j}). (4.28)

Before we explain how Theorem 4.5.6 is equivalent to Theorem 4.5.4, we give
some examples. Since | X|+|Y| = n+2, the sum (4.27) has at least two terms. If it
has exactly two terms, suppose X NY = {i < j} andlet Xo = X \Y, Yy =Y\ X.
Then, [n] is a disjoint union XoU Yy U {4, j}. Since €(i) = 1 and €(j) = —1, (4.27)
is the trivial condition

a(Yo U {i})a(Ye U{j}) — a(¥o U {j})a(¥s U {i}) = 0.

The first non-trivial condition appears when |X NY| = 3. Then, we can write
XNY = {i < j < k} and we have the disjoint union [n] = XoUYyU{4, j, k}U{l} for
some [. Assume first that i < j < k < [. In the notation A(z,y) = a(Yo U {z,y}),
(4.27) then takes the form

A, D)AG, k) — A, DAG, k) + Ak, A3, §) = 0.

In particular, if n = 4 and m = 2 we may take (7,7, k,1) = (1,2,3,4). Then, Yy =)
and we recover (4.24). It is easy to check that any other choice of [ leads to an
equation equivalent to (4.24). For larger m and n one gets a system of quadratic
equations for the coefficients a(.S).

Proof of Theorem 4.5.6. We will prove that p,ex = > y ¢(X,Y)ey, where the
coefficient ¢(X,Y’) is equal to the left-hand side of (4.27), up to a sign.
We first compute
(Alex,e)) = (ex, xu Aej). (4.29)

By (4.26),
*U = Ze(S; S a(S) ese.

S
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By (4.23),

A es =Y e(55.59 (5% {5)) alS) gy
S

Plugging this into (4.29), only the term with S = X°U {j} will contribute and we
get

(Auex, ) =e(X UL XN {7H) e(X\ {7} {7}) a(X°U{j}).
Thus,
Nuex = Zé?(XC U{ih XA e(XN\ {71 a(X U {j}) e;.
Applying \, gives
ANALex =Y Y a(XUEX\ DX\ {7} () a(X U {j})a(S)es Aej.

S jex

The right-hand side vanishes if j € S. With Y = S U {j}, the expression can be

written
> ( 37 e(a(XeU {5}a(y \ {j}>> ey,

Y \jexny

where

e(f) =e(XU{TE XA\ ) e(X\ i1 {7H Y\ Uk D) (4.30)

We leave to the reader to verify that (4.30) differs from (4.28) by a factor inde-
pendent of j. O]

Suppose we start with a pure tensor vy A - -+ A v,,. Do the relations (4.27) tell
us anything interesting? The answer is yes: they encode Pliicker’s minor relations,
which play an important role in many concrete applications of determinants. To
explain this, let v; = 37, a;;e; € V. By Exercise 4.3.8,

U1/\"'/\Um:Z det  (ai;)es.

1<i<m, jeS

Here, the sum runs over S C [n] of size m. The columns in the determinants
should be ordered correctly, namely, if S = {s; < --- < 5,,}, then a;, is inserted
in column .

Corollary 4.5.7 (Pliicker relations). If A = (aij)1<i<m,1<j<n 1S an arbitrary mxn-
matriz, then the minors a(S) = deti<i<m, jes(aij) satisfy the relations (4.27).
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As an example, when m = 2 and n = 4, take X = Y = {1,2,3}. The
corresponding Pliicker relation says that

Q12 413
Q22 A23

a1 aiq
21 QA4

a2 daiq
A22 A4

ailr as
ag1 A3

@13 A14
Q23 A24

a1 a2
Q21 A22

=0,

for all values of a;;.

Exercise 4.5.1. Let V C R* be the solution space to

.CE1—|—2.CE2—|-ZL'3:O,
$1—£U2+$4:O.

Write down two different bases uy, uy and vy, ve for V' (don’t be too clever and
choose the bases as proportional). Express u; A uy and vy A vy in the standard
basis for R* AR?*. Verify that they are proportional and that (4.24) holds.

Exercise 4.5.2. Suppose X NY is an interval. Show that (4.27) holds with
e(j) = (=1

4.6 Additional exercises

Exercise 4.6.1. Let G be the group Z? x Zs; . What is the real vector space
R ®z G7 (Hint: Use Exercise 4.2.5.)

Exercise 4.6.2. Let G be an abelian group and let nG = {na; a € G} for n € Z.
Show that Z, ®z G ~ G/nG.

Exercise 4.6.3. Let M be an R-module over a commutative ring R and I C R
an ideal. Then, R/I @z M can be viewed as an R/I-module. Show that it is
equivalent to the module M/IM described in Exercise 3.2.3.

Exercise 4.6.4. Let A be an (m x m)-matrix and B an (n X n)-matrix over a
commutative ring R. We can consider A ® B as an R-module endomorphism
of R™ ® R", so it can be identified with an (mn) x (mn)-matrix. Show that
det(A ® B) = det(A)"det(B)™. (Hint: Do it first for B = Id.)

Exercise 4.6.5. Show that if f is bilinear in the sense of (4.5), with R not nec-
essarily commutative, then rsf(u,v) = srf(u,v) for all r, s € R. Moreover, show
that if we define the tensor product U ® V as in the text, then rsx = srx for all
rrse Rande e URV.

Exercise 4.6.6. Let R be the ring of (2 x 2) real matrices considered as a module
over itself. Show that matrix multiplication f(A, B) = AB is not bilinear in the
sense of (4.5). Which properties of f seem analogous to bilinearity?
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Exercise 4.6.7. Is it true or false that
Hom(V AV, W AW) ~ Hom(V, W) A Hom(V, W),

where V' and W are finite-dimensional complex vector spaces?



Chapter 5

Modules over principal ideal
domains

5.1 Statement and overview

We will classify all finitely generated modules over a PID R. One important case
is R = Z, when we obtain a classification of finitely generated abelian groups. We
will show that any such group is isomorphic to

75 X L)pMZ x - - x Z/pk 7, (5.1)

m

where p; are primes. This is a good example to keep in mind throughout the
discussion. Another important case gives the “Jordan normal form” of a complex
matrix, which generalizes diagonalization to non-diagonalizable matrices. This is
useful for many applications of linear algebra, for instance, to differential equations.

To formulate the main theorem, consider the equivalence relation on prime
elements of R, defined by p ~ q if p = eq with e a unit. Let 3 be a set of repre-
sentatives for these equivalence classes. (For instance, in Z the equivalence classes
are {+p} with p a prime number. Choosing always the positive representative, we
can identify P with the set of prime numbers.)

Theorem 5.1.1. Any finitely generated module over a PID R is isomorphic to
REXR/PF'Rx - x R/pk"R,  p; € P. (5.2)

m
Moreover, this decomposition is unique up to reordering the factors.

The decomposition (5.2) is called the primary decomposition of M (an ideal of
the form p*R with p prime is called a primary ideal; see Exercise 2.4.6). Note that
some of the primes p; in Theorem 5.1.1 may be equal. As an example, if G is a
finite abelian group of order 24, then G is a product as in (5.1), where the factor
Z* is absent (s = 0) and where pf' - pfm = 24 = 23 .3, Up to reordering the
factors, the only possibilities are

Zg X Zg, ZQ X Z4 X Zg, Z2 X ZQ X ZQ X Zg. (53)

61
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By the uniqueness part of the statement, these groups are mutually non-isomorphic.
The proof of Theorem 5.1.1 is rather long. The proof of existence of the de-
composition (5.2) will be divided into three steps. To illustrate these steps we
consider the example
M =172 X7y X Ty X ZLs.

In the first step, we split M as
M =72 x (Zy x Ty x Zs),

where the first factor is a free module and the second one a so called torsion
module. In the next step, the torsion part is split into factors corresponding to
distinct primes. In the example,

M =72 x (Zy x Zy) X Zs.

In the final step, the factor related to each prime p is split into modules of the
form R/p*R; in the example, we arrive at

M =7%X 7o X Ty X Zs.

Exercise 5.1.1. Write down all abelian groups of order 360.

5.2 Proof of Theorem 5.1.1

A torsion element in an R-module M is an element x such that ax = 0 for some
non-zero a € R. If R is commutative, the torsion elements form a submodule,
which we denote Mi,. A module with M, = {0} is called torsion free and a
module with M;,, = M is called a torsion module. It is easy to see that M /M.,
is torsion free.

Lemma 5.2.1. A free module M over an integral domain R is torsion-free.

Proof. Let (e;)j=ea be a basis for M. Suppose that ax = 0, where z = Z]. zje;.
Then Zj axje; = 0 so, by the definition of a basis, ax; = 0 for each j. Since R is
a domain we have either a = 0 or z; = 0 for all j, that is, 2 = 0. O

In the context of (5.2), Lemma 5.2.1 shows that the factor R® is torsion
free. The remaining factors form a torsion module, since they are annihilated
by py* - phr.

The condition that R is a PID has two important consequences, which makes
the classification of modules tractable. Namely, any submodule of a free module
is free and any submodule of a finitely generated module is finitely generated. In
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fact, for non-zero commutative rings, the first of these properties is equivalent to
R being a PID, whereas the second property is equivalent to R being Noetherian
(see also Exercises 3.6.5-3.6.7). We will only need the first statement for finitely
generated modules.

Proposition 5.2.2. If F' is a finitely generated free module over a PID R and M
is a submodule, then M is again finitely generated and free. Moreover, rank(M) <
rank(F).

Proof of Proposition 5.2.2. Let ey, ..., e, be a basis for F'. Let
Mk:Mﬂ(Rel+~-+Rek).

We will prove by induction on k£ that M} is free and rank M, < k. Our starting
point is the trivial case My = {0} and the endpoint case k = n is the statement of
the theorem.

Consider the map 7 : My — R defined by

m(xiey + - - + Tpex) = T

Then 7 is an R-module homomorphism so Im(7) is an ideal. By the PID property,
Im(7) = aR for some a € R. If a =0, clearly My = Mj._, and we are done.
Assuming from now on that a # 0, pick x € M}, with 7(z) = a. We claim that
My, = My_1 ® Rz or, equivalently, M), = My_; + Rz and M;_; N Rz = {0}. For
the first identity, pick any y € M. We have n(y) = ab for some b € R. Then,
m(y —bxr) =0, so y — bx € My_q, which gives y € My_; + Rx. For the second
identity, if ro € My_y then 0 = n(rz) = rn(z) = ra. Since a # 0 we get r =0 (R
is a domain) and thus rz = 0. Finally, we note that Rx is a free module with basis
x. Otherwise, we would have rx = 0 for some r # 0. By Lemma 5.2.1, that would
contradict F' being free. Thus, it follows from the induction hypothesis that M}, is
free with rank(My) = rank(M_1) +1 < k. O

Corollary 5.2.3. Let M be a finitely generated module over a PID. Then any
submodule of M 1is finitely generated.

Proof. Suppose M is generated by vy,...,v,. Define f: R* — M by
flx1, ... xy) = 2101 + -+ + TV,

Then, f is a homomorphism. If N is a submodule of M then f~1(N) = {z €
R"; f(x) € N} is a submodule of R". By Prop. 5.2.2, f~!(N) is finitely generated.
Acting by f on a set of generators we obtain a finite set of generators for N. [J

By Lemma 5.2.1, a free module over an integral domain is torsion free. The
converse holds for finitely generated modules over a PID.
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Lemma 5.2.4. If M is a finitely generated module over a PID and M is torsion
free then M s free.

Proof. Let vy, ..., v, be generators for M and let eq, ..., e, be a maximal set of R-
linearly independent elements among these generators. Then, ey, ..., e, generate
a free module F' C M. We claim that we can find non-zero elements a; € R such
that ajv; € F. If v; is one of the generators ey this is true with a; = 1. Else,

{vj,e1,...,e,} are linearly dependent, so we can write
a;v; + x1eg + -+ xpep =0, a;,r1,...,T, € R,
where not all the coefficients are zero. Since ey, ..., e, are linearly independent,

a; # 0. We now let a = ay---a,. Since ajv; € F we have that av; € F for
each j. It follows that f(z) = ax is a homomorphism from M to F. Since M
is torsion-free, f is injective. Thus, M is isomorphic to a submodule of a finitely
generated free module. The conclusion now follows from Proposition 5.2.2. O

We can now complete the first step in the proof of Theorem 5.1.1.

Lemma 5.2.5. If M is a finitely generated module over a PID, then M ~ R*X M,
for some s.

Proof. As we remarked above, M /M, is torsion free. Thus, by Lemma 5.2.4, it is
free. By Lemma 3.5.3, M, is a direct summand of M, so M = F & M, for some
submodule F'. It follows that F' ~ M /M, so F'is free. Finally, by Cor. 5.2.3, F’

is finitely generated, so F' ~ R® for some s. [

We now turn to the second step in the proof, where we split the torsion module
into terms corresponding to distinct prime elements.

Lemma 5.2.6. If M is a finitely generated torsion module over a commutative
ring R, then there exists a non-zero element a € R so that ax =0 for all x € M.

Proof. Let vy, ..., v, be generators for M. Since M is a torsion module, a;v; = 0
for some non-zero a; € R. We can then take a = a; - - - a,,. O

In general, when M is a module and a € R, we write M, = {x € M; ax = 0}.
Clearly, M, is a submodule. By Lemma 5.2.6, any finitely generated torsion module
has the form M = M, for some a # 0. We claim that if the prime factorization of
ais pi' .- pFrm then we can split M as

M, = Mpllcl DD Mp’ﬁ,{"' (54)

This follows by repeated use of the following result.
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Lemma 5.2.7. If M is a module over a PID R and a, b € R with ged(a,b) = 1,
then

My = M, & M.

Proof. By Bezout’s identity, 1 = as + bt for some s, t € R. We need to show that
My, = M, + M, and that M, N M, = {0}. Both statements follow from writing
r = asr + tbx. Indeed, if x € My, then asz € M, and tbxr € M,. Moreover, if
xr € MyN M, then acx = tbx = 0. O

As explained above, combining Lemma 5.2.6 and Lemma 5.2.7 gives the fol-
lowing conclusion.

Corollary 5.2.8. If M is a finitely generated torsion module over a PID, then
M:Mkl@"'@Mkm (55)
Pq Pm
for certain distinct primes p; € B and positive integers k;.

We should think of each summand in (5.5) as gathering all factors in (5.2) that
involve a fixed prime. Let us stress that, although our proof of Corollary 5.2.8 is
short, it depends crucially on Theorem 2.3.3 (every PID is a UFD).

In the third step of the proof, we decompose the individual terms in (5.5).
When S is a subset of an R-module, its annihilator is defined by

Ann(S) ={r e R; rs =0 for all s € S}.
When R is commutative, Ann(S) is an ideal (in general, it is a left ideal).

Lemma 5.2.9. If M is a module over a PID R and p is a prime, then Ann(My) =
p'R for some | < k.

Indeed, by the principal ideal property, Ann(M,:) = aR for some a € R. Since
p" € Ann(M,+), a must be a divisor of p".

We may then use the following result to decompose the summands in (5.5).

Lemma 5.2.10. Let M be a finitely generated module over a PID R, such that
Ann(M) = p*R, where p € B and k > 0. Then, M is isomorphic to a product

R/(p"R) x -+ x R/(p" R) (5.6)

for some positive integers ;.
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We will prove Lemma 5.2.10 by induction on the “size” of M. It is not immedi-
ately obvious how the size should be measured, but it turns out that the following
idea works. It is easy to see that, for any module M, M/pM is a module over
R/pR (cf. Exercise 3.2.3 and Exercise 4.6.3). Note that R/pR is a field, so M /pM
is in fact a vector space. Moreover, if M is finitely generated, then the cosets
containing the generators generate M/pM. Thus, |M|, = dimg/,gz(M/pM) is a
non-negative integer. We will prove Lemma 5.2.10 by induction on |M|,. It is easy
to check that if M is given by (5.6), then |[M|, = m (cf. Lemma 5.2.11 below).
Thus, we are actually performing induction over the number of factors in (5.6),
but of course that does not make sense until we have proved the lemma.

Proof of Lemma 5.2.10. If M is the zero module, we interpret (5.6) as an empty
product. Otherwise, k¥ > 1 and there is an element € M such that p*~'z # 0.
Note that 2 ¢ pM since x = py would give p*y # 0. This means in particular that
pM C M so that |M|, > 1. Thus, |M|, = 0 only for the zero module, which we
can use as the starting case for the induction.

Assume that the statement of the lemma holds for all modules N with |N|, <
|M|,. Choose z as above and let N = M/Rx. We claim that |N|, < |M|,. To
see this, note that the natural projection M — N/pN maps pM to 0, so there is
a surjective homomorphism ¢ : M/pM — N/pN. As we have observed above,
x ¢ pM, so x is a non-trivial element in Ker(¢). By the dimension theorem, it
follows that |[M|, = |N|, + dimg/,r(Ker(¢)) > |N|,.

It now follows from our induction hypothesis that N is isomorphic to a product
like (5.6). We will apply condition (B) in Lemma 3.4.2 to the sequence

0—Rr—M— N —0. (5.7)

If this condition holds, then M ~ N x Rz. Since, by Lemma 3.3.1, Rr ~ R/p*R,
this would complete the proof. Using again Lemma 3.3.1, if N has the form (5.6)
then we can write

N =Rz, & - & Rz, (5.8)

where Z; € M/Rx are such that Ann(z;) = p'i R (we write Z; for cosets). To split
the sequence, we need to find representatives y; for the coset z; so that

V(1T + - -+ @) = GV + - QY (5.9)

is a well-defined homomorphism from N to M. The only potential problem with
this definition is that the coefficients a; € R are not uniquely determined by
>_a;z;. If Y a;x; = > 0:b;T; then, since the sum (5.8) is direct, b; —a; €
Ann(z;) = p' R for each j and thus b; = a;+plir; for some r; € R. The right-hand
side of (5.9) is invariant under a; + b; provided that pliy; = 0. If we can find such
representatives y; for Z;, then v splits the sequence and the proof is complete.
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Let x; be arbitrary representatives of z;. We need to find y; € Z; = z; + Rx
with pliy; = 0. Since we know that p'iz; € Rz, we can write piz; = p*cx, where
ged(e,p) = 1. If s > 1, we have pli(z; — p*~licx) = 0, so y; = z; — p* Yicx works.
Since pfx = 0, we can assume that s < k. If s = k, then y; = z; works. The
only case that remains is when s < [; and s < k. If this is so, then we can write
pPler = pF 1o ptex = pFpliTsTla; = 0 since p* € Ann(M). By Bezout’s identity,
we have tc +up = 1 for some ¢, v € R. This gives 0 = p*ltex = p* o — upha =
p*~ 'z, which contradicts our choice of . This completes the proof. O

Together, Lemma 5.2.5, Corollary 5.2.8, Lemma 5.2.9 and Lemma 5.2.10 prove
the existence part of Theorem 5.1.1. For the uniqueness part, the following result

is useful.

Lemma 5.2.11. If R is a PID, p and q are prime elements and M = R/q¢*R,
then
R/pR, p~qandl<k-—1,

0, else

le/lerlM ~ {

as R-modules (and hence also as R/pR-vector spaces).

Proof. By Lemma 3.3.1, we can write M = Rz with Ann(z) = ¢*R. Then, p'M is
generated by plz and N = p' M /p!T1 M is generated by the coset y = p'a + p! T M.
Clearly py = 0 so, again by Lemma 3.3.1, we have either N ~ R/pR (when
plo ¢ p"M so that y # 0) or N = {0} (when p'x € p"™'M). If p=qand | >k,
then p'z = 0 so we are in the second case. If p = g and | < k — 1, then p'z = p'*1z
would give p*~'z = p*z = 0, which contradicts Ann(z) = p*R. Then we are in
the first case. Finally, if p # ¢ then 1 = t¢* + up'™! for some t and w. Then,
2z = up'ttz € pIM for any z € M, so we are in the second case. O

We can now prove the uniqueness part of Theorem 5.1.1. We need to show
that if M denotes the module (5.2), then s, p; and k; can be constructed uniquely
from M (up to reordering). It is clear that s = rankg(M /M) so it is enough to
consider the torsion part. If M is a torsion module (that is, there is no factor R*
in (5.2)) let us compute the numbers

di(p) = dimppr(p'M/p™ M) (5.10)

for p € P and I > 0. We can compute d;(p) by adding up the contribution from
each factor (cf. Exercise 3.5.6). Thus, by Lemma 5.2.11, d;(p) is the number of
indices j such that p; = p and | < k; — 1. Consequently,

di—1(p) — d;i(p) (5.11)

is the number of indices j such that p; = p and k; = [. This shows that p; and k;
are uniquely determined by M. The proof of Theorem 5.1.1 is finally complete.
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Exercise 5.2.1. Give an example of a torsion module over Z with trivial annihi-
lator.

Exercise 5.2.2. Give the primary decomposition of the multiplicative group Z3,.

Exercise 5.2.3. In Exercise 5.1.1 you were asked to list all abelian groups of
order 360. Compute dimg, (2!G/2!*1G) for each such group and each non-negative
integer [.

5.3 The invariant factor decomposition

It is often useful to rewrite the decomposition (5.2) in the following alternative
form.

Theorem 5.3.1. Any finitely generated module M over a PID R is isomorphic to
R°X R/GGR X R/qgaR X -+ X R/qnmR, (5.12)

where q; are non-zero non-units of R and q1|qz| - - - |gm. Moreover, this decomposi-
tion is unique up to multiplying q; by units.

The elements ¢; are called invariant factors and (5.12) the invariant factor
decomposition. In particular, a finitely generated torsion module is isomorphic to
(5.12), where the factor R® is absent (s = 0). In this case, Ann(M) = ¢, R.

To prove Theorem 5.3.1 we need the following fact.

Lemma 5.3.2. If R is a PID and a,b € R with ged(a,b) = 1, then we have the
tsomorphism of R-modules

R/abR ~ R/aR x R/bR.

This looks very similar to Exercise 2.4.14, but neither result is a logical conse-
quence of the other. If you have solved that exercise, you probably showed that the
map ¢(z+abR) = (z+aR, z+bR) is a ring isomorphism. Lemma 5.3.2 then follows
from the observation that ¢ is also an R-module homomorphism. Alternatively, it
can be obtained as the special case M = R/abR of Lemma 5.2.7.

By iteration, it follows from Lemma 5.3.2 that if a has prime factorization
Pyt - py, then

R/aR~ R/p"R x ---x R/p*"R (5.13)

as R-modules.
To prove the existence part of Theorem 5.3.1, we write M as in (5.2). We may
assume that s = 0. We then rearrange the product in a rectangular array so that
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all factors involving a fixed prime are placed in the same row, with the entries in
each row ordered by increasing exponent of p. Moreover, the rows are aligned to
the right so that the right-most entry of each row ends up in the same column.
We then define ¢, as the product of all prime powers in the k-th column.

An example should clarify the definition of . If

R:Z2XZQX216XZ3,XZ5XZQ57
then we write

R:ZQXZQXZ16
XZg
XZ5XZQ5.

In this case ¢ =2, o =2-5 =10 and g3 = 16 - 3 - 25 = 1200. Thus, the invariant
factor decomposition of the same group is

R = 7 X Zng X Zigo.

Returning to the general situation, it is obvious from the construction that
Gk | @e41- Moreover, by (5.13), each R/qxR is isomorphic to the direct product of
those factors in (5.2) that were put in the k-th column. This shows the existence
part.

To prove uniqueness, we reverse the argument. Given a factorization (5.12)
with g; | gj+1, we can factorize ¢; into primes and construct a rectangular array of
modules R/p*R as above. This leads to a decomposition of M as in (5.2). Since
that factorization is unique, so is the factorization (5.12).

Exercise 5.3.1. In Exercise 5.1.1 you were asked to give the primary decomposi-
tion of all abelian groups of order 360. Give the invariant factor decomposition of
these groups.

5.4 Canonical forms

We now come to an important application of the theory described above: canonical
forms of matrices. Any linear operator on a finite-dimensional vector space can be
represented by a matrix, which expresses how it acts on a basis. However, changing
the basis leads to a different matrix. We would like to find a basis such that the
matrix has an especially simple form. Moreover, the form should be canonical in
the sense that this matrix is unique (possibly up to reordering the corresponding
basis vectors). As a consequence, if we want to know whether two matrices are
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similar in the sense that they express the same linear map in different bases, we
can check whether their canonical forms agree or not. One familiar example is
diagonalization, but not any matrix can be diagonalized. The Jordan canonical
form explained below can be viewed as an analogue of diagonalization for arbitrary
complex matrices.

Let K be a field, V' an n-dimensional vector space over K and A € Endg(V),
that is, A is a linear map from V to itself. The main idea is to study A by viewing
V' as a module over R = K[z|. The module structure is obtained from the ring
homomorphism ¢ : K[x] — Endg (V) given by ®(p) = p(A). More explicitly,

(k0+k1x+ . —i—kmxm)v = koU+k1AU+k2A2U+ ce +kmAmU, k’z € K, veV.

It is natural to ask what properties of A are reflected by the module structure of
V. The following simple lemma answers that question.

Lemma 5.4.1. If V4 denotes the K[x]-module associated to A € Endg(V'), then
Va ~ Vg if and only if A and B are similar over K, that is, A =T BT for some
invertible element T' € Endg (V).

The proof is trivial: a K[z]-module isomorphism 7" : V4 — Vp is an invertible
element of Endg (V) such that p(A) = T 'p(B)T for all polynomials p. With
p(x) = z, this gives A = T-'BT. Conversely, if A = T-'BT, then A* = T1B*T
and consequently p(A) = T~'p(B)T for all polynomials p.

Let us now start investigating V' as a K[z]-module. We know that R is a PID
and V is finitely generated. Note also that, as vector spaces over K, K [z] is infinite-
dimensional and Endg (V) is n®-dimensional. It follows that Ker(®) = Ann(V) is
non-zero. In particular, V' is a torsion module.

We can now apply Theorem 5.1.1 and Theorem 5.3.1. We have

V~R/@Rx - X R/¢,R (5.14)
for some polynomials ¢;. We may either choose ¢; = pfj with p; irreducible
polynomials or ¢; as non-constant polynomials with g¢q|gs| - - -|¢y. The units in R

are the non-zero constant polynomials, so if we normalize ¢; to be monic (leading
coefficient 1) then they are unique (in the first case up to reordering).

If ¢ is an R-module isomorphism from V' to the right-hand side of (5.14), then
¢(Av) = x¢(v). That is, to understand how A acts on the left we must understand
how multiplication by x acts on the right. Consider first the action on R/qR, where
q(x) = ag+a1x+- - -+ ax_12* 1 +2* is a monic polynomial of degree k. We choose
1, x, 2%,..., 2%7! as a basis for R/qR. Then, multiplication by x maps each basis
element to the next, except that 2*~1 is mapped to 2% = —ag—a;z—- - - —ap_12" L.
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Thus, the matrix for multiplication by = on R/qR is given by

[0 0 - 0 —ap |
10 0 —a

M, = |01 0 —ay |, (5.15)
00 -+ 1 —apq

the so called companion matriz to . We can then interpret (5.14) as saying that
there is a basis for V' where A is expressed by the block matrix

M, 0 - 0
0 M, 0
. . (5.16)
0 0 - M,

In the first case (¢; = p?j), we call (5.16) the primary canonical form and in the
second case the rational canonical form. The primary canonical form is unique
up to reordering the blocks whereas the rational canonical form is unique. We
remark that, by expanding (5.15) along the right column, it is easy to see that
det(zl — M,) = q(x). Thus, the characteristic polynomial for A is in both cases
given by det(xl — A) =q1 - G-

One important difference between these two forms is that the primary canonical
form depends heavily on the base field. Given, say, a matrix with integer entries,
the primary canonical form will typically look different if we work over @, R or
C. This is because these fields have different irreducible polyomials: z? 4+ 1 is
irreducible over R but not over C and z? — 2 is irreducible over Q but not over
R. By contrast, the rational canonical form does not change if we extend the
field. This follows from uniqueness; if K C K’ the canonical form over K is also a
canonical form over K’. One interesting consequence is that the notion of similarity
does not depend on the field. For instance, if A and B are integer matrices such
that A = TBT~! for a complex matrix 7', then there is such a matrix 7' with
rational entries.

Let us look more closely at the primary decomposition in the case when K is
algebraically closed. (In fact, it is enough to assume that K contains all eigenvalues
of A.) For instance, we can take K = C. Then, any monic irreducible polynomial
has the form x — A for some A € K. Consider the matrix for multiplication by z in
the module R/qR, with ¢ = (x — A\)*. Instead of choosing the basis vectors z7 as
above, it is nicer to work with (z — \)?. Then, z(z — A\)Y = Az — \)7 + (xz — \)7 T,
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so we obtain instead of M, the matrix

A0 0 -~ 00
1 A0 00

J,= 10 1 A 0 0f. (5.17)
00 0 -+ 1 A

In the corresponding basis, A takes the form

Jq1 O N 0
0 J, 0 1)
0 O e JQm

This is called the Jordan canonical form. 1t is unique up to reordering the blocks.

In all but the very simplest cases, it makes little sense to compute canonical
forms by hand. Therefore, we will not focus on how that can be done, except for a
brief discussion on the case K = C. Note that C[z]/(x —\) ~ C, so with p =2 —\
the numbers (5.10) are given by

d; = rank((A — A" — rank((A — A1)
= dim Ker((A — A1) — dim Ker((A — AI)).

It is easy to understand directly why the primary canonical form is determined by
the solutions to (A — AI)!v = 0. If J is the block (5.17), then we have e.g.

000 0
000 0
100 0
(J—A)*= (0 10 0 (5.19)
00 1 0
000 - 0]

If this matrix has size &k > 2, it is visibly of rank k — 2 and thus the nullspace
Ker((J — AI)?) has dimension 2. If k = 1, then (J — AI)? = 0 and the nullspace
has dimension 1. In general, (J — AI)* has only zeroes except for a diagonal of 1:s,
which is pushed to the southwest as k increases. We find that dim Ker((J—\I)¥) =
min(k, m), where m is the size of the block J. We obtain dim Ker((A4 — AI)¥) by
adding these numbers for all Jordan blocks corresponding to the eigenvalue .
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As an example, suppose we are given a complex 6 x 6-matrix A. We compute
the characteristic polynomial det(zl — A) = (z — 1)*(z — 2)?. We start with
the eigenvalue = 1 and look for eigenvectors. Suppose that the equation (A —
Iv = 0 has a two-dimensional space of solutions. This means that there are
exactly two Jordan blocks with diagonal entries 1. The sum of their dimension
must be equal to 4, so the blocks have size (3,1) or (2,2). Next, we look at the
equation (A—1I)%v = 0. In the first case, the solution space would be 3-dimensional
(min(2,3) + min(2,1) = 24 1 = 3) and in the second case 4-dimensional. Let us
say that we are in the first case. We then turn to the eigenvalue 2 and find that the
space of eigenvectors is two-dimensional. There are then two blocks with diagonal
entries 2, which necessarily have size 1. We conclude that the Jordan canonical
form for A is

o -
1

1
11

2

where all missing entries are zero. The prime powers corresponding to the Jordan
blocks are (v —1)3 = 23— 322+ 3z — 1, (x — 1), (x —2) and (z — 2), so the primary
canonical form is

To get the rational canonical form we arrange the prime powers in an array as
explained in §5.3. We get

and can read of the invariant factors along the columns:

= (z—1)(x—2) =2*— 32 +2,
co=(x—13x—2) =2 523 +92° — T + 2.

Note that cicy is indeed the characteristic polynomial. This gives the rational
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canonical form

As a final remark, note that since Ann(M) is a non-zero ideal in R, it is
equal to ¢R for a unique monic polynomial ¢, called the minimal polynomial of A.
Equivalently, ¢ is the smallest degree monic polynomial such that ¢(A) = 0. In
terms of the rational canonical form, it is clear that ¢ = ¢,,, the largest invariant
factor of M. As was remarked above, the characteristic polynomial for A is p =
q1 - ¢n. This implies the following useful result.

Theorem 5.4.2 (Cayley—Hamilton Theorem). If p is the characteristic polynomial
of a square matriz A, then p(A) = 0.

Exercise 5.4.1. Let A = [} 1]. Find the primary and rational canonical forms
for A, over the fields Q and R.

Exercise 5.4.2. A complex matrix A has characteristic polynomial (z — 1)3(z +
1)2. Write down all possible Jordan canonical forms for A and give the minimal
polynomial in each case.

Exercise 5.4.3. Verify Cayley—Hamilton’s theorem by hand for 2 x 2-matrices.

5.5 Systems of differential equations

As an application of the Jordan canonical form, let us have a brief look at systems
of first order ordinary differential equations

/
Ty = a11T1 + -+ 1Ty,
/
Ty = A1T1 + -+ + Q2
2 2141 2nsn
’ (5.20)

/
Ty = Qp1T7 +---+ Apndn,

where a;; are real (or complex) numbers. Any higher order system can be reduced
to this form by a standard trick. For instance, the equation

y' +ay +by =0
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can be written as a first order system in the variables (z1,22) = (y,v’), namely,

We can write (5.20) in the matrix form 2/ = Az, where A = (a;;) is the
coefficient matrix and = = (x4, ..., x,) is viewed as a column vector with derivative
' = (z},...,7)). Suppose A has Jordan canonical form J = TAT~!. Then,
y = Tx satisfies the simpler equation 3’ = Jy. Clearly, this system splits into one
independent system for each Jordan block. Thus, the general system (5.20) can
be reduced to the case when the coefficent matrix is a Jordan block.

The 1 x 1 Jordan blocks correspond to the equation y' = Ay, with solutions
y(t) = CeM. For diagonalizable matrices, no other solutions appear; each x;
solving (5.20) is a linear combination of the solutions y;(t) = C;e*" to the corre-
sponding diagonal system.

The 2 x 2 Jordan blocks correspond to

yi = >‘y17
Yo = Y1+ Ay
Here, the first equation has solutions y,(t) = Ce. Plugging this into the second
equation, one finds that y,(t) = (Ct + D)e*. More generally, k x k Jordan blocks
lead to solutions of the form p(t)e*, where p is a polynomial of degree at most
k—1.
To be more precise, one can show that the system (5.20) has the general solution

x(t) = e x(0), where

m

etA:Z%Am

m=0

(This series converges for any complex square matrix A.) For a k x k Jordan block
J with eigenvalue )\, we see as in (5.19) that (J — AI)¥ = 0. It follows that

k—1

tm
tJ __ J >\I )\t
el = eMtel Z% J )\I
m=1

1 00 0]

t 10 0

M| t2 ] 0

:

k=) 1]
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The general solution of the system 3’ = Jy is obtained by multiplying this matrix
with an arbitrary vector of initial values. Of course, this can be verified by a direct
computation.

Note that the eigenvalues A may be complex even when A is a real matrix.
To get solutions in real form, exponentials coming from the eigenvalues A and A
should be rewritten in terms of trigonometric functions. It is then clear that non-
diagonalizability of A corresponds to resonance phenomena. Namely, oscillating
solutions like cos(At) are replaced with unbounded solutions like ¢ cos(At).

5.6 Additional exercises

Exercise 5.6.1. Suppose the matrix A has minimal polynomial p(z) = (z — 1)%
Find an explicit expression for the integer powers A* as linear combinations of A
and I. If you put k = 1/2 in this identity, do you get a solution to B = A?

Exercise 5.6.2. Find all abelian groups of order 162. Give both the primary
decomposition and the invariant factor decomposition of each group.

Exercise 5.6.3. Let

0
1
0

_ o O

A:

_ o O O
o O O

0 0

Find the following canonical forms of A: The Jordan canonical form, the primary
canonical form over Q and the rational canonical form.

Exercise 5.6.4. Let

1 000
0 100
A= -2 101
1 00 0

Find the Jordan canonical form and the minimal polynomial of A.

Exercise 5.6.5. Let J(a) be the Jordan block matrix {Cll 2] Consider A =

J(a) ® J(b) as an operator on C* ® C2. Compute the Jordan canonical form of A.
(The answer will look different depending on how many of the numbers a and b
are zero. )

Exercise 5.6.6. An evil giant is thinking about an abelian group G of order 144.
You are allowed to ask two questions of the form: “What is the dimension of
p'G/p™ G, considered as a vector space over Z/pZ?”, where you may choose p
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and [ as you like. The giant will answer thruthfully, but if you cannot guess the
group after two questions, she will kill you. Is there any way that you can be sure
of surviving?

Exercise 5.6.7. Show that any real 2 x 2-matrix is conjugate over R to exactly

. z 0 Ty z 0
one of the matrices [0 y]’ {—y x} (y #0), [1 m}

Exercise 5.6.8. Show that the two matrices

010 1 -1 0
A=1loo0o 1|, B=]1 0 0
100 0 -3 1

are conjugate over Q.

Exercise 5.6.9. Show that a complex square matrix is similar to its transpose.



Chapter 6

Group representations

6.1 Fundamental facts

Recall from §1.4 that a representation of a group G on a vector space V' is a group
homomorphism 7 : G — GL(V'). More concretely, to each a € G we associate an
invertible linear map m(a) on V, such that 7(ab) = w(a) o w(b) for all a, b € G. It
follows that 7(¢~') = m(g)~! and n(1) = Idy. By standard abuse of terminology,
we will refer to the space V' as a representation. We will often write m = .

Throughout this chapter, G is a finite group and V' a finite-dimensional complex
vector space. In this case, the theory of group representations is particularly
elegant and complete, but we stress that it excludes many situations of great
interest.

The most basic problem of representation theory is to classify all representa-
tions (up to a natural notion of equivalence). As we will see, in our setting this
question has a very satisfactory answer. First of all, any representation splits
uniquely as a direct sum of so called irreducible representations. These irreducible
representations are enumerated by the conjugacy classes of GG; in particular, there
are only finitely many. Finally, using so called characters we can in principle
decompose any representation explicitly as a sum of its irreducible components.

In order to talk about equivalent representations, we need the following notion.

Definition 6.1.1. Let V and W be two representations of G. Then, a linear map
¢: V — W is called intertwining! if ¢ o (g) = mw(g) o ¢ for all g € G. If there
exists an invertible intertuining map V- — W, then we call V' and W equivalent
and write V >~ W.

If V ~ W, then the two spaces have the same dimension and can both be
identified with C". The identity 7y (g) = ¢~ o Ty (g) 0 ¢ means that we can make
this identification (that is, pick bases for V' and W) so that 7y (¢) and my (g) are
given by the same matrix for all g. Thus, we can in effect identify 7y and .

We will denote the vector space of linear maps V' — W by Hom(V, W) and the
subspace of intertwining maps by Homg(V, W). Note that Hom(V, W) is itself a

ISwedish: sammanflatande.
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representation, with

THom(v,w)(9)(¢) = Tw(g) o pomy(g7").

When V is a representation, we write V& for the subspace of invariant elements,
that is,
={veV;n(g)v=wforall g € G}. (6.1)
In this notation, Homg(V, W) = Hom(V, W)€.
A useful method to obtain invariant elements is by taking averages over the
group action.

Lemma 6.1.2. Let V' be a representation of G, and let v € V. Then,

U= |G|Z UEVG.

geG
(The prefactor 1/|G| is included for later convenience.)

Proof. For any h € G,

h)o = ‘G’Z m(hg)v ,G’Z m(g)v =7,

geG
where we replaced ¢ by h~'¢g in the sum. [

Applying the Lemma to Hom(V, W), we find that for any ¢ € Hom(V, W), the
average
= Sl ovomls™)
geG
is an intertwining map.

If V' is a representation, a subrepresentation U C V is a subspace such that
mv(g)(U) C U for all g € G. Equivalently, the restriction of the operators my(g)
to U define a representation of G on U. It is easy to check that the kernel and
image of an intertwining map are subrepresentations.

Proposition 6.1.3. IfV s a representation of G and U C V' a subrepresentation,
then there exists another subrepresentation W such that V. =U & W.

Proof. First take any subspace X such that V = U & X as vector spaces. Let
PV — U be the corresponding projection, that is, P(u+z)=ufor any u € U
and r € X. Then, P: V — U is intertwining. Let v € U and consider

P(u) ’G|Z g) o Pom(gh))(u).

geG
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Since U is a subrepresentation, we have 7(¢~')(u) € U and consequently

(r(g)o Por(g ")(u) = (x(g) omlg " (w) =u, g€G.

}_Ience,_P(u) = u. It follows that P is a projection on U, that is, Im(P) = U and
P? = P. Now let W = Ker(P). Then, W is a subrepresentation and (by the last
part of Lemma 3.4.1) V~U @ W. O

Any representation V' has the trivial subrepresentations {0} and V. We call
V irreducible if V' # {0} and it has no non-trivial subrepresentations. The set of
equivalence classes of irreducible representations of G will be denoted Irr(G).

Corollary 6.1.4 (Maschke’s Theorem). Any representation is a direct sum of
wrreducible subrepresentations.

This follows from Proposition 6.1.3 by iteration, which must terminate as we
only consider finite-dimensional representations. In §6.2, we will show that the
decomposition into irreducible representations is unique.

Note that, although we assume that the ground field is C, the only thing
used so far is that |G|™! exists. In fields of finite characteristic p, such as Z,,
Maschke’s theorem does not hold in general. This makes representation theory in
finite characteristic (so called modular representation theory) more involved than
characteristic 0.

Proposition 6.1.5 (Schur’s Lemma). If V and W are irreducible representations
and ¢ : 'V — W is intertwining, then ¢ =0 if V22 W and ¢ = AN1d if V =W.

Proof. The kernel and image of ¢ are subrepresentations. By irreducibility, they
are either {0} or the whole space V and W. Thus, either ¢ = 0 or ¢ is bijective. In
the second case, V ~ W and we can identify V' with W as representations. After
this identification, ¢ : V' — V. Let A be an eigenvalue of ¢. Then, 0 # Ker(¢ —
A1d). As this is a subrepresentation, Ker(¢ — A1d) = V| that is, ¢ = A1d. ]

We stress that Schur’s lemma does not hold over the real numbers, as not all
real matrices have a real eigenvalue.
A useful consequence of Schur’s lemma is that

0, V = {0},
dim¢ Endg(V) =< 1, V irreducible, (6.2)
>

2, else

(here we write Endg(V) = Homg(V,V)). For the last statement, note that if
V = U@®W as representations, then the maps ¢(u+w) = au+bw, u € U, w € W,
a, b € C, form a two-dimensional subspace of Endg (V).

For the next result we recall some definitions.
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Definition 6.1.6. An inner product on a complex vector space V' is a map V X
V — C, denoted (u,v) — (u,v), which is linear in u, conjugate-symmetric, that
18,

(v,u) = (u,v)

and positive definite, that 1s,
(uyuy >0 for u#0.

If V and W are inner product spaces, any A € Hom(V, W) has an adjoint
A* € Hom(W, V) defined by (Av,w) = (v, A*w) for allv € V, w € W.2 We say
that A : V — V is unitary if A=t = A*, or equivalently (v,w) = (Av, Aw). If
V =W = C" with the standard inner product

(T, y) =190 + - - - + TpUn,

Proposition 6.1.7. If V' is a representation of G, then there is a basis for V' where
all elements of G act by unitary matrices. Equivalently, there is a G-invariant
inner product on V', that is, (m(g)u,m(g)v) = (u,v) for all g € G and u, v € V.

Proof. Start with an arbitrary inner product (u,v)o on V. Then define

1
(u,) = g S {rl) (g)v)o

geG

This is clearly an inner product. If we simultaneously replace u by w(h)u, v
by w(h)v and g by gh™!, the right-hand side does not change. Thus, it is G-
invariant. O

We conclude with some natural operations on representations. If V' and W are
representations, then V' x W is a representation with

Tvxw (9) (v, w) = (mv(g)v, Tw (9)w).

It is easy to see that V. x W = V' @& W’ where V' =V x {0} ~ V and W' =
{0} x W ~ W as representations. Thus, we usually write V' & W instead of
V x W. In an appropriate choice of basis, the representation V & W is given by
block matrices,

_|mv(g) 0
WVEBW(g) - |: VO WW(Q):| . (63)

2The adjoint should not be confused with the dual map, that appeared in §4.5. The adjoint
of A depends anti-linearly on A whereas the map to the dual is linear.
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Direct product should not be confused with tensor product. If V and W are
representations, then V' @ W is a representation with

Tvew(9) <Z v & wi) = Z v (9)vi @ mw (g)w;.

The space C is a representation with 7m¢(g) = Id for all ¢ € G. It is called
the trivial representation. (A group may have other, non-trivial, one-dimensional
representations.) We have already seen that, if V' and W are representations, then
Hom(V, W) is a representation. Choosing W as the trivial representation gives the
dual representation V* = Hom(V, C). Explicitly,

mv(9)(§) =¢gomv(g), gE€G, EeV™
Exercise 6.1.1. Show the equivalence of representations Hom(V, W) ~ V* @ W.

Exercise 6.1.2. Let U C V be a subrepresentation. Given an invariant inner
product on V', show that

Ut ={zeV;(z,u)=0forallucU}

is a subrepresentation. Use this to give an alternative proof of Proposition 6.1.3
as a consequence of Proposition 6.1.7.

Exercise 6.1.3. Let V be a representation equipped with two invariant scalar
products (-,-); and (-,-)2. Show that there is an intertwining map ® : V. — V
such that (®(u),v); = (u,v)s for all u, v € V. Deduce that if V' is irreducible, then
the invariant scalar product is unique up to multiplication by a non-zero constant.

Exercise 6.1.4. Let V and W be group representations equipped with invariant
inner products and let A € Homg(V, W). Show that A* € Homg (W, V).

Exercise 6.1.5. In this problem, we forget our standing assumption that groups
are finite and vector spaces complex. Let K be a field and define ¢ : K — GL(2, K)
by ¢(z) = [{ ¥]. Show that ¢ is a representation of K (viewed as an additive group)
over the field K. Show that ¢ cannot be decomposed as a sum of irreducible
representations. (Choosing K as a finite field shows that Maschke’s theorem does
not hold for finite groups but arbitrary fields. Choosing K = C shows that it does
not hold for complex representations of infinite groups.)
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6.2 Characters

Recall that, if V' is a finite-dimensional vector space, then the trace of an operator
¢ € GL(V) can be defined as Tr(¢) = >_;_ apk, where A = (a;;)};—; is a matrix
representing ¢. This definition makes sense since Tr(T'AT) = Tr(A), so the
trace is independent of the choice of basis. Over the complex numbers, Tr(¢)
can alternatively be defined as the sum of the eigenvalues of ¢, counted with
multiplicity.

The character of a representation 7 : G — GL(V) is the map x : G — C
defined by x(g) = Tr(m(g)). We will often write x = yy. One might think that
almost all information is lost when passing from a GL(V')-valued representation
to its C-valued character. However, we will see that a representation is uniquely
determined by its character. We note right away that the dimension is determined.
Namely, x(1) = Tr(Idy) = dim V.

The following simple fact will be useful.

Lemma 6.2.1. If 7 is a representation of G and g € G, then any eigenvalue \ of
7(g) is a root of unity.

Proof. Tterating the eigenvalue equation 7(g)v = Av gives 7(g™)v = A"w. Since
g" =1 for some n, it follows that A" = 1. 0

Lemma 6.2.2. If x is the character of a representation 7, then x(g~') = x(g) for
any g € G.

Proof. If A\y,...,\, are all the eigenvalues of m(g), then 7(¢7') = n(g)~! has
eigenvalues A\[',..., A-1. It follows that

X(@) =M+t d XD =AT AT =M A, (64)
where we used Lemma 6.2.1 in the last step. O

Lemma 6.2.3. When V and W are representations, we have

Xvew = Xv + Xw, XVew = XVXW,

xv(9) =xv(9),  Xoomvw)(9) = Xv(9)xw(9)-

Proof. The first identity is immediate from (6.3). For the second identity, pick
bases (e;) of V and (f;) of W and suppose that, with respect to these bases,

v (g) = (ai;), mw(g) = (b;;). Then,

Tvew(g)(e: ® f;) = Z agibjer @ fi.
kl
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Summing up the diagonal coefficients gives

xvew(9) = Y awbu = xv(9)xw(9)-
kl
For the last identity, let (e}) be the dual basis of (e;). It is easy to check that, in this
basis, the matrix representing 7y« (g) is the transpose of the matrix representing
my(g7"). Thus, xv+(9) = xv(¢9™!) = xv(g) by Lemma 6.2.2. The last identity
follows from the previous two using Exercise 6.1.1. m

Recalling the notation (6.1), we clearly have

for any representation V. Taking the trace of both sides gives
dim(V%) = Z x(g
gEG

Applying this to the representation Hom(V, W), with V' and W irreducible, Schur’s
lemma gives the orthogonality relation

ZX X 1, VZW,
14 W
| = 0, VLW

Let L?(G) be the |G|-dimensional complex vector space of functions G — C
equipped with the scalar product

(&, ), Z (g
gEG

We have then proved the following result, which will be successively strengthened
in Theorem 6.4.1 and Theorem 6.8.3.

Lemma 6.2.4. Characters of irreducible representations are orthonormal in L2(G).

In particular, it follows that there are only finitely many irreducible represen-
tations (up to equivalence). Let us denote them (V})jL;. Suppose now that V' is
an arbitrary representation. By Maschke’s theorem, we may write

VaeVig oV aV,d &V (6.5)
—_——— —_———
kl knL
that is, V; appears in V' with multiplicity k;. It follows that
xv = kixv, + -+ knXv,,-

We can then compute the multiplicities using Lemma 6.2.4.
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Corollary 6.2.5. Any representation V' can be split into irreducible components
as in (6.5), where the multiplicities are given by

ki = (xv, Xv;)12(6)- (6.6)

Moreover,
||XV||%2(G) = (xv, v = ki + -+ k. (6.7)

This has several important consequences. First, it follows that the representa-
tion 7y is uniquely determined by xy. Second, it follows that the decomposition
(6.5) is unique. Finally, we obtain a very useful irreducibility criterion.

Corollary 6.2.6. A representation V' is irreducible if and only if ||xv||r2) = 1.

To give an example, consider the action of the group Sz on V' = C? by permuting
the coordinates, that is,

m(o) (21, 2, 73) = (l’a—l(l),%—1(2),%—1(3))-

It is often called the defining representation. Equivalently, in terms of the stan-
dard basis vectors, m(0)(e;) = €,(;). Thus, the group elements act by the 3 x 3-
permutation matrices

_ o o OO
OO = OO

_ o o O = O

which are obtained by permuting the columns of the identity matrix. The traces
of these elements are, respectively, 3, 1, 1, 1, 0, 0. Thus, |xv|?* = (32 + 12 +
12+ 1?)/6 = 2. Clearly, the only positive integer solution to ki + --- + k2, = 2 is
m =2, ky = ko = 1. Thus, V must be the sum of two irreducible representations,
appearing without multiplicity. Since dim(V) = 3, the only possibility is that
V = Vo @V, with dim(Vp) = 1 and dim(V;) = 2.3 Tt is easy to see this directly; the
spaces are Vy = {(z,x,2); € C} and Vo = {(z1, 72, 73) € C3; 21 + 25 + 23 = 0}.
(Note that, in agreement with Exercise 6.1.2, Vo = V- with respect to the standard
inner product on C?.) On V;, all elements of S act as the identity, that is, it is the
trivial representation. The space V5 is often called the standard representation.
It also exists over the real numbers, that is, Sz acts on V¥ = {(x1,79,23) €

3We save the notation V; for a later purpose.
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R3; 21 + x5+ 23 = 0} by permuting the coordinates. We can embed an equilateral
triangle in VX with corners at, say, (2, —1, —1), (=1,2,—1) and (=1, —1, 2), so that
S3 acts on the triangle. This takes us back to the example at the very beginning
of the present notes!

Exercise 6.2.1. Show that if U is a one-dimensional representation and V' an
irreducible representation, then U ® V is irreducible.

Exercise 6.2.2. If V and W are any representations, show that dim Homg(V, W) =
(xv,xw)r2)- If the two representations decompose into irreducibles as V' =
@j k;V; and W = @j 1;V;, show that dim Homg(V, W) = Zj k;l;.

Exercise 6.2.3. Let V' be a representation of a group G' and W a representation
of a group H. Show that V ® W is a representation of G x H with mygw (g, h) =
v (g) ® mw(h). Show that the map (V,W) — V ® W gives a bijection Irr(G) X
Irr(H) — Irr(G x H).

6.3 The regular representation

How can we know that we have found all irreducible representations? It turns out
that there is a “master representation” that contains them all, namely, the regular
representation that we already introduced in §1.4. Let V = C[G] be the free
vector space spanned by G, that is, the space of formal sums > geG 099, Qg € C.
Equivalently, it is the space of all functions G — C, where the sum ) geG g9 18
identified with the function a(g) = a,. (As a vector space, V = L*(G), but we
prefer to use the second notation only when we work with a scalar product.) The
space V' is a representation under

(h) <Z agg> = azhg

g g

(in terms of functions, (7(h)(f))(g) = f(h™tg)). We call this the regular represen-
tation of G. We will denote its character by xg.

It is very easy to compute xpg. In the basis (g),eq for V, w(h) is represented
by a matrix with 1 at the matrix positions (g, hg) and 0 else. If h # 1, then all
diagonal entries are zero and thus xg(h) = 0. Moreover, yg(1) = dim(V) = |G].
If V is an arbitrary representation, it follows that

(Xr,XV) = |_Cl¥| ZXR(Q)XV(Q) = xv(l) =dimV.

geG

Comparing this with (6.6), we can draw the following conclusion.
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Proposition 6.3.1. Any irreducible representation V' appears in the reqular rep-
resentation with multiplicity dim V.

Since the regular representation has dimension |G| and the sum of dim V' copies
of V has dimension (dim V)%, we have the following important consequence.

Corollary 6.3.2. We have

Gl= ) (dmV) (6.8)

Velrr(G)

Since the dimension of a representation is often referred to as its degree, (6.8)
is called the degree equation.

Let us return to the example of S3. At the end of §6.2, we found two irreducible
representations: the trivial representation V{, and the two-dimensional representa-
tion V. Thus, (6.8) starts as 6 = 12+ 2% + ... We see that we are missing just
one term, corresponding to another one-dimensional representation. This is the
alternating representation m(o) = sgn(o) Idec. We will denote it V;.

6.4 The character table

Although it follows from Lemma 6.2.4 that a group G can have at most |G| ir-
reducible representations, we still do not know the exact number. This will be
deduced from a stronger form of the lemma. To this end, we first note that by the
matrix identity Tr(ABA™!) = Tr(B), we have x(hgh™) = x(g) for any character
x and elements g, h € G. A function f: G — C that satisfies f(hgh™') = f(g) is
called a class function. Equivalently, a class function is a function that is constant
on the conjugacy classes {hgh™'; h € G}.

Theorem 6.4.1. The irreducible characters form an orthonormal basis for the
space of class functions in L>(G). In particular, the number of irreducible charac-
ters is the same as the number of conjugacy classes.

Proof. We have already proved that the characters are orthonormal (Lemma 6.2.4)
and we just observed that they are class functions. All that remains is to prove
that they span the space of all class functions. To this end, we let o be a class
function orthogonal to all characters and prove that a = 0. For such a and
any representation V, let ¢ = 3 a(g)my(g) € End(V). We claim that ¢ is
intertwining. Indeed,

mv(h)ogomy(h™) = alg)mv(hgh™) =Y a(h-lgh)my(g)

geG geG

= Z@WV(Q) = 0.

geG
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In the case when V is irreducible, Schur’s lemma gives ¢ = A1d for some A € C.
But since
Tr(¢) = > alg)xv(g) = |Gl(xv,a) =0,
g
we must have A = 0 and hence ¢ = 0 for any irreducible representation. By

Maschke’s theorem, ¢ = 0 in general. In particular, for the regular representation,
0=¢(h) = Eg a(g)gh for all h, which implies o = 0. ]

It follows that the representation theory of GG is encoded by the square table
(x(C))y.c, where x runs over the irreducible characters and C over the conjugacy
classes. It is called the character table.

Corollary 6.4.2. The rows and columns of the character table satisfy the ortho-
gonality relations

Z :g; D(C) = by, (6.92)

> X(C)x(D) = :g: Scp. (6.9b)

The first of these relations is a reformulation of Lemma 6.2.4, using that the
characters are constant on the conjugacy classes. It can be written as the unitarity
relation AA* = Id, where A, ¢ = /|C|/|G|x(C). It implies A*A = Id, which is
the second relation.

Since the irreducible representations of GG are enumerated by the conjugacy
classes, it is very natural to look for a construction that associates an irreducible
representation to each conjugacy class. Nobody has been able to do this for general
finite groups! However, in §7 we will give such a construction for the symmetric
groups S,,.

Corollary 6.4.3. If G is an abelian group with n elements, then G has exactly n in-
equivalent irreducible representations, which are all one-dimensional. On the other
hand, if G is a non-abelian group with n elements, then G has strictly fewer than n
inequivalent irreducible representations, and not all of them are one-dimensional.

This follows immediately from Theorem 6.4.1 and the degree equation (6.8),
as a group is abelian if and only if each element is in its own conjugacy class.

Exercise 6.4.1. If V is irreducible, show that

— G
> xvlgmv(g) = d| |V Idy .
geG
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Exercise 6.4.2. Let g and h be two elements in a group such that x(g) = x(h)
for all irreducible characters y. Show that g and h belong to the same conjugacy
class.

Exercise 6.4.3. By Corollary 6.4.3, any irreducible representation of an abelian
group is one-dimensional. Give an easier proof of this using Schur’s lemma.

6.5 Examples

We will give some examples of character tables. We first consider the cyclic group
Zn, then very briefly general finite abelian groups, then S; and finally S,.

By Corollary 6.4.3, any irreducible representation of Z, is one-dimensional,
that is, it is a map 7 : Z,, — C, such that n(z +y) = 7(z)7(y). It is easy to guess
that m(z) = e for some \. Since 7(z + n) = 7(x) we must have A = 2in{/n,
§ € Z. Taking £ € Z, gives inequivalent representations m¢. By Corollary 6.4.3,
these are all the irreducible representations. The corresponding characters are
Xe(7) = Te(z) = €3/ 50 the character table can be identified with the matrix
(€™ )o<p g <n1-

For 7Z,, there is a visible duality between characters and group elements. To
make this more precise, note that xeXx, = Xe¢4y, Which reflects the equivalence of
representations m¢ ® m, ~ m¢,,. Thus, the characters form an abelian group under
multiplication, and this group is ismomorphic to Z,. More generally, for any finite
group G, the characters of one-dimensional representations form a group under
multiplication. If GG is abelian, this group is denoted G. By Theorem 5.1.1, G is
then a direct product of cyclic groups. Using also Exercise 6.2.3, it follows that
G ~ @G for any finite abelian group.

Next, we consider the group S3. As we saw at the end of §6.3, it has exactly
three irreducible representations: the trivial representation V{, the alternating
representation V; and the standard representation V. Let us write x; = xv,. In
agreement with Theorem 6.4.1, S3 has three conjugacy classes, exemplified by the
identity 1, the transposition (12) and the 3-cycle (123). The character x, of the
trivial representation is the constant function 1. The character y; is simply the
sign, which assumes the values 1, —1, 1 on the three respective elements. Note
also that x2(1) = dim(V3) = 2. Thus, the character table of S3 has the form

|1 (12) (123)

w1l 1 1
w1l -1 1
X2 | 2

The missing entries can be computed very easily using that each column must be
orthogonal to the first, see (6.9b). This gives the end result
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|1 (12) (123)
Yo |1 1 1
xi|l -1 1
Xz | 2 0 -1

Finally, consider the group S4. It has five conjugacy classes, exemplified by
the elements 1, (12), (123), (1234) and (12)(34). The number of elements in these
classes are, respectively, 1, 6, 8, 6 and 3. (This follows from Lemma 1.6.1 but is
also easy to figure out directly.) We know two one-dimensional representations of
S4, the trivial representation and the alternating representation 7(o)z = sgn(o)z,
x € C. Let us call them V[, and Vj, respectively. Computing the sign of the five
representative elements, we find that the character table starts as

|1 (12) (123) (1234) (12)(34)
Xo |1 1 1 1 1
xi|1l -1 1 -1 1

Next, we consider the defining representation on V = C*, that is,

7T(0> ($17 T2, T3, ZE4) = (x0*1(1)7 T5-1(2), To—1(3), xa*1(4))~

The matrix for 7(o) in the standard basis is given by acting with ¢ on the columns
of the identity matrix. For instance,

0 01 0Of |xy
1 0 0 0] |z
m(1 2 3)(21, 02,3, 00) = (3,21, %0,%0) = | | ( xz
00 0 1| |24

In particular, the trace x(¢) is the number of fix-points of o. For our five elements,
the respective number of fix-points is 4, 2, 1, 0, 0. Clearly, V' is not irreducible,
since {(z,z,z,z); v € C} forms an invariant subspace equivalent to Vp. If we write
V ~ Vo @ Va, then xo = xv — xo takes the values 3, 1, 0, —1, —1. Let us apply
Corollary 6.2.6 to prove that V5 is irreducible. Indeed,

1 1
all® = 55 D101 xa(C)fF = 5 (1-94+6-14+8-046-1+3-1) = 1.
C

Explicitly, Vo = V- is the subspace z; + -+ + x4 = 0 of V. We can obtain yet
another irreducible representation as V3 = Vi ®Vj, cf. Exercise 6.2.1, with character
X3 = X1X2. It can be realized explicitly on the same space as V5, but with the
group action

(o) (21, T2, 3, 74) = 5gn(0)(To-1(1), - - -, To—1(a))-
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So far we have the character table

1 (12) (123) (1234) (12)(34)
Yol|1l 1 1 1 1
1|1 -1 1 -1 1
|3 1 0 -1 -1
s |3 -1 0 1 1

We know that we are missing one irreducible representation. If its dimension is d,
then (6.8) gives 24 = 12+ 12+ 324 3%+ d?, so d = 2. Thus, the full character table
is of the form

1 (12) (123) (1234) (12)(34)
w1l 1 1 1
w11 1 1 1
wl3 1 0 1 1
s l3 - 0 1 1
X4 | 2

The missing entries are now easy to fill in from the fact that each column is
orthogonal to the first one (and to each other). We obtain the final result

1 (12) (123) (1234) (12)(34)
ol1l 1 1 1 1
vil|l 1 1 1 1
Y23 1 0 1 1 (6.10)
s |3 -1 0 1 1
al2 0 1 2

Note that this does not tell us what the representation Vj is. We will return to
that question in the next section.

Exercise 6.5.1. Let V be the standard representation of S3. Find the explicit
decomposition of V®" as a sum of irreducible representations.

Exercise 6.5.2. Define the finite Fourier transform of f : Z,, — C by

1 .
_ E Z f(x)e—%rl;vﬁ/n7 5 c Zn‘

TELn

Deduce from Theorem 6.4.1 that \/ﬁHfHLz(Zn) = || fll.2z,)- Choosing f(x) =1 for
0<z<k-—1land f(z) =0 for k <x <n— 1, show that

— (sm wkx/n)

sin(mz/n)

) =k(n—k), 0<k<n.

r=1
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6.6 Interpreting the character table

Although a group is not uniquely determined by its character table (see Exercices
6.6.3-6.6.4), a lot of information about it is. To give some examples, we will show
how to determine all normal subgroups and identify the center and the commutator
subgroup.

When x is a character, we will write Ker(x) = {g € G; x(9) = x(1)}. The
reason for this notation is the following fact.

Lemma 6.6.1. If the representation m has character x, then Ker(mw) = Ker(y).

Proof. 1t Ay, ..., A, are the eigenvalues of 7(g) we need to prove that
This follows from the fact that |\;| =1, see Lemma 6.2.1. O

Let N be a normal subgroup of G and consider a representation of G/N. By
generalities on normal subgroups, there is a bijection between representations p of
G/N and representations 7 of G such that N C Ker(m). This correspondence is
simply given by p(gN) = 7(g). As a subspace is closed under p if and only if it is
closed under 7, the representation p is irreducible if and only if 7 is. We conclude
that the irreducible characters of G/N are given by

Irr(G/N) = {x € Irr(G); N C Ker(x)}. (6.11)

If g € Ker(x) for all y, then choosing D as the conjugacy class of g and C' = {1}
in (6.9b) we find that ¢ = 1. Applying this fact to the group G/N gives

N = N Ker(y). (6.12)

x€Irr(G), NCKer(x)

Thus, any normal subgroup is an intersection of kernels of irreducible characters.
Since the converse is clear, all normal subgroups can be found from the character
table.

Proposition 6.6.2. The normal subgroups of G are precisely the intersections of
kernels of irreducible characters.

Let us apply Proposition 6.6.2 to the character table (6.10) of S;. Obviously,
the trivial representation y, has S, as kernel. The representations xs and x;
have trivial kernel (that is, they are faithful). The kernel of x;, that is, {o €
S4; sgn(o) = 1} is known as the alternating group A4. The kernel of x4 is the
subgroup N = {id, (12)(34), (13)(24), (14)(23)}. Since N C A4, we do not find
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any more normal subgroups by taking intersections of the kernels. Thus, S, has
only two non-trivial normal subgroups, Ay and N. Note that S;/N is a group
of order 6. As it is nonabelian (for instance, (12)(13)(12)(13) = (123) ¢ N, so
(12)(13) # (13)(12) in G/N), it follows from Exercise 1.7.22 that G/N ~ S3.*
Thus, x4 can also be viewed as an irreducible representation of S3. As it has
dimension 2, it is the standard representation. This answers our question about
what the representation with character x4 “is”: it is the standard representation
of S3, disguised as a representation of S,.

Let us now consider the commutator subgroup (or derived group) G’. By
definition, it is the subgroup generated by all elements of the form aba='b~!. Since
G is abelian if and only if G’ is trivial, |G|/|G’| measures how commutative G is.

Proposition 6.6.3. The subgroup G’ is the intersection of the kernels of all one-
dimensional representations of G. Moreover, the number of one-dimensional rep-

resentations of G is |G|/|G'].

Proof. By (6.11),
Irr(G/G') = {x € Irr(G); G' C Ker(x)}

and by (6.12),
G = m Ker(y).

X€lrr(@), G’ CKer(x)

Thus, it suffices to show that a representation of GG is one-dimensional if and only
if it can be projected to G/G’. Since G/G’ is abelian, any representation of G/G’
is one-dimensional. Conversely, if 7 is one-dimensional, then all the 1 x 1-matrices
7(a) commute. In particular, w(aba™'b"') = 7w(a)m(b)m(a) tx(b)™" =1, so 7
projects to G/G". ]

Next, we consider the center. Recall that Z(G) is the set of elements in G that
commute with all other elements; it is an abelian normal subgroup. Since G is
abelian if and only if Z(G) = G, |G|/|Z(G)| measures how non-commutative G is.

When Yy is a character, we define

Z(x) = {9 € G; |x(g9)| = x(1)}.

4The existence of N is quite exceptional. If n # 4, then the only normal subgroups of S,, are A,,
and the trivial subgroups. A conceptual way of understanding S3 as a quotient of S, is as follows.
A cube has four long diagonals and three axes connecting the midpoints of opposite faces. The
rotations of the cube can be identified with the group S; acting on the diagonals (see Exercise
1.7.18). Each rotation also permutes the three axes, which gives a surjective homomorphism
S4 — S3. The kernel of this homomorphism (that is, the group of rotations fixing each pair of
opposite faces) is N, so we must have S4/N ~ Sj.
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Again using that the eigenvalues of m(g) are roots of unity, this can only happen
when they are all equal, so we can also write

Z(x) ={9 € G; m(g) € Cld},  x =Tr(m).
The reason for the notation is the following fact.
Lemma 6.6.4. The center of G is Z(G) = (| cpmc) Z(X)-

Proof. Let m be an irreducible representation on V' and y its character. If g € Z(QG)
then w(g)w(h) = w(h)w(g) for all h € G. Thus, 7(g9) € Endg(V). By Schur’s
lemma, g € Z(x). Conversely, if 7(g) = Ald, then for any h € G we have
7(g)m(h)m(g)~'m(h)~! = Id, which implies ghg~'h™! € Ker(r). If this holds for
each irreducible representation 7, then (6.12) with N = {1} gives ghg~'h™! =1,
so g € Z(G). O

As an example, suppose GG has the character table

Cl OQ Cg 04 C’5 C16

i 1 1 1 1 1 1
Yo 1 -1 1 -1 i —i
vs 1 1 1 1 -1 —1
va 1 -1 1 —1 —i i
xs 2 2 -1 -1 0 0
Yo 2 -2 -1 1 0 0

We follow the convention that the first column corresponds to the conjugacy class
Cy = {1} and the first row to the trivial representation. This can be seen im-
mediately since, by (6.9), they are the unique row and column with only positive
entries. The entries of the first column are then the dimensions of the corre-
sponding representations. In this case, xi,..., x4 are one-dimensional and x5, Xs
two-dimensional. The order of the group is thus 4-12+42-22 = 12. By (6.9b), the
order of a conjugacy class can be read off the character table as

o
ZXeIrr(G) |X(C) |2

(Here and below, we use Irr(G) to denote the irreducible characters as well as
the irreducible representations; as a representation is uniquely determined by a
character this should not lead to confusion.) In the case at hand, we find that
|Cy| = |Cy| =1, |Cs] = |Cy] = 2, |Cs] = |Cs] = 3. We may check again that
the total number of elements is 2 -1+ 2 -2+ 2 -3 = 12. Writing for short
Ciyoipy = Ciy U--- U, the kernels of the characters are Ker(x;) = Clazas6 = G,

ICl =

k
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Ker(xg) = Ker(x4) = 013, KeI‘(Xg) = 01234, Kel"(X5) = 012, Ker(xﬁ) = Cl.
Taking intersections of these does not lead to any further subgroups; for instance,
C13 N C12 = C1. Thus, G has exactly five normal subgroups. Moreover G' =
ﬂ?;l Ker(x;) = Ci3. To compute the center, we see at a glance that Z(x) = G
for the one-dimensional representations and Z(x) = Cya for the two-dimensional
ones. Thus, Z(G) = C1y. In conclusion, the lattice of normal subgroups looks like

C=7(G
C,={1} C - _ </) C Claza € Chogase = G.
Cis=G

We mention that there is exactly one group with this character table, called the
dicyclic group of order 12.

Exercise 6.6.1. Let GG be a group with the following character table. Find the
order of GG and the number of elements in each conjugacy class. Describe the lattice
of normal subgroups and identify the commutator subgroup and the center.

Ci Cy C3 Cy C5 Csg C; Cg Cg Cy
x1 1 1 1 1 1 1 1 1 1 1
x2 1 1 -1 -1 1 1 -1 1 1 -1
x3 1 1 1 1 1 -1 -1 -1 -1 -1
x« 1 1 -1 -1 1 -1 1 -1 -1 1
xs 2 -1 0 0 2 2 0 -1 2 0
x¢ 2 -1 0 0O 2 -2 0 1 -2 0
x> 3 0 -1 1 -1 3 1 0 -1 -1
xs 3 0 1 -1 -1 3 -1 0 -1 1
Xy 3 0 -1 1 -1 -3 -1 0 1 1
X0 3 0 1 -1 -1 -3 1 0 1 -1

Exercise 6.6.2. Prove that, for any finite group G, the one-dimensional characters
form a group isomorphic to G/G".

Exercise 6.6.3. Let G be the group of symmetries of the square (the dihedral
group of order 8). Show that G has the character table

11 1 1 1
11 1 -1 -1
11 -1 1 -1
11 -1 -1 1
2 =20 0 0

Exercise 6.6.4. Let G be the quaternion group (see Exercise 1.7.3). Show that
G has the same character table as the dihedral group of order 8. Also show that
the two groups are not isomorphic.
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6.7 Group algebra and Fourier transform

So far, we have only considered C[G] as a vector space. However, it has a natural
multiplication, which makes it an associative algebra. In the description as formal
sums, this multiplication is simply obtained by extending the group multiplication:

Zaggahh = Zagbhgh. (6.13)
g g g:h

In the description as functions, it is a convolution:

()(g) = d(h)w(h™g).

heG

We call C[G] equipped with this product the group algebra of G.
As we have seen, left multiplication m(g)h = gh gives a representation of G on
C[G] called the regular representation. It decomposes as

ClGl~ P (dmV)V. (6.14)

Velrr(G)

This does not say anything about the algebra structure on C[G]. However, we
can easily obtain a refinement of (6.14) that does. To this end, we consider
C[G] as a representation of G x G by the rule n(g,h)k = gkh™'. Note that if
V' is any representation of GG, then End(V') is a representation of G x G under
TEna(v)(9, )¢ = mv(g) o ¢ o my(h™'). Moreover, End(V) is an algebra (under
composition of maps). This gives meaning to the following result.

Theorem 6.7.1. As a representation of G X G and as an associative algebra,

ClGl~ € End(V). (6.15)

Velrr(G)

Proof. A representation my : G — GL(V) extends by linearity to a map my :
C[G] — End(V). It is trivial to check that 7, commutes with the action of G x G
and preserves multiplication. Thus, it is enough to check that 7 = @@, my is
bijective. If F(z) = 0, then 7y (x) = 0 for any irreducible representation V' and
hence for any representation V. But then, in the regular representation, x =
m(x)1 = 0. This shows that F is injective. The surjectivity follows by comparing
dimensions; indeed, by (6.14), dim(C[G]) = >, dim(V)? = >~ dimEnd(V). O

One can prove that if V' € Irr(G) then End(V) € Irr(G x G), so (6.15) is in
fact a decomposition into irreducible components (see Exercise 6.7.3).
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The isomorphism F : C[G] — @, End(V) defined in the proof of Theo-
rem 6.7.1 is called the Fourier transform on G. To see why, consider the case
G = Z,. As all irreducible representations V' are one-dimensional, we can identify
End(V') with C. We can then view F as a map from functions G — C to functions
Iir(G) = G — C. The value of F(f) on the character x¢(z) = €™/ is then
> gec F(@)xe(g) = S0 f(x)e?™/m, This is the finite Fourier transform, see Ex-
ercise 6.5.2. For general finite groups, the Fourier transform takes a scalar-valued
function on G to an operator-valued function on Irr(G).

In classical Fourier analysis, one of the most fundamental problems is how to
recreate a function from its Fourier transform. The analogous result for finite
groups is as follows.

Theorem 6.7.2 (Fourier inversion formula). If A € End(V'), then

FHA)(g) = dl‘mTr/ Try (Aﬂv(gfl)) .

Here, we consider C[G] as a space of functions on G.
Proof. An equivalent formulation is that if A =73, Ay € @, End(V), then

Flag = Y b

| | TYV (Avﬂ'v(gil)) .
Velrr(G)

By linearity, it is enough to verify this when A = F(h) for some h € G. On the
left, F~*(A) = h should be identified with the function g — d,,. On the right,
Ay = my(h). Thus, we must prove that

dim V' dim V'
Ogn = Z l\mT! Try (mv(h)my(g7")) = Z lymT‘ xv (hg™').  (6.16)
Velrr(G) Velrr(G)

This is the special case hg! € C and D = {1} of the orthogonality relation
(6.9b). O

Exercise 6.7.1. Prove that the center of the group algebra is the space of class
functions.

Exercise 6.7.2. Prove that if G and H are finite abelian groups of the same order,
then C[G] ~ C[H] as algebras.

Exercise 6.7.3. Prove that xgnav)(9, 1) = xv(9)xv (k™). Deduce that End(V) €
Irr(G x G) it V e Irr(G).
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Exercise 6.7.4. In general, a representation of an associative algebra A over a
ring R is an algebra homomorphism A — Endg(V) for some R-module V. Show
that there is a one-to-one correspondence between representations of a finite group
and representations of the group algebra.

Exercise 6.7.5. We have seen that, when G is embedded into G X G as g — (g,1),
then then each irreducible representation V' appears in C[G| with multiplicity
dim V. Show that, if G is embedded as g — (g,¢), then the multiplicity is
Yo xv(C), where the sum runs over all conjugacy classes. Deduce that the row
sums in the character table are always non-negative integers.

6.8 Peter—Weyl Theorem

One important class of theorems in classical Fourier analysis, associated with the
names Parseval and Plancherel, state that various versions of the Fourier transform
are unitary. We will show such a result in the setting of finite groups. As we will
see, it is an easy consequence of the unitarity of the character table (6.9).

To talk about unitarity, we must introduce inner products on C[G] and End(V').
The group algebra will be identified with the inner product space L?*(G). On
End(V'), we will use a rescaled version of the following product.

Lemma 6.8.1. If V is a representation of G, then (A, B) = Tr(AB*) is a G x G-
invariant inner product on End(V'), where x denotes adjoint with respect to a
G-invariant inner product on V.

Proof. If we choose an orthogonal basis (ex);_; for V and let A = (aw), B = (bg)
be the corresponding matrices, then it is easy to check that

<A, B> = Z alekl. (617)
k=1

In particular, this implies that the inner product is positive definite. The invariance
follows from an easy computation:

<7TEnd(V) (g, h)A, 7TEnd(V)(g; h)B> =Tr (WV(Q)AWv(h)_I(WV(g)BWv(h_l))*)
= Tr (v (g) Amy () v (R) By (97Y)) = Tr (v (9) AB* 1y (g7Y)
= Tr(AB*) = (4, B),

where we used that 7y (g)* = my(g71). O
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If V e Irr(G), it follows from Exercise 6.1.3 and Exercise 6.7.3 that the G x G-
invariant inner product on End(V') is unique up to rescaling. We will in fact define

(A,B) = Ay Trv(AB*), A, B € End(V), (6.18)

where Ay = dim V/|G|?. We then have a natural inner product on @, End(V),
given by

<Z AV7ZBV> =S M\ Trv(AvBy), Ay, By € End(V).
\% |4 \%

Theorem 6.8.2. With respect to the inner products defined above, the Fourier
transform F : L*(GQ) — Dy errq) End(V) is unitary, that is, Ft=F~

With respect to the direct sum composition @, End(V'), F takes the form of
a block matrix
T Vo

F=|™|, Irr(G) = {Vo, Vi, ... }.

Thus, the equivalent identities FF* = Idgy  gaav), F*F = Idp2(g) can be written
as

Tw © 7T§k/ = 5V,W IdEnd(V); (619&)
> wpomy =Idig - (6.19b)
Velrr(G)

Note that it follows from Schur’s Lemma and Exercise 6.7.3 that (6.19a) holds
up to a multiplicative constant. Although one could prove Theorem 6.8.2 using
this observation, we will simply observe that (6.19b) has already appeared in slight
disgusise in §6.7. Namely, as the group elements generate L?(G), it suffices to
compare (X g, h)12(q), where X are the two sides of (6.19b) and g, h € G. On the
right, we get d,,,/|G|. On the left, we get

dim (V) .
’G|2 Tr (WV(g>7TV<h) ) :

Z (mv(9), v (7)) Enaev) = Z

Velrr(G) Velrr(G)

As my (h)* = my(h™1) for an invariant scalar product, we are reduced to the identity
(6.16).

In Theorem 6.4.1, we saw that the characters of irreducible representations
form an orthogonal basis for the subspace of L?(G) consisting of class functions.
As a consequence of Theorem 6.8.2, we can find an extension to an orthogonal
basis for the whole space. To this end, assume that we have chosen an invariant
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inner product and an orthogonal basis on each V' € Irr(G). Identifying elements
of End(V') with matrices, let E,S/) be the matrix with a 1 in position (k,[) and a
0 everywhere else. It is then clear from (6.17) that (E,S/))Z ,—; form an orthogonal
basis for End(V). By Theorem 6.8.2, fﬁl(E%)) form an orthogonal basis for
L?(@), where V varies over Irr(G) and 1 < k, | < dim(V'). Applying Theorem 6.7.2
we find that, as a function on G,

FED) (@) = T (B () = SR e (620)
’ |G| |G|

Here, we used the elementary identity Tr(EjA) = Ay, where Ay is a matrix

element of A. Since the Fourier transform is unitary, it follows that the matrix

elements 7" (g)s; form an orthogonal basis of L?(G). In view of the rescaling (6.18),

IES2 = dimV/|G|%. As F preserves the norm, it follows that ||my(g)||2 =

1/dim V. Thus, we arrive at the following result.

Theorem 6.8.3 (Peter—Weyl Theorem for finite groups). The matriz elements
7 (g)m of all irreducible representations form an orthogonal basis for L*(G). Ex-
plicitly, the orthogonality relation is

—— 0050
ZWV(Q)U Tw () = w (6.21)
geG

1
|G|
The relations (6.21) are called Schur’s orthogonality relations. Theorem 6.8.3
holds in the more general setting of compact groups; for instance, the case G = R/Z
is related to classical Fourier series.

6.9 Frobenius divisibility

To go further into the representation theory of finite groups, one often needs some
algebraic number theory and Galois theory. Just to give a glimpse of what can be
done, we will prove the following theorem of Frobenius.

Theorem 6.9.1. If V is an irreducible representation of a group G, then dim V'
divides |G].
With a little bit of extra effort one can show that dim V' divides |G|/|Z(G)].

To prove Theorem 6.9.1, we need the notion of an algebraic integer, which is
defined as a solution = to an equation of the form

"+ ap 2" 4+ ax +ag =0, ag, . ..,0n_1 € 7. (6.22)

For instance, i and v/2 are algebraic integers, but 1/2 is not. Denoting the algebraic
integers by A, it is very easy to see that ANQ = Z. Thus, to prove Theorem 6.9.1
it is enough to prove that |G|/ dimV € A.
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Lemma 6.9.2. The following conditions are equivalent:
(A) « is an algebraic integer.

(B) There exists a ring R C C such that « € R and R is finitely generated as an
abelian group.

Proof. If a solves (6.22), then Z[a] is generated by 1, «,...,a" !, Thus, we can
take R = Z[a].

Conversely, if R is a ring as in (B) and fy, ..., (8, are generators, then we can
write aff; = >, ;P for some a;, € Z. This means that the column vector
(B1, ..., Bn) is an eigenvector of the matrix A = (a;;) with eigenvalue a. It follows
that det(aId —A) = 0, which is an equation for « of the form (6.22). O

Corollary 6.9.3. The algebraic integers form a ring.

Proof. Let o and (8 be algebraic integers. If « solves a monic equation of degree
m and [ a monic equation of degree n, then Zlo, 8] is generated as an abelian
group by the monomials o*3' with k < m and | < n. Since o + 3 € Z[a, 3] and
aff € Za, f] we conclude from Lemma 6.9.2 that o + 8 and af are algebraic
integers. UJ

Let Z|G] C C[G] be the set of of formal sums ) _;a(g)g, a(g) € Z. Clearly,
it is a ring with multiplication (6.13). We denote by S the center of this ring, that
is, the set of a € Z[G] such that ab = ba for all b € Z[G]. Then, S is itself a ring.

Lemma 6.9.4. As an abelian group, S is generated by the elements ¢pc = dec g,
where C' runs over conjugacy classes of G.

Proof. Let x =3 ;a(g)g € S. That x commutes with h means that > _a(g)g =
Zga(g)hghil. Replacing g by h~tgh on the right, we see that a(g) = a(h~tgh).
Thus, a is constant on the conjugacy classes. If a(C') € Z denotes the value at the
class C, then z = Y, a(C)oc. O

Let my : C[G] — End(V) be the linear extension of an irreducible represen-
tation G — GL(V'). Suppose s € S. Since s commutes with the group elements,
7y (s) is an intertwining operator. By Schur’s lemma, 7y (s) = A(s) Idy for some
A(s) € C. Then, A: S — C is a ring homomorphism. By Lemma 6.9.4, the ring
A(S) is finitely generated as an abelian group. Thus, by Lemma 6.9.2, A\(¢¢) are
algebraic integers.

We will now use the identity

G

=——1d Ve Irr(G
QEZGXV(Q)WV(Q) Ty L4V € Irr(G),
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see Exercise 6.4.1. (If you do not know how to do this, look again at the proof
of Theorem 6.4.1.) Summing over conjugacy classes, the left-hand side may be

written
ZXV )> mvlg) =Y xv(C)mv(ec) = ZXV Aoe) Idy .
c

geC

We conclude that

dlmV ZXV

By Lemma 6.2.1, x/(C) is a sum of roots of unity. As any root of unity is an
algebraic integer, A(¢¢) is an algebraic integer and A is a ring, it follows that
|G|/ dimV € A. As we explained above, this proves Theorem 6.9.1.

Exercise 6.9.1. Let G be a group of order p?, where p is a prime. Use Theo-
rem 6.9.1 to prove that G is abelian (thus, by Theorem 5.1.1, G ~ ZZ% or G~ Zy2).

Exercise 6.9.2. Let G be a group of order pq, where p < ¢ are primes. Using
Proposition 6.6.3 and Theorem 6.9.1, show that if p { ¢ — 1, then G is abelian
(thus, by Theorem 5.1.1, G ~ Z, X Z,).}

Exercise 6.9.3. Let C' and D be two conjugacy classes of G. For e € G, let
n(C, D, e) be the number of pairs (¢,d) € C' x D such that cd = e. Show that
n(C, D, e) depends only on the conjugacy class E of e, so it makes sense to write
it as n(C, D, E). Show that the elements ¢ introduced in Lemma 6.9.4 satisfy

¢cép =Y _n(C,D,E)dp.

E
Finally, show that the numbers A(¢¢) satisfy

det (Méc) —n(C, D, E)) =0,

where the determinant is indexed by conjugacy classes of G. (This gives an explicit
equation of the form (6.22) for the algebraic integers A(¢¢).)

6.10 Additional problems

Exercise 6.10.1. A finite group G has six conjugacy classes, which we denote
C1,...,Cs. We know two irreducible characters x; and o of the group, given by

Cl Cz 03 04 C’5 CG
yi 1 -1 1 —1 i —i
Yo 2 2 -1 -1 0 0

°If p | ¢ — 1 there is also a non-abelian group of order pgq.



103

Compute the whole character table of G.

Exercise 6.10.2. If x is an irreducible character, show that Z(x)/Ker(y) is a
cyclic group. Deduce that if G has a faithful irreducible representation, then Z(G)
is cyclic.

Exercise 6.10.3. Show that

Solit ) = 5 S @mV)xv(éw), 6, v eCld]

geG ’ | Velrr(G)
(here, the character yy is extended linearly to C[G]).

Exercise 6.10.4. Let W be any representation. Suppose the decomposition into
irreducibles is
W=kWVi® - ®k,V,.

Prove that the projection from W to the subspace equivalent to k;V; (an isotypic
component) is given by

dim V}
G|

> xu@)mw(g).

geG

Exercise 6.10.5. Suppose V and W are irreducible representations. Show that

dimV

I€l Z xv(gh)xw(g) =

geG

XV(h)7 V=W,
0, VLW,



Chapter 7

Representations of the symmetric
group

7.1 Statement of results

In this chapter, we describe all irreducible representations of the group S, and
compute the character table. We will state and explain the main results before
going into the proofs. As before, when we make general statements about group
representations, we mean finite-dimensional representations over C of finite groups.
The group algebra C[S,,] will be denoted A,,.

Let us start with some remarks relevant for general groups. We have seen that

ClGl~ & End(V), (7.1)

Velrr(G)

both as algebras and as representations of G x GG. We restrict attention to the
action of G ~ G x {1} given by 7(g)x = my(g) o x for x € End(V). Choosing a
basis for V', we can view x as a matrix. The group action is then given by matrix
multiplication from the left, that is,

m(g)[AL - An] = [mv(g)Ar - 7v(9)Anl,

where A; are columns. Hence, V' can be identified with the space of matrices that
have non-zero entries only in (say) the first column. This space equals End(V') E1q,
where Fy; € End(V) is the matrix with 1 in the upper left corner and 0 elsewhere.
Note that E?, = FEy;, that is, Fy; is an idempotent. Applying the isomorphism
(7.1) to Ey; yields an idempotent e € C[G] with V' ~ C[G]e.! This proves the
following fact.

Proposition 7.1.1. Any irreducible representation of G is equivalent to a left ideal
C[Gle, where e is an idempotent.

!By (6.20), e is essentially a matrix element of my, but that is irrelevant for the present
discussion.

104
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As a simple example, if ¢ = deGg, then hc = deG hg = deGg = ¢ for
all h € G. Moreover, with ¢ = ¢/|G|, we have ¢ = e. Thus, C[G]e is a one-
dimensional representation where each element of GG acts as the identity; that is,
it is the trivial representation.

In general, it is difficult to construct the idempotents that generate all irre-
ducible representations. However, for the group S,, there is an explicit construction
that we will describe. We stress that we will not actually use Proposition 7.1.1; it
is only included here for motivation.

The starting point for our construction is a partition A of n, that is, a sequence
Al > Ay > -+ > A\, of positive integers with > i Aj = n. Partitions are conve-
niently pictured as Young diagrams. To explain this, the following example should
be sufficient: M

A= (4,2,1) . (7.2)

By a tableau (pl. tableaux), we mean a filling of the boxes of a Young dia-
gram with the symbols 1,...,n, such that each symbol is used exactly once. The
canonical tableau is the particular tableau defined as in the following example:

2(3]4]
8 .

‘\10!»—‘

Let P denote the subgroup of S,, consisting of permutations fixing the symbols
in each row of the canonical tableau and () the subgroup fixing the symbols in each
column. In the above example, P ~ S; X Sy consists of permutations of {1,...,7}
fixing {1,2,3,4}, {5,6} and {7} and Q ~ S3 x S, fixes {1,5,7}, {2,6}, {3} and
{4}. Now let

ev=>_pY_sgn(q)q € A, (7.3)

peEP  qeqQ

This is known as a Young symmetrizer. We will show that it is proportional to an
idempotent. Our first main result is then as follows.

Theorem 7.1.2. The irreducible representations of S, are exactly the left ideals
Vi = A,.cy, where X ranges over all partitions of n.

The one-row partition A = (n) corresponds to ¢ = ¢ g. As we saw above,
it gives the trivial representation. By a similar computation, the one-column
partition A = (1,...,1) corresponds to the alternating representation, which is
one-dimensional and where each g acts by multiplication with sgn(g).
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To give a less trivial example, the partition A = (n — 1,1) gives the standard
representation, equivalent to the action by S,, on

Vo={xeC" 21+ - +z, =0}

Let us check this directly when n = 3; see Exercise 7.1.2 for the general case. In
this case P = {id, (12)}, @ = {id, (13)}, so

¢ = (id +(12))(id —(13)) = id +(12) — (13) — (132).

We compute
(13)c = (13) 4 (123) — id —(23)
and let V' = span{c, (13)c}. We claim that V) = V. Since S; is generated by (12)
and (13) and obviously (13)V = V| it is enough to check that (12)V C V. To this
end, we compute
(12)c = (12) +id —(132) — (13) = ¢,
(12)(13)e = (132) 4+ (23) — (12) — (123) = —¢ — (13)ec.
To find an explicit isomorphism ¢ : V. — {x; + z2 + 23 = 0}, we note that
since ¢ is fixed by (12) it is natural to let ¢(c) = (1,1,—2). Then necessarily
o((13)c) = (—2,1,1). It is then clear that ¢ commutes with the action of (13).
We leave to the reader to check that it also commutes with (12), and hence with
any element in Sj.

Having constructed the irreducible representations of S,,, we want to compute
the character table. As we explained in §1.6, a conjugacy class of S,, consists of
all elements containing exactly ¢, k-cycles for each k, where ¢, are non-negative
integers subject to

cl+202+~'-+ncn:n.

Equivalently, a conjugacy class is described by the partition containing k copies
of the number ¢, for each k. For instance, the partition (7.2) corresponds to
permutations in S; composed of a 4-cycle, a 2-cycle and a fixpoint. This gives a
direct correspondence between irreducible representations and conjugacy classes,
as they are both labelled by partitions. No such correspondence is known for
general groups.

The following result describes the character table of S,,. It will be convenient

tolet p = (m—1,m—2,...,1,0). We will also use multi-index notation like
=g,

Theorem 7.1.3. Let x, be the character of the irreducible representation V\ and C'
the conjugacy class with cycle structure (c1,...,c,). Then, xA(C) is the coefficient
of 7 in the polynomial

H (l’i—ZL’j)H(;L‘If+...+x:1>ck.

1<i<j<m k=1
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One can use Theorem 7.1.3 to compute the dimension of V). There is an
attractive way to express the result in terms of hook lengths. The hook length of
a box in a Young diagram is the number of boxes in the “hook” consisting of the
box itself and all boxes that are straight below it or straight to the right of it.

Corollary 7.1.4. We have dimV) = n!/H, where H is the product of the hook
lengths of all the boxes in the Young diagram for .

As an example, in the following diagram, each box is labelled by its hook length.
The corresponding representation has dimension 7!/6 -4 -3 -2 = 35.

412]1]
1 (7.4)

‘»—lcocn

The Young symmetrizers c) also allow us to answer a question raised in §4.3.
Let V be a finite-dimensional complex vector space and let S,, act on V®" by

() (V1 ® - ® VUp) = Vg1(1) @ * ++ @ Vg-1(n)-

We want to understand how V®" decomposes under this action. We have con-
structed two invariant subspaces, equivalent to V" and V. As S, acts trivially
on V®" it is isomorphic to a multiple of the trivial representation. Similarly, V"
is a multiple of the alternating representation. We constructed these subspaces
as the image of the projections (4.14). These projections are multiples of 7(cy),
where A is the one-row and one-column partition, respectively, and where we have
extended the group action linearly to m : A,, — End(V®"). It is natural to guess
that the complete decomposition of V" involves the spaces V* = 7(c))V®" for
other partitions A.

To understand the situation, it is useful to consider the representation p of

GL(V) on V®" by
p(A) (v ® - Ru,) = Ay ® -+ ® Av,. (7.5)

This commutes with the action of S,,, which implies that V* is a representation of
GL(V). The following result is proved in §7.3.

Theorem 7.1.5. As representations of S, x GL(V),

ver~ B eV (7.6)
A

where the sum runs over partitions of n.
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It follows that

Vo ~ @dim(VA)VA ~ @dim(v,\)v)‘ (7.7)

as a representation of S,, and GL(V'), respectively. The symmetric role played by
the groups S,, and GL(V) is known as Schur—Weyl duality.

Note that it can happen that V* = {0}, so that the corresponding term is
absent from (7.6). For instance, V11 = V" = ( when n > dim V. This is a
general phenomenon.

Theorem 7.1.6. The space V> = {0} if and only if the number of parts in X is
larger than dim(V). Otherwise, V* is an irreducible representation of GL(V).

Studying the representations V* takes us into the representation theory of
Lie groups®. This is an important area with many applications in mathematics
and physics. Just as for finite groups, characters are an indispensable tool in
this theory. We will compute the character of V*. By this, we mean an explicit
expression for y*(A) = Trya(p(A)) in terms of the eigenvalues of A € GL(V). Tt is
easy to see a priori that such an expression exists. As the trace is invariant under
conjugation, it only depends on the Jordan canonical form of A. It then follows
by a continuity argument (the trace depends continuously on the matrix elements,
and the diagonalizable matrices are dense in GL(V')) that it only depends on the
eigenvalues.

Our expression for the trace is given in terms of certain symmetric polynomials
known as Schur polynomials. They are given by

deticijem(@ ")

a H1§i<j§m(xi — ;)

Sa(@1y ey Ty (7.8)

Here, \ is a partition with at most m parts. If the number of parts k is strictly
less than m we should interpret Ay = -+ = A, = 0 in (7.8). Note that S, is
a polynomial. Roughly speaking, the reason is that if we have a zero z; = z; in
the denominator, then two rows of the matrix in the numerator agree, so that the
determinant is also zero. For a more precise explanation, see Lemma 7.4.1.

Theorem 7.1.7. If dim(V) = m, X is a partition with at most m parts and
A € GL(V) has eigenvalues xy, . .., Ty, then x*(A) = Sx(x1, ..., 2m).

As an application of Theorem 7.1.7, we can compute the dimension of V*. It
is given by the following variation of the hook length formula.

2A Lie group is a group that is also a smooth manifold, such that the group operations are
smooth functions.
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Corollary 7.1.8. If V' is a vector space of dimension m and \ a partition with at
most m parts, then
) m—1+7
dlm V)\ = —_— .
1_][ h(i, j)
Here, the product is over all boxes in the Young diagram, where the box in row i
and column j has coordinates (i,7), and h(i,j) denotes the hook length of that bozx.

As an example, in the following Young diagram, we choose m = 3 and label
each box by 3 —i+ j.

314[5]6]
23 :
1
Comparing with (7.4), the corresponding representation V* has dimension
6-5-4-32.2
—— =15.
6-4-3-2

Note that if A has more than m parts, then some boxes will be labelled 0, so
Corollary 7.1.8 gives the correct result also in this case.

Although any irreducible representation of S, is equivalent to some V), the
group GL(V) has other representations than V*. We will describe without proof
how to construct the remaining representations. We first note that, if k& € Z,
then det”(g) = det(g)* defines a one-dimensional representation of GL(V). If
A1 > -+ >\, is a sequence of integers (some or all of which may be negative), we

define
W()\l,...)\m) = det —k ® V()x1+k,...,)\m+k)

where £ is large enough so that the right-hand side is well-defined. We claim that
the result is independent of k. Moreover, any continuous irreducible representation
of GL(V) is equivalent to one of the representations W®.

Exercise 7.1.1. Use the hook length formula to compute the dimension of all
irreducible representations of S;. Show that the result agrees with the degree
equation (6.8).

Exercise 7.1.2. Use Theorem 7.1.3 to verify that V(,,_; ) is the standard repre-
sentation.

7.2 Irreducible representations

In this section, we prove Theorem 7.1.2. We will construct the irreducible represen-
tations as left ideals of the form A, c), where c, is proportional to an idempotent.
It will be useful to understand the intertwining maps between such representations.
We will use the following result, which we formulate in a more general setting.
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Lemma 7.2.1. If R is a ring, e € R an idempotent and M an R-module, then
Hompg(Re, M) ~ eM,
where x € eM corresponds to the homomorphism y +— yx.

Proof. Let ¢ € Homg(Re, M) and let z = ¢(e). Then z = ¢(e?) = eg(e) = ex, so
x € eM. Moreover, for any y € Re we have y = ye and hence ¢(y) = yo(e) = yx.
Conversely, if x € eM, then ¢(y) = yx is clearly an R-module homomorphism. [J

In particular, when G is a group and e and f are idempotents in C[G], then
Homg (C[Gle, C[G]f) ~ eC[G]f (7.9)

(by linearity, Home = Homgyg)). This gives useful tests for irreducibility and
equivalence. By (6.2), dim Homg(V, V) = 1 if and only if V' is irreducible. Schur’s
lemma also tells us that if V and W are irreducible, then dim Homeg(V, W) is 1 if
V ~ W and 0 else. Thus, (7.9) has the following consequences.

Corollary 7.2.2. If e is an idempotent in C|G|, then C[G]e is irreducible if and
only if e # 0 and eC[G]e = Ce. Moreover, if e and f are idempotents and C|G|e
and C[G]f are irreducible, then eC|G|f = Cef when C|Gle ~ C[G]f and eC|[G|f =
0 else.

We continue with the following observation.
Lemma 7.2.3. The elements c3 are non-zero.

Proof. Consider the matrix A representing ¢, in the regular representation. Ex-
plicitly, if ¢\ = desn agg, then A = (apg-1)gnee. In particular, Tr(A) = nlaiq.
We claim that a;q = 1. Indeed, the only contribution to this coefficient comes from
the terms in (7.3) with p = ¢7' € PN Q = {id}. Thus, Tr(A4) = n!. But if we
had ¢} = 0, then we would have A* = 0. It would follow that all eigenvalues of A
would be zero and, in particular, Tr(A) = 0. O

Next, we give an intrinsic description of the set PQ).

Lemma 7.2.4. A permutation g € PQ if and only if there is no pair of labels
(1,7), i # j, in the same column of the canonical tableau such that (g(i),g(j)) are
in the same row.

As an example, consider the canonical tableau

1]2]
5
In this case, Lemma 7.2.4 states that ¢ € PQ if and only if {g(1),9(3)} # {1, 2},
that is, g(2) # 3. To check this claim we note that P = {id, (12)} and Q =
{id, (13)}, so PQ = {id, (12),(13),(12)(13) = (132)}. Indeed, these are the four
permutations such that ¢(2) # 3.
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Proof of Lemma 7.2.4. Suppose g = pq with p € P and ¢ € () and let 7 # j be in
the same column. Then, ¢(7) # ¢(j) are still in the same column, hence in distinct
rows. It follows that g(i) = p(q(i)) and g(j) = p(q(j)) are in distinct rows.

For the converse, suppose g has the mentioned property. Let ¢g(7') be the
tableau obtained from the canonical tableau by replacing each label i by g(i).
Then, there is no pair of labels that are in the same row of T" and the same column
of g(T'). This means that we can reorder the elements within each row of T" so that
they end up in the same column as in g(7"), and then obtain g(7") by reordering
the elements within each column. In terms of permutations, we go from 7" to ¢(7T')
by first applying a permutation p € P and then the permutation pgp~! for some
q € Q. Then, g = pq. O

We introduce the notation

ax=Y g b= seng)q

gep q€@
so that ¢y = a)by. It is easy to check that
ayp =pay = ay, byg=gby=sgn(q)by, peEP qeQ. (7.10)
Lemma 7.2.5. We have a,A,by C Cc,y.

Proof. Tt suffices to prove that aygby € Cc)y for g € S,,. If g € PQ), this follows from
(7.10). Assuming that g ¢ PQ, we will show that aygby = 0. By Lemma 7.2.4,
we can find a pair (4,7) in the same column of the standard tableau such that
(g(4),9(j)) are in the same row. Let p = (g(i) g(j)) € P. Then, ¢ = g 'pg =
(1j) € Q. This gives

axgby = a xpgby = arggby = sgn(q)argby = —axgby,
s0 aygby = 0. ]

Applying Lemma 7.2.5 to the element byay gives ¢3 = zc), for some z € C. By
Lemma 7.2.3, z # 0. This proves the following important fact.

Corollary 7.2.6. The element cy, is proportional to a non-zero idempotent ey.

We can now apply the first part of Corollary 7.2.2. We have eyA,e\, C
a)A,by C Ce, by Lemma 7.2.5. This completes the first step of our proof of
Theorem 7.1.2.

Corollary 7.2.7. The representations Vy = A, c\ are irreducible.
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To proceed, we need to introduce the lexicographic order on partitions. This
is the same order that we use to compare words in a lexicon; to order ABACUS
and ABANDON, we observe that the first three letters agree and then compare the
fourth letter. For partitions, we write A > p if there exists j such that \; = pu; for
1 <¢<jand \; > p;. For instance, the partitions of 5 are ordered as

(5) > (4,1) > (3,2) > (3,1,1) > (2,2,1) > (2,1,1,1) > (1,1,1,1,1).

For completeness, we mention that to compare, say, (3,1,1) and (3,1), we first
append zeroes to the shorter partition (that is, (3,1,1) > (3,1) since (3,1,1) >
(3,1,0)). However, as we will only compare partitions of the same number, we
will never need this convention. The lexicographic order is total, that is, for two
partitions A and g we either have A > u, A = por A < p.

Lemma 7.2.8. Let T\ and T, be two tableauxr on two Young diagrams A and p,
with the same total number of boxes. Assuming also that \ > u, there exists a pair
(i,7) such that i and j appear in the same row of T\ and the same column of T),.

Proof. Suppose for a contradiction that there is no such pair (7, 7). Then, all the
A1 symbols in the first row of T appear in different columns in 7},. Since there
are (1, such columns, we have \; < py and consequently A\ = p;. We may then
reorder the symbols within each column of 7, so that the first row of Ty and T},
agree. This does not affect our assumption that there is no pair (7, 7) with the
stated property. Repeating the same argument for each row we eventually find
that A = pu. O]

A slight variation of the proof of Lemma 7.2.5 now gives the following result.
Lemma 7.2.9. If A\ > ;i then ayA,b, = 0.

Proof. It suffices to show that aygb, = 0 for g € S,,. We choose T) as the canonical
tableau on A and T}, as the tableau obtained from the canonical tableau on p
by replacing each i by g¢(i). Picking a pair (i,j) as in Lemma 7.2.8, we have
p=_(ij) € Pn,q=g"'pg = (97" (1)g7'(j)) € Q,, where we indicate the dependence
of the groups P and @ on the underlying partition. Then,

axgb,, = axpgb, = axgqb, = —axgb,,,
so axgb, = 0. O

In particular, it follows that exA,e, = 0 if A > p. Thus, by the second part of
Corollary 7.2.2, V\ %2 V,, so all the representations V) are inequivalent. As their
total number is the same as the number of conjugacy classes in S,,, there are no
further irreducible representations. This completes the proof of Theorem 7.1.2.
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7.3 Schur—Weyl duality

In this section we will prove Theorem 7.1.5 and start working towards a proof of
Theorem 7.1.6. We recall the general setup. Let V' be a complex vector space and
consider the representations of S,, and GL(V) on V®" by

(o) (V1 ® - ®Up) = Vp1(1) @+ ® Vg1(n),
p(A) (11 ® - ®u,) = Avy @ -+ @ Avy,.

We will use the same symbols to denote the linear extension 7 : A, — End(V®")
and the natural extension p : End(V) — End(V®") defined by the same identity.
(Note that p is not linear.) For A a partition of n, we define V), = A, c\ and
V* = 7m(cy)V®". Then, V) is a representation of S, and V* a representation of
GL(V).

Theorem 7.1.5 asserts that

ver~ P e v (7.11)
A

as a representation of S, x GL(V'). Given Theorem 7.1.2, this is very easy to prove.
Indeed, it follows from Lemma 7.2.1 that Homg, (Vy, V®"?) ~ V* where x € V*
corresponds to the homomorphism y — 7(y)z from V) to V®". This shows that
the multiplicity of Vy in V®" is dim(V?*) (see Problem 6.2.3), so (7.11) holds as
representations of S,,. Moreover, as the embedding y ® z — 7(y)z is intertwining
also for the GL(V') action, the proof of Theorem 7.1.5 is complete.

The proof of Theorem 7.1.6 is more involved. Below, we will prove that V* is
either zero or irreducible. To determine exactly when it is zero has to wait until
the end of §7.5.

We know that GL(V') commutes with the action of S,, that is, p(GL(V)) C
Endg, (V®"). We will show that p(GL(V)) in fact spans Endg, (V®"). Thus, if a
subspace is closed under the action of GL(V') it must be closed under Endg, (V®").
We will then use (7.11) to show that V* has no non-trivial invariant subspaces.
Although we will not need it, we mention that one can show that the two algebras
A =7(A,) and B = span(p(End(V))) satisfy

Enda(V®") =B,  Endp(V®") = A,

that is, each is the centralizer of each other. This is an instance of the double
centralizer theorem, which holds in a more general framework of semisimple as-
sociative algebras. Note the dual roles played by the finite group S,, and the Lie
group GL(V).

Lemma 7.3.1. We have Endg, (V") ~ End(V)®", where the isomorphism is
given by the natural embedding End(V)®™ — End(V)®" ~ End(V®").
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Proof. If A € Endg, (V®") ~ End(V)®", then it is clear that P(A) = A, where P
denotes the projection to End(V)®". Conversely, if B € End(V)®" C End(V®"),
then it is clear that B commutes with the action of S,,. O

We want to prove that the elements p(A4) = A®", A € GL(V), span Endg, (V®") ~
End(V)®". This will follow from the following fact.

Lemma 7.3.2. If V s a finite-dimensional complex vector space, then V" is
spanned by v ® - @, v e V.

Proof. We find it easiest to understand this using the identification of symmetric
tensors with polynomials. Namely, if (e;)7-, is a basis for V, then e;; ® --- ®

j=1
€j,, > Tj ---xj, gives an isomorphism from V®" to the space of homogeneous
polynomials of degree n in x1, ..., z,,. Lemma 7.3.2 asserts that these polynomials

are spanned by all powers f = (ayz1 + -+ + apZy)". Let U be the span of all
such powers. Considering f = f(a1) as a function of a;, we have h™!(f(a; + h) —
f(ay)) € U. By continuity, 0f/0a; € U. Repeating this argument, any derivative
ohttm £ /9al .. Qalm € U. But if I + --- + I,, = n, this is a non-zero multiple
of xlll ..~ alm which clearly span the homogeneous polynomials. O]

Corollary 7.3.3. The space Ends, (V®") is spanned by p(GL(V)).

Proof. By Lemma 7.3.1 and Lemma 7.3.2, Endg, (V®") is spanned by p(End(V)).
But GL(V) is dense in End(V') (if det(A) = 0 there is an arbitrarily small per-
turbation of A with non-zero determinant), so p(End(V')) and p(GL(V') span the
same subspace. O

Finally, we need the following fact.

Lemma 7.3.4. If A € End(V?), then A can be extended to an element of Endg, (V®™).

Proof. Applying the isomorphism (7.11), one may define the extension of A to be
id ® A on the term corresponding to A and zero else. O

More generally, it is easy to see that

Ends, (V") = @D Homs, (Va @ VA, V,, @ V") ~ (D End(V?).
A

A1

This can be compared with (7.1), which tells us that

A, ~ PEnd(Vy).
A

We can now prove the following weak version of Theorem 7.1.6.
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Corollary 7.3.5. As a representation of GL(V), VA is either zero or irreducible.

Proof. Suppose that U C V* is closed under p(GL(V)). By Corollary 7.3.3, U is
closed under Endg, (V®") and hence, by Lemma 7.3.4, under End(V?*). But there
is no non-trivial invariant subspace under End(V?), since any non-zero vector is
mapped to any other non-zero vector by some linear transformation. O

7.4 Two determinant evaluations

In order to prove Theorem 7.1.3, we will need two well-known determinant eval-
uations: the Vandermonde determinant and the Cauchy determinant. To prove
them, the following elementary result is useful. Note that it also implies that the
Schur polynomials defined in (7.8) are actual polynomials.

Lemma 7.4.1. If f = f(z1,...,x,) is an anti-symmetric polynomial (over C,
say), then f is divisible by [[ <, <, (®i — x;).

Proof. Considering f as a function of zy, it vanishes at the points xs, ..., z,. Thus,
it is divisible by g = (z1 — 23) - - - (x1 — z,). Considering now f/g as a polynomial
in xo, it vanishes at xz3,...,x,. Iterating this argument, we arrive at the desired
conclusion. ]

For the determinant evaluations, we only need the following special case.

Corollary 7.4.2. If f = f(x1,...,x,) is an anti-symmetric polynomial (over C,
say) of degree at most n — 1 in each variable, then f is a constant multiple of

H1§i<j§n(wi — ;).

Another way to see this is the following. The space of polynomials with the
stated properties can be identified with V", where V is the space of polynomials in
one variable of degree at most n—1. But since dim(V') = n, we have dim(V"") = 1,
so there is only one such polynomial up to multiplication by constants.

Lemma 7.4.3 (Vandermonde determinant). We have

det (af )= T[] (z:i—a) (7.12)

1<i,j<n -
1<i<j<n

Proof. By Corollary 7.4.2, the two sides of (7.12) differ by a multiplicative con-
stant. To compute the constant, we compare the coefficient of 27~ '25~2- .. x,_; on
both sides. On the left, this monomial appears by multiplying the entries on the
main diagonal; that is, in (1.8) it corresponds to the term with o = id. Thus, the
coefficient is 1. On the right, it appears when expanding the product and always

choosing x; in x; — x;. Thus, the coefficient is again 1. O
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Lemma 7.4.4 (Cauchy determinant). We have

( 1 ) ::Illgj<kgn(xj-—itk)Qb-—-yk)'

1= zjy [T (1= z5yn)

det
1<4,k<n

(7.13)
Proof. Clearly, [T, (1 —a2;yx) det((1 —a;y,)~") is a polynomial in the variables x;
and y;. Moreover, it has degree at most n — 1 in each of these variables, and is
separately anti-symmetric in z; and y;. Thus, by Corollary 7.4.2, the two sides of
(7.13) agree up to a multiplicative constant. To compute the constant, we multiply
(7.13) by []; (1 —2;yx) and let 2, = 1/y,. On the left, we only get a contribution
from terms involving the lower right matrix element, that is, from terms with
o(n) = nin (1.8). If we let D,, denote the left-hand side of (7.13), these terms
combine to D,,_1/(1 — z,y,). Thus, we have

n n (1 — x;
IT (= am) = HJ”“ll( i) - Dy
j,kZl Inzl/yn - xnyn :L“n=1/yn
_ n—1
H xjyn - yj/yn) H (1 - xjyk) : Dn—l-
j=1 jk=1
On the right, we have
n—1
II == (y—u) = @) wi—) T =) (=)
1<j<k<n en=l/yn 55 1<j<k<n—1

Noting that (1 — z;y,)(1 — yj/yn) = (z; — 1/yn)(y; — yn), the result now follows
by induction on n. O]

Exercise 7.4.1. Prove that if p; is a polynomial of degree j with leading coefficient
a;, then

det (poj(w:)) = agar--any [[ (2i—x)).

1<4,5<n -
1<i<j<n

Exercise 7.4.2. Find an alternative proof of the Cauchy determinant by expansion
along a row and induction on n. You will need the partial fraction identity

o —a) &1 IS 6= by)

[T —=b) = a—0 Il b —b)

that you may have learned as a tool for integrating rational functions.
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7.5 Characters

Throughout this section, V is a complex vector space of dimension m. We will
compute the characters xa(g) = Try,(9) and x*(A) = Trya(A), where g € S,
A e GL(V).

By Theorem 7.1.5,

Tryen (p(A)m(a)) = Y xa(@)xM(A), (7.14)

where the sum runs over partitions of n. The left-hand side can be computed
directly as follows.

Lemma 7.5.1. Suppose that A € GL(V') has eigenvalues x1, . ..,z and let o € S,
have cycle structure (cq,...,c,). Then,

Tryen(p(A)r(o)) = [ [} + - + 2k, (7.15)

Proof. Choosing a basis (e;)7, in V, we write Ae; = »_, A¥e;. Then,

p(A)ﬂ'(o’)(eJl ® e ® ejn) g Z A.I;;fl(l) e A‘l;jfl(n)ekl ® N ® ekn'
ki,....kn=1
It follows that
Tryen(p(A Z A, "‘1) . ”(”) (7.16)
,,,,, k=1

To explain why this can be written as 1ndlcated, we give an example. If 0 =
(12)(345) € Ss, then the right-hand side of (7.16) factors as

Z AP A Z A AR AL,
kl ko k3 k4 ks

Since
. ko pks k; k1
Z Akl Ak2 e Akj_lAkj ?

this can be written as Tr(A?) Tr(A3). For general o, we obtain in the same way

[Tr_, Tr(AF)e. Since A* has eigenvalues z¥, ..., 2%  the result follows. O
Fixing a basis for V' and generic scalars z1, . . ., x,,, let D be the diagonal matrix

with z; in position (4, j) and 0 else. Then,

p(D)(ekl Q- €kn) = Xy " '$km(€k1 XX ekn). (717)
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This gives an eigenbasis for p(D). The eigenvalues are the numbers 2* = 2 - - - 2

where \; > 0 and Ay +--- + A, = n. Let us write U, for the corresponding
eigenspace, so that

ver = Qu. (7.18)
A

It then follows from (7.17) that the vector

ex=€1QX - RKRe1R¥ - Ve, R ---R e,
~—_——— —_———
A1 An

generates U) as a representation of S,,, that is, Uy = w(A,,)ex.

Let P >~ §), x--- xS, be the subgroup of S, fixing the element e, (if A\; =0,
the corresponding factor is absent). Also, let ay = > gep Y- If X is a partition, this
agrees with the notation introduced in §7.1.

In general, if H is a subgroup of G, let C[G/H] be the free vector space spanned
by the cosets gH (we do not assume that H is normal, so C[G/H]| need not be
a group algebra). There is a natural representation of G on C[G/H]| defined
by 7(g1)geH = g1g2H.> We can now give a more intrinsic description of the
representations U).

Lemma 7.5.2. We have the equivalence of representations Uy ~ C[S,,/P] ~ A, a,.

Proof. We define maps ¢ : S,,/P — Uy and ¢ : S,,/P — A,ay by ¢(gP) = 7(g)e,,
(gP) = gay. Since ey and ay are fixed by P, these maps are well-defined. We
extend them linearly to C[S,,/P]. These extensions are clearly surjective and
intertwining, so it is enough to prove injectivity. To this end, let g; € G be
representatives for the cosets, so that any = € C[S,/P] can be written uniquely
as © = ) ;cjg;P, ¢; € C. Then, ¢(x) = >, ¢;m(gj)ex. Each term in this sum
is a tensor product of our original basis vectors, and they are all distinct since
7(g1)ex = m(g2)ex would give g1g, ' € P. Thus, ¢(x) = 0 only for z = 0. Moreover,
Y(x) =D, cigjan = D_; > ,cp ¢ig;p- Since the elements g;p are mutually distinct,
we also have Ker(y) = 0. O

Let us now consider the trace of p(D)7n (o), where o € S,,. On the one hand, it
is given explicitly by the right-hand side of (7.15). On the other hand, by (7.18)
it can be expressed as Y, ¥y (0)z*, where v, is the character of Uy. This proves
the following result.

Lemma 7.5.3. If C is the conjugacy class with cycle structure (ci,...,¢c,), then

[Tt + ey = > u(0) (7.19)
k=1 ALy Am 20,

3The technical term for 7 is the representation of G induced from the trivial representation
of H.
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The representations Uy are equivalent under permutations of A;. Also, if some
A;j = 0, U, is equivalent to the representation obtained by deleting zero entries
from A. Both these properties follow from Lemma 7.5.3, but are also easy to see
directly. Thus, each representation U, is equivalent to a representation indexed by
a partition (for instance, Uiz 3) =~ U 2)). We will need the following fact on the
decomposition of U, into irreducible parts.

Lemma 7.5.4. If \ is a partition, then Uy >~ V) & @W/\ K, \V,, where K, are
non-negative integers.

The numbers K, are called Kostka numbers.

Proof. We will use the equivalence Uy ~ A,a,. It suffices to prove that

L p=A,

dim H Uy, V,) =

It is easy to see that a, is proportional to an idempotent. Thus, by (7.9), it
suffices to show that ayA,c, = Cc, for 1 = XA and 0 for < A. This follows from
Lemma 7.2.5 and Lemma 7.2.9. [

To prove Theorem 7.1.3, we need to multiply (7.19) by [[,,_;<,,(zi — ;). The
expansion of that factor into monomials is the Vandermonde determinant. It will
be convenient to introduce the notation

olp)=m—0c(1),...,m—oc(m)), o €S,.

Then, (7.12) can be written compactly as
H (x; —xj) = Z sgn(o)z? ).
1<i<j<m o€Sm,

Consequently,

[[ @-a)[Jehe o) = 30 3 sen(@)pu(C)am?. (7.20)

1<i<j<m k=1 U1yt >0 0€Spy
M1+ m=n

When ) is a partition, let ¢, = ¢(C) be the coefficient of 22 in (7.20). Then,
Theorem 7.1.3 says that y, = ¢,. We can write

¢)\ = Z Sgn(g>¢)\+p—a(p)a (721)

oesh,
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where the prime means that we exclude terms for which A + p — o(p) contains
negative entries. Equivalently,

dr =Y sen(0)Ypspo(e)s (7.22)

o€es),

where [A] denotes the partition obtained from A by ordering the entries decreasingly
and deleting zero entries.
To give an example, if m = 3, then p = (2,1,0) and o(p) assumes the values

(2,1,0), (1,0,2), (0,2,1), (2,0,1), (0,1,2), (1,2,0),

where we first applied the even permutations and then the odd ones. The corre-
sponding values of p — o(p) are

(0,0,0), (1,1,-2), (2,—1,-1), (0,1,-1), (2,0,—2), (1,—1,0).

If A =(2,2,1), then the second and fifth value is excluded from the summation
(7.21). For the remaining terms, A + p — o(p) equals

(2,2,1), (4,1,0), (2,3,0), (3,1,1).
Thus, (7.22) takes the form

b2,2,1) = Y21 + Va1 — YE2) — V-

Note that all the partitions appearing on the right exceed (2,2, 1) in the lexico-
graphic ordering. This is a general phenomenon.

Lemma 7.5.5. All partitions appearing in (7.22) satisfy [N+ p — o(p)] > A, with
equality if and only if o = id.

Proof. Consider the lexicographic order on Z™. 1If x € Z™, let [x] denote the
vector obtained from z by ordering the elements decreasingly. By the definition
of lexicographic order, [x] > z. In particular, p = [o(p)] > o(p) for all ¢ € S,,.
It follows that [\ 4+ p —a(p)] > A+ p —o(p) > A. Since we assume that all
entries in [\ + p — o(p)] are non-negative, deleting zero entries does not effect
the lexicographic order. Finally, if o # id we have p > o(p) and consequently
A+p—0a(p)] > A O

We are now ready to complete our computation of the irreducible characters
of S,,.
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Proof of Theorem 7.1.3. Recall that we must prove that x, = ¢,. By Lemma 7.5.5,

¢>\ - 77Z))\ + Z L,LM¢;L7

u>A
for some integers Ly,. Combining this with Lemma 7.5.4 gives
¢>\ =Xx Tt Z M;MXM
B>
for some integers M),. By orthonormality of characters,
JOalI* =1+ M.
B>

Thus, to prove that y, = ¢,, we only have to prove that ||¢,] = 1.
By Lemma 1.6.1,

=LY ceer= Y A9
e

n ‘Cs '
. 1C;.
c1+2ce++nep=n HJ:l JG

Recall that ¢, (C) is the coefficient of 227 in (7.20). Thus, ||@x||? is the coefficient
of a*PyAr in

I G@i—2)w—y)

1<i<j<m

(@1 4+ 25.)9 (W + -+ Y)Y

X > 1T o . (7.23)
c14+2co+-4ncp=n j=1 J

The right-hand side of (7.23) resembles the Taylor series for the exponential
function, but the restriction on the summation variables prevents us from sum-
ming it explicitly. However, we can ignore this restriction without changing the
coefficient that we are interested in. In fact, we claim that ||¢,||? is the coefficient
of APy 7 in

[1 -y Y [l tnl gy

j%c;!
1<i<j<m c1,¢2,..>0 j=1 J

The reason is that, when ) is a partition of n, then 2*** is homogeneous of degree
m — 14+ n. On the other hand, each term in (7.24) is homogeneous in = of degree
m — 1+ ¢ + 2cy + ---. Thus, to obtain terms of the form z**” we must have
c1+2c+---+nc, =nand c,11 = cpyo = - - - = 0. In particular, this shows that
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(7.24) makes sense as a formal power series. As we will see in a moment, it also
makes sense as a convergent series in the region max; ; |z;y;| < 1. Indeed, using
the standard Taylor expansions

we can write (7.24) as

> xk Z'k k k
11 <xi—xj><yi—yj>HeXp(<1+ AL +ym>)

1<i<j<m k=1
" iy Thicicjem (@i — ) (Y — )
o o o i Jj o 1<i<j<m\*7? J ? J
- H (@i — ;) (yi — y;) H exp (Z ] = 1=, .
1<i<j<m 7,7=1 k=1 ©J=

We recognize this as the Cauchy determinant evaluation (7.13). Thus, (7.24) equals

1 - 1

c€Sm Jj=1 1= L)
S S ot
0€Sm k1,....,km >0

where we used the geometric series

[e.e]

1
1—:1,‘:2:6]6'

k=0

Note that the entries in the vector A + p are mutually distinct. Thus, only the
permutation o contributes to the coefficient of z**?y**? and we find that this
coefficient is 1. m

We now turn to the problem of computing the character x* of V*. By (7.14)
and (7.15),

[Tk ) =3 @ (),

where C' is the conjugacy class with cycle structure (cq,...,¢,) and A € GL(V)
has eigenvalues zy,. .., ,,. We also know that y,(C) is the coefficient of z*** in

[T i) [T+ ap) (7.25)

1<i<j<m

These two expansions can be related by the following result.
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Lemma 7.5.6. Let P be an anti-symmetric polynomial in m variables. Write

k Eom
P(xy,...,xp) = g Cly ok @1 T

k17---7k’m20

Then,

P(xy, ..., Tm
(1'1 L ) = Z C>\+pS)\<JZ1,...,ZEm), (726)

[icicjzm(@i — ;) A1 > Ao > > A >0

where Sy is the Schur polynomial defined in (7.8).

Proof. That P is anti-symmetric means that the coefficients Cj, ., are anti-
symmetric in (ki,...,ky). In particular, Cy, k., = 0 when k; = k; for some
i # j. If that is not the case, we can write & = o(\ + p) for a unique sequence
Al > - > A\, > 0 and a unique o € S,,. By anti-symmetry, we then have
Chy,...k, = 5g0(0)Crp. It follows that

Py, ... &) = Z Chtp Z sgn(a)xazl)/’l .. .xo(m)f’ )
>\12>\2Z"'2>\m20 oESy
Writing the inner sum as a determinant completes the proof. O

Applying Lemma 7.5.6 to the case when P is given by (7.25) gives
D XAOXMA) =D xa(C)Sa(n, -, x). (7.27)
A A

On the left, the sum runs a priori over all partitions of n, whereas the sum on the
right is over partitions with at most m parts. This can be viewed as a linear relation
between the columns of the character table of S,,. However, as the columns are
orthogonal, they are in particular linearly independent, so we must have y*(A4) = 0
if A has more than m parts and x*(A4) = Sx(z1, ..., x,) else. As dim V* = x*(1d),
we have in the first case V* = {0}. As S, is not the zero polynomials (both
the rows and columns in (7.8) are visibly linearly independent for generic z;), we
have in the second case V* # {0}, so by Corollary 7.3.5 V* is irreducible. This
completes the proof of Theorem 7.1.6 and proves Theorem 7.1.7.

Exercise 7.5.1. Many textbooks give a more computational proof of Lemma 7.5.3,
which we outline in the following exercise.

(a) Prove that, when H is a subgroup of G, the character of C[G/H] is given by
x(C) =G| |CnH|/|H|-|C].
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(b) Let C' C S,, be the conjugacy class with cycle structure (cq,...,¢,) and
P =S5, x--- x5, €85,. Prove that

|Cﬂp| ZHHk lk:Cchk

where the sum is over all non-negative integer (m x n)-matrices (c;j;) with
row sums Aq, ..., A, and column sums cy, ..., C,.

(c) Prove that

=Xl

j=1 Jk
with the sum as in part (b).

(d) Use the multinomial theorem
k k! k k
(x1 4+ +x,) = Z — (7.28)
by tothm=k LM

to complete the proof of Lemma 7.5.3.

7.6 Dimensions

Having obtained expressions for the characters, it is easy to compute the dimen-
sion of Vy and V*. Starting with the first case, we get from Theorem 7.1.3 that
dim(Vy) = xa(1) is the coefficient of 2 in

(1 + -+ xp)" H (x; — ;). (7.29)

1<i<j<m

By the multinomial theorem (7.28) and the Vandermonde determinant evaluation
(7.12), (7.29) equals

Z Z i sgn(a)x’\+”(p),
1!

A+ +Am=n oE€S,

SO

1
im(Vy) = Z T Oy +g( " 1< kgm <(>\j +k—j)!) 7

oESy
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where matrix entries with A\; + k — 5 < 0 should be interpreted as zero. We can
write

1 e O e )
(AN +k—7) A +m—=75
Note that the numerator on the right has the form p,,_(A; — j), where p,,_j, is

a monic polynomial of degree m — k. Thus, by a variation of the Vandermonde
determinant evaluation (see Exercise 7.4.1),

n!

dlm(V,\) = det (pm—k()‘j - ]))

[T (A +m — ) 1<jksm

_ n! HlSi;jSm()\i — +f — Z) (7.30)
Hj:l()\j +m—j)!

It is not hard to see that this is equivalent to Corollary 7.1.4; see Exercise 7.6.1.

We can also use Theorem 7.1.7 to compute the dimension of V*. An easy way
is to specialize the variables of the Schur polynomial as a geometric progression,
x; = t™ 9. At this point, the Schur polynomial is evaluated by (7.12) as

deti<; i<m t(m—=i)(Aj+m—j) pritm—i _ gAjtm—j
S)\(tm_1> St 1) = —— ( m—i m—j ) - m—i m—j

For instance by L’Hopital’s rule, we have

’ t*—t* a—b
e c—d
Thus,
, No—Nj+j—i
dim(V*) = S\ (1,1,...,1) = . .
1<i<j<m

If A has less than m parts, it should be extended to ZZ, by appending zeroes at
the end. We leave to the reader to check that this is equivalent to Corollary 7.1.8.

Exercise 7.6.1. Prove that (7.30) is equivalent to Corollary 7.1.4. For instance,
argue by induction on the number of columns and investigate how the expressions
change when a column is added to the left of the Young diagram.

7.7 Additional problems

Exercise 7.7.1. Prove that bya, is proportional to an idempotent. Hint: Consider
the automorphism ¢ of CI[S,] defined on the group elements by ¢(g) = sgn(g)g.



126

Exercise 7.7.2. Show that V), = A, bya,. (Exercise 7.7.1 may be useful.)

Exercise 7.7.3. When ) is a partition, the transpose )\’ is the partition obtained
by reflecting the Young diagram of A in the main diagonal. For instance, the
following pictures illustrates that (4,2,1) = (3,2,1,1):

..... 1) be the alternating representation of S,. Using Exercise 7.7.2,
show that V, @ W ~ V), for all \.

Exercise 7.7.4. Let 0 = (12 --- n) € S,,. Compute x,(c) for all \.

Exercise 7.7.5. If ¢ is a product of k disjoint cycles, counting also the fix-points,
and A is a partition with A\g1q > k + 1, show that x,(c) = 0.



Chapter 8

Representations of SU(2)

8.1 Compact groups

The n X n unitary matrices with determinant 1 form the special unitary group
SU(n). In this chapter we take a brief look at the representation theory of SU(2).
This is one of the most important examples for applications in physics, as it de-
scribes the notion of quantum mechanical spin. It is also one of the simplest ex-
ample of a compact group, whose representation theory is in general very similar
to that of finite groups.

It is easy to see that A € SU(2) if and only if

A= [_0‘5 5} , (8.1)

(07

where a and [ are complex numbers with
al* +|6* = 1.

Thus, SU(2) can be identified with a sphere of real dimension 3. As the group
operations are smooth functions on the sphere, SU(2) is a compact Lie group.

Most of the general theory for finite groups from §6 extends to compact groups.
The reason is that there is an extension of our main technique, namely, averaging
over the group. More precisely, we define a compact group G to be a compact
Hausdorff topological space, equipped with a group structure such that the group
operations are continuous'. Let C(G) be the vector space of continuous functions
G — C. There is then a unique linear functional I : C(G) — C satisfying the
following properties:

(A) I is left-invariant, that is, I(Lyf) = I(f), where L, is the shift operator
(Lgf)(h) = f(gh), g, h € G.

(B) I is continuous, in the sense that if f, — f uniformly then I(f,) — I(f).

IThe reader who is not familiar with topology can think of a compact matrix group such as
the orthogonal or unitary matrices.

127
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(C) I is normalized as I(1) = 1.

The functional I is called the Haar measure.? It has the additional properties:
(D) I is right-invariant, that is, I(R,f) = I(f), where (R,f)(h) = f(hg).
(E) I is positive, that is, if f > 0 then I(f) > 0, with equality only for f = 0.

We will write the Haar measure as
1) = [ sta)ds.

We will not prove the existence and uniqueness in general, but we will give direct
proofs for the cases that we need.
The Haar measure on a finite group (equipped with the discrete topology) is

ImﬂéZmy

geG

As another example, the Haar measure on R/Z is given by

1= s@a.

It is also easy to describe the Haar measure on SU(2), using the identification with
the unit sphere S in R*.

Lemma 8.1.1. The Haar measure on SU(2) is given by integration with respect
to the normalized Euclidean volume measure

1) = == [ ras.

271'2 q3

Proof. Any left shift A +— BA, A, B € SU(2), corresponds to a real linear trans-
formation of the parameters (a, 3) in (8.1). These transformations must preserve
S3. We assume that it is known that any linear transformation that preserves the
sphere is orthogonal and preserves Euclidean measure. This proves property (A).
Property (B) is obvious and (C) holds since S* has volume 27%. Note also that
(D) is proved in the same way as (A), and (E) is obvious. O

2There is an equivalent definition as a measure on an appropriate class of subsets of G, but
we will have no reason to discuss that.
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A representation of a compact group G is a continuous homomorphism 7 : G —
GL(V). We will restrict to the case when V' is finite-dimensional and complex.
Note that the Haar measure can be extended to vector-valued functions on G. Ex-
plicitly, if f = (f1,...,fn) : G — C" is continuous then I(f) = (I(f1),...,1(fn))-
If v € V, we can then define

U= /Gw(g)v dg € VY. (8.2)

Using this averaging operator, the proofs of Maschke’s theorem and Schur’s lemma
extend wverbatim to the case of compact groups. It is also easy to extend Propo-
sition 6.1.7, which tells us that any representation can be viewed as a continuous
homomorphism G — SU(n) for some n.

We define an inner product on C(G) by

(6,0) = /G 6(9)9(9) dg.

Again with the same proof as for finite groups, Lemma 6.2.4 and Corollary 6.2.5
hold for compact groups. One difference is that the number of inequivalent irre-
ducible representations need not be finite.

Finally, we mention that there are extensions of Theorem 6.7.1 and Theo-
rem 6.8.3. These are most naturally formulated in terms of the Hilbert space
completion L?(G) of C(G) with respect to the inner product defined above. We
can write

L*(G)~ @D End(V),

Velrr(G)

where the sum on the right is the Hilbert space completion of the algebraic direct
sum. Moreover, the matrix elements of all irreducible representations form a com-
plete orthogonal system in L?(G). As an example, for G = R/Z this is the system
(e2mina)oo which underlies the theory of Fourier series.

n=—oo’

Exercise 8.1.1. Show that SU(2) acts on CU {oo} by

(15 o=

Show that C U {oc} can be identified with the sphere S> C R? in such a way that
¢ : SU(2) — SO(3). (Here, SO(3) denotes the three-dimensional orthogonal real
matrices with determinant 1, that is, the rotations of R? fixing the origin.) Finally,
show that ¢ gives an isomorphism SU(2)/{£1d} ~ SO(3).
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Exercise 8.1.2. Let G be the group of matrices Ay, = [&4], where a > 0 and
b € R. (It can be viewed as a group of affine transformations = +— ax + b of R.)
Define the functionals

[1(f)=//f(Aab) d“db, Iz(f)Z//f(Aab) daadb

a2

on, say, continuous and compactly supported functions on G. Show that I is left
invariant and I, right invariant. (This shows that, in the more general setting of
locally compact groups, conditions (A) and (D) are not equivalent.)

8.2 Representations

We already know some representations of SU(2). If V = C? then, by Theo-
rem 7.1.6, V(™ ~ VO is an irreducible representation of GL(2, C). We will denote
this representation V,,. We claim that it is also irreducible for SU(2). To see this,
it suffices to note that the four unitary matrices

C I AR

form a basis for End(V'). Thus, if a subspace is invariant under SU(2) it is trivial.
A useful realization of V,, is as homogeneous polynomials of degree n in two
variables z and y. To this end, we identify  and y with a basis for V and z*y"~*
with
2O 0rOYyO---0y.

g

k n—k

A matrix A = [25] acts on the basis vectors by Ax = ax + cy, Ay = bz + dy and
more generally on homogeneous polynomials by

(m(A)p)(z,y) = plazx + cy, br + dy).

Note that if b = ¢ = 0, then z¥y"~* is an eigenvector with eigenvalue a*d"~*. It

follows that
CLn+1 . dn+1

Trv®n (W(A)) = Z akd"*k = ﬁ
k=0

This is equal to the Schur polynomial S(,(a,d), so we get a direct verification of
Theorem 7.1.7 for V,,. If A is unitary, then it is conjugate to a diagonal matrix
with eigenvalues e*?. We will write the corresponding character as

ei(n—l-l)@ _ e—i(n-l—l)@ B sin(n + 1)9

0) = - - = . .
Xn(0) elf — g0 sin 0 (83)
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Equivalently,

Xn(e) _ Z ei(Zkfn)G
k=0

~J1+2cos(20) +2cos(40) +--- +2cos(nd), n even, (8.4)
| 2cos() + 2cos(36) + - - - + 2 cos(nh), n odd. '

We will prove that any irreducible representation of SU(2) is equivalent to one
of the representations V,,. We first prove a similar result for U(1) = {z € C; |z| =
1} ~ R/Z. The Haar measure on U(1) is

1) =2 [ s an.

:27T0

We let W,, be the one-dimensional representation of U(1) given by 7(z) = 2"1d,
where n € Z. We will write the character of W, as ¢, (0) = Tr(n(el’)) = e,

Lemma 8.2.1. Any irreducible representation of U(1) is equivalent to W, for
somen € Z.

Proof. Let V' be an irreducible representation, and suppose that V' is not equiv-
alent to W, for any n. Then, the character f(f) = Try(n(e)) is a 2r-periodic
continuous function such that

2m
) =5 [ 1O a8 =0

for all n € Z. It is then a basic fact from Fourier series that f = 0, which gives
the contradiction dim(V') = f(1) = 0. O

Proposition 8.2.2. Any irreducible representation of SU(2) is equivalent to V,,
for some n € Zx.

Proof. Let V be a representation of SU(2) and let
z 0
R(z) = [0 zl] :

Then, R is a homomorphism U(1) — SU(2), so p = my o R is a representation of
U(1) on V. By Lemma 8.2.1, it splits into a finite sum of the representations Wi,
so f(0) = Try(p(e?)) = >, cre™, where only finitely many terms are non-zero.
Since any matrix in SU(2) is conjugate to R(z) for some z, so we can identify f
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with the character of V. Since f(6) = f(—0), the coefficients satisfy ¢, = c_y, so
we can write

f(0) = co + 2¢1 cos(8) + 2¢ cos(20) + - - - + 2¢,, cos(nh)

for some n. It is then clear from (8.4) that f is a linear combination of xo, . .., Xn.
Since V' is irreducible, this is only possible if V' ~ V; for some j. [

As Proposition 6.1.7 holds for compact groups, there is an SU(2)-invariant
inner product on V,,. (One can also extend Exercise 6.1.3, so this inner product is
unique up to normalization.) On V; = C? we can take the standard inner product
with orthonormal basis e; = (1,0), ex = (0,1). On V;*" we then have an invariant
inner product

(U @+ @ Uy, U1 Q-+ @ vy) = (Ug,v1) -+ (Up, Vy).
There is an intertwining embedding I : V" — V®" given by
1
](U1®®Un) — E Zua(1)®"'®ua(n)~
O’GSn

A basis for VO™ is given by (Ej)7_,, where

Ek:\€1®"'®€1/@\62@"'@621.

k n—k

We then obtain an invariant inner product on V" by defining
(Ek, Ev)von = (I(Ey), I(Ep))ven.

It is clear that (Ey, F;) = 0if k # 1. If k = [, we write I(E}y) and I(E;) as sums
over o, T € S, respectively. For fixed o, there are then k!(n — k)! permutations 7
that contribute 1 to the sum; all other terms contribute 1. We conclude that

1 1
(B, B),) = W; kl(n — k) = o

This gives the following result.

Lemma 8.2.3. There is an SU(2)-invariant inner product on V,, defined by (Ey, E;) =
ou/ (3)-

We will give another proof of Lemma 8.2.3 in §8.3.
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Exercise 8.2.1. Show that V,, can be realized as the space of all polynomials of
degree at most n in z, with the action

A = b+ adyyp (B2 4= [t U ecLio)

Show that, in this realization, the SU(2)-invariant inner product takes the form?

_n+1 p(z)q(z) L
<p7Q> - T \/(C\ (1_'_‘2‘2 n+2 dl’dy, Z_x_'—ly

Exercise 8.2.2. Prove that any irreducible representation of a compact abelian
group is one-dimensional. Then prove directly that any continuous homomorphism
from U(1) to itself has the form f(z) = z". (This gives a proof of Lemma 8.2.1
that does not rely on the theory of Fourier series.)

Exercise 8.2.3. Show that V, is a representation of SO(3) ~ SU(2)/{£1} (see
Exercise 8.1.1) if and only if n is even. (In quantum mechanics, n/2 is known as
the spin. If a particle with half-integer spin, such an an electron, rotates 360°,
then its wave function ¢ transforms into —1.)

Exercise 8.2.4. Using characters, show the equivalence of representations

min(m,n)

Vm & Vn = Vm-‘rn D Vm+n—2 D ---D ‘4m—n| = @ Vm+n—2j-

J=0

8.3 Matrix elements and Krawtchouk polynomials

We will now compute the matrix elements of 7y, (g) in the basis (Ej)}_, defined
above. In the realization of V,, as a space of homogeneous polynomials, we have
E), = 2%y"*. The matrix elements then appear in the expansion

kN - a b
(az + cy)*(bx + dy)"F = lz;W(A)lk T A= L d} € GL(2,C). (8.5)

Clearly, we can compute the matrix elements from (8.5) using the binomial
theorem. This can be done in several ways. Rather than expanding (ax + cy)*

3You will need the integral evaluation

e tk El(n — k)!
/0 (1+t)n+2dt— CESIR k=0,....,n,

which is easy to prove by induction on k and partial integration.



134

directly into monomials, we will expand it into the elements 2™ (bx + dy)*~™. For

simplicity, we assume that ad — bc = 1, that is, A € SL(2,C). Then,

ad — be
d

x + c(bx + dy)
d Y

ar +cy = x—i—%(bx—i—dy):

so we get

k

1 k —m,.m -m

(ax + cy)k = M E (m)ck a™ (bx + dy)*F.
m=0

Multiplying this by (bz + dy)"* and expanding (bz + dy)"~™ using the binomial
theorem gives

min(k,l)

KN (n=m\, o gem ki
W(A)lk— mZ:O (m)(l—m)b C d .
If we let ¢, denote the m-th term in this sum, then ¢,,1/t,, is a rational function
of m. In general, sums with this property are called hypergeometric. The standard
notation for hypergeometric sums involves the shifted factorials (or Pochhammer
symbols)

(@) =ala+1)---(a+m—1),

which are related to binomial coefficients by

The expression above can be written

e (Dptiri S Chalh (LY e

The standard notation for this sum is

n g —k,—1 1
<Z)blckdn k 12F1< o ;_E)’ (8.7)

where 5 F7 is known as Gauss’s hypergeometric function.

Note that (—k),, is a polynomial in k of degree m so, except for the prefactor
(c/d)¥, (8.7) is a polynomial in k of degree I. These polynomials are known as
Krawtchouk polynomials. The standard notation for these polynomials is

—k,—x 1
Ki(z;p;n) = oFy ( _n ,]—)) . (8.8)

We can then formulate (8.7) as follows.
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Proposition 8.3.1. The element A = [¢4] € SL(2,C) acts on the basis vectors
Ey ="y % by n(A)Ey = Y, m(A)i Ey, where

m(A)y = (?) Vb d = Ky(k; —be;n).
In particular, A = [f‘— g] € SU(2) acts by

T(A)y = (7) (=B kan* K, (k:; 18I% n) ) (8.9)

We note that Lemma 8.2.3 follows from Proposition 8.3.1. Indeed, Lemma 8.2.3
is equivalent to

<7T(A)Ek,El> = <Ek,7T(A*)El>, A < SU(2)

Since E) are mutually orthogonal, this can be written

(Al Bill* = m(A )l | Bi|>. (8.10)

Applying Proposition 8.3.1 and simplifying gives
VK 182 m) | B2 = () Kt 1812 m) | Ex 2
g J B BE BN = () Ke(G B n)l| Bl

Since (8.8) is symmetric in &k and z, this is indeed true if || E||* = (Z)_l.
The invariance of the inner product is reflected in orthogonality relations for

the matrix elements. Indeed, the identity m(A)m(A~!) = Id can be written

n

> w(A) (A i = Sk (8.11)
1=0
Assuming A € SU(2), we have A~! = A*. Using (8.10), we can then write (8.11)

as
1 —~ 1
O, = ——T(A) g T(A) -

Expressing the matrix elements as in (8.9) we get after simplification

1 1 - |5|2 g " /n 9l - ) )
@(W) 5km:l2(l>‘6| (1 — |85 )" " Kx(L; |8]75n) Kn(l; | B]7; ).
=0

Thus, the Krawtchouk polynomials are the orthogonal polynomials with respect
to the binomial distribution.
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Corollary 8.3.2. For n a non-negative integer and 0 < p < 1, let

[ 1@ =3 (7)o -t

Then, the Krawtchouk polynomials Ky(x) = Ky(x;p;n) satisfy the orthogonality
relations

/Kk(x)Kl(x) dp(r) = & P s o<hi<n

P*(%)

Exercise 8.3.1. Let S =)~ t; be a series (convergent or divergent) such that
tr41/ty is a rational function in k. Show that there exist parameters such that

S = C’i k)k‘ z*.

=0

This is the hypergeometric series . Fj.

Exercise 8.3.2. Replacing m by £ —m in the sum

() 5 et

m=0

show that
“ka N @y (ki 1—b—k 1
2F1( b Jx)_(_l) mx 2F1 1l—a—Fk a; .

Exercise 8.3.3. The matrix elements of any group representation satisfy m(AB)y, =
> o T(A) kT (B) . Write this explicitly for arbitrary matrices in SL(2, C). De-
duce the addition formula for Krawtchouk polynomials:

n

2 (Zz) Ky, (m; ) Ki(m; g;n) 2™

m=0
2\" 2\
= (14 2)" (1+z——) <1+z——) Ki(k;ryn),
p q

where r = —(p+pz — 2)(¢ + gz — 2)/ 2.
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8.4 Jacobi polynomials

The Jacobi polynomials are the orthogonal polynomials for the measure

/ £() dy(x) = / @)1 =) (1 ) de

where a, b > —1. Historically, the Jacobi polynomials together with their de-
generate cases were known as “classical orthogonal polynomials” (nowadays, the
meaning of this term has expanded). Important special cases include the Gegen-
bauer or ultraspherical polynomials, a = b, the Legendre or spherical polynomials,
a = b =0, the Chebyshev polynomials of the first kind, a = b = —1/2 and second
kind, a = b = 1/2, the Laguerre polynomials as a degenerate case when a — oo
and the Hermite polynomials as a subsequent degeneration b — co. We will show
that the Schur orthogonality relations (cf. (6.21)) for SU(2) are equivalent to the
orthogonality for Jacobi polynomials, where a and b are arbitrary non-negative
integers.
For a general compact group, the Schur orthogonality relations are

| wvtads T dy = 20 (8.12)
Here, V and W are irreducible representations equipped with invariant inner prod-
ucts, and the matrix elements are taken with respect to orthonormal bases. The
proof of (6.21) extends werbatim to prove (8.12). A deeper statement, which we
will not prove, is that the matrix elements form a complete system in L?(G) (for
finite groups we saw this by a dimension count).

Note that the basis elements Ej, = z¥y"~* for V}, are not normalized. Compen-
sating for this, we get the relation

(n+1) (?) 7
where the upper index on the matrix elements indicates the choice of representa-
tion. Using (8.9), this takes the form

1 anfkflo—émfifjﬁi+l5j+k2F1 (_Zv_] 1 )2F1 <—k‘7 =1 1 >dS

2m2 o2 +]8]2=1 -m ’W —n ’W
= w0 (g p3)
(n+1)(}) ()

This gives an orthogonal system on S®. To understand it more clearly, we introduce
polar coordinates a = rel, B = sel®. The change of variables

(Re(a), Im(a), Re(p), Im(ﬂ)) — (r,5,0,0)

| oy T d -
SU(2)
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has Jacobian rs. Thus, (8.13) takes the form

2T 2
1 // / M —i—j k=1 ik 0 (it j—m—k—) i(i-+—j—k)
272 —0Jo_
Q Jo=0 Jp=0
XZF1< " j-—) 2F1( b l;—Q) dodbdg

m 52
5ik5jl5mn
= oy (814)
(n+ 1) ()

where do is arc length measure on the quarter circle
Q=1{(rs);r,s>0,r+s =1}

Note that if n 4+ i+ j # m + k + [ then the integral over 6 in (8.14) vanishes.
Similarly, the integral over ¢ vanishes if i + 1 # j + k. Thus, the only non-trivial
case is when i +[ = j+k and n+1i+j = m+ k +[. Rewriting this special case in
terms of the parameters i, k,a=j—i=[l—kandb=m—i—j=n—k—1[ gives

2b+1 2(atitk)+1 —i,—a—1 l —k,—a—k l
Q/QT S 2F1(—a—b—2i’32)2F1<—a—b—2k’32 do

0:
= i (8.15)

(a+ b+ 2k + 1) (*10H2K) (+H0F2k)

Let us now assume that a > 0 and b > 0 (using symmetries of the matrix elements,
one can show that this is no essential restriction). By Exercise 8.3.2,

—i,—a—i 1Y\ _ . (za—1); 1 —ia+b+itl
QFI(—CL—b—Qi’?)_(_l)(—a—b—2i)i§2F1( a+1 ’S)

:(_1)i(“+i)!(@+b“)!ip —hatbtitl
alla+b+2i) 2% a+1 ’ '

Using this and the same identity with i replaced by k, (8.15) takes the form

241 2a+1 —la+b+i+1 —ka+b+k+1 ,
2/@7“ S QFl( a+1 ;S 2F1 a4+ 1 ;S do

B al(b + k)'k!
C(a+ k) a+b+k)(a+b+2k+1)

5ik-

To relate this to Jacobi polynomials, we introduce the parametrization (r(x), s(x)) =
(v/(1+2)/2,4/(1 —x)/2). Then, (r(z),s(x)) runs through Q as —1 < x < 1.
Moreover,

1
do = /r'(2)? + §'(x)? dx e dz.
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This leads to

1 . .
Y b —i,a+b+i+1 1—x ~ka+b+k+11—2x
/_1(1 o) QFl( ar1 g )20 at1 g )"

2004112 (b k)1

= Sk
(a+k)l(a+b+k)latb+2k+1) "

The standard notation for Jacobi polynomials is

(a‘i‘—l)nF —n,a+b+n+11—x
nl 2! a+1 2 )

If a is an integer, the prefactor is (a+n)!/aln!. Replacing (i, k) by (m,n), we have
obtained a representation-theoretic proof of the following fact.

Proposition 8.4.1. For a and b non-negative integers, the Jacobi polynomials
satisfy the orthogonality relations

! 20T (a + n)!(b + n)!
Plad) () plab) 1 — 2)%(1 bdr = Omn -
/_1 m (@) B (@) (1= )" (14 )" do nla+b+n)l(a+b+2n+1)

This holds for arbitrary a, b > —1, with the factorials replaced by the gamma
function. The general case can also be obtained from representation theory; for
instance, using the non-compact group SU(1,1).
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