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Introduction

This work consists of the Undergraduate Thesis! required for the Bachelor’s degree in Computer Science at
the Federal University of Minas Gerais (UFMG). Our main goal will be to understand how to apply tools
from areas of pure mathematics, such as non-commutative algebra and ring theory, to problems in graph
theory and combinatorial optimization, which are of great interest to computer science as a whole.

We begin with a graph X, which is a set V' of vertices and a set E C V' x V of edges that connect the
vertices. Graphs can be found in various research areas: they are used to describe molecules and other
chemical structures, to model physical systems of particle interactions, to understand relationships between
social network users, and many other things. These structures are also of extreme importance to computer
science: 10 of the 21 original NP-complete problems described in [Kar72] are explicitly about graphs, and
this diversity of interesting and difficult problems is perhaps one of the main drivers for the development of
graph theory throughout the 20th century, which is now an extremely rich and deep area.

There are various ways to create a matrix that captures the combinatorial structure of X, and perhaps
the most natural way is through the adjacency matriz, denoted by A(X). This is a matrix with rows and
columns indexed by the vertices of X, such that the entry uv of the matrix is equal to 1 if uv is an edge
of X, and equal to 0 otherwise. From this, we may ask: what kind of combinatorial information about
the graph can be extracted from the algebraic properties of its adjacency matrix? Questions like this are
characteristic of the areas now known as spectral theory and algebraic graph theory, and our approach will
use various techniques from these areas. In particular, we will be interested in certain families of regular
graphs whose adjacency matrices are naturally associated with algebras. An algebra is nothing more than
a vector space equipped with a multiplication operation between its elements, and in general, we will be
interested in understanding what kind of combinatorial information we can extract from algebras associated
with certain graphs.

In the first chapter, we discuss all the essential prerequisites about groups, rings, and modules, and
we prove all the theorems that will be used throughout the work (a reader who is already familiar with
ring theory and group theory may skip this chapter). The second chapter discusses semisimple rings and
modules, culminating in a proof of the Wedderburn and Artin Theorems. We also prove basic results about
the Jacobson radical, and finally, we give a brief discussion of the representation theory of finite groups. The
third chapter focuses on complex matrix algebras and presents several constructive and non-constructive
proofs about the semisimplicity of certain algebras. In the fourth and final chapter, we discuss the notions of
association schemes and coherent configurations, presenting various important examples related to graph
theory and finite groups. We also discuss in detail the basics of distance-regular graphs, which are particularly
important for algebraic combinatorics, and some applications of association schemes to error-correcting
codes theory. As main references, we use chapters 4, 5,7 from [Cohl12], 1,2,4 from [CR66], 4 from [Farl2],
1,2 from [FD12], 1,2,3 from [Lam13], 13,17,18 from [Lan05], 4 from [Pas04], 1,2 from [VS21], the lecture
notes of [Men23] from the UFMG Non-commutative Algebra course, 1,2 from [Bai04], 2, 3,4 from [BCN11],
15 —17,20 — 22 from [Big93], 2 from [CP23], 10 — 13 from [God93], 1,2, 16,19, 20 from [God10], 2, 8,10 from
[GR13]. Additionally, we also discuss results found in other articles and books, which are duly cited when
necessary.

We tried to make this material as self-contained as possible, but we assume that the reader is already
familiar with the topics of abstract algebra, e.g. [Gal21], linear algebra, e.g. [Ax114], and graph theory, e.g.
[Die05].

!This is a translated and updated version of the original manuscript published in Portuguese.


https://monografias.dcc.ufmg.br/monografia/algebras-grupos-e-grafos/

Sumario

1 Basic Structures

L1 Groups . . . o o v ot e
1.1.1 Basic Concepts . . . . . . . o e
1.1.2  Actions . . . . .
1.1.3 Products and Sums . . . . ...

1.2 Rings and Fields . . . . . . . . e
1.2.1 Basic Concepts . . . . . . . . . e e e e
1.2.2  Isomorphism and Correspondence Theorems . . . . . . . . .. .. ... ... .. ....
1.2.3 Products and Sums . . . . ...

1.3 Modules and Vector Spaces . . . . . . . . . e
1.3.1 Basic Concepts . . . . . . . . . e
1.3.2 Isomorphisms . . . . . . . . L e e e
1.3.3 Products and Sums . . . . ...
1.3.4 Simple Modules . . . . . . . . .

1.3.5  Vector Spaces and Zorn
1.4 Algebras . . ... ... ....

2 Semisimplicity
2.1 Semisimple Modules . . . . .
2.2 Semisimple Rings . . . . . ..
2.2.1 Ideals and Submodules

'sLemma . . . . . . oL e

2.2.2  Wedderburn’s Theorem . . . . . . . . . . . . . . . e
2.2.3 Simple Rings and the Artin-Wedderburn Theorem . . . . . .. ... ... ... ....
2.3 The Jacobson Radical . . . . . . . . . . .
2.4 Semisimple Algebras . . . . . . . L
2.5 Representations of groups and algebras . . . . . . . .. ..o
2.5.1 Initial Definitions . . . . . . . . . ..
2.5.2 TIrreducibility and Maschke’s Theorem . . . . . . . .. . . . ... ... ... ......
2.5.3 Group Algebra and Semisimplicity . . . . . . . . . ... Lo
3 Matrix Algebras
3.1 #-Algebras . . . ..
3.2 Triangularization and Diagonalization of Commutative Algebras . . . . ... ... ... ...
3.3 Semisimplicity of #-Algebras . . . . . . . . . ...
4 Association Schemes
4.1 Configurations and Schemes . . . . . . . . ... L
4.1.1 Basic Concepts . . . . . . ..o
4.1.2  Group Configurations . . . . . . . . . L L
4.1.3 The Johnson and Hamming Schemes . . . . . . .. .. .. . ... .. L.
4.2 Coherent Algebras . . . . . . . . . L
4.3 Commutative Schemes . . . . . . . . . . L
4.4 Distance-Regular Graphs . . . . . . . . .. L
4.4.1 Definition and Basic Properties . . . . . . . . . ...
4.4.2  Spectrum . . . ..o e e
4.4.3 Imprimitivity . . . . . . .o
4.4.4 AutomorphiSms . . . . . . . . .. e e

4.5 Applications in Coding Theory

References

24
24
27
27
29
33
34
36
39
39
40
41

45
46
47
48

53
53
93
54
56
59
60
63
63
65
68
69
70

73



1 Basic Structures

Our main objective now is to introduce the basic algebraic structures necessary for the other results presented
throughout the work. We will begin with groups, and then proceed to rings, modules, and algebras.

1.1 Groups
1.1.1 Basic Concepts

Definition 1.1.1 (Group). Given a set G equipped with a binary operation - : G X G — G, we say that
(G,-) is a group if for all a,b,c € G the following conditions hold:

(1) a-b-c=a-(b-¢c)=(a-b)-¢

(2) There exists an identity element e in G such that a-e =¢-a = q;

(3) There exists an element ! in G such that a-a ! =e=a"!-a.

Both the identity element and the inverse are unique, and if the operation is commutative, we say the group
is abelian.

Item (1) tells us that the group’s operation is associative, (2) guarantees the existence of an identity
element, and (3) shows that every element of a group is invertible. There are several important examples of
groups: the symmetric group Sym(X) on a set X consisting of all bijections from X to X with the operation
of function composition — and such a set is denoted by Sym(n) or S, when X is finite and has n elements; the
general linear group GL(n,C) consisting of the invertible n x n matrices with entries in the complex numbers
and the operation of matrix multiplication; the dihedral group D,, of symmetries of a regular polygon with n
vertices; and many others.

Given a subset H C G, we say that H is a subgroup — denoted by H < G — if H is also a group with
respect to the same operation as G. In this case, we can observe that H is a subgroup of G if and only if H
contains xy~! for any x,y € H. There are two common notations for groups: the multiplicative notation,
where we represent the group operation as multiplication - and its identity element as 1, and the additive
notation — usually used in abelian groups — where we use + to represent the operation and 0 as the identity
element.

If g, h € G, we denote the conjugation of g by h as ¢g" = hgh™!, and we say that a subgroup N < G is
normal if ANh™ = {hgh~!|g € N} = N for any h € G, i.e., if N is invariant under conjugation by elements
of G. Given groups G and H, we can study maps between them that preserve their group structure, i.e.,
functions of the form

po:G— H,
o(z-y) =p(x) - ().
These functions are called group homomorphisms, and it is immediate to note that ¢(eg) = ey, and that
o(z71) = ¢(z)~!. If a homomorphism is injective, it is called a monomorphism, if it is surjective, it is called
an epimorphism, and if it is bijective, it is called an isomorphism, and we write G = H when G and H are
isomorphic groups. A homomorphism from a group to itself is called an endomorphism, and when this map
is bijective, it is called an automorphism, and in this case, we denote the set of automorphisms of a group by
Aut(G), which is also a group under function composition. Given a homomorphism ¢ between groups G and
H, we define its kernel and image as the sets

ker(¢) :={z € Glp(z) =ex} C G,

Im(p) := {p(z)lx € G} C H,
respectively, and it is immediate to note that ker(¢) is a normal subgroup of G, and that Im(¢p) is a subgroup
of H. From these definitions, we can observe that a homomorphism is injective if and only if its kernel
contains only the identity element, and in this case, we say that the kernel is trivial. The terminology we

presented for functions between groups will also be used for functions between the other algebraic objects
discussed in the following sections, with the necessary adjustments that will be clear from the context.



1.1.2 Actions

We say that G acts on a set X if there exists a homomorphism ¢ between G and the symmetric group
Sym(X) of X, that is, it is possible to map elements of G to permutations of X. In this case, if 0 € G and
x € X, we write oz := ¢(0)(z). A group G always acts naturally on itself via the so-called regular action
(on the left), defined by

¢ : G~ Sym(G),
©(9) = 9r,

where gr,(h) = gh, that is, we map each element g of the group to the function that multiplies elements of
the group by ¢ on the left. We can make an analogous construction for right multiplication via g — ggr
where gr(h) = hg~!, and take the inverse of ¢ to ensure that the map is a homomorphism. Moreover, if
gr, = id, then g = g1 (1) = 1, so ¢ is an injective map. In general, a permutation representation of G is
a homomorphism from G to some symmetric group, and we say that this representation is faithful if it is
injective, so the previous construction shows that every group admits a faithful permutation representation.
These observations lead to the following classical result:

Theorem 1.1.2 (Cayley’s Theorem). Every group G has a faithful permutation representation.
[ |

Whenever G acts on a set X, we can consider sets of the form Gz = {oz|o € G} for any x € X, and
notice that the distinct sets of this form partition X. These sets form the so-called orbits of the action, and if
X is an orbit, then X; = Gz for any = € X;, and in particular these orbits are precisely the minimal invariant
subsets under the action of G, that is, GX; = X;. We can also consider the set G, = {g € G|gz = =} of
elements of the group that fix x, called the stabilizer of x, and we will soon see that the orbits and stabilizers
of a group are closely connected. The group G always acts on itself by conjugation, that is, by the map
g — p(g) where p(g)h = h9, and the orbits of this action are called the conjugacy classes of the group,
while the stabilizer of this action is the so-called centralizer Cg(g) of an element x, which contains all the
elements of the group that commute with g. If H is a subgroup of G, then H also acts on G by left and right
multiplication, and the orbits of these actions are sets of the form Hg = {hglh € H},gH = {ghlh € H},
called left and right cosets, respectively. It is worth noting that if Y C X is a subset invariant under the
action of GG, then Y is a disjoint union of orbits, and if G acts transitively on Y, then Y is an orbit of the
action, that is, a subset is an orbit if and only if it is G-invariant and G acts transitively on it.

If H is a subgroup of G, then the cosets G/H := {q1H,...,gxH} of H partition G, but note that
lgiH| = |gjH]|, that is, |G| = k|H|, where k is the number of cosets of H, and from this we obtain the
following famous result:

Theorem 1.1.3 (Lagrange’s Theorem). Let G be a finite group and H be a subgroup of G, and let [G : H]
be the number of cosets of H in G — called the index of H. Then

G| =[G : H|- |H],

and in particular, |H| divides |G]|.
|

The previous theorem is one of the fundamental basic results in group theory, and now we will see how
to use it to obtain another important theorem about orbits and stabilizers.

Theorem 1.1.4 (Orbit-Stabilizer Theorem). If G is a group that acts on a set X, then for each z € X, there
is a bijection between the elements of the orbit Gx and the cosets of the stabilizer G, in X. In particular, if
G is finite, then |Gz| = [G : G,] and

G| = |Gyl - |Gzl



Proof. To prove the theorem, we first fix £ € X and consider its orbit Gz, and then we define the map ¢,
that takes elements of Gz to the set of cosets G/G,,

vz G — G/Gy
¢2(y) = 9G,

where g € G is such that gr = y. First, we show that the function is well-defined, that is, if g1, g2 € G are
such that g1x = gox = y, we want to show that ¢g1G, = goG,. Indeed, we have that

9w =gy ly = =,

that is, g;lgl € G, and therefore ¢g1G, = g2G,. Note also that if g1G, = goG;, then g;lgl € Gy, so
g1z = gox, which shows the injectivity of the map. Finally, if ¢gG, is a coset, we just consider the element
gz € Gz from the orbit and notice that ¢, (gx) = ¢G4, and hence ¢, is a bijection. In the case of a finite
group, this bijection implies that |Gz| is finite and equal to [G : G,], so by Lagrange’s Theorem we have that

|G| = |G| - [G: Gi] = |Gyl - |Ga],
as we wanted. [ |

We say that GG acts transitively on X if for any x,y € X, there exists g € G such that gz = y, that is, for
any ¢ € X, the orbit Gx = X, and thus the previous theorem tells us that in the case of transitive groups:

|G| = 1Ge| - [X],

that is, | X| divides the order of the group.

1.1.3 Products and Sums

A construction that will be important for the upcoming sections is the notion of products between groups
and subgroups. If H, K are subgroups of G, we define the product HK as

HK = {hklh € H,k € K},

and it is immediate to check that H K is a subgroup if and only if HK = K H, and it is also worth mentioning
that if K is normal, then H K = K H and thus the product is a subgroup. We can also form a new group
from distinct groups:

Definition 1.1.5 (External Direct Product of Groups). Let G, H be groups, then we define their external
direct product as the set
Gx H:={(z,y)|lr € G,ye H},

with operation given by
(21, 91) (22, y2) = (122, Y1Y2).

This set is a group with identity element given by (eq, eq).

If G1 XG4 is an external direct product of groups, we can consider the normal subgroups G| = {(g1, e2)|g1 €
G1},GY ={(e1,92)|g2 € G2}, and notice that G x Go = G| GY, and that G} NG, = {(e1,e2)}. On the other
hand, if N, M are normal subgroups of G such that NM = G and N N M = {e}, then G = N x M, and in
practical terms, this means that every element of the group can be uniquely expressed as a product nm, with
n € N,m € M. That is, there is an equivalence between the internal product of groups and the external
direct product, and these two different ways of viewing the product will be useful in future chapters.

We can also generalize the notion of direct product for an arbitrary number of groups, that is, if {G;}iez
is an arbitrary family of groups indexed by some set Z, we define their external direct product as

[1Gi == {(zi)iez|z: € Gi},
i€T



with operation given by
(zi)iez(Yi)iez = (TiYi)iez,

for any sequences (z;)icz, (¥i)iez of [[;c7 Gi. The direct product is a group where the identity element is just
the sequence with each identity element of the respective G;. It is also naturally accompanied by a family
of group homomorphisms: for each index i of Z, we can define the projection epimorphism that maps any
sequence in the product to its i-th element, and the inclusion monomorphism, which maps an element = of
G; to the sequence formed by the identity elements in positions different from ¢ and by x in the i-th position.
In the case of abelian groups, we also define the notion of external direct sum. If {G;};c7 is a family of

abelian groups, we denote by
Paic]]c:

icZ icZ

the subset of the direct product formed by all almost-zero sequences, that is, sequences (a;);c7 that have
only a finite number of elements different from the identity element of the respective group. In this case, this
set forms a group with the same operations and identity element as the external direct product, and it is
worth noting that if Z is finite, then the direct product and the direct sum are equal.

Finally, we will discuss a last group product that will be used in some applications, known as the
semidirect product. If G = NH, where N is a normal subgroup and H is any subgroup, and N N H = {e},
then we say that G is the internal semidirect product of N and H, and we write

G=NxH=HxN.

There are several examples of semidirect products, such as the dihedral group D,, which can be written
as D, = C, x Cs, where C, is the subgroup formed by rotations, and Cs is the subgroup formed by
reflections, or the group UT, of upper triangular matrices with non-zero determinant, which can be written
as UT,, = U,, x D, where U, is the subgroup of upper triangular matrices with 1’s on the diagonals, and
Dy, is the subgroup of diagonal matrices with non-zero entries. We can notice that if G = N x H, given
nihi,nohs € G, we have

n1h1n2h2 = mngl hlhg,

so if we define the homomorphism ¢ from H to Aut(N) such that ¢(h)(n) = n", we get
nihinshg = nig(h)(n2)hihs,

where hihy € H, and nip(h1)(n2) € N. This observation motivates the definition of external semidirect
products. If H, N are groups such that there exists a homomorphism ¢ from H to Aut(V), we define the

external semidirect product as
N x H :={(z,y)|lr € N,y € H},

with the operation given by
(n1, k1) (ng, he) = (n1p(h1)(n2), hihs),

and the identity element given by (en, ep). Again, we will have an equivalence between internal and external
semidirect products, but these two interpretations have different utilities that we will use in the future.

1.2 Rings and Fields
1.2.1 Basic Concepts

The main structure of interest for this work is the so-called rings, which are sets where one can add and
multiply elements in an associative manner. Rings are also called number systems, and historically the
motivation behind their study comes from the use of number systems alternative to the integers — such as
Gaussian integers — to prove results in number theory. Formally, we have the following definition:

Definition 1.2.1 (Ring). Let (R, +) be an abelian group. We say that R is a ring if it is equipped with an
operation - : R X R+ R such that for any elements a, b, ¢ of R:



1)a-b-c=a-(b-c)=(a-b) ¢

(1)

(2) a-(b+c)=a-b+a-c
(3) (a+b)-c=a-c+b-¢
(

4) There exists an element 1 in R such thata-1=1-a = a.

As in the case of groups, it is immediate to verify that the multiplicative identity of the ring is unique. We
will denote a - b as ab when convenient, and if the operation - is commutative, R is said to be commutative.

Item (1) tells us that the multiplication operation of the ring is associative, (2) and (3) tell us that
the multiplication operation is distributive with respect to addition, and (4) guarantees the existence of a
multiplicative identity element?. The set Z of integers is a classical example of a commutative ring. The set
M, (R) of n x n matrices with entries in a given ring R is also an important example of a ring, and note that
even if R is commutative, the ring M, (R) is not commutative if n > 2. This ring is also called the full matriz
algebra of n X n matrices with entries in R, for reasons that will become clear in the following sections.

Given non-zero elements a,b of R such that ab = 1, we say that a is right invertible, and similarly that b
is left invertible. If an element is invertible both on the left and on the right, then the inverses are equal, and
we say it is invertible. The set of invertible elements of a ring R is denoted by R* or U(R), and is usually
called the unit group of the ring, since it is indeed a group under multiplication with the identity element
given by 1. If every non-zero element of a ring is invertible, that is, if R* = R\ {0}, we say that R is a
division ring, and if it is also commutative, it is called a field.

Example 1.2.2. Let Z, denote the set of equivalence classes of integers modulo n. It is known that an
element x € Z, has an inverse if and only if x is coprime to n, i.e., Z} := {x € Zy|ged(xz,n) = 1} is the
unit group of Z,, also called the multiplicative group of the ring. It is worth noting that the cardinality of
7} is given by ¢(n), where ¢ is Euler’s totient function. If p is prime, then every non-zero element will be
invertible, and therefore Z,, is a field.

Given any ring R and an abelian subgroup S of R, we say that S is a subring if S is also a ring with the
same operations as R and contains the identity element 1 of R. An abelian subgroup L is a left ideal of R if
it is closed under multiplication from the left by elements of R, that is, the product ra belongs to L for any
elements r of R and a of L. An analogous definition applies for right ideals, and if an ideal is both a left
and a right ideal, it is called bilateral (or simply an ideal), and naturally, if R is commutative, every ideal is
bilateral. It follows immediately that if L is a left ideal that contains the identity 1, then R = L, i.e., any
proper non-trivial ideal of R does not contain the identity and therefore is not a subring. A ring R is said to
be simple if its only bilateral ideals are R and {0}. A proper left ideal L is said to be mazimal if, for any
other left ideal J such that L C J, it holds that J = L or J = R, and a left ideal L is said to be minimal
if the only proper left ideal of L is the trivial ideal {0}. Analogous definitions apply for right ideals and
bilateral ideals.

A homomorphism ¢ between two rings R, S is a group homomorphism between (R, +) and (S, +) that is
also compatible with the multiplication operations of the rings, i.e.,

p(a-b) = p(a) - p(b),
¢(1gr) = 1s,

for any elements a, b of R. We will denote the set of homomorphisms between rings R and S by Hom(R, 5),
and if R =S, we will denote this same set by End(R), which in this case is also a ring with the composition
of functions as the operation and addition, with the identity given by the identity function.

An extremely common construction in the study of abstract algebra is the so-called quotients. In the
case of rings, given an ideal I of a ring R, we create a new ring denoted by

R/I :={a+ Ila € R}

2For this work, a ring is always assumed to be associative and with identity. It is possible to discuss non-unital or non-associative
rings, but these will not be of interest for our work.



called the quotient ring. The elements a + I := {a + b|b € I} are called cosets, and may also be denoted by a@.
The addition and multiplication operations are defined as follows:

(a+I)+O+1):=(a+b)+ I
(a+1)b+1I):=ab+ 1.

The additive identity of R/I is given by 0+ I = I — which will also be denoted by 0 when the context is clear
—, and the multiplicative identity is given by 1 4+ I. We leave it to the reader to verify that R/I is a ring if,
and only if, I is a bilateral ideal of R, i.e., we cannot take quotients over just any ideal of a given ring.
We can also consider the set of all elements that commute with all others in R, usually called the center
of the ring, and denoted by
Z(R):={a€ RVbe R:ab=ba} CR,

which naturally forms a subring of R. In this case, we can also define the commutator between two elements
of R as
[a,b] :== ab — ba,

and thus we can describe the center of the ring as
Z(R)={a€R|Vbe R: [a,b] =0}.

If S C R is any subset of a ring R, we define the centralizer — also called the commutant — of S as the set of
elements of R that commute with all elements of 5, i.e.,

Cr(S) = {a € RVbe S [a,b] =0} C R,

and note that Cr(S) is a subring of R.

1.2.2 Isomorphism and Correspondence Theorems

There are two extremely important results related to quotient rings, and analogous versions of these results
will also hold for modules, which will be discussed in the next section.

Theorem 1.2.3 (First Isomorphism Theorem for Rings). Let R, S be rings, and let ¢ € Hom(R, S) be a
homomorphism between them. Then ker(y) is a bilateral ideal of R, Im(y) is a subring of S, and

R/ ker(p) = Im(p).

Proof. We leave it to the reader to prove that ker(y) is a bilateral ideal of R and that Im(yp) is a subring of
S. Define the following function:

?: R/ ker(p) = Im(p),
P(r +ker(p)) = o(r),

and note that P is a ring homomorphism.

Let 7 be an element of R and assume that @(r + ker(p)) = 0, so by definition ¢(r) = 0, meaning r is an
element of the kernel ker(y) of ¢, which is the zero element of R/ ker(¢). Therefore, ker(%) = {0}, implying
that P is injective. Given any element ¢(r) in the image Im(p), where r belongs to R, note that r + ker(¢p)
belongs to R/ ker(y), and that @(r + ker(p)) = (), so ¥ is surjective. From these observations, it follows
that @ is an isomorphism of rings, allowing us to conclude that R/ ker(y) is indeed isomorphic to Im(¢). W

The previous theorem essentially tells us that for any homomorphism ¢ between rings R, .S, there always
exists a homomorphism @ such that the diagram

R—*% g
& ]

R/kex(p) —— Tm(y)



commutes, that is, such that ¢ = 1 0@ o7, where 7(a) = a + ker(p), t(b) = b denote the canonical projection
and inclusion maps, respectively. It is also important to note that if ¢ is injective, the previous theorem
implies that R is isomorphic to Im(y), and in this case, we say that R is isomorphically immersed in S,
because we can identify R as a subring of S.

Now we show that we can identify the left ideals of R with the left ideals of its quotient ring with respect
to some ideal.

Theorem 1.2.4 (Correspondence Theorem for Rings). Let R be a ring, and let I be a bilateral ideal of R.
Then there is a bijection between the left ideals of R that contain I and the left ideals of R/I.

Proof. Consider the sets

Lr:={LCR|Lisaleft ideal of R, I C L},
Lrp:=1{J CR/I|Jisaleft ideal of R/I},

and define the functions

J:Lr— Lpr g:Lpgjr— Lr,
(L) =A{r(z) |z € L} 9(J) ={z € R|n(z) € J},

where 7 is the canonical projection mapping « to = + I. We will show that f and g are inverse functions,
and then conclude the theorem. First, we must show that the functions are well-defined. Consider L a left
ideal of R in Lg, and take elements = + I,y + I in the image of f(L) under f, so

(+D)—(y+I)=(-y +I=n(x—y) € f(L),
(r+D(x+1)=(rz)+1=mn(rz) € f(L),

and it follows that f(L) belongs to Lg/;. Similarly, note that if = is an element of I, then 7(x) = I = 0 in
the quotient, and it follows that g(.J) belongs to Lg, so the functions are well-defined. Now note that if L is
an element of Lg, then

9(f(L)) = g({n(2) |z € L}) = L,
and similarly we have f(g(J)) = J for any J in Lg/;, so f and g are inverses of each other, and it follows

that f is a bijection. This implies that the left ideals of R that contain I correspond uniquely to the left
ideals of R/I. [

Note that in the previous proof, the function f corresponds exactly to the projection function applied
to the ideal L, and the function g corresponds to the pre-image of 7w with respect to some ideal J of the
quotient. It is important to observe that the correspondence can be extended to maximal ideals, that is,
each maximal left ideal of R that contains I corresponds to some maximal left ideal of R/I. In particular, if
R, S are isomorphic rings, then the previous theorem tells us that the left ideals of R correspond to the left
ideals of S. In the case of bilateral ideals, we obtain that every bilateral ideal of R/I is of the form J/I for
some bilateral ideal J in R that contains I, and conversely, J/I is a bilateral ideal of R/I for any bilateral
ideal J of R that contains I.

1.2.3 Products and Sums

There are some natural operations that can be performed with rings and their ideals. Given left ideals L, J
of R, we can define their sum as

L+J:={a+blacLbe J} CR,

and note that the sum is also a left ideal. If {L;};c7 is a family of left ideals indexed by a set Z, we denote by
> ier Li the set of finite sums of elements from the respective L;. We can also define the product of ideals as

LJ = {Za,bl | a; € L,b; € J} CR,



where all the sums involved are finite, and in this case LJ is a left ideal of R. Therefore, for any natural
number n, we can define the left ideal L™ as the product of L with itself n times, i.e., the set of all possible
finite sums of products of n elements from L. The following diagram illustrates the relationships between
the different operations we can perform with ideals:

2

1IN I

Ln JL LnJ LJ J)

where each directed arrow indicates set inclusion.
It is also possible to extend the notion of direct products of groups to rings:

Definition 1.2.5 (External Direct Product of Rings). Let {R;},c7 be an arbitrary family of rings indexed
by a set Z. Then we define the external direct product as

[I Ri == {(ai)iez | ai € Ri},
i€T
with operations given by
(ai)iez + (bi)iez = (a; + b;)iez,
(ai)iez(bi)iez = (aibi)iez,

for any sequences (a;)icz, (b;)iez in [[;c7 Ri- The additive identity of the direct product is given by (0;)iez,
and its multiplicative identity is given by (1;);cz.

It is worth noting that the canonical projections that map a given sequence in the direct product to its
i-th element are ring epimorphisms, however, the canonical inclusions defined for groups are not. This follows
from the fact that, by definition, a ring homomorphism must map the identity element of the domain to the
identity element of the codomain, and this is not the case for inclusions, as they map the identity 1; of a ring
R; to the sequence with 1; in the i-th position and 0; in the others, and this is not the identity element of
the direct product. For this reason, in this work, we do not discuss direct sums of rings, even though in some
contexts—particularly when dealing with rings that do not have a unit—such objects make sense.

Given a ring (R, +, -), we define its opposite ring (R°P, +,*) as the ring with the same addition operation
as R, but where for any elements a, b in R, the product is given by

axb:=b-a,

that is, multiplication in the opposite ring naturally occurs in the reverse order. From this definition, we can
demonstrate some basic facts about the opposite ring.

Proposition 1.2.6. If R is a ring and R°P is its opposite ring, then:
(1) (R°P)°P and R are isomorphic rings;
(2) If R is a division ring, then R°P is also a division ring;

(3) If {R;}ier is a family of rings, then ([T;c7 Ri)°P and [[,c7 R;¥ are isomorphic rings;
(4)

4) Given a natural number n, M, (R)°P? and M, (R°P) are isomorphic rings.

Proof.
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(1) It is enough to note that if *; and %9 are the multiplications in R°P and (R°P)°P, respectively, then
ax9b=">bx% a=ab,
so the identity function between R and (R°P)°P will be a ring isomorphism.

(2) If R is a division ring, we know that any non-zero element a is invertible, so there exists b such that
ab =1 = ba, hence bxa =1 = a * b, and therefore a is also invertible in R°P.

(3) Asin (1), the identity function will be a ring isomorphism. In fact, since the product of two elements in
[I;ez R is given by the sequence of term-by-term products of each component, the product in the opposite
ring will be given by the sequence of term-by-term products in the opposite ring of each component.

(4) Consider the transpose application
¢+ My (R)°P — M, (R),
o(A) = AT,

The function is clearly an isomorphism of abelian groups and ¢(I) = I, and we can also observe that if
A, B are elements of M, (R)°P, then

p(Ax B) = p(BA) = (BA)T = ATB" = (A)p(B),

which implies that the rings are indeed isomorphic.

1.3 Modules and Vector Spaces
1.3.1 Basic Concepts

We have seen that rings generalize the notion of fields, and similarly, we are now interested in studying
objects that generalize the notion of a vector space over a field.

Definition 1.3.1 (Module). Let (M, +) be an abelian group and R a ring. We say that M is a left R-module
if there exists an operation - : R X M +— M such that for any elements mi, ms € M, and for any elements
a, B € R, the following hold:

1) a-(mp+mg) =a-m;+a-mg;

(a+B)-mi=a-mi+p-miy;

1-m1:m1.

In this case, it follows that 0m = 0 = a0 and (—1)m = —m. A right R-module is defined analogously, and
an R-module that is both left and right is called bilateral.

Items (1) and (2) tell us that - is compatible with the addition operations of the abelian group M and
the ring R, (3) tells us that the operation is associative with respect to the ring multiplication, and (4)
simply tells us that the unit of R also acts as the unit in M. The usual Euclidean space R" is a bilateral
R-module, and it is also a left module with respect to the ring of matrices M, (R). In general, any module
over a commutative ring is bilateral. If G is any abelian group, we can treat it as a Z-module by defining the
multiplication of an element of the group by an integer n simply as the sum of that element with itself n
times, and if n is negative, we sum the additive inverse of the element. Any ring R is a bilateral module over
itself, that is, R is always an R-bilateral module, and in particular, we can always treat a ring R as a left
R-module.
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Given an abelian subgroup IV of an R-module M, we say that it is a submodule if N is also an R-module
with the same operations as M. An R-module M is called simple or minimal if its only submodules are
M and {0}. A proper submodule N of M is called mazimal if, given any other submodule N’ such that
N C N’, we have N = M or N’ = N.

Example 1.3.2 (Simplicity of M, (D)). Let n be a natural number and D a division ring, and consider the
ring M, (D). Note that if I is a bilateral ideal, then we can take a non-zero matrix A from I and multiply
it on the left and right by appropriate matrices of the form E,,, that is, with entry xy equal to 1 and the
others equal to zero, so as to obtain a matrix with only one non-zero element. Then we can permute the
entries of this new matrix to obtain a diagonal matrix with only one non-zero element, and since the ring is a
division ring, we can obtain a diagonal matrix with only one non-zero entry equal to 1. Since all operations
were just multiplications by matrices in M, (D), we have shown that I contains all the diagonal matrices of
the form E,,, and therefore contains their sum, that is, it contains the identity of M, (D). This shows that
any proper ideal of M, (D) is trivial, i.e., the ring in question is simple.

From the definitions given, it follows that the R-submodules of R are precisely its left ideals. Therefore,
any minimal left ideal of R is a simple R-submodule of R, and conversely, any simple R-submodule of
R is a minimal left ideal. Simple modules are objects of great interest in the study of non-commutative
algebra, because in many cases we can write a module as a composition of its simple submodules, more
precisely, as a direct sum, and throughout the next chapters, we will be interested in determining when such
a decomposition is possible.

1.3.2 Isomorphisms

Now we will consider functions ¢ between R-modules M, N that preserve their structure, that is, group
homomorphisms where

p(am) = ap(m),

for any elements o € R and m € M. These functions are called left R-homomorphisms, and the set of all
such functions will be denoted by Homp (M, N). Note that this set is always an abelian group with function
addition and the additive identity given by the function that is identically zero, but it is an R-module
only when R is commutative, and the set Endg(M) = Hompg(M, M) is a ring with addition and function
composition as operations.

Given an R-module M and an R-submodule N, we can also consider the quotient module M /N formed by
the cosets m + N where r(m + N) = rm + N, and in this case, we can observe that the canonical projection
mapping an element m to its coset in the quotient will be an epimorphism of modules. If R is a ring and L
is a left ideal, we can then consider the quotient R-module R/L, because L is also an R-submodule of R, but
it is worth noting that such a module will be a ring if and only if L is bilateral. Since ideals are not subrings,
we will compare them through module homomorphisms, that is, two ideals of a ring are isomorphic if there
exists a module isomorphism between them. If M, N are isomorphic as left R-modules, we will indicate this
by the notation M =g N. The following theorems are analogous versions of Theorems 1.2.3 and 1.2.4 for
R-modules:

Theorem 1.3.3 (First Isomorphism Theorem for Modules). Let M, N be modules over a ring R, and
let ¢ € Hompg(M, N) be a homomorphism between them. Then ker(y¢) is a submodule of M, Im(yp) is a
submodule of N, and

M/ ker(p) =g Im(p).

|
Theorem 1.3.4 (Correspondence Theorem for Modules). Let M be a module over a ring R and N a
submodule of M. Then there is a bijection between the left R-submodules of M that contain N and the left

R-submodules of M/N. In particular, each R-submodule of M/N is of the form N’/N for some submodule
N’ of M that contains N, and N’/N is a submodule of M/N for any submodule N’ of M. [ |
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It is important to emphasize that the previous correspondence also holds for maximal submodules of M:
if N’ is a maximal submodule of M containing N, then N’/N is a maximal submodule of M /N, and vice
versa. It is also possible to show that if M, N are isomorphic modules, then such an isomorphism induces a
ring isomorphism between Endgz (M) and Endg(N).

Proposition 1.3.5. If M and N are isomorphic R-modules, then the rings Endr(M) and Endg(N) are
isomorphic.

Proof. Let ¢ be an R-isomorphism between M and N, and define:

¢ : Endg(M) — Endg(N),
O(f) =pofopt.

Note that ¥ (idps) = idy — where id is the identity function on the respective module —, ¥(f+g) = ¥(f)+¢(g),
and that

U(fog)=¢ofogoyp!
=(pofop N pogop™)

= ¥(f) o (g),

so 1 is a ring homomorphism. If ¢(f) = 0, this implies that for any element n € N,

(pofopt)(n)=0,

but since ¢ is a bijection, we have for any element m € M

(po f)(m) =0,

and again using the fact that ¢ is a bijection, we obtain that f is identically zero, so v is injective. If g is an
element of Endg(NN), we can define the function § = ¢! ogo¢ and note that it is clearly an R-endomorphism
of M, and that ¢)(g) = g. The two previous observations guarantee that ¢ is indeed a ring isomorphism, as
desired. |

1.3.3 Products and Sums

Given a subset S of an R-module M, we define the submodule generated by S as the set of finite sums of
the form
RS = {Zaijmij | a;; € Rymy, € S} C M.
J
If S generates M, it is called a generator set, and if it is finite, we say that M is finitely generated. If S
contains only one element m, M is called cyclic, and is usually denoted by M = Rm. If L is a left ideal of R,
then the set
LS = {Zaijmij | a;; € Lym; € S} C M
J
is also an R-submodule of M. If we treat R as a left R-module and if S C R is any subset, then the left
ideal generated by S is precisely the set RS, and if L is a left ideal of R generated by a single element, we
say it is a principal ideal.

Given an R-module M and a set S C M, we say that S is linearly independent if Zij a;;m;; = 0 implies
that a;; = 0 for all 4, j, where ;; € R, m;; € S; that is, any finite linear combination of elements of S that
results in the zero element must have all coefficients zero. A set S is said to be linearly dependent if it is not
linearly independent, i.e., there exists a finite linear combination that results in the zero element where not
all coefficients are zero. A linearly independent generating set is called a basis of the R-module, and in this
case, we say that the module is free, and it is worth noting that every ring R is a free R-module with the
basis given by the unit.
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If N1, Ny are submodules of M, we can define their sum as
Ni+ No:={m+m'|me Ni,m' € No} C M,

which is also an R-submodule, and if {M;};c7 is a family of submodules of M indexed by a set Z, we
can consider their sum ) ;.7 M; as the set of all finite sums of elements from M;, which will also be an
R-submodule. Again, we can illustrate the relationship between these sets with a diagram:

N1+ Ny
/ \
N Ny
\ /
N1 N Ny

where the arrows indicate set inclusion.
The concept of direct products of groups can be naturally extended to products of R-modules:

Definition 1.3.6 (Direct product of modules). If {M;};c7 is a family of R-modules indexed by a set Z, we
define the external direct product

I Mi == {(mi)iez | mi € M},
i€l
with operations given by
(mi)iez + (ni)iez = (Mi + ni)iez,
a(m;)iez = (am;)iet,
for any sequences (m;)icz, (n;)iez in [[;ez M; and any o € R. This set is an R-module, and in this case, note

that the canonical projections and inclusions will indeed be R-module homomorphisms.

In the case of modules, we can define the external direct sum in a similar way to how we did for abelian
groups: simply consider the subset of the external direct product formed by the almost-zero sequences with
the same operations as the direct product. This set will be an R-module, and is denoted by @;c7 M;. If n is
a natural number and M is an R-module, we denote by M" the external direct sum of M with itself n times.

The following proposition provides an extremely useful criterion for identifying sums of submodules with
external direct sums:

Proposition 1.3.7. If M is an R-module and { M, };c7 is a family of submodules, the following are equivalent:

(1) M =%, M; and M; N (Zi# M;) = {0} for any j € Z;

(2) Every element m € M can be uniquely written as a finite sum >_j mi;, where each m;; is an element of
the corresponding M;,;

(3> M =g @ieI M;.

Proof.

(1) = (2) Let m be an element of M, and suppose it can be written in two ways as a finite sum of elements
from the given ideals. We can assume that

_ A /
m=Ymy =Y,
J J

since we can set méj = 0 or m;; = 0 if necessary to ensure the index sets are equal. Now, if Zj(mij — m;]) =0,
it follows that:
(méj - mij) = Z(mll - m;l) € Mij N (Z Ml)v
I#5 I#5
so by assumption, we have m;; = m;],, and repeating the same argument for all indices i; we conclude that
the expression for m is indeed unique.
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(2) = (3) If each element of M can be uniquely written as a finite sum of elements in the submodules of the
family, it is sufficient to consider the map that takes an element m = >, m;; to the sequence with entries
m;; at the corresponding indices, and zero at the others. It is immediate to verify that this map is indeed an
isomorphism of R-modules, and therefore the result follows.

(3) = (1) It is enough to observe that if m is an element of M and is identified with the almost-zero sequence
(my)iez by the module isomorphism, the element ), 7 m; which is finite is also identified with this same
sequence, hence M = .7 M;. Furthermore, if there is an element m; of M; such that

mj = Zmz S Mj N (ZMZ)’
i#j i#j

then m; is identified by the isomorphism with the sequence having only one non-zero entry equal to m;, and
the sequence identified with _;,; m; has the entry corresponding to j equal to zero, but by assumption both
must be equal, so m; = 0, as we wanted. |

This result shows us that if each element of M can be uniquely written as a finite sum of elements from
the family of submodules, we can naturally identify M as an external direct sum of R-modules. In this case,

M =P M;,

i€l

we write3

and such a decomposition is called the internal direct sum, or simply the direct sum. In the case of
modules, the external and internal direct sums are isomorphic, so we can identify elements of a direct sum of
submodules both as almost-zero sequences and as finite sums. We can also observe that if L is a left ideal of
R and M = @,.7 M;, then LM = @,.7 LM;, since certainly LM = ), 7 LM;, and each LM; C M;, hence
LM; 0 (3 LM;) = {0}

If R is a ring, then its left ideals are precisely its submodules, so if R can be written as a sum of

submodules
R= Z Liv
1€L
where each L; is a left ideal, and if it holds that any element in R can be uniquely written as a finite sum of
elements in some of the left ideals L;, we can write

R=PL
€T

as a direct sum of submodules, and this sum can be naturally identified with the external direct sum of the
R-modules L;.

The following result relates homomorphisms between modules expressed as direct sums and direct
products, and will be of great interest for future proofs:

Proposition 1.3.8. Let R be a ring, {M,;};c7 a family of R-modules indexed by the set Z, and N an
R-module. Then the following isomorphisms of abelian groups hold:

Homp (€D M;, N) = [[ Homp(M;, N);

i€ €T
Homp(N, [[ Mi) = [ [ Hompg(N, M;).
€L i€

In particular,

Endp(@ M;) = [[ Hompg(M;, M;)
€L 1,J€EL

3We will abuse notation and use the same symbol to denote both internal and external direct sums of modules, and when
necessary, we will make explicit which sum we are referring to.
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is an isomorphism of abelian groups, and if Hompg(M;, M;) = {0} for i # j, we obtain that

Endg(EP M;) = [ Endg(M;)
€L €L

is an isomorphism of rings, where the right-hand side is a direct product of rings.

Proof. To prove the first isomorphism, let f be an R-homomorphism between @,.7 M; and N, and consider
the following map

¢ : Homp(EP M;, N) — [ [ Hompg(M;, N),
i€l €T

o(f) = (f o ti)iez,

where ¢; denotes the canonical inclusion that maps an element m; of M; to the sequence with only the i-th
entry non-zero and equal to m; — note that f o(; can be viewed as the restriction of f to M;, meaning ¢
simply sends f to the sequence of its restrictions to the respective components of the direct sum. From this
definition, it follows that ¢ is a homomorphism of abelian groups, so we now check that it is bijective. If
©(f) = 0, it means that for every ¢ in Z, and for any m; in M;, we have

(f o i)(mi) = 0.

On the other hand, if (m;);cz is an element of @,;c7 M;, we can write it as

(mi)iez = Y _ ti(mi),

€L

where the sum on the right is finite because the sequence is almost zero, so

f(mi)iez) = FO_ ti(ms))

€L
= (fou)(mi) =0,
i€l
so f is identically zero, and thus ¢ is injective. Now, if (f;)icz is an element of [[;c7 Hompg(M;, N), we define
an R-homomorphism f such that

F((mi)ier) = film;) € N,
1€T
for any sequence (m;)iez in @,z M;, and since each sequence is almost zero, the sum on the right-hand side
of the equation is finite. From this, we observe that (f o¢;)(m;) = fi(m;), so ¢(f) = (fi)iez, and thus ¢ is
surjective.
To prove the second isomorphism, let f € Hompg(N, [[;cr M;), and define

¢ : Hompg (N, [[ M;) — ] Homg(N, M;),
€T icT
Y(f) = (mio fliez,
where 7; denotes the canonical projection of the direct product onto its i-th component — note that v is
simply the map that sends f to the sequence of its projections onto the respective components of the direct

product. Again, the definition makes it clear that v is a homomorphism of abelian groups, so we need to
check that it is a bijection. If ¢(f) = 0, it means that for every i € Z and for every n € N, we have

(mio f)(n) =0,

but on the other hand, we can write

f(n) = ((mi o f)(n))iez,
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so f is identically zero, and thus % is injective. Now, if (f;);ez is an element of [],c7 Hompg (N, M;), we define
the R-homomorphism f given by

f(n) = (fi(n))iez € [[ M,

i€l
and then it follows that m; o f = f;, so

Y(f) = ((mio f)iez = (fi)iez,

which allows us to conclude that 1 is surjective.
The third isomorphism stated can be obtained by noting that, from the previous considerations, we have

® P
Homp () M;, @ M;) = [[ Homp(M;, @ M;) = [[ Homp(M;, M;),
i€ QeI i€ i€ ijeT
where the elements of [[; ;o7 Hompg(M;, Mj) are of the form

(mjo fou)ijer = ((mjo foui)iet)jet,

since the composition of compatible additive group isomorphisms is an isomorphism, so p = o ¢ is the desired
isomorphism between Endr(@;c7 Mi) and [[; ;o7 Hompg(M;, Mj). Now note that if Hompg(M;, M;) = {0}
when i # j, then we have

(mj o fou)ijer = (mio foti)ier,

since 7 o fou; =0 if i # j, so [; jeg Homp(M;, M;) = [[,e7 Endg(M;), and from this we get

1=

EndR(@ Mz) HEHdR(Mi),
1€ 1€

where p(f) = (m; o f o 1;)iez, and the isomorphisms are additive group isomorphisms, so to prove the
final statement, it is enough to check that they are also ring homomorphisms. The identity element in
Endgr(@;cz M;) is the identity function id, so

p(id) = (m; 0id 0 1;)ier = (ids)ier,

since 7; o t; = id; — where id; is the identity in M; —, so the image of the identity in the domain is the identity
in the codomain. If f, g are endomorphisms in the domain, then

p(fog)=(mofotiier
(mio fotomiogou)ier
= ((mio fou)o(mogou))ier

= p(f) o p(9),

so the isomorphism is indeed a ring homomorphism, as desired. |

Note that if the domain of an R-homomorphism f is a direct sum of modules, then f is uniquely
determined by the restrictions (f o ¢;);ez of f on the components of the domain. Similarly, if its codomain is
a direct product of modules, then f is uniquely determined by the functions (7; o f);ez, and if both domain
and codomain are direct sums, it follows that the elements of the form (m; o f 0¢;); ; determine f uniquely.
When the direct sums are finite, the isomorphism allows us to uniquely identify f with a matrix whose entry
in position ij is given by (m; o f 0¢;); ;. It is also worth noting that if R is a commutative ring, then the
isomorphisms above will also be R-module isomorphisms.

The ring of R-endomorphisms of a ring R is also directly related to its opposite ring.

Proposition 1.3.9. The rings Endz(R) and R°P are isomorphic.
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Proof. Define the following homomorphism of abelian groups:

¢ : R’ — Endg(R);
p(a)(b) =b-a.

Note that p(a*b) = p(b-a), so for any x € R, we have

p(b-a)(x) =x-b-a=p(a)opb)(x),

and also that (1) is the identity function in Endg(R), so the homomorphism is a ring homomorphism. If
p(a) = 0, we have that for any b € R, b-a = 0, and since 1 is also an element of R, this implies that a = 0,
S0  is injective. Given any R-endomorphism f of R, we have that for all x € R

f@)=flz-1) =a- f(1) = o(f(1))(x),

implying that ¢ is a ring isomorphism. ]

1.3.4 Simple Modules

Now we will prove one of the most important results about simple R-modules, known as Schur’s Lemma.

Lemma 1.3.10 (Schur’s Lemma). Let M and N be non-zero simple R-modules, and let ¢ : M +— N be an
R-homomorphism. Then ¢ is either identically zero or an isomorphism. In particular, the ring Endr(M) is
a division ring.

Proof. We know that the sets ker(¢) and Im(p) are submodules of M and N, respectively. Since M and
N are simple, it follows that ker(¢) = {0} or ker(¢) = M, and that Im(p) = {0} or Im(¢) = N. If
ker(p) = {0}, by Theorem 1.3.3, we have that M =g Im(y), and therefore M =r N, since M and N are
non-zero. Otherwise, ¢ is identically zero.

Now, consider the set Endg(M). We know that it is indeed a ring with addition and composition of
functions, and with the identity given by the identity function. It suffices to show that every non-zero element
is invertible. Given any element f of the ring of endomorphisms, since M is simple, there are two options:
ker(f) = {0}, and in this case, by the same argument used earlier, it follows that Im(f) = M, or ker(f) = M,
and in this case, f = 0. Therefore, if f is not identically zero, then it is a bijection, and thus invertible, so
Endgr(M) is a division ring. [ |

Schur’s Lemma allows us to characterize simple modules over any ring.
Theorem 1.3.11. Let M be an R-module. The following are equivalent:
(1) M is simple;
(2) M is cyclic, and every non-zero element of M is a generator;
(3) M is isomorphic as an R-module to R/L, where L is a maximal left ideal of R.

Proof.

(1)=(2) Assume M is simple, and note that for any non-zero element m of M, Rm is an R-submodule
containing at least 0 and m, so Rm # {0}, and by simplicity, we have Rm = M.

(2)=(3) Assume that M is cyclic and that every non-zero element is a generator. Again, consider a non-zero
element m of M, and define

p:R— M,
o(r) =rm,
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and note that this function is clearly an R-epimorphism, so by Theorem 1.3.3, we have
R/ ker(p) =r M.
Now note that for any 71,7y € ker(yp),
p(r1 —r2) = p(r1) —p(r2) =0,
so r; — ry € ker(p), and also for any r € R,
o(rr1) = rrym = r(rym) = 0,

so 11 € ker(y), and thus ker(yp) is a left ideal of R. If J is a left ideal of R such that ker(yp) C J, then there
exists r € J \ ker(p), so ¢(r) = rm # 0, and by simplicity, we would have M = R(rm). Thus, the restriction
¢|; = ¢ o, where ¢ is the inclusion of J in R, is surjective, and therefore

J/ker(p) Zr M = R/ ker(p),

so J = R, implying that ker(y) is a maximal left ideal.

(3)=(1) Assume that M is isomorphic to R/L, where L is a maximal left ideal of R. If N is an R-submodule
of M, then the isomorphism shows that N is isomorphic to some submodule of R/L, so by Theorem 1.3.4,
there exists some R-submodule J of R containing L such that

N =g J/L.

On the other hand, since R is a ring, we know that its R-submodules are precisely its left ideals, so J is a
left ideal containing the maximal left ideal L, implying that J = R or J = L. In both cases, this means that
N is isomorphic to R/L or to {0}, and by the arbitrariness of N, we conclude that M is simple. |

The previous result allows us to identify maximal left ideals of a ring R with the possible simple R-modules.
In particular, since every simple R-submodule of R is a minimal left ideal, we have that each minimal left
ideal is isomorphic as an R-module to the quotient of R by some maximal left ideal. However, it is not true
that any simple R-module (not necessarily contained in R) is isomorphic to some minimal ideal of R, simply
because not all rings have minimal left ideals, but all have maximal left ideals. An example of this is the
ring Z, which does not have minimal ideals because its ideals are of the form nZ for some integer n, but
there exist simple Z-modules, e.g., Z, with p prime is simple because it is isomorphic to Z/pZ, and pZ is a
maximal ideal.

An important set in the study of modules is the so-called annihilator. Formally, if M is a left R-module
and x € M, then

Anng(x) := {a € Rlax =0} C R,

and it is immediate to check that Anng(z) is a left ideal of R. If N C M is a subset of M, then the annihilator
Anng(N) of N is simply the intersection of the annihilators of its elements, and it is also immediate to check
that Anng(M) is a two-sided ideal of R. We say that an R-module M is faithful if Anng(M) = {0}.

Now we can describe in more detail the minimal left ideals of a ring.

Lemma 1.3.12 (Brauer’s Lemma). Let L be a minimal left ideal of a ring R. Then L) = {0} or there
exists an idempotent element e € L such that . = Re, and in this case, eRe is a division ring.

Proof. Assume that L(?) # {0}, so there exists a non-zero element a € L such that La # {0}. However, La
is a non-trivial left ideal of L, so by the simplicity of L we have La = L, and thus we can find some element
e € L such that ea = a. Now we note that

(e —e)a=ea—a=0,
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so €2 — e belongs to the annihilator Annz(a) of @ in L, but on the other hand, we know that this annihilator is

a left ideal of L, which must be proper since ea = a. Therefore, by the simplicity of L, we have Anny,(a) = {0},
implying that e = e. Since L is simple, it follows from Theorem 1.3.11 that L = Re.

To prove the second statement, we first note that eRe is certainly a ring with unity given by e, so
it is enough to show that it is a division ring. We will construct an isomorphism from eRe to the ring
Endg(Re), and this together with Schur’s Lemma will imply the desired result. First, note that if ¢ is an
R-endomorphism of Re, then for any a € R we have

p(ae) = p(a(ee)) = ap(e),
i.e., ¢ is completely determined by ¢(e). Furthermore, if o, ¢’ € Endgr(Re), and if ¢'(e) = ae, then

p(#'(€)) = plae) = ap(e) = ¢'(e)p(e),
since ep(e) = p(e), we can consider the following map:
¢ : Endp(Re) — eRe,
U(p) = ep(e).

The map is clearly a homomorphism of abelian groups, and from the previous considerations, we have that

Y(pog) =ep(¢(e) = ep(e)p(e) = (ev'(e))(e¥(€)) = Y(p)¥(¥"),

so ¢ is a ring homomorphism. It will be surjective because for any a € R we can define ¢ € Endgr(Re) from
p(e) = a, and if ¥ (p) = 0, it means that p(e) = ep(e) = 0, so ¢ is identically zero. This shows that 1) is an
isomorphism, and since Re is simple, it follows from Schur’s Lemma that Endg(Re) is a division ring, so
eRe is also a division ring. |

The previous results allow us to conclude important facts about the ring of matrices with entries from
some division ring.

Example 1.3.13 (Semisimplicity of M, (D)). Consider the ring of matrices M,, (D) with entries in a division
ring D and with n > 1, and note that we can write this ring as

M,(D)=C1 & ... Cy,

where each Cj is a submodule of the matrices with the i-th column non-zero, given by

0 .. ai; ... 0
Gi={|: + +  i|leu,..,an € D}.
It is immediate to notice that the sets C; are indeed left ideals of M, (D), each naturally isomorphic to D™
as a M, (D)-module, however we can also observe that these ideals are minimal. Indeed, take any left ideal

L contained in some C}, and assume that there exists a non-zero element y in L, i.e., there exists an index j
such that the entry y;; # 0 in the matrix y. Now take any element x € C;, and note that the matrix

M={: : : Do

0 .. :Umy;ll .. 0
is such that My = x, and since L is a left ideal, it follows that My € L, so « € L, which implies that C; = L,
and therefore C; is a minimal left ideal. This allows us to conclude that the set of matrices can be written as
a direct sum of minimal left ideals, something we will define in the future as semisimplicity. Since CZ-(z) # {0},
Brauer’s Lemma guarantees that these ideals will be of the form M, (D)E, where E is some idempotent

matrix, and in the case, it suffices to take for any C; the matrix Ej;, which is certainly idempotent and
belongs to Cj, so indeed we have

My (D) = My, (D)E1; @ ... & My,(D)Epy,.
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1.3.5 Vector Spaces and Zorn’s Lemma

The previous example also illustrates an interesting fact: a ring R being simple does not necessarily imply
that it is simple as an R-module. In fact, we saw earlier that M, (D) is a simple ring, but the previous
example shows that, when viewed as a module over itself, this ring is not simple for the cases where n > 1,
as it can be written as a direct sum of n distinct simple submodules. The decomposition in this example
is relatively simple, yet it captures the main motivation behind the results in the upcoming chapters: to
describe rings as a direct sum of simple objects in an explicit manner. It is also possible to characterize
all the simple submodules of the matrix ring, something that will be particularly useful for applications of
Wedderburn’s Theorem.

Example 1.3.14 (Uniqueness of Simple Submodules of M,,(D)). Let R = M, (D) be the ring of matrices
over a division ring D, and consider a simple R-module M. By Theorem 1.3.11, it follows that M = RX,
where X is a non-zero matrix in M, and since RX # 0, there certainly exists some non-zero matrix A in R
such that AX # 0. Fix a column j of A with some non-zero entry, and consider the map ¢ from M to D"
that sends an element BX of M to the j-th column of B, i.e., o(BX) = Bej, where e; is the vector with one
in the j-th entry and zero elsewhere. It follows that this map is a non-zero R-homomorphism, and from the
previous example, we saw that D" is a simple R-module, so by Schur’s Lemma, ¢ must be an R-isomorphism,
thus M =g D™. This shows us that, up to isomorphism, D" is the only simple M,,(D)-module.

We mentioned that modules generalize the notion of a vector space, as a vector space is nothing more
than a module over a field, but this generalization causes these objects to lose several useful properties.
Below we list some properties that are generally false for modules over rings but are always true for vector
spaces over fields:

o Every linearly independent set can be extended to a basis;

o Every generating set contains a basis;

o Every element of a linearly independent set is a linear combination of the others;
e Every submodule of a free module is free.

We will now state without proof an important result for future sections. To do this, we remind the reader
that given a set equipped with a binary relation between its elements, we say it is a partially ordered set —
also called a poset — if the relation is reflexive, antisymmetric, and transitive, and we say that a subset is a
chain if it is totally ordered, i.e., every pair of elements is comparable.

Lemma 1.3.15 (Zorn’s Lemma). Let (X, <) be a poset where every chain C' C X has an upper bound in
X, that is, an element x in X such that for every y in C, y < z. Then X has a maximal element.

Zorn’s Lemma is an extremely powerful tool for proving various results in linear algebra, and it will be
particularly useful for demonstrating basic properties of semisimple modules and rings. Below, we provide an
example of using Zorn’s Lemma to demonstrate that every ideal in a ring is contained in some maximal ideal.

Example 1.3.16 (Existence of Maximal Ideals). Let R be a ring, and fix a left ideal L. Define the set
F={JCR|LCJ Jisa left ideal of R}.

The set in question is a poset with the inclusion relation C, so we take a chain C in F. We can define
J = Jec J, and we claim that this element is an upper bound for C. In fact, first note that L C J by
definition, and if a,b € J, there exist Ji,Jo € C such that a € J1,b € Jo, and assuming without loss of
generality that J; C Jo, we have a,b € Jo, so a + b € Jo, implying that J is closed under addition. Now, if
a € Rand b € J, a similar argument shows that ab € J, so J belongs to F, and then by Zorn’s Lemma, it
follows that there exists a maximal element in F, which in this case will be exactly a maximal left ideal of R
containing L. A similar argument can be made for right ideals and two-sided ideals.
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1.4 Algebras

The main object of study in this work is what are called algebras over fields, which are nothing more than
vector spaces with some notion of bilinear product between their elements. Below is its formal definition.

Definition 1.4.1 (Algebra). Let (A, +) be an abelian group and F a field. We say that A is an F-algebra if
there exist operations - : F x A — A and * : 4 x A — A such that:

(1) (A,+,-) is a vector space over F;
(2) (A, +,*) is a ring;
(3) Forany o in Fand A,Bin A: a- Ax B = (aA)* B = Ax(aB).

Items (1) and (2) tell us that an algebra is nothing more than a vector space with respect to a field F that
is also a ring, and (3) tells us that the multiplication between elements of the ring is compatible with scalar
multiplication from F, and therefore all the constructions and results seen so far about rings and modules
also apply.

The set M, (C) of n x n matrices with complex entries is a ring with respect to the matrix addition and
multiplication operations, and its unit is the identity matrix. Furthermore, this set also has the structure of
a C-vector space with scalar multiplication by elements of C, so it is a C-algebra. We can also consider the
term-by-term multiplication operation of matrices, known as the Schur product, defined as (Ao B);; = A;; B
for matrices of the same size, and we can observe that M, (C) is also a C-algebra with respect to the Schur
product, with the unit given by the matrix with all elements equal to one.

Given an algebra A over a field F, we will denote its unit by the symbol E. A subset B of A that is
simultaneously a subspace and a subring is called a subalgebra, meaning that B is a subspace of F that is
closed under the matrix product and contains the unit E of A. The center Z(A) of an algebra is always
a subalgebra, simply due to the compatibility between the algebra’s operations: if A commutes with all
elements of A, then certainly A also commutes for any o € F. A function ¢ between F-algebras is called a
homomorphism if it is simultaneously a homomorphism of F-vector spaces and a homomorphism of rings.

We say that a set M is an A-module if M is a module over the ring A, and in this case, we can provide a
structure of F-vector space to M by defining the product

am = (aE)m,
for any a € F,m € M, and it follows that
(aX)m = a(Xm) = X(am)

for any X € A, and therefore an .A-homomorphism is also an F-homomorphism.

The notions of direct sums and direct products naturally translate into the context of algebras, but in
this case, we must make an additional effort to clarify which type of sum or product we are referring to. In
this work, a direct sum of algebras over a field F will always refer to a direct sum of F-vector spaces, that is,
a direct sum of F-modules, and a direct product of algebras will refer to an external direct product of rings,
since each algebra is also a ring.

An algebra A over a field IF that is an F-vector space of finite dimension d is said to be a finite-dimensional
algebra. In this case, given that we fixed a basis {41, ..., A;} for A, we have

d
AZ’AJ' = Z CZ-Ak,
k=1

4Many other works related to the study of algebras also study algebras that do not necessarily have a unit, and in this case,
the algebras described here would be called unital.
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for any i,j € [d] := {1,...,d}, where cf”j € . Therefore, note that given elements A, B € A written as
A=3%,a;A; and B =} ; B;A;, we have

AB = (3 aidi)(D_ Bj4))
= Z OziﬁinAj

i7j

k
= Z i fjcij Ag,

ijk

that is, if we fix a basis, the constants {cf]}wk completely determine the algebra A, and they are usually
called the structural constants of A.
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2 Semisimplicity

Now we will focus on studying what are called semisimple rings and modules. This concept is of great
importance in various areas of mathematics and physics, such as in the study of group representations and
Lie algebras, and the structure of semisimple algebras will be useful in proving several results for graphs and
optimization programs. In this chapter, we will present the theory of semisimplicity in its most general form,
and later focus on applications in the following chapters. But before that, we will briefly discuss one of the
motivations behind our study.

One of the most famous results in classical linear algebra is the Primary Decomposition Theorem, which
tells us that given an endomorphism of vector spaces f on a space V over a field I, it is always possible to
decompose the space as

V=Wwee&...e W,

where each W; is a subspace invariant under f, and in particular, it will be a generalized eigenspace. That is,
if we write the minimal polynomial of f as

my(t) =pu(®)™ - pt (),

with each p; irreducible, then W; := ker(p;*(f)). A decomposition of the space into a direct sum of f-invariant
subspaces naturally gives us a block-diagonalization of f: simply choose a basis for each W; and then take
the union of such bases. In the context of matrices with complex entries, the theorem guarantees that it
is always possible to find a block-diagonal basis for a given matrix, and much of basic linear algebra is
dedicated to understanding the form of these blocks. For example, over the complex numbers, it will always
be possible to triangularize the blocks of the primary decomposition of a matrix, so that each block has a
diagonal component and a nilpotent component, and with a little more effort, we can obtain the famous
Jordan canonical form. In the case of diagonalizable matrices, their primary decomposition is exactly their
spectral decomposition, meaning that each block will have size 1, and its only entry will be the eigenvalue
associated with the respective eigenspace.

We can then ask ourselves how to generalize these results: if we now have a set of matrices, is it always
possible to find a basis that simultaneously puts them in a block-diagonal form? We will see that the answer
to this question is closely connected with the notion of semisimplicity.

2.1 Semisimple Modules

Given any R-module M, we say that M is semisimple if it can be written as a direct sum of simple R-modules.
We are interested in characterizing semisimple modules, and to do this, we will first prove the following
auxiliary result:

Lemma 2.1.1. Let M be an R-module such that every submodule N of M is a direct summand, that is,
there exists a submodule N’ of M such that M = N @& N’. Then every non-zero submodule of M has a
simple submodule.

Proof. Let M be an R-module as described in the statement, and let NV be a non-zero submodule. The
idea of this proof is to use the existence of a maximal left ideal of R to derive a contradiction with the
non-existence of a simple submodule of N. To do this, first fix a non-zero element x € N, and consider the
following map:

¢ : R— Rx;
o(a) = azx.

It is immediate to check that ¢ is an epimorphism of R-modules, and it is also worth noting that the kernel
of ¢ is precisely the annihilator Anng(x) of x in R, and this is properly contained in R since z # 0. Since
Annpg(x) is a proper left ideal of R, by Example 1.3.16, there exists a maximal left ideal L containing it.
We then note that since L is maximal in R, by the Correspondence Theorem 1.3.4, L/Anng(x) is maximal
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in R/Anng(z), and since R/Anng(x) is isomorphic as an R-module to Rz, it follows that the image Lx of
L/Anng(x) under the isomorphism is a maximal submodule of Rz.
Now we will use the hypothesis to find a direct sum decomposition of Rz in terms of Lz. By hypothesis,
we have M = Lz @ L', where L’ is some submodule of M, so for any a € R, there exist unique b€ L, y € L'
such that
ax = bx + vy,

thus y can be uniquely written as
y=axr —br € L' N Rz,

implying that Rz = Lz & (Rx N L"). We can now use the maximality of Lz to show that Rz N L' is simple.
Indeed, assume it is not, then there exists a proper non-trivial submodule of Rz N L', and since this is also a
submodule of Rz, it follows that it must be of the form Sz, for some non-trivial left ideal S of R. Consider
the following chain of inclusions:

Ly C Lz + Sz C Lr + (Rz N L) = Rz,

and note that this implies Lx + Sz is a proper submodule of Rz that properly contains the maximal
submodule Lz, which clearly contradicts the maximality of Lxz. Thus, we conclude that Rz N L’ is simple, as
desired. m

The previous result, together with Zorn’s Lemma, allows us to prove the following characterization of
semisimple modules:

Theorem 2.1.2. Let M be an R-module. The following are equivalent:
(1) M is a direct sum of simple R-modules;

(2) M is semisimple;

(3) Every R-submodule of M is a direct summand.

Proof.
(1)=(2) Assume that M = },.7 M;, where each M; is a simple R-module, and consider the set

F={JCT| Z M; is a direct sum}.
jeJ
Note that F # (), since each M; € F, and that (F,C) is a partially ordered set (poset). Let C' C F be a
chain, and note that |J ;- J € F is an upper bound for C, that is, every chain has an upper bound in F. By

Zorn’s Lemma, there exists a maximal J,, € F, and note that given any M;, the intersection M; N3¢ 7 M;
is a submodule of M;, so

MzﬂZMj:Mz or MZHZMJ:{O},
jej'rn jEJm

because M; is simple. Assume that there exists some i € Z such that the second case occurs, and note then
that J, U {i} € F is a set of indices that results in a direct sum and strictly contains the maximal set
Jm, which contradicts the definition of this set. Thus, every M; is contained in } ;7 M;, and therefore
M =3 ez, Mj, that is, M is semisimple.

(2)=(3) Assume that M = @,;c7 M;, where each M; is a simple submodule. Let N be a submodule of M,
and consider the set
f:{j§I|N+ZMj is a direct sum}.
JjeET
Analogously to the previous step, it is immediate to observe that (F, C) is a poset. Note that F is non-empty,
because for each M;, either M; " N = {0} or M; N N = M; (since M; is simple), and if for all i, we have
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M; "N = M;, then M = N, and there is nothing to prove. Thus, we can assume that there exists at least
one ¢ such that M; N N = {0}, and therefore N 4 M; is a direct sum. Let C' C F be a chain, and note that
Usec J € F is an upper bound for C'in F, and then by Zorn’s Lemma, there exists a maximal J,, € F in
F. Note that if there exists M; such that M; N (N + (D;e 7, M;)) = {0}, then J;,, U {i} € F, contradicting
the maximality of J,, in F. Therefore, all the M;’s are contained in the sum, so we have

M=Nao (& M),
TE€ETm

and thus NV is a direct summand.

(3)=(1) Assume that every submodule of M is a direct summand, and consider Ny the submodule of M

formed by the sum of all the simple submodules of M. By hypothesis, there exists a submodule N’ such that
M =N,o N

If N' £ {0}, Lemma 2.1.1 guarantees that there exists a simple submodule of N’, which contradicts the
definition of Ny, so N = {0}, and therefore M is semisimple. |

The previous proposition shows us that semisimple R-modules are precisely those that, in a sense, behave
similarly to vector spaces: given any submodule, it is possible to find a complementary module. Semisimplicity
also behaves well with respect to submodules and quotients, as we can verify below:

Corollary 2.1.3. Every submodule and every quotient of a semisimple R-module is semisimple.

Proof. Let M = @,;c7 M; be a semisimple R-module, with each M; simple, and take any submodule N.
Consider the R-epimorphism projection 7 : M +— M /N, and note that for any m € M, there exist unique

mi; such that
m=)_ mi,
J

so m(m) = >_m(m;;) uniquely, and hence M /N = =, 7 w(M;), which implies by the previous proposition
that M/N is semisimple. From the previous proposition, we also know that there exists a submodule N’
such that M = N & N’, so it follows that M /N’ = N, and thus N is isomorphic to a quotient, and therefore
is semisimple as well. [ |

Now we will formalize a way to identify endomorphisms of semisimple modules with matrices, which was
briefly mentioned right after the proof of Proposition 1.3.8.

Proposition 2.1.4. Let M be a module over a ring R, and consider M"™, where n is a natural number.
Then Endr(M"™) and M, (Endr(M)) are isomorphic rings.

Proof. Let f € Endr(M™), and let 7;,¢; be the canonical projection and inclusion maps onto the i-th and
j-th copies of M, respectively, where m; o f ov; € Endg(M). It is worth noting that, although they are copies
of M, the functions 7; o f o¢; are generally not equal. Observe that if m = (m,...,m,) is an element of
M™, then

n n
Zﬂ'lofo% )(mj), . vzﬂ'nofo% )(m;)),
Jj=1 j=1

so if we identify m with a column vector, we have

7T10fOL1 ’/TlofOLQ 7T10fOLn mq

f(m) =

mpofou mpofoi ... mpofou, mpy,
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Therefore, if we consider the map

¢ : Endg(M") — My (Endg(M)),

mpofoury mofoi ... mofou,
o(f) = : : : : ,

mpofouy mpofouw ... mpofou,

it is immediate to observe that it is a group homomorphism, and if f, g € Endgr(M"), the previous observations
guarantee that o(f o g) = ¢(f) - ¢(g), and since p(id) = I, it follows that we have a ring homomorphism. If
o(f) = 0, as we saw in Proposition 1.3.8, f is uniquely determined by the entries of the matrix ¢(f), so
f =0. Given any matrix M in M, (Endgr(M)), observe that there exists a unique R-homomorphism f such
that m; o f o1j = M;j, so p(f) = M. Therefore, we conclude that ¢ is a bijection, and thus

Endp(M™) 2 M, (Endg(M))

are isomorphic rings. |

2.2 Semisimple Rings
2.2.1 Ideals and Submodules

In this section, we are interested in proving structural theorems for semisimple rings, with the goal of
obtaining useful descriptions of the various algebraic components of a ring. In particular, we will prove
the Wedderburn and Artin theorems for semisimple rings, and then we will discuss their consequences and
ramifications in detail.

Given a ring R, we say that it is semisimple if it is a semisimple R-module. That is, semisimple
rings are precisely those that, when viewed as modules over themselves, can be written as a direct sum of
simple R-submodules, which in this case are precisely their minimal left ideals. We will now prove a basic
characterization for these rings.

Proposition 2.2.1. A ring R is semisimple if and only if every R-module is semisimple.

Proof. Let R be a ring, and note that since R is an R-module, the reverse of the statement follows immediately.
Now assume that R is semisimple and take any R-module M. Consider the following R-homomorphism:

Q: @ R— M,
meM
o((rm)mem) = Z T'm - M.
meM ,rpm#0

Note that for any x € M, we can take the sequence (0zm)menr, where d,y, = 1 if and only if m = z, and
observe that ¢((dzm)merr) = , so ¢ is surjective. Therefore, we have

P R/ker(p) =g M,
meM

and since the direct sum of semisimple modules is semisimple, we conclude that M is isomorphic to a quotient
of a semisimple module. Therefore, by Corollary 2.1.3, it follows that M is semisimple. |

Semisimplicity in rings also implies a stronger version of Brauer’s Lemma.

Proposition 2.2.2. Let R be a semisimple ring. Then every left ideal of R is of the form Re, where ¢? = ¢ is
an idempotent element. In particular, every bilateral ideal is a ring of the form Re, with the unit e belonging
to the center of R.
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Proof. Let L be a left ideal of R, and since R is semisimple, we know from Theorem 2.1.2 that there exists
another left ideal J such that R =L & J. Let e € L and = € J such that e+ x = 1. For any a € L, it follows
that

a = ae—+ ax,

which implies that
ar=a—ae € JNL,

but since J N L = {0}, it follows that az = 0 and a = ae. This implies that e = e, and also that L = Re,
and a similar result holds for right ideals. Now assume that [ is a bilateral ideal. We know that there are

idempotent elements e, ¢’ such that
I =Re=¢R,

so it follows that ee = €’e and that €’e = €¢’¢’. But since both are idempotents, it follows that e = e'e = €/,
and hence I = Re = eR. Note that if x € I, there exist a1,a2 € R such that

r = a1€ = eay
SO
Te =a1e =% and er = eas = T,

hence ze = ex, implying that e commutes with every element of I, i.e., I is a ring with unit e. If we take any
element a € R, we have
ae = (ae)e = eae and ea = e(ea) = eae,

S0 ae = ea, meaning that e is an element of the center of R, as required. |
Now we show that the decomposition into simple submodules of a ring is always finite.

Proposition 2.2.3. If R is a semisimple ring, then it can be written as a finite direct sum of simple
submodules. Moreover, every simple R-module is isomorphic to one of the direct summands of R.

Proof. Let R = @, L;, where each L; is a simple R-submodule. Note that, by definition, there exist unique
Tiyy s Tipy € L such that
l=ry 4+ +r,.

Therefore, any element z € R can be uniquely written as
T =xry + -+,

and since each Lij is an R-submodule of R, we have xri; € Lij, which implies that R = EB;-”:l Lij.

Now let M be a simple R-module. We know that any non-zero element m of M satisfies M = Rm, so
the R-homomorphism ¢ : R +— M given by ¢(a) = am is non-zero. On the other hand, from Proposition
1.3.8, we have

m
{0} # Hompg(R, M) = [ [ Homp(L;, M),
i=1
where the isomorphism is between abelian groups. But note that this implies that there exists some ¢ such
that Hompg(L;, M) # {0}, so by Schur’s Lemma, it follows that M =g L;. [ |
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2.2.2 Wedderburn’s Theorem

An immediate consequence of the previous proposition is that there are finitely many isomorphism classes of
simple modules in a semisimple ring. If we write a semisimple ring R as

l
R=@L
i=1
where each L; is an R-simple submodule, we can then consider the submodules

Ri= P L=xLf
L=RL,;

which group all the d; isomorphic summands to L; in the direct sum of R, for some non-negative integer d;.
Thus, each R; is a left ideal of R that is semisimple, and we can write

m m
R=@PR=rPL
i=1 i=1
where L; 2 L; if i # j. We can also note that each R; is a bilateral ideal of R. Indeed, if ¢ # j, we take

RR;j= @ RL= FH P LL

LRI, L~pLj I'~pL;

We know that both L, L’ are simple submodules, so if there exist a € L',b € L such that ab # 0, the map
sending any a € L’ to ab € L would be a non-zero R-homomorphism, and therefore by Schur’s Lemma, L and
L' would be isomorphic, which contradicts the fact that ¢ # j, hence L'L = {0}, implying that R;R; = {0}.
From this, it follows that

m m
R; C RiR=R P R; =P RiR; = RiR; C R;,
j=1 j=1
where the last inclusion follows from the fact that R; is a left ideal of R, so R;R = R;, implying that R; is a
bilateral ideal. From this and by Proposition 2.2.2, it follows that each R; is a ring with a unit given by
some idempotent e; belonging to the center of R, and since R;R; = {0} for i # j, we have that e;e; = 0.
Since R is the direct sum of the R;’s, we have that the unit of R can be uniquely written as

l=e1 4+ +em.

Moreover, if we take elements r,s € R, they can be uniquely decomposed as r = r; + --- + rp, and
s =81+ 4 Sm, with r;, s; € R;, so their multiplication is given by

rs=ris1+ -+ rmSm,

since the products of the form r;s; with ¢ # j will be zero. Therefore, the canonical map that sends r to
(ri,...,rm) — that is, which identifies the internal direct sum of submodules with the external direct sum —
will also be a ring isomorphism, since the unit 1 will be mapped to (e, ..., ey ), which is precisely the unit
of the direct product of the R;. This shows that the ring R is isomorphic to an external direct product of
the rings R;, and since each ring corresponds to a bilateral ideal of R, we say that

that is, we say that R is equal to the direct product of the R;. This is one possible definition of internal
direct products in rings, but since its construction is somewhat specific to the case of semisimple rings, we
chose to introduce it only now.

This discussion leads us to the proof of Wedderburn’s theorem.
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Theorem 2.2.4 (Wedderburn’s Theorem). Let R be a semisimple ring written as

where R; =g L‘iii, each L; is a simple submodule, and L; 2r L; if i # j. Then each R; is a simple ring
isomorphic to My, (D;), where D; is a division ring, and we also have that

that is, R is isomorphic to a direct product of matrix rings over division rings. Conversely, every direct
product of matrix rings over division rings is semisimple.

IIZ

Proof. By Propositions 1.3.5 and 2.1.4, we have that
Endgr(R;) = Endg(L{) = My, (Endg(L;))

are isomorphic rings, so

| 2

= (ROP)oP
(Endg(R;))*?

= (Mg, (Endg(Li)))*”
= Mg,(Endgr(L:)),

12

where the second and last isomorphisms follow from Propositions 1.2.6 and 1.3.9, and the ring D;
Endg(L;)°P is a division ring because L; is a simple module. Therefore, the ring R; is isomorphic to My, (D )
for each i, and so it is a simple ring. Proposition 1.3.8 gives us that

m

Endg(R) = Endg(@P R) = [[ Homp(R;, R;),

i=1 i,

where the isomorphisms are of abelian groups, and by assumption, L; 2 L; if i # j, but note that the ideals
L;, L; are simple R-modules and not isomorphic, so by Schur’s Lemma, any R-homomorphism between L;, L;
is identically zero, i.e., Hompg(L;, L;) = {0}, which also implies that Hompg(R;, R;) = {0}, so

Endg(R HEndR HMd (Endg(L:)),
i=1

where the isomorphisms are now of rings. Now, if we proceed similarly to what was done for each R;, we
obtain

R

I

(RoP)oP
(Endp(R))™

(T[] Ma, (Endr(L)>
=1

I

I

ll2
35

(Mg, (Endg(L;)))P

.
—_

3

I
III

Mg, (Endr(L;)*?)
=1

= Mdi (DZ)

=1
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Thus, R is isomorphic to a direct product of matrix rings over division rings, where each term of the product
is isomorphic to the corresponding R; in the expression of R as a direct sum. Conversely, if R is a direct
product of matrix rings over division rings, we know from Example 1.3.13 that each element of the product
is semisimple, and since it is a direct product, each element will be a bilateral ideal, so we can identify R
also as a direct sum of semisimple submodules, and from this, it follows that R is semisimple. ]

Wedderburn’s theorem has several relevant implications for the study of rings and algebras, and we will
dedicate the remainder of this chapter to discuss these consequences in detail. The most immediate and
perhaps most important implication is precisely the guarantee that we can identify a semisimple ring R
with a direct product of simple rings R;, each of which is a bilateral ideal of R isomorphic to a matrix ring
over a division ring. This decomposition of a semisimple ring as a product of simple rings R; is commonly
called the Wedderburn decomposition of the ring. We also observe that the theorem guarantees that it is not
necessary to distinguish between left or right semisimplicity: matrix rings over division rings are semisimple
both on the left (with minimal left ideals given by column matrices C; described in Example 1.3.13) and on
the right (with minimal right ideals given by row matrices defined analogously). That is, a ring is semisimple
on the right if and only if it is semisimple on the left.

Now we show that the Wedderburn decomposition is unique.

Proposition 2.2.5 (Uniqueness of the Wedderburn Decomposition). If R is a semisimple ring with Wedder-
burn decomposition given by

R=1]]R:
i=1

where each R; is a simple ring, then this decomposition is unique up to permutation of the R;, where the
parameters m, d; are uniquely determined by R.

Proof. Assume that
R=]1#=]IR}:
i=1 j=1

and note that
R; C RiR= R;R; C R;,

so R;R = R; for any i. On the other hand, we also have

m/

RiR =[] RiR),
j=1

but since each R; is also a bilateral ideal of R, it follows that RZR;- is a bilateral ideal of R;, and since R; is
simple, this implies that RiRg» = R; or RZ-R; = {0}. Since R;R = R;, it follows that there exists exactly one
index j such that RiR; = R;, and if we now repeat the process for j, we conclude that

/ /
R; = RiR; = R;,

so for each i there exists a unique j' such that R; = R;-, and therefore the Wedderburn decomposition of R is
unique up to permutation of the R;’s, and consequently the parameters R;, d;, m are uniquely determined by
R. |

The main consequence of the Wedderburn decomposition for this work is the structure of the idempotent
elements of a semisimple ring R. If e € R is an idempotent element belonging to the center of R, we say
it is a central idempotent, and if e;, e; are distinct idempotents of R such that e;e; = 0, we say they are
orthogonal. We say that an idempotent e € R is primitive (or minimal) if it cannot be written as the sum of
non-zero orthogonal idempotents distinct from R, and an idempotent is said to be centrally primitive if it is
central and cannot be written as the sum of non-zero orthogonal central idempotents.

With this new terminology, we obtain the following corollary:

31



Corollary 2.2.6. Let R be a semisimple ring with Wedderburn decomposition given by

m
R=]]R
i=1
Then there exist unique orthogonal centrally primitive idempotents ey, ..., e, such that

l=e+ - +eéen.
Moreover, for each e;, there also exist unique orthogonal primitive idempotents e;1, ..., e;q, such that
€; = €j1 + -+ €ig;-

Proof. The uniqueness of the idempotents follows from the uniqueness of the Wedderburn decomposition,
and we have seen in previous discussions that the idempotents eq,..., e, such that R; = Re; are indeed
orthogonal and central, so it remains to show that they are centrally primitive. Fix ¢ and assume that

e; = e, + e, where e], e/ are non-zero orthogonal central idempotents, i.e., we can write the ring R; as

R; = Re; = Re; D Re;',

where the sum is direct because the idempotents are orthogonal, but note that since e} and e/ are central,
the submodules Re} will be proper non-trivial bilateral ideals of R;, contradicting the simplicity of R;, so
each e; is indeed centrally primitive.

We recall that by definition each R; is of the form

Ri= P L=pLy,
L=RpL;

that is, R; is a semisimple ring, and its d; left ideals are all isomorphic to L;. By Proposition 2.2.2, it follows
that for each left ideal of R it is of the form Re;; for some idempotent e;;, and by a similar argument to the
one made earlier, it follows that these idempotents are orthogonal and primitive. Therefore, since e; is the
unit in R;, we have that

€ = €1+ -+ €iq,,

as we wanted. |
Thus, we can describe the case where R is a commutative semisimple ring.

Corollary 2.2.7. Every commutative semisimple ring R is a finite direct product of fields. Conversely, every
finite direct product of fields is semisimple.

Proof. By Wedderburn’s theorem, we can write

1%

R H Mg, (D),
i=1

where D; is a division ring. Since R is commutative, it follows that each My, (D;) must also be commutative,
but since it is a matrix ring, this is only possible if d; = 1. Each M;(D;) is naturally isomorphic to D; as a
ring, so each D; is a commutative division ring, and therefore it is a field. Conversely, if R is a finite direct
product of fields, note that each field can be seen as a matrix ring of size 1 x 1 with entries in the field, so it
is semisimple, which implies that R is also semisimple. |
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2.2.3 Simple Rings and the Artin-Wedderburn Theorem

Wedderburn’s theorem gives us a classification of semisimple rings, and a natural question we might ask is:
is it also possible to characterize simple rings? To address this, we first need to introduce the concept of
Artinian rings. Given a ring R, we say that it is left Artinian if any descending chain of left ideals stabilizes,
that is, for left ideals {L,}; such that

LiD2Ly2D DLy Lptq 2...,

there exists an index & such that for all j > k, L; = L. This is equivalent to saying that every non-empty
family of left ideals of R has a minimal element. It is also interesting to note that if L is a non-zero left ideal
of R, then it must contain some minimal left ideal; otherwise, we could construct a non-empty family of left
ideals that does not have a minimal element.

At first glance, the notion of Artinian rings may seem somewhat arbitrary, but as is often the case in
abstract algebra, this term merely formalizes a property of familiar structures such as finite-dimensional
algebras. Every finite-dimensional algebra is an Artinian ring simply because every left ideal is a subspace,
so any strict chain of ideals is a chain of subspaces with decreasing dimension, and since the dimension is
finite, this chain certainly stabilizes. A counterexample is the ring of integers Z, as the chain

22422 --- D 2kZ D ...
does not stabilize, so it is not Artinian. With this, we are ready to characterize the simple Artinian rings.
Theorem 2.2.8 (Artin-Wedderburn Theorem). Let R be a ring. The following statements are equivalent:
(1) The ring R is simple and Artinian;
(2
(
(

) There exists a simple and faithful R-module M;
3) R is semisimple and has a unique isomorphism class of simple R-modules;
)

4) R is isomorphic to M, (D), for some natural number n and a division ring D.

Proof.

(1) = (2) We know that any ring R has a maximal left ideal L, and therefore the R-module R/L is
simple. Note that Anng(R/L) is a bilateral ideal of R, but since R is simple and has a unit, it follows that
Anngp(R/L) = {0}, so M = R/L is simple and faithful.

(2) = (3) Let M be a simple and faithful R-module, and consider the family of left ideals of R given by
F = {ker(p) | ¢ € Homp(R, M"),n € N}.

Since R is Artinian, it follows that there exists a natural number n and ¢ € Hompg (R, M™) such that ker(y)
is minimal. We will show that ¢ is injective. In fact, if it were not, take a non-zero element r € R such that
©(r) = 0, and note that since M is faithful, there exists m € M such that rm # 0, i.e., r ¢ Anng(m). We
can then consider the map given by

Y:R— M"® M,

¥(r) = (p(m),rm).
Note that v is an R-homomorphism such that ker(¢)) = ker(¢) N Anng(m) C ker(¢), which contradicts the
minimality of ¢. Therefore, we conclude that ¢ is injective, and hence R =g Im(y). Since M is simple, it

follows that M™ is semisimple, which in turn implies that Im(¢p) is also semisimple, allowing us to conclude
that R is semisimple and has a unique isomorphism class of simple R-modules.

(3) = (4) If R is semisimple and has a unique isomorphism class of simple R-modules, it follows that the
Wedderburn decomposition of R has a single component, and therefore Wedderburn’s theorem guarantees
that R = M, (D), for some natural number n and a division ring D.
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(4) = (1) We have already seen that M, (D) is a simple ring, and it is also an Artinian ring because M, (D)
is a finite-dimensional vector space over D. |

The previous theorem shows that a simple Artinian ring is always isomorphic to a matrix ring over a
division ring, and with this, we conclude the main results on the semisimplicity of rings.

2.3 The Jacobson Radical

Now we will have a brief discussion on an important tool for the study of semisimple rings and algebras,
known as the Jacobson radical of a ring. We define the Jacobson Radical J(R) of a ring R as the intersection
of all left maximal ideals, that is,

J(R) := ﬂ{L C R|L is a left maximal ideal}.

This object will be useful for us because it is possible to characterize the semisimplicity of a given ring in
terms of its radical, and we will see that in some cases it is significantly easier to demonstrate that an algebra
is semisimple by studying its radical.

First, observe that if R is a ring and y € J(R) is an element of its radical, then 1+y must be left-invertible,
that is, there exists € R such that x(1 + y) = 1. In fact, if 1 + y were not invertible, then the left ideal
R(1 + y) would be non-trivial and proper in R, so it would be contained in some left maximal ideal, but
since y € J(R) and J(R) is contained in all left maximal ideals, it follows that 1 —y + y = 1 would belong to
some left maximal ideal of R, which is a contradiction. This also implies that any element of the form 1 —y
with y € J(R) is left-invertible in R.

The definition of the radical also allows us to conclude the following facts:

Proposition 2.3.1. If R is a ring, then:
(1) J(R) is a two-sided ideal;
(2) If M is a simple R-module, then J(R)M = {0}. In particular, we have that

J(R) = ﬂ{AnnR(M)|M is a simple R-module};

(3) The radical of the ring R/J(R) is {0};
(4) If R is Artinian, its radical is a finite intersection of left maximal ideals.

Proof.

(1) Let x € J(R) and r € R, and let L be any left maximal ideal of R. Note that by definition, x € L.
Define the map

¢:R/L— R/L,
pla+L)=ar+ L,

and note that ¢ is an R-endomorphism, since for m € R, we have p(ma+ L) = mar+ L = m(ar+ L), and
o((a+b)+L) = (a+b)r+L = (ar+ L)+ (br+L). We know that any R-homomorphism maps the zero of
the domain to the zero of the codomain, so since x € L, we have . + L = 0, thus p(x + L) = 2r + L =0,
and hence zr € L. Therefore, xr belongs to any left maximal ideal of R, and so zr € J(R), proving that
the radical is a two-sided ideal.

(2) If M is a simple R-module, we know from Theorem 1.3.11 that there exists a left maximal ideal L of R
such that M = R/L. From the previous part, we know that J(R) is a two-sided ideal, so if =z € J(R),
then zr € J(R) for any r € R, and by definition, J(R) C L, so zr € L, which implies that xr + L = 0,
hence

J(R)M = {0},
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implying that J(R) C Anng(M). On the other hand, if x is an element of R that belongs to the
intersection of all annihilators of simple R-modules, it follows that z(1 + L) = 0 in the quotient R/L for
any left maximal ideal L of R, so x € L, and hence z is an element of J(R). Thus, we conclude that

J(R) = ﬂ{AnnR(M)|M is a simple R-module},
as desired.

The Correspondence Theorem for rings tells us that there is a bijection between the left ideals of R
containing J(R) and the left ideals of R/J(R). Therefore, if x + J(R) belongs to the radical of R/J(R),
it follows that z + J(R) belongs to all left maximal ideals of R/J(R), and consequently = belongs to all
left maximal ideals of R containing J(R) — which by definition are all the left maximal ideals of R —, so
x € J(R). Hence, x + J(R) = 0, and thus the radical of R/J(R) is {0}.

Let R be Artinian, and consider the set

n
F = {ﬂ L;|L; is a left maximal ideal of R,n € N}.
i=1
Since R is Artinian, F has a minimal element L = (;_; L; for some natural n. If J(R) # L, then there
exists a left maximal ideal I; Z L, but then L; € 7 and L; N L C L, contradicting the minimality of L.

Thus, J(R) is a finite intersection of left maximal ideals.
]

The Jacobson radical is also strongly connected to the concept of nilpotency. We say that an ideal L —

unilateral or bilateral — of a ring is nilpotent if there exists a natural number r such that L") = {0}, in other
words, any product of r elements of L is zero. This allows us to prove an important result.

Proposition 2.3.2. If R is a ring, then the following hold:

(1)
(2)

Any nilpotent two-sided ideal of R is contained in J(R);

If R is Artinian, then J(R) is nilpotent.

Proof.

(1)

Let N be a nilpotent ideal of R, and let L be any left maximal ideal. Then M = R/L is a simple
R-module, so the R-submodule NM of M is either {0} or M. If NM = {0}, then since 1 € R, all
elements of the form a + L, with a € N, are zero, so N C L. If NM = M, we repeat the process until we
reach N")M = M, where r is the natural number such that N = {0}, and in this case, if N Z L, we
would have M = {0}, a contradiction, so N is contained in every left maximal ideal of R, and therefore
contained in its radical.

Let J be the Jacobson radical of R, and consider the following descending chain of ideals
J2J® o

Since R is Artinian, there exists 7 € N such that J) = J+9) for any i € N. We claim that J) = {0}.
In fact, if it were not, we would have J).J() = J() £ {0}, so there are non-zero elements a,b € J()
such that ab # 0, and hence the left ideal J(b # {0}. Thus, it follows that J.Jb = J(b +£ 0, so the
set of left ideals L of J(") such that J L # {0} is non-empty, and since R is Artinian, this implies that
there exists a minimal left ideal L such that J(") L # {0}. Certainly, such an ideal is principal, since
there exists a non-zero element x € L such that J"xz # {0}, so L = J"z. In particular, we can then
find an element y € J) such that = yz, so (1 —y)x = 0, but since y € J, it follows that 1 — y is
left-invertible, and hence & = 0. This implies that L = J™z = {0}, contradicting the fact that L was

minimal, and therefore we must have J(") = {0}.
]
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Note that the previous result shows us that the Jacobson radical is precisely the largest nilpotent two-sided
ideal of an Artinian ring, and we will now see that an Artinian ring is semisimple if and only if its radical is
trivial.

Theorem 2.3.3. Let R be an Artinian ring. Then R is semisimple if and only if J(R) = {0}.

Proof.

(=) If R is semisimple, we know that there are unique orthogonal idempotent elements ey, ..., e,, such that
l=e1+...4+en,

where R; = Re; correspond to the simple rings in the Wedderburn decomposition of R. Therefore, if a € J(R),
we have that
a=a(er+ ...+ ep) =aer + ... + aep,

but we also know that each e; can be uniquely decomposed as a sum of orthogonal primitive idempotents
€i1, ---, €id;, where each e;; is an idempotent of a minimal left ideal of R isomorphic to L;. Therefore, we
obtain that

ae; = aej1 + ... + ae;q,,

and from Proposition 2.3.1, we know that J(R)L; = {0} since L; is a simple submodule, so ae;; = 0 for any
i and j, implying that a = 0 and thus J(R) = {0}.

(<) From the previous proposition, we know that the radical of R is (), L; for some natural n, where each
L; is a left maximal ideal. Therefore, consider the following map

¢:R— P R/L;,
i=1

o(r)=(r+R/Ly,...,71+ R/Ly).

Note that this map is clearly a ring homomorphism, and if ¢(r) = 0, then r € L; for all i, so r € J(R) = {0},
implying that the map is injective. It is easy to see that it is also surjective, and therefore ¢ is an isomorphism
of rings between R and a finite direct sum of R-modules, each of which is simple since each L; is a left
maximal ideal, so R is semisimple. |

Example 2.3.4. We know that the ring of matrices M,,(R) is simple and Artinian, and since its radical J is
a proper two-sided ideal, it follows that J = {0}. On the other hand, if we consider the subring UT,,(R) of
upper triangular matrices, the subset of matrices with zeros on the diagonal will be a nilpotent two-sided
ideal, so J(UT,(R)) # {0}, and thus UT,(R) is not semisimple.

2.4 Semisimple Algebras

Given an algebra A over a field IF, we say that it is semisimple if it is semisimple as a ring, that is, if A can
be written as a direct sum of simple A-submodules. Similarly, we say that an algebra is simple if it is simple
as a ring, i.e., if its only non-trivial bilateral ideal is the zero ideal.

We consider algebras of finite dimension over algebraically closed fields, such as C, for example, to
conclude a stronger version of Schur’s Lemma.

Lemma 2.4.1. Let A be a finite-dimensional algebra over an algebraically closed field F, and let £ be a
simple A-submodule. Then End 4(£) and F are isomorphic fields.

Proof. First, note that by definition, every A-submodule is a vector space, that is, it has finite dimension.
Moreover, given an element f € End (L), note that f is also an F-endomorphism because for any o € F,
and for any A € L, we have

flad) = f(aEA) = f((aE)A) = aE[f(A) = af(A),
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hence End 4(£) C Endp(L). Since F is algebraically closed, there exists an eigenvalue A € F of f with a

non-zero eigenvector X € £ such that
f(X) = AX.

Therefore, the map f — AF is an F-endomorphism with a non-trivial kernel, which belongs to End 4(£).
However, since L is a simple A-module, Schur’s Lemma implies that End4(£) is a division ring, so f — AE
must be identically zero, which implies f = AE. Now consider the following ring homomorphism:

¢ : F— Enda(L),
©(A) = \E.

Note that ¢ is clearly injective, since AE = 0 implies that A = 0. The previous observations about End 4(L)
show that ¢ is surjective, thus the result follows. |

Similarly to what was done for the case of rings, we can write a semisimple algebra A as

l
A=
i=1
where each £; is a simple A-submodule, and then we can consider the submodules

A= @ L£=aL
LEAL;

which group all the d; summands isomorphic to £; in the direct sum of A, for some non-negative integer d;.
Thus, we can write

A= @Ai =4 @L’;j’i,
i=1 i=1

where £; 24 L; if i # j. From this, it follows that each A; is a bilateral ideal of A of the form A; = AE;,
where each E; is a central idempotent of A that is also the identity of the algebra A;. This immediately
implies that if i # j, then A;A; = {0}. Note that Wedderburn’s Theorem guarantees that each A; is
isomorphic as a ring to My, (Endr(£;)°?), and we leave it to the reader to verify that this isomorphism is
also one of algebras. Since each £; is a simple submodule of A, Lemma 2.4.1 guarantees that Endg(£;) is a
field isomorphic to F, and therefore

A= My, (F)

are [F-algebras isomorphic to each other, and thus we can identify A with the direct product of the algebras
A; given by

A=T[ A
=1

These observations allow us to conclude analogous versions of the results discussed in the previous sections
for algebras.

Theorem 2.4.2 (Wedderburn’s Theorems for Algebras). Let A be a semisimple finite-dimensional algebra
over an algebraically closed field F, written as

where A; =4 £§li, each £; is a simple submodule, and £; 24 L; if i # j. Then the following hold:

(1) Each A; is isomorphic as an F-algebra to the full matrix algebra My, (F), and therefore
A= H My, (F)
i=1

is an isomorphism of F-algebras. Conversely, any finite direct product of full matrix algebras is semisimple;
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(2) The Wedderburn decomposition of the algebra A is unique up to permutation of the A;, and the
parameters m, d; are uniquely determined by A;

(3) There exist unique centrally primitive orthogonal idempotents Ej, ..., E,, such that
E=FE1+..+E,,

where E is the identity of the algebra A. Moreover, for each E;, there also exist unique centrally primitive
orthogonal idempotents Ej1, ..., Fjq, such that

E;=FEj + ...+ Ey,;

(4) If A is also commutative, then
m
A= ]]F,
i=1
and in particular, the centrally primitive orthogonal idempotents form a basis for A as a F-vector space.

Statement (1) is nothing more than the analogous version of Theorem 2.2.4, (2) is the analogous version
of Proposition 2.2.5, and (3), (4) are the analogues of Corollaries 2.2.6 and 2.2.7, respectively, noting that in
the case of commutative semisimple algebras, we will have that A will be isomorphic to [[;; F, which is a
vector space of dimension m, and also noting that the set of idempotents E1, ..., E,, is linearly independent,
it follows that they form a basis for A.

It is interesting to note that the dimension of A will be precisely given by the sum Y7, d?, i.e., the
dimension of A is always a sum of squares, and if we fix an integer n, then the possible partitions of n as a
sum of squares will determine all possible semisimple subalgebras of M,,(C), for example. It is also worth
noting that the center Z(A) of A can be written as

2(A) =[] z(4) = [ 20, ®) = [ .
=1 =1 =1

since if i # j, then A;A; = {0}, and the center of My, (F) consists of multiples of the identity matrix.
Therefore, in this case, the center of A will be semisimple, and its dimension will be precisely the number of
isomorphism classes of simple A-submodules.

We can now answer the motivating question posed at the beginning of this chapter: when is it possible to
block-diagonalize a set of matrices simultaneously? The techniques developed so far allow us to conclude
that a matrix algebra can be block-diagonalized if and only if it is semisimple. To this end, let A C M, (C) —
here we could consider any algebraically closed field — be a semisimple algebra with identity F written as

m
A=y @ L
i=1

where each £; is a simple A-module, and £; 2 L; if i # j. We saw at the end of the previous chapter that
the simple submodules £; of A are isomorphic as A-modules to C%, i.e., the dimension of £; as a C-vector
space is precisely d;. Now, note that the identity matrix I can be written as

I=E+(I-E),

where

(I-E*=I—-FE and E(I-FE)=0,

i.e., F and I — E are two orthogonal projections that sum to I, implying that we can decompose the space
C™ as the direct sum of their images, that is,

C" = EC" @ (I — E)C™.
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Since F is the identity of A, it follows that EC" is an A-module, and that A(I — E)C™ = {0}, i.e., both
summands are A-invariant, which means that if we consider a basis for C™ formed by the union of the bases
for the summands, we obtain a basis where all matrices of A are block-diagonal, with one block corresponding
to EC™, and one block with all entries equal to zero corresponding to (I — E)C". Since EC" is an .A-module,
it follows from Proposition 2.2.1 that it is semisimple, i.e., we can decompose EC" as a direct sum of simple
A-submodules, and from Proposition 2.2.3, it follows that each summand will be isomorphic to one of the £;
as an 4-module, and consequently as a C-vector space. Then there exist non-negative integers k; for every
i €{1,...,m} such that

m
EC" =, P Ly,
=1

and since each £; is a C-subspace of dimension d;, if we consider a basis for EC™ composed of the union of
bases for each of the subspaces isomorphic to some L;, we obtain that the block corresponding to EC™ will
be in a block-diagonal form, with k; blocks of size d; x d; for each 4. This allows us to conclude that we can
always find an invertible matrix P such that P~' AP is a block-diagonal matrix algebra, i.e., the semisimple
matrix algebras are indeed those for which it is possible to find a simultaneous block-diagonalization of all
their elements.

2.5 Representations of groups and algebras
2.5.1 Initial Definitions

To conclude this chapter, we will present a brief discussion on representations of finite groups and algebras.
The theory of representations is extremely deep, with relevant applications in areas such as harmonic analysis,
quantum physics, Lie theory, and many others. For this reason, we believe it is interesting to present some
basic results on the subject, and especially to discuss the connection this theory has with the notion of
semisimplicity.

We begin with groups. If 7' is a homomorphism from a finite group G to the group GL(V') of invertible
linear transformations on V', where V is a vector space of dimension n over a field F, we say that (7),V)
is a linear representation of degree n over I, and in this case, we also write Ty, = T'(g) when convenient.
Since V has finite dimension, we can fix a basis v1,...,v, for V and map each linear transformation to its
corresponding matrix. The composition of this isomorphism with the representation will then give us a
representation of G in GL(n, F), called the matriz representation.

The following example is fundamental for understanding the relationship between permutation and linear
representations:

Example 2.5.1. Let S,, be the symmetric group on n elements, and let V' be a vector space over F of
dimension n. Fix a basis v1,...,v, for V, and define the endomorphism P, for ¢ € G as

Pyvi = Ug(s),

that is, P, permutes the vectors of the basis according to o. The map o — P, is then a faithful representation
of S, of degree n, and in particular, if we take V = F", we obtain that this representation gives us an
isomorphism between the elements of S,, and the group of permutation matrices in GL(n, F).

If G is a group with n elements and V has dimension n, we can then define the map

T:G— GL(V),

T(g) = ng
that is, we map the element g to the permutation matrix associated with the permutation gy, in 5, where
gr.(h) = gh for any h € G. This map is the composition of the monomorphism g — gz, given by Cayley’s

Theorem with the monomorphism g;, — P, from the previous example. Thus, it gives us a faithful
representation of G in GL(V), called the regular representation of the group, and naturally, we obtain the
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regular matrix representation when we take V' = F". We say that two representations (T, V), (T",V) of G
are equivalent if there exists S € GL(V') such that

T, = ST,5~",

for any g € G. In terms of matrix representations, this means that the matrices of T” are obtained from a
change of basis of the matrices of T.

2.5.2 Irreducibility and Maschke’s Theorem

If (T, V) is a representation of G, we say that a subspace W of V' is a G-subspace if W is invariant under all
the matrices of the representation, that is, for any g € G, it follows that T,W C W. In this case, we can
decompose the space V' as a direct sum of W and its complement, and then (T'|;,, W) is a representation of
G. We say that a representation T is irreducible if the only proper G-subspace of V' is {0}, and otherwise,
we say that T is reducible. A completely reducible representation is one in which every G-subspace W has a
G-subspace complement W’ such that V = W @ W’'. With this, we can prove two important results.

Proposition 2.5.2. Let G be a finite group and (7, V') a completely reducible representation of G of degree
n. Then the following hold:

(1) Every G-subspace induces a completely reducible representation;

(2) The space V' can be decomposed as a direct sum of irreducible G-subspaces.

Proof.

(1) Let W be a G-subspace, and let T'|y;, be the representation induced by W. Note that if N is a G-subspace
of W, then it is also a G-subspace of V', and since 1" is completely reducible, it follows that we can find a
G-subspace M of V such that

V=N&M,

SO
W=Na@WnM),

but note that W N M is also a G-subspace, so T'|};, is completely reducible.

(2) Let W be a proper and non-trivial G-subspace of V' — if none exists, then V' is irreducible, and there is
nothing to prove. We can then find another G-subspace W' such that

V=waoWw,

where dim(W), dim(W’) < dim(V') = n. We can then use induction on n and the previous item to find
direct sum decompositions into irreducible G-subspaces for W and W', and hence we obtain the desired
result.

[ |

Now we can prove one of the most important basic results in group representation theory.

Theorem 2.5.3 (Maschke’s Theorem). If G is a finite group and (7', V) is a representation of G over F such
that the characteristic char(F) of the field does not divide |G|, then T" is completely reducible.

Proof. Let W be a G-subspace of V', and let W’ be a complement of W in V — initially, W’ may not be a
G-subspace. We then obtain a decomposition

V=wWaWw,
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and then we can find a projector E in W such that EV = W, E? = E. Now define the operator

R : EndF(V) — Endm(V)

’G| > T,AT,,

geG

known as the Reynolds operator. In the next chapters, we will see that this operator has several interesting
properties and can be used to demonstrate some results in combinatorial optimization. First, we note that if
h € G and A € Endp(V), then

ThR(A) Z TWT) AT, T, )
gGG

| | Z TthTh_g
geG

where the last equality follows from the fact that the map g — hg is a bijection in G, i.e., G = hG. Therefore,
we conclude that the image of R is contained in the center of G in Endp(V). Now note that if w € W, then
Tgflw e W, so

T,ET, 'w =TT, 'w = w,

which implies that R(E)W = W. On the other hand, if v € W', then ETg_lv e W, so TgETg_lv e W, and
thus R(E)V = W, and therefore R(E) is indeed a projection onto W. We can then decompose V' as

V=RE)W&(I—-R(E))V,
and observe that since R(E) commutes with all the T, we have
T,(I - R(E)) = (I - R(E))I,
o (I —R(E))V is also a G-subspace, and therefore T is completely reducible, as desired. ]

2.5.3 Group Algebra and Semisimplicity

Maschke’s theorem, together with item (2) of the previous proposition, allows us to conclude that if T' is a
representation of a finite group G in GL(n, C), for example, and if V' = C" is decomposed as

V=W &...0 W,

with each T!Wi irreducible, then the matrix Ty is in the form

Tylw, 0 ... 0
o | 0 W 0]
0 0 ... Tyly,

where each Tyly, is a block of size dim(W;) x dim(W;), i.e., we can block-diagonalize all the matrices of
the representation T'. This result is extremely similar to what we obtain as a consequence of Wedderburn’s
Theorem for semisimple algebras, and this is no coincidence. There is a very natural way to unify the
language used to describe representations with the concepts we have seen so far about simple submodules
and semisimplicity, but for this, we first need to associate an algebra to the group G.
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Definition 2.5.4 (Group Algebra). If G is a finite group and F is a field, we define the group algebra as the
set FG = {3 e gglay € F} of formal sums over G with coefficients in IF, with operations given by

g (Z agg) = Z(ﬁag)ga

geG geqG
(Z Ozgg) + (Z ng) = Z(ag + ﬁg)gy
geG geG geG
O agg) - (D Buh) =D (D ag-18u)g
geG heG geG heG

for any 8 € F and }_ e g9, > peq Bnh € FG.

The scalar multiplication and addition operations make FG a vector space of dimension |G|, where the
set of elements g = 1 g forms a basis that can naturally be identified with G. The multiplication operation
may seem complicated, but we can derive it as follows: first, we write the product of two elements in the

usual form,
(> agg) - (D Buh) = > agbugh,

9eG heG g,heG

and then we perform the change of variables t = gh, i.e., ¢ = th™!, and we get

D aghhgh =Y (Y ag-1But,

g,heG geG heH

but note that since £ = gh and right multiplication by A is a bijection from G to G, it follows that

Z(Z p-18p)t = Z(Z -1 8n)t,

geG heH teG heH

and then it is enough to rename the variable ¢ to obtain the expression from the definition. Another interesting
way to view the group algebra is through functions from G to F, that is, we can consider the set {¢ : G — F}
and then take the functions d, defined by d4(h) = 1 if h = g and 0 otherwise, so any ¢ : G — F can be

written as
0= v(9)dy,
geG

and then we just need to identify J, with g to obtain FG. In this context, multiplication becomes a
convolution, because
(0~ )9) = D wlgh™H)w(h).
heH

With these definitions, it is clear that FG is an F-algebra with unit e = 1 - e, where e is the identity element
of G, and we will now see that much of the structural information of the group G is encoded in the algebraic
structure of FG. We will now define the notion of a representation for any algebra. If A is a finite-dimensional
F-algebra, we say that a homomorphism of algebras T" from A to Endp(V') — where V' is an n-dimensional
F-vector space — is a representation of degree n of A. From this, we can establish a correspondence between
the representations of 4 and its .A-modules. In fact, if (7, V) is a representation of A over F, then V is an
A-module if we define Av := T(A)v for any A € A,v € V. On the other hand, if V is any A-module, we can
define a representation (7, V') of A where each A € A is mapped to the endomorphism Ay, with Az (v) = Av,
that is, the function that applies A to vectors in V. From this correspondence, we can reformulate the
concepts introduced earlier in terms of modules: if T is a representation of A, then T is irreducible if V is a
simple A-module, and T is completely reducible if V' is a semisimple .A-module.

This correspondence, together with Proposition 2.2.1, allows us to characterize semisimplicity in terms
of representations: an algebra will be semisimple if and only if every representation (7', V') is completely
reducible. We can also note that if A is semisimple over an algebraically closed field F, and if we write it as

A=T[ A,
=1
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where A; =4 E‘ii", each £; is a simple submodule, and £; 22 4 £; if i # j, then every irreducible representation
(T, V) will be of the form V =4 F% for some d;. In fact, since V is a simple A-module, it follows from
Proposition 2.2.3 that it must be isomorphic as an A-module to one of the direct summands £; of A.
From Wedderburn’s Theorem, we know that A; and My, (F) are isomorphic algebras for any i, so each £;
is isomorphic to a simple submodule of some My, (F), and by Example 1.3.14, these submodules are all
isomorphic to F%, so V =4 L£; 24 F&.

With these results, we can now return to the case of finite groups. First, we note that the representations
of G correspond to the representations of FG. In fact, if (T, V) is a representation of G, define the following
map:

T :FG + Endp(V),
T'(Y ag9) = Y agT(g),

geG geG
then (7”,V) is a representation of FG. Similarly, if (77, V) is a representation of FG, we can define

T:G— GL(V),
T(g9) =T'(g),

then (T,V) is a representation of G, i.e., there is a correspondence between the representations of the group G
and its group algebra. Furthermore, it also holds that W is a G-subspace if and only if it is an FG-subspace,
so a representation (7, V) of G is completely reducible if and only if the corresponding representation (77, V)
of FG is completely reducible. We can now combine these observations with Maschke’s Theorem to obtain
the following result:

Corollary 2.5.5. If G is a finite group and F is a field whose characteristic does not divide |G|, then FG is
a semisimple algebra.
|

If G and T satisfy the conditions of the previous result — and additionally, if IF is algebraically closed —,
we can then use Wedderburn’s Theorem to decompose the group algebra as

FG = [[ A = [ Ma, (F),
=1

=1

where A; are the components of the Wedderburn decomposition of the algebra, and since the dimension of
FG is precisely |G|, it follows that

Gl = di.
=1

We say that a function ¢ : G +— F is a class function of G if ©(g) = p(hgh™1), for any g,h € G, i.e., ¢ is
constant on the conjugacy classes of G. We can show that the set of class functions can be identified with
the center Z(FQG):

Theorem 2.5.6. If G is a finite group and F is an algebraically closed field, then the dimension of Z(FG) is
equal to the number of conjugacy classes of GG, and every class function ¢ : G — F can be identified with
>gecP(9)g € Z(FG). In particular, the dimension of Z(FG) is equal to the number of non-isomorphic
irreducible representations of G over F.

Proof. Let Cq,...,Cs be the conjugacy classes of G, and consider the elements
Ci= )Y geFG.
g€C;
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Since the conjugacy classes partition G, it follows that C1, ..., are linearly independent, and if h € G,
then hC;h~! = C;, so each C; € Z(FG), and thus the set of class functions is certainly contained in Z(FG).
To see the reverse inclusion, take an element x = 37 - agg € Z(FG), and we have that

Z agg = h_l(z agg)h = Z agh_lgh = Z Qpgh-19;

geG geqG geG geqG

where the last equality follows from the change of variable t = h~1gh, so Qg = apgp-1 for any h € G, and
thus x is constant on the conjugacy classes of G. This shows that the class functions can be identified with
the elements of Z(FG), which has dimension s, and we have previously shown that the dimension of the
center of a semisimple algebra is exactly the number of isomorphism classes of simple modules, which in our
case are precisely the irreducible representations of G over F. |

Example 2.5.7. We can consider the symmetric group S3 with 6 elements, and its group algebra CS3 of
dimension 6. This algebra is semisimple, so its dimension must be a sum of squares, but there are only two
possibilities for writing 6 as a sum of squares:

6=1+14+14+1+1+1 and 6=1+1+ 22

Since S5 is not abelian, it follows that CS3 is not a commutative algebra, and thus we are left with only the
second possibility. Therefore,
CS3 =2 C x C x My(C),

that is, there are 3 isomorphism classes of irreducible representations of S3, two of degree 1 and one of degree
2. The center of CS3 will have dimension 3, which is precisely the number of conjugacy classes of Ss.
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3 Matrix Algebras

We will now study subsets of M,,(C) that form algebras, called matriz algebras. These algebras are of great
importance in various areas of mathematics, and are particularly interesting for computational applications.

We denote the identity matrix in M,,(C) by I, and the matrix with all elements equal to 1 as J. If n is
a natural number, we define the set [n] := {1,...,n} as all the natural numbers up to n. We remind the
reader that if V' is a vector space over C, and if there exists a function

(,):VxVe=C
that is linear in the first variable, satisfies (v, w) = (w,v) for any v,w € V, and (v, v) is real and positive
if v # 0, then we say that V is an inner product space. Such a function determines an induced norm
||v|| := (v,v)"/? that maps elements of V to real numbers. If V, W are two vector spaces over C with inner
products (-, )1, (-, -)2, respectively, and if ¢ is a C-homomorphism between V and W, we define the adjoint
p* of ¢ as the C-homomorphism between W and V such that for any v € V and v € W we have

(v, " (W) = (p(v), u)2,
and in the case where W =V and ¢ = ¢*, we say that o is self-adjoint. If W is a subspace of V', we define
Wh={veV|VweW: (vw) =0}
as the orthogonal subspace of W, and if V' has finite dimension, we can always decompose
V=waewt

as a direct sum of vector spaces. In this case, there exist unique self-adjoint and idempotent operators
Py, Py — called orthogonal projections — that map a given matrix X to its respective component in W or
wt.

In the case of matrices, the adjoint of a matrix A € M, (C) is simply the conjugate-transpose matrix
A* = (A)T. We can define an inner product for the matrix algebra M, (C) as follows:

(A, B) := tr(AB"),

where tr denotes the trace of a matrix. We leave it to the reader to verify that the above function is indeed
an inner product, and it is also worth noting that for any matrix A € M,,(C), the matrix AA* is Hermitian,
i.e., has real eigenvalues, and therefore its trace is also a real number.

We can also formalize two operations that will be quite common from now on: the operation of mapping
a vector v = (v1,...,v,) to a diagonal matrix Diag(v) with diagonal entries given by v1,...,v,, and the
operation of mapping any matrix A to the vector diag(A) = (A11,..., Ann) of its diagonal entries. Formally,
we define the function

Diag : C" — M, (C),

where
V1 0 oo 0
0 vy ... 0
Dlag(v) = . . . . )
0 O Un,

and similarly, we define the function

diag : M, (C) — C",
dlag(A) = (A117 e Ann)

Note that both are C-linear functions, and that Diag" = diag, i.e., one is the adjoint of the other.
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We recall that a Hermitian matrix X € M,,(C) is said to be positive semidefinite (PSD) if, for any vector
v € C", we have v*Xv > 0. Equivalently, X has only real non-negative eigenvalues, and therefore if we write
the diagonalization X = UAU*, where A = Diag(A1,...,\,) is a diagonal matrix of eigenvalues and U is a
unitary matrix of eigenvectors, we can define

X2 .= UDiag(\M/2,... A2 U™,

Note that X/2 is clearly Hermitian, and in this case, it easily follows that X is PSD if, and only if, there
exists a matrix B such that X = BB*, because we can take B = UDiag(/\iﬂ, ey 71/2). We denote the set
of symmetric n x n matrices with real entries by S™, the subset of S formed by PSD matrices with real
entries will be denoted by S'!, and the subset of positive definite matrices with real entries will be denoted
by S, . The set S C S" is not a vector subspace because, although it is closed under addition, it is not
closed under scalar multiplication, but it is a cone over R, i.e., it is a closed subset under multiplication by
non-negative real numbers, and it is also a convex set.

3.1 x-Algebras

Let A be a matrix algebra in M, (C), that is, a C-subspace closed under matrix multiplication that has a
multiplicative identity element. We say that A is a *x-algebra — or a self-adjoint algebra — if for any element
A in A, its conjugate-transpose A* also belongs to A. A subalgebra B of A that is also closed under the
conjugate-transpose is called a x-subalgebra, and a homomorphism ¢ of algebras is called a *-homomorphism

if p(A%) = @(A)".

Example 3.1.1 (Polynomial Algebra). If we consider any Hermitian matrix A € M, (C), the set C[A] of all
polynomials in A, that is, expressions of the form

aol + a1 A+ asA? + ... + akAk,

is a commutative x-algebra with identity I. If A = Zle A\ E; is the spectral decomposition of A, where d is
the number of distinct eigenvalues, we have that

A—)M\I

B =52

H. N — A
J#i

that is, F; is a polynomial in A, and therefore E; € C[A]. It follows that the dimension of C[A4] is exactly d,

since the matrices {E;} form a linearly independent set, and A* = Zle MYE; for any k, so they generate
C[A]. We can then decompose C[A] as

ClA]=C[A]E1@...®C[A|E;q=CE1 @ ...® CEy,

where the matrices F; will be the primitive central idempotents of the algebra, and therefore A is semisimple.
Each component CEj; is a simple C[A]-module of dimension 1, and since all the matrices in C[A] are
polynomials in A, we can consider the unitary matrix U with the normalized eigenvectors of A in its columns
so that U*C[A]U is a set of diagonal matrices. It is also interesting to consider the centralizer of A in M, (C),
that is, the set

C(A) ={B € M,(C) | [4, B] = 0},

and note that C' is a matrix algebra with identity I that contains C[A] as a subalgebra, so the dimension of
C(A) is at least d 4+ 1. Furthermore, C'(A) will be a x-algebra, because if B € C'(A), we have

B*A = (A*B)* = (AB)* = (BA)* = AB".

Example 3.1.2 (Centralizers of Permutation Groups). An important example of x-algebras is the centralizers
of permutation groups. Formally, a permutation group is nothing more than a subgroup of the symmetric
group Sy, and there is a natural correspondence between permutation groups and subgroups of GL,(C)
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formed by permutation matrices. If G C GL,(C) is a subgroup formed by permutation matrices, its
centralizer C(G) will be a matrix algebra with identity I. If A € C(G), P € G, noting that P” = P* and
that PT € G, we have

A*P = (PTA)* = (APT)* = PA*,

so C(@G) is a *x-algebra. A case that will be particularly interesting for the upcoming chapters is when we
consider the centralizer of the automorphism group of a graph X, that is, the subgroup of GL,(C) formed
by the permutation matrices P such that PAPT = A, where A is the adjacency matrix of X. The fact that
this set forms a x-algebra will be useful for inferring combinatorial properties of certain graphs that exhibit
high regularity.

3.2 Triangularization and Diagonalization of Commutative Algebras

This section focuses on results related to commutative algebras, which will later serve as the basis for
proving facts about x-algebras. First, we will show that every commutative matrix algebra in M, (C) can
be simultaneously triangularized, that is, there exists an orthogonal basis where all the matrices of the
algebra are in upper triangular form. From there, we will conclude that every commutative x-algebra can be
simultaneously diagonalized, meaning there exists a common eigenvector basis for all the matrices in the
algebra.

Before we show the general result, we will need two auxiliary results, which are proven below:

Lemma 3.2.1. Let A be a matrix in M, (C), and W a A-invariant subspace of C". Then there exists an
eigenvector of A in W.

Proof. Let B = (v1 wva ... wg) bean n X k matrix with a basis for W in its columns, where k is the
dimension of W. The fact that W is A-invariant is equivalent to saying that

AB = BC,

where C is some k x k matrix with the coefficients of the action of A on each of the elements of the basis of
W. Since C' € My(C), we can take an eigenvector v € C*F with eigenvalue A for C, so

ABv = BCv = ABuv,
thus Bw is an eigenvector of A with eigenvalue A. |

Lemma 3.2.2. If {Ay, ..., A4} is a set of matrices in M, (C) that commute with each other, then there exists
a vector v that is a common eigenvector for all the matrices.

Proof. We will prove this by induction on d. In the base case, note that since A; and Ay commute, we have
that if v is an eigenvector of A; with eigenvalue A, then for any k

Ap(Afv) = A5(A1v) = A(Abv),
so Akv is an eigenvector of A;. Therefore, we consider the space
W = spang (v, Ayv, A3v,...),

which by construction is As-invariant, so by the previous lemma it contains an eigenvector of As, but since
every element of W is also an eigenvector of Aj, we obtain a common eigenvector. For the general case, we
use induction to find a common eigenvector for Ay, ..., Ag_1, and then apply the same reasoning in

W = spang (v, Aqu, A2v, . ..),
thus obtaining a common eigenvector for Ay, ..., Ag. |

Now we are ready to prove the main result of this section.
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Theorem 3.2.3. Every commutative matrix algebra A in M, (C) can be simultaneously triangularized by
an orthogonal basis. In other words, there exists a unitary matrix U such that the matrices of U* AU are all
in upper triangular form.

Proof. Let {Ay,..., Ay} be a basis for A. We will prove the result by induction on n. The base case is
immediate, and for the general case we first find a common eigenvector v; for Ay, ..., A; using the previous
lemma, and then decompose the space as

C"= CU1 @ VV,

where W = (Cvp)*. Note then that each matrix A; can be written with respect to a basis formed by v1 and
a basis for W, and such a matrix will be of the form

Ai = )\Z i 3
0 Aily
where )\; is the eigenvalue of A; associated with v, a; is a row vector of dimension n — 1. Since A is
commutative, it follows that the vector space generated by the matrices {A;|y; } is a commutative matrix

algebra in M,,_1(C), so by induction we can find a unitary matrix U such that U*A,|;,U is upper triangular.
From this it follows that the change of basis given by

1 0\/XA «a 1 0) (A a’
o v lo Al )\o v) = o vray,U

puts all the matrices A; in upper triangular form, so A can be simultaneously triangularized by an orthogonal
basis, as we wanted. [ |

We note that the previous result implies that every matrix in M, (C) can be triangularized by an
orthogonal basis. It is also common to find versions of the previous result stated in terms of a commutative
family of matrices, that is, an arbitrary set {A;} of commuting matrices in M,,(C), but note that the result
at hand immediately implies these other versions: simply consider the algebra generated by the family, which
will be a subalgebra of M, (C) of finite dimension, and then apply our result to any basis. In the particular
case of commutative x-algebras, we obtain the following corollary:

Corollary 3.2.4. Every commutative %-algebra 4 of matrices in M,,(C) has a common orthogonal eigenvector
basis. In other words, there exists a unitary matrix U such that the matrices of U* AU are all in diagonal
form.

Proof. First, note that if W is an A-invariant subspace, then W+ is A*-invariant. If W = Cv where v is an
eigenvector of A, then since A is normal, it follows that v is also an eigenvector of A*, so W is A*-invariant,
implying that W+ is A-invariant. Therefore, in the proof of the previous Theorem, when we take a common
eigenvector vy for a basis of A, the space W = ((Cvl)L will be invariant under the matrices of the basis, and
then we can proceed inductively to obtain a simultaneous diagonalization of A by a common orthogonal
eigenvector basis U. |

3.3 Semisimplicity of x-Algebras

Now we are ready to present the elementary proof of the main result of this chapter: every x-algebra is
semisimple. First, we will demonstrate a very useful auxiliary result: every matrix algebra with respect to
the Schur product has a unique basis of 0l-matrices — that is, matrices with entries in {0,1} — which is
orthogonal with respect to the Schur product. We will prove the result in two ways: the first follows almost
immediately from the characterizations of semisimplicity seen in the previous chapter, while the second is
elementary and constructs the basis explicitly.

Lemma 3.3.1. If A C M, (C) is a matrix algebra with respect to the Schur product, then there exists a
unique basis of matrices Ay, ..., Ay with entries in {0, 1} for A such that A; 0 A; = 0 if i # j.
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Proof 1. Let A be a matrix algebra with respect to the Schur product. Denote by A° the Schur product
of a matrix A with itself k times, and note that A;’f = Af] Therefore, if A € A is a nilpotent element, it
follows that A = 0, and so the Jacobson radical of A is {0}, meaning that A is semisimple. This shows that
every matrix algebra with respect to the Schur product is semisimple, and from this it follows that we can
consider its central primitive orthogonal idempotents Ay, ..., A4 such that

E=A+...+ A,

Note that the matrices A; are idempotent with respect to the Schur product, so A; o A; = A;, meaning that
A; is 01, and also that A; 0 A; = 0 if 7 # j. Since every matrix algebra with respect to the Schur product
is commutative, by Theorem 2.4.2 it follows that the idempotents Aq, ..., Ay form a basis for A, and the
uniqueness of this basis follows from the uniqueness of the idempotents. |

Proof 2. To demonstrate the result in an elementary way, we will first make two observations about
polynomials in matrices with respect to the Schur product. Let A € M, (C) be any matrix, and write

l
A= Z ar Ay,
i=1

where {a1,...,aq} is the set of distinct non-zero entries of A, and the matrices A; are the orthogonal 01
components of A with entries equal to 1 in the positions where o; occurs in A, and zero elsewhere, with
AjoAj=0ifi#j,and Ao A; = a;A;. Now, if p(x) = 31y ana™ is a polynomial with coefficients in C, we
can define the expression

poA:a0E+a1A+.--+anAon,

and note that l
po A=Y pla)A,
i=1
because since A; is a 01 matrix, it follows that it is idempotent with respect to the Schur product, meaning
that A;’k = A, for any k. In particular, we can define the polynomials®

x—aj

(x) = ’
pi(z) 1S Yoy
such that p;(a;) =1 and p;(«;) = 0if j # 4, so p;(A) = A;, and thus it is always possible to find a polynomial
in terms of the Schur product that maps A to one of its 01 components. Since A is closed under the Schur
product, this means that it contains all the 01 components of its matrices, so A is generated by a set of
01 matrices. We can then consider the primitive elements, that is, those 01 components that cannot be
decomposed into a sum of two or more 01 components in A, and note that these components form a set
of orthogonal idempotents with respect to the Schur product that generate A. Moreover, this set must be
linearly independent due to its orthogonality, so it forms the desired basis for A. Any other orthogonal
idempotent basis must be formed by primitive elements, so it will be a permutation of the previously found
basis. |

The basis of orthogonal 01 matrices for the Schur product found in the last proof is known as the Schur
basis of an algebra with respect to the Schur product. With this result, we are now able to show that every
commutative x-algebra is semisimple.

Theorem 3.3.2. Every commutative x-algebra is semisimple. In particular, if A is a commutative x-algebra
of dimension d, then there exists a unitary matrix U and a partition [n] = So U .S; L ... LU Sy, with Si,..., Sy
non-empty, such that

A= U{)\lll 4 o+ Agly | A\ € C}U*,

where each I; is the diagonal matrix with ones in the positions of S; and zeros elsewhere.

5The polynomials in question are known as Lagrange interpolating polynomials.
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Proof. Note that if A € A, then A* € A by definition, and since the algebra is commutative, it follows that
A is normal. If we fix a basis for A, this implies that such a basis consists of normal matrices that commute,
so Corollary 3.2.4 guarantees the existence of a matrix U that simultaneously diagonalizes all matrices in
the basis, and consequently all matrices in A. A diagonal matrix algebra is closed under the Schur product,
so we can apply Lemma 3.3.1 to obtain a basis Iy, ..., I of 01 diagonal matrices with disjoint support, so
we define \S; as the set of indices of the respective non-zero entries of I;, and Sy as the set of indices in [n]
that correspond to zero entries in all elements of the basis, i.e., Ip = I — (I1 + ... + I;). Thus we obtain a
partition [n] = Sp U S1 U ... U .Sy, and every element of A will be a linear combination of Iy, ..., I4. |

The matrices Ej, ..., Eq given by F; = UL;U* obtained from the matrices in the previous theorem are
precisely the centrally primitive orthogonal idempotents of A, because E;E; = 0;;E;, E1 + ... + E; is the
identity, and the dimension of the algebra is exactly d. Furthermore, each F; is an orthogonal projector onto
a sub-eigenspace, i.e., a subspace contained in an eigenspace, of each matrix in A, and in particular E; is
PSD. Note also that Sy = () implies that I € A, and in this case the algebra A will be a subalgebra of M,,(C).
Since these idempotents form a basis for A, it follows that every matrix A in the algebra can be written as
A= Z?:l o; F; and that AE; = o; F;, so the Wedderburn decomposition of A is given by

d d d
A= AE; =P CE; = [[ CE:.
=1 =1 =1

With this, we are ready to prove the main theorem of this section. Similarly to what was done earlier, we will
present more than one proof for the result. The first is a constructive and elementary proof due to [BGSV12],
and the second and third are proofs that strongly depend on the concepts developed in the previous chapter
about semisimple algebras and their various characterizations.

Theorem 3.3.3. Every x-algebra A in M, (C) is semisimple. In particular, we can write

A= AE;,
i=1

where the matrices F; are the centrally primitive orthogonal idempotents of A.

Proof 1 ([BGSV12, Theorem 9.1]). To show the result, we will follow this strategy: first, we will consider
a maximal commutative x-subalgebra contained in A and obtain its minimal idempotents, then we will
construct an equivalence relation from this set of idempotents, and finally, we will obtain the centrally
primitive orthogonal idempotents of A from the equivalence classes of this relation.

We start with B C A being a maximal commutative x-subalgebra—and note that Z(A) C B. First,
we show that C4(B) C B, i.e., B contains all matrices that commute with all of its elements. Indeed, let
A € C4(B) be a matrix in the centralizer of the subalgebra, and consider the following possibilities:

(i) If A is normal, note that if A ¢ B, then the algebra generated by B U {A, A*} is a commutative
x-subalgebra strictly containing B, contradicting its maximality;

(ii) If A is not normal, we can consider the matrix A + A*, which is certainly normal, and therefore by the
same argument as in the previous item, A + A* must belong to B. But since A € C4(B), we would
have A(A+ A*) = (A + A*)A, leading to a contradiction, as this implies that A is normal.

Thus, we conclude that B contains its centralizer. Using Theorem 3.3.2, we can obtain a unitary matrix U
that, after replacing A with U* AU, allows us to assume without loss of generality that B is in diagonal form,
with minimal idempotents given by the matrices Iy, I, ..., I with 01 entries that form an orthogonal basis
for B, and with partition [n] = Sp L Sy U ... U Sy. Since the identity in B is the same as in A4, it follows that
I + ... + 1 is the identity of A, but note that in general the matrices I; do not need to belong to the center
of A, simply because Z(A) C Z(B), meaning the matrices I; are still not the centrally primitive orthogonal
idempotents of A, and to obtain them, we need a bit more effort.

Now we will fix A € A and define the matrices A;;, with 4, j € {0, ...,d} and size |S;| x |S}|, given by the
restrictions of I; AI; to the rows of S; and columns of S;. We observe that:
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(i) Ago =0, and Aj; is a multiple of the identity matrix in M|g,(C). To see this, first note that the matrix
I;Al; is a diagonal matrix with non-zero entries given by the diagonal entries of A indexed by S;, and
also that if i # j,

(LAL)I; =0 = I;(L;AL),

so I;AI; commutes with the basis of B, and hence [;AI; € C4(B) C B. In the case of IyAly, since
IyBIy = {0}, we obtain IgpAly = 0. For the remaining ¢, since the basis is formed by diagonal matrices
with disjoint support, we have that the coefficients of I; AI; with respect to the basis Iy, ..., I; will be
zero for any j # i, i.e., I; Al; is indeed a multiple of I;, and its restriction in Mg, (C) will be a multiple
of the identity matrix;

(ii) Aj;j is either zero or a positive multiple of a unitary matrix, and in this case, the cardinalities of S; are
equal. Indeed, take A;; non-zero and assume without loss of generality that |S;| > |S;|, and note that

(LAL)(LAL)* = L(AL;A)I,,

so by (i) it follows that (AI;A*); is a multiple of the identity in Mg, (C), implying that A;;A; is also,
so rk(A;;) = |S;|, but on the other hand, rk(A;;) < |S;|, so |[S;| = |S;|, and hence the matrices A;; are
square for all 4, 7. This implies that AijA;‘j is a PSD matrix, and must therefore be a positive real
multiple—denoted by a—of the identity in Mg, (C), and then \/aA;; is a unitary matrix, making A;;
a positive multiple of a unitary matrix.

With these observations, we proceed to the final part of the proof. We define a relation ~ on the set [d]
as follows: i ~ j if and only if I;,AI; # {0}, i.e., index i is related to index j if and only if there exists a
matrix A in A such that the matrix formed by the rows of A indexed by S; and the columns of A indexed
by S; is not entirely zero. The relation is reflexive by observation (i), and it is also symmetric because A
is a x-algebra, so I;Al; = (I;.AIL;)*. The transitivity follows from observation (ii): if i ~ j and j ~ k, then
there exist matrices A, B € A such that I;Al; and I;BI}, are non-zero, and therefore A;;, Bjj, are positive
multiples of unitary matrices of the same size (since |S;| = |S;| = |Sk|), and thus the product A;;Bj; is a
unitary matrix, implying that

so i~ k.

Now, consider {E1, ..., En} = {>0,.; I; | i € [d]} as the 01 diagonal matrices induced by the equivalence
classes ~ on the minimal idempotents of B. We claim that the matrices F; are the centrally primitive
orthogonal idempotents of A. Indeed, first note that by construction each F; is a Hermitian and idempotent
matrix, £y + ... + Ey, is the identity in A, and if i # j, then E;AE; = {0}, so the idempotents are orthogonal.
If A€ A, then

AE; = () _E;)AE;
j
=Y E;AE;
j

= E;AE;
= Ei{AE; + ) E;AE,
i#i
=Y EAE;
i
= E;A(_Ej)
J

— EiA,
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implying that each E; € Z(A). We can then decompose A as

A=PAE; =[] AE;
1=1 1=1

where the sets AF; are A-submodules that are semisimple by construction. The sum is direct because the
submodules are written in terms of orthogonal idempotents, thus A is semisimple, as we wanted. |

The proof in question is interesting for several reasons, but perhaps the main one is the fact that it is a
constructive proof. It is possible to find a maximal commutative *-subalgebra in linear time in the dimension
of the algebra A, that is, the proof gives us an efficient algorithm to find the idempotents of the algebra, and
from these idempotents, it is possible to obtain a common block-diagonal basis for all the matrices of A.
Now we will proceed with the other proofs.

Proof 2. Let A be a x-algebra, and let B C A be an A-submodule. We know that B is also a vector subspace
of A, so we can decompose
A=Bao B,

where Bt is the orthogonal complement of B in A. Fix X € B+, and take any element A € A, so for any
B € B we have:

(AX,B) = tr(AXB")
= tr(XB*A)
=tr(X(A*B)")
= (X,A*B).
Since A € A, it follows that A* € A, and since B is an A-submodule, it follows that A*B € B. Therefore

(X, A*B) = 0, and from this we have that (AX, B) =0, i.e., B+ is also an .A-submodule. Thus, we conclude
that every A-submodule of A is a direct sum, and by Theorem 2.1.2, it follows that A is semisimple. [ |

Proof 3. Let A be a x-algebra, and take an element A € J(A) in its Jacobson radical. Since the radical is an
ideal, we have that A*A € J(A), and from Proposition 2.3.2 we know that this implies there exists a natural
number r such that (A*A)” = 0. On the other hand, note that A*A is a Hermitian matrix, so there exist
orthogonal projectors Ey for every eigenvalue 6 of A*A such that

A*A =) 0Ey
0
thus
(A*A)" = Z 0" Ey.
0
In particular, if we take a non-zero eigenvector v associated with any eigenvalue 0, we have
0=(A"A)"v=_0",
but this occurs if and only if # = 0, implying that A*A = 0. Now take a non-zero vector v, and note that
(Av)*(Av) = 0 if and only if Av =0, but (Av)*(Av) = v*(A*A)v = 0, so Av = 0 for any vector in the space,

and therefore A = 0. This implies that the Jacobson radical of A is trivial, and therefore by Theorem 2.3.3,
it follows that A is semisimple. [ |
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4 Association Schemes

Association schemes are mathematical structures that lie at the intersection of algebra and combinatorics.
They originally emerged in the study of statistical experiments, but are now widely used in various areas of
mathematics and computer science, such as error-correcting code theory and combinatorial design theory.
Our goal in this chapter will be to introduce association schemes and also their more general versions, known
as coherent configurations, and to show the connections of this theory with the other topics discussed in the
previous chapters, with a focus on groups and graphs.

4.1 Configurations and Schemes

4.1.1 Basic Concepts

In this section and throughout the rest of the text, we will discuss relations on finite sets, and we will always
assume that any group G is finite. Given a finite set X, a subset R C X x X is called a relation, that is, R
is a set of ordered pairs from X. We can classify a relation R as follows:

o R is reflexive if for any z € X, (z,2) € R;

e R is irreflexive if for any = € X, (x,z) ¢ R;

o R is symmetric if for any (z,y) € R, (y,z) € R;

o R is asymmetric if for any (z,y) € X, (y,x) ¢ R;

o R is antisymmetric if when (z,y), (y,z) € R, then z = y;
e R is transitive if when (x,y), (y,2) € R, then (x,z) € R.

Whenever we have a relation R, we can consider its adjacency matriz A(R), given by a matrix of size
| X| x | X|, where

1, if (z,y) € R,

0, otherwise.

Thus, it follows that R is reflexive if and only if Diag(A(R)) = I, and that R is symmetric if and only if
A(R) is symmetric. Therefore, we define the relation R” as the relation whose adjacency matrix is given by
A(R)T. Given a relation R, we can fix an element = € X and consider the set

R(z) = {y € X|(x,y) € R}

of neighbors of x in R.
With these observations, we are ready to define coherent configurations.

Definition 4.1.1 (Coherent Configuration). Let X be a finite set, and let Ry, ..., Ry be relations on X
with corresponding adjacency matrices Ay, ..., Aq. We say that {Ao, ..., Az} —or (X, {R;}L,) — is a coherent
configuration if the following properties are satisfied:

1) Y4 A=,

(1)

(2) If A; has a diagonal entry, then A; is a diagonal matrix;
(3) For each i € {0, ...,d}, there exists i’ such that AT = A;
(4)

4) For any i,j € {0, ...,d}, there exist non-negative integers péj such that

d
Aidj =3 P A
=0
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In terms of relations, item (1) tells us that Ry,..., Rq partition X x X, (2) tells us that either R; is
irreflexive or it is a relation contained in {(x,z)|z € X}, (3) tells us that the set is closed under transposition,
and (4) tells us that if we fix elements x,y € X such that (z,y) € Ry, then the number of neighbors of x in
R; that have y as a neighbor in R is a constant péj that depends only on 14, j,, that is, for any (z,y) € Ry,
we have

pij = [Ri(x) N Ry (y)| = {z € X|(z,2) € Ri, (2,9) € R;}.

Another way to see the above equality is to look at the entry xy of A;A;, which will be the product of the
2-th row of A;, which has 1’s in the positions z such that (z,z) € A; and 0 in the others, with the y-th
column of Aj;, which has 1’s in the positions 2 such that (2,y) € R; — and equivalently (y, z) € R; —and 0
in the others. This product will count the elements z in R;(x) N Rj(y). Combining items (1) and (2), we
see that there are diagonal matrices in the configuration with disjoint support whose sum is the identity
matrix, and such matrices are called the fibers of the configuration. A coherent configuration that has only
one fiber, that is, contains I as one of its matrices, is called homogeneous, and we define an association
scheme as a homogeneous coherent configuration. Naturally, if each matrix A; is symmetric, we say that the
configuration is symmetric, and if the matrices A; commute with respect to matrix multiplication, we say
that the configuration is commutative.

4.1.2 Group Configurations

Let us remind the reader that if X = {z1,...,x,} is a set with n elements, then the group S,, acts on X by
permuting its elements, and we will represent these permutations in cyclic notation, e.g., (1,2) represents the
permutation that maps x; to xo and vice versa, etc. With this, we can discuss an example of a configuration.

Example 4.1.2 (Dihedral Group Configuration). Consider the dihedral group Dy of symmetries of a square,
acting on the set X = {1,2,3,4}. The group acts on X x X by g(z,y) = (gz,gy) for any g € D, and
xz,y € X, and thus this action has three orbits:

Ry = {(L 1)7 (272)7 (373>7 (474)}
R ={(1,2),(2,3),(3,4),(4,1),(3,2),(2,1),(1,4), (4,3)}
Ry = {(1a3)a (2’4)a (37 1)7 (43 2)}a

and the corresponding adjacency matrices are given by

1 00 0 0101 0010
0100 1010 000 1
Ado=10 01 0" o1 0 1"2]1 0 0 0
000 1 1010 0100

It is easy to see that Ag+ A1 + Az = J, each matrix that is not Ag has a zero diagonal and is symmetric, and

A1A; =21 +0A1 + 24,
A1As = AsA1 =01 +1A; + 045
AgAs =114+ 0A1 4+ 0Aq,

thus {Ap, A1, A} is a symmetric association scheme.

We will show that the previous example illustrates a general phenomenon: if G acts on X, we can
always obtain a coherent configuration from a group by considering its orbits, that is, the orbits Ry, ..., Ry
of the induced action of G on X x X given by g(x,y) = (gz,gy). This configuration is denoted by
Inv(G, X) := (X, {R;},), and is called the orbit configuration of the group.

Theorem 4.1.3 (Orbit Configuration). Inv(G, X) is a coherent configuration. In particular, if x € X, then
the orbits of the stabilizer G of x in X are given by the sets R;(x), and Inv(G, X) is an association scheme
if and only if G acts transitively on X.
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Proof. 1t is clear that the orbits Ry, ..., Rg partition X x X, and that if an orbit contains an element of the
form (z,x), then all its elements are of the form (gz, gz) for ¢ € G, that is, this orbit will be a relation
contained in {(z,z)|x € X}, and if R; = G(z,y) is an orbit, then Ry = G(y,z) will be another orbit where
Ry = RI'. Thus, conditions (1), (2), and (3) of the definition of a configuration are satisfied. To show
condition (4), note that for any g € G and z,y € X, we have

(AiAj) gy = |Ri(gz) N Ry (gy)|
= [g(Ri(x)) N g(Ry ()|
= [g(Ri(z) N Ry (y))]
= |Ri(z) N Ry (y)| = (AiAj)ay,

where the equalities follow from the fact that g is a permutation of the elements of X. Thus, A;A; is constant
on the orbit of (z,y), and therefore it is a linear combination of the matrices A;, proving that {Ay, ..., A4}
is a coherent configuration. Naturally, the fibers of this scheme correspond to the orbits of G in X, and
therefore G is transitive if and only if this configuration is homogeneous, i.e., if it is an association scheme.
Finally, note that each set R;(z) is invariant under the action of G, so it is a disjoint union of orbits of G,
but on the other hand, if (z,y), (z, z) € R;, then there exists g € G such that g(z,y) = (z, z), so g € G, and
therefore R;(x) is contained in a single orbit of G, and it follows that R;(x) is an orbit of G. [ |

The structure of the configuration Inv(G, X)) reflects some structural properties of the group G. In
particular, we say that the action of G on X is generously transitive if for any x,y € X, there exists g € G
such that gr = y and gy = z, that is, g(z,y) = (y,z) and ¢(y,x) = (z,y), and therefore Inv(G, X) is
symmetric if and only if G acts generously transitively. We say that G is 2-transitive if the action of G
on the set {(z,y)|z,y € X,z # y} is transitive, that is, G is 2-transitive if and only if Inv(G, X) has only
two relations Ry, Ry. It can be proven that the symmetric group S,, acting on {1,...,n} is 2-transitive, so
Inv(Sy, {1, ...,n}) will have only two relations whose adjacency matrices are I and J — I.

Now we will see another extremely important construction that relates groups and association schemes,
called the conjugacy class scheme.

Theorem 4.1.4 (Conjugacy Class Scheme). Let G be a group with conjugacy classes Cy = {1}, Ch, ..., Cy,
and define
R; = {(z,y)|z,y € G,y 'z € Ci},

Then (X, {Ro, ..., Rq}) is a commutative association scheme.

Proof. First, we note that the group H = G x G = {(z,y)|z,y € G} — viewed as a direct product of groups
— acts on G as follows:
(z,9)g = zgy ",

and consequently H also acts on the Cartesian product G x G via

(z,y)(g, h) = (xgy~ ", ahy™").

Our strategy will be to show that the orbits of this action are the sets R;, and this, together with the previous
result, will imply the result. To do this, first note that each R; is invariant under the action of H, because if
(x,y) € H and (g, h) € R;, we have

_ _ _ _ _ _ _ 1
(zhy ) lagyt = yh e agy T = (W lg)Y € G,

because h~'g € C; and C; is a conjugacy class. On the other hand, H is transitive on R;, because
given (g1,h1), (g2, ha) € R; where hi'g1, hy'gs € Cj, take h € G such that (hy'g1)" = h; g2, and define
T = hlhhz_l, y = h, and note that

(z,9)(g1, 1) = (hoh ™ hi ' gih, hoh ' hi ' hah) = (g2, ha),
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and it follows that each R; is an orbit of H, and thus we indeed have an association scheme. To show that
the scheme is commutative, consider a pair g, h € R; where h™'g € C;, and therefore (fflg)h_1 =gh~t € C,
implying that (h=%,¢g~!) € R;. Then, we consider the sets

P ={a€G|(g,a) € Ri,(a,h) € Rj} and F>={a€G|(h ' a) € Rj,(a,g7") € R;},

where |F}| = péj, |Fy| = pé-i, and then we consider the map a — a~! from Fy to Fy, noting that (g,a) € R;
if and only if (a™1,¢g71) € R; and (a,h) € R; if and only if (h71,a™!) € R;, so the map is bijective, and
therefore pﬁj = pé-i, as desired. |

The conjugacy class scheme is extremely important, and we will see in future sections that the eigenvalues
of the matrices of this scheme are closely related to the irreducible representations of the group. Below we
display the conjugacy class scheme of the group Ss.

Example 4.1.5. Let S35 = {1,(1,2),(1,3),(2,3),(1,2,3),(1,3,2)}, and note that this group has three
conjugacy classes:

Co={1},C1 ={(1,2),(1,3),(2,3)},C2 = {(1,2,3),(1,3,2)}.

We can explicitly compute the relations Ry, R, R, and from that, we obtain the matrices

011100 000011
100011 001100
1000 11 010100
Ado=LAi=11 g 0011001100 0|
011100 100001
011100 100010
and it follows that
A2 =31 + 24,,
A%:2I—‘|—A2,

A1Ay = A A = 2A,.

4.1.3 The Johnson and Hamming Schemes

Now, we will use the previous result to construct two extremely important association schemes: the Johnson
scheme and the Hamming scheme. The Johnson scheme J(n,d) is constructed from a base set V' of size n,
and a constant d such that n > 2d. We define X as the set of all subsets of V' of size d, and then we take

R = {(z,y)|r,y € X, |z Ny| =d -1},

that is, we group all pairs that have an intersection of size exactly d — ¢ in the relation R;. The scheme is
then given by J(n,d) = (X, {R;}%,). Note that the group S, acts on X as follows: if x = {z1,..., 74} and
o € Sy, then
of{z1,...,zq} = {ox1,...,004},

and with this, we will show that the orbits of this action are precisely the sets R;, i.e., that J(n,d) =
Inv(S,, X). To do this, we will calculate the size of each R;, and then use the Orbit-Stabilizer Theorem
to conclude the result. But first, it is worth remembering that if G is a group acting on X, then a subset
S C X is an orbit if and only if S is G-invariant — that is, if gs € S for all g € G,s € S —, and if G acts
transitively on S.

Proposition 4.1.6. J(n,d) is a symmetric association scheme.
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Proof. First, we show that the action of G = S, is generously transitive on X. Given z,y € X such that
(xz,y) € R;, we can write

T = {21, Tiy Tig 1, -, Ta} and Yy = {Y1, s Yi, Tig1s ooy Td b

that is, {x1,...,2;} N {y1,...,y;} = 0, and then we define the permutation

o= (v1,y1)(2,y2)--- (T4, Yi),

that is, the product of transpositions that maps x1 to y1, s to ys, up to x; to y;, and fixes the other elements
of X. It follows that ox = y and oy = z, so the action is generously transitive, and thus each relation R;
is symmetric. We will now count the number of elements in each R; to conclude that these are the orbits
of G on X, and this, together with the previous result, will imply the desired result. If we fix an arbitrary

element z € X, there are
d n—d
i i

elements y € X such that (z,y) € R;, that is, the cardinality of R; is given by

() () (79

On the other hand, if we fix (x,y) € R;, there are ¢! -i!- (d —i)!- (n —d — 7)! ways to construct a permutation
that fixes (x,y), that is, this is the size of the stabilizer G, ), and then from the Orbit-Stabilizer Theorem
we obtain that

n!
G = = |R;
Rl Yoy o T
and since G(z,y) C R; — that is, R; is G-invariant —, it follows that R; is an orbit, as we wanted. |

The Hamming scheme #H(d, q) is constructed from a set F' with ¢ elements — called the alphabet — and
then we consider the set
X=FxFx...xF (dtimes)

of tuples of size d with elements in F'. We can think of elements of this set as strings of size d with elements
from the alphabet F, e.g., if ¢ = 2, then we are dealing with all binary strings of size d. If x,y € X, we define

A(x,y) == ilws # yi}l,

that is, d(z,y) is a metric that calculates how many entries differ between x and y, and then we can consider
the sets

Ri = {(xvy)kcay € X78($7y) = 7“}
The Hamming scheme is then given by H(d,q) = (X, {R;}% ). We can consider the group S = (S,)? given
by the direct product of d copies of S;, and note that S acts on X via

(0'1, ceey O’d>(.%'1, ceuy .%'d) = (01$1, ceey O'd.%'d),

for any o = (01,...,04) € S, (z1,...,2q) € X, that is, S acts on X by permuting each entry within the
alphabet F. On the other hand, we can consider the group S; acting on X by permuting the coordinates:

U(:El, ceey Id) = (330—1(1), ceey xa—l(d))v

and we can note that the composition of these actions, that is, first permuting the entries according to S, and
then permuting the coordinates, defines an action on X. If we consider S and Sy as subgroups of Sym(X), it
follows that the first is normal but the second is not, and therefore we can consider the subgroup G = S5y,
which will be an internal semidirect product, that is,

G =5 x5; CSym(X).
We will show that H(d, ¢) = Inv(G, X).
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Proposition 4.1.7. H(d, q) is a symmetric association scheme.

Proof. Similarly to what was done for the Johnson scheme, we first show that the action of G on X is
generously transitive. To do this, take elements

x=(x1,...,zq) and y = (y1,...,Yd)

from X, and consider the permutation o € S given by

o= ((x1,91), - (Zd, ya)),

so that ox = y,o0y = z, and therefore the action is indeed generously transitive. The set R; is clearly
G-invariant, so it remains to show that G acts transitively on R;. Fix (x,y), (w, 2z) € R;, and assume that

Tr = (':Clv "-71‘2"1"1'4*17"')33(1) and Yy = (yla <oy Yis Lit 1, "'axd)a

W= (W, eeey Wiy Wit 1y ey Wq) AN 2 = (21, eeey Ziy Wit 1y eey W)

that is, we group the i distinct elements between = and y (resp. w and z) in the first ¢ entries of the tuple,
and the remaining common elements in the last d — ¢ entries. We can assume the elements are in this form
since there always exists a permutation of the coordinates in Sy that maps any (x,y) to a tuple like the
above. Then consider the permutation given by

o= ((z1,w1), ..., (zq,wa)),

that is, o maps each entry of x to the respective entry of w, so that oz = w, and oy = (o191, ..., O3¥Yi, Wit1, ---W4),
where 0; = (z;, w;). With this, we can take the permutation 7 given by

T = ((Ulyh Zl)u ceey (Uiyi) Zi)? 1) cey 1)5

that is, 7 maps the first 7 entries of oy to z, and fixes the others. But since the last d — i entries of oy are
equal to the last entries of w, which in turn are equal to those of z, it follows that Toy = z. Now note that

Tw = ((o1y1, 21) W1, -, (O3Ys, 2i) Wi, Wig 1,5 .o, Wa),

so if j < i, the entries (o;y;, zj)w; will be different from w; if and only if w; = z; or w; = o;y;. The first
case is false by assumption, and if the second is true, this would imply that

wj = ojy; = (T5,w;)y;,

so xj = y;, which is also false by assumption, so (o;y;, zj)w; = wj, and thus 7w = w. Therefore, we have
To(z,y) = (w, z), which means that G acts transitively on each R; and therefore these are precisely the
orbits of the action of G on X, as we wanted. |

The construction of the group G used in the previous proposition illustrates a more general phenomenon
that can be observed in groups, and which would be analogous to a kind of exponentiation. If G, H are
groups, and if H acts on a finite set X of size d, we can consider the group G¢ of tuples of size d of elements
from G, and define an action of H on GG by permuting the coordinates. From this, we can define the so-called
Wreath product as

GUlH :=(G)!x H.

The example of the Hamming scheme is an excellent motivation for this definition, as it provides a scenario
where we can permute strings in two ways: (i) by permuting each entry within the alphabet, or (ii) by
permuting the coordinates of the string.
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4.2 Coherent Algebras

In the previous section, we saw some basic properties of configurations and schemes, but perhaps the most
important thing about these objects is the fact that we can naturally associate an algebra to any configuration.
If C is a configuration with adjacency matrices Ag, ..., A4, we can consider the subspace

d
A= {ZazAz ‘ oy € (C}
i=0

generated by these matrices. This is, by construction, a subspace of dimension d + 1 of M, (C), but note
that by condition (4) of the definition of a configuration, the products A;A; can be expressed as a linear
combination of the adjacency matrices, so A is a C-algebra, with unit given by I and containing the
matrix J. On the other hand, since the matrices A; have entries in {0,1} and }_; A; = J, it follows that
A;0A; =0if i # j, meaning that A is also an algebra with respect to the Schur product. Furthermore, since
AT € {Ay, ..., Ay}, it follows that A is a *-algebra. The algebra A is called the coherent algebra associated
with the configuration C, and in the case of commutative schemes, this algebra is called the Bose-Mesner
algebra. From these observations, we can note that the adjacency matrices of C are the Schur basis of the
algebra in question, that is, the unique basis of primitive orthogonal idempotents with respect to the Schur
product, and therefore, we can also refer to the adjacency matrices as the Schur basis of the configuration.

In general, we say that an algebra A C M, (C) is coherent if it contains I, J, and is closed under the
Schur product and the conjugate transpose map, that is, it is also a *-algebra and an algebra with respect
to the Schur product. Using the results from Chapter 3, we can establish an equivalence between coherent
algebras and configurations.

Proposition 4.2.1. If A is a coherent algebra, then its Schur basis is a coherent configuration.

Proof. By Lemma 3.3.1, we know that every algebra with respect to the Schur product has a unique Schur
basis Ay, ..., Aq, and since A contains J, it follows that

d
d A=
1=0

Since A is an algebra, it follows that A;A; € A, and since these are 01 matrices, there exist non-negative
integers pﬁj such that

d
AiA; = Pl AL
=0

Since A is closed under conjugate transpose, we have that {AZ, AT ... ,AdT} is a Schur basis for A, so
{Ag,..., Aq} = {AT AT ... AT},
meaning there exists some i’ such that A7 = A;. Finally, given any 4;, since I € A, it follows that
Aj=A;0l+Ajo(J—1),

where Ajol, Ajo(J—1I)e€ Aand (A;o0l)o(A;o(J—1))=0,and since A; is primitive, this implies that
Ajol =0or A;o(J—1I) =0, meaning that if A; has any diagonal entry, then A; is a diagonal matrix, which
concludes the proof. |

Therefore, every coherent algebra has a Schur basis that is a coherent configuration, and every coherent
configuration is a Schur basis of a coherent algebra. From the results in the previous chapter, it follows
that any coherent algebra is semisimple, meaning we can find its centrally primitive orthogonal idempotents
Ey, ..., E, and decompose the algebra as

m
A=1]] AE;,
i=0
and with this, it is possible to find an orthogonal basis that block-diagonalizes all the matrices in A.
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4.3 Commutative Schemes

Throughout this section, let C = (X, {R;}%,) be a commutative association scheme where |X| = n, with
Bose-Mesner algebra A and Schur basis {4y = I, Ay,...,Aq}. Since A is commutative, we know from
Theorem 3.3.2 that the primitive idempotents Ey, ..., g will also form an orthogonal basis for the algebra A,
and by the construction of these idempotents, we have that E = E;, and each F; is an orthogonal projector
onto a subspace of the matrices in the Schur basis. The fact that these two sets of matrices form orthogonal
bases for A is perhaps the most useful property for applications, and now we will see how to derive algebraic
relations between these bases and the parameters of A.

The following basic properties about the parameters of a commutative association scheme can be
demonstrated by simple counting arguments and algebraic manipulations, and therefore we leave the proof
to the reader.

Proposition 4.3.1. For any indices i, j,l,m € {0,...,d}, the following hold for the parameters péj of a
commutative association scheme:

(1) If k; := pYs, then ko = 1, k; = ky,n =3, k;, and k; > 0;
(2) pho = G, Phy = G, DY = kidijr, and pl; = pli s
(3) ki = Z?:o Pi‘j and klpéj = kip?j/ = kjpg/ﬁ
(4) Zf:o Pﬁjplmt = Zf:o mepfsj‘
|

Naturally, in the case of symmetric schemes, i/ = i for any 4, so the previous expressions simplify
significantly. Now, we note that (1/n)J will always be a primitive idempotent of A, because if we assume
without loss of generality that JFEy = agFy with ag # 0, then

17Ep1

%%:J%:lﬁ%:LWM: J,
n n

and using that E3 = Ey, we can conclude that Ey = (1/n)J. In the case of distance-regular graphs, this fact

is quite natural: each matrix in the Schur basis induces a regular graph, so 1 is an eigenvector with a simple

eigenvalue equal to the degree of that graph. We can also express the elements of the Schur basis in terms of

the primitive idempotents, and vice versa. That is, there exist constants Pj;, Q;; € C such that

d

d
1
A = E P;E; and E; = - E QA
1=0 1=0

and then, if we construct matrices P, Q € Mg;1(C) with entries (P);; = P;j, (Q)ij = Qij, we obtain that P is
the change-of-basis matrix from the Schur basis to the idempotent basis, and (1/n)Q is the change-of-basis
matrix from the idempotent basis to the Schur basis. Thus,

PQ =nl = QP.

Since the idempotents are projectors onto subspaces, it follows that the i-th column of P contains the
eigenvalues of A;, that is, A;F; = P, F;, and the matrix P is therefore called the first eigenmatriz of the
scheme (or also the first character table of the scheme). Similarly, it holds that F; o A; = Q;A;, and the
matrix @ is called the second eigenmatriz of the scheme (or also the second character table of the scheme).
It is important to observe that if we fix an idempotent Ej, the multiplicity of the eigenvalues Pj; for the
matrices A; will be precisely tr(E;) = my, and these values are called the multiplicities of the scheme, and by
definition, we have that (Qo; = m;. With these observations, we prove the following statement:

Proposition 4.3.2. For any [ € {0,...,d}, the following hold for the matrices P,Q of a commutative
association scheme:
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(1) Po=Quw=1
(2) Pgl = k:l and QOZ =my, where kl = p?l.
|

We recall that if A; is one of the matrices in the Schur basis, there exists a unique index i’ such that
AT = Ay, and similarly, if E; is a primitive idempotent, there exists a unique index 4 such that Ef = E: = E;.
With this, we can prove the so-called orthogonality relations between the values of P and Q:

Theorem 4.3.3 (Orthogonality Relations). The following relations hold for the matrices P, @ for any indices
i,j5,1 € {0,...,d}:

(1) Py = Pu;
(2) Qu =Qp;
(3) Py = Quki;
In particular, we have that
L PPy [ ifi= SN nki, ifi=j,
y k=g ©and Y PyPym = ,
=0 ki 0, otherwise, pr 0, otherwise.
Proof. (1) Tt is enough to use that A; E; = Py E; and apply the conjugate transpose to both sides.
(2) It is enough to use that E; o Aj = Q;A; and apply the conjugate to both sides.
(3) First, note that tr(A;E;) = Pjymy, but on the other hand, we also have that E; = Z?:o Qj1Ay, so
1 d 1 d d
AE == QuAiAd;j = => > Qupi;Ar,
i3 " i=0t=0

and thus tr(A;E;) = Z?:o Qﬂp?j = Q;ik;, as we wanted.
The last two relations are obtained by combining the fact that PQ = QP = nl with item (3). |

Now we note that since A is closed under the Schur product, we can find constants qéj such that

d
1
Ejo Bj=— > 4B,
=0

and these constants are the so-called Krein parameters of the scheme. We will soon show that these parameters
are non-negative real numbers, but before that, we prove the following result:

Proposition 4.3.4. For any indices i, j,1 € {0,...,d}, the following hold:
(1) PPy = ok

(2) QuQij = Xiod,;Qu;

(3) PiQiy = Zf:o péf@tj?

(4) péj = nikltr(AiAjAp);

(5) ¢ = 2tx((Ei o E))E)).
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Proof. (1) It is enough to note that

(2)

(3)

d d
PiPyE; = AA B =Y pliAE = (Y plhiPu)E
t=0 =0

Similarly, we have

d d
QuQijAi=EioEjo A=Y q;E0A = (D q};Qu)A
t=0 t=0

From item (1), we have
d
—F)jl = Zpg/l-Pjh
t=0

and from the previous proposition, we know that Pj = m%leilJ and Pj; = m%kt@ Using these
substitutions and taking the conjugate of both sides, we get

d
ki P;iQi; = Z [ ens
=0

and then using that kipl, = k:lpét, we obtain the desired result.

Note that
d d

A A Al/ = ZpZ]AtAl/ = Z Z pz]ptl’Am’
t=0 m=0

so the trace of A;A;Ay, which depends only on the coefficient of I in the sum on the right-hand side of

the equation, will be
d

tr(AiA;Ar) =Y nplply = nkipl;,
t=0

as required.
Similarly, we have

d l

1 i

(EioEj)Ey ==Y q¢;EE =-1E,
n =0 n

SO

l
‘“m
t((E; o Ej)E)) = %

which concludes the proof.
|

It is easy to check from item (5) of the previous result that the Krein parameters are real numbers, and

with a little more effort, it is also possible to check that they are always non-negative. However, since we do
not need this fact in this work, we refer the reader to [Ter23, Cap. 4] for more details. To conclude this
section, we will show a bound involving the multiplicities of a scheme:

Proposition 4.3.5. If mg, m1,..., mg are the multiplicities of a commutative association scheme, then

mim;, if i # 7,
Zml<{mzml+1) e
q;;#0 2 7 =
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Proof. Let A, B € M,(C) be matrices with ranks m 4 and mp, respectively, and write

ma mp
_ ayE _ ek
A= E viv; and B = E Ty,
i=1

=1

that is, we write each matrix as a sum of linearly independent rank-1 matrices, and from this, we obtain that

AoB =7 (v;ox;)(viox)),
2
so Ao B is a sum of at most mamp linearly independent rank-1 matrices, which implies that rk(A4 o B) <
rk(A)rk(B). If A = B, then we note that there are at most ("4"") linearly independent rank-1 matrices, so
tk(Ao A) < (rk(’g)ﬂ). Now, note that since the matrices F; are orthogonal idempotents, it follows that

rk(E;o Ej) = Y tk(E) = > my,

q.;7#0 q.;7#0

and then, it is enough to combine this with the previous observations to conclude the result. |

4.4 Distance-Regular Graphs
4.4.1 Definition and Basic Properties

The main example of association schemes are the so-called distance-regular graphs, and much of the theory
about configurations and schemes arises from generalizations of properties exhibited by these graphs. To
introduce the subject, we start with an example. In the previous section, we discussed the Johnson scheme
J(n,d) formed by the set of d-subsets of a set with n elements, where the relation R; is formed by pairs
(z,y) whose intersection size is precisely d — i. This scheme is symmetric, meaning that we can view each
matrix A; associated with the relation R; for ¢ > 0 as a simple, undirected, and loopless graph. There are
two graphs in this scheme that are particularly interesting: the graph A; — where two sets x,y are related if,
and only if, |z Ny| = 0 — called the Kneser graph K(n,d), and the graph A; — where two sets are related
if, and only if, |z Ny| = d — 1 — called the Johnson graph J(n,d). The images in Fig.1 illustrate the case
J(5,2), where J(5,2) and K (5,2) are complementary.

(a) Petersen graph constructed as K (5,2). (b) Johnson graph J(5,2).

Fig. 1: The two graphs obtained from the Johnson scheme 7(5,2).

On the other hand, we can note that (z,y) € R; if, and only if, the distance between vertices z and y in
J(n,d) is precisely i, i.e., the length of the shortest path between these vertices in the Johnson graph is given
by i. This means that we can also view the matrices I, Ay, ..., Ay of the scheme [J(n,d) as the distance
matrices of the Johnson graph, that is, the matrices that relate vertices at distance 1.

This example motivates the general definition of a distance-regular graph: if X is a connected k-regular
graph with diameter d — that is, the size of the longest path in X is d — with adjacency matrix A, then we say
that X is distance-regular if the matrices {I, A} = A, As, ..., Ay} form a symmetric association scheme. Let
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us now study the combinatorial implications of this definition. First, we note that the parameters k; = p?l
of the scheme are precisely the degrees of the graphs induced by the matrices A;, i.e., the graph of A; is
k;-regular, and we also note that since the distance in a graph is a metric, we can use the triangle inequality
to obtain that ifpéj #£0,thenl <i+j,j<i+l, and i < j+I, and in particular, pél =0ifj¢ {i—1,4,i+1}.
With this, we can define the main parameters for a distance-regular graph:

e ¢ = pzi_l)l, that is, given vertices u, v at distance i, ¢; is the number of neighbors of v that are at
distance ¢ — 1 from u, i.e., closer;

e b, = péiﬂ)l, that is, b; is the number of neighbors of v that are at distance ¢ + 1 from wu, i.e., farther
away;

e a; =k — b; — ¢;, that is, a; is the number of neighbors of v that are the same distance from u as v.

If we fix any vertex u and partition the other vertices of the graph according to their distance from u, we
obtain the following diagram:

a, a

_,

Fig. 2: Distance diagram [VDKT16, Figure 1].

It is always possible to perform this type of partition in any connected graph, but the fact that the graph
is distance-regular shows us that the parameters of this diagram are the same regardless of which vertex u
we fix. In fact, this is one possible definition of distance-regular graphs: if the parameters of the distance
partition are the same regardless of the choice of the fixed vertex, then we say the graph is distance-regular.
With this, we can count the number of edges between two components 4,7 + 1 of the partition in question
in two ways: first, we note that there are k;b; edges from the component ¢ to i + 1, but on the other hand,
there are k;;1¢;41 edges from the component ¢ + 1 to ¢, i.e., we obtain that

k;b;
kit1 = ,
C

and naturally, we have n =1+ k; 4 - - - + k4. From now on, we will denote by X; the relation given by the
matrix A; (and we will also treat X; as a graph when necessary), where (A4;),, = 1 if the distance between u
and v is precisely ¢, and similarly, we will denote by X;(u) the set of vertices adjacent to u in A;. With this,
we can show the following characterization of distance-regular graphs:

Theorem 4.4.1. Let X be a k-regular and connected graph with diameter d and adjacency matrix A. Then
X is distance-regular if, and only if, there exist non-negative integers k;, b;, ¢; such that | X;(v)| = k; for any
v € V(X), and for any u € X;(v), it holds that

[ X1 (u) N Xima(v)] = ¢,

[ X1(u) N X1 (v)] = bi.
Proof. The forward direction is immediate from the previous considerations, so assume there exist integers
ki, b;, c; satisfying the stated properties, and define a; = k — b; — ¢;. We now want to show that the matrices

I,A, Ag,..., Ay form a symmetric association scheme, and for this, it is enough to check that condition (4)
of the definition holds. It will be useful to define A_; = Az,1 = 0 and leave cg41,b—1 free (their values will
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not be relevant). With this, we note that

bi—1, ifu e Xi_l(”u),
(AAZ)M, = |X1(u) N Xz(’U)| = 9 a;, if ue XZ'(U),
Cit1, if u e Xi+1(v),

that is, for any i € {0, ...,d}, it holds that
AA; = bi1Ai 1+ aiAi + cip1 A

We can apply induction on i to show that A; is always a polynomial in A of degree ¢, and also that
A? € span({I, A, As, ..., A;}). In fact, the cases for i = 0 or i = 1 are immediate, and if i = 2, we have

A% = bol + a1 A+ caAs,

so A? is a linear combination of I, A, Ay, and since ¢ # 0 (because X is connected), we have that A is a
polynomial v5(A) of degree 2 in A, given by

coAg = con(A) = A? — a1 A — bol.
If the result holds for 4, then it follows clearly that
Civ14iv1 = civ1vit1(A) = Ay (A) — awi(A) — bi—vi—1(A),

so A;y1 is a polynomial of degree i + 1 in A. Now, let A° = Zf:o ayA;, where o € C, then
4 i
AH_l = ZO&[A[A,
=0

and using that A;A is a linear combination of 4;_1, A;, A, 1, it follows that A*™!is in span({I, A, A, ..., A;11}),
which concludes the induction. This shows that A;A; is a polynomial in A, and since

AAg=bi-—1Ad-1+ agAd,
it follows that this polynomial has degree at most d, so A;A; € span({I, A, As, ..., Ag}), as required. [ |

This result shows that a distance-regular graph X is completely determined by the parameters k;, b;, c;,
so we can define the intersection array of X as

(X)) :={bo,b1,....,bg—1; €1, ..., Cq}

In general, given an intersection array, it is not an easy task to determine whether there are distance-regular
graphs with these parameters, and it is also difficult to determine if a distance-regular graph is the only
one with a given array (up to isomorphism). The Petersen graph has an array given by {3,2;1,1}, and
it is possible to prove that it is determined by this array as a distance-regular graph, that is, any other
distance-regular graph with this array is isomorphic to the Petersen graph. The smallest intersection array
that corresponds to a pair of non-isomorphic graphs is {6, 3; 1,2}, as both the Hamming graph H(2,4) and
the Shrikhande graph have exactly this same array (for more details, we refer the reader to [VDKT16, Ch.2]).

4.4.2 Spectrum

Given a graph X with adjacency matrix A, we can consider the polynomial algebra C[A] in A — in this case,
called the adjacency algebra of X — and note that it contains all the powers of A. Since A is the adjacency of
a graph, the entries uv of A™ count the number of walks of length r between vertices u and v, that is, if d is
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the diameter of X, then the matrices I, A, A%, ..., A? form a linearly independent set in C[A]. Therefore, the
dimension of C[A] — which is precisely the number of distinct eigenvalues of A — is at least d + 1, that is,

[Dspec(A)| > d + 1,

where Dspec(A) is the set of distinct eigenvalues of A. If X is distance-regular, we can consider the Bose-
Mesner algebra A generated by the matrices I, A, Ao, ..., A4, and then note that Theorem 4.4.1 tells us that
A = C[A], that is, the adjacency algebra of X is equal to the algebra generated by its distance matrices, since
each A; is a polynomial in A. We saw in Example 3.1.1 that the dimension of C[A] is precisely |Dspec(A4)],
and with this we prove the following statement:

Proposition 4.4.2. If X is a distance-regular graph with diameter d and Bose-Mesner algebra A =
C[I, A, ..., Ay, then C[A] = A and
|Dspec(A)| =d + 1.

If we consider a distance-regular graph X with diameter d, we can define a tridiagonal matrix

ag bg O 0 ... 0
Cc1 aj b1 0 e 0
0 Cy Qg bQ .o 0
L = . . . . . I
0 0 .. Cqg—1 Qd—1 bd—l
0 0 NN 0 (&% aq

where L € My41(R), known as the intersection matriz. We will now show that the eigenvalues of L coincide
with the eigenvalues of A. The first important fact about L is that it is diagonalizable, because if we define
the diagonal matrix A = Diag(ko, ..., kq), noting that

bivki _ ciyivkin
VEis1 Vi

we conclude that AV2LA~1Y/2 is symmetric. We observe that if = (xg,...,z4) is an eigenvector of L
associated with the eigenvalue 6, then

Ox; = ciwi1 + a;z; + bizig

for any i € {0, ...,d}, where ¢g = by = 0, so we do not need to define z_; and z441. Additionally, we observe
that zg # 0 (otherwise the previous recursion would give x = 0), so we can always assume that xo = 1, which
in turn implies that x; = /k — this form of writing « is usually called the standard sequence with respect
to 0. Now we can prove that L has exactly d + 1 distinct eigenvalues and that Dspec(A) = Dspec(L).

Proposition 4.4.3. If X is a distance-regular graph with diameter d, then
Dspec(L) = Dspec(A).

Proof. Let x = (1,0/k,xa,...,x4) be the standard sequence with respect to 6, and fix a vertex v of X. Define
an n-dimensional vector z by 2, = Tp(y,), for all u € X, so that, if a; denotes the v-th column of the i-th
distance matrix A;, we have

d
z = Z ZI;a;.
=0
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Now, we observe that

d
Az = Z xiAaZ-
i=0
d
= wi(bic1ai_1 + a;a; + cir12i41)
i=0
d
= Z(Cﬂiﬂ + a;x; + bixiy1)a;
i=0

=0z,
where the second equality follows from the identity
AA; = bi1Ai 1+ aiAi + cip1 A,

and the third equality follows by noting that each entry in a; appears exactly three times in the sum when
i€{j—1,4,7+ 1}. This shows that Dspec(L) C Dspec(A). Now, observe that

-0 bo 0 0 0
c1 a1—0 b1 0 0
0 Co CLQ—G b2 0
0 0 Cd—1 Gg—1—0 bg_1
0 0 0 Cd ad—O

and since the ¢; are all non-zero for i € {1, ...,d}, it follows that rk(L — 6I) > d, so null(L — I) < 1, which
implies that the eigenspace of each eigenvalue has dimension 1, so |Dspec(L)| = d + 1, which completes the

proof.
We can also calculate the multiplicities of each eigenvalue of A from the standard sequences of L.

Theorem 4.4.4 (Bigg’s Formula). Let X be a distance-regular graph with diameter d, and let = =
(1,0/k, ..., xq) be the standard sequence associated with an eigenvalue 6 of L. Then, the multiplicity m(0)

of 6 as an eigenvalue of A is given by:
n

0) = ———.
) i—0 77 ki

Proof. Let E be the projection onto the eigenspace of 8 of A, and note that since X is distance-regular,
E e ClI,A,...,Ag], so we can write

d
Z azAz
=0

We observe that the diagonal entries of E are constant and equal to ag, so m(0) = nag. We also observe that

d
=0

d
= qi(bic1Aic1 + aiA; + ciy1Aipr)
i=0
d
= (cii—1 + aio + bioiy1) A;.
i=0

On the other hand, 0F = Z(ij:o fay; A, so

Oo; = cii—1 + aio; + biviqa,
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from which we conclude by induction on 7 that a; = agx;. From the expression for E as a linear combination
of the A;’s, we obtain

d d d
ZZZ aiapl;) Ay,
1=0 i=0 j=0

and observing that p?] = 0if i # j and pY; = k;, we conclude that the diagonal entries of E? are constant
and equal to Z " o @?k;. Since E? = E, and given that the diagonal entries of E are ap, it follows that

ag = Y%, a?k;. Using that a; = agz;, we obtain
1

o) = —7 5 -
d 2
i—o Ti ki

Thus, we conclude that
n

4ok

as desired. [

m(0) = tr(E) = nag =

The previous results show us that it is always possible to calculate the eigenvalues of A with their
multiplicities from the matrix L. This is extremely practical, as it means that calculating the spectrum of A
— which generally has a cubic cost in terms of the number of vertices — will have a cubic cost in terms of the
diameter of X (which is generally much smaller than |V (X)]).

4.4.3 Imprimitivity

To conclude this section, we will discuss the concept of primitivity in distance-regular graphs. Given a
distance-regular graph X, we say that it is émprimitive if any of its distance graphs X; is disconnected (with
i > 1), and primitive otherwise. Bipartite graphs with diameter at least 2 are always imprimitive, and the
same holds for antipodal graphs — that is, graphs where X, is a disjoint union of two or more cliques. The
following result shows that any imprimitive distance-regular graph belongs to one of these families:

Theorem 4.4.5 (Smith’s Theorem). If X is an imprimitive distance-regular graph with degree k > 2, then
it is bipartite or antipodal (or both).

Proof. Let X be as stated, with diameter d. We say that a triple of vertices u,v,w € V is of type (l,1,7) if
D(u,v) =1, D(u,w) =i, D(v,w) = j, where D is the combinatorial distance in X. Note that if j > 0 and
pgl > 0, then any pair of adjacent vertices in X; has at least one common neighbor in Xj;, so any path in X;
generates a path in X;. Therefore, if X; is connected, then X; must also be connected. If we choose i as the
minimal index such that X; is disconnected, it follows that if j < i, then pZZ = 0, i.e., there are no triples of
type (j,1,1). Since X is connected by assumption, we have that ¢ > 1.

Now, we consider three possible cases:

(i) If i = d, we show that X is antipodal. Note that led =0 for all j < d, so all triples of the type (j,d,d)
are forbidden. This means that if D(u,w) = D(u,v) = d, then D(w,v) = d, i.e., Xy is a disjoint union
of cliques, so X is antipodal;

(ii) If 2 = i < d, we will show that X is bipartite. Indeed, we first consider a triangle wvgvy, and let
vov1v2v3 be a path of length 3 between vertices vg, v3 at distance 3. If we look at the triple w, vg, va,
then, since D(w,vp) = 1 and D(vg,v2) = 2, it follows that D(w,v2) € {1,2,3}, but it cannot be 3, since
wv1vg is a path of length 2 from w to ve, and it cannot be 2, since otherwise the triple would be of
type (1,2,2), which is forbidden, so it must be 1. Now, if we look at the triple w, v, vs, similarly we
have that D(w,vs) € {1,2,3}, but it cannot be 3, since wvovs is a path of length 2 from w to vs, and it
cannot be 1, since otherwise vgwwvs would be a path of length 2 between vy and vs3, so D(w,v3) = 2
and wvjvs is a forbidden triple of type (1,2,2). This shows that there are no triangles in X. Now, let
C be an odd cycle of length greater than 3, and note that all its vertices are in the same connected
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component A with respect to Xo. If u,v are adjacent vertices in C' and w is adjacent to u, then w
cannot be adjacent to v, because there are no triangles, which means that w, v are adjacent in Xa,
and thus w belongs to A. We can repeat this argument for any path connecting a vertex in X to C,
concluding that all the vertices in the path must be in A, and since X is connected, this implies that
X5 is connected, which is a contradiction. Therefore, there are no odd cycles, and X is bipartite;

(iii) If 2 < i < d, we will show that this leads to a contradiction. Consider a path of length d between
vertices vy, vq at distance d, and note that since k£ > 3, we can find a vertex w adjacent to v; that
is distinct from v;_1,v;. Looking at the triple w,vg, v;, we obtain that D(w,vy) € {i — 1,4,i + 1}. If
D(w,vg) =1, then the triple w, v;, vy is of a forbidden type (1,4,4). If D(w,vy) =i+ 1, then the triples
w, vi, v1 and w, v1, vy show that D(w,v;) = 4, so the triple w, v;y1,v; is of a forbidden type (j,4,4) with
jJ < 2. This implies that any neighbor of v; distinct from v;41 must be at distance ¢ — 1 from vy, so
¢; =k —1and b; = 1. Now, since the graph is distance-regular, it follows that v;11 must also have ¢;
neighbors at distance ¢ — 1 from v1, and since k —1 > 2, we can find a vertex z adjacent to v;41 distinct
from v;, which is at distance i — 1 from v;. The triples z, v, v1 and z,vg, viy1 show that D(z,vp) = 1,
so z # w, and the triple z, v;, vg is of a forbidden type (j,14,%), with j < 2.

The previous cases show that ¢ is either d or 2, which in turn implies that X is either bipartite or antipodal,
as we wanted. |

The cycle with nine vertices Cy is a counterexample to the previous theorem for k = 2, as it is imprimitive
but neither bipartite nor antipodal, and the complete bipartite graphs K 4 are examples of imprimitive
distance-regular graphs that are both bipartite and antipodal. As a final note, the previous theorem allows us
to construct primitive graphs from imprimitive graphs. If X is an imprimitive bipartite graph with degree at
least 3 and partitions Vi, V5, then V; is a connected component of X5. The graphs induced by the components
V; in Xs are called halved graphs, and are denoted by X+, X~. If X is antipodal, then we can obtain a graph
X' with the vertex set given by the equivalence classes of XU X4, where two classes are adjacent if they
contain vertices adjacent in X, and such a graph is called the folded graph of X. It can be shown that if X is
distance-regular, then these graphs will also be distance-regular, and that after at most two steps of halving
and/or folding, a primitive graph is obtained (we refer the reader to [BCN11, Ch.4] for more details).

4.4.4 Automorphisms

If X is a graph with n vertices, we can consider the group G = Aut(X) formed by the elements of Sym(n)
that preserve adjacencies and non-adjacencies in X, i.e., by the permutations g such that uwv € E(X) if and
only if g(u)g(v) € E(X). This group is called the automorphism group of X. We will abuse notation and also
identify G with its representation as a subgroup of GL(n,C) formed by permutation matrices (as in Example
2.5.1), and in this case, we can note that a permutation matrix P belongs to G if and only if PTAP = A,
where A is the adjacency matrix of X. The group G acts naturally on the vertices of X, and if this action is
transitive, we say that the graph is vertez-transitive, and G also acts on the set of edges of X (where we
understand that the edge ij is represented by the set {i,7}, so ij = ji), and if this action is transitive, we
say that the graph is edge-transitive. The automorphism group also acts on the set of arcs of X, i.e., the set
of ordered pairs of connected vertices (thus the arc (7, ) is different from the arc (j,7)), and if this action
is transitive, we say that X is arc-transitive. Not every edge-transitive graph is arc-transitive, but every
arc-transitive graph is necessarily both edge-transitive and vertex-transitive (for more information on graph
automorphisms, we recommend [GR13, Ch.2] and [Big93, Chs.15-17]).

In this section, we will be interested in a particular case of graphs with high symmetry: the so-called
distance-transitive graphs. If X is a connected graph with diameter d and automorphism group G, we say
that it is distance-transitive if, for any vertices u, v, w, z € V(X) such that D(u,v) = D(w, z), there exists
P € G such that P(u,v) = (P(u), P(v)) = (w, 2), i.e., P maps u to w and v to z. The Johnson and Hamming
graphs are examples of distance-transitive graphs, and it is easy to observe that from the above definition,
every distance-transitive graph is also distance-regular. We will now see how to relate the orbital scheme
with the Bose-Mesner algebra associated with a distance-transitive graph. First, we note that generally if
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P € G, then PTA;P = A; for any of the distance matrices A; of a graph X, i.e., each A; belongs to the
centralizer algebra C'(G) of G in M,,(C), and thus

(C[A] - (C[I7A7A27 "'7Ad] - C(G)?

for any connected graph of diameter d. We have seen that if X is distance-regular, then the first inclusion
above is an equality, and now we will see that in the case of distance-transitivity, the chain of inclusions
above is a chain of equalities. This will follow as a consequence of the following result:

Proposition 4.4.6. If G is a group of permutation matrices, then the coherent algebra A generated by the
orbital configuration Inv(G) is C(QG).

Proof. If A; is one of the Schur basis matrices of A and if P € G, then PTA;P = A;, since the matrices
A; represent the orbitals of G. On the other hand, if A € C(G), it means that PT AP = A for any matrix
P € G, and this in turn implies that the 01 components of A will precisely be the orbitals of G, and therefore
P € A. This shows us that A = C(G). [ |

If G is the automorphism group of a distance-transitive graph, then by definition, we will have exactly
d + 1 orbitals, and this, together with the previous result, tells us that the dimension of C'(G) is precisely
d+1, so C[A] = C(G). Finally, it is worth noting that if 4 is the coherent algebra generated by the conjugacy
scheme of G, then A = Z(CG), where CG is the algebra of the automorphism group viewed according to the
representation of CG as permutation matrices (to see this, just note that the dimension of A is equal to the
dimension of Z(CG) by Theorem 2.5.6).

4.5 Applications in Coding Theory

In this section, we will discuss some applications of association schemes to error-correcting code theory. This
theory was developed independently of graph theory throughout the 20th century and has many practical
applications of great importance. Also, throughout the 20th century, it became clear that this theory has
many interesting intersections with other areas of mathematics, particularly with the theory of finite groups.
The basic problem in this area is determining an optimal way to transmit a message through a medium that
might corrupt it, either due to noise or external interference. This section contains only a brief introduction
to the subject, and for further information, we refer the reader to [Coh74, Ch.11].

First, we begin with an alphabet F' with ¢ symbols, and then consider the set X = F™ of words of length
n over I, i.e., we start in the same way as the Hamming scheme seen in the last chapter. A code is simply
a subset C' of words in X. As a motivating example, suppose that Alice and Bob want to send a message
through a channel, and for this, both agree beforehand on a code C. Alice then encodes her message and
sends it to Bob. There are two basic tasks we can do in this context:

e Error detection: If Bob receives a message « € X, he would like to determine whether any errors
occurred in the transmission, and potentially the number of errors that occurred;

e Error correction: If Bob receives a message, he would like to detect and correct as many errors as
possible.

To attempt to solve these tasks, we must introduce the concept of the minimum distance of the code C,
which is defined as
5 = 3(C) == min{(z, y)|z,y € C. # y,

where 0 is the Hamming distance. We will say that C' is an (n, M, §)-code if C' C F™, it has M elements, and
the minimum distance is 4. The strategy we will adopt for detecting and correcting errors is as follows: if Bob
receives a message x, we try to find a unique element y € C such that d(x,y) is minimal. If this is possible,
we can simply correct x to y, or return the distance from x to y as the number of errors that occurred. A
good code is one that has a sufficiently large number of elements (to make encoding more efficient), but also
has a large minimum distance (to make error detection and correction more efficient), and finding such codes
is generally an extremely difficult task. With this, we can prove our first result:
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Proposition 4.5.1. If C is an (n, M, §)-code, then we can detect at most 6 — 1 errors and correct at most

| (0 —1)/2] errors.

Proof. If z € C is a transmitted message and s errors occur resulting in the received message z’, then
d(z,2") =s. If 0 < s <, we will determine that z is the unique closest message to 2’ and detect the s
errors, otherwise, we will not be able to detect the errors correctly. Now if » < (§ — 1)/2 errors occur, we
claim that z is the only element of C' closest to 2’. In fact, if there were another element y € C' such that
d(z,2") = d(y,2') = r, then

2r = O(z,2") + 0(y,2’) > 0(z,y) > 6 >2r+1,
which is a contradiction, and thus we can correct the r errors. |
Before continuing, we will discuss a simple example:

Example 4.5.2 (Parity Check). Consider the binary alphabet F' = {0,1}, and suppose we want to send
words of length n. We can then construct the following code: for each word z € F", we append a 0 at the
end if the number of 1’s in z is even, and a 1 otherwise. In this way, we obtain a code C' in F™*! of size 27,
and with minimum distance 2. By the previous result, this code can detect a single error but cannot correct
any errors.

We will denote by Ay(n,d) the largest size M of an (n,M,d)-code, and if C' is a code such that
M = Ay(n, ), we say that it is optimal, and if no larger code exists with the same minimum distance that
contains C, we say it is maximal. We will define the closed ball of radius r centered at x € X as

Br(x) == {y € X|0(x,y) <1},

and we say that a set of balls is a covering of F™ if every point belongs to at least one ball, and it is a packing
if every point belongs to at most one ball. We will now use these concepts to obtain bounds for A,(n,d).
First, we will denote by

" (n A
Vyln,r) o= By (a)] = 3 <¢><q 1)
i=0
and thus ¢" = V(r,r) < Vy(n,r) < Vy(n,n) = ¢". With this, we obtain the following result:

Theorem 4.5.3. If C' is a maximal (n, M, d)-code, then

n n

T
Vg(n,0 — 1)

q
Vo(n, [(0 —1)/2])

Proof. To prove the result, we will construct a covering and a packing from a maximal code C as in the
statement. First, we can consider the set {Bs_;(x)|x € C'}, and note that this will be a covering, because
from the maximality of C' it follows that for every y € F™ there exists some x € C such that 9(z,y) <6 —1
(otherwise, we could enlarge the code). Therefore, we have that |C|V,(n,d — 1) > ¢". For the upper bound, it
is enough to consider the set {B,(z)|x € C} with r = [(§ — 1)/2], and note that if there exists some y € F"
such that y € B(z1) N By(z2), with 21,22 € C, then

<|C] <

2r 2 0(y, z1) + 0(y, x2) 2 O(z1,22) =6 > 2r + 1,
which is a contradiction, so the set will be a packing, and from this it follows that |C|V,(n, [(6—1)/2]) <¢". R

Since every optimal code is maximal, the previous result gives us bounds for A,(n,d). The previous
results are classical in coding theory, and up to this point, they do not use the theory we developed in the last
chapter. We will now see how to obtain a more general bound for A,(n,d) using association schemes, but for
this, we will prove a general result about symmetric schemes, originally demonstrated by Delsarte [Del73].
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Theorem 4.5.4. Let (X, {R;}%,) be a symmetric association scheme with second eigenmatrix @, and let
C C X be any subset, and consider the distribution vector a € R%*! of C defined by

I(C' % C) N Ry|
C] ’

a; =

i.e., the vector that counts the average degree in R; of the subgraph induced by C.
Proof. First, note that if 1¢ is the indicator vector of the set C, then

_ 15A;1¢
[/

a;

and if Ey, ..., Ey are the primitive idempotents of the scheme, then F; = (1/|X]) 2, QuA;, so

0 < [LEE:|P
= (L0E:)(1GE:)"
= 15Eilc
_ 1
- x]

_
X

d
> QultAlc
1=0

(aTQ)i7

and therefore a” @ > 0. |

Now consider the Hamming scheme H(n, ¢), which is symmetric, and let C' be an (n, M, d)-code. If we
consider the distribution vector a of C, we have that « > 0, ag =1, and a; = 0if 1 <4 < 4, i.e., if we consider
the linear program

max{1Ty|y € Rfrl,yo =1,y,=0if 1 <i<d,y7Q >0},

we have that a is a feasible solution with objective value

Zai — ]]'C'( z:OAZ>]]-C _ ‘0‘7
par C

and with this we obtain the following result:

Theorem 4.5.5 (Delsarte Bound). If C' is an (n, M, §)-code, then
IC| <max{1Tyly e R yo = 1,5, = 0if 1 <i < 5,57 Q > 0},

where @ is the second eigenmatrix of the Hamming scheme H(n, q).
|

The previous result can be used to obtain bounds for the chromatic number and the size of a maximum
coclique in strongly regular graphs (that is, distance-regular graphs of diameter 2, we refer to [BVM22] for
more information), and it is considered one of the most important results in association scheme theory.
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