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Preface

Abstract algebra is a central area of mathematics that provides a systematic approach to understanding a
wide range of mathematical concepts and structures. These notes are intended to provide a clear, systematic,
and self-contained introduction to the fundamental ideas and core topics of abstract algebra. The main
focus is on group theory, followed by ring and module theory, and finally field theory and Galois theory. The
material is arranged so that the subject develops step by step, starting with basic definitions and examples
and moving gradually toward more advanced and theoretical results.

The goal of these notes is to explain the main ideas of algebra in a way that is both clear and math-
ematically precise. Throughout the text, the emphasis is on understanding algebraic structures through
their properties, examples, and relationships with one another. Abstract ideas are explained with easy-to-
understand examples whenever possible, and important results are illustrated through relevant applications.

The first part of the text is devoted to group theory. It begins by fixing notation and reviewing binary
operations and basic algebraic structures. The concept of a group is then introduced and studied in detail.
The fundamental properties of groups are developed in a systematic way, with special attention given to
important and well-known examples. Dihedral groups and symmetric groups are discussed early, since
they provide concrete illustrations of the theory and play a key role in many areas of mathematics. The
next chapter focuses on subgroups, which are essential for understanding the internal structure of groups.
Subgroup tests are introduced, along with important constructions and examples. The ideas of centralizers
and normalizers are used to study how elements and subsets behave inside a group. Cyclic groups and cyclic
subgroups are examined in detail, as they are basic building blocks in group theory and appear frequently
in applications.

Homomorphisms and isomorphisms are then introduced as maps that preserve algebraic structure. These
concepts provide a powerful way to compare different groups. Cosets and Lagrange's theorem are used to
study the relationship between a group and its subgroups. Quotient groups and the isomorphism theorems
are developed to show how new groups can be formed from existing ones. The chapter ends with a
discussion of simple groups, composition series, and the alternating group, emphasizing ideas of simplicity
and decomposition.

Group actions connect abstract group theory with concrete examples. By looking at how groups act on
sets, many important results can be understood in a clear and unified way. Topics such as Cayley's theorem,
the class equation, and automorphisms are presented using this viewpoint. Sylow's theorems are introduced
as a major application, providing strong tools for studying the structure of finite groups. The following part
of the text deals with building new groups from known ones. Direct products and semidirect products are
used to show how more complicated groups can be constructed from simpler pieces. Special attention is
given to abelian groups, leading to the fundamental theorem of finitely generated abelian groups.

The scope of the notes is then expanded to include ring and module theory. Rings and their basic
properties are introduced first, followed by ideals and factor rings. Modules over rings are presented as a
generalization of vector spaces, allowing ideas from linear algebra to be applied in a wider setting. Topics
such as homomorphisms, universal properties, integral domains, unique factorization, and finitely generated
modules are included to build a strong algebraic foundation. The final chapter is devoted to field theory and
Galois theory. It begins with fields and vector spaces and then develops the theory of field extensions and
algebraic elements. Splitting fields and algebraically closed fields are introduced to study polynomial roots,
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followed by separable extensions. The chapter concludes with Galois theory and the Fundamental Theorem
of Galois Theory, which shows the deep connection between field extensions and groups of automorphisms.

These notes are intended for students formally studying a graduate course in abstract algebra. They
provide systematic coverage of all the core topics of the subject and assume familiarity with linear algebra
and basic proof techniques. The material is suitable both for classroom use in a graduate course and for
independent study. Numerous examples are included to explain definitions and results, and the organization
of the notes is designed to support both conceptual understanding and mathematical structure. It is hoped
that these notes will serve not only as an introduction to modern abstract algebra, but also as a solid
foundation for further study in algebra, number theory, geometry, and related areas of mathematics.
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CHAPTER 1

Introduction to Group Theory

“The mathematician’s patterns, like the painter’s or the poet’s must be beautiful; the
ideas like the colours or the words, must fit together in a harmonious way. Beauty is the
first test: there is no permanent place in the world for ugly mathematics.”

— G. H. Hardy [4]

This chapter aims to provide a rigorous overview of group theory, including examples and fundamental
results on groups, while also laying the groundwork for more detailed exploration in the chapters that follow.

Historical Note. As a formal mathematical discipline, group theory began to take shape in the 18th
century. Around 1730, Euler and Lagrange began to explore ideas related to permutations and the structure
of integers, laying the foundation for group theory. In 1824, Niels Henrik Abel used permutation groups in
his proof that it was impossible to solve the general quintic equation by radicals. A decade later, Evariste
Galois linked Galois groups to the solvability of algebraic equations, introducing important concepts such as
normal subgroups and group order, forming the core of Galois theory.

In the mid-19th century, mathematicians such as Gauss, Cayley, and Jordan formalized group structures,
with Cayley providing an abstract definition of a group as a set equipped with a binary operation. The late
19th century saw further refinement of group theory with Holder's work on quotient groups and Weber and
Dyck's formalization of abstract group definitions in 1882.

Group theory became an integral part of algebra in the 20th century, pioneered by Noether, Artin, and
others advancing the theory. The completion of the classification of finite simple groups in 1982 marked a
major milestone, characterizing all the basic building blocks of finite groups. Today, group theory continues
to be a major area of research in mathematics, with applications extending to cryptography, quantum theory,
and algebraic geometry.

In the 21st century, group theory continues to be a vibrant and expanding field of research with numerous
branches of mathematics such as topology, Lie groups, and geometric group theory. These topics are very
important to understand the symmetries of complex spaces and the structure of manifolds. Computational
group theory has also developed, with the help of software such as GAP and Magma, allowing complex
group calculations, especially on finite and permutation groups. In physics, groups play a fundamental role
in quantum mechanics, gauge theory. More importantly, group theory is fundamental for cryptography,
particularly in post-quantum cryptography, lattice-based and isogeny-based cryptography, which often in-
volve group-theoretic structures on elliptic curves. Furthermore, higher-dimensional algebra and category
theory have influenced modern group theory by generalizing group-like structures (e.g., groupoids and higher
groups). Group theory continues to evolve with new insights, connections, and applications in pure and
applied mathematics.

Group theory deals with the study of algebraic structures. Algebraic Structures are mathematical
systems consisting of a set equipped with one or more operations. A group is a set equipped with a binary
operation that satisfies the following properties: associativity, the existence of an identity element,
and the existence of inverses. The study of symmetries of geometric objects is an important family
of examples of groups. Beyond geometry, group theory plays a crucial role in number theory, physics,
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cryptography, and even music theory. Also groups are the foundation for advanced algebraic structures such
as rings, modules, and fields.

1. Notations

“To invent is to discern, to choose. But to choose, one must see clearly, and for that,
good notation is indispensable.”

— Henri Poincaré [6]

N=1{1,234,...}
Z={.,-2-1,012...}

@z{zlp,qu,q#O}

Natural numbers)

Integers)

Rational numbers)

(

(

(

R = {All decimal expansions + dids...dy.a1a2a3 ...} (Real numbers)

C={a+bi|abecRandi’>=—-1} (Complex numbers)
7z*=7\{0} (Non-zero integers)
Q*=Q\ {0} (
R*=R\ {0} (
C*=C\ {0} (
Z*t ={neZ|n>0} (
(
(

@+:{pe@1p>0}
q q
Rt ={reR|r>0}

Non-zero rational numbers)
Non-zero real numbers)
Non-zero complex numbers)

Positive integers)
Positive rational numbers)
Positive real numbers)

2. Binary Operations and Algebraic Structure

“The ordinary operations of algebra suffice to resolve problems in the theory of curves.”

— Joseph-Louis Lagrange
In this section, we discuss binary operations and algebraic structures. Fundamental and important
algebraic structures include groups, rings, and fields, each defined by specific combinations of operations.
These structures form the foundation of abstract algebra, and they will be studied in the subsequent chapters
in detail. Studying these algebraic structures allows mathematicians to generalize and identify patterns in
arithmetic, geometry, and other areas of mathematics. Some of the examples and problems in this chapter

are drawn from [1].

Question 2.1. Is it possible to associate every pair of elements of Z with an element in Z?
Solution 2.1. Yes. Let (a,b) be an element in Z x Z.
(1) When we add two integers a and b, we perform the operation of addition to produce an integer,
denoted by a + b.

(2) Similarly, when we multiply a and b, we perform the operation of multiplication to produce an
integer, denoted by a - b or ab.

Note that these operations are actually functions from Z x Z to Z.
Definition 2.1 (Binary operation). A binary operation % on a non-empty set S is a function from S x S

to S, that is, x is a function that maps every ordered pair of elements of S to an element of S. Thus,
x:9x 85— 8.

Example 2.1. (1) Addition and multiplication are binary operations on Z, Q, R, R* and Q.

(2) For the set R* of non-zero real numbers, multiplication is a binary operation, but addition is not
since 1 +(—1) =0 ¢ R*.
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Prasanna Mahesh Pawar 2 Binary Operations and Algebraic Structure

(3) Subtraction is a binary operation on Z, but not on N (because the ordered pair (5,9) is mapped
to 5 — 9 = —4, which is not in N).

(4) Division is not a binary operation on Z and N.

(5) Division is a binary operation on the set of positive rational numbers, QT, as the quotient of two

positive rationals is a positive rational.
Example 2.2. Consider the set of all complex numbers C.
(1) We define addition + on C by
(a+bi)+ (c+id) = (a+c)+i(b+d)
for all a + bi,c+id € C. Then + is a binary operation on C.
(2) We define multiplication - (we call complex multiplication) on C by
(a+bi) - (c+id) = (ac — bd) + i(ad + bc)
for all a + bi,c+id € C. Then - is a binary operation on C.
Note 2.1. (1) Suppose * is a binary operation on a set. Then axb € S for all a,b € S.
(2) If T is a non-empty subset of S and a,b € T, then a * b € S but not necessarily in T.
(3) A non-empty subset T" of S is closed under x if for all a,b € T, axb € T.
(4) Subtraction is a binary operation on Z, the subset N of Z is not closed under subtraction.
Example 2.3. The following sets are closed under the corresponding operations defined below.
(1) The set Z,, = {0,1,...,n — 1} of integers modulo n > 2.
e For all a,b € Z,,, we define addition as a +b=a+ b (mod n).
e For all a,b € Z,,, we define multiplication as a - b = ab (mod n).

(2) The set M3(R) of all 2 x 2 matrices over R. Let <cz Z) , (; £> € M>(R). Then we define

e Matrix addition:
a b L (€ f\ _(a+e b+ f
c d g h) \c+g d+h)’

e Matrix multiplication:

a b e f\ _(ae+bg af +Dbh
(c d) ' <g h) o (ce+dg cf+dh>'
(3) The set F(R) of functions from R to R under function addition, multiplication, and com-
position are defined below.
e Function addition: (f + g)(z) = f(x) + g(x).
e Function multiplication: (f - g)(x) = f(x) - g(z).
e Function composition: (f o g)(z) = f(g(z)).
(4) The power set P(A) of a set A under set operations are defined below.
e Set union: AU B.
e Set intersection: AN B.
o Set difference: A\ B.
(5) For a more abstract example of a binary operation, let S = {a, b, c}. A binary operation % on S is
illustrated in the table below.

The binary operation of each pair of elements as follows.
eaxa=1b
e axb=c
eaxc=a
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ebxa=oa
e bxb=c¢
e bxc=ua
ecxa=-c
ecxb=uaq
ecxc=0b

Since every element in the table belongs to S, indeed * is a binary operation on S.
Result 1. For a,b € R\ {—2}, define the operation a % b as

axb=ab+2a+ 2b+ 2,

where the operations indicated in ab + 2a + 2b + 2 are usual addition and multiplication in R. Then x is a
binary operation on R\ {—2}.

PROOF. Let a,b € R\ {—2}. We need to show that axb € R\ {—2}. Suppose, for contradiction, that
there exist x,y € R\ {—2} such that x xy = —2. By definition of %, we have

rxy=zxy+2xr+2y+2=-2

Rearranging, this gives

(z+2)(y +2) =0.
Hence, either x = —2 or y = —2, which contradicts the assumption that z,y € R\ {—2}. Therefore, there
are no such x,y exist, and it follows that a b € R\ {—2}. Thus, * is a binary operation on R\ {-2}. O

Definition 2.2 (Algebraic Structure). A non-empty set S with a binary operation x is denoted by (S, *).
We refer to (.5, *) as an algebraic structure and (.S, %) may satisfies the following properties.
e G1: Associative: a * (bxc) = (axb)*c for all a,b,c € S.
e G2: Identity: There exists e € S, called an identity element, such that a x e = e x a = a for all
a€S.
e G3: Inverses: Foreach a € S, there exists s € S, called an inverse for a, such that axs = sxa = e.
e G4: Commutative: axb=">bx*a forall a,b € S.
Example 2.4. The following are examples of algebraic structures and their properties:
(1) (Z,+):
e Satisfies G1, G2, G3, G4.
e |dentity: 0, Inverse: —n for n € Z.

(2) (R,-):

e Satisfies G1, G2, G4.

e Identity: 1.

e Does not satisfies G3: 0 has no inverse.
(3) (R*,-):

e Satisfies G1, G2, G3, G4 (identity element is 1 and inverse of r is %)
(4) (C*,):

e Satisfies G1, G2, G3, G4 (identity element is 1 and inverse of a+ib is ﬁ = ﬁ —iﬁ).
(5) (Zpn,+), n>2:
e Satisfies G1, G2, G3, G4.
e Identity: [0], Inverse: [—a] for [a] € Zy,.
(6) (Zn,-), n>2:
e Satisfies G1, G2, G4.
e |dentity: [1].
e Does not satisfies G3: [0] has no inverse.
(7) (Ma(R), +):
e Satisfies G1, G2, G3, G4.

e |dentity: <8 8>
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Prasanna Mahesh Pawar 2 Binary Operations and Algebraic Structure

e Inverse: (—a _b> for (a b).
—c —d c d
(8) (Ma(R), )
e Satisfies G1, G2.
10
0 1)°
Does not satisfies G3: Determinant must be non-zero for invertibility.
Does not satisfies G4: Matrix multiplication is not commutative.
(9) (S,*), where S = {a,b,c} and x defined on S as in Example 2.3 (5).
e Does not satisfies associative G1 since b (b c) # (b*b) * c.
e Does not satisfies G2 since there is no e € § satisfies e xx = x xe = x.
e Does not satisfies G4 since a * ¢ # ¢ * a.

Identity: I =

Example 2.5. A binary operation * is defined on the set S = {a,b,c} by x xy = z for all z,y € S.
Determine which of the properties G1-G4 are satisfied by (S, *).
e G1: Associativity:
Let z,y,z € S. We have:

xx(y*xz)=xzxy=x and (z*xy)xz=x*2=u.

Thus, (S, *) is associative.
o G2: Identity:
No identity exists in .S since for any e € S, we have exa =exb=e¢and exa =a, ex b =D,
which is impossible.
e G3: Inverses:
Inverses of elements of .S does not exists as (5, %) has no identity.
e G4: Commutativity:
(S, ) is not commutative because a * b = a, but bxa = b.

Example 2.6. Let Ny be the set of non-negative integers, and consider (N, *), where * is the binary
operation defined by a x b = |a — b| for all a,b € Ny. Determine which of the properties G1-G4 are satisfied
by (N0> *)
e G1: Associativity:
Since 1% (2%3) =1%|2—3|=1%1=|1—1]|=0, while (1%2)*3 =|1—-2[x3 =1%3 = [1—3|=2,
it follows that
(I1x2)%3#1%(2x%3).
Thus, (Np, *) is not associative.
o G2: Identity:
Let a € Ny. Since a0 = 0% a = |a|= a, 0 is an identity for (Np, *).
e G3: Inverses:
For each a € Ny, a xa = |a — a|]= 0. Hence, every element a € Ny is its own inverse.
¢ G4: Commutativity:
Since |a — b|=|b — al, we have a * b = b x a. Thus, (Np, %) is commutative.

Hence, (Np, *) satisfies properties G2, G3 and G4.

Example 2.7. Let * be the binary operation defined on Z by a xb = a + b — 1 for a,b € Z, where the
operations indicated in a+b—1 are ordinary addition and subtraction. Determine which of the four properties
G1-G4 are satisfied by (Z, ).

e G1: Associativity:
For integers a, b, c, we have

ax(bxc)=ax(b+c—1)=a+(b+c—1)—1=a+b+c—2,
and
(axb)xc=(a+b—1)xc=(a+b—-1)+c—1=a+b+c—2.
15



Since a % (b ¢) = (a *b) * ¢, we conclude that (Z, x) is associative.
e G2: Identity:
Foranya€Z,ax1=a+1—1=a. Thus, 1 is an identity element for (Z, ).
e G3: Inverses:
Forae€Z,letb=—a+ 2 € Z. Then
axb=ax(—a+2)=a+(—a+2)—1=1.

Hence, b is an inverse of a, and every integer has an inverse.
e G4: Commutativity:
Sincea+b—1=0b+a—1, it follows that a x b = b a. Thus, (Z,*) is commutative.

Therefore, (7, ) satisfies all four properties G1, G2, G3, and G4.
Problem 2.1. Suppose that * is an associative binary operation on a set S. Let

T={aeS:a*xx=xxaforall ze S}

Prove that T is closed under x.
Solution 2.2. Let a,b € T. We now prove that a * b € T, that is,

(axb)xx=xx(axb) forallzes.
Since a,b € T, we have
axx=x*a and bxx=xxb forallxes.
We now consider
(axb)xx=ax(bxx) (by associativity of )
=ax*(zx*b)
= (axx)xb (by associativity of )
= (x*xa)*b
=z *(axb) (by associativity of ).
Thus, (axb)*xx=xzx(axb)forallz€ SandsoaxbeT.
Problem 2.2. Suppose that * is an associative and commutative binary operation on a set S. Let
T={acS:a*xa=a}.
Prove that T is closed under x.
Solution 2.3. Let a,b € T. We now prove that
(a*b)* (a*xb) =axb.
By the definition of T', we have
axa=a and bxb=b.
We now use associativity and commutativity of % and obtain
(axb)*(a*xb) =ax(bx(axb)
=ax*((bxa)xb
=ax*((axb)xb
=(ax*xa)*(bxb
=axb.
Thus, a*b €T and so T is closed under x*.
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Prasanna Mahesh Pawar 2 Binary Operations and Algebraic Structure

Problem 2.3. Let

A:[Z Z} B:[; ﬂe]\@(l@),

and define a binary operation * on Ms(R) by

A*B:[a—i—e—l b+ f ]

c+g d+h+1
Which of the properties G1-G4 are satisfied?

Solution 2.4. It is easy to see that the operation is closure, associativity and commutativity. An identity

element of M3(R) is E = B _OJ since Ax E = Ex A = A for all A € My(R). An inverse of

A= [‘C‘ Z] € My(R) is

—c —-d-2
since Ax A=' = A~ x A = E. Thus, the operation * will satisfy all the properties G1-G4.
Problem 2.4. For n > 2 and [a], [b] € Z,, the binary operation x is defined on Z,, by
[a] % [b] = [a+ b+ 1].
Which of the properties G1-G4 are satisfied?
Solution 2.5. The operation * satisfies the closure property since [a + b+ 1] € Z,,. Note that

(] * ) [d = la+b+ 1 %[ = [a+b+c+2]

A_1_|:2—CL —b :|

and
[a] « ([b] *x[c]) =[a] *[b+c+ 1] =[a+b+c+2].

Thus, * is associative. Next, we find an identity element. Suppose [e] is an identity element. Then
[a + e+ 1] = [a]. This implies that [e + 1] = [0] and so e = —1 (mod n). So [e] = [n — 1]. To verify this,
consider

[a] x[n—1]=[a+n—14+1] = [a+ n] = [q]
and

n—1]*[a]=[n—14+a+1] =[a+n|=a].
Thus, [n — 1] is an identity. Similarly, we can prove that an inverse of [a] is [n — 2 — a]. Finally, we check
the commutative property. Since

[a] * [b] = [a+b+ 1] =[b+a+ 1] = [b] x [a],
we conclude that * satisfies the commutative property. Thus, the operation * will satisfy all the properties
G1-G4.
Problem 2.5. Let

Is T' closed under
(a) matrix addition?
(b) matrix multiplication?

Solution 2.6. (a) Matrix Addition:
Let
A— aq —bl B— as —b2 ET
o b1 al ’ o bg a9 )
Then )
_lar+az —(b1+ b2
A+B_[bl+b2 ay + as ]GT'
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Thus, T is closed under matrix addition.
(b) Matrix Multiplication:

Let
|:(L1 —b1:| ’ B I:(IQ —b2:| T
b2 ag

Then

_ |arag —biby  —(a1ba + bras)
AB = [blaz +biaz  aiaz — bibo eI

Thus, T is closed under matrix multiplication.

3. Groups

“As long as algebra and geometry have been separated, their progress have been slow
and their uses limited; but when these two sciences have been united, they have lent each
mutual forces, and have marched together towards perfection.”

— Joseph-Louis Lagrange

Definition 3.1 (Semi-group). A semi-group is a non-empty set G with respect to a binary operation * that
satisfies the property G1.

Definition 3.2 (Monoid). A monoid is a non-empty set G with respect to a binary operation * that satisfies
the properties G1 and G2.

Definition 3.3 (Group). A group is a non-empty set G with respect to a binary operation * that satisfies
the properties G1, G2 and G3.

Definition 3.4 (Abelian group). A group (G, ) is called an abelian (or commutative) if it satisfies the
property G4.

Example 3.1. From Example 2.4 we can prove the following.

(1) The non-empty sets Z, Q, R and C are abelian groups with respect to the binary operation addition
+.

(2) The non-empty sets QT, RT, Q*, R* and C* are abelian groups with respect to the binary
operation multiplication x.

(3) (Zy,+n) is an abelian group.

(4) (M2(G),+) is an abelian group, where G = Z,Q, R, C and Z,,.

Example 3.2. The subset {1,—1,i,—1} of C is an abelian group with respect to complex multiplication
(—1 has self inverse, i has inverse —i and —i has inverse ).

Remark 3.1. Z* is not a group under multiplication because every non-zero integer except +1 does not
have an inverse in Z*. But it is a monoid.

Example 3.3. The set R" = {(a1,a9,...,a,) | a1,a2,...,a, € R} is a group under component-wise
addition, that is,

(ar,a2,...,an) + (b1,b2,...,by) = (a1 + b1,a0 + ba, ..., an + by).
Here, R™ has identify element (0,0,...,0) and inverse of (ay,ag,...,a,) is (—a1, —az,...,—ay).
Example 3.4. For a fixed point (a,b) € R?, we define a function Top: R? — R? by
Top(z,y) = (x+a,y+0).
Let
G ={Tup | a,beR}.
Then G forms a group under function composition. Note that

Ta,b S Tc,d = Ta+c,b+d-
18



Prasanna Mahesh Pawar 3 Groups

This implies that G is closed under composition, Tp g is the identity element, and the inverse of T, is
T_q,—p. Thus, G is an abelian group since function composition is always associative. The elements of G
are called translations.

Example 3.5 (Klein 4-Group). The Klein 4-group
Vi={a,b|a®>=0*=e, ab=ba) = {e,a,b,ab}
is an abelian group of order 4.
Example 3.6 (Quaternion Group). The quaternion group, denoted by s, is defined by
Qs ={1,-1,4,—i,5,—j, k,—k}

with the operation is quaternion multiplication, and the elements satisfy the following

i =2 =k? = ijk = —1.
From these identities, we have the following relations

ij=k, k=i, ki=j, ji=—k, kj=—i, ik=—j.
Problem 3.1. Let G = {z € R | 0 < x < 1}. For z,y € G, define
zxy:=fraclz+y)=z+y— |z +vy],

where |a| denotes the greatest integer less than or equal to a. Prove that x is a well-defined binary operation
on G, and that GG is an abelian group under * (called the real numbers mod 1).

Solution 3.1. First, we prove the operation x is well-defined. Let z,y € G. Then0 <z <land0 <y < 1.
This implies that 0 < z + y < 2 and so

0 ifz4+y<l,
lr+y] = {1 if 2 +y > 1.
Therefore,
zxy=x+y—|z+y|€l01).
Thus, * satisfies the closure property.
Let z,y,z € G. Define frac(a) = a — |a]. Then we obtain
(x*xy) * z = frac(frac(z + y) + 2) = frac(x + y + 2)
and
x* (y* z) = frac(x + frac(y + 2)) = frac(z + y + 2).
Thus,
(x*xy)xz=xx(yx*2)
and conclude that * is associative.
Next, we prove that 0 € GG is the identity. Let x € G. Then we have
x * 0 = frac(z + 0) = frac(z) = =
and
0 * x = frac(0 + z) = frac(z) = =.
Thus, 0 is the identity element.

Finally, we prove the existence of inverse of elements of G. Let x € G, definey=1—zifz > 0,andy =0
if £ =0. Then 0 <y < 1. This shows that y € G, and hence

xxy = frac(z +y) = 0.
Thus, y =1 — x is the inverse of z in G.
Let z,y € G. Then we have
xxy =frac(zx +y) =frac(y + =) = y x x.
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Thus, * is commutative and conclude that (G, ) is an abelian group.
Problem 3.2. Let
G={2€C|2"=1forsomencZ}.

(a) Prove that G is a group under multiplication (called the group of roots of unity in C).
(b) Prove that G is not a group under addition.
Solution 3.2. (a) ltis clear that, G is closed under multiplication and satisfies the associative property.

Note that the element 1 € G is the identity element. The inverse of z € G is % Thus, G is a
group under multiplication.

(b) Note that, 1 €« Gand -1 € G, but 1 —1=0¢ G. Thus, G is not a group under addition.
Problem 3.3. Let

G={a+b/2€cR]|a,bcQ}.
Then

(a) G is a group under addition.
(b) the non-zero elements of G form a group under multiplication.
Solution 3.3. (a) First, we prove that G is a group under addition.
e Closure: Let x = a+bv2,y = ¢+ dv2 € G, where a,b,¢,d € Q. Then

z+y=(a+c)+ (b+d)V2.

Thus, x +y € G.
e Associativity: It is clear that associativity holds in G since G C R.
e Identity: The additive identity of G is 0 since a +bv2 = 0+ a + bv/2 = a + by/2 for all
a+bv/2€q.
e Inverses: The additive inverse of z = a + bv/2 is —x = —a — b\/2.
Thus, GG is a group under addition.
(b) Next, we prove that non-zero elements of G form a group under multiplication. Denote G* the
set of all non-zero elements of G.

G*={a+bV/2€cR|a,beQ,a+bv/2#0}
Closure: Let x = a + b2 and y = ¢ + dv/2 be in G*. Then we have
zy = (a+bv2)(c + dV?2) = (ac+ 2bd) + (ad + bc) V2,

where ac + 2bd € Q and ad + bc € Q. Thus, zy € G* as x,y are non-zero.

Associativity: Associativity follows from associativity of real numbers under multiplication.
Identity: The multiplicative identity of G* is 1.

Inverses: Let = a + bv/2 € G, with a,b € Q and z = 0.Then the inverse of x is

1 1 a—bv2

T a+b/2 a?—2b

since a® — 2b% # 0.
Thus, the set G* is a group under multiplication.

Problem 3.4. Let
a b
G—{[O 0} a,bER,a;ﬁO}.

Prove or disprove: G is a group under matrix multiplication.

Solution 3.4. We have to check whether GG is a group under matrix multiplication.

1. Closure: Let
_la b ,|ad Y
acfp . wefl Yea
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, la bl ld V|
AdT= [0 0] [0 0|

Thus, G is closed under multiplication.
2. Associativity: It is clear that the operation is associative.

3. Identity: Identity element does not exist in G.
4. Inverses: Inverse property is not true as identity element does not exist in G.

Then

aa’  ab/
0 0

<

4. Properties of Groups

“Algebra is but written geometry and geometry is but figured algebra.”
— Sophie Germain
We call G a group, which means it is a group with respect to *. Also we write ab for a * b.
Proposition 4.1 (Cancellation Laws). Let G be a group and a,b,c € G.
(1) f axb=axc, then b = c (The Left Cancellation Law).
(2) If bxa = c*a, then b = ¢ (The Right Cancellation Law).

PROOF. Assume that a xb = a * c. Let s be an inverse of a. Then
sx(axb) =sx%(axc).
By the associativity law, we have

sx(axb)=(sxa)xb=exb="»b

and
sk (axc)=(s*xa)*xc=ex*xc=c.
Thus, b=rc.
Similarly, we can prove the right cancellation law. O

Proposition 4.2 (Uniqueness of Identity and Inverse). Let G be a group. Then

(a) G has a unique identity element.
(b) Each element in G has a unique inverse.

PROOF. Assume that e and €’ are two identity elements in G. Since ¢ is an identity, ee’ = ¢/, and since
¢’ is an identity, ee’ = e. Thus, e = ee/ = ¢’. This proves part (a).

Next, we prove the uniqueness of inverses. Let g € G. Suppose that s and ¢ are both inverses of g. Then
gs = sg = e and gt = tg = e. Since gs = gt and by the Left Cancellation Law, we have s = t. This proves
part (b). O

Proposition 4.3. Let G be a group and a € G. Then (a™ )~ = a.

PROOF. Note that aa™' = a~'a = e, where a™! is the inverse of a. This implies that a is the inverse
of a=! (replacing a by a=1). Thatis, (a= 1)~ = a. O

Proposition 4.4. Let GG be a group and a,b € G. Then
(ab)~t =b"taL.
PROOF. To prove b='a~! is the inverse of ab, it enough to verify that

(ab)(bla ) =e and (b 'a"1)(ab) =e.
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Consider

Similarly, we can prove (b~ ta"!)(ab) = e. O
Definition 4.1 (Order of a Group). The number of elements of a group G (finite or infinite) is called the
order of G. We use |G| to denote the order of the group G.

Definition 4.2 (Order of an Element). The order of an element G in a group G is the smallest positive
integer K such that

g =e.
(In additive notation, this would be kg = 0.) If no such integer exists, we say that G has infinite order.
The order of an element g € G is denoted by |g|.
Problem 4.1. Suppose that G is a finite abelian group of order n, say G = {g1,92,...,9n}. Let

What is g?

Solution 4.1. Let a = g1g2--- g,. Then g = a®. As G is abelian, the product a does not depend on the
order of multiplication. We now pair each element g; € G with its inverse gz._l. If g; # gi_l, then the
product gigi_1 =e. If g, = gi_l, then gf = e. Next, we use the commutative property and obtain that

a = H gi.

9:€G, gi=g; "

g=a’= [ d=e
9:€G, gi=g; "
Problem 4.2. Let x € G and |z|=n < co. If n = st for some s, € N, then prove that |z®|=t.
Solution 4.2. Let x € G with |z|=n. Let n = st. Then

This implies that

(xS)t — .TSt — :L,n — e.

This implies that (z°)! = e. That is,

x®| divides t. Suppose that |z°|=d < t. Then
(2%)8 = 2% = e.
This implies that 2°? = e. Thus, n | sd. Since n = st, we have ¢ | d. This is a contradiction to d < ¢ and
d,t € Z*. Thus, we conclude that |z°|= t.
Problem 4.3. Let G be a group with 22 = 1 for all 2 € G. Then G is abelian.

Solution 4.3. Note that 22 = 1 implies that z is its own inverse. Let a,b € G. We now prove that ab = ba.
Consider aba='b~! = abab as a™! = a and b=! = b. Since (ab)?> = 1, we have abab = 1. Therefore,
ab=0b"ta"! = ba. Thus, ab = ba for all a,b € G, and therefore G is abelian.

Problem 4.4. Let G be a finite group of even order. Then G contains an element of order 2.
Solution 4.4. Let G be a finite group with |G| even. Let e € G be the identity element. Then |G\ {e}| is

odd. We now consider every element g € G \ {e} and its inverse g~!. Note that, if g # ¢g~!, then G and

g~ ! are distinct and can be paired. Otherwise, we have g = ¢!, which implies that g?> = e. Therefore,
lgl= 2.
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Suppose that there is no element = # e in G of order 2. Then g € G\ {e} satisfies g # g~! for all
x € G\ {e}. Also every element in G\ {e} can be paired off with its distinct inverses. Hence, |G \ {e}| is
even. This is a contradiction to |G\ {e}| is odd. Therefore, there exists g € G\ {e} such that g = g~L.
This implies that g> = e, where g # e. Thus, the order of G is 2.

Problem 4.5. Let = be an element of finite order n in a group G. Use the Division Algorithm to show that
any integral power of x equals one of the elements in the set

{1,z,2%,... 2" 1},
Solution 4.5. Let x € GG be an element of finite order n, and m € Z. By the division algorithm, there exist
unique integers ¢ and R such that
m=nqg—+r, where(0<7r<n.
Consider
= anJrr — M. T — (ajn)q ot =19 4" = 4",
Since 0 < 7 < n, we conclude that 2™ € {1,z,22,..., 2" 1}

1

Problem 4.6. Let a and b be two elements in a group G. Prove that if a and b commute, then ¢~ and

b—! commute.
Solution 4.6. Assume that ab = ba. Then
(ab)™" = (ba)~"
b la ' =a 1.
Thus, ! and b= commute.

Problem 4.7. Let (G, %) be a group and let a,b,c € G. Prove that each of the following equations has a
unique solution for x in G and determine the solution.

(a) axxxb=c
(b) axbxx=c
Solution 4.7. (a) Consider the equation a x x * b = c. By multiplying a™! on both sides (on the left), we

obtain

a tx(axzxb) =a ke

1 1 1

Using associativity and the identity a™" % a = e, we obtain (exx)*b=a""*candsox*b=a"" *c.
We now multiply both sides on the right by b=! and get

(zxb)xb = (a"txc)xb L
This implies that 2 % (b b~!) =a" ' xcxb~! and so

Lyexb 1,

rT=a
Uniqueness: Suppose x1 and x5 are two solutions such that
a*xx1*b=c and axx9xb=rc.
Then a * 21 % b = a * xo * b. Multiply both sides on the left by a~! and on the right by b=!, we get
a Vs (axay xb) kbt =a"x (axzgxb) kb !
Using associativity and the inverse properties, we obtain
T1 = Ta.
Thus, the solution is unique.

(b) Consider the equation
axbxx=c.

By multiplying (a * b)~! on both sides (on the left), we get
(axb) P x(axbxx)=(axb) xc
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Using associativity and the identity (a * b) ™! % (a * b) = e, we obtain

exz=(axb)lxc andso z=(axb)lxec
Uniqueness: Suppose x1 and x5 are two solutions such that

axbxxry=c and axbxxy=rc.

Then a * b * x1 = a * b * 5. Multiply both sides on the left by (a * b)~!, we get

(axb) tx(axbxx) = (axb) Lk (axbx* ).
Using associativity and the inverse properties, we obtain

1 = Z2.

Thus, the solution is unique.

Problem 4.8. Let a,b € G with ab = ba. Then prove that (ab)™ = a"b" for every n € Z.

Solution 4.8. Case 1: For n = 0, we have (ab)? = e = a%°.

Case 2: Assume that n > 0. In this case, we prove this by induction on n. For n = 1, we have (ab)! =
ab = a'bl.
Inductive step: Assume (ab)* = a*b* for some k > 1. Then
(ab)**t = (ab)*(ab) = a*bFab.
Since a and b are commuting elements of GG, we have
aFvFab = aFab®b = oF PR
Thus, (ab)k*! = a* 15+ for all n € N,
Case 3: Assume that n < 0. Let n = —m, where m > 0. Then
(ab)"™ = (ab)™™ = ((ab)™) "
From case 2, we have (ab)™ = a™b™ and so (ab)™™ = (a™b™)~ L. Since (zy)~! =y 'z~!, we get
(@™™) "t = (™) a™)Tt = b ™™,
As a and b commute, their inverses also commute. Therefore,
b""a ™ =a"""0"™" = a"b".

Therefore, (ab)™ = a™b" for all n < 0. Thus, for all n € Z, we have (ab)” = a™b".

5. Dihedral Groups

“Algebra is but written geometry and geometry is but figured algebra.”
— Sophie Germain

Historical notes: Dihedral groups show how ideas from geometry developed into modern abstract algebra.
Around 300 BC, the Greek mathematician Euclid studied regular polygons and their symmetries in his
Elements, giving early ideas of rotations and reflections. In the eighteenth century, especially between 1730
and 1780, mathematicians such as Euler and Lagrange studied symmetries through permutations while
working on algebraic equations. A major change came in the nineteenth century with Evariste Galois, who
between 1830 and 1832 introduced the concept of a group to describe symmetry in algebraic terms. Soon
after, Augustin—Louis Cauchy made significant contributions to permutation groups between 1815 and 1845.
In 1854, Arthur Cayley gave an abstract definition of groups, independent of geometry. Dihedral groups
then became standard examples of finite groups that are not commutative. They helped clarify ideas such
as generators and relations. By the late nineteenth century, around 1880-1900, they were widely used in
group theory texts. Today, dihedral groups connect geometric symmetry with abstract algebra and play an
important role in learning group theory.
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One of the most important families of examples of groups is given by symmetries of geometric objects. In
particular, the symmetries of a regular n-gon provide one of the simplest and most natural examples of
a group. With composition as the operation, these symmetries form a group consisting of rotations and
reflections, known as the dihedral group.

Constructions: Let n > 3 be an integer. Define Dy, as the symmetry set of a regular n-gon (here symmetry
refers to rotation or reflection) that maps the n-gon onto itself. To describe the symmetries, we label the n
vertices of the n-gon with the set {1,2,3,...,n}. Note that any symmetry s € Ds,, induces a permutation
o on these vertices as follows: if a vertex i is moved to the position originally occupied by vertex j, then
o(i) = j. For example, a rotation by %’T radians clockwise maps ¢ — ¢+ 1for 1 <¢<n—1, and n— 1.
The set Do, is a group under composition of functions. For any symmetries s,t € Ds,, the composition st
means applying t first, then s. That is, if s and ¢ correspond to permutations o and 7, then st corresponds
to o o 7. Note that this operation is associative since function composition is associative. Also Dy, with
respect to the operation composition satisfies the following properties.

e G2: The identity element of Dy, is the identity symmetry, which fixes all vertices. We denote the
identity by 1.
e G3: The inverse of a symmetry s is the symmetry that exactly reverses the effect of s. That is, if
s induces permutation o, then its inverse induces o 1.
We now prove that the order of Do, is equal to 2n. For this, given any vertex i, there is a symmetry which
maps 1 to position 7. Note that vertex 2 is adjacent to vertex 1, it must map to either i +1 or i — 1 (modulo
n). Therefore, there are n - 2 = 2n distinct positions for the ordered pair (1,2), each corresponding to a
unique symmetry. Since rigid motions are completely determined by the images of two adjacent vertices,
we have exactly 2n symmetries.

More preciously, the 2n symmetries are as follows:
e 1 rotations by angles % for0<i<n-—1,
e 1 reflections across symmetry axes:
(a) Suppose n is odd. Then for each axis passes through a vertex and the midpoint of the opposite
side.
(b) Syppgse n i.s even. Then t.here are 4 axes through pairs of opposite vertices and 5 axes
bisecting pairs of opposite sides.

Definition 5.1 (Dihedral Group). The set Ds, is called the dihedral group of order 2n. Some authors
denote this group as D,,.

Fix a regular n-gon centred at (0,0) in the zy plane. We label the n vertices from 1 to n (consecutively)
in a clockwise direction. Let r denote the rotation about the origin in the clockwise direction through an
angle of %’T radians. Let s be represent the reflection across the line of symmetry that passes through vertex
1 and the (0,0). Then

(1) the elements 1,7,72,... 7
(2) [sl=2.

(3) s # 1! for any i.

(4)

4) srt +# sri for every 0 < i, < n — 1 with i # j. Therefore,

n—1 5re all distinct and 7™ = 1. Thus, |r|=n.

Doy = {1,772, .. 7" s s s L srm T
(5) rs = sr— L.
(6) ris = sr~ forall 0 <i < n.
From the above relations, we can write
Dy, = {r,s | =s%=e, rs = sr_l}.

Problem 5.1. If n = 4, then describe in pictures or words the elements of Dy, (symmetries of an equilateral
triangle).
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Solution 5.1. The group Ds, is the group of symmetries of a regular n-gon. For n = 4, Dg is the symmetry
group of a square. The elements of Dg are 4 rotations and 4 reflections as below.

(1) 4 rotations:
e 0 = id: identity element
e R: rotation by 90°
e 72: rotation by 180°
e 73: rotation by 270°
(2) 4 reflections:
e S: reflection over the vertical axis
e sr: reflection over the diagonal from top-left to bottom-right
e sr2: reflection over the horizontal axis

e sr3: reflection over the diagonal from top-right to bottom-left

Note that these elements satisfy the relations 74 = ¢, s?>=e, sr=r"ls.

Geometric interpretations:

Identity r° 90° Rotation r 180° Rotation 72 270° Rotation 73

A B B C Cc D D A

D C A D B A C B
Reflection s (vertical Reflection sr Reflection sr2 Reflection sr3
axis) (diagonal A-C) (horizontal axis) (diagonal B-D)

B A A D D C C B

Cc D B C A B D A

Problem 5.2. If n = 5, then describe in pictures or words the elements of Da,, (symmetries of a regular
pentagon).

Solution 5.2. The group D1 of order 10 describes the symmetries of a regular pentagon as below.
(1) Rotations: The rotations are e = identity, r = rotation by 72°, r? = rotation by 144°, 13 =
rotation by 216°, r* = rotation by 288° and r® = e.
(2) Reflections: The Reflections are s, sr, s72, sr3, sr4, where s2 = e and srs = r~L.
Geometric interpretations:

26



Prasanna Mahesh Pawar 6 Symmetric Groups

A B C r? r3 D E
E B A C B D C E D
r 7"4
D C E D A E B A C B
&
A B C g2 sr3 D E
E B A C B D C E D
o= ST 87'4 -7
D ! C E D A E B A C B

S
Problem 5.3. If r1, ro, and r3 represent rotations from Do, and si, s2, and s3 represent reflections from
D>,,, determine whether rir9517359537r3 is a rotation or a reflection.
Solution 5.3. We use the following properties of the dihedral group Dy, to find riros1r3s08373.

e The product of two rotations is again a rotation.
e The product of two reflections is a rotation.
e The product of a rotation and a reflection (in either order) is a reflection.

We now consider r1795173825373. Note that
7119 = rotation
(rotation) - s1 = reflection

(reflection) - r3 = reflection

s3 = reflection

) .
) .
(reflection) - so = rotation
(rotation) -
) .

(reflection) - r3 = reflection.

Hence, the element r1rys1r3595373 is a reflection.

6. Symmetric Groups

“Symmetry, as wide or as narrow as you may define its meaning, is one idea by which
man through the ages has tried to comprehend and create order, beauty, and perfection.”

— Hermann Weyl [7]

In this section, we study a particular class of groups known as permutation groups, which consist of
functions from a non-empty set A to itself, and the operation is the composition of functions.

Historical note: During the early and mid-19th century, mathematicians primarily studied permutation
groups, because these were the only examples known at the time. The concept of abstract group was first
introduced by Cayley around 1850, but it took almost 25 years for the abstract group theory to become
widely accepted in mathematics.

Let A be any non-empty set and S4 be the collection of all bijections (permutations) from A to A. The set
S 4 satisfies the following properties with respect to the operation function composition.

e Function composition is a binary operation on S4 because the composition of two bijections is
also a bijection.
e Function composition is associative. Thatis, (fog)oh = fo(goh) forall f,g,h € Sx.
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e The identity element in S4 is the identity permutation id, where id(a) = a for all a € A.
e Every permutation o € S4 has the inverse c ' ascoo ' =0 loo =1.

Thus, (Sy,0) satisfies all group axioms and forms a group under function composition. The group Sy is
called the symmetric group (or permutation group) on the set A.

We now consider the special case when A = {1,2,3,...,n}. The symmetric group on A is denoted by S,,
and we call S, as the symmetric group of degree n.

6.1. Finding the order of S,4: Consider the permutations of the set A = {1,2,3,...,n}. It is enough
to count the number of injective functions from A to itself, as A is a finite set. The number of injective
functions can be counted as follows.

e The element 1 can be map to any of the n elements.
e 2 can be map to the remaining n — 1 elements.
e 3 can be map to the remaining n — 2 elements, and so on.

This implies that the total number of permutations is
n-(n—1-n-2)...2-1=nl
Thus,

Spl=nl!.

6.2. Cycle Decomposition: For every element o € S,,, we write ¢ in the cycle notation. A cycle is
a string of integers that represents a permutation which cyclically permutes these integers while leaving
all other integers fixed. For example, the cycle (1 3 4 5) is the permutation that maps 1 — 3, 3 — 4,
4 — 5, and 5 — 1. In general, the cycle (a1 a2 ... aj) represents the permutation that sends a; to ;11
for 1 <i <k —1, and sends ai to a;. Note that every permutation o € S,, can be written as a product of
disjoint cycles. This product of is called the cycle decomposition of o.

6.3. Finding Inverse of Cycle Decomposition: For any o € S,,, the cycle decomposition of o~ ! is
obtained by reversing the order of the numbers in each cycle of the cycle decomposition of o. For example,
if

c=(128104)(213)(517)(69),
then
ol =(410812)(132)(715)(96).

6.4. Computing Products in S4: To compute the product (here the operation is composition) o o T
of permutations o and 7 in S, to an element i € {1,2,...,n} we calculate from right to left. That is, we
calculate 7(i) and then calculate o(7(i)). For example,

(12)(13)=(132) and (13)(12)=(123).

Remark 6.1. The above calculations show that S is a non-abelian group for every n > 3.

Note 6.1. (1) A permutation in S4 may be written in many ways as a product of cycles, but the
cycle decomposition of each permutation is unique (up to rearranging the cycles and cyclically
permuting the elements within each cycle).

(2) The order of a permutation o is the least common multiple [.c.m of the lengths of the cycles in
its cycle decomposition.

Proposition 6.1. Let 0,7 be elements of the symmetric group S, and suppose ¢ has cycle decomposition
(arag ... ak) (b1ba ... bg,) -
Then 707! has cycle decomposition

(t(a1) m(a2) ... 7(ak,)) (1(b1) 7(b2) ... T(biy)) ---
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PROOF. Note that (i) = j implies that

ror L (r(i)) = 7(0(i)) = 7)),

Therefore, if (i,7) appears in the cycle decomposition of o, then (7(i),7(j)) appears in the cycle decom-
position of 7o~ This implies that 707! is obtained by applying 7 to each element in the cycles of

o. U

Problem 6.1. Let o be the permutation defined by

113, 2+ 2, 3 — 15, 4+ 14, 5+ 10,

6 — 6, 7= 12 83, 94, 10— 1,

11— 17, 12— 9, 13— 5, 14 — 11, 15 — 8,
and let 7 be the permutation defined by

1+— 14, 29, 3 — 10, 44— 2, 5 12,

6 — 6, 75, 8 — 11, 9— 15, 10 — 3,

11+ 8, 127, 134, 14+ 1, 15— 13.

Then find the cycle decompositions of o, 7, 02, o, 70, and 720.
Solution 6.1. Note that

0c=(113510)(3158)(414117129)(2)(6) and 7= (114)(2915134)(310)(5127)(811)(6).
Then we have
ol = (15)(1310)(3815)(41112)(1479)(2)(6),
or=(1113)(24)(59871015)(1314)(6)(12),
7o =(14)(29)(3131215115)(81014)(6)(7),

720 = (1215834141112137510)(6)(9).

Problem 6.2. Let o be the m-cycle (12 ... m). Show that ¢’ is also an m-cycle if and only if i is relatively
prime to m.

Solution 6.2. Let 0 = (1 2 ... m). Then we consider the map o maps k +— k+1 (mod m). This implies
that

o'(k)=k+i (modm).
Assume that ¢* is an m-cycle. Then the elements
1,0'(1),0%(1),...,0m=Di(1)
are distinct. This is only possible if the values 7,24, ..., mi modulo m are all distinct. Thus, ged (i, m) = 1.
Conversely, assume that ged(i,m) = 1. Then the map k — k +i (mod m) generates all residues modulo
m. Thus, ¢* is a single m-cycle.

Problem 6.3. Prove that the order of an element in S, is equal to the least common multiple of the lengths
of each cycle in its cycle decomposition.

Solution 6.3. Let o € S,,. Assume that ¢ = 172 - - - &, where each ~; is a disjoint cycle of length ¢;. Then
o has disjoint cycle decomposition. Since disjoint cycles commute, we have

m

o™ = (my2 )" =W

Since each cycle 7; has order ¢;, we have 7" = id if and only if ¢; | m. Therefore, ¢ = id if and only if
m is a common multiple of all Z;. Thus,

|0": lcm(€1,€2, AN ,fk).
Problem 6.4. Find the order of the permutation (11 2 8 10 4)(21 3)(5 11 7)(6 9).
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Solution 6.4. Let 0 = (11 28 10 4)(21 3)(5 11 7)(6 9). We now compute the disjoint cycle decomposition
of the permutation
oc=(281047511)(321)(69).
We now find the order of the permutation, which is the least common multiple of the lengths of the disjoint
cycles. Thus, the order of o given by
lo|=1lecm(7,2,2) = 14.
Problem 6.5. Show that if n > 4, then the number of permutations in S,, which are the product of two
disjoint 2-cycles is
n(n—1)(n—2)(n —3)
8
Solution 6.5. Note that the permutation is of the form (a b)(c d), where a,b, ¢, d are distinct, are disjoint
2-cycles. Therefore, we have the following possibility

e First, the possibility of choosing 4 distinct elements out of n is (7).
e Then count the number of ways to partition the 4 elements into two disjoint 2-cycles. There are

1 4_16_3
2 \2) 2 =

such ways (we divide by 2 to account for the fact that the order of the two 2-cycles doesn’t matter).
Thus, the number of permutations in S, which are the product of two disjoint 2-cycles is

n n(n—1)(n —2)(n —3) n(n—1)(n —2)(n —3)
(4) 3= 24 8= 8 '
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CHAPTER 2
Subgroups

“Mathematics, rightly viewed, possesses not only truth but supreme beauty "
— Bertrand Russell

In this chapter, we study and explore subgroups of a group, which are subsets that themselves form
groups under the same operation. Also we study the concepts of generator of a group, cyclic groups,
Centralizers and Normalizers, Stabilizers and Kernels. A selection of examples and exercises in this chapter
is based on material from [3].

1. Subgroups and Examples
Definition 1.1 (Subgroup). Let G be a group and H be a subset of G. If H is a group under the operation
of GG, then H is called a subgroup of G and denote it by H < G.

Example 1.1. Any group G has two subgroups H = G and H = {e}, where ¢ is the identity element of G.
If H = {e} is called the trivial subgroup. If H # G is a subgroup of G, then H is called a proper subgroup
or non-trivial subgroup of G and denote it by H < G.

Example 1.2. (a) The group (2Z,+) of even integers under addition is a subgroup of (Z,+). That
is, (2Z,4) < (Z,+).
(b) The group (Z,+) is a subgroup of (Q,+) and (Q,+) is a subgroup of (R,+). That is, (Z,+) <
(@Q +) < (R,+).
Note 1.1. The relation “is a subgroup of” is transitive: if H < G and K < H, then K < G. Thus, (Z,+)
is a subgroup of (R, +).
Proposition 1.1 (The Subgroup Test). Let G be a group and H be a subset of G. Then H is a subgroup
of G if and only if

(a) H#0, and
(b) xy~t € H for all z,y € H.

Furthermore, if H is a finite set, then it is enough to check that H is non-empty and closed under the same
operation on G.

PROOF. Assume that H is a subgroup of G. Then it is clear that (a) and (b) hold true.

Conversely, assume that H < G satisfies conditions (a) and (b). Let z € H as H # () . Take y = z in (b),
then
zz 'l =eeH.
This shows that the identity element e € H. Let z € H. By (b) with y = e € H, we get
e l=zxe H,
and with z = e,y = z, we obtain
ez t=z"teH.
Next, let z,y € H. Since y~' € H and by (b), we obtain
z(y )t =xyc H.
Hence, H is closed under multiplication. Clearly, the associative property holds true in H. Thus, H is a
subgroup of G.
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Let H be a finite subset of G which is closed under multiplication and x € H. Note that the sequence

x,z2, 23, ... must eventually repeat. So there exist integers a < b such that 2* = zb. Take n = b — a, then
2" =e and 2"~ ! = 27! € H. Thus, every element of H has an inverse in H, and hence H is also closed
under inverses and is a subgroup of G. O

Problem 1.1. Let

H:{[a b] :a,b,ceR}.
c 0

Then (H,+) is a subgroup of (My(R),+).
Solution 1.1. From the subgroup test, it is enough to show that H # () and forall A, Be€ H, A— B € H.
It is clear that H # () as a,b,c € R # ().

Let
a1 ae b1 b2
A
where a;,b; € R for 1 <4 < 3. Then

ar +br az+ by

A+B:[a3+bg 0

] e
and the inverse of A under addition is

—A= [_al _ag] € H.
—as 0

Thus, by the subgroup test, H is a subgroup of Ms(R).
Problem 1.2. Let GG be an abelian group with identity element e. Define

H={zecG|z*=e¢}.
Then H is a subgroup of G.
Solution 1.2. Note that 2 = e¢-e = ¢, so e € H and H is non-empty. Now let a,b € H. Then a? = e and
b? = e. We now prove that ab~! € H. That is,

(ab™1)? =e.
Since G is abelian, we have
(ab )2 =ab tab~t = a? (b7 1) = 2 (*) L.

As a® = e and b = e, we have

a2 t=e-el=e
Thus, ab~! € H, and by the subgroup test, H is a subgroup of G.

Problem 1.3. Prove that the following subset is not a subgroup of the given group.
(a) For n > 3, the set of 2-cycles in S,,.
(b) For n > 3, the set of reflections in Da,,.
(c) Given a composite integer n > 1 and G a group containing an element of order n, the set

{r e G| |z|=n}U{l}.
(d) The set of odd integers (both positive and negative integers) in Z with 0.
(e) The set of real numbers whose square is a rational number (under addition).

Solution 1.3. (a) The set of all 2-cycles is not a subgroup of S, since (1 2) and (2 3) are 2-cycle but
(1 2)(23) = (123)is not a 2-cycle. Thus, the set is not closed under composition, and so it is not a
subgroup.

(b) Note that the product of two reflections in Ds,, is a rotation (not a reflection) unless the reflections are
the same. Thus, the set of all reflections is not a subgroup of Ds,,.

(c) Let n = ab and x be an element of G with |x|=n. Then z% # 1, and |[z%|=b < n, so 2* ¢ {z € G |
|z|=mn}U{1}. Thus, it is not a subgroup as it is not closed.
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(d) Clearly, it is not a subgroup of Z as 1 and 3 are odd integers but 1 +3 = 4 is even. Thus, the set is not
closed under addition and is not a subgroup.

(e) We prove that the set {x € R | 22 € Q} is not a subgroup of R under addition. Let 2 = /2 and

y=+/3. Then 22 =2 € Q and 32 = 3 € Q. This implies that
(z+y)?=a>+22y+1y>=2+3+2V/6=5+2V6

is irrational. Therefore, x + y is not in the set. Thus, the set is not a subgroup of R under addition.

Problem 1.4. Let G be an abelian group. Then prove that the set {g € G | |g|< oo} is a subgroup of G.
This subgroup H of H is called the torsion subgroup of G. Give an explicit example where this set is not a
subgroup when G is non-abelian.

Solution 1.4. It is clear that the identity element e € T'(G). Let g € T(G) with |g|= n for some n € N.
Then g" =e and (g7 1) = (¢")"! = e ! =e. Thus, g~ ! has finite order and g~! € T(Q).

Next, let g,h € T(G) with |g|=m and |h|=n. Since G is abelian, we can write
Therefore, gh has finite order dividing mn and gh € T(G). Thus, T(G) is a subgroup of G by the subgroup
test.

Counterexample when G is non-abelian. Consider the non-abelian group G = GL2(Q). Let

a= (V) m= ().

Then the order of A is 4, and the order of B is 3. But the product AB = (0 1

Problem 1.5. Let H and K be subgroups of G. Prove that H U K is a subgroup if and only if either
H<KoK<H.

Solution 1.5. Assume that HUK < (G.Suppose that neither H C K nor K C H. Then there exist elements
he H\K and k€ K\ H. As h,k € HUK and H U K is a subgroup, it follows that hk € H U K.
If hk € H, then k = h=!(hk) € H as h~! € H, which is a contradiction to k ¢ H. If hk € K, then
h = (hk)k~! € K as k=! € K, which is a contradiction to h ¢ K. Therefore, we conclude that H C K or
K CH.

Conversely, assume that H C K. Then H U K = K is a subgroup. Similarly, if K C H, then HUK = H
is also a subgroup.

1 1) has infinite order.

Problem 1.6. Let A and B be groups. Prove that the following sets are subgroups of the direct product
A x B.

(a) {(a,1) | a € A}.
(b) {(1,b) | b € B}.

(c) {(a,a) | a € A}, where here we assume B = A (called the diagonal subgroup).
Solution 1.6. Let A and B be groups. We use the subgroup test to prove that the above subsets of A x B
are subgroups.

(a) Let H ={(a,1) | a € A}. Then
e The identity (1,1) € H.
o If (al, 1), (az, 1) € H, then (al, 1)(@2, 1) = (alag, 1) € H.
e The inverse of (a,1) is (a™1,1) € H.
Thus, H is a subgroup of A x B.
(b) Let K = {(1,b) | b€ B}. Then
e The identity (1,1) € K.
o If (1,1)1), (1,b2) € K, then (1,()1)(1,()2) = (1,1)1[)2) € K.
e The inverse of (1,b) is (1,b7!) € K.
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Thus, K is a subgroup of A x B.

(c) Let A= B and S ={(a,a) | a € A}. Then
e The identity (1,1) € S.
o If (a1,a1), (az,az) € S, then (a1, a1)(az,az) = (a1az,a1a2) € S.
e The inverse of (a,a) is (a=!,a™t) € S.

Thus, S is a subgroup of A x A.

Problem 1.7. Let H; < Hy < --- be an ascending chain of subgroups of G. Prove that |J;2, H; is a
subgroup of G.

Solution 1.7. Let H; < Hs < --- be an ascending chain of subgroups of G. Define

o
H = U H,.
=1

We prove that H is a subgroup of G. Since each H; is a subgroup, it contains the identity element e of G.
Thus, e € H; for all 4, and therefore ¢ € H. Hence, H # (). Let a,b € H. Then there exist m,n € N such
that a € Hy, and b € H,. Without loss of generality, assume m < n. Since the chain is ascending, we have

H,, C H,.
This implies that a,b € H,,. As H, is a subgroup, it follows that ab € H, C H.

Let a € H. Then a € H,, for some m € N. Since H,, is a subgroup, we have a=! € H,, C H. Thus, H is
a subgroup of G by the subgroup test.

Problem 1.8. Let G = GL,,(F), where ' =R or C. Define

SL,(F)={A € GL,(F) | det(A) =1}
(called the special linear group). Prove that SL,,(F') < GL,,(F').
Solution 1.8. It is clear that, SL,,(F) # () as the identity matrix I € SL,,(F).

Let A, B € SL,(F). Then
det(AB) =det(A)det(B) =1-1=1.
This implies that AB € SL,,(F).

Let A € SL,(F). Then det(A™1) = det(4)™* =171 =1 and so A~! € SL,,(F). Therefore, SL,,(F) is a
subgroup of GL,,(F') by the subgroup test.

Problem 1.9. Let n € Z* and let F' =R or C. Prove that the set
{(aij) € GLn(F) | a;j = 0 for all i > j}
is a subgroup of GL,,(F') (called the group of upper triangular matrices).
Solution 1.9. Let F =R or C and n € Z". Define
Un(F) ={A = (aij) € GLp(F)|a;; =0 for all i > j}.
Since the identity matrix I,, € GL,,(F') is upper triangular, we have I,, € U, (F).
Let A = (a;j), B = (bij) € U, (F). Consider C = AB = (c¢;j), where

n
cij =Y aipbpj.
k=1

Let ¢ > j. If K <4, then a;;, = 0, since A is upper triangular. If k& > j, then by; = 0 since B is upper
triangular. This implies that a;;b;; = 0 and ¢;; = 0 when ¢ > j. Therefore, C' is upper triangular. Since
GL,,(F) is closed under multiplication, C' € GL,,(F'). Thus, AB € U,(F).

Let A € U,(F). Then A is invertible and upper triangular. Note that the inverse of an invertible upper
triangular matrix is also upper triangular. Hence, A=! € U,,(F). Thus, U, (F) is a subgroup of GL,(F) by
the subgroup test.
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2. Centralizers and Normalizers

Let G be a group and A be a non-empty subset G.
Definition 2.1 (Centralizer). The subset

Ca(A) ={g€G|gag™t =aforalla € A}

1

of G is called the centralizer of A in G. Note that gag™ = a if and only if ga = ag.

Let a be a fixed element of a group G. Then the set
Cala) ={g € G| gag" =a}
is called the centralizer of a in G.

Proposition 2.1. The subset C(A) is a subgroup of G.

PROOF. Since ea = ae for all a € G, we have e € C(A) and so C(A) # 0. Let z,y € Cg(A). Then

zar ' =a and yay ' =aforallac A

This implies that a = y~'ay and y~! € Cg(A). Next, we consider
(zy)a(zy) " = (zy)aly 'z~
= z(yay )z
= zaz~' (since y € Cg(A))
=a (since z € Cg(A)).
Thus, zy € Cz(A), and conclude that Cg(A) is a subgroup of G by the subgroup test. O

Note 2.1. (a) If A= {a}, then we write C({a}) for Cz(a), and a™ € Cg(a) for every n € Z.
(b) If G is an abelian group, then Cg(A) = G for all subsets A of G.
Definition 2.2 (Center of a group). Define
Z(G)={9€ G| gr=uxgforall x € G}.
This subset of G is called the center of G.

Note 2.2. It is clear that Z(G) = Cg(G). From Proposition 2.1, Z(G) is a subgroup of G. If G is an
abelian group, then Z(G) = G.

Definition 2.3 (Normalizer). The subset
Ne(A)={ge€ G |gAg~" = A}.
of G is called the normalizer of A in G. Recall that gAg~! = {gag™"' | a € A}.

Note 2.3. Suppose g € Cg(A). Then gag™! = a € A for all a € A. Thus, Cg(A) < Ng(A). Note that if
G is an abelian group, then Cg(A) = Ng(A) = G for every subset A of G.

Problem 2.1. Prove that C;(Z(G)) = G and deduce that Ng(Z(G)) = G.
Solution 2.1. Recall that the center of a group G

Z(G) ={2€ G| zg =gz for all g € G},
and the centralizer of a subset A of G
Ca(A)={g€ G|ga=agforallac A}.
Note that for all g € G and z € Z(G), we have gz = zg. This implies that
g€ Ca(Z(@)) forallged.

(by the associative law)

Therefore, Cq(Z(G)) = G.

Next, we consider Ng(Z(G)) = {g € G | 9Z(G)g~! = Z(G)}. Note that for all g € G, we have
9Z(G)g~' = Z(G) and so g € Ng(Z(G)). Thus, we conclude that Ng(Z(G)) = G.

Problem 2.2. Prove that if A and B are subsets of G with A C B then C¢(B) is a subgroup of Cg(A).
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Solution 2.2. Assume that A C B. If g € Cg(B), then gb = bg for all b € B, and in particular, for all
a € A. Hence, g € Cg(A). Therefore, Cq(B) C Ci(A). Since both C(B) and C(A) are subgroups of
G and Cg(B) C Cg(A), if follows that

Cq(B) < Cg(A4).
Problem 2.3. Let H be a subgroup of the group G.
(a) Show that H < Ng(H). Give an example to show that this is not necessarily true if H is not a

subgroup.
(b) Show that H < C(H) if and only if H is abelian.

Solution 2.3. (a) Let h € H. As H is a subgroup, we have hHh™! = {hah™' | x € H} C H. For every
y € H, we have y = h™'(hyh™')h € h"'Hh C H as h~' € H. This implies that hHh~! = H and hence
h € Ng(H). Thus, H < Ng(H).

Counter-example when H is not a subgroup. Let G = S3 and H =
(12)(13) = (132) ¢ H and so H is not a subgroup. Note that (12) € H, bu
This implies that (12) ¢ Ng(H) and hence H £ Ng(H).

2),(13)}. Then the product

{(12),
t(12)((13))(12)7" = (23) ¢ H.

(1

(b) Assume that H < C(H). Then for any a,b € H we have ab = ba as a € Cg(H). Thus, H is abelian.
Conversely, if H is abelian, then every h € H commutes with every element of H. Hence, h € Cg(H) and
H < Cg(H).

Problem 2.4. Let n € Z with n > 3. Then prove the following statements.
(a) Z(Day) = {1} if n is odd.
(b) Z(Dsy) = {1,7*} if n = 2k.
Solution 2.4. Recall the the dihedral group Do, is the group of symmetries of a regular n-gon and we write
Doy = (r,s| " =1,82=1,srs =r1).
The elements of D, are of the form ¢ and sr® for 0 < i < n.

(a) We prove that Z(Da,,) = {1} if nis odd. Let z € Z(Da2,). Since z must commute with both r and s,
we consider the possible forms of z. Suppose that z = *. Then

srf =rfs = srfs=rF —= rF=yF — »

Since n is odd, we have k =0 (mod n). Thus, 7¥ = 1.
Next, we assume that z = sr*. Then we consider
k k+1

Zr = sr'r = sr

This implies that zr # rz and z = sr* ¢ Z(Ds,). Thus, Z(Ds,) = {1}.

and 1z =rsrf = srFp = gp= (1),

(b) We prove that Z(Ds,,) = {1,7*} if n = 2k is even. Let n = 2k. Then consider the element r* and we
have the following observations
e ¥ clearly commutes with all powers of r since r*r? = rirk.

e Since srs = r~!, we have srfs = r=% and sr* = r~%s. This implies that sr* = r—*s and

sr¥ = rFs. Therefore, r—% = ¥ and so 72* = ™ = 1. Hence, ¥ commutes with s.
Thus, 1,7% € Z(Dyy,).
Next, suppose z = sr"™. Then
zr = sr™r = ™t pz = prer™ = sp7 ™t

This implies that zr # rz and sr™ is in the center. Thus, we conclude that
Z(Dyy,) = {1,7%}.
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3. Cyclic Groups and Cyclic Subgroups

“Theory attracts practice as the magnet attracts iron.”
— Carl Friedrich Gauss

Let a be an element of a group G. Define

(a) = {a" | n € Z}.

Proposition 3.1. (a) is a subgroup of G.
PROOF. Since a € (a), the set (a) # (. Let a”,a™ € (a), where n,m € Z. Then —m,n —m € Z,
(a™)~t =a"™ € (a) and
a*(a™) "t =a""™ € {a).
From the subgroup test, we conclude that (a) is a subgroup of G. O

Definition 3.1. The subgroup (a) is called the cyclic subgroup of G generated by a.

Definition 3.2 (Cyclic group). A group G is called a cyclic group if G = (a) for some a € G. We call a is
a generator of G.

Note 3.1. A cyclic group G may have many generators.

Remark 3.1. Let G be a cyclic group generated by g € G. If g has order n, then G = (g) is cyclic of order
n. If g € G has infinite order, then G = (g) is an infinite cyclic group.

Problem 3.1. Prove that (Z,+) is a cyclic group and has two generators 1 and —1.
Solution 3.1. Let 1 € Z. Then
(H)={n-1|neZ}="2.
Therefore, 1 is a generator of Z under addition. Similarly, we see that —1 € Z generates Z as
(-y={n-(-1)|neZ} =171.
Problem 3.2. Prove that (Z,,+,) is a cyclic group.
Solution 3.2. It is clear that, 1 € Z,, and (1) ={n-1|n € Z} = Z,.
Problem 3.3. Prove or disprove: (Q*,-) is a cyclic group.

Solution 3.3. Assume that the group (Q*,) is cyclic with generator g = ¢, where a,b € Z, a # 0, b > 0,
and ged(a,b) = 1. Then every element h € Q* of the form h = ¢g" = (%)n = Z—Z for some integer n.

Consider the element % eQ*. If % = (%)n = Z—:, then:

a'n _ 1 n __ B n _ n
bin = 5 — a = ? — 2a" =0b".
Note that a™ and b™ are integers. So b must be divisible by 2, which implies that b has 2 as a prime factor.

am

Similarly, consider 3 € Q*. If $ = (%)™ = 4=, then

a™ 1 m

w3 am:? = 3a" =0b".
Thus, b must be divisible by 3. Continuing this argument, for any prime p we get
k bk

1 k
P b b p

This implies b is divisible by p. Thus, there are infinitely many primes p that divide b, which contradicts
that b is a finite integer.

Problem 3.4. Find different examples of finite non-cyclic groups.

Solution 3.4. (1) The Klein four-group has order 4 and all non-identity elements have order 2, so it
cannot be cyclic.
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(2) The symmetric group S5 has order 6 and is non-abelian. Since cyclic groups are abelian, Ss is not
cyclic.

(3) The quaternion group Qs = {1, +i,+j,+k} has order 8 and is non-abelian, and there is no
generator in this group. Thus, Qg is not cyclic.

(4) The group Za X Z4 has order 8 and the maximum order of any element is 4. Thus, it is not cyclic.

(5) The alternating group A4 has order 12 and is non-abelian, and there is no element of order 12.
Thus, it is not cyclic.

(6) The group Z X Zs is not cyclic. Suppose Z x Zg is cyclic, generated by (a,b) where a € Zs,
b € Z. Since Z is infinite cyclic, the subgroup generated by (a, b) is infinite cyclic. But (0,1) is an
element of order 2 not in the infinite cyclic subgroup generated by (a,b), because infinite cyclic
groups have no non-trivial finite order elements. Therefore, Z x Zs is not cyclic.

(7) The group (R*,-) is not cyclic. If (R*,-) is cyclic generated by r, then the subgroup generated by
7 is countable, since it consists of all integer powers of 7. But R* is uncountable. Thus, (R*,-) is
not cyclic.

Theorem 3.1. Let G be a group and g € G.
(a) If g has infinite order, then ¢g¢ = ¢/ if and only if i = j. ‘ ‘
(b) If g has finite order, say n, then {g) = {e,g,9°,...,9" '}, and ¢ = ¢/ if and only if n divides

i—j.
- PROOF. (a). If g has infinite order, then g" # e (the identity element) for all n € N. We assume that

g* = ¢7. This implies that g7 =e. Thus, i —j =0 and so i = j.

The converse is trivial since i = j implies that ¢* = ¢7.

1

(b) Assume that |g|= n, i.e., the order of g is n. Clearly, the elements ¢, g, ¢%,...,¢" ! arein (g). Suppose
that ¢g¥ is an arbitrary member of (g). By the division algorithm, there exist integers ¢ and r such that

k=gn+r with 0<r<n.

Then we can write

Thus, ¢* € {e,g,gQ, e 797171} and

(9) ={e,9.9% - .,9" '}
We assume that g' = g7. Then ¢g~7 = e. By the division algorithm, there exist integers q and r such that
i—j=qgqn+r with 0<r<n.
Therefore,
gi—j — gqn+7* — (gn)qgr — qur — gr.
Since ¢" = e and n is the smallest positive integer such that ¢ = e, we must have r = 0. Thus, n divides
i—j.
Conversely, if n divides i — j, then i — j = nq for some g € Z. Therefore,
g =g=(g") =l =
Thus, ¢ = ¢7. O
Corollary 3.1. Let G be a group and g € G. Then |g|= |{g)|-

Corollary 3.2. Let G be a group and a be an element of order n in G. If a* = e, then n divides k.

Theorem 3.2. Let g be an element of order n in a group, and k be a positive integer. Then (¢*) = <gng("’k)>

k| _
and |g"| = gcd?n,k).
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PROOF. Let d = gcd(n, k). We can write k = dr for some integer r as d divides k. Since ¢* = (¢9)",
we have (gF) < (g%).

By Bézout's identity, there exist integers s and ¢ such that
d =ns+ kt.
This implies that
g% = g" = g™ g = (g")°(¢")" = e(d") = (¢")" € (")
Therefore, (g%) < (¢*). Thus,
(g") = (g™ M).

Next, we prove that |g*| = (- For this, we first show that lg¢|=

7 for any divisor d of n. Clearly,

(g =g" =e,

which implies that |g?|< n/d. On the other hand, if i is a positive integer less than n/d, then (¢?)" # e by
the definition of |g|. This implies that n/d < |g%|. Therefore, |g%|= n/d for all divisors d of n. In particularly,

we have [gecd(mk)|= gcd?n’k) since ged(n, k) divides n.
Thus,

941= (") 1= 1tg= ) = gt = s
Corollary 3.3. In a finite cyclic group, the order of an element divides the order of the group.
Corollary 3.4. Let |a|=n. Then
(a) <af> = (qj> if and only if ged(n, i) = ged(n, j).
(b) |a*|=|a?| if and only if ged(n,i) = ged(n, j).
Corollary 3.5. Let |a|=n. Then
(@) (a) = <a?> if and only if ged(n, j) = 1.
(b) |a|=[(a?)| if and only if ged(n,j) = 1.
Corollary 3.6. An integer k € Z is a generator of Z,, if and only if ged(n, k) = 1.
Theorem 3.3 (Fundamental Theorem of Cyclic Groups). Let G = (g) be a cyclic group.
(a) Every subgroup of G is cyclic.
(b) If |G|= n, then the order of any subgroup of G divides n.
(c) If |G|= n, then for any k | n, the subgroup (g"/*) is the unique subgroup of order k.

PROOF. (a) Let H be a subgroup of G. If H = {e}, then H = (e) is a cyclic group. Suppose that
H +# {e}. Then choose the element g™ € H with the smallest positive exponent m € Z*, using the
well-ordering principle. Clearly, (¢") < H.

Now assume that g* € H. By the division algorithm, we can write
k=qgm+r, where0<r<m.
This implies that

r=k—qm.
Since g* € H and ¢™ € H, it follows that
g =g"(g") e H.
By the minimality of m, we must have r = 0, which implies g* = (¢™)? and ¢* € (¢™). Thus, H = (g™)
is a cyclic group.
(b) Let H be a subgroup of G. By part (a), H is cyclic, so we can write H = (¢g™), where m € Z% is

minimal by the well-ordering principle.
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By the division algorithm, there exist two integers ¢ and r such that
n=gm-+r, where()<r<m.

This implies that

r=n—qm.
Since ¢g" € H and ¢ € H, it follows that

g =g"(g") " € H.
By the minimality of m, we must have » = 0, which implies
n = qm.

Therefore, the order of H is given by
n n
H pu— m pu— m = = === .
HI= 1) = l9"= gt =
Thus, the order of H divides n.

(c) Let G = (g) be a cyclic group of order n. For any k | n, we have

Thus, (g™/*) is a subgroup of order k.

Next, we prove the uniqueness. Let H < G be a subgroup with |H|= k, where k | n. Since H < G and G
is a cyclic group, it follows from (a) and (b) that H is cyclic. Thus, we can write

H={(g")

for some m dividing n. Then we have
n n
HI=(g™)l= 19" 1= s = o
Therefore,
H=(g") = (g"").
Thus, (g™*) is the unique subgroup of order k.
O

Corollary 3.7. For each positive divisor k of n, the set (n/k) is the unique subgroup of Z, of order k.
Moreover, these are the only subgroups of Z,.

Problem 3.5. Find all subgroups of Z45 and find a generator for each. Describe the containment between
these subgroups.

Solution 3.5. Note that Zy5 is a cyclic group of order 45. Every subgroup of a cyclic group is also cyclic.
Therefore, the number of subgroups of Z45 corresponds to the number of positive divisors of 45. Since the
set of all positive divisors of 45 is

{1,3,5,9,15,45}
For each divisor d of 45, there is a unique subgroup of order d, generated by an element K such that

ged(k, 45) = %5. Thus, the subgroups and their generators are as follows.

Order 1: (0) = {0}

(
e Order 3: (15) = {0, 15,30} since ged(15,45) = 15 = 22
e Order 5: (9) = {0,9,18,27, 36} since gcd(9,45) =9 = 2
e Order 9: (5) = {0, 5,10, 15,20, 25,30, 35,40}
. (

Order 15: (3) ={0,3,6,9,...,42}
e Order 45: (1) = Zys
Note that the subgroup of order d is contained in the subgroup of order k if d | k. Therefore, we conclude
that
(0) < (15) < (5) < (3) < Zus = (1).
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Problem 3.6. If g is an element of the finite group G and |g|= |G/, prove that G = (g). Give an explicit
example to show that this result need not be true if GG is an infinite group.

Solution 3.6. Let g € G be an element of a finite group G with |g|= |G|. Since |(g)|= |g| and |g|= |G] it
follows that |(g)|= |G|. Thus, (g) = G since (g) C G.

Counterexample: Consider the infinite group (Z x Z,+) and the element g = (1,0). Note that the order
of g and G are infinite, but

(9) ={(n,0) |In€eZ} #Z xZ =G.
Hence, the result need not be true in the infinite case.

Definition 3.3 (Euler’s totient function). Euler’s totient function denoted by ¢(n), is defined as the
number of positive integers less than or equal to n that are relatively prime to n. That is,

p(n) = {k € Z* |1 <k < n,ged(k,n) = 1}|.

Theorem 3.4. If d is a positive divisor of n, the number of elements of order d in a cyclic group of order n
is (d).

PROOF. Let G be a group of order n and d be a divisor of n. By Theorem 3.3, the group G has exactly
one subgroup (a™/?) of order d. Then every element of order d also generates the subgroup (a®).

By Corollary 3.5, an element a* generates (a?) if and only if gcd(k,d) = 1. Thus, the number of such
elements is precisely ¢(d). O

Corollary 3.8. Let g be a finite group. Then the number of elements of order d in G is a multiple of ¢(d).

PROOF. If a finite group G has no elements of order d, then the statement is trivially true since ¢(d)
divides 0. We assume that there exists an element a € G with |a|= d. By Theorem 3.4, the subgroup (a)
has exactly ¢(d) elements of order d. If all elements of order d in G are in (a), then we are done.

Now suppose there exists an element b € G of order d such that b ¢ (a). Then the subgroup (b) also
has ¢(d) elements of order d. Thus, we have found 2¢(d) elements of order d if (a) and (b) have no
common elements of order d. If there exists an element ¢ of order d belonging to both (a) and (b), then
(a) = (c) = (b). This implies that b € (a), which is a contradiction.

Continuing in this way, we conclude that the number of elements of order d in a finite group is a multiple
of ¢(d). O
Problem 3.7. Let p be a prime and n be a positive integer. Show that if g is an element of the group G
such that g?" = 1, then |g|= p™ for some m < n.

Solution 3.7. Let |g|= d. Since g*" = 1, the order d divides p". The positive divisors of p" are d = p™ for
some integer m with 0 < m < n. Since d > 0, it follows that

lg|=p™ for some m < n.

Problem 3.8. Let p be an odd prime, and let n be a positive integer. Use the Binomial Theorem to show
that

1+p?" =1 (mod p")
but

1+p)"" " #£1 (mod p").

n—1

Deduce that 1 4+ p is an element of order p in the multiplicative group (Z/p"7Z)*.

Solution 3.8. Let p be an odd prime and n > 1. Using the Binomial Theorem, we expand

n—1 n—1
(1+p)”" le(pl >P+<p2 >P2+--~+p”” g

Note that (pn;l)p =p"~1.p=p"is divisible by p". For k > 2, (pn,;l)pk divisible by p"*!. Therefore,

n—1

(I+p® =1 (modp").
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Next, consider
n—2

n—2
(1+p? =1+ <p . >p—|— terms divisible by p".

The second term is (pnf)p =p"2.p=p" ! which is not divisible by p™. Hence,
(1+p)" " #1 (mod p").

n—1

Thus, the order of 1 + p modulo p™ is p
Problem 3.9. Show that (Z/2"Z)* is not cyclic for any n > 3.

Solution 3.9. Consider the group (Z/2"Z)* for n > 3. Note that the element —1 has order 2 since
(—1)2 =1. Also
By taking modulo 2™, we get

21 -1 =1 (mod 2").
Hence, 2”1 — 1 also has order 2. Recall that for n > 3, |(Z/2"Z)*|= ©(2") = 2"~ and a cyclic group of
order m has a unique subgroup of order d for each divisor d of m. But we have two distinct subgroup (—1)
and (277! — 1) of order 2 as —1 # 2"~! — 1 (mod 2"). This is not possible. Thus, (Z/2"Z)* is not cyclic
for any n > 3.
Problem 3.10. Assume |z|= n and |y|= m. Suppose that = and y commute, i.e., zy = yx. Prove that
|xy| divides the least common multiple of m and n. Need this be true if  and y do not commute? Give an
example of commuting elements z, y such that the order of xy is not equal to lem(|z|, |y]).

Solution 3.10. Assume that |z|=n, |y|=m and zy = yz. Then we have

lcm(m,n)ylcm(m,n)

)lcm(m,n) —

(zy
Since |z|= n and lem(m, n) is a multiple of n, we get ™™ = ¢_Similarly, y
is a multiple of m. Therefore,

lem(m.n) — ¢ since lem(m, n)

)lcm(m,n) —e-e—e.

(zy
Thus, the order of zy divides lem(m,n).
This need not hold if xy # yx. For example, we consider the group Z4 X Z5. Let

x=(1,0), y=(1,1).
Then we have

lz|=4, |y|=4, lem(4,4) =4,

but x +y = (2,1) has order 2. Hence, |x + y|= 2 # lem(|z|, |y|) = 4.
Problem 3.11. Prove that for elements x and y in any group G, we have |z|= [yzy~!|.

Solution 3.11. Let G be a group and let z,y € G. Consider the element yxy~'. For any positive integer

n,

(yoy™ ') =ya"y .
If (yzy~1)" = e, then y2"y~! = e and so 2" = y~ley = e. Therefore, (yzy—!)" = e if and only if 2 = e.
Thus, [yzy Y= |z|.

3.1. Subgroups generated by sets. The process of constructing cyclic subgroups of a group G is
a particular case of constructing a subgroup from a subset A C G. As we know, cyclic subgroups are
generated by a single element in the group. In the general case, for any subset A of a group G, the subset
generated by A is the smallest subgroup of G containing all elements of A. This is achieved by taking all
finite products of elements of A. This idea parallels constructions in other mathematical structures, such as
vector spaces, where the smallest subspace containing a set of vectors is their span. The general theme is
to construct a minimal subspace containing the subset by closing it under the corresponding functions.

Proposition 3.2. If A is any non-empty collection of subgroups of GG, then the intersection of all members
of A is also a subgroup of G.

42



Prasanna Mahesh Pawar 3 Cyclic Groups and Cyclic Subgroups

PROOF. Let
K= () H.
HeA
We want to prove that K is a subgroup of G. Since each H € A is a subgroup, we have e € H and so
ec K. Thatis, K # (. Let a,b € K. Then a,b € H for all H € A. Since each H is a group, ab~! € H

for all H, hence ab~—! € K. By the subgroup test, we conclude that K is a subgroup of G. O
Definition 3.4. Let A be any subset of a group G. Then the subgroup of G generated by A is defined by
(4)= () H.

ACH
H<G

Note that (A) is the intersection of all subgroups of G' containing A. Also G € A. Therefore, (A4) is a
subgroup of G by Proposition 3.2 (here, A = {H < G| A C H}). Since A C H forall H € A, we
have A C (A). Thus, (A) is the unique minimal element of A which contains A and is contained in every
element of A.
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CHAPTER 3

Group Isomorphisms and Quotient Groups

“The basis for poetry and scientific discovery is the ability to comprehend the unlike in
the like and the like in the unlike. "

— Jacob Bronowski

Historical notes: The ideas of group isomorphism and quotient groups developed gradually during the
nineteenth century as mathematicians moved from concrete symmetries to abstract algebraic structures.
Evariste Galois first recognized that different permutation groups could share the same underlying structure,
anticipating the modern concept of group isomorphism. Later, Arthur Cayley formalized abstract groups and
showed that every group is isomorphic to a permutation group, firmly establishing isomorphism as the correct
notion of “sameness” in group theory. The concept of quotient groups emerged more slowly, beginning with
Camille Jordan and later Otto Holder, who used factor-like constructions in studying group decompositions.
The recognition that only certain subgroups, now called normal subgroups, permit cosets to inherit a group
structure was clarified toward the end of the century through the work of Heinrich Weber and others. By
the early twentieth century, quotient groups had become a central tool in algebra, topology, and number
theory, providing a systematic way to simplify groups while preserving essential structural information.

1. Homomorphisms and Isomorphisms

In this section, we formalize the idea of when two groups 'look the same’, that is, when they share
the same group structure. This motivates the concept of an isomorphism between groups. To develop this
concept, we first introduce the notion of a group homomorphism.

Definition 1.1 (Group homomorphism). Let G and H be two groups. A group homomorphism is a map f
from G to H that preserves the group operation, that is,

f(ab) = f(a)f(b) foralla,beG.
Definition 1.2 (Kernel of a Homomorphism). The kernel of a group homomorphism f : G — H is the set
ker f ={z € G| f(z) =en}.
The kernel of f is denoted by ker f.
Problem 1.1. The determinant mapping
det : GL(2,R) - R*, A det(A)

is a group homomorphism. The kernel of the determinant map is SL(2,R).

Solution 1.1. Let A, B € GL(2,R). Note that det(AB) = det(A) det(B). This implies that the determi-
nant map preserves the group operations. Thus, det is a group homomorphism.

Next, we consider the kernel of the determinant map
ker(det) = {A € GL(2,R) | det(A) = 1}.

It is clear that, ker(det) = SL(2,R).
Problem 1.2. Let f : R* — R* be a map defined by f(x) = |z|. Then f is a homomorphism and
ker f = {1,—-1}.
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Solution 1.2. Let x,y € R*. Then
flay) = leyl= |llyl= (@) f(y).
Thus, f is a group homomorphism. Note that
ker f = {z € R*| |z|=1} = {1, —-1}.

Problem 1.3. The map f : Z — Z, defined by f(m) = m (mod n) is a group homomorphism with
ker f = nZ.

Solution 1.3. Let mq, m9o € Z. Then
f(mi4+ma) = (m1+ma) (modn)=(m; (modn)+my (modn))= f(mi)-+ f(ma).
Therefore, f is a group homomorphism. The kernel of f is
ker f={me€Z| f(m)=0 (modn)}.
Consider f(m) =0 (mod n), which implies m = 0 (mod n), that is, m = kn for some k € Z. Thus,
ker f = {kn |k € Z} = nZ.
1.1. Properties of Homomorphisms.

Theorem 1.1. Let f : G — G’ be a group homomorphism and g be an element of G. Then

(1) f(e) = €', where e and €’ are the identity element of G and G’, respectively.
(2) f(g"™) = (f( )" for every n € Z.

(3) Suppose |g| is finite. Then |f(g)] | |g]-.

(4) ker f is a subgroup of G.

(5) Im f ={f(g) | g € G} is a subgroup of G.

PROOF. (1) Let e be the identity element of G and €’ be the identity element of G’. Since f is a
homomorphism, we have

fleg) = f(e)f(9)

for each g € G. Since e € (G is the identity, we have eg = g and

flg) = f(e)f(g)-
Using the group cancellation in G’, canceling f(g) from both sides, we get
fle)=¢.
Therefore, f maps the identity of G to the identity of G’.
(2) Casei: n>0

We prove this by induction on n. For n = 0, we have ¢° = e. So, f(g°) = f(e) = ¢ = (f(g))°, where ¢’ is
the identity in G’.

Inductive step: Assume that f(¢™) = (f(g))™ for some m > 0. Then
™) = f(g™9) = 1g™)1(9) = (Fe)™ F(g) = (F(g))™*".
Therefore, by induction, the property holds for all n € N U {0}.
Case ii: n <0
Let n = —m for some m > 0. Then
flg") =flg™™) = Fflg™H)™) = (flg~ )™
(f(g))t, we have
(g™ )™ = ((f(9)™)™ = (f(9)™™ = (flg))™
Thus, f(g") = (f(g))" for all n € Z.

Since f is a homomorphism and f(g~!)
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(3) From Property (1) and (2) and g" = e, we have
¢ =fle) = f(g") = (f(9))"-
Therefore, |f(g)| divides n.
(4) Clearly, ker f is non-empty as e € ker f. Assume a, b € ker f. We have to show that ab=! € ker f. Since
f(a) =€ and f(b) = e, we have
flab™) = fa)f(b7Y) = f(a)(f (b)) =ee™! =
Therefore, ab=! € ker f. Hence, ker f is a subgroup of G’ by the subgroup test.

(5) Clearly, Im f is non-empty by Property (1). Let a,b € Im f. Then there exist gi,g2 € G such that
a= f(g1) and b = f(g2). We now prove that ab~! € Im f. Since f is a homomorphism, we have

ab™ = f(g1)(f(92) ™" = f91)f(92") = o192 ).
This implies that ab~! € Im f as g192_1 € (. By the subgroup test, Im f is a subgroup of G'. g

Definition 1.3 (Group Isomorphism). Let G and G’ be two groups. A bijective homomorphism f : G — G’
is called an isomorphism. We say G and G’ are isomorphic if there is an isomorphism from G to G’, and
write G = G'.
Example 1.1. Let G = (R, +) and G’ = (R",-). Then G = G’ under the mapping f(z) = 2%. Next, we
prove f is a one-to-one map. Let 2% = 2Y. Then
log, 2% = log, 2Y,
and x = y. To prove f is onto, we have to prove for any y € R™ there exists = € R such that f(x) =y,
that is,
2% = y.
Solving for x gives logy y. Note that
flaz+y) =271 =272V = f(x)f(y)
for all z and y in R. This proves f is a homomorphism. Thus, f is an isomorphism.
Example 1.2. Prove that there is no isomorphism from (Q, +) to (Q*,-).

PROOF. Assume that f : Q — Q* is an isomorphism. Then there exists a a € Q such that f(a) = —1.
This implies that
a a a a a\1?
1=t =1(5+5)=7(3)7(5) = (5)] "
This is not possible. Hence, there is no isomorphism from (Q, +) to (Q*,-). O

Example 1.3. Let G = SL(2,R), the group of 2 x 2 real matrices with determinant 1. Prove that there is
an isomorphism from SL(2,R) to itself.

PROOF. Let m be any 2 x 2 real matrix with determinant 1. Then we define a map f: G — G by
fa(A) = MAM™' forall AcG.
We now prove that f is one-to-one. Suppose that f(A) = f(B). Then
MAM ™ = MBM™*

and, by left and right cancellation, A = B. Next, we prove that f is onto. Let B € G. We have to find
A € G such that fy;(A) = B. Choose A= M~'BM. Then f(A) = MAM~!' = M(M~'BM)M~! = B.

Finally, we prove f is a homomorphism. Let A, B € G. Then
f(AB) = M(ABYM ™' = MA(M*M)BM ™ = (MAM ™) (MBM™Y) = fy(A) far(B).
Thus, f is an isomorphism. O

Definition 1.4 (Automorphism). An isomorphism from a group G onto itself is called an automorphism of
G. Denote Aut(G) is the set of all automorphisms of G.
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Example 1.4. Consider the function f: (C,+) — (C,+) by f(a + bi) = a — bi is an automorphism.
Example 1.5. Let R? = {(a,b) | a,b € R}. Then the function f : R? — R? defined by f(a,b) = (b,a) is
an automorphism. Geometrically, f reflection about the line y = x. Note that every reflection across a line
passing through (0,0) or any rotation of the plane about (0,0) is an automorphism of R2.

Definition 1.5 (Inner Automorphism). Let G be a group, and let a € G. The function f, defined by
fa(z) = arxa~! forallz e G

is called the inner automorphism of G induced by a.
Example 1.6. The action of the inner automorphism of D induced by Ry is given in the following table

JRoo (z) = Roox R9_01

L ngo (.%') = Ry RS;OI
Ry RooRoRg; = Ry
Rgo | RgoRooRgy = Roo
Riso | RooRisoRgg = Riso
Roro | ReoRaroRgg = Raro
H RooHRyy =V

% RooVRyy = H
D RoDRy, = D'
D' RooD'Ryg = D
Note 1.1. The set of automorphisms of a group and the set of inner automorphisms of a group are both
groups under the operation of function composition.

Theorem 1.2 (Cayley's Theorem (1854)). Every group is isomorphic to a group of permutations.

PROOF. Let G be any group. We prove that there exists a group G of permutations that is isomorphic
to G. For any g € G, we define a function ®, : G — G by

Q4(x) =gz forall z € G.

Equivalently, ®, is a multiplication map by g on the left. Then ®, is a permutation on the set of elements
of G.

Now let G = {®, | g € G'}. Next, we prove that G is a group under the operation of function composition.
Let g, h € G, then we have

Dy o @y(x) = By(Pn(2)) = y(hx) = g(hx) = (gh)r = Pyn (),

which implies that ®,0®;, = &, € G as gh € G. It is clear that, ®. is the identity map, and @;1 =&,
Thus, G is a group since function composition is associative.

Finally, we prove the map f : G — G defined by
flg)=®, forallged
is an isomorphism. If &, = ®;,, then
Qy(e) =Pp(e) = ge=he = g=h.
Therefore, f is one-to-one. It is clear that f is onto because of the construction of G. Note that
flab) = @gp = @4 0 By = f(a) f(b).
Hence, f is a group homomorphism. Thus, f is an isomorphism, and G = G C Sym(G). O

Problem 1.4. The group {[(1) ﬂ ta € Z} is isomorphic to what familiar group? What if Z is replaced
by R?
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o-{s i +<7)

and consider the operation matrix multiplication. We now define a map ¢ : Z — G by

e =y 1|

We prove that ¢ is a group isomorphism from (Z,+) to G.

PROOF. Let

Clearly, ¢ is a well-defined map. Let p(a) = ¢(b). Then

1 al |1 0
0 1| |0 1.
This implies that a = b. Therefore, ¢ is injective. Next, we prove y is surjective. Let

1 a
A:[O J €q.

Then choose a € Z, and ¢ satisfies p(a) = A.
Next, let a,b € Z. Then

{1 a+bl |1 a| |l b]
This shows that ¢ is a homomorphism. Therefore, ¢ is an isomorphism, and we conclude that
G=(Z,+).

The similar argument works if we replace R by Z. Thus,
1 a ~
(11 oen)mmn

Problem 1.5. Prove that there are infinitely many subgroups Z isomorphic Z.

PROOF. As we know that for each positive integer n € N, the subset
nZ ={nk : k € Z}

is a subgroup of Z. Next, we define a map ¢ : Z — nZ by ¢(k) = nk. Then ¢ is an isomorphism. Thus,
nZ = Z. Since there are infinitely many positive integers n such that nZ # mZ for all n # m, we conclude
that there are infinitely many subgroups Z isomorphic Z. O

Problem 1.6. If a group G is isomorphic to a group H, prove that Aut(G) is isomorphic to Aut(H).

PROOF. Let ¢ : G — H be an isomorphism. We define a map
O Aut(G) — Aut(H)
by ®(0) = poo o ! forall 0 € Aut(G). It is clear that ®(c) € Aut(H) as o and ¢ are isomorphisms.
Next, we prove that ® is a homomorphism. Consider
®(g100z) =po(g1003)0p !t =(pogiop )o(pogrop t) =d(01) 0 B(02).
Therefore, ® is a homomorphism. Next, we prove that ® is bijective. Define a map ¥ : Aut(H) — Aut(QG)
by
V() =¢ lofoyp.

Then

U(®(o)) =¢ to(pooopop=0
for all o € Aut(G). Also for all € Aut(H), we have

Q(U(B)) =po(p tofop)op =4
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Thus, @ and ¥ are inverse isomorphisms and conclude that ® is a group isomorphism. Hence,
Aut(G) = Aut(H).
O

Problem 1.7. Let G be a group. Prove that the mapping a(g) = g~! for all g € G is an automorphism if
and only if G is Abelian.

PROOF. Assume that « is an automorphism. Then we have

a(gh) = a(g)a(h)

for all g, h € G. We now consider
a(gh) = (gh)" ' =h7'g™", and a(g)a(h) =g 'h7".

This implies that

h—lg—l — g_lh_l.
Multiplying both sides on the right by & and on the left by g, we get gh~'¢g~'h = 1. Thus, gh = hg, and
we conclude that G is Abelian.

Conversely, assume that G is Abelian. Then for all g, h € G, we have
a(gh) = (gh)™ = g7th™ = 7197 = a(g)alh),

since g~ 'h™! = h=1g~!. This shows that « is a homomorphism. Clearly, the map « is a bijective with the
inverse map o~ !(g) = g~'. Thus, « is an automorphism. O

Problem 1.8. Prove that the mapping a — log;, a is an isomorphism from (R*,-) to (R, +).
PROOF. We first show that ¢ is a group Homomorphism. Let a,b € RT. Then

p(ab) = logyg(ab) = logiga +logio b = ¢(a) + ¢(b).
Therefore, ¢ is a homomorphism. Next, we prove ¢ is an injective map. Let p(a) = ¢(b). Then log;qa =

log1ob and so a = b. Hence, ¢ is injective. For proving surjectivity, let 7 € R. Then choose 10" € R™.
Since

©(10") =log((10") =7,
it follows that ¢ is surjective. Thus, ¢ is a group isomorphism. O

Problem 1.9. Let
G = {a+b\/§|a,b€(@}

n={(2 Bfaseal

Show that G and H are isomorphic under addition. Prove that G and H are closed under multiplication.
Does this isomorphism preserve multiplication as well as addition?

and

PRrROOF. Defineamap ¢: G — H by

ola+ bV/2) = (2 2ab> for all a,b € Q.

We first prove that ¢ is an additive group isomorphism. Let 2 = a 4+ bv/2 and y = ¢ + dv/2 be elements of
G. Then

oz +y)=p(la+c)+ (b+dV2) = <a—|—c 2(b+d)>.

b+d a+c

et =5 )+ (0 )= (0 D)
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Thus, p(z +y) = (x) + ¢(y). Next, if p(a + bv/2) = ¢(c + dv/2), then

()G %)

This implies that @ = c and b = d, and so a + bv/2 = ¢ + dv/2. Thus, @ is injective. Let

M:(“ 2b>eH.
b a

Then choose a + bv/2 € G and we get ¢(a + by/2) = M. This proves that ¢ is surjective. Thus, ¢ is an
isomorphism of abelian groups.

Next, we prove that G and H are closed under multiplication. Let z = a + bv/2 and y = ¢+ dv2 in G.
Then

zy = (a4 bV2)(c + dV?2) = ac + 2bd + (ad + bc)V2 € G.
a 2b c 2d
A_<b a>, B_<d C)eH.

_ (ac+2bd 2(ad+ bc)
AB_<ad+bc ac+2bd)€H'

Thus, G and H are closed under multiplication.

Let

Then

Note that ( )
_ _ (ac+2bd 2(ad+ be
play) = plac+2bd + (ad +b)V2) = (ad+bc ac + 2bd )
and
(@)oly) = a 2b\ (¢ 2d\ _ [ac+2bd 2(ad+ bc)
PV =\ a)\d ¢) " \ad+be act+2bd )
Thus, p(zy) = ¢(2)e(y). O

2. Normal Subgroups

Let G be a group and H be a subgroup of G. Generally, it is not true that aH = Ha for all ¢ € G.
However, there are specific cases where this equality holds, and such cases play a fundamental role in the
study of group theory. About 180 years ago, the first to recognize the importance of these special subgroups
and highlight their importance in the broader structure of groups was Evariste Galois.

Definition 2.1 (Normal Subgroup). Let G be a group and H be a subgroup of G. Then H is called a
normal subgroup of G if aH = Ha for all @ € G and denote by H < G.

Example 2.1. Every subgroup of an Abelian group is normal.
Theorem 2.1 (Normal Subgroup Test). A subgroup H of a group G is normal in G if and only if
xHe ' CH for every r € G.

PROOF. Assume H is normal in G, i.e. *H = Hx for all x € G. Let x € G and h € H. Since
xH = Hz, there exists ' € H such that zh = h/z. This implies that zha~' = h' € H and zHz~' C H.

Conversely, suppose that tHx~! C H for every € G. Take = a. Then we obtain aHa~! C H, which
implies aH C Ha. We now take z = a~'. This implies that a='Ha C H or equivalently Ha C aH. Thus,
aH = Ha for all a € G, and hence H is normal in G. O

Example 2.2. The center Z(G) of a group is always normal.
Proposition 2.1. Let H <G and K < G. Then
HK ={hk|he H ke K}
is a subgroup of G.
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PRrROOF. Note that e =ee € HK. Let a = h1ky € HK and b = hoky € HK, where hy,hy € H and

ki,ks € K. Then

ab™t = hiky (k3 *hy ') = hi(kiky )hyt.
Since H <G and (kiky ' )hy t(kiky b) ™' € H, we have

hi(kiky Dhyt = (hibh')(k1ks ') € HK
for some b’ € H. Thus, ab~! € HK and HK is a subgroup of G. O
Example 2.3. Suppose a group G has a unique subgroup H of finite order. Then H is a normal subgroup
of G. Note that for any g € G, gHg ! is a subgroup of G and |gHg !|= |H|. Thus, gHg~! must be H.

Example 2.4. The group SL(2, R) is a normal subgroup of GL2(R). Let A € GL2(R) = G, B € SL(2,R) =
H. Then

det(ABA™') = (det A)(det B)(det A)~™! = (det A)(det A)~! = 1.
Thus, ABA=! € H and AHA~' C H by normal subgroup test.

Problem 2.1. Let
a b
H = {(0 d> € GLo(R)

Is H a normal subgroup of GL2(R)?

a,b,d € R, ad;«éO}.

a b

Solution 2.1. We first prove that H is a subgroup of GLy(R). Let A = <0 d

(Y -L
R
0 32

is an element of H, we conclude that A is invertible. Thus, H is closed under inverses.

> € H. Since

Clearly, H is closed under multiplication since

a b\ (d V\ [(ad ab +bd
(o d><0 d’>_<0 dd' >€H'

Next, we prove H is not normal in GL2(R). Let

11 01
ae(t em p=( ) conm

~1__ (0 1\ (1 1\/0 1\ (1 O
PAP = (1 0/\0 1)\1 0/ \1 1)
Hence, H is not a normal subgroup.

Problem 2.2. Let G = GL2(R) and K < R*. Show that
H={AecG|detAec K}

Then

is a normal subgroup of G.
Solution 2.2. First we prove that H is a subgroup of G = GLy(R). Let A, B € H. Then

det(AB) =det A-det B € K,
since K is a subgroup of R*. Thus, AB € H.
Next, if A € H, then det A € K implies
det A™' = (det A)7! € K,

since K is a subgroup. Therefore, A=! € H. Thus, H is a subgroup of G.
Next, we prove that H is normal in G. Let A € H and P € GG. Then we obtain

det(PAP™!) = det(P) - det(A) - det(P~1) = det(A),
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since det(P~1) = ﬁ(lg). Therefore,
det(PAP™') = det(A) € K,

and hence PAP~!' € H. Thus, H is a normal subgroup of GLy(R).
Problem 2.3. Prove that a factor group (quotient group) of a cyclic group is cyclic.

Solution 2.3. Let G be a cyclic group and N be a normal subgroup of G. We now prove that the factor
group G/N is cyclic. As G is cyclic, there exists an element g € G such that G = (g).

We now consider the coset gN € G/N. We prove that
G/N = (gN).
Let zN € G/N. Since G = (g), we have 2 = ¢g¥ for some integer k. Therefore,
N = g*N = (¢N)*.
Thus, every element of G/N is a power of gN. This shows that
G/N = (gN).

Hence, G/N is generated by gV and it is a cyclic group.
Problem 2.4. Prove that a factor group of an abelian group is abelian.
Solution 2.4. Let G be an abelian group and N be a normal subgroup of G. We prove that the factor

group G/N is abelian.
Let aN,bN € G/N be any two cosets. Then consider

(aN)(bN) = abN and (bN)(aN) = baN.
Since G is abelian, we have ab = ba and so

abN = baN.

Therefore,
(aN)(bN) = (bN)(aN).
Thus, G/N is an abelian group.

Problem 2.5. Let H be a normal subgroup of a group GG. Then prove that the centralizer C(H) of H in
G is a normal subgroup of G.

Solution 2.5. Recall that the centralizer of H in G is defined by
CH)={geG|ghgt =hforall h e H}.
We prove that C'(H) is a normal subgroup of G. Let ¢ € C(H) and x € G. For h € H, we have

xhax~! € H, since H is a normal subgroup of G. Note that

1 1

(2o )(eha ) (aga) " = aghg 'z
as (zgr~1)~! = zg~'xz~!. Since g € C(H), it follows that ghg~! = h. Thus,

1

zghg el = zha™ !

Thus,
(zgz~ 1) (zhe ') (zgz™ )" = zha™?
and we conclude that zgx~! € C'(H). Hence, C'(H) is a normal subgroup of G.
Problem 2.6. If f : G — G’ be a group isomorphism, then prove that if H < G, then f(H) < G'.
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Solution 2.6. Let f : G — G’ be an isomorphism and H < G.

Let ¢ € G’ and b/ € f(H). Then ¢’ = f(g) for some g € G, and h/ = f(h) for some h € H. This implies
that

gyt =F9) f(Wf(g)~" = flghg™).
Since H is normal in G, we have ghg_1 € H, and hence
f(ghg™") € f(H).
Therefore, g'h’'g'~! € f(H) and we conclude that f(H) is a normal subgroup of G’.

3. Cosets and Lagrange’s Theorem

“The reader will find no figures in this work. The methods which | set forth do not
require either constructions or geometrical or mechanical reasonings: but only algebraic
operations, subject to a regular and uniform rule of procedure.”

— Joseph-Louis Lagrange
Let G be a group and let H be a non-empty subset of G. Recall that for any a € G, the set aH is
defined by {ah | h € H}. Analogously, Ha = {ha | h € H} and aHa™ ! = {aha™' | h € H}.

Definition 3.1 (Cosets). Let H be a subgroup of a group G. Then the set aH is called the left coset of H
in G containing a, whereas Ha is called the right coset of H in G containing a. The element a is called
the coset representative of aH or Ha.

Example 3.1. Let H = {0, 3,6} be a subset of Zg under addition. In this case, we use the notation a + H
instead of aH. Then the cosets of H in Zg are

0+H =1{0,3,6 =3+ H =6+ H,
1+H={1,4,7'=4+H=T7+H,
2+ H={2,5,8} =5+H=8+H.
Example 3.2. Let A = {Ry, R1s0} be a subset of Dy, the dihedral group of order 8. Then
RyA=A,
RgoA = {Rgo, Ror0} = Rar04,
RigoA = {Ris0, Ro} = A,
VA={V,H} = HA,
DA={D,D'} = D'A.
Example 3.3. Let G = S5 and H = {(1),(13)}. Then the left cosets of H in G are
(1)H = H,
(12)H = {(12),(12)(13)} = {(12), (132)} = (132) I,
(13)H = {(13), (1)} = H,
(23)H = {(23),(23)(13)} = {(23), (123)} = (123) .
Remark 3.1. From Example 3.3, we have
(12)H = {(12),(132)} but H(12) = {(12), (123)}.
Thus, it is not always true that aH = Ha.

Proposition 3.1 (Properties of Cosets). Let H be a subgroup of a group G and let a,b € G. Then
(1) a € aH.
(2) aH = H ifand only if a € H.
(3) (ab)H = a(bH) and H(ab) = (Ha)b.
(4) aH = bH if and only if a € bH.
(5) a

H=bH oraHNbH = @.
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(6) aH = bH if and only if a='b € H.
(7) |aH|= |bH]|.
(8) aH = Ha if and only if H = aHa .
(9) aH is a subgroup of G if and only if a € H.
PROOF. (1) It is clear that, a = ae € aH.
(2) Assume that aH = H. Then a = ae € aH = H.

Conversely, assume that a € H. To show that aH C H and H C aH. Clearly, aH C H. Let
h e H. Since a € H and h € H, we have a—h € H. Therefore,

h=eh = (aa"')h = a(a"'h) € aH.
Thus, H C aH and aH = H.

(3) For all h € H, we have (ab)h = a(bh) and h(ab) = (ha)b. Thus, (ab)H = a(bH) and H(ab) =
(Ha)b.

(4) Assume that aH = bH. Then a = ae € aH = bH. Conversely, if a € bH, then a = bh for some
h € H. Therefore,

aH = (bh)H = b(hH) = bH.

(5) If aH NbH = &, then we are done. Otherwise, there exists an element ¢ in aH N bH. From

Property (4), we have
cH=aH and cH =0bH.
Thus, aH = bH.

(6) This result follows from Property (2), since aH = bH if and only if H = a~1bH.

(7) We define a map f from aH to bH by ah + bh. Then f is onto, and f is one-to-one from the
cancellation property. Thus, f is a bijective and |aH|= |[bH .

(8) Note that aH = Ha if and only if (aH)a™! = (Ha)a ! = H(aa™!) = H if and only if aHa™! =
H.

(9) Assume that aH is a subgroup of G. Then e € G, the identity element. This implies that
aH NeH # &. From Property (5), we have aH = eH = H. Thus, a € H by Property (2).
Conversely, assume that a € H. Again by Property (2), we conclude that aH = H.

]

Theorem 3.1 (Lagrange's Theorem). Let G be a finite group and let H be a subgroup of G. Then |H|

divides |G|. Moreover, the number of distinct left (or right) cosets of H in G is %

PROOF. Letai1H,aoH, ..., a,.H be the distinct left cosets of H in G. Then foreverya € G, aH = a;H
for some 3.

By Property (1) of Proposition 3.1, we have a € aH. Therefore, every g € G belongs to a;H for some a;.
Thus,
G=aiHUayHU---Ua,H.
By Property (5) of Proposition 3.1, the above union is disjoint. That is,
|G|= larH|+|azH |+ - - - + |a, H].
As |a;H|= |H| for all i, it follows that |G|= r|H|. This completes the proof. O

Definition 3.2. Let G be a group and H be a subgroup of G. Then the number of left cosets of H in G
is called the index of H in G and it is denoted by [G : H].

Remark 3.2. It is clear that the index of H in G is [G : H] = % if G and H are finite groups. If G is
G|

an infinite group, then the quotient 1A does not make any sense. It is interesting to note that there are
infinite groups that have finite or infinite index subgroups. For example, {0} is of infinite index in Z, but
(n) is of index n in Z for all n € N.
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Corollary 3.1. Let G be a finite group and let H be a subgroup of G. Then
G|
G:H]=+.
| H|
Corollary 3.2. Let GG be a finite group and g € G. Then |g| divides |G|.
PROOF. We know that |g| is equal to the order of the subgroup generated by g. By applying Lagrange's
Theorem, we get that the order of g divides the order of G. O

Corollary 3.3. A group of prime order is cyclic.

PROOF. Let G be a group with prime order. Let e # a € G. Then |(a)| divides |G| and |{(a)|# 1. Thus,
{a)|= 1G]
g

Corollary 3.4. Let G be a finite group, and let @ € G. Then al¢l = ¢.

PRrROOF. By Corollary 3.2, the order of a divides the order of G. Therefore, |G|= |a|k for some positive
integer K. Thus,
alCl = glolk = (glalyk = ¢k — ¢

Corollary 3.5 (Fermat's Little Theorem). For every integer a and every prime p, a? = a (mod p).
PROOF. Let a be an integer and p be a prime. By the division algorithm, there exist ¢ and r such that
a=pqg+r, where<r<p.

Thus, a (mod p) = r and it is enough to prove that P (mod p) = r. If r = 0, the result is trivial. Assume
that » # 0. Then r € U(p) (recall that U(p) = {1,2,...,p— 1} is a group under multiplication modulo p.)

From Corollary 3.4, we have
P71 =1 (mod p).
Thus,
a? =rP (mod p)=r (modp)=a (mod p).
This completes the proof. O

Proposition 3.2. Prove that the converse of Lagrange's theorem is false.

PROOF. Note that |A4|= 12 and 6 divides 12. We now prove that A4 has no subgroups of order 6. It
is easy to see that there are 8 elements in A4 has order 3. Assume that there exists a subgroup H of A4 of
order 6.

Let a € Ay with |a|=3. If a ¢ H, then Ay = H UaH as H is of index 2 in A4. But a? must be in either
H oraH.

Case I: Suppose a? € H. Then (a?)? = a* = a € H, which is a contradicts to a ¢ H.

Case II: Suppose a?> € aH. Then a?> = ah for some h € H. Therefore, a = a®>h~! € H, again a
contradiction.

This shows that if there is a subgroup H of A4 of order 6, then H contains all eight elements of order 3 in

Ay, which is impossible. Thus, A4 has no subgroup of order 6. g
Theorem 3.2. Let H and K be two finite subgroups of a group G. Then
| HI|K|
HK|= ———

where HK = {hk | h € H, k € K}.
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PROOF. Note that |H K| may not be equal to |H||K|. That is,
hk = hik;

for some h # hy and k # k1. Suppose hk = hiki. Then h~th; = kk~' € HN K. This implies that b/ = ht
and k; =t 'k for somet € HN K.

Thus, each pair (h, k) and (ht,t~1k) gives the same product hk for every t € H N K. This shows that each
element in HK is represented exactly |H N K| times among the |H||K]| total products. Therefore,
|H| K|
HK|= ———.
| | |HN K|

]

Proposition 3.3. Let H and K be subgroups of a group G. Then HK is a subgroup of G if and only if
HK = KH.

PROOF. Assume that HK is a subgroup of G. Since K < HK and H < HK, and HK is closed
under multiplication, it follows that
KHCHK.

Let hk € HK. As HK is a subgroup, there exists a € HK such that
hk=a"t.

Write @ = h1k1. Then

hk = (hik1) ™' = k;'hy! € KH.
This implies that HK C KH. Thus, HK = KH.
Conversely, assume that HK = K H. We have to prove HK is a subgroup of G. Let a,b € HK and

a= hiki, b= hoko,
for some hq,ho € H and ki,ke € K. Then
b~! = (hoky) ™" =ky'hy ",

which implies
ab™' = hykiky thy
Let k3 = kiky ' € K and hg = hy' € H. Thus,

ab™! = hikshs.
Since HK = K H, there exist hy € H, k4 € K such that
kshs = haky.
Hence,
ab™! = hihyky.

As hihy € H and k4 € K, we have ab™! € HK. Thus, HK is a subgroup of G by the subgroup test. [

Remark 3.3. The equality HK = K H does not imply that every element of H commute with elements of

K. For example, consider the following groups G = Day,,, H = (r) and K = (s): Notethat HK = KH =G

such that HK is a subgroup and rs = sr™1.

Corollary 3.6. Let H and K are subgroups of G and K be a normal subgroup of G. Then H K is a subgroup
of G.

PROOF. It is enough to prove HK = KH. Let h € H, k € K. By assumption, we have hkh™! € K.
This implies that hk = (hkh=')h € KH. Thus, HK C KH. Note that

kh = h(h™'kh) € HK.
Thus, KH C HK, and HK is a subgroup of G by Proposition 3.2. O
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Problem 3.1. Let H be a subgroup of R*, the group of non-zero real numbers under multiplication. If
Rt C H C R*, prove that H = R* or H = R*.

Solution 3.1. Note that R* = R™ U (—R™). Suppose H is a subgroup such that R™ C H C R*. If H
contains any real number r < 0, then —1 = r/|r|€ H since both r and |r| are in H.

Note that for all x € R*, —z = (—1)xz € H. Therefore, R* C H. Hence, H = R*. Otherwise, H contains
only positive reals, that is, H = R*. Thus, H = R" or H = R*.

Problem 3.2. Prove that any group G of order n > 2, cannot have a subgroup H of order n — 1.

Solution 3.2. Assume that there exists a subgroup H < G with |H|=n — 1, where |G|=n > 2. Then the

index of H in G is G
G n
G:H|=—= .
[ ] |H n-—1
Since the index of a subgroup H in G must be an integer, it follows that "5 is an integer, which is a
contradiction to n > 2. Thus, there is no subgroup H < G with |H|=n — 1, where |G|=n > 2.

Problem 3.3. Prove that (Q,+) has no proper subgroup of finite index.

Solution 3.3. Assume that there exists a proper subgroup H of Q has the finite index, that is, [Q : H| = n.
Then we have

Q/H={qn+H,qo+H,...,qu +H}.

We now consider the subset of rational numbers
1 2 n
S = {0,,,...,} C Q.
n'n n

Note that S has n + 1 elements, but there are only n cosets of H. From the pigeonhole principle, there
exist distinct elements ¢, 5 with 0 < ¢ < j < n such that

‘im=24H
n n

This implies that % € H. Hence, H contains a rational number of the form % for some positive integer
m.

Next, if % € H for some positive integer m, then for any integer a € Z, we have

a 1
—=a-— € H
m m

as H is a subgroup. Therefore, H contains all rational numbers with a denominator dividing m.

Let = be a arbitrary element of Q. Since H has an element % for some m and s divides ms, we can write
roorm 1
—=—=rm-—.
s sm sm

This implies that ﬁ € H and hence g € H. Thus, H = Q, a contradiction. Therefore, Q has no proper
subgroup of finite index.

Problem 3.4. Prove that if a subgroup H has index 2 in a group G, then H is a normal subgroup of G.
Solution 3.4. Assume that H is a subgroup of G and the index of H in G is 2, that is, [G : H| = 2. Then
there exist exactly two left cosets of H in GG, say H and gH. Then

G=HUgH
for some g € G\ H, here the union is disjoint.
We now prove that gHg~! C H for all g € G. Let x € G. Then, either x € H or x ¢ H. Suppose = € H.

Then for all h € H, we have
zhx te H

since H is a subgroup.
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Suppose # ¢ H. Then z € G\ H and consider zhz~!, where h € H. Suppose zhx™! ¢ H. Then
xhax~' € xH. This implies that
xhax™' = xh! for some b’ € H.

1

Then multiplying both sides on the left by =+, we obtain

ha'=h = h=h'vz€Hx.
This is not possible as H N Hx = (). Hence, zha~! € H.

Therefore, for all 2z € G we have xHz~! C H. Thus, H is a normal subgroup of G.
Problem 3.5. Let ¢(n) be Euler's totient function. Prove that if a is relatively prime to n, then a®™ =1
(mod n).
Solution 3.5. Let U,, be the multiplicative group of integers modulo n, i.e.,

U,=A{x€Z,|ged(z,n) =1}.
Then U, is a group under multiplication modulo n and the order of U,, is ¢(n). As ged(a,n) = 1, it follows
that the residue class of @ modulo n lies in U,, and hence has a multiplicative inverse in this group.
From Lagrange’s Theorem, the order of any element in a finite group divides the order of the group. Thus,

a®™ =1 (mod n).

Problem 3.6. Let H = {a + bi € C* | a® + b*> = 1}. Give a geometric description of the coset (3 + 4i)H
and, more generally, (¢ + di)H.

Solution 3.6. The set H is the unit circle in the complex plane, that is H contains all complex numbers of
modulus 1. Thus, H = {z € C* | |z|= 1}. We now consider the coset (3 + 4i)H = {(3+4i)z | |z|= 1} is
the circle of radius 5 centered at the origin.

Thus, the geometric description of the coset (3 4 4i)H is the circle of radius 5, centred at the origin (see
Figure 1).

Im

+ 4i

(340

(1
=

FIGURE 1. The coset (3 4 4i)H as a scaled image of the unit circle H.

Problem 3.7. Let GG be a group of order pg where p and ¢ are primes. Prove that every proper subgroup
of G is cyclic.

Solution 3.7. Let G be a group of order pg with p < ¢ both primes. By Lagrange’s theorem, any proper
subgroup has order 1, p, or q. Thus, every subgroup of order p or q is cyclic as a group of prime order is
cyclic. Note that the trivial subgroup is cyclic as well. Therefore, every proper subgroup of G is cyclic.

Problem 3.8. Let G be a finite group of order n and (m,n) =1. If g € G and g™ = ¢, then g = e.
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Solution 3.8. Let |G|=n and g™ = e. Let d be the order of g. Then d | m and d | n. Since gcd(m,n) =1,
the only common divisor is 1 and hence d = 1. Thus, g =e.

Problem 3.9. Prove that the finite subgroups of C* are precisely the cyclic groups of complex nth roots of
unity

pn =4{2€C* | 2" =1} forn € Z-y.
Solution 3.9. Let G < C* be a finite subgroup. Then every z € G satisfies z* = 1 for some k. This implies

that |2|*= 1 and so |z|= 1. Therefore, G is a finite subgroup of the unit circle S' = {z € C | |z|=1}. Itis
known that the finite subgroups of S' are exactly the groups of nth roots of unity

fn = {e¥F/™ |0 < k < n}.

These are cyclic of order n, generated by €2™/™. Thus, the only finite subgroups of C* are the cyclic groups
tn forn > 1.

2

Problem 3.10. Show that in a group G of odd order, the equation ° = a has a unique solution for all

a€G@G.
Solution 3.10. Let G be a group of odd order. Suppose 22 = a and y? = a for some z,y € G. Then

z? = y2 — x_2y2 =e.

We can rewrite this as
(azz_ly)2 =e.
Thus, x_ly is an element whose square is the identity, so its order divides 2. Since G has odd order, it has
no non-identity element of order 2. Hence
xily =e — T =y.
This shows that the solution to 22 = a is unique.

It remains to show that a solution exists for every a € G. Since G has odd order, every element has a
unique inverse power z("t1)/2 satisfying

(x(n+1)/2) 2 _ z)

where n = |G|. Applying this to a, we obtain an element z such that 2% = a.

2

Therefore, for every a € G, the equation = a has a unique solution.

Problem 3.11. Let G be a group with |G|= pqr, where p, g, and r are distinct primes. If H and K are
subgroups of G with |H|= pq and |K|= gr, then |H N K|=gq.
Solution 3.11. Let |G|= pqr, where p < ¢ < r are distinct primes. Let |H|= pq and |K|= qr. We know
that
|HI|K]
|HNK|
Since HK < G, we have |HK|< |G|= pqr. Therefore, we have
pq - qr
|HN K|

|HEK|=

< pgr.

This implies that
pa - ar <|HNK| andso ¢<|HNK]|.
bgr
Since |H N K|< |H|= pq and |K|= qr, we have |H N K| divides both pg and gr. The only common divisor
of pq and ¢ris q. Thus, |H N K|=q.
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4. Quotient Groups

Let G be a group, and let H be a subgroup of G. Recall that the set gH = {gh | h € H} is a left
coset of H and Hg = {hg | h € H} is a right coset of H. It is natural to ask the following question. Does
the set of all distinct cosets (left or right cosets) of G form a group? The answer is no! In this section, we
prove that the set of all distinct cosets (left or right cosets) of a subgroup H of G forms a group if H is a
normal subgroup of G.

Theorem 4.1 (O. Holder, 1889). Let G be a group and let H be a normal subgroup of G. The set
G/H ={aH | a € G}
is a group under the operation (aH)(bH) = abH. !

PROOF. First, we prove that the operation is well-defined. Let a,a’,b,b' € G and aH = a’H and
bH = b'H. We now prove that aHbH = o’ HV'H. That is, abH = o'b'H. (This shows that the definition
of multiplication depends only on the cosets and not on the coset representatives.) From aH = o'H and
bH = b'H, we have a’ = ahq and b’ = bhy for some hq, hy € H. Therefore,

a'V'H = (ahy)(bha)H = a(hid)H = a(hyHb) = aHb = abH.

Thus, the above operation is well-defined. Note that eH = H is the identity and a ' H is the inverse of
aH. Since
(aHbH)cH = (ab)HcH = (ab)cH = a(bc)H = aH (bc)H = aH (bHcH),

we conclude that G/H is a group. t

Remark 4.1. The converse of the above theorem holds true. That is, H is normal in G if aHbH = abH is
a group operation on the set of left cosets of H in G.

Example 4.1. Let 5Z = {0,£5,£10,+£15,...}. We determine the set of all left cosets of 5Z in Z to
construct Z/5Z. Note that there are five cosets of 5Z in Z as follows

04 5Z = {0, £5,+10,.. .},

1452 =1{1,6,11,...;—4,—9,—14,.. .},
24+ 5% ={2,7,12,...;—3,-8,—13,.. .},
345Z={3,8,13,...;-2,-7,—12,.. .},
4457 ={4,9,14,...;—1,-6,—11,...}.

We now have the Cayley table below:

+ 0+5Z 1+5Z 2+5Z 3+5Z 4+ 5%
0+5Z |0+5Z 1+5Z 2+4+5Z 3+5Z 4+ 57
145Z|1+4+5Z 2+5Z 3+5Z 4+4+5Z 0-+5Z
24572 |2+57Z 3+5Z 4+57Z 0+5Z 1+57Z
34+05Z |3+57Z 4+5Z 0+5Z 1+5Z 2+57Z
4457 |4+4+57Z 0+5Z 1+5Z 2+57Z 3+57Z

Thus, Z/5Z = Zs. In general, we can easily prove the following theorem.

Theorem 4.2. Let n > 0 be an integer and let
nZ = {0,£n,+2n,£3n,...}.
Then Z/nZ = Zy,.

1The notation G/H was first used by C. Jordan.
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Example 4.2. Let G = U(32) = {1,3,5,7,9,11,13,15,17,19,21,23,25,27,29,31} and H = {1,17}.
Then G/H is an Abelian group of order 8. Note that we have eight distinct left cosets, which are

1H = {1,17},
3H = {3,19},
5H = {5,21},
TH = {7,23},
9H = {9,25},
11H = {11,27},
13H = {13,29},
15H = {15,31}.

Thus, we have the quotient group G/H. Note that (3H)? = 9H # H. This implies that 3H has order at
least 4. Thus, G/H % ZoxZox7Zs. It is easy to prove that 7TH and 9H have order 2. Therefore, G/H # Zg
as a cyclic group of even order has unique element of order 2. Therefore, U(32)/H = Z4 x Zs = U(16).
Proposition 4.1. Let G be a group and let Z(G) be the center of G. If G/Z(G) is cyclic, then G is
Abelian.

PROOF. It is sufficient to prove that Z(G) = G. Let G/Z(G) = (9Z(G)) and a € G. Then there
exists an integer ¢ such that

aZ(G) = (92(G))" = ¢g'Z(G).
This implies that a = g’z for some z € Z(G). Note that a € C(g) as ¢,z € C(g). Thus, g € Z(G) and
so gZ(G) = Z(G). Hence, G/Z(G) is trivial. Thatis, G = Z(G) and so G is abelian. O

Proposition 4.2. For any group G, G/Z(G) = Inn(G).

PROOF. Consider the map T : G/Z(G) — Inn(G) defined by T'(gZ(G)) = f,, where fy(z) = gzg™!
for all x € G. We now prove that T is well defined (that is, the image of a coset of Z(G) depends only on
the coset itself and not on the element representing the coset). Let ¢Z(G) = hZ(G). Then h™1g € Z(G).
This implies that

h~ gz =xh™lg forall z € G.
Therefore, grg~' = hah™! forall z € G. Thus, f, = fs. It is clear that T is one-to-one and T is onto.
We now prove T is an operation-preserving map. It follows directly from the fact that

fgofn=fgn forallg,hedG.
Thus, G/Z(G) = Inn(G). O

Theorem 4.3 (Cauchy’'s Theorem for Abelian Groups). Let G be a finite abelian group and p be a prime
that divides |G|. Then G has an element of order p.

PROOF. Let |G|= n. We prove this theorem by induction on n. It is clear that the statement is true
for |G|= 2. We assume that the statement is true for all abelian groups of order less than n. Let g be any
non-identity element of G. Then |g| is a positive integer. By the Fundamental theorem of arithmetic, |g| is
divisible by some prime ¢q. Then |g|= gt for some t € N. Moreover, if h = g, then |h|= q.

If ¢ = p, then we are done. If ¢ # p, then consider the cyclic subgroup N = (g) generated by g. Since G is
abelian, we have N is normal and |N|= ¢q. By Lagrange's theorem, we obtain

G| _n
|G/ N N~ g
Note that {f < n. From the induction hypothesis, the theorem is true for G/N. So, we have |G|=
|IN||G/N|= q|G/N|. Since q # p, we have p divides |G/N|. Therefore, G/N contains an element of order
p, say aN. Note that

(aN)? =a’N = eN,
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where e denotes the identity of G. Thus, a? € N. Consider
a’? = (aP)? =e.
This implies that a must have order dividing pq.

Note that a cannot have order 1 (otherwise aN would have order 1 instead of p). Also a cannot have order
q (otherwise (aN)? = N = p | q), contradicting the fact that ¢ is a prime different from p.

Thus, |a|= p or |a|= pgq. If |a|= p, then take g = a. If |a|]= pq, then take g = a?. Thus, the statement
holds for abelian groups of order n. O

Problem 4.1. Let N < G, and H < G with N < H. Prove that H/N < G/N if and only if H 9 G.
Solution 4.1. Assume that H/N < G/N. Let g € G. Then
gN-H/N-g7'N = (gHg " )N C HN = H,
since N < H. This implies that HN = H. Therefore,
gHg™ ' C H.
Thus, H is a normal subgroup of G as g € G is arbitrary.

Conversely, assume that H << G. Then
gHg ' C H.
for every g € G. This implies that
(9N)(H/N)(g"'N) = (9Hg ')N = HN = H
for all g € G. Thus,
gN(H/N)(gN)™ C H/N,
and we conclude that H/N is a normal subgroup of G/N.
Problem 4.2. Let GG be a group, and let p be a prime number. If
H={g"lgeG}

is a subgroup of GG, then prove that

(1) H 4G,

(2) every non-identity element of G/H has order p.

Solution 4.2. (1) We have prove that H <I G. It is enough to show that gHg~ ! C H for all g € G. Let
x € H. Then x = aP for some a € GG. This implies that

grg~' = gaPg~' = (gag™ )P € H
for all g € G. Thus, gHg~! C H, and hence H is normal subgroup of G.
(2) Let g € G be such that g ¢ H, that is, gH # H. Then we consider the coset gH € G/H. Note that
(9H)" = g"H.
Since gP € H, we have g? H = H. Therefore, (9H )P = H. Therefore, the order of the coset gH divides p.
If gH # H, then the order must be exactly p. Thus, every non-identity element of G/H has order p.
Problem 4.3. Let G be a non-abelian group. Prove that Aut(G) is not cyclic.

Solution 4.3. Assume that Aut(G) is cyclic. Then every subgroup of Aut(G) is cyclic and abelian. We
consider the group of inner automorphisms of G defined by

Inn(G) = {¢, : 2+ grg | g € G}.
Note that Inn(G) is is a normal subgroup of Aut(G) and
Inn(G) = G/Z(G),

where Z(G) is the center of G. As G is non-abelian, we have Z(G) C G. This implies that G/Z(G) is non-
trivial. Also G/Z(G) is also non-abelian as G is non-abelian. Therefore, Inn(G) = G/Z(G) is non-abelian.
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Thus, Aut(G) contains a non-abelian subgroup Inn(G), which is a contradiction to the assumption that
Aut(G) is cyclic.

Problem 4.4. Prove that the center Z(G) is not a maximal subgroup of G (recall that a proper subgroup
H of a group G is called maximal if there is no subgroup K such that H C K C G).

Solution 4.4. Assume that Z(G) is a maximal subgroup of G. Then G is non-abelian since Z(G) < G.
Thus, Z(G) € G. Let g € G\ Z(G). Then G does not commute with some element x € G. We now
consider the centralizer of G

Colg) ={a € G| ag = ga}.
Note that Z(G) C Ci(g) as all elements of the center commute with every element. Also since g ¢ Z(G)

and g € Cg(g), we have Cg(g) properly contains Z(G). Note that C(g) # G as G does not commute
with all elements of G. Thus, we obtain

Z(G) S Calg) S G.

This contradicts the assumption that Z(G) is a maximal subgroup. Hence, Z(G) of a group is not a
maximal subgroup of G.

5. The Isomorphism Theorems

In this section, we discuss some relations between quotient groups and homomorphisms, and straight-
forward consequences.

Theorem 5.1 (First Isomorphism Theorem (Jordan, 1870)). Let f : G — G’ be a group homomorphism.
Then the quotient group G/ker f is isomorphic to the image of f. That is,

G/ker f = Im(f).
PROOF. We define a map ¢ : G/ker f — Im(f) by
p(gker f) = f(g).
Well-definiteness: Let gker f = ¢'ker f. Then g~ '¢’ € ker f and f(g~'g’) = e. This implies that
fl9)7' f(g') =e andhence f(g) = f(g).
Thus, p(gker f) = ¢o(¢' ker f) and ¢ is well-defined.
Homomorphism: Let g1,92 € G. Then

o((g1ker f)(g2ker f)) = p(gigaker ) = f(g192) = f(91)f(g2) = @(g1 ker f) - (g2 ker f).

Thus, ¢ is a homomorphism.

Surjectivity: Recall that Im(f) = {f(g) | ¢ € G}. Then for any y € Im(f) there exists g € G such that
f(g) = y. Therefore, y = ¢(gker f) and so ¢ is surjective.

Injectivity: Assume that p(gker f) = e. Thatis, f(g) = e. Then g € ker f, and gker f = ker f, the
identity in G//ker f. Therefore, ¢ is injective. Thus,
G/ker f = Im(f).
]
Corollary 5.1. Let f be a homomorphism from a finite group G to a finite group G’. Then |f(G)]| divides
|G| and |G'|.
Corollary 5.2. Let ¢ : G — H be a homomorphism of groups.

(1) ¢ is injective if and only if ker p = {1}.

(2) [G: ker ] = [p(G)].
Example 5.1. Z/(n) = Z,.
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Example 5.2. Let G be a group G and H be a subgroup of G. Recall that the normalizer of H in G is
NH)={zcG|zHx"' = H}
and the centralizer of H in G is
C(H)={x € G|xzhz ™t =hforall hc H}.

Then consider the map ¢ : N(H) — Aut(H) defined by ¢(g) = ¢4, where ¢4(h) = ghg™! for all h € H,
the inner automorphism of H induced by G. Then ¢ is a homomorphism with kernel C(H). From Theorem
5.1, we have

N(H)/C(H) = a subgroup of Aut(H).
Theorem 5.2. Every normal subgroup of a group G is the kernel of a homomorphism of G. In particular,
a normal subgroup n is the kernel of the mapping g — gN from G to G/N.

PROOF. Let N be a normal subgroup of G. We define a map ¢ : G — G/N by ¢(g) = gN. Then

p(zy) = (zy)N = zNyN = @(x)p(y).
It is clear that, g € ker ¢ if and only if gN = ¢(g) = N if and only if g € N. Thus, N is the kernel of
®. U
Definition 5.1. The map defined by ¢ : G — G/N by ¢(g) = gN is called the natural homomorphism
from G to G/N.

Theorem 5.3 (The Second Isomorphism Theorem). Let K be a subgroup of a group G and N < G be a
normal subgroup of GG. Then

K _ KN
KNN N~
PROOF. First, we define a map o : K — % by
o(k) = kN.

It is clear that ¢ is well-defined. Next, we prove ¢ is a bijective homomorphism. Let k1, ko € K. Then
o(k1ka) = (k1k2)N = k1N - kaN = @(k1)p(ka).
Therefore, ¢ is a homomorphism. Note that
ker(p) ={k€e K:kN=N}={ke K:ke N}=KnNN.
Since the image of ¢ is
o(K)={kN:ke K} C KN/N
and for any element kn € KN (with k € K, n € N), we have knN = kN. Therefore, ¢ is a onto map.
From the First Isomorphism Theorem, we obtain that
K KN
KNN N

0

Theorem 5.4 (Third Isomorphism Theorem). Let G be a group and N < G, M < G such that N < M.

Then
G/N

M/N
PROOF. Consider the natural projection map 7 : G — G/N defined by 7(g) = gN. Then M/N is a
normal subgroup of G/N as M < G. We now define a map ¢ : G/N — G /M by

p(gN) = gM.
Assume that gN = ¢’N. Then g-'¢’ € N C M and so gM = ¢g’M. Hence, ¢ is well-defined. For
g1, 92 € G, we have

©(giN - 92N) = ©(g1g2N) = g1goM = g1 M - goM = p(91 N )p(g2N).
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Thus, ¢ is a homomorphism. Next, we consider
ker(¢) ={gN € G/N : gM =M} ={gN : g€ M} = M/N.

Note that for any gM € G/M, we have ¢o(gN) = gM. So, the image of ¢ is G/M. From the First
Isomorphism Theorem, we have

G/N

— _~G/M.

M/N /

O

Problem 5.1. Let R* be the group of non-zero real numbers under multiplication, and let R be a positive

integer. Define a map
.

p:R* - R*  oz)=2a"
(1) Show that ¢ is a group homomorphism.

(2) Determine the kernel of .
(3) For which values of R is ¢ an isomorphism?

Solution 5.1. (1) We prove that ¢ is a homomorphism. Let z,y € R*. Then

pxy) = (zy)" =2"y" = o(z) - ().
Thus, ¢ is a homomorphism.
(2) We need to find Kernel of ¢. Note that the kernel is the set of elements mapped to the identity, that is,

kero = {z e R* | 2" =1}.
Case (i): If R is odd, then the only real solution to 2" =1 is x = 1. Thus,
ker p = {1}.
Case (ii): If R is even, then both 2 =1 and z = —1 satisfy 2" = 1. Thus
ker o = {1, —1}.

(3) Note that ¢ is an isomorphism if ¢ is injective and surjective. As we know,
kerp = {1} <= ris odd.
Also,

(i) if R is odd, then every y € R* has a real Rth root.
(ii) If R is even, then every negative number does not have real Rth roots. In this case, ¢ is not
surjective.

Thus, ¢ is an isomorphism if and only if R is odd.
Problem 5.2. Let A and B be groups. Show that the set

H={(a,1)|ac A}
is a normal subgroup of A x B, and that the quotient group (A x B)/H is isomorphic to B.
Solution 5.2. First we prove that H < A x B. Let aj,as € A. Then
(a1,1)(az,1) = (arae,1) € H,
and
(a1,1)7' = (a7 *,1) € H.
Thus, H is a subgroup by the subgroup test.
Next, we prove that H < A x B. Let (a,b) € A x B, and (z,1) € H. Then
(a,b)(x,1)(a,b) "t = (az,b)(a™,b7) = (aza™t,1) € H
since axa~! € A. Thus, H is normal in A x B.
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Finally, we prove that (A x B)/H = B. We define a map
p:AxB— B, ¢(ab)=0.
Then it is clear that ¢ is a surjective homomorphism since

¢((a1,b1)(az, b2)) = @(araz, biba) = biba = p(a1, by) - p(az, ba).
The kernel of ¢ is
kerp ={(a,1)|a € A} = H.
From the First Isomorphism Theorem, we conclude that
(Ax B)/H = B.

Problem 5.3. let f : G — H and g : H — K be group homomorphisms. Define the composition
gof:G— Kby(gof)(x)=g(f(x)).
(1) Show that g o f is a group homomorphism.
(2) How are ker f and ker(g o f) related?
(3) If f and g are surjective and G is finite, describe the index [ker(g o f) : ker(f)] in terms of |H|
and |K]|.

Solution 5.3. (1) First, we prove that g o f is a homomorphism. Let 21,29 € G. Then
(g0 f(z122) = g(f(2172)) = g(f (1) f(22)) = 9(f(21))9(f(22)) = (9 0 f)(z1)(g © f)(22).
Therefore, g o f is a group homomorphism.

(2) We find a relation between ker f and ker(g o f). Note that

ker(go f) ={z € G| g(f(x)) =1k}
This implies that
ker(go f) = /" (ker g).
Since
ker f ={z e G| f(z) =1n},
it is clear that
ker f C ker(g o f),
Thus,
ker(go f) = f '(kerg) and ker f C ker(go f).

(3) Let f and G be surjective and G is finite. We know that
G/ker f|=|H| and |G/ker(go f)|=|K].

Therefore, we obtain that

ey oo NI IG/ker(p) A
er(g o f) : ker(Dl = Zhae il = [Gkertg o )]~ K

Problem 5.4. Let G < S, the symmetric group. For each o € GG, define

sgn(o) +1 if o is even,
n(o) =
s 1 ifoisodd.

(1) Show that sgn: G — {1, —1} is a group homomorphism under multiplication.
(2) Determine ker(sgn).
(3) Use this to show that A,, is a normal subgroup of S, of index 2.
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Solution 5.4. (1) Let 0,7 € G. Then the parity of o7 is the sum of the parities (mod 2). Therefore,
sgn(o1) = sgn(o) - sgn(7).
Thus, sgn is a homomorphism from G to the multiplicative group {1, —1}.
(2) We now find the kernel of sgn. Note that
ker(sgn) = {o € G | sgn(o) = 1},
This shows that ker(sgn) is the set of even permutations in G. In particular, if G = S,,, then
ker(sgn) = A,,.

(3) Note that sgn : S, — {1, —1} is a surjective homomorphism with kernel A,,. From the First Isomorphism
Theorem, we have

Sp/An, = {1,—1}.
Hence, A, is a normal subgroup of S,, with [S,, : A,] = 2. Thus, A, is a normal subgroup of \S;, of index
2.

Problem 5.5. Let G and H be groups. Defineamap 7 : G x H — G by

m(g,h) =g
(1) Show that 7 is a group homomorphism.
(2) Determine ker (7).
This map is called the projection of G x H onto G.
Solution 5.5. (1) Let (g1, h1), (92, h2) € G x H. Then

7((91, h1)(g2, he)) = 7(g192, h1h2) = g192.

On the other hand, we have
m(g1,h1) - (g2, h2) = g1 - g2.

Thus,

7((91, h1)(g2, h2)) = 7(g1, h1) - w(g2, h2),
and so 7 is a group homomorphism.
(2) Note that

ker(r) = {(g,h) € G x H | n(g,h) = 16} = {(1c,h) | h € H}.
This shows that
ker(m) ={(1,h) | h€e H} =2 H.

Problem 5.6. Let G be a subgroup of some dihedral group. For each z € GG, define

+1, if x is a rotation,
flz) = L .
—1, if x is a reflection.

(1) Show that f: G — {£1} is a group homomorphism.

(2) What is ker(f)?

(3) Why does this prove that the set of all rotations in a dihedral group is a normal subgroup of index
27

Solution 5.6. (1) Recall that D, contains rotations or reflections. Note that the product of two rotations
is a rotation, and the product of two reflections is a rotation. Also the product of a rotation and a reflection
(in either order) is a reflection. Hence, the map f satisfies

flzy) = f(2) f(y).
Thus, f is a homomorphism from G to {£1}.
(2) The kernel of f is
ker(f) = {x € G| f(z) = +1} (The set of all rotations in G).
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(3) As f is a homomorphism and {1} has order 2, the kernel (rotations) is a normal subgroup of index 2.
Thus, the set of all rotations forms a normal subgroup of the dihedral group.

Problem 5.7. Prove that (Z x Z)/({(a,0)) + {(0,b))) = Zq X Zy.
Solution 5.7. Let G =Z x Z and N = ((a,0)) + ((0,b)). Define a homomorphism

L XL — Ty XLy, by @(m,n)=(mmoda,n modbd).
Clearly, the map ¢ is surjective with
ker() = {(m,n) € Z2 [ a | m, b|n} = ((a,0)) + {(0,5)) = N.
From the First Isomorphism Theorem, we obtain that
(Z X Z)]N = Zg X Zy,.
Problem 5.8. Prove that the alternating group A, is a normal subgroup of the symmetric group S, i.e.,

A, 485,.

Solution 5.8. As we know, the alternating group A,, is a subgroup of all even permutations in S,,. We now
recall the sign homomorphism

sgn: S, — {1, -1}
defined by

(o) 1 if o is even
Ssen(o ) =
& ~1 ifois odd

for all 0 € S,,. Then the map sgn is a group homomorphism since

sgn(o1) = sgn(o) - sgn(7).
for all o,7 € S,,. Note that the kernel of sgn is the set of all elements o € S,, such that sgn(o) = 1.
Therefore,

A, = ker(sgn).

Thus, the result follows from the fact that the kernel of a group homomorphism is a normal subgroup of
Sh.
Problem 5.9. Suppose that k | n. Prove that Z, /(k) = Z,, .
Solution 5.9. Let G = Z,, and k | n. Let H = (k) < Z,. Then the order of H is

n n

H=—7F—+=—.
A ged(k,n)  k

Therefore, the index of (k) in Z,, is given by
n
G:H]= n/k = k.
We now define a map
0 Zn = Lyy by ([x]n) = [T]p/k-
Clearly, the map ¢ is well-defined since x = y (mod ()n/k) for all z =y (mod n). Also the kernel of this
map ¢ is given by
ker(p) ={zx € Z, | =0 (mod ()n/k)} = (k).

By the First Isomorphism Theorem, we conclude that

L (k) = L k-

Problem 5.10. Determine all group homomorphisms ¢ : Z,, — Z,,, where Z,, is the cyclic group of order n
under addition.
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Solution 5.10. Assume that the map ¢ : Z,, — Z,, is a group homomorphism. We know that Z,, is a cyclic
group generated by [1]. Therefore, every homomorphism is determined by the image of [1]. Let

e([1]) = [k] € Zq.

Then
p([m]) = o1 +1+---+1]) =m-o([1]) = [km].

for any [m] € Z,,. This implies that

p([m]) = [km]n.
Therefore, the function

wr([m]) = [km]  (mod n)
is a homomorphism for each k € Z,. Thus, the set of all homomorphisms Z,, — Z,, given by
Hom(Zy,Zyn) = {vk | k € Zn}, where pr([m]) = [km],.

Remark 5.1. The map ¢y, is injective if and only if ker ¢, = {0}, that is, @i ([m]) = [0]. This shows that
@k is injective if and only if m = 0 (mod n) if and only if ged(k,n) = 1. Thus, @i is an isomorphism if
and only if k € Z}, the unit group modulo n. Hence,

@k is an automorphism <= ged(k,n) = 1.
Thus, we have ¢(n) automorphisms, where ¢ is Euler’s totient function.

Problem 5.11. Let H = {z € C* : |2|= 1}. Prove that C*/H = R, the group of positive real numbers
under multiplication.

Solution 5.11. We define a map

0:C* = RT by ¢(2) =]z
Then ¢ is a homomorphism since

p(2122) = |z122|= |21]|22]= (21)p(22).

The kernel of ¢ is

kerop={z€C":|2|=1} = H.
Note that every positive real number r is the modulus of » € C*. Therefore, the map ¢ is surjective. From
the First Isomorphism Theorem, we conclude that

C*/H = R™.
Problem 5.12. Define ¢ : R — GL(2,R) by:
oo = |

Show that ¢ is a group homomorphism (under addition), and determine its kernel.

cosx sinz
—sinxz cosx|’

Solution 5.12. First, we prove that ¢ is a homomorphism. Let z,y € R. Recall that

cos(z +y) = coszcosy —sinzsiny, sin(z+y) =sinzcosy + cosxsiny.

() = [Cosx sinx]’ o(y) = [Cosy siny]'

Let

—sinx cosx —siny cosy

Then we compute

[ cosz  sinz| [ cosy siny| [ cos(z+y) sin(z+y)]|
p(r)ely) = [— sinx  cos :c] [— siny cos y} - {— sin(z +y) cos(zx+y)| plzty)
Thus, ¢ is a homomorphism.

The kernel of ¢ is given by
ker(p) = {z € R | p(z) = I}.
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Consider

[cqsm sinx] _ [1 0]

—sinz coszx 01
This implies that cosxz = 1 and sinz = 0. Thus,

ker(p) ={z € R |z =27mn,n € Z} = 27Z.
Problem 5.13. Show that the determinant function
det : GL,(R) — R*
is a surjective group homomorphism and find the kernel of the map det .
PROOF. Let A, B € GL,(R). Then the determinant satisfies the multiplicative property
det(AB) = det(A) - det(B).

Thus, det is a group homomorphism.

Let » € R*. Then consider the diagonal matrix

r 0 -+ 0

Clearly, det(D) = r. Thus, det is a surjective map. Next, we find the kernel of det. Note that
ker(det) = {A € GL,(R) | det(A) = 1} = SL,(R).
Thus, det : GL,(R) — R* is a surjective group homomorphism with kernel SLy,(R). O

6. Simple Groups and Composition Series
Definition 6.1 (Simple Group). A group G (finite or infinite) is called simple if |G|> 1 and {e} and G are
the only normal subgroups of G.

Remark 6.1. Suppose that |G| is a prime. Then by Lagrange’s Theorem, {e} and G are the only subgroups
of G. Therefore, G is simple. Also for every abelian simple group is isomorphic to Z,, where p is a prime.

As we know, simple groups cannot be broken down into smaller normal subgroups such as n and the
quotient group G/N. As a consequence, they play an important role similar to that of prime numbers in
the arithmetic of the integers Z.

Definition 6.2. Let GG be a group, and let
(1) 1=Ng< N <No<--- <N 1 <Np=G

be a sequence of subgroups. For 0 < i < k—1, N; < N;+1 and N;11/N; is a simple group, then the
sequence 1 is called a composition series.

The quotient groups N;i1/N; are called the composition factors of G if the above sequence 1 is a
composition series.

Definition 6.3. A group G is solvable if there exists a chain of subgroups
1=Gy <G <G < <Gy =G

such that the quotient G;11/G; is abelian for i =0,1,...,s — 1.

Problem 6.1. Suppose G is a finite simple group and contains subgroups H and K such that [G : H| and
[G : K] are primes. Show that |H|= |K|.
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Solution 6.1. Assume G is a finite simple group with subgroups H and K with [G : H] = pand [G : K| = g,
where p and ¢ are primes.

Consider the action of G on the left cosets G/H by left multiplication. We know that this action is a
homomorphism
w:G = 5,

where S, is the symmetric group on p elements. Since G is simple and ker(y) is a normal subgroup of G,
it follows that either ker(yp) = G or ker(p) = {e}.

(i) If ker(y) = G, then G acts trivially on G/H, which is a contradiction.

(ii) If ker(p) = {e}, then ¢ is injective.
Thus, G embeds into S, and so |G| divides p!. Since [G : H] = p and [G : K| = ¢, we have |G|=p- |H|
and |G|= q - |K|. Therefore,

p-|H|=q-|K|.

Suppose p = ¢, then |H|= | K| it is clear that |H|= |K|. Without loss of generality, assume that p > ¢. As
|G|=p - |H]| divides p! and p is prime, it follows that |H| divide (p — 1)!. Since p > ¢, we have ¢ does not
divide (p — 1)!. Thus, ¢ divides |H|. Similarly, p divides |K]|.
Note that p- |[H|= ¢ - |K|. This implies that p divides |K|. Since p > ¢ and |K| divides (¢ — 1)!, which is
a contradiction to p cannot divide (¢ — 1)!. Thus, p =g.

7. Transpositions and the Alternating Group

As we know, every element of the symmetric group S, can be written as a product of disjoint cycles.
Also every element in S,, can be written in different ways as a product of (not necessarily disjoint) cycles.
For example, let us consider the group S3 and the element a = (1 2 3) € S3. Note that « can be written
in the following ways:

a=(123)=(13)(12)=(12)(13)(12)(13)=1(12)(23).
In this section, we study a special class of subgroups of S,, that consists of all permutations of length 2.
Definition 7.1 (Transposition). A 2-cycle is called a transposition.

Theorem 7.1. Every permutation is a product of transpositions.
PROOF. We know that any permutation o € S, can be written as a product of disjoint cycles. Let

o=,
where each ~; is a disjoint cycle of length > 2. Let v = (a1 a2 ... a,) be a cycle of length > 2. Then we
can write
7 = (a1 ar)(ar ar—1) - (a1 az),
which is a product of r — 1 transpositions. Thus, ¢ is a product of transpositions. O

Example 7.1. Let 0 = (1 12 8 10 4)(2 13)(5 11 7)(6 9). Then we write each cycle as a product of
transpositions as follows.

(112810 4) = (1 4)(1 10)(1 8)(1 12),
(213) = (2 13),
(511 7) = (5 7)(5 11),
(6 9) = (6 9).
Thus, o = (1 4)(1 10)(1 8)(1 12)(2 13)(5 7)(5 11)(6 9)

as a product of translations in different ways as

Example 7.2. We can write the permutation (1 2 3 4 5)
) 4)(53)(52)(51)

(12345)=(5

nd
i (12345)=(54)(52)(21)(25)(23)(13).
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Definition 7.2 (Even and Odd Permutations). A permutation is called an even permutation if it can be
expressed as a product of an even number of 2-cycles. A permutation is called an odd permutation if it can
be expressed as a product of an odd number of 2-cycles.

Example 7.3. The permutation
c=(123)=(13)(12)
is an even permutation and
o =(1234)=(14)(13)(12)
is an odd permutation.

Theorem 7.2. The set of even permutations in S,, forms a subgroup of S,,.

PROOF. Note that the identity permutation in S,, is even since it can be expressed as a product of zero
transpositions. Also the product of two even permutations is even, and the inverse of an even permutation
is even. Thus, by the subgroup test, the set of all even permutations in S,, forms a subgroup of S,,. O

Definition 7.3 (Alternating Group of Degree n). The group of even permutations of n symbols is denoted
by A, and is called the alternating group of degree n.

|
Theorem 7.3. For n > 1, the alternating group of degree n has order %

PROOF. Note that for each odd permutation o, the permutation (12)o is even. By the cancellation
property of groups, we have (12)o # (12)7 if 0 # 7. Thus, there are at least as many even permutations as
there are odd ones. Similarly, for each even permutation o, the permutation (12)c is odd and (12)c # (12)b

if o # 7. Thus, there are at least as many odd permutations as there are even ones. Therefore, we conclude
n!

that the number of even and odd permutations is equal. As |S,|= n!, it follows that |A,|= 5 O
Note 7.1. (i) The names of the symmetric group .S,, and the alternating group A,, originate from the
theory of polynomials in n variables. A symmetric polynomial in variables z1,xo, ..., z, remains

unchanged under any transposition of two variables, while an alternating polynomial changes sign
under such transpositions.
(i) The polynomial z1z2x3 is symmetric and the polynomial (21 —x2)(x1 —x3)(x2 — x3) is alternating.
As we know that every element of S, is a product of transpositions, symmetric polynomials are
invariant under all of S,,. Alternating polynomials are invariant under A, since they consist of
even permutations.
(iii) The permutation groups and alternating groups are fundamental in group theory. Notably, A5 has
significant historical importance.
Problem 7.1. Suppose that H is a subgroup of .S,, of odd order. Prove that H C A,,.
Solution 7.1. We consider the restriction of the sign homomorphism sgn : S, — {£1} to the subgroup H
of .S, defined by
sgn|g: H — {£1}
Then the kernel of sgn|x is H N A, and the image of sgn|y is a subgroup of {£1}. Since |H| is odd, by
Lagrange's Theorem, we have H/(H N A,,) = {£1} if sgn|py is surjective. This implies that 2 divides |H|,
which is a contradiction. Therefore, sgn|y must be trivial, that is,

sgn(h) =1 forallhe H
Thus, H C A,,.

Problem 7.2. Show that every element in A,, for n > 3 can be expressed as a 3-cycle or a product of
3-cycles.

Solution 7.2. Let 0 € A,,, the group of even permutations. Then o can be written as a product of an even
number of transpositions, say

0 =T17T2 " T2k,
where each 7; is a transposition.
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Suppose 71 = (ab), T2 = (cd) are disjoint permutations. Then
(ab)(cd) = (acb)(bdc).
This is a product of two 3-cycles.
Next, let 71 = (ab), 72 = (bc) be two permutations. Then
(ab)(be) = (abo),

which is a 3-cycle. Note that every element in A,, is a product of an even number of transpositions, and
each such pair of such transpositions can be expressed as a product of 3-cycles. Thus, o € A, can be
written as a product of 3-cycles.

Problem 7.3. Determine all integers n for which H = {a € A, | o® = e} is a subgroup of A,.

Solution 7.3. Note that the set H = {a € A,, | o* = e} contains every element of order 1 or 2 in A,,, and
the identity element belongs to H. From the direct calculations, we find that if n = 1,2, then H = {e} is
trivial. Moreover, for n = 3, we have H = {e}. But for n = 4, we take o = (12)(34) and 8 = (13)(24)
in A4. Note that a and 3 both are of order 2, but the product af is a 4-cycle of order 4, which is not in
H. Thus, the only integers n for which H < A,, aren =1,2,3.
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CHAPTER 4

Group Actions

“As far as the laws of mathematics refer to reality, they are not certain, and as far as
they are certain, they do not refer to reality. ”

— Albert Einstein

In this section, we discuss the concept of a group acting on a set and explore several examples of such
actions. The concept of "action” serves as a central theme in this text, allowing us to examine algebraic
objects by investigating how they can be applied within different structures.

1. Group Actions and Permutation Representations
Definition 1.1 (Group Action). Let G be a group. An action of G on a set A is a map
GxA—A (g,a)—g-a

satisfying the following properties

(1) 1-a=afor all a € A, where 1 is the identity element of G,
(2) g1-(92-a) = (g192) -a for all g1,92 € G and a € A.

We denote ga for g - a. Let G act on A. For each g € GG, we define the map
gg: A=A, o4a)=9-a.
Then we prove the following.

(i) For each g € G, 04 is a permutation of A.
(i) The map ¢ : G — S4 defined by ¢(g) = 04 is a group homomorphism.

(i) We prove that o, is a permutation. Consider
(0g-100g)(a) =04-1(g-a) =g~ - (g-a) =(g7'9) a=1a=a
Similarly, we can prove that

(ogoa4-1)(a) =a.

Thus, o -1 is the inverse of 0,4, and o, is a permutation.
(ii) We prove that ¢ is a homomorphism. Let ¢(g) = o4. Then we have

©(g192)(a) = 0g19,(a) = (9192) - a = g1 - (92 - a) = 04, (0g,(a)) = (©(g1) © p(g2))(a)
for all g1,92 € G and a € A. Thus, ¢(g192) = ¥(g1) © ¥(g2) and ¢ is a homomorphism.

From the above argument, we see that a group action means each ¢ € G acts as a permutation on A
compatible with the group operation. The map ¢ : G — S4 is called the permutation representation
associated with the given action.

Conversely, if ¢ : G — S 4 is any homomorphism, then the map
g9-a:=p(g)(a)

defines a group action of G on A. Thus, the set of all group actions G on a set A and the set of all
homomorphisms from G into S4 are in one-to-one correspondence. Thus, we have the following result.

Proposition 1.1. Let G be a group and A be a non-empty set. Then there exists a bijection between the
actions of G on A and the homomorphisms of G into S4.
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Note 1.1. Here, the group elements appear on the left, so it is a left action. Similarly, we can define a right
action.

Example 1.1. Let G be a group and A a non-empty set. Let ga = a forall g € G, a € A. Then itis a
group action of G on A, and it is called the trivial action and we say G acts trivially on A.

Example 1.2. Let A be any non-empty set. Then the symmetric group S4 acts on A by o-a = o(a) for
all o € S4, a € A. The identity map from S4 to itself is the associated permutation representation.

Example 1.3. Let us name the vertices of an n-gon. Then for all element a of Do, gives a permutation
oq of {1,2,...,n}. The map from Dy, x {1,2,...,n} to {1,2,...,n} defined by
(a, ) = oa(i)
is a group action of Dy, on {1,2,...,n}.
Example 1.4. Let G be a group and A = G. Then we define a map from G x A to A by g-a = ga for all
g € G and a € A. This defines a group action of G on G by left multiplication
g:avw>ga forallacdG.

This action is called the left regular action of G on G itself. Suppose G is an additive group. Then a — g+a,
and we call this by left translation.

Definition 1.2 (Kernel of the action). The kernel of a group action is the set of elements in G that act
trivially on every element of A.

Definition 1.3 (Stabilizer of an element). For each a € A, the stabilizer of a in G is the set G, of elements
of GG that fix the element a.

Definition 1.4 (Faithful action). An action of G on A is said to be faithful if its kernel is the trivial subgroup,
that is, consists only of the identity element of G.

Proposition 1.2. Assume that a group G is acting on the non-empty set A. Then the relation on A defined
by

a~b < a=g-bforsomegeG
is an equivalence relation. For every a € A, the number of elements in the equivalence class which contains

ais [G: Gy).
PROOF. First, we prove that ~ is an equivalence relation.

Reflexivity: Since a = 1-a for all a € A (by axiom (2) of a group action), we have a ~ a.

Symmetry: Assume that a ~ b. Then a = g - b for some g € GG. This implies that
g lra=g"(g-b)=1-b=0b

Thus, b ~ a.

Transitivity: Assume that a ~band b~ c. Thena=g¢g-band b =h-c for some g,h € G. Then
a=g-b=g-(h-c)=1(gh)-c

Thus, a ~ ¢ and the relation ~ is an equivalence relation.

Next, we prove that the number of elements in the equivalence class containing a is [G : G,]. Let C, be
the equivalence class of a, that is,
Ca={g-algeG}
Suppose b =g -a € C,. Then gG, is a left coset of GG, in G. We define a map
¢:Cq— G/Gy, by g-aw— gG,.
Clearly, this map is well-defined and surjective because for any g € G, g-a € C,. Next, we prove this is an
injective map. If g-a = h - a, then
g h-a=a=g'heG,= gG, = hG,.
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This implies that ¢ is an injective map. Thus, ¢ is a bijection and hence
|Cal=[G : Gg).
O

Remark 1.1. From Proposition 1.2, the group G action on the non-empty set A, partitions the set A into
disjoint equivalence classes.

Definition 1.5. Let G be a group acting on a non-empty set A.

(1) Fora € A, the set {g-a | g € G} is called the orbit of a under the action of G.
(2) The action of G on A is said to be transitive if there is only one orbit, that is, for any a,b € A,
there exists g € G such that g-a =b.

Example 1.5. Let G be a group acting on a set A.

(1) Suppose G acts trivially on A, i.e.,, g-a =a for all g € G and a € A. Then the stabilizer of any
element a € A is G, = G, and the orbit of each element is the singleton set {a}. This action is
transitive if and only if |A|= 1.

(2) Let G = S, the symmetric group on n elements, and let A = {1,2,...,n}. Then G acts
transitively on A via the natural permutation action. The stabilizer of any element ¢ € A is the
subgroup G; = S,,_1, and its index in G is [G : G;] =n = |A].

Problem 1.1. Let X = CU {oo} and let G = GL(2,C). Define an action of G on X by linear fractional
transformations as follows:
a b az+b cx
z=—
c d cz+d’ ’
where the image of co is ¢ and the image of —% is 0o. Prove that this defines a group action of G on X.
Solution 1.1. First, we prove that the identity acts trivially. Note that

1 0 .271-2—1—07572
01 S 0-z4+1 1
Loy _1_

01) 0"

by convention, since co maps to a/c and here ¢ = 0, so the image is co. Therefore, for the identity matrix
10
I= € G, we have

For z = oo, we have

01
I-z=2 forall z € X.

Next, we prove that compatibility. Let
_fa b (e f
A_<c d>’ B_<g h)'

__ (ae+bg af +bh
AB_<66+dg cf+dh>‘

Then we have

Next, we compute
(ae +bg)z + (af + bh)

(ce +dg)z + (cf +dh)’

(AB) -z =

On the other hand, we compute
ezt f

gzt h

Next, we compute

A.<ez+f> a';zi{l‘Fb_a(ez—i-f)—Fb(gz—Fh)

gzt h) " e =y d T ezt f) +dlgz +h)
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Simplifying the numerator and denominator, we obtain

(ae +bg)z + (af + bh)

(ce+dg)z+ (cf + dh)

Thus, for every A, B € GG and z € X, we have
(AB)-z=A-(B-2).

Therefore, the given map defines a group action of GL(2,C) on X by linear fractional transformations.

A-(B-z)= = (AB) - z.

Problem 1.2. Prove that the orbits of an action partition the set.

Solution 1.2. Let G be a group acting on a set X. Recall that the orbit of x, for any x € X, under the
action of G is

O,={g-z|geG}
We now prove that the set of all orbits forms a partition of X. That is,

(i) every element x € X lies in some orbit,
(ii) if two orbits O, and O, have a non-empty intersection, then they are equal.

(i) For any z € X, clearly z = e - x € O, since e € G is the identity element. Hence, each element of X
belongs to some orbit.

(i) Suppose O, N O, # 0. Then there exists some z € X such that z € O, and z € O,. So there exist
g,h € G such that
z=g-x=h-y.
Let u € Q. Then u=g'-x for some ¢’ € G. Sincex =g~ ' -2z =g ' (h-y), we can write
u=g-x=g-(g7" - (h-y)=(d9'h) -y,
which implies v € O,. So O, C O,. Similarly, we obtain O, C O,. Thus,
0, =0,.

Problem 1.3. Let G be a group. Suppose p is the smallest prime dividing |G|. Show that any subgroup of
index p in G is normal in G.

Solution 1.3. Let G be a group acting on the set of left cosets G/H by left multiplication
g-zH =gxH forall g,z € G.
Note that this is a well-defined group action. Also this action gives a group homomorphism
p:G—= 8,
defined by ¢(g)(xH) = gz H. Note that the kernel of ¢ is given by

ker() = () gHg ™",
geG

which is the largest normal subgroup of G contained in H.
Using the First Isomorphism Theorem, we obtain that
G /ker(p) = ¢(G).
Thus,
|G = ker(o)|= @(G)|< [Sp|= p!-
Since ker(¢) < H and [G : H| = p, it follows that
[G :ker(p)] =[G : H|-[H : ker(p)] =p- [H : ker(p)].
Hence, |G : ker(yp)| is divisible by p. Let
[P(G)|= |G : ker(p)|=p-m

for some integer m = [H : ker(p)]. Since p is the smallest prime dividing |G| and |¢(G)|< p!, we have p
is the smallest prime dividing [¢(G)|. Suppose |¢p(G)|=p-m. Then m > 1. Next, if m > 1, then m must
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be divisible by some prime R with r < p, contradicting the minimality of p. Thus, m = 1 and |p(G)|= p.
Hence, ker(p) = H. Thus, ker(p) = (¢ gHg~' = H is a normal subgroup of G.

Problem 1.4. Let G = GL(n,R) and X = M, «,(R). Define an action of G on X by conjugation as
follows
A-M=AMA", forall A€ GL(n,R), M € My, (R).
Prove that this defines a group action of GL(n,R) on M, x,(R).
Solution 1.4. We define an action of the group G = GL(n,R) on the set X = M,,»,(R) by

A-M=AMA™Y,  AcGL(n,R), M € Myxn(R).
We now prove that this is a group action.
Let I be the n x n identity matrix. Then for every M € M, «,(R),
I-M=IMI""=M.
Thus, the identity element of the group acts as the identity transformation on X.

Next, we prove Compatibility with the group operation. Let A, B € GL(n,R) and let M € M,xn(R).
Then
A-(B-M)=ABMB YA = (AB)M(AB)™* = (AB) - M.
Hence
A-(B-M)=(AB)- M,
which implies that the action respects the group multiplication in GL(n, R).

2. Cayley’s Theorem
“As for everything else, so for a mathematical theory: beauty can be perceived but not
explained.”
— Arthur Cayley
Let G be a group and H be a subgroup of G. Denote by A the set of all left cosets of H in G. Then
we define an action of G on A by
g-aH =gaH forallge G, aH € A,
where gaH is the left coset with representative of ga. Then G acts on A by left multiplication. Suppose
that H = {1}. Then aH = {a}.

Theorem 2.1. Let GG be a group and let H be a subgroup of G. Let G act by left multiplication on the set
A of left cosets of H in G. Let 7y be the associated permutation representation of this action. Then the
following statements are true.

(1) The action of G is a transitively on A.
(2) The stabilizer of 1H € A in G is the subgroup H.

(3) The kernel of 7y is given by
ker(mg) = ﬂ cHz ™t
zeG
and ker(rgr) is the largest normal subgroup of G contained in H.

PROOF. (1) First we prove that G acts transitively on A. Let aH and bH be any two elements of A
and let g = ba~!. Then
g-aH = (ba')aH = bH.

Thus, any two elements of A lie in the same orbit, that is, G acts transitively on A.
(2) Note that the stabilizer of the point 1H is given by
{9eG|g-1H=1H}={9eG|gH=H}=H.
Thus, the stabilizer of 1H € A in G is H and H is a subgroup of H itself.
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(3) Recall that the kernel is
ker(rg) = {9 € G| grH = zH for all z € G}
={ge G|z gr € H forall z € G}
={geG|gexHz! forall z € G}

= ﬂ zHx b

Next, we assume that N is a normal subgroup of GG such that N C H. Then for all x € G, we have
Nz~ = N C xHz~'. This implies that
N C ﬂ cHz ' = ker(ry).
zelG
Thus, ker(mg) is the largest normal subgroup of G contained in H. U

Corollary 2.1 (Cayley's Theorem). Let G be a group. Then G is isomorphic to a subgroup of some
symmetric group. Further, if G has a finite order n, then G is isomorphic to a subgroup of .5,,.

PROOF. Let H = {1}. Then applying the above theorem, we get a homomorphism from G to Sg.
Note that the kernel of this homomorphism is a subset of H = {1}. Therefore, G is isomorphic to its image
in Sg. In particular, if |G|=n, then G is isomorphic to a subgroup of S,,. U

Corollary 2.2. Let G be a finite group of order n. Assume that p is the smallest prime dividing |G|. Then
every subgroup of G with index p is normal.

PROOF. Assume that H is a subgroup of G with index of H in GG is p. Let w be the permutation
representation and K = ker(wg). Suppose [H : K| = k. Then
[G: H|[H : K] =[G : K] = pk.
As H has p left cosets, by the First Isomorphism Theorem, G//K is isomorphic to a subgroup of S,.
Moreover, by Lagrange’'s Theorem, we have pk = |G/K| divides p!. Thus,

p!
k|—=@p-1.
| » (p—1)
Note that for each prime divisor of (p — 1)! are < p. From the minimality of p implies that for each prime
divisor of k is > p. Thus, k=1 and so H = K is a normal subgroup of G. U

Remark 2.1. Note that the group A4 has no subgroup of index 2. Therefore, a group of order n need not
have a subgroup of index p.

Problem 2.1. Let p be a prime number. Prove that any group G of order 2p has a subgroup of order p,
and that this subgroup is normal in G.
Solution 2.1. Let G be a group of order 2p, where p is a prime. Since p divides |G|, G contains an element
of order p ny Cauchy’'s Theorem. Let H be the subgroup generated by such an element. Then H is a
subgroup of G with |H|= p.
We now show that H is normal in G. The index of H in G is
G 2
G =182 _y
H]  p
Any subgroup of index 2 is normal, because there are exactly two left cosets of H in GG, namely H and
G \ H, and any right coset of H must also be either H or G\ H. Thus, the left cosets and right cosets
coincide, and hence
gH =Hg forall g € G.
This shows that H is normal in G. Therefore, G contains a subgroup of order p, and this subgroup is
normal.
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Problem 2.2. Let |G|= pq, where p and q are distinct primes. If G has a normal subgroup of order p and
a normal subgroup of order g, prove that G is cyclic.

Solution 2.2. Let G be a finite group with |G|= pq, where p and ¢ are distinct primes. Suppose P < G
with |P|=p, and Q < G with |Q|= ¢g. We prove that G = (), a cyclic group of order pq.

Since |P|=p and |Q|= ¢, and p and ¢ are distinct primes, we have ged(p, ) = 1. Therefore, PQ = {pq |
p € P,g e Q} C G is a subgroup of G since p and @ are both normal in G. In particular, every element of
PQ can be uniquely written as a product pg with p € P, ¢ € ). Note that pq = gp. Hence, PQ = P x Q.

Therefore, |PQ|= |P||Q|= pq = |G| and so PQ = G. Thus,
G=PxQ=C,x,.

Since the direct product of two cyclic groups of co-prime order is cyclic, it follows that G is a cyclic group.

3. The Class Equation

Let G be a group which is acting on itself by conjugation as follows:

1

g-a=gag ~ forallge G, aed.

Note that
g1+ (g2 a) = g1 - (92095 ") = g1 (92095 gy '
= (q192)a(g192) " = (9192) - a,
lra=1l-a-1"'=aq
for all a, g1, g2 € G. Therefore, this is a group action.

Definition 3.1. Two elements a and b in a group G are said to be conjugate in G if there exists g € G
such that

b= gag .
This implies that a and b are conjugates if and only if @ and b are in the same orbit of the action of GG on
itself by conjugation.
The orbits of GG acting on G itself by conjugation are called the conjugacy classes of G.

Example 3.1. (1) An action of an abelian group G on G itself by conjugation
g-a=gag t=a forall g,a€G.

is the trivial action. Thus, for all a € G the conjugacy class of a is {a}.
(2) Suppose that |G|> 1. Then G does not act transitively on itself (unlike the action by left multi-
plication) by conjugation, since {1} is always a conjugacy class as

1

g-1=glg " =1 forall g eq.

More generally, the singleton set {a} is a conjugacy class if and only if
gag~' =a forevery g € G,

which holds if and only if a commutes with every element of G, that is, a € Z(G), the center of
G.

Group Action on the Power Set of a Group: If S is any subset of a group G, define
959" ={gsg~' | s € S}.
Then G acts on the set P(G) of all subsets of itself by defining
g-S=gSg~! foranyge @, ScPQ).
This definition satisfies the axioms of a group action as follows.
e Identity: For all S C G, we have
1-S=151"1={1s1"'|sec S} =8.
81



e Compatibility: For all g,h € G and S C G, we have
g-(h-S)=g-(hSh™1) = g(hSh™Y)g~" = (9h)S(gh)~" = (gh) - 5.

Definition 3.2. Two subsets S and T of a group G are said to be conjugate in G if there exists g € G
such that

T =gSg~ L.
Therefore, S and T are conjugate if and only if S and T are in the same orbit of G acting on its subsets by
conjugation.

Suppose S is a subset of G. Then by Proposition 1.2, the number of conjugates of S is equal to the index
[G : Gg]. For the action by conjugation,

Gs={g9€G|gSg~" =S} = Na(9),
which is the normalizer of S in G. Also note that N¢g({s}) = C¢(s). We have the following proposition.

Proposition 3.1. The number of conjugates of a subset S in a group G is [G : Ng(S)], the index of the
normalizer of S.

#{conjugates of S} = [G : Ng(9)].
In particular, the number of conjugates of an element s € G is [G : C(s)], the index of the centralizer of
s.

#{conjugates of s} = [G : Cx(s)].
Remark 3.1. The action of GG on itself by conjugation partitions GG into the conjugacy classes of G, whose
sizes can be computed using Proposition 3.1.

Theorem 3.1 (The Class Equation). Let G be a finite group and let g1, g2, . .., g, be representatives of the
distinct conjugacy classes of G not contained in the center Z(G) of G. Then

Gl=12(G)|+ ) 1G : Calg:))-

i=1

PROOF. As we know that the singleton set {z} is a conjugacy class of size one if and only if z € Z(G)
(since grg™! = z for all g € G). Let Z(G) = {1 = 1,22,...,2m}, and let K1, Ks,..., K, be the
conjugacy classes of G not in the center and g; be a representative of K;. Then the set of all conjugacy
classes of G are

{1}, {22, } ooy {Zm}7 Kl, K27 ceey Kr~
Since the above sets are the partition of (G, we conclude that

Gl=1Z(G)|+ Y _|Kil=12(G)|+ Y _IG : Calgil,
i=1

i=1
by Proposition 3.1. This completes the proof. O

Theorem 3.2. Let p be a prime and let G be a group of order p® for some a > 1. Then the center Z(G)
is non-trivial, i.e., Z(G) # {1}.

PROOF. From the class equation, we have

G|=12(G)|+ ) _[G : Calgs)),

i=1
where ¢1,..., g, are the distinct conjugacy class representatives not contained in the center. Note that
Ca(gi) # G for all i = 1,2,...,r. Therefore, the index [G : Cz(g;)] is divisible by p. As each term in the
sum is divisible by p and |G|= p®, we conclude that p divides |Z(G)| and Z(G) # {1}. O

Corollary 3.1. If |G|= p? for some prime p, then G is abelian. Also prove that any normal subgroup of
order p lies in the center Z(G) of G.
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PROOF. Let G be a group of order p?, where p is prime. By the class equation, we know that Z(G) #
{e} and so |Z(G)] is either p or p.
Case 1: If | Z(G)|= p?, then Z(G) = G, and hence G is abelian.
Case 2: Suppose |Z(G)|= p. Then |G/Z(G)|= p, and hence G/Z(G) is cyclic. Choose a € G such that
G/Z(G) = (aZ(G)). Then for any g,h € G, there exist integers m,n and z,y € Z(G) such that
g=a"z, h =a"y.
Since x,y € Z(G), they commute with a and with each other. Thus
gh=a"za"y =" "ry = a"ya"x = hyg.
Therefore, G is abelian.
Since G is abelian, every subgroup is normal, and every element commutes with all others. Therefore, any
normal subgroup of order p lies in the center Z(G) of G. O
Problem 3.1. Find the class equation of the group Dsg.
Solution 3.1. Recall that the group Dg has elements
{e,r,72, 13, 5, 5,725,175},
4 2 1

with defining relations * = e, s* =e¢, and srs =r"".

We now find the conjugacy classes. Since e and 2 commute with every element of Dg, we have

{ey, )
1 _

Also, srs =r~! =13, so r and r3 form a conjugacy class:

{r, 3},
The reflections split into two conjugacy classes:

{5,125}, {rs,r3s}.

Hence, the class equation of Dy is
|Dg|=1+1+2+2+42=238.

Problem 3.2. Let n be an odd integer of the form 2k 4+ 1. Show that the conjugacy classes in D5, are
given by

{1y, P Y s [h=0,1 0 n - 1)
Find the class equation for Do,,.
Solution 3.2. We know that the dihedral group Do, is generated by a rotation r of order n and a reflection
s, with relations ¥ = 1, s2 =1, and srs = 1. Here n = 2k + 1 is odd.

First, we find the conjugacy classes of rotations. For any integer a, we have

srts =r"%

Since n is odd, r® = r~® for every a = 1,2, ..., k. Conjugation by r does not change powers of r, so the
conjugacy classes of nontrivial rotations are

{r®,r=%} fora=1,2,...,k.

Next, we find the conjugacy classes of reflections. Every reflection has the form sr. Conjugating a reflection

by rotations, we obtain
r(sr®)rt = srP+2,
and since n is odd, the map b — b+ 2 permutes all exponents modulo n.

Note that the identity 1 forms its own class.
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Thus, all reflections are conjugate to each other. Hence, the reflections form one class,
{sr’|b=0,1,...,n—1}.

Collecting all conjugacy classes, we have
{1}, {T‘il}, {riQ}, e {Tik}, {srb :b=0,1,...,n—1}.
The sizes of these classes are
1, 2,2,...,2 (k times), n.
Thus, the class equation of Dy, is
|Dap|= 1+ 2k +n = 2n.

4. Automorphisms
Definition 4.1. An isomorphism from a group G onto itself is called an automorphism of G. Denote by
Aut(G) the set of all automorphisms of G.

Remark 4.1. It is easy to prove that Aut(G) forms a group under composition. Note that automorphisms
of a group G are permutations of GG, and hence Aut(G) is a subgroup of the symmetric group Sg.

Proposition 4.1. Let G be a group and H be a normal subgroup of G. Then GG acts on H by conjugation
defined for each g € G by
h s ghg~™' for each h € H.

For every g € G, conjugation by GG is an automorphism of H. The permutation representation of this action
is a homomorphism of G into Aut(H) with kernel Cg(H). In particular, G/Cg(H) is isomorphic to a
subgroup of Aut(H).

PROOF. Let ¢, be conjugation by G, that is, ¢, (h) = ghg™'. Since H is a normal subgroup of G, Pg
maps H to itself. As the conjugation defines a group action, it follows that

we =1idg, and @gowp = forall a,be G.

This implies that for every map ¢ is a bijection from H to itself and ¢, -1 is the inverse of ¢ . Note that
for all h, k € H, we have

pg(hk) = g(hk)g™" = (ghg™")(gkg™") = wg(h)py(k).
Therefore, ¢, is a homomorphism from H to H, and conclude that ¢, is an automorphism.

Note that the permutation representation ¢ : G — Sy defined by 1(g) = ¢, is a homomorphism and the
image of ¢ contained in Aut(H) C Sg. Consider

ker(y) ={g € G | v, =idy} ={g € G| ghg™ "' = hforall h € H} = Ci(H).
By the First Isomorphism Theorem, we conclude that
G/C(H) = $(G) < Aut(H).
O

Corollary 4.1. Let K be a subgroup of the group G and g € G. Then gKg~! is also a subgroup of G of
the same order.

PROOF. Let ¢, : G — G be the map defined by ¢4(z) = gxrg~'. From Proposition 4.1, we have g is
an automorphism of G. As we know that automorphisms preserve subgroup structure and order, it follows
that ¢,(K) = gKg~! is a subgroup of G and

l9Kg~"|= |K].
In particular, if 2,4 € G are conjugate, then y = gxg~! for some g € G, and so |y|= |z| as isomorphisms
preserve the order of elements. O

Corollary 4.2. Let H be a subgroup of a group G. Then the quotient group Ng(H)/Cqg(H) is isomorphic
to a subgroup of Aut(H). In particular, G/Z(G) is isomorphic to a subgroup of Aut(G).
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PROOF. Let H be a normal subgroup of Ng(H). Then by Proposition 4.1 (for G = Ng(H)), we
conclude that the conjugation map

¢ : Ng(H) = Aut(H), g~ (h— ghg™!)
is a group homomorphism with kernel C(H). From the First Isomorphism Theorem, we have
No(H)/Ca(H) = o(Ng(H)) < Aut(H).
Next, for H = G, we have Ng(G) = G and Cg(G) = Z(G). Thus,
G/Z(G) = Inn(G) < Aut(G).
O

Definition 4.2 (Inner Automorphism). Let G be a group and g € G. Then the conjugation by G is
called an inner automorphism of G. The set of all inner automorphisms is denoted by Inn(G). Note that
Inn(G) < Aut(G).
Example 4.1. Let G be a group. Then G is an abelian group if and only if every inner automorphism is
trivial.
Definition 4.3. A subgroup H of a group G is called characteristic in G if every automorphism of G maps
H to itself, that is,

©(H)=H for all ¢ € Aut(G).
Proposition 4.2. The automorphism group of the cyclic group of order n is isomorphic to (Z/nZ)*, an
abelian group of order ¢(n), where ¢ is Euler's totient function.

PROOF. Let Z,, = (x) for some generator x € Z,,. Suppose ¢ € Aut(Z,,). Then ¥(z) = x® for some
a € 7Z uniquely determined by 1. Denote i by ,. As 1, is an automorphism, x and x® have the same
order. Therefore, gcd(a,n) = 1. Moreover, for all a coprime to n, the map = — z% is an automorphism of
Zop,. Thus, the map

U Aut(Zy) — (Z/nZ)*, g+ a (mod n)

is surjective. Clearly, ¥ is a injective. Since

a0 Yy(@) = Ya(z’) = (2°)* = 2% = Pop(2)
for all ¥q, 1y € Aut(Z,), we have
U (thg 0 thp) = W(hap) = ab  (mod n) = ¥ (ha) ¥ (¢)y).

Hence, ¥ is a homomorphism. Thus, ¥ is an isomorphism. O

Problem 4.1. Let G be a group of order pg, where p and ¢ are primes with p < ¢q. If pt (¢ — 1), then G is
abelian.
Solution 4.1. Suppose Z(G) # 1. Then by Lagrange's Theorem G/Z(G) is a cyclic group and hence G is
abelian.

Next, we assume Z(G) = 1. Note that if every non-identity element of G has order p, then the
centralizer of every non-identity element has index g. From the class equation for (G, we obtain

pq =1+ kq.

But this is impossible as ¢ does not divide 1. Thus, G has an element x of order ¢. Now let H = (z). Since
H has index p, the smallest prime p dividing |G|, we conclude that the subgroup H is normal in G. As
Z(G) =1, it follows that C¢(H) = H. Therefore, G/H = Ng(H)/Cq(H) is a group of order p isomorphic
to a subgroup of Aut(H) by Corollary 4.1. From Proposition 4.2, Aut(H) has order ¢(q) = ¢ — 1, which
is a contradiction to p{ (¢ — 1). Thus, G is an abelian group.

Problem 4.2. Find the automorphisms of the group (), the quaternion group.
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Solution 4.2. Note that the element —1 is the only element of order 2 in (Js. Hence, every automorphism
of Qg must fix —1.

We now consider the elements i, j, k which have order 4. Therefore, an automorphism must send i, j, k to
elements of order 4, that is, to +i,+7, or tk.

The group Qg is generated by ¢ and j, and k = ij. Therefore, an automorphism is completely determined
by the images of ¢ and j. Choose (i) to be any element of {+i, +j, £k} (6 choices). Once (i) is chosen,
©(j) can be any element of order 4 different from (i) (4 choices). Then ¢(k) = v(i)¢(j) is automatically
determined.

Hence,
|Aut(Q8)\: 6 x4 =24.

Thus, the automorphisms of (Jg are obtained by permuting the elements +%, £j, -k in a way that preserves
the relation 75 = k, and

Aut(Qg) =~ Sy
Problem 4.3. Find the inner automorphisms of the group Dg, the Dihedral group of order 8.
Solution 4.3. Recall the center of Dg is

Z(Dg) = {e,r?}.

Hence, the inner automorphism induced by r? is trivial. An inner automorphism of Dy is of the form

pg(z) = gzg™', g€ Ds.

Thus, two elements of Dg induce the same inner automorphism if and only if they differ by an element of
the center. Therefore, the group of inner automorphisms is

Inn(Ds) = Dg/Z(Ds).
Since |Dg|= 8 and |Z(Dg)|= 2, we obtain

Ton(Dg)|= g —4

Hence, there are exactly four inner automorphisms of Dg. In particular,
Inn(Dg) = Dg/Z(Dg) = V4,
the Klein four group.

Problem 4.4. Let GG be a group of order 45 with a normal subgroup P of order 32. Then prove that G is
abelian.

Solution 4.4. Since
|G|=45=3%-5 and |P|=9,
the subgroup P is a Sylow 3-subgroup of G. By hypothesis, P is normal in G.

The quotient group G/ P has order

G/P|= % _5.

Hence, G/P is cyclic.

Let g € G. Since G/P is cyclic, every element of G/P is of the form (¢gP)™ for some integer n. Therefore,
for any z,y € G, their cosets commute in G/P, that is,
(zP)(yP) = (yP)(zP).
This implies
xzyP = yx P,
and hence
zyz ty~l e P.
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Since P has order 9, it is abelian. Moreover, P is normal in G, so every commutator lies in P and commutes
with all elements of P. Hence, all commutators in G are trivial.

Therefore,
xy =yxr forall z,y € G.

Thus, G is abelian.

5. Sylow’s Theorem

In this section, we discuss the converse of Lagrange's Theorem. As a consequence, we prove some
results.

Definition. Let G be a finite group and let p be a prime number.

(1) If the order of G is p® for some a > 1, then G is called a p-group. A subgroup H of G is called
a p-subgroup if H is a p-group.
(2) If G is a group of order p®m, where p t m, then a subgroup of order p® is called a Sylow p-subgroup
of G.
(3) The set of all Sylow p-subgroups of G is denoted by Syl,(G). Also we denote n,(G) or ny, as the
number of such subgroups.
Historical note: The term Sylow p-subgroup is named after the Norwegian mathematician Ludvig Sylow
(1832-1918). In his 1872 paper, Sylow established fundamental results on the existence, congruence, and
number of maximal p-subgroups of a finite group, which are now collectively known as Sylow’s theorems.
These theorems have formed the basis of much of modern finite group theory.

Lemma 5.1. Let P € Syl,(G). If Q is any p-subgroup of G, then
QNNg(P)=QnNnP.
PROOF. Let H =Q N Ng(P). As P < Ng(P), it follows that PN Q < H.

We now prove the other inclusion H < PN Q. From the hypothesis H < @, so it is enough to prove that
H < P. Note that PH is a subgroup of G since H < Ng(P). Also we have

|P||H]|
PH|= .
IPH] |PNH|
This shows that PH is a p-group. As P < PH, the order of PH is divisible by |P|= p?, the largest power
of p dividing |G|. Therefore, |PH|= p® = |P|. Thus, PH = P and so H < P. O

Theorem 5.1 (Sylow's Theorem). Let G be a finite group of order |G|= p®m, where p is a prime and p t m.
Then
(1) Sylow p-subgroups of G exist, that is, Syl,(G) # 0.
(2) If Pis a Sylow p-subgroup of G and @ is any p-subgroup of G, then there exists g € G such that
Q < gPg~'. In particular, all Sylow p-subgroups of G are conjugate in G.
(3) The number of Sylow p-subgroups of G satisfies

np, =1 (mod p).

In particular, n, divides m as n, is the index in G of the normalizer Ng(P) (n, = [G : Ng(P)])
for any Sylow p-subgroup P.

PROOF. (1) We Prove this by induction on |G|. Clearly, if |G|= 1, then the result is trivial. Assume
that statement (1) is true for all groups of smaller order than |G|.

Assume that p | |Z(G)|. Then Z(G) contains a subgroup N of order p by Cauchy’s theorem for abelian
groups. Let G = G/N. Then |G|= pa_lw_z. By induction, we have G has a subgroup P of order p®~!. Let
P < G be a subgroup such that P/N = P. Then |P|= |P/N|-|N|= p®. Thus, P is a Sylow p-subgroup of
G.
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Next, we assume that p{ |Z(G)|. Then consider the class equation

T
GI=12(G)|+ ) G : Calgi)],
i=1
where gi,...,g, are representatives of the distinct non-central conjugacy classes. Note that if p | [G :
Cc(gi)] for all 4, then p | |Z(G)|, a contradiction. Therefore, there exists ¢ such that p 1[G : Cs(g;)]. Let
H = Cg(gi). Then |H|< |G| (as ¢; ¢ Z(G)) and |H|= p®k, where p 1 k. Again, by induction, H has a
Sylow p-subgroup P. As |P|= p®, it follows that P is a Sylow p-subgroup of G.

(2) Let P be a Sylow p-subgroup of G' (by (1)). Denote S = {gPg~! | g € G} by possible set of all
its conjugates with |S|=n, = r. Let ) be any p-subgroup of G. The group @ acts on S by conjugation.
Write S = | |7_; O; as the disjoint union of Q-orbits. Choose a representatives P; € O; for i =1,2,...,s.
Then

0il=[Q : No(P)] = [Q: QN P}
since Ng(P;) = Ng(P;) N Q (by Lemma 5.1). Let Q = P;. Then |O1|= 1. Also for all i > 1, P, # P;, so
P;N P; < P; and hence |O;|> 1 for all i > 1 (since Pj is a p-group). Thus,

r= Z](’ME 1 (mod p).
i=1

Now assume that @ is not contained in any conjugate of P. Then QN P, < @ for all i. Therefore, |O;|> 1
and p | |O;|, which is a contradiction to » = 1 (mod p) (here, r does not depend on the choice of Q).
Thus, Q < gPg~! for some g € G.
(3) From (2), for all Sylow p-subgroups are conjugate. Therefore, the set Syl,(G) = S and n, =r =1
(mod p). Thus,
np =[G : Na(P)]

and hence n,, divides |G|= p®m. Finally, we conclude that n, | m as p { n,. This completes the proof. [

Corollary 5.1. Let P be a Sylow p-subgroup of G. Then the following are equivalent
(1) P is the unique Sylow p-subgroup of G, that is, n, = 1.
(2) P is a normal subgroup of G.
(3) P is characteristic in G.
(4) Every subgroups generated by elements of p-power order are p-groups. That is, if X C G such
that |z| is a power of p for all z € X, then (X) is a p-group.

PROOF. (1) = (2) Assume that P is the unique Sylow p-subgroup of G. Then gPg~! = P for all
g€ GasgPgle Syl,(G). Thus, P is normal in G.

(2) = (1) Suppose P normal in G and Q € Syl,(G). Then there exists g € G such that Q = gPg~'=P
by Sylow’s Theorem. Thus, Syl,(G) = {P}.

(3) = (2) It is clear that characteristic subgroups are normal.

(2) = (3) Assume that P is normal in G. Then P is the unique subgroup of G of order p*. Thus, P is
characteristic in G.

(1) = (4) Assume that the statement (1) holds. Let X C G such that |z|= p* (for some integer k)
for all z € X. Then for all z € X there exists ¢ € G such that z € gPg~! = P from the conjugacy part
of Sylow's theorem (Theorem 5.1 (2)). Thus, X C P and so (X) C P, which is a p-group. Thus, (X) is a
p-group.

(4) = (1) We now assume that (4) holds. Let X be the union of all Sylow p-subgroups of G. Note
that if P € Syl,(G), then P C (X)), which is a p-group. As P is a p-subgroup of maximal order, we have
P = (X). Hence, there is only one Sylow p-subgroup. O

Remark 5.1. Let GG be a finite group and p be a prime.

(1) Suppose p1|G|. Then the Sylow p-subgroup of G is the trivial group.
(2) If |G|= p?, then G itself is the unique Sylow p-subgroup of G.
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Example 5.1. (a) The symmetric group Ss has three Sylow 2-subgroups which are H; = ((1 2)),
Hy = ((23)) and H3 = ((1 3)). Also S5 has a unique Sylow 3-subgroup A3 = ((1 2 3),(1 3 2),e}
and hence Aj is normal in S3. Note that 3 =1 (mod 2).
(b) The alternating group A4 has a unique Sylow 2-subgroup
{e,(12)(34),(13)(24),(14)(23)} =Vi.

Also A4 has four Sylow 3-subgroups which are {(123), (132)}, {(124), (142)}, {(134), (143)}, and
{(234), (243)}. Note that 4 =1 (mod 3).

(c) The symmetric group Sy has no = 3 and ng = 4. As Sy contains a subgroup isomorphic to Dg
(the dihedral group of order 8), it follows that every Sylow 2-subgroup of Sy is isomorphic to Ds.

Problem 5.1. Find all the Sylow 3-subgroups of the symmetric group Sj.

Solution 5.1. We know that |Sy|= 24 and a Sylow 3-subgroup has order equal to the largest power of 3
dividing 24, which is 3' = 3. By Sylow's theorems, the number of Sylow 3-subgroups is given by

n3 =1 (mod 3) and ng|24.

Thus, ng € {1,4}. Next, we fine all the elements of S; with order 3. Note that elements of order 3 in Sy
are precisely the following 3-cycles

(123),(132),(124),(142),(134),(143),(234),(243).

Note that every cyclic subgroup of order 3 contains exactly two non-identity elements, as the group is cyclic
of order 3. Therefore, the number of distinct subgroups of order 3 is

- =4
2

Thus, n3 = 4, and we have the following Sylow 3-subgroups of Sy
Pi={(1238)) ={e,(123),(132)},
Py=((124)) = {e,(124), (1 42)},
Py=((134)) = {e,(134),(143)}
Py=((234)={e,(234),(243)}.

Y

Problem 5.2. Prove that G is a finite group of order p™m, where p is a prime and p { m. Show that the
number of Sylow p-subgroups of GG divides m.

Solution 5.2. Let n;,, denote the number of Sylow p-subgroups of G. By Sylow's theorems, we have
np, =1 (modp) and n,||G|=p"m.
But all Sylow p-subgroups have order p™, and the number n,, divides the index m = |G|/p™. Thus, n, | m.

Problem 5.3. Find the class equation for non-abelian groups of order 39.

Solution 5.3. Let G be a non-abelian group of order 39 = 3 - 13, where 3 < 13 are primes. By Sylow's
theorems, we analyze the structure of G as follows:

(i) The number ny3 of Sylow 13-subgroups satisfies:

ni3=1 (mod 13) and ni3|3.

Thus, n13 = 1, and the Sylow 13-subgroup is unique and hence normal in G.
(i) The number ng of Sylow 3-subgroups satisfies:

n3=1 (mod 3) and ns|13.

Therefore, ng = 13, so there are 13 distinct Sylow 3-subgroups, none of which are normal.

Since G is non-abelian, its center Z(G) must be proper. Moreover, if Z(G) # {e}, then the quotient
G/Z(G) would be of smaller order and possibly cyclic, which would imply G is abelian, a contradiction.

Thus, |Z(G)|=1.
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The class equation takes the form

Gl=12(G)+)_[G: Calg)] = 1,

where each class size divides 39 and is greater than 1 for non-central elements. Hence, possible sizes are 3,
13, or 39. Thus, we have the following class equation of the form

39 =1+ 3a + 13b,
where a is the number of classes of size 3 and b is the number of classes of size 13.

By solving the following
3a + 13b = 38,
we get the unique solution a =4 and b= 2.
Thus, the class equation is
39=1+4-3+2-13=1+12+ 26.
Problem 5.4. Let G be a finite group of order p™m, where p { m, and suppose that p > m. Prove that a
Sylow p-subgroup of G is normal in G.
Solution 5.4. Let n;, be the number of Sylow p-subgroups of G. Then by Sylow's Theorem, we have
np=1 modp and n,|m.
Since p > m, the only integer < m which is =1 mod p is 1. Thus, n, =1 and so the Sylow p-subgroup
is unique and therefore normal.
Problem 5.5. Suppose that G is a group of order 168. If G has more than one Sylow 7-subgroup, exactly
how many does it have?
Solution 5.5. Since |G|= 168 = 23 - 3 - 7, the number n; of Sylow 7-subgroups satisfies
168

ny=1 mod7 and n7|?—24.

Note that divisors of 24 which satisfy =1 mod 7 are 1,8. If G has more than one Sylow 7-subgroup, then
n7 # 1, and hence ny = 8. Therefore, G has exactly 8 Sylow 7-subgroups.

90



CHAPTER 5

Direct and Semidirect Products, and Abelian Groups

“It appears to me that if one wishes to make progress in mathematics, one should study
the masters and not the pupils. "

— Niels Henrik Abel

1. Direct Products

Definition 1.1 (Direct Product). Let G1,Go, ..., G, be groups with respective operations 1, %, ..., %,.
The direct product of G;'s is the set

Gy x Gy x--- XGn:{(gl,gg,...,gn) |gi € G, fori = 1,2,...,n},
with the operation defined component-wise as follows

(2) (91,92, 9n) * (hi,ho, ... hn) = (g1 %1 h1, g2 %2 Ray ..oy Gn ¥ hy).

In the case of infinitely many groups G;, the direct product is defined by

HGi ={(91,92,...) | gi € G; for each i € N},
1€N
with operation
(91,92,--.) % (h1,ha,...) = (g1 *1 h1, g2 *2 ha, ...).
Remark 1.1. As usual we write Equation (2) simply by removing x*; as follow
(91,92, -+, 9n)(h1,ho, ..., hy) = (g1h1, g2h2, ..., gnhn).

Example 1.1. Let G; = R, where i = 1,2,...,n, with the operation of addition. Then the direct product
R xR x--- xR =R"is the Euclidean n-space and the operation is defined by

(CLl,CLQ,...,an)—i-(bl,bg,...,bn) = (a1+b1,a2—|—b2,...,an+bn).

Example 1.2. Let G; = Z, G5 = S3 and G3 = GLy(R), where the group operations are addition, function
composition, and matrix multiplication, respectively. Then the operation in G; X G2 x (3 is defined as
follows

(n,a, A)(m,r,B) = (n+m,aor, A-B).
Proposition 1.1. If G1,Go, ..., G, are groups, then the direct product

G=G1 xGyx---xGy
is a group. Moreover, the order of GG is the product of the order of GG; if each G; is finite. That is,
G|= |G1|Gal-- - |Gl
If any G; is infinite, then the order of G is infinite.
PROOF. Let G = G1 X Gg X - -+ X G,. The operation on G is defined component-wise as follows
(a1,a2,...,a,)(b1,b2,...,b,) = (a1b1, azbs, ..., apby).
Clearly, the operation is satisfies the closure property.
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We now prove the associativity. Let (ay,...,an), (b1,...,bn),(c1,...,¢,) € G. Then
(a1, ... an) [(b1,...,bn)(c1,...,cC )] (al,..., n)(bict, ... bpey)
= (a1(brc1), - -, an(bncn))
= ((albl)cl, .oy (apbp)cy)  (since G; is a group for all 7)
= [(a1b1, ..., anby)(c1,. .., cn)l.

Let e; be the identity of G;. Then the identity element of G is (e1, €2, ...,ey) since

(9155 gn)(er, ... en) = (g1€1,. -, gnen) = (91, -, 9n)-
Let g;l be the inverse of g; in G;. Then the inverse of (g1,...,9n) is (gfl, ooy gnt) since
(91, 9n) (g1 5500 = (€1, s en).
It is clear that
G|=|G1]-|Gal- - |Gl
if G; is finite for all ¢ = 1,2,...,n. Also the order of G is infinite if G; is infinite for some . O
Proposition 1.2. Let G = G; X G X - -+ X G, be the direct product of the groups G1,Go,...,G,.

(1) For each fixed i, the set of elements of G having the identity of G in the j-th position for all
j # 1, and arbitrary elements of GG; in position i, forms a subgroup of G isomorphic to G;, that is,

G; = {(1,1,...,1,91‘,1,...,1) ‘ g; € Gi},
where g; appears in the i-th position. If we identify G; with this subgroup, then

Gi<G and G/Gi=|]]G;

(2) For each fixed i, define the projection map

T G— Gi, mi((91,92,--,9n)) = 9i-
Then 7; is a surjective homomorphism with kernel

n
kerﬂ_i = {(917 - 9i—1, 17gi+17 s 7gTL) ‘ gj € GJ for all j 7& Z} = HG]
j=1
J#i
(3) If x € G and y € G for i # j, then zy = yx.
Proor. (1) Let H; = {(1,...,1,¢9;,1,...,1) | gi € G;}. It is clear that, H; is a subgroup of G. Also
the map

(,OZGZ‘—>Hi, So(gi):(1;'--71791'717--',1)
is clearly an isomorphism. Thus, G; = H; < G.
Next, consider the map
¢ZG*>G1X~'-XGZ',1XGiJrlX--'XGn
defined by
w((glvg% s 7gn)) = (.917 <5 9i-1,Gi+15 - - - 7gn)
Then 1 is a surjective homomorphism, and its kernel is
kery ={(1,...,1,¢;,1,...,1) | ¢; € G;} = H,
By the First Isomorphism Theorem, we have H; < G and

G/H; = H G;.
J;éz
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Prasanna Mahesh Pawar 1 Direct Products

(2) Clearly, the projection map
TG — Gi, mi((91,92: -, 9n)) = Gi-
is a surjective homomorphism with the kernel
kerm; = {(g1,---,9i-1,1,Git1,---,9n) : gi € G;}.

A similar argument in (1), we conclude that

n
kerm%’HGj.
=1
= yeery iy by e ey = yeeey Yy Ly )y i i Yj j 1 . .
(3) Letz = (1 1,91 1)andy = (1 1,95,1 1), where g; € G, g; € G, and i # j. Then

..

xy:(17aglaagjaal):y$v

since the group operation acts independently in each coordinate. O

Theorem 1.1. Let G and H be finite cyclic groups. Then G x H is cyclic if and only if |G| and |H| are
relatively prime.

PROOF. Let |G|=m and |H|=n. Then it is clear that |G x H|= mn.

Assume that G x H is cyclic. Let (g,h) be a generator of G x H. Then |(g,h)|= mn. Since the order of
(g, h) is the least common multiple of the orders of g € G and h € H, we have

(g, k) [= lem([g], |h]) = lem(m, n).

But |(g, h)|= mn, so lem(m,n) = mn, which holds if and only if gcd(m,n) = 1. Hence, m and n are
relatively prime.

Conversely, assume that gcd(m,n) = 1. Let G = (g) and H = (h). Then
(g, )= lem([g|, [A]) = lem(m, n).

Since ged(m,n) = 1, we have lem(m,n) = mn = |G x H|. Therefore, (g,h) has order mn and hence
generates G X H. Thus, G x H is cyclic. O

Corollary 1.1. Let G1,Go, ..., G, be finite cyclic groups. Then the external direct product
G1><G2><'--><Gn

is cyclic if and only if |G;| and |G| are relatively prime for all i # j.
Corollary 1.2. Let m = nino---ng. Then

Lo = Ly X Ly X -+ X L,

if and only if ged(ng,n;) =1 for all i # j.
Example 1.3. Let p be a prime and n € Z™. Then

n factors

is an abelian group of order p™ with the property that 2? = 1 for all x € E,». This group is called the
elementary abelian group of order p".

Problem 1.1. Let p be a prime. Then the elementary abelian group E' = E,;2, which has order p?, contains
exactly p + 1 subgroups of order p.
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Solution 1.1. Since E is an elementary abelian group of order p?, we have E = Z/pZ x 7/pZ. Every
non-identity element of E has order p, and hence generates a cyclic subgroup of order p.

Note that any two distinct subgroups of order p intersect trivially. Therefore, the p? —1 non-identity elements
of E are partitioned into disjoint subsets of size p — 1, where each subset consists of the p — 1 non-identity
elements of a cyclic subgroup of order p.

Thus, the number of such subgroups is

p*—1

p—1
In particular, when p = 2, the group E = 7Z /27 x 7./27 is the Klein four-group, which indeed has exactly
three subgroups of order 2.

=p+1

Problem 1.2. The order of an element in a direct product of a finite number of finite groups is the least
common multiple of the orders of the components of the element.

Solution 1.2. Let G1,Go, ..., G, be finite groups and let
G=G1 xGy x - x Gy
Let
9=1(91,92,---:9n) € G,

where g; € G; for each 1.
Let |g;|= m; be the order of g; in G;, and let

m = lem(my, ma,...,my).

Then
g" = (9192 - 9n) = (e1,e2,...,¢en),

since m; | m for each i. Hence, g™ = e, and so |g|| m.
Conversely, suppose g* = e for some positive integer k. Then
(91595, 9n) = (1, €2, en),
which implies g¥ = e; for each i. Thus, m; | k for all i.
Therefore, m = lem(my, ma,...,my,) | k. In particular, m is the smallest positive integer such that ¢ = e.

Hence, the order of g is

lgl=lem(|gal, 2], - - -, gnl)-
Problem 1.3. Let G = Gy X G X - -+ X (G, be the direct product of groups. Show that the center of GG is
the direct product of the centers of the Gj:

Z(G) = Z(G1) x Z(Ga) x -+ x Z(Gn).

Deduce that G is abelian if and only if each Gj; is abelian.

Solution 1.3. Let G = Gy X G2 X -+ x Gy, and z € G. Then z = (21, 22,..., 2y,) for some z; € G;. To
find Z(G), we have find all z € G such that zg = gz for all g € G. Let g = (91,92,---,9n) € G. Then

29 = (2191, 2292, - -, Zngn), 9% = (9121, 9222, - - -, GnZn)-
This shows that zg = gz if and only if z;g; = g;z; for each i, that is, z; € Z(G;). Thus,
Z(G)=Z(Gy) x Z(Gy) x -+ x Z(Gy).

Next, we know that G; is abelian if and only if Z(G;) = G. Hence, G is abelian if and only if each G; is
abelian.
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Prasanna Mahesh Pawar 2 The Fundamental Theorem of Finitely Generated Abelian Groups

2. The Fundamental Theorem of Finitely Generated Abelian Groups

Definition 2.1. (1) A group G is finitely generated if there is a finite subset S of G such that G = ().
(2) For each r € Z>q, let Z" = Z x Z x --- x Z, where Z° = {0}. The group Z" is called the free
abelian group of rank r.

We now state the fundamental classification theorem for finitely generated abelian groups.

Theorem 2.1 (Fundamental Theorem of Finitely Generated Abelian Groups). Let G be a finitely generated
abelian group. Then

(1) There exist integers r > 0 and ny,no,...,ns > 2 such that n;4q | n; for 1 <i<s—1, and
GE=ZL" XLy X Lpy X -+ X Ln,.
(2) This decomposition is unique up to isomorphism: if
G 27X Ly X Lony X =+ X Lo,
where t > 0, mj > 2, and mjq | mj forall1 < j<wu-—1,thent =7, u=s, and m; = n; for
all 5.
(Proof is omitted).

Corollary 2.1. Let n be a positive integer that is the product of distinct primes. Then up to isomorphism,
the only abelian group of order n is the cyclic group Z,,.

Example 2.1. Let n = 180 = 22 - 32 . 5. Then we find all abelian groups of order 180 up to isomorphism
using invariant factors. For this, we must choose 1y such that ny | n and is divisible by 2 -3 -5 = 30. The
possible values for nq are

ny =180, 90, 60, 30.

For each choice of n1, we determine suitable values of ns, ns, ... such that
ning - ---Ny = 180, and n; | Ti+1 for all i.

For example: If n; = 90, then ny = 2 gives nyng = 180 and 2 | 90. The corresponding group is Zgy X Zs.
If ny = 30, then the only valid ng is 6, since 30 - 6 = 180 and 6 | 30. This gives the group Zsp X Zsg.

Similarly, we obtain all possible combinations as below:

Invariant Factors ‘ Abelian Group

180 Z130
90, 2 Zg() X ZQ
60, 3 ZGO X Z3
30, 6 Zgg X ZG

This process illustrates how the classification of abelian groups of a given finite order depends on the prime
factorization of the order.

Theorem 2.2. Let GG be a finite abelian group of order n > 1, and let

al, a2

— ak
be the prime factorization of n. Then

(1) G is isomorphic to a direct product
GgAleQX"'XAk,

where each A; is an abelian group of order p".
(2) For each i, the group A; is isomorphic to a direct product of cyclic groups. That is,

Ai = prm X Zpiﬁiz X X pri'r7
where the exponents satisfy 8;1 > Sio > -+ > B> 1 and B + Bio + -+ + Bir = a4.
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(3) This decomposition is unique up to isomorphism. That is, if
GgBl XBQX‘--XBk,

where each B; is an abelian group of order p;” then B; = A;, and they have the same invariant
factors.

3. Commutator Subgroups

Definition 3.1. Let GG be a group and A, B C G be non-empty subsets. Let x,y € G.

(1) The commutator of x and y is defined as

[z,y] =2~ 'y ay.

(2) The commutator of subsets A and B is defined as
A, B] = ([a,b] | a € A, be B),

the subgroup generated by all commutators of elements from A and B.

(3) The commutator subgroup of G, denoted G’ or [G, G], is defined by
G' = ([z,y] | z,y € G),
the subgroup of GG generated by all commutators of elements of G.
Proposition 3.1. Let G be a group and z,y € G. If H < G, then we have the following.

(1) zy = yzx[z,y]. In particular, zy = yzx if and only if [z,y] = 1.
(2) H <G ifand only if [H,G] < H.
(3) For any automorphism « € Aut(G), we have a([z,y]) = [a(z), a(y)]. In particular, G’ is charac-

teristic in GG, and the quotient group G/G’ is abelian.

PROOF. (1) We have
[,y = 2~y ay.
Multiply both sides on the left by = and then y on the left side again, we obtain
ry = yalz, y).
This implies that
ry = yxlz,y] or [r,y] =z ly tay.
Thus, zy = yx if and only if [z, y] = 1, the identity.

(2) Suppose H <l G. Then for all h € H, g € G, we have ghg~! € H. Note that
[h,g)=h"tg " hg =h"" (9" hg) € H

since both h € H and g~'hg € H, and H is a subgroup. Therefore, [h,g] € H, and hence [H,G] < H.
Conversely, suppose that [H,G] < H. We now prove that H < G. Let h € H and g € G. Since

[h,g] = h~'g~"hg,
we have the identity

g 'hg = hlh,g].
Since h € H and [h,g] € [H,G] < H, and H is a subgroup, it follows that g~'hg € H. Therefore, H is
closed under conjugation by elements of G. Thus,

H <G,

(3) Let @ € Aut(G). Then

1 -1 -1

a([z.y]) = azyay) = ax)laly) " a(@)aly) = [a(z), a(y)].
Hence, automorphisms preserve commutators and so the image of any commutator under « is again a
commutator. Therefore, the commutator subgroup

G = {[r,y] | z,y € G)
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is fixed under every automorphism, i.e., G’ is a characteristic subgroup of G.
Let G’ and yG’ be arbitrary elements of G/G’. By definition of the group operation in G/G’,

(zG")(yG") = (xy)G'.

Ly € G', we can write

Since [z,y] = 271y~
zy = yalz, y).
Therefore,
(zy)G" = (yz[z,y])G' = (y2)G',
because [x,y] € G'. Thus,
(2G")(yG') = (y2)G" = (yG')(2G").
This shows that G’ and yG’ commute in G/G’. Thus, the group G /G’ is abelian. O
Theorem 3.1. Let GG be a group, and let H, K < G be subgroups such that
(1) H<G and K < G, and
(2) HNn K = {1}.
Then the product HK < G is isomorphic to the external direct product H x K.
PROOF. First, we note that the product HK is a subgroup of G as H < G and K I G. Let he H

and k € K. Since H < G, it follows that the conjugate k~'hk € H and so

hY (k7 hk) € H.
But also, since K < G, h™'k~'h € K, we have

(A 'k"'h)k € K.
We now consider

Wk 'hk e HNK = {1}.
This implies that
h™ 'k 'hk =1 and hence hk = kh.
Thus, every element of H commutes with every element of K.
We now define a map p: HK — H x K by
p(hk) = (h, k).
Clearly, the map ¢ is well-defined since the representation hk is unique. We now prove that ¢ is a homo-
morphism. Let hi,ho € H and ki, ks € K. Since elements of H and K commute, we have
(h1k1)(hoka) = hi(kihe)ko = hihokiks.
This shows that
@((h1k1)(hok2)) = o(hihokiks) = (hahg, kiks),
and also
@(h1k1) - @(haka) = (h1, k1) (h2, k2) = (h1he, kiks).

Therefore, ¢ is a homomorphism.
Since each hk € HK maps uniquely to (h, k) € H x K, the map ¢ is bijective. Hence, ¢ is an isomorphism,

and we conclude that
HK =2 H x K.

O
Definition 3.2. Let G be a group, and let H, K < G be normal subgroups such that H N K = {1}. Then
the subgroup HK < G is called the internal direct product of H and K. On the other hand, the group

H x K, formed from H and K as abstract groups, is referred to as the external direct product of H and
K.

Problem 3.1. Find the commutator subgroups of Sy and Ajy.
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Solution 3.1. First, we consider the group S4. The alternating group A4 is a normal subgroup of Sy of
index 2. Hence, the quotient group S/ A4 has order 2 and is abelian.

Since the commutator subgroup is the smallest normal subgroup with abelian quotient, we obtain
[S4, S4] < Ay
Every 3-cycle is an element of A4, and A4 is generated by 3-cycles. Moreover, each 3-cycle can be expressed

as a commutator in S4. Hence,
Ay < [S4, S4).

Therefore,
[S4, S4] = Ay.
Now consider the group Aj4. Let
Vi = {e, (12)(34), (13)(24), (14)(23)},
the Klein four subgroup of A4. This subgroup is normal in Ay.

The quotient group A4/V} has order 3 and is cyclic, and hence abelian. Therefore,

[A4, Ag] < Vi

Each non-identity element of V} is a commutator of elements of A4. Hence,
Vi < [Ag, Ayl

Thus,
[A4, A4] = Vi

Hence, the commutator subgroups are
[S4,S4] = Ay and [Ay, A4] =V}
Problem 3.2. Let n be a positive odd integer. Then the dihedral group Dy, is isomorphic to the direct
product Doy, X Zs.
Solution 3.2. Consider the group
Dyp = (r,s| " =s>=1, srs =r1).
Let H = (r?,s). Since (r?)* =r** =1 and s> =1, and
sr2s = (srs)? =r72,
we see that H & Dy, the dihedral group of order 2n.
Next, let K = (r"). Since (r")? = 72" = 1, we have K = Z,. Also 7" commutes with both R and S since

n

srs = (srs)" =r " =r",

as n is odd. This implies that 7™ € Z(Dy,). Thus, K < Z(Dyy) and it is normal in Dy,.
Note that H is generated by even powers of R and S, while K contains the odd power ™. This shows that
HNK = {1} since r™ ¢ H.

Now observe that every element of Dy, can be written as either 7* or r*s, where 0 < k < 2n. Any
such element can also be uniquely written as hk for some h € H, k € K, since |H|= 2n, |K|= 2, and
|H||K|= 4n = |Dyy,|. Moreover, since H and K commute element-wise, the map

¢:H XK — Dy, @(hk)=hk
is a homomorphism. Clearly, ¢ is bijective. Hence, Dy, = Da,, X Zs.

Problem 3.3. Let 7,y € G. Then the commutator [y, z] = [z,y]~!. Deduce that for any subsets 4, B C G,
we have [A, B] = [B, A].

k
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Solution 3.3. Let x,y € G. By definition of the commutator,

[, y] = 2~y ay.

Then
[ya x] = y—lx—1y$.
We compute
2,y = (Y rey) T =y e e
Hence,
[y, ] = [z,y] .

Now let A, B C G. Recall that [A, B] is the subgroup of G generated by all commutators [a, b] with a € A
and b € B.

From the first part, we have
[b,a] = [a,b]™' foralla € A, be B.
Hence, every generator of [B, A] is the inverse of a generator of [A, B].

Therefore,

(B, A] <[4, B].
By symmetry, the same argument gives

(A, B] < [B, A].
Thus,

[A,B] = [B, Al

Problem 3.4. A subgroup H < G is normal if and only if [G,H] C H.
Solution 3.4. Let H < (. First, we assume that H is normal in G. Let ¢ € G and h € H. Since H is
normal, we have

ghg™! € H.
Since h~! € H and H is a subgroup, it follows that

lg,h) = g~ h ™ gh = h""(ghg™") € H.

Hence, every commutator [g, k] lies in H, and therefore,

[G,H] C H.

Conversely, assume that [G,H| C H. Let g € G and h € H. Then
[9,h] =g 'h~lgh € H.
Since h € H and H is a subgroup, we obtain
ghg™! = hlg,h] € H.
Thus, ghg~' € H for all g € G and h € H. Therefore, H is normal in G.
Hence, a subgroup H < G is normal if and only if [G, H| C H.
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CHAPTER 6

Ring and Module Theory

“As for methods | have sought to give them all the rigour that one requires in geometry,
So as never to have recourse to the reasons drawn from the generality of algebra.”

— Augustin-Louis Cauchy

In this chapter, we introduce the basic ideas of ring and module theory. These ideas help us understand
important algebraic structures in abstract algebra. They form the foundation for studying rings and modules
and are useful in various fields, including number theory, cryptography, coding theory, and computer science.
This chapter draws on standard results and illustrative examples from [5].

1. Rings and Examples

Let us consider the structure of the integers modulo n, where n is a positive integer. It is well known
that this construction leads us to the group (Z/nZ,+,). Recall that Z/nZ consists of equivalence classes
of integers under congruence modulo n. Denote by [a] the equivalence class of an integer a modulo n, that
is,

[al] ={a+kn|keZ}.
The operation addition in Z/nZ is defined by
[a] + [b] := [a + b].
It is easy to see that the above operation is well-defined and gives the structure of an abelian group.

We now discuss the multiplicative structure that Z/nZ inherits from the integers. The multiplication is
defined by
[a][b] := [ab].

We now prove that the operation is well-defined. Let [a] = [a'] and [b] = [b/]. Thatis, a = a’ (mod n) and
b=V (mod n). Then n divides both a — a’ and b — ¥, and it follows that n divides

ab—ad'tl = (a—ad)b+d(b-1),

so that [ab] = [a'']. Therefore, multiplication is well defined on the set Z/nZ. Also the multiplication in
Z is associative, commutative, and distributes over addition, it follows that these properties hold in Z/nZ.
Note that Z/nZ contains the multiplicative identity 1. We call the structure (Z/nZ,+,-) is a commutative
ring with identity. More generally, we have the following definition.

Definition 1.1 (Ring). A ring is a set R together with two binary operations, usually called addition and
multiplication, defined by (a,b) — a + b and (a, b) — ab, respectively, satisfying the following properties:

(i) The set R, with the addition operation, forms an abelian group.
(i) Multiplication is associative: for all a,b,c € R, we have

a(bc) = (ab)ec.
(iii) Multiplication distributes over addition from both sides: for all a,b,c € R,
a(b+c¢)=ab+ac and (a+b)c=ac+bec.

The element 0 € R denotes the additive identity, and for each a € R, the additive inverse is written as —a.

Definition 1.2. A ring R is said to be commutative if multiplication is commutative, that is
ab="ba forall a,b € R.

101



Definition 1.3. A ring R is called a ring with identity if there exists an element 1 € R such that
la=al=a forallaecR.

Theorem 1.1 (Properties of a ring). Let a, b, ¢ be elements of a ring R. Then the following properties hold:
(1) a-0=0-a=0.
(2) a(=b) = (—a)b = —(ab).
(3) (—a)(=b) = ab.
(4) a(lb—c)=ab—ac and (b—c)a=ba— ca.
Furthermore, if R has a multiplicative identity element 1, then

(5) (-1)a = —a.
(6) (=1)(=1) =1.
PROOF. (1) Since 0+ 0 =0, we have

a-0=a(04+0)=a-0+a-0.

Subtracting a - 0 from both sides gives a - 0 = 0. Similarly, 0-a = 0.

(2) By distributivity, we have
a(=b) +ab=a(-b+b)=a-0=0= a(—b) = —(ab).

Similarly, (—a)b = —(ab).

(3) Using part (2), we obtain
(—a)(=b) = =((—a)b) = —(—ab) = ab.
(4) Using distributivity, we get that
a(b—c)=a(b+ (—c)) = ab+ a(—c) = ab — ac,

and similarly, (b — ¢)a = ba — ca.
(5) Since (—1)a+a=(—1+1)a=0a=0, we get (—1)a = —a.
(6) By part (5), (-1)(=1) = —(-1) = L.

Proposition 1.1.
(1) If a ring R has a multiplicative identity 1, then it is unique.
(2) If an element in a ring R has a multiplicative inverse, then it is unique.
ProOOF. (1) Suppose a ring R has two multiplicative identities, say 1 and 1’. Then
1=1-1"=1".

Therefore, the identity element is unique.

(2) Suppose a € R has two multiplicative inverses b and ¢, i.e.,
ab=ba=1 and ac=-ca=1.
Then
b=0b-1=blac) = (ba)c=1-c=c.
Thus, the inverse of a is unique.
O

Note 1.1. It is often convenient not to assume that the multiplicative identity 1 must be distinct from the
additive identity 0. However, if 1 =0 in a ring R, then for any a € R, we have

a=1la=0a=0.
Thus, every element of R is zero, and R consists of a single element. Such a ring is called the zero ring.

Note that a non-zero element of a commutative ring with unity need not have a multiplicative inverse.
When it does, the element is called a wnit of the ring. Thus, an element «a is a unit if its multiplicative
inverse ¢! exists in the ring, that is, if there exists an element b such that ab = ba = 1.
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Example 1.1. The ring of integers Z, equipped with standard addition and multiplication, is a commutative
ring with unity, where the multiplicative identity is 1. The only elements of Z that have multiplicative
inverses within Z are 1 and —1, and hence these are the only units in Z.

Example 1.2. For any integer n > 0, the set Z,, = {0,1,...,n — 1}, under addition and multiplication
modulo n, forms a commutative ring with unity, where 1 is the multiplicative identity. An element a € Z,,
is a unit if there exists b € Z,, such that ab =1 (mod n). The set of all such units is denoted by U(n) and
consists precisely of those elements a for which ged(a,n) = 1.

Example 1.3. The set Z[z] of all polynomials in the variable = with integer coefficients, under the usual
polynomial addition and multiplication, forms a commutative ring with unity. The multiplicative identity in
this ring is the constant polynomial f(x) = 1.

Example 1.4. Let M>(7Z) denote the set of all 2 x 2 matrices with integer entries. Then M3(Z) is a ring
under matrix addition and multiplication. The ring M3(Z) is non-commutative since, in general, matrix
multiplication does not commute. However, it has the multiplicative identity, namely the 2 x 2 identity

matrix
1 0
(1 0).

Example 1.5. The set 27 of even integers, with usual addition and multiplication, forms a commutative
ring. However, it does not contain a multiplicative identity, as the element 1 is not in 2Z. Hence, 2Z is a
commutative ring without unity.

Example 1.6. Let Ry, Rs, ..., R,, be rings. We now construct a new ring from them by taking the Cartesian
product of these rings and defining operations component-wise as follows. Define
RI®Rd---PR, = {(al,ag,...,an)\ai € R; fori= 1,2,...,77,}.

We define addition and multiplication in this set component-wise as follows.

(a1,a9,...,a,) + (b1,ba, ..., by) = (a1 + b1, ag + ba, ..., an + by),
(al, as, ... ,an)(bl, bg, c. ,bn) = (albl, agbz, ceey anbn).
With these operations, the set Ry & Ry & --- ® R,, forms a ring, which is called the direct sum of the rings
Ry, Ry, ..., Ry.
Example 1.7. Let R be a non-zero commutative ring with identity. Define the set R[ X1, X»,..., X,] to

be the collection of all polynomials in the indeterminate X1, X, ..., X,, with coefficients in R, where each
polynomial is a finite linear combination of monomials of the form

ao X' X5?% - X2 with aq € R and a = (aq,...,a,) € N™.
Then R[X1, Xs,...,X,], under the usual operations of polynomial addition and multiplication, forms a

commutative ring with identity.

Definition 1.4 (Subring). A subset S of a ring R is called a subring if S is itself a ring under the addition
and multiplication operations inherited from R.

Theorem 1.2 (Subring Test). Let R be a ring. A non-empty subset S C R is a subring if a — b € S and
abe S forall a,b e S.

PROOF. Since S is non-empty and closed under subtraction, 0 = a —a € S, and additive inverses exist.
Closure under subtraction and multiplication ensures that S is closed under addition (as a +b = a — (=b))
and multiplication. Hence, S is a ring under the operations of R, and thus it is a subring. O

Example 1.8. The set {0}, consisting only of the additive identity, is a subring of any ring R. It is called
the trivial subring. Similarly, the entire ring R is a subring of itself.

Example 1.9. For any positive integer n, the set
nZ = {kn |k € Z}
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is a subring of the ring of integers Z. It is closed under subtraction and multiplication and contains the
additive identity.

Example 1.10. The set of Gaussian integers, defined by
Z[i| ={a+bi|a,beZ},
forms a subring of the complex numbers C. It is closed under complex addition and multiplication.

Example 1.11. Let R be the ring of all real-valued functions of a real variable, with operations defined
pointwise. The set of all functions f € R such that f(0) = 0 forms a subring of R. These are exactly the
functions whose graphs pass through the origin.

Example 1.12. Consider the ring of all 2 x 2 matrices over Z. The set of all diagonal matrices of the form

<g 2) where a,b € Z,

is a subring of this matrix ring. It is closed under matrix addition and multiplication.

Definition 1.5 (Zero-divisor). A non-zero element a in a commutative ring R is called a zero-divisor if there
exists b # 0 in R such that ab = 0.

Definition 1.6 (Integral domain). An integral domain is a commutative ring with unity that contains no
zero-divisors.

Theorem 1.3 (Cancellation Law). Let a, b, ¢ be elements of an integral domain. If a # 0 and ab = ac, then
b=c.

PROOF. Let ab = ac. Then
ab—ac=0=a(b—c)=0.
Since a # 0 and the ring is an integral domain, it follows that b — ¢ = 0, and hence b = c. O
Problem 1.1. Let R be a ring. Show that M,,(R), the set of all n x n matrices with entries in R, is a ring

under usual matrix addition and matrix multiplication. Furthermore, if R is commutative with |R|> 1, then
M, (R) is commutative if and only if n = 1.

Solution 1.1. Let A = (a;;), B = (bi;) € M, (R). Define

(A+ B)ij = aij + bij, (AB)ij =) _ aikbij.
=1

Then (M, (R),+) is an abelian group since addition is associative and commutative, the zero matrix is the
additive identity, and the inverse of A € M, (R) is —A.

Next, matrix multiplication is associative since R is associative and

(AB)C)ij = > (AB)ircrj = Y (Z ai€b€k> Chj =D i (Z b%%) = (A(BC))ij,
=1 k=1

k=1 k=1 (=1

for A, B,C € My(R). Distributivity of multiplication over addition also carries over from R. Thus, M,(R)
is a ring. If R has 1g, then the identity matrix I,, (with 1z on the diagonal and 0 elsewhere) serves as the
multiplicative identity in M, (R).

Assume R is commutative with |R|> 1. It is clear that if n = 1, then M;(R) = R is commutative by
hypothesis.

Conversely, suppose n > 2. Then we prove that M,(R) is not commutative. Let E;; denote the n x n
matrix whose (i, 7)-entry is 1 and all other entries are 0. These are called the matrix units. They satisfy

1 ifj=k,

EiiEy =0iEy, where ;. =
gk gkl ik {0 otherwise.
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In particular, for n > 2, consider A = E15 and B = FE5;. Then
AB = E13F0 = Eqy, BA = Ey 1 E2 = E.

Since n > 2, we have Ey1 # Fa. It shows that AB # BA. Therefore, M, (R) is not commutative when
n > 2.

Thus, M, (R) is commutative if and only if n = 1.
Problem 1.2. Let R and S be rings.

(1) Prove that the direct product R x S is a ring under componentwise addition and multiplication.
(2) Show that R x S is commutative if and only if both R and S are commutative.
(3) Prove that R x S has an identity if and only if both R and S have identities.

Solution 1.2. Define addition and multiplication on R x S by
(r1,81) + (r2, 82) = (r1 + 12, 81+ 82), (r1,81)(r2, 82) = (1172, 5182).
(1) It is clear that (R x S,+) is an abelian group since addition is defined component-wise and both (R, +)
and (S, +) are abelian groups. The zero element is (Og,0g) and the inverse of (r,s) is (—r, —s).
Next, we prove multiplication is associative. For this (r;,s;) € R x S, where i = 1,2, 3, we have
((r1,81)(r2, 82))(rs, s3) = ((r1r2)r3, (s152)s3),
and
(r1,51)((r2, 82) (73, 83)) = (r1(r273), s1(s283))-

These are equal by associativity in R and S. Also distributivity also holds component-wise. Hence, R x S
is a ring.

(2) Suppose both R and S are commutative. Then
(r1,81)(r2, 82) = (r1r2, s152) = (rar1, s2s1) = (r2,52)(r1,51)
for all (71, s1), (12, 52) € R x S. Hence, R x S is commutative.
Conversely, if R x S is commutative, then
(r,05)(r",05) = (rr',0) = (r'r,0) = (+',05)(r,05).
Therefore, rr’ = r'r. Hence, R is commutative. Similarly, it is easy to prove S is commutative.
(3) If R and S have identities 1 and 1g, then
(1g,1s)(r,s) = (r,s) = (r,$)(1R, 1s).
Thus, (1g,1g) is an identity in R x S.
Conversely, suppose R x S has an identity (er,es). Then
(r,05)(er,es) = (rer, 0) = (r,0g)
for all » € R. Hence, reg = r for all r. Therefore, eg is an identity in R. Similarly eg is an identity in S.
Problem 1.3. Let R be a ring and a € R. Define
Cla)={reR|ra=ar}.
Then prove that C(a) is a subring of R containing a and the center of R, Z(R) = {z € R | zz =
xz for all z € R}, is the intersection of the subrings C(a) as a ranges over R.
Solution 1.3. Since 0a = a0 = 0 and aa = aa, we have 0,a € C(a). So C(a) non-empty. If r,s € C(a),
then
(r—s)a=ra—sa=ar—as=a(r—s).
This shows that r — s € C(a). Similarly,
(rs)a =r(sa) =r(as) = (ra)s = (ar)s = a(rs),
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so rs € C(a). Thus, C(a) is closed under subtraction and multiplication. Since C(a) is non-empty and
satisfies the subring test, it is a subring of R containing a.

Now let us determine the center. By definition,

Z(R)={z € R| zx = zz for all x € R}.
For a fixed a € R, an element z belongs to Z(R) only if za = az, thatis, z € C(a). Conversely, if z € C(a)
for every a € R, then z commutes with every element of R. Hence, z € Z(R).

Therefore,

Z(R) = [ C(a),
a€ER
as required.

2. ldeals and Factor Rings

Recall that normal subgroups play a fundamental role in constructing factor groups in group theory.
Analogously, in ring theory, ideals are crucial for defining factor rings (also called quotient rings).

Definition 2.1 (Ideal). Let R be a ring. A subring I C R is called a (two-sided) ideal of R if for every
r € Randevery a € I, both ra € I and ar € I. In other words, I is closed under multiplication by elements
of R from both sides.

Note 2.1. An ideal I is said to be a proper ideal if I C R. It is easy to see that from the definition, ideals
"absorb” multiplication from the ring. That is,
rl ={ra|la€l}CI and Ir={ar|acl}CI forallreR.

Theorem 2.1 (Ideal Test). Let R be a ring. A non-empty subset I C R is an ideal of R if

(1) a —b € I whenever a,b € I,
(2) racIandar el forallael andr e R.

PROOF. Proof follows from the definition of an ideal and the subring test. O
Example 2.1. (1) The sets {0} and R are always ideals of a ring R. The ideal {0} is called the trivial
ideal.

(2) For any positive integer n, the set nZ = {kn | k € Z} is an ideal of Z.

(3) If R is a commutative ring with unity and a € R, then the set (a) = {ra | » € R} is an ideal
called the principal ideal generated by a.

(4) Let R[z] be the ring of real polynomials, and let I C R[x] be the set of all polynomials with zero
constant term. Then I is an ideal of R[z], and in fact I = (z).

(5) If a1, az,...,a, € R, the set

(a1,az,...,a,) ={ria; +reas + -+ rpa, | s € R}

is an ideal of R, known as the ideal generated by a1, ..., ay.

(6) In Z[x], the set of polynomials with even constant terms forms an ideal. This ideal is generated
by z and 2, i.e., (z,2).

(7) Let R be the ring of all real-valued functions on R. The set of all differentiable functions is a
subring, but not an ideal of R.

2.1. Factor Rings. Let R be a ring and A be an ideal of R. Since A is a normal subgroup under
addition, we can form the factor group

R/A={r+A|reR}.
To define multiplication on cosets, we define
(r+A)(s+A) =rs+ A.

Theorem 2.2. Let R be a ring and A C R. Then R/A is a ring under coset addition and multiplication if
and only if A is an ideal of R.
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PROOF. Assume that A is an ideal of R. Suppose s+ A=s"+Aandt+A=t+A. Thens=s+a
and t =t + b for some a,b € A. Consider

st=(s'+a)(t' +b) =5t +5'b+at’ + ab.
Since A is an ideal, we have s'b,at’,ab € A. This shows that
st+ A=st+ A,
and hence multiplication is well-defined.

Conversely, assume that R/ A is a ring under coset addition and multiplication. Suppose A is not an ideal (but
it is a subring). Then for some a € A, r € R, either ra ¢ Aorar ¢ A. Inthiscase, (a+A)(r+A4) =ar+A

differs from 0 + A, which contradicts the operation multiplication is well-defined. O
Example 2.2. (1) 2Z/6Z = {0+ 6Z,2 + 67,4 + 6Z} is a factor ring under mod 6 operations.
(2) Let R = { Zl 22} | a; € Z}, and let I C R be the subset with all entries even. Then R/I has
3 a4

16 elements, each represented by a matrix with entries 0 or 1.
(3) Z[i]/(2 —1i). Here, (2 —1i) denotes the ideal generated by 2 — i in the Gaussian integers. Elements
are of the form a + bi + (2 — i), and the ring turns out to be isomorphic to Zs.

Definition 2.2 (Prime and Maximal ideal). A prime ideal P of a commutative ring R is a proper ideal such
that whenever a,b € R and ab € P, thena € Porb € P.

A maximal ideal of a commutative ring R is a proper ideal M such that if I is an ideal of R with
M C I C R, then either I = M or I = R.

Thus, the only ideal that properly contains a maximal ideal is the entire ring.
Example 2.3. Let n > 1 be an integer. Then in the ring of integers Z, the ideal nZ is prime if and only if
n is prime.
Example 2.4. The ideal (2% + 1) is maximal in R[z]. Assume that A is an ideal of R[z] that properly
contains (22 4 1). Let f(z) € A and f(x) ¢ (z% +1). Then by the Division Algorithm,

f(@) = q(@)(z® + 1) +7(x),
where deg () < 2, so r(z) = ax + b with a and b not both zero. Since r(z) = f(z) — q(x)(z? + 1) € A,
we have ax + b € A. We now consider

(az 4+ b)(ax — b) = a*x* — b* € A,

and

a?(z? +1) = a®2® + a? € A.
This implies that

(a®2? + a?) — (a®2? —b*) = a® + b* € A,

Therefore, A contains a non-zero constant a® + b, and hence 1 € A, which implies A = R[z]. Thus,
(x? 4+ 1) is maximal.
Example 2.5. The ideal (x? + 1) is not prime in Zs[z], since it contains (z + 1)2 =22 +2r +1 =22 +1
(here 2z = 0 in Z2), but it does not contain x + 1.
Theorem 2.3. Let R be a commutative ring with unity, and let A be an ideal of R. Then R/A is an
integral domain if and only if A is a prime ideal.

PROOF. Suppose that R/A is an integral domain and ab € A. Then
(a+A)b+A) =ab+ A=A,

which is the zero element in R/A. Since R/A has no zero divisors, it follows that either a + A = A or
b+ A=A, thatis, a € Aorbe A. Hence, Ais a prime ideal.

Conversely, assume that A is a prime ideal. Then R/A is a commutative ring with unity. Suppose
(a+A)b+A) =ab+ A=A
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This implies ab € A. Since A is prime, we must have a € Aor b € A. Therefore, a+ A=Aorb+ A = A,
which means that one of the factors is zero in R/A. Hence, R/A has no zero divisors and is an integral
domain. ]

Definition 2.3. Let R be a ring with identity 1 # 0, and let A be a subset of R.

(1) The ideal generated by A, denoted by (A), is the intersection of all ideals of R that contain A,
that is,
(A>:ﬂ{I§R | Iisan ideal of Rand AC1}.

Equivalently, (A) is the smallest ideal of R containing A.
(2) We define

RA = {Zriai | i€ R, a; € A, neZ>0},
i=1

with the convention that RA=0if A = @.

Similarly,
n
AR = {Zairi ‘ ri € R, a; € A, n €Z>0},
i=1
and
n
RAR = {Zriairg | ri,7i € R,a; € A,n € Z>0} .
i=1
(3) If A= {a} consists of a single element, then the ideal (A) is written as (a) and is called a principal
ideal.

(4) If A={a1,aq2,...,a,} is a finite subset of R, then the ideal (A4) is written as
{a1,a9,...,an) = {ria1 + reag + -+ -+ rpan | r1,72,...,7y € R}
and is called a finitely generated ideal.

Problem 2.1. Let R be a ring (assume two-sided ideals, in particular the statement holds if R is commu-
tative). If A and B are ideals of R, define their sum and intersection by

A+B:={a+blac A, be B}, ANB:={x € R|z € Aand x € B}.
Define the product ideal AB by

n
AB = { Z aibi
i=1
that is, AB consists exactly of all finite sums of elements of the form a;b; with a; € A, b; € B. Prove that
A+ B, AN B and AB are ideals of R, and that
ABCANBC A+ B.

Solution 2.1. First, we prove that A + B is an ideal of R. Let xt = a1 + b1 and y = as + by and r € R.
Then z +y = (a1 +a2) + (b1 +b2) € A+ B, re =ray +rby € A+ B and ar = ayr + bir € A+ B since
A and B are ideals.

Next, we prove that AN B is an ideal. For this, if z,y € ANB, thenz+y € A and z+y € B. Therefore,
z+y € ANB. Similarly, —z € AN B and rz,zr € AN B for all r € R.

n € Zso, a; € A, bieB},

Finally, we prove that AB is an ideal of R. By definition, every element of AB is a finite sum )" | a;b;
with a; € A, b; € B. Since sums of such finite sums are again finite sums of products, it follows that AB

is closed under addition. For r € R,
n n

T(Zn:az‘bi> = Z(mi)bi, (iadn)r = Zai(bﬂ'),
=1 i=1

i=1 i=1
and since ra; € A and b;r € B, both products lie in AB. Thus, AB is an ideal.
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Note that for all 7, a;b; of AB lies in A (because A is an ideal and a;b; € A). Similarly, a;b; € B. Therefore,
a;b; € ANB. Hence, every finite sum of such generators liesin ANB,and AB C ANB. Finally, ifx € ANB
thenz =2+ 0withz € Aand 0 € B. Hence, € A+ B andso ANB C A+ B. Thus,

ABCANBCA+B.

Problem 2.2. Show that the ideal (2,z) in Z[z] is not principal.
Solution 2.2. By definition, we have

(2,2) = {2p(x) + zq(x) | p(2),q(z) € Z[x] }.
This implies that (2,z) consists exactly of those polynomials in Z[z] whose constant term is even. In
particular, (2,z) is a proper ideal.
Suppose, for a contradiction, that (2,z) = (a(x)) for some a(x) € Z[z]. Since 2 € (a(x)), there exists
p(z) € Z[x] with
2 = p(x)a(x).

This implies that both p(z) and a(x) to be constant polynomials. Hence, a(z), p(z) € {£1, £2}.

o If a(x) = £1, then (a(x)) = Z[x], which is not proper, a contradiction.

o If a(z) = £2, then (a(z)) = (2). But z € (2,z) would imply = € (2), i.e. z = 2¢(x) for some

q(z) € Z[z], which is impossible.

Thus, no such a(z) exists, and we conclude that (2, ) is not a principal ideal.

Problem 2.3. Show that every ideal of Z is principal. In particular, prove that for integers n,m # 0 we
have

(n’m> = <d>a
where d = ged(n, m), and deduce that n and m are relatively prime if and only if (n,m) = (1).

Solution 2.3. Note that nZ = (n) = (—n) for all n € Z. Thus, every ideal of Z is generated by a single
integer, i.e. every ideal of Z is principal.

Now let n,m # 0 and let d = ged(n, m). By Bézout's identity, there exist r, s € Z such that
d=rn-+sm.

Hence, d € (n,m), which implies (d) C (n,m).

Conversely, since d | n and d | m, both n and m lie in (d), which implies (n, m) C (d). Therefore,
(n,m) = (d).

Finally, n and m are relatively prime if and only if gcd(n,m) =1 if and only if
(n,m) = (1).

Problem 2.4. Show that the ideal (z) is a prime ideal in Z[x], but it is not a maximal ideal in Z[z].
Solution 2.4. First, we prove that (z) is a prime ideal in Z[z]. Define a ring homomorphism

o : Zix] - Z
by ¢(f(z)) = f(0). This map is surjective.
Clearly,

ker(p) = ().
By the First Isomorphism Theorem, we have

Zlz]/(z) = Z

Since Z is an integral domain, it follows that Z[z]/(x) is an integral domain. Hence, (z) is a prime ideal of
Z|z).
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Next we show that (x) is not a maximal ideal in Z[z]. Consider the ideal
(2,z) < Zlx].
Clearly,
() G (2,2) C Z[x].
Thus, (x) is properly contained in another proper ideal of Z[z]|. Therefore, (x) is not a maximal ideal.

Hence, the ideal (z) is a prime ideal but not a maximal ideal in Z[x].
Problem 2.5. Let R be a commutative ring. Let I and J be ideals of R, and let P be a prime ideal with

1JCP.

Prove that I C Por J C P.
Solution 2.5. Recall that IJ denotes the ideal generated by all finite sums of products xy with « € I and
y € J. If I C P then we are done. Otherwise choose

acl\P

For every b € J, we have ab € IJ C P. Since P is prime and a ¢ P, we have b € P as ab € P . Hence,
J C P.

Therefore, either I C P or J C P, as required.

3. Modules over Rings and Examples

Definition 3.1 (Left R-Module). Let R be a ring. A left R-module M is an abelian group (M, +) together
with a scalar multiplication
RxM — M, (r,m) — rm,

such that for all r,7’ € R and m, m’ € M satisfies

(1) r(r'm) = (rr")m,

(2) (r+r"Yym=rm+r'm,

(3) r(m+m') =rm+rm'.
If R has an identity element 1, the module M is called unital if

Im=m for all m € M.

Remark 3.1. One may also define right R-modules. In this case, the scalar multiplication is written mr
with m € M and r € R, and the analogues of (1)—(3) above hold. When R is commutative ring, the
distinction between left and right disappears, and one simply speaks of an R-module.

Example 3.1. Every abelian group can be regarded as a unital Z-module. Indeed, if (M, +) is an abelian
group, then we define scalar multiplication by
m+m+---+m if n>0 (n terms),
n-m = 0 if n =0,
—((=n)-m) if n <0.
This definition uses only the group operation of M and makes M into a unital Z-module.
For example, if M = 7.2 with component-wise addition, then
3-(2,4) =(2,4) 4+ (2,4) + (2,4) = (6,12),
and
(—2)-(2,4) = —(2-(2,4)) = —(4,8) = (-4, -8).
Thus, the above example shows that the action of Z corresponds exactly to repeated addition in the abelian
group.
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Example 3.2. If R is a ring, then R itself is naturally both a left R-module and a right R-module, with
scalar multiplication given by the ring multiplication. Moreover, if I is a two-sided ideal of R, then the
quotient ring R/I inherits both a left R-module and a right R-module structure by

r-(x+1) = (re)+1 and (z+1)-r = (xr)+1
for all ;& € R. Note that these module structures are unital whenever R has an identity.
Example 3.3. The set of all complex numbers C is an R-module, where the addition + is the usual addition
of complex numbers and the scalar multiplication - : R x C — C is given by

r-(a+bi) = (ra) + (rb)i, reR, a,beR.

Example 3.4. Let R be a unitary ring and let n be a positive integer. Consider the abelian group R™
consisting of all n-tuples of elements of R under component-wise addition

(xlv"'vwn)—i_(yl?"'ayn) = (‘Tl +yl7---;$n+yn)-
Define a scalar multiplication by

(T, .., o) = (rey, ..., rTy), r € R.

Then R"™ becomes a left R-module.
Example 3.5. Let R be a unitary ring and let R denote the set of all functions f : N — R (equivalently,

all sequences of elements of R). Define addition pointwise as
(f +9)(n) = f(n) + g(n), where f,g € RN and n € N.
This makes (RY, +) an abelian group.
We now define scalar multiplication as
(rf)(n) =r f(n), re R, neN.
Then RY becomes a left R-module.

Example 3.6. Let R be a ring. The set M,,x,(R) of all m x n matrices with entries in R forms an abelian
group under matrix addition.

(1) As a left R-module. Let » € R and A = (ai;) € Mpxn(R), then we define scalar multiplication as
follows.

r-A = (raijj) € Mpxn(R).
This makes M, xn(R) into a left R-module.

(2) As a left M,,(R)-module. Let S = M,,(R), the ring of m x m matrices over R. We now give
My xn(R) the structure of a left S-module as follows. Let S € M,,(R) and A € My,xn(R). If S = (si5)
and A = (a;i), then the (i, k)-entry of SA is given by
(SA)Zk = Zsijajk.
j=1
Thus, M,,xn(R) carries simultaneously the structure of a left R-module (by scalar action on entries) and a
left M,,(R)-module (by matrix multiplication).

Example 3.7. Let R be a ring and S be a non-empty index set. Let {M;}cs be a family of left R-modules.
Then the direct product
IR

ses
is defined as the Cartesian product of the underlying abelian groups of the My, equipped with coordinate-wise
addition defined by

(xS)SES + (ys)ses = (xs + s )5657
and scalar multiplication by r € R is defined by coordinate-wise as
r(xs)ses = (125 )ses-
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Then it is easy to verify that [[ g M, is a left R-module with the operations defined above.

Remark 3.2. If S is finite, then the direct product coincides with the direct sum @, 4 M, (defined in the
next example). Also, if S is infinite, then the direct sum is a R-submodule of the direct product consisting
of those families (z5)ses in which all but finitely many x4 are zero.

Example 3.8. Let R be a ring and S be a non-empty index set. Let {M}scs be a family of left R-modules.
Then the direct sum
B,

ses
is the subset of the direct product [ ], g M; consisting of all families (x5)scs such that

zs =0 for all but finitely many s € S.

Addition and scalar multiplication are defined coordinate-wise as follows.

(xS)SES + (ys)ses = (:L's + Ys )5657 T (xs)ses = (T’.TS )SES'
Then @, g M; is a left R-module with the above operations.

Remark 3.3. If S is finite, then
. = T

sesS sesS
Also, if S is infinite, then the direct sum is a proper submodule of the direct product.

Example 3.9. Let R be a non-zero ring with identity and S be a non-empty set. We define the left R-module
F(S) = Pr,
ses

the direct sum of copies of R indexed by S. For each s € S, let iy : R — F(S) denote the natural
embedding into the s-th component. Next, we define a map

0:8 — F(S5), d(s) = is(1),
where 1 is the multiplicative identity of R. The module F(S), together with the function 0, is called the
free left R-module on S.

Definition 3.2 (R-Submodule). Let R be a ring and M a left R-module. An R-submodule of M is a subset
N C M such that

(1) (N, +) is an additive subgroup of (M, +),

(2) rm € N forallr € Rand m € N.
Equivalently, N is a submodule if it is closed under addition and under scalar multiplication by elements of

R.

When the context is clear, we can omit the qualifier “left”.
Example 3.10. Let R be a ring with identity and M a unital left R-module. For m € M, the R-submodule
of M generated by m is

Rm={rm:r € R}.
Note that Rm is an abelian group since

(r+s)m=rm=+ sm,
and it is closed under scalar multiplication since

s(rm) = (sr)m.

Moreover, Rm contains m since 1m = m.

Remark 3.4. If M is not unital, then the submodule generated by m may not equal Rm. This explains
why the assumption of unitality was required in the construction of free R-modules.

More generally, if {m1,...,m,} C M and M is unital, then the submodule generated by m1,...,m, is
Rmqi + Rmoy + --- + Rm,.
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Example 3.11 (Ideals as Submodules). Recall from Example 3.2 that R can be regarded as a left R-module.
In this setting, the left R-submodules of R are precisely the left ideals of R. Recall that a subset I C R is
a left ideal if

(1) Iis an additive subgroup of R, and

(2) raeIforallre Randa€ .

If R has an identity, then R is a unital left R-module, and the left ideal of R generated by an element ¢ € R
is

Ra ={ra:r € R}.
Similarly, the right ideals are exactly the right R-submodules of the right R-module R.
Recall that if R is commutative, then the notions of left ideals, right ideals, and two-sided ideals coincide.

Remark 3.5. Let R be a ring and M be a left R-module. If N is an R-submodule of M, then the quotient
abelian group M /N becomes a left R-module by

r-(m+ N) = (rm) + N, re€ R, me M.
It is clear that the above operation is well defined and satisfies the module axioms. The resulting R-module
M/ N is called the quotient module of M by N.

Problem 3.1. Let R be a ring. Let M be a left R-module, and let I C R be a right ideal. Define the
annihilator of I in M by

Anmny(I)={meM|a-m=0forallacl}.
Prove that Annj (1) is a submodule of M.
Solution 3.1. Clearly, 0 € Anny,(I) asa-0 =0 for every a € I. If m,n € Anny,(I), then for every a € I
we have
a-(m+n)=a-m+a-n=0+0=0.
This implies that m +n € Anny(I). On the other hand, we have
a-(—m)=—(a-m)=-0=0
Therefore, —m € Annj/(I) and hence Annj (1) is an additive subgroup of M.
Next, let r € R and m € Anny,(I). For every a € I, we have
a-(r-m)=(ar)-m.
Note that ar € I, since [ is a right ideal. Since m is annihilated by every element of I, we have (ar)-m = 0.
Therefore, a - (r-m) =0 for all a € I and hence r-m € Anny(I).

Thus, Annjs(I) is closed under addition, additive inverses, and scalar multiplication, hence it is an R-
submodule of M.

Problem 3.2. Let M be an abelian group and let End M be the set of all endomorphisms on M, i.e. the
set of all group homomorphisms f: M — M.

(1) Show that End M is an abelian group under the law (f, g) — f + g defined by

(f+9)(z) = f(z) + g(x), Ve € M.

(2) Prove that the following
(a) (End M, +,0) is a unitary ring.
(b) M is an End M-module under the action

EndM x M — M, (f,m)— f-m= f(m).

(c) If R is a unitary ring and i : R — End M is a ring morphism such that p(1gr) = idyy, then
M is an R-module under the action

Rx M — M, (Am)— Im:=[uN)](m).
Solution 3.2. (1) First, we verify that (End M, +) is an abelian group.
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e Associativity: Let f,g,h € End M and z € M. Then

((f +9) +h)(x) = (f + 9)(2) + hz) = (f(x) + g(x)) + h(z) = f(z) + (9(x)
o Commutativity: (f + g)(z) = f(2) + g(z) = g(z) + f(z) = (g :
e [dentity: The zero map 0: M — M, 0(x) = 0, satisfies (f 4+ 0)(z) = f(x).
e Inverse: Define (—f)(xz) = —f(x), then (f + (—f))(z) = 0.

Hence, (End M, +) is an abelian group.
(2) (a) Composition of elements in End M satisfies associative, and End M has identity id,/, and o
distributes over + as follows.

folg+h)(x) = flg(z)+ =) = flg(@)) + f(h(x)) = (f o g)(x) + (f ° h) ().
Hence, (End M, +,0) is a unitary ring.

(b) Define the action (f,m) +— f(m). For f,g € End M and m € M,
(f+g9)-m=(f+g)(m)=f(m)+g(m)=f-m+g-m,
(fog)-m=(fog)(m)=flg(m))=1f-(g-m),

and idp; -m = m. Hence, M is a left End M-module.
(c) Let po: R — End M be a ring homomorphism with p(1g) = idas. Define Am := [u(\)](m).
Then for \,p € R and m,n € M, we have
A+ p)m = [u(A + p)J(m) = (u(A) + p(p))(m) = u(A)(m) + p(p)(m) = Am + pm,
(Ap)m = [pu(Ap)](m) = (1(A) o u(p))(m) = pn(X)(u(p)(m)) = A(pm),
Lgm = [u(1g))(m) = idas (m) = m.
Hence, M is a left R-module.
Problem 3.3. Let S be a non-empty set and R a unitary ring. Define F as the set of all functions f : S — R
such that f(s) = 0 for all but finitely many s € S.

Define addition and scalar multiplication on F by
(f+9)(s) = f(s)+g(s), (Af)(s)=Af(s),  f.geF, AcR.
Show that F'is a left R-module under these operations.

Solution 3.3. (1) Abelian group under addition:
(a) Closure: Let f,g € F. Since f(s) = 0 and g(s) = 0 for all but finitely many s € S,
(f+9)(s) = f(s)+ g(s) =0 for all but finitely many s € S. Hence, f +g € F.

(b) Associativity: It is clear.

(c) Identity: The zero function 0(s) = 0 satisfies (f + 0)(s) = f(s).

(d) Inverses: For f € F, define (—f)(s) = —f(s). Then (f + (—f))(s) = 0.

(e) Commutativity: (f +g)(s) = f(s) +g(s) = g(s) + f(s) = (g + f)(s)-
(2) Compatibility with scalar multiplication:

(a) Distributivity over function addition: For A € R,

A (f49)(s) = A(f(s) +9(s)) = Af(s) + Ag(s) = (Af + Ag)(s).
(b) Distributivity over ring addition: For \,u € R,
(At+p) - f(s) = A+ ) f(s) = Af(s) + uf(s) = (Af + pf)(s).
(c) Compatibility with ring multiplication: For A\, u € R,
(M) - f(s) = (M) f(s) = Muf(5)) = A~ (uf)(s)-
(d) Identity element: 1g - f(s) = 1rf(s) = f(s).
Since all module axioms are satisfied, F' is a left R-module.
Problem 3.4. Let M be an R-module and let r,s € R.
(1) Show that if r — s € Anng M, then rax = sz for all z € M.
(2) Deduce that M can be regarded as an R/Anng M-module.
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(3) Show that the annihilator of M in R/Anng M is zero.
Solution 3.4. (1) Suppose r — s € Anng M. By definition,

(r—s)x=0 forall x € M.
Expanding the left-hand side gives
re—sr=0 = rex=sx, VereM.
(2) Consider the quotient ring R/Anng M and define an action on M by
(r+Anngp M) -z:=rx, r€ R,z M.

This is well-defined because if r + Anng M = s + Anng M, then r — s € Anng M, and by Part
(1), ro = sz for all x € M.

The module axioms follow immediately from the fact that M as an R-module. Hence, M is an
R/Anng M-module.
(3) Let 7=r+ Anngp M € R/Anng M, and assume

7-x=0 forall z € M.

By the definition of the action, we obtain rz = 0 for all x € M. Hence, r € Anng M. Conse-
quently,

F=r+AnmmgM =0 in R/Anng M.
Therefore, the annihilator of M in R/Anng M is zero.

Problem 3.5. Let M be an R-module. The module M is called simple if its only submodules are {0} and
M. Prove that M is simple if and only if every non-zero element of M generates M, that is,

Vre M, x#0 = Rx =M.
Solution 3.5. First, we assume that M is simple. Let z € M with x ## 0. The set
Rr={rz:reR}

is a submodule of M. Since x # 0, we have Rz # {0}. Note that the only possible non-zero submodule is
M itself, since M simple. Hence, Rz = M. Thus, every non-zero element of M generates M.

Conversely, suppose that every non-zero x € M satisfies Rx = M. Let N be any submodule of M. If
N = {0}, we are done. Otherwise, pick a non-zero x € N. Then Rz = M, but since z € N and N
is closed under scalar multiplication, we must have Rz C N. Hence, M C N, which implies N = M.
Therefore, the only submodules of M are {0} and M. Thus, we conclude that M is simple.

Problem 3.6. Let R be a commutative ring with unity and let M be an R-module. For each r € R define
rM={rz:xe M}, M,={xeM:rx=0}.

(1) Prove that both M and M, are R-submodules of M.
(2) Suppose R =7 and M = Z/nZ, where n = rs with ged(r,s) = 1. Show that rM = M.

Solution 3.6. (1) Clearly, 0=7-0€rM. If 2,y € M, then
(rx) + (ry) =r(z+y) € rM.
Hence, M is closed under addition. For any a € R and z € M,
a(rx) = (ar)x = r(azx) € rM.
This implies that M is closed under scalar multiplication. Thus, rM is a R-submodule.
Next, since r- 0 =0, we have 0 € M,. . If x,y € M, then rx = ry = 0, and hence
r(z+y) =rz+ry=0.
This implies that z +y € M,.. For any a € R and z € M,,
r(ax) =a(rz) =a-0=0.
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Therefore, ax € M,.. Thus, M, is also a R-submodule.
(2) Let R=7, M = Z/nZ with n = rs, ged(r,s) = 1. Then we have

rM={rlkl:keZ}={[rk]:keZ},
and
My ={[k] € Z/nZ: s[k] = [sk] = [0] }.
If [y] = [rk] € M, then
sly] = s[rk] = [srk] = [nk] = [0,
hence [y] € M.

Let [k] € Ms. Then [sk] = [0] in Z/nZ and so n | sk. Since n = rs, we get s | sk. This implies
that there exists ¢t € Z such that
sk =1trs.

by cancelling s (since ged(r, s) = 1), we obtain k = tr. Hence,
[k] = [tr] = r[t] € rM.
Thus, we conclude that
rM = M;.

4. Ring and Module Homomorphisms
Definition 4.1 (Ring Homomorphism). Let R and S be rings. A map
p:R— S

is called a ring homomorphism if

(1) e(a+0b) = p(a) + ¢(b) for all a,b € R.
(2) ¢(a-b) = p(a)-¢(d) for all a,b € R.
(3) If R and S have unity 1 and 1g, respectively, then ¢(1r) = 1s.

Remark 4.1. A ring homomorphism preserves additive inverses since ¢(—a) = —¢(a). The kernel of ¢,
defined by

kero ={r e R|o(r) = 0s},
is an ideal of R, and the image of ¢ is a subring of S.
Example 4.1. (1) Consider the map

0L — L, o(k) = [k]n,
where Z,, is the ring of integers modulo n. Then ¢ is a ring homomorphism because
pla+b) = [a + b]n = [a]n + [b]n = p(a) + ¢(b),
p(a-b) =la-bln = la]n - [b]n = p(a) - ©(b),

and (1) = [1],.
(2) Let R be a commutative ring and I C R an ideal. Define the natural projection

m:R— R/I, w(r)=r+1I.

Then 7 is a surjective ring homomorphism with kernel I.
(3) Consider R = C and S = C. Define

¢:C— C, p(z) =z

This is a ring homomorphism.
(4) Let R=7Z and S = Q. The inclusion map

L: 7 — Q, t(n) =n,
is a ring homomorphism. This is injective, but not surjective.
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(5) Let R be a ring, R[X] the polynomial ring over R, and let a € R. Define
Yot RIX]— R, @a(f(X)) = f(a).

Then ¢, is a ring homomorphism. This is the standard evaluation homomorphism.
(6) Let R = M, (R) be the ring of n x n matrices over a ring R, and let S = R. Define

p: Mp(R) — R, ¢(A) = tr(4),

the trace of A. Then p(A+ B) = p(A)+¢(B) and ¢(cA) = cp(A) for ¢ € R. Therefore, it is an
additive group homomorphism. Note that it is not multiplicative, hence not a ring homomorphism.
But the additive and multiplicative properties both hold.

(7) Let R be a ring and f(X) € R[X] a fixed polynomial. Define

¢ RIX] — RIX]/(f(X)),  ¢(9(X)) =g(X) + (f(X)).
This is the natural quotient homomorphism and it is surjective with kernel (f(X)).

Definition 4.2 (R-Module Homomorphism). Let R be a ring, and let M and N be left R-modules. A map
@ : M — N is called an R-module homomorphism if

(1) ez +y) =v(x)+¢(y) forall z,y € M, and
(2) p(rx) =rp(x) forallre R, z€ M.
Definition 4.3 (Isomorphism of R-Modules). An R-module homomorphism ¢ : M — N is an isomorphism
if ¢ is both injective and surjective. In this case, M and IV are said to be isomorphic and denoted by
M = N.
Definition 4.4. Let ¢ : M — N be an R-module homomorphism. The kernel of ¢ is
ker(p) = {m e M | ¢(m) =0},
and the image of ¢ is
im(p) = {¢(m) € N | m e M}).
Remark 4.2. For R-modules M and N, the set of all R-module homomorphisms from M to N is denoted
Homp(M, N).
Remark 4.3. Every R-module homomorphism is a homomorphism of the underlying additive groups. How-
ever, not every group homomorphism between the additive groups of R-modules is an R-module homomor-
phism, since it may fail to respect scalar multiplication.
Example 4.2. (i) Let R be a ring and M = R" for some n € Z*. For each i € {1,...,n}, the
projection map
Wi:Rn—>R, Tri(a:l,...,:rn):xi,
is a surjective R-module homomorphism. Its kernel is the R-submodule of all n-tuples with a zero
in the ¢-th coordinate.

(ii) For the ring R = Z, any Z-module homomorphism is the same as a group homomorphism of the
underlying abelian groups.

(iii) Let R be a ring, I a two-sided ideal of R, and suppose M and N are R-modules annihilated by I,
that is,

am=0, an=0 forallaeI,me M,n € N.

Then any R-module homomorphism N — M is an (R/I)-module homomorphism. In particular,
if A is an abelian group such that pa = 0 for all a € A and for some prime p, then any group
homomorphism A — A is a Z/pZ-module homomorphism.

Proposition 4.1. Let M, N, and L be R-modules.
(1) Amap ¢ : M — N is an R-module homomorphism if and only if

ore+y) = re(z)+e(y) forallz,y e M, reR.
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(2) Let p,v € Homp(M, N). Define ¢ + ¢ by
(p+v)(m) = p(m)+p(m), forallme M.

Then ¢ + ¢ € Hompg(M, N), and with the above operation Homp (M, N) is an abelian group. If
R is commutative, define for r € R

(ro)(m) = r-p(m), me M.

Then ro € Hompg(M, N), and with this scalar multiplication Hompg(M, N) is an R-module.

(3) If ¢ € Homp(L, M) and ¢ € Hompg(M, N), then 1 o ¢ € Hompg(L, N).

(4) With addition as in (2) and multiplication given by function composition, Homp (M, M) is a ring
with multiplicative identity the identity map id;.

PROOF. (1) If ¢ is an R-module homomorphism, then
p(rz +y) = o(rz) + (y) = re(z) + ¢ (y).
Conversely, assume p(rz +y) = rp(x) + @(y) for all r € R, x,y € M. Choosing r = 1, we obtain
oz +y) = (@) + e(y)

This shows that ¢ is additive. Choosing y = 0, we obtain

p(rz) = ro(z),
and hence ¢ is a scalar multiplication. Thus, ¢ is an R-module homomorphism.
(2) For ¢,9 € Hompg(M, N), the map ¢ + 9 is additive since

(p+¥)(z+y) =p@+y) +i(@+y)

= p(x) +o(y) + ¥(z) + ¥(y)

= (e +9)(@) + (e +9)(y).
Similarly, we obtain

(o +¥)(rz) = (rz) + Y(re) = re(x) + rip(x) = r(e +¥)(z).

Thus, ¢ + v € Hompg(M, N). It is straightforward to verify that Hompg (M, N) with this operation forms
an abelian group.

If R is commutative, then define (ry)(m) = r¢(m), and we compute
(re)(x +y) = r(e(@) + ¢(y)) = re(z) + ro(y),
and

(re)(sz) = ro(se) = r(sp(r)) = (rs)p(x) = s(re)(@).
Thus, r¢ € Hompg(M, N). Hence, Hompg(M, N) is an R-module.

(3) Let ¢ € Hompg(L, M) and ¢ € Homg(M, N). For z,y € L, r € R, we compute

(Yop)(rz+y) =(p(rz +y))
= (ro(z) + ¢(y))
=r(e(x)) + Y(e(y))
=r(pop)(z)+ (Yop)(y)
Thus, ¥ o ¢ is an R-module homomorphism.

(4) Since the domain and co-domain of elements of Hompg (M, M) are both M, composition is well-defined.
By (3), composition is closed in Hompg(M, M). It is associative by definition of function composition. The
additive structure is abelian by (2). The multiplicative identity is the identity map idy : M — M. Thus,
Homp (M, M) is a ring. O

Problem 4.1. Let R be a ring, and let ¢ : M — N be an R-module homomorphism. Then
(i) ker(p) is an R-submodule of M, and
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(i) im(¢p) is an R-submodule of N.
Solution 4.1. (i) Let z,y € ker(¢) and 7 € R. Then
plz+y)=e(@)+e(y) =0+0=0.
This implies that = + y € ker(¢). Moreover,
p(ra) =re(z) =7r-0=0,
and hence rz € ker(p). Thus, ker(yp) is a R-submodule of M.
(i) Let u,v € im(yp) and r € R. Then u = ¢(x) and v = ¢(y) for some z,y € M, and we compute
utv =) +e(y) = oz +y) €im(p),
and
ru=rp(r) = @(rz) € im(p).
Hence, im(¢y) is a submodule of N.

Problem 4.2. Let M and N be R-modules and let f : M — N be an R-module homomorphism. Show
that for every submodule X C M, the image

f(X)={f(z):z e X}
is a submodule of N, and for every submodule Y C N, the preimage
fFFAY)={meM: f(m)eY}
is a submodule of M.

Solution 4.2. First, we prove that the image f(X) is a submodule of N. Since 0y € X, we have
f(Op) = On € f(X) and so the image contains the zero element. If y; = f(z1) and y2 = f(x2) are
elements of f(X) with z1,29 € X, then

y1 —y2 = f(z1) — f(z2) = f(21 — 22).
Since X is a submodule of M, we have 21 — x5 € X, and hence y; —y2 € f(X). Moreover, for any A € R,
Ay = Af(z1) = f(Az1) € f(X),

as Ax; € X. Thus, f(X) is closed under subtraction and scalar multiplication, which shows that f(X) is
a submodule of N.

We now consider the preimage f~1(Y). Since f(0p;) = On € Y, it follows that 0y € f~1(Y). If
a,bc f~1(Y), then f(a), f(b) €Y. As Y is a submodule of N, we have

fla—b) = fla) = f(b) €Y,
and hence a — b € f~1(Y). Furthermore, for any \ € R,
f(Aa) = Af(a) € Y
which implies Aa € f~1(Y). Hence, f~1(Y) is closed under subtraction and scalar multiplication, proving

that it is a submodule of M.

5. Universal Property

Theorem 5.1 (Universal Property of the Quotient Ring). Let A be a ring and I be an ideal of A. Then
the quotient ring A/ satisfies the following universal property: for any ring homomorphism f: A — B such
that f(I) = {0}, there exists a unique ring homomorphism

f:A/I — B
such that

where m: A — A/I is the canonical projection.
Equivalently, the following diagram commutes (see Figure 1).
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FIGURE 1. Universal mapping property of the quotient ring A/1.

This property defines the quotient ring A/I up to unique isomorphism.
PROOF. Define g: A/I — B by
gla+1):= f(a) forall a € A.

First, we prove g is a well-defined map. Suppose a1 + I =ags + I. Then a; —ay € I, and since f(I) =0,
fla1) = f(a2) = f(ar —az) = 0.
Thus, f(a1) = f(a2) and hence g is well-defined.
Next, we prove g is a homomorphism. For ai,as € A, we have
9((ar +I) + (a2 + 1)) = g(ar + az + I) = f(a1 + a2) = f(a1) + f(a2) = g(ar + I) + g(az + I).
Similarly,
g((ar + I)(az + 1)) = g(araz + I) = f(araz) = f(a1)f(az) = g(ar + I) g(az + I).
Finally, we prove the uniqueness. If h: A/I — B is another ring homomorphism with f = h o, then for all
a € A, we have
h(a+1) = h(m(a)) = f(a) = g(a+I).
Therefore, h = g. Thus, g exists and is unique, proving the universal property. ]

Example 5.1. Let G be a group. We can make the free abelian group

i=1
on the elements of GG into a ring by defining multiplication of

n k
=Y mig, y=» nh; (min; €Z, gi,h; €G),
i=1 =1
by

n k
roy=>_ Y min;(gih;),
=1 j—1

where g;h; denotes the product in G.

It is clear that ZG is a ring with identity 1¢, and that G is embedded as a subgroup of the unit group
(ZG)* by identifying each g € G with 1-g.

The ring ZG is called the integral group ring of G.

Universal Property. Let «: G — ZG be the canonical embedding g — 1-g. If o:G — R* is a group
homomorphism from G to the unit group of a ring R, then there exists a unique ring homomorphism

V:Z2G — R
such that Yo = ¢.

The map 1 exists as a homomorphism of additive groups by the universal property of free abelian groups,
and it can be easily verified that v also preserves multiplication.
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Equivalently, the following diagram commutes (see Figure 2).

G —2 5 R*

LJ 3y
7.G

FI1GURE 2. Universal mapping property of the integral group ring of G.

Example 5.2. Let R be a non-zero ring with identity, and let S be a non-empty set. Recall from Example

3.9, the direct sum
F(S) =R
ses
is called the free left R-module on S. Let vs: R — F(S) denote the usual embedding map of each summand.

Define the map
0:5 — F(S), 0(s) =1s(1).

Then the left R-module F'(S) satisfies a universal mapping property similar to that of free abelian groups.
This is illustrated in Figure 3 and can be stated as follows.

Whenever M is a unital left R-module and ¢:S — M is a function, there exists a unique R-module
homomorphism

V:F(S)— M
such that 1 o 0 = ¢.
The existence of ¢ as an R-module homomorphism follows from the universal mapping property of direct
sums, once the property is established for the case when S is a singleton set. Indeed, if A is any left
R-module and a € A, then the map r — ra is the unique R-module homomorphism from R to A sending
1 € R to a. Equivalently, the following diagram commutes.

F1GURE 3. Universal mapping property of a free left R-module.

Proposition 5.1. Let R be a ring, and let ¢: My — My be an R-module homomorphism between left
R-modules. Set Ny = ker ¢, and let N be an R-submodule of M; with N C Ny. Define the quotient map

q: M1 — Ml/N
Then there exists an R-module homomorphism
p: M1/N — M>

such that ¢ = Pogq, that is, §(m1 + N) = ¢(mq) for all m; € M;. Moreover, @ has the same image as ¢,
and its kernel is

kerp = {hoN | h € Ny}.
Remark 5.1. Similar to the case for groups, the homomorphism ¢ is said to factor through the quotient
module M; /N, or equivalently, to descend to M;/N. This means that ¢ can be expressed as the composi-
tion of the quotient map ¢: M; — M; /N followed by a well-defined homomorphism @: My /N — Ms. This
factorization is illustrated in Figure 4.
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M1L>M2

| A

M,/N
FIGURE 4. Factorization of an R-module homomorphism through a quotient module.

Corollary 5.1. Let R be a ring, and let ¢: M7 — My be an R-module homomorphism between left R-
modules. Suppose that ¢ is surjective and has kernel N. Then ¢ induces a canonical isomorphism of left
R-modules

My /N = M,.

Theorem 5.2 (First Isomorphism Theorem). Let R be a ring, and let ¢: M} — Mj be a surjective homo-
morphism of left R-modules with kernel K = ker(y). Then the map

N1 — gO(Nl)

gives a one-to-one correspondence between

(a) the R-submodules N; < M; containing K, and
(b) the R-submodules of M.

Moreover, under this correspondence, the map
m+ N1 — o(m)+ ¢o(Ny)

defines an isomorphism of left R-modules

Mi/N1 = Mas/p(Ny).
Remark 5.2. In the special case where ¢ is the canonical quotient map

M — M/K,

for an R-submodule K < M, and N is any submodule containing K, the above theorem ensures that

M/N =2 (M/K)/(N/K).

Theorem 5.3 (Second Isomorphism Theorem). Let R be a ring, M a left R-module, and let Ny, Ny < M
be R-submodules. Then

(a) The intersection N1 N Ny is an R-submodule of Nj.

(b) The sum Ny + Ny = {nj +ng:ny € N1, ng € Na} is an R-submodule of M.

(c) The map

nl-l-(NlﬂNQ) — ny+ No
induces a well-defined isomorphism of left R-modules
N Ni+ N

N1 N Ny - No

Problem 5.1. Let R be a ring, and let {M;}scs be a family of left R-modules. For each s € S, let N be
a left R-submodule of M. Consider the direct sum

M:@MS and N:®Ns-

seS seS

Then the natural projection maps induce an R-module isomorphism

M M,

N = @ﬁs‘
seS
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Solution 5.1. Define a map

©: M= @MS — EB(MS/NS)
seS ses
by sending an element (mg)scs € M to the tuple (ms + Ng)ses-

It is clear that ¢ is well-defined since each ms € M, and Ny < M, the coset ms + N is well-defined in
M,/ Ns.

The map ¢ is an R-module homomorphism, since it acts coordinate-wise, and quotient maps are module
homomorphisms. Therefore, ¢ is a homomorphism.

Next, we prove ¢ is bijective. For any (ms + Ns)ses in @, g(Ms/Ns), pick representatives m, € M.
Then o((ms)ses) = (ms + Ns)ses, showing ¢ is onto. Suppose ¢((ms)) = (Ns), the zero element in
@D,cs(Ms/N,). Then each mg € N, and hence (m) € @,cg Ns = N. Thus, ker(¢) = N.

By the First Isomorphism Theorem for modules, we conclude that
M/N = Tm(p) = P(M,/N,).
s€S

Definition 5.1. Let R be a non-zero commutative ring with identity. An associative R-algebra is a ring A
that is also a left R-module such that multiplication

AxA = A
is R-linear in each variable. In other words, for all r € R and a,b € A,
(ra)b =r(ab) = a(rd).
If A has a multiplicative identity 14, then every scalar multiple r - 14 lies in the center of A, commuting
with all elements of A.

Example 5.3. Consider polynomial rings and matrix rings whose scalars lie in a commutative ring with
identity. In particular, every ring R can be viewed as an associative Z-algebra by regarding the additive
group of R as a Z-module via the standard integer action.

To verify the compatibility condition for Z-algebras, observe that for n =1,
(I-a)b=1-(ab) =a(1-b)
since the Z-module R is unital. Assuming the property holds for a positive integer n, that is,
(na)b = n(ab) = a(nb),
one can use distributivity to deduce it for n + 1
((n+1)a)b= (n+1)(ab) = a((n+ 1)b).
By induction, this holds for all positive integers n, and extends to all integers n using additive inverses.

Example 5.4. Let G be a group and R be a commutative ring with identity. The group algebra RG is
defined as the free R-module generated by the elements of G. Explicitly,

RG = ngg | rg € R, finitely many 74 # 0
geG

The operation multiplication in RG is determined by extending the group multiplication bilinearly over R.

For elements
E r;g; and E sjh;j
i J

in RG (with r;,s; € R and g;, hj € G), the product is given by

(ngl). Zsjhj :ZTiSj(gihj)'
i J bJ
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This multiplication equips RG with the structure of an associative R-algebra with identity, where the identity
element is given by 1g - e, with e the identity element of the group G. The algebra RG is called the group
algebra of G over R. For R = Z, this is the integral group ring.

Note that the group G embeds into the unit group (RG)* via
0:G— RG, g—1-g.

Next, we discuss the universal property of the group algebra. For any group homomorphism ¢ : G — A*,
where A is an associative R-algebra with identity, there exists a unique R-algebra homomorphism ¢ : RG —
A such that ® 09 = ¢.

RG
FIGURE 5. Universal mapping property of the group algebra RG.

Problem 5.2. Let A, B, and C be R-modules, and let f : A — B and g : A — C be R-module
homomorphisms with f surjective. Prove that the following statements are equivalent.

(1) There exists a unique R-module homomorphism h : B — C such that ho f = g.
(2) ker f C kerg.
(3) Show that h is injective if and only if ker f = ker g.

Solution 5.2. (1) = (2) Assume that there exists a homomorphism i : B — C such that ho f = g. If
x € ker f, then

9(x) = h(f(z)) = h(0) = Oc.
This implies that « € ker g. Therefore, ker f C ker g.

(2) = (1) Assume ker f C ker g. To define h : B — C, consider any b € B. Since f is surjective, there
exists x € A with f(z) = b. We define

h(b) := g(x).
First, we prove h is well-defined. For this, if z,y € A satisfy f(z) = f(y) = b, then
flea—y)=f(@) - fly) =0 = z—yckerfCkerg = g(z)=g(y)
Uniqueness follows from the surjectivity of f since for any b € B, b = f(x) for some z and hence h(b) =
h(f(z)) = g().
Next, we prove that h is an R-module homomorphism.Let z,y € A and A € R. Then
h(f(2) + f(y) = b(f(z +y)) = g(z +y) = 9(x) + 9(y) = h(f(2)) + h(f(y)),
h(Af(z)) = h(f(Az)) = g(Az) = Ag(x) = Ah(f(z)).

Since f is surjective, this shows h is an R-module homomorphism.
(3) Suppose h is injective. If = € ker g, then

0c =g(x) =h(f(zx)) = f(x) ekerh={0g} = = € ker f.
Hence, ker g C ker f, and together with ker f C ker g, we get ker f = ker g.
Conversely, if ker f = ker g, let b € ker h. Then b = f(y) for some y € A (since f is surjective), and

0c = h(B) = h(F(y)) = gy) = y € kerg=kerf = b= f(y) = Op.

Thus, h is injective.
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6. Integral Domains

Definition 6.1 (Skew Ring). A skew ring, also called a division ring, is a ring R with unity such that every
non-zero element of R has a multiplicative inverse, that is, for each a € R\ {0}, there exists b € R with

ab =ba = 1.

The multiplication in a skew ring need not be commutative.

Example 6.1. In the ring Z, there are no zero divisors. The only units are +1. Every non-zero integer has
an inverse in the larger ring Q, but not in Z itself.

Example 6.2. In the ring Z/nZ, the units are the residue classes @ such that ged(u,n) = 1. If ged(a,n) > 1,
then @ is a zero divisor. Thus, every non-zero element is either a unit or a zero divisor. In particular, Z/nZ
is a division ring precisely when n is prime.

Example 6.3. Let R be the ring of all functions f : [0, 1] — R. A function is a unit if it is nowhere zero. If
f vanishes at some point, then it is a zero divisor (since one can define a non-zero function g with fg = 0).

Example 6.4. Let D be a rational number that is not a perfect square, and define
QWD) ={a+bVD|a,becQ}.

This is a subring of C (or of R if D > 0). Hence, it is a integral domain.

Definition 6.2 (Zero-Divisors). Let R be a commutative ring. A non-zero element a € R is called a
zero-divisor if there exists a non-zero element b € R such that

ab=0.

Definition 6.3 (Integral Domain). An integral domain is a commutative ring with unity in which there are
no zero-divisors, that is, for all a,b € R,

ab=0 = a=0o0rb=0.
Example 6.5. The ring of integers Z is an integral domain. Indeed, Z is a commutative ring with unity,

and if ab =0 for a,b € Z, then either a =0 or b = 0.
Example 6.6. The ring of Gaussian integers

Zli) = {a+bi|a,beZ}

is an integral domain.

Example 6.7. The ring Z[x] of polynomials with integer coefficients is an integral domain. If f(z),g(z) €
Z[z] and f(x)g(x) = 0, then one of f(x) or g(xz) must be the zero polynomial, because deg(fg) =

deg(f) + deg(g).
Example 6.8. The ring Z[v/2] = {a + bV/2 | a,b € Z} is an integral domain.
Example 6.9. For a prime p, the ring Z,, of integers modulo p is an integral domain.

Example 6.10. If n is not prime, then the ring Z, of integers modulo n is not an integral domain. For
instance, if n = abwith 1 < a,b < n, then@,b # 0in Z, but ab = 0, showing the existence of zero-divisors.

Example 6.11. The ring M2(Z) of 2 x 2 matrices over the integers is not an integral domain. For example,

o)1)= 0)

although neither factor is the zero matrix.

Example 6.12. The direct product ring Z X Z is not an integral domain. Indeed, (1,0) # (0,0) and
(0,1) # (0,0), but (1,0)(0,1) = (0,0). Hence, zero-divisors exists in Z x Z.

Problem 6.1. Let R be a ring with 1 # 0 (not commutative). Prove that R is a division ring if and only if
its only left ideals are (0) and R.
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Solution 6.1. Assume that R is a division ring. Then every non-zero a € R has inverse. If I is a non-zero
left ideal and 0 # a € I then 1 =a~'a € I, and I = R. Hence, the only left ideals are (0) and R.

Conversely, assume the only left ideals of R are (0) and R. Let 0 # a € R. The left ideal (a) = Ra is
non-zero, we have Ra = R. Thus, there exists b € R with ba = 1, and hence a has a left inverse. Next, we
prove that a also has a right inverse. Consider the set

A={ze€R:za=0}
This set is a left ideal of R. If A # (0), then A = R and so 1-a = 0, contradicting a # 0. Hence, A = (0).
Let e = ab. The left ideal L = R(1 — e) satisfies
La = R(1 —e)a= R(a—ea) = R(a— (ab)a) = R(a — a(ba)) = R(a —a-1) = R(0) = {0}.
Thus, L C A = {0}, which forces 1 — e =0, i.e. ab= 1. Hence, R is a division ring.

Theorem 6.1. Let R be a commutative ring, and let I be an ideal of R. Then [ is prime if and only if the
quotient ring R/I is an integral domain.

PROOF. Assume that [ is prime. Then I # Randso R/I # 0. If (a+I)(b+1)=0+1in R/I, then
ab € I. Since I is prime, either a € T or b € I, whichmeansa+1=0+Torb+1=0+1. Thus, R/I
has no zero divisors, and hence R/I is an integral domain.

Conversely, suppose R/I is an integral domain. Then R/I # 0 and so I # R. If ab € I for some a,b € R,
then in R/I we have

(a+I)b+I)=ab+I1=0+1.
Since R/I is an integral domain, this impliesa+I=0+ITorb+I=0+1,i.e.a €l orb e I. Therefore,
I is prime. ]
Proposition 6.1 (Existence of maximal ideals). Let R be a commutative ring with identity. Then every
proper ideal of R is contained in a maximal ideal.

PROOF. Let I be a proper ideal of R. Consider the collection
S ={JCR|Jisanideal of R, I C J, and J # R}.
Clearly, S is non-empty (since I € S), and it is partially ordered by inclusion.
Now let C C S be a chain under inclusion. Define

Jo=JJ

JeC

Since C is totally ordered, J* is an ideal of R containing every J € C. Moreover, J* # R, and if 1 € J*,
then 1 € J for some J € C, contradicting J # R. Thus, J* € S and serves as an upper bound of C.

By Zorn's Lemma, S has a maximal element, say M. By construction, M is an ideal containing I, M # R,
and M is maximal with respect to inclusion. Hence, M is a maximal ideal of R containing I. O

Problem 6.2. Let R be an integral domain. Prove that (a) = (b) for some a,b € R if and only if a = ub
for some unit u € R.

Solution 6.2. Assume (a) = (b). If a = 0 then (a) = {0}. This implies that (b) = {0} and b = 0.
Therefore, a = ub holds for every unit u (since 0 = u - 0).

Now suppose a # 0. Since (a) = (b), we have a € (b) and b € (a). Hence, there exist s,t € R with
a = sb, b = ta.

Substituting the second into the first gives
a = s(ta) = (st)a.

This shows that (1 — st)a = 0. Since R is an integral domain and a # 0, we conclude 1 — st = 0, i.e.
st = 1. Thus, s has a right inverse t. Similarly, substituting a = sb into b = ta shows ts = 1. Therefore, s
is a unit (with inverse t), and a = sb expresses a as a unit times b.
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Conversely, if a = ub for some unit u € R, then

(a) = (ub) < (b).
Multiplying both sides of a = ub by u~! gives b = u~'a, and hence (b) C (a). Thus, {a) = (b).
Problem 6.3. Let R be a commutative ring with 1 # 0. Suppose P is a prime ideal of R and P contains
no zero divisors of R. Prove that R is an integral domain.
Solution 6.3. Recall an integral domain is a non-zero commutative ring with no zero divisors. Since P is
a prime ideal, we have P # R and so R # {0}.

Now suppose, for contradiction, that R has a zero divisor. Then there exist x,y € R with x # 0, y # 0 and
xzy = 0. But 0 € P, so the product xy € P. Since P is prime, it follows that x € P or y € P. Thus, P
contains a non-zero element that annihilates a non-zero element of R, and hence P contains a non-zero zero
divisor. This contradicts the hypothesis that P contains no zero divisors. Thus, R is an integral domain.
Problem 6.4. Let R be a commutative ring and let I, J be ideals of R. Suppose P is a prime ideal of R
such that

1JCP.
Prove that either I C P or J C P.

PRrROOF. Assume, for contradiction, that neither I nor J is contained in P. Then there exist elements
a€I\Pandbe J\P. Sincea € I and b € J, their product ab lies in I.J, hence ab € P. Since P is
prime, ab € P implies a € P or b € P. This contradicts our choice of a and b. Therefore, either I C P or
JCP O

Problem 6.5. Let ¢ : R — S be a homomorphism of commutative rings. Prove that if P is a prime ideal
of S then either o~ 1(P) = R or ¢~ !(P) is a prime ideal of R. Apply this to the special case when R is a
subring of S and ¢ is the inclusion homomorphism to deduce that if P is a prime ideal of S then PN R is
either R or a prime ideal of R.

PROOF. Suppose P is a prime ideal of S. If ¢~!(P) = R there is nothing to prove. Otherwise, let

a,b € R with ab € o~ 1(P). Then ¢(ab) = p(a)p(b) € P. Since P is prime, p(a) € P or p(b) € P.
Hence, a € ¢~ 1(P) or b € ¢~ 1(P). Thus, ¢~ !(P) is a prime ideal of R.
For the inclusion homomorphism ¢ : R <+ S, we have ¢~ '(P) = PN R. So if P is prime in S, then PN R
is either R or a prime ideal of R. U
Definition 6.4. Let R be a commutative ring. An element x € R is called nilpotent if there exists an
integer m > 0 such that 2™ = 0.

Problem 6.6. Let R be a commutative ring with 1 # 0 and let z € R be nilpotent. Then prove the
following.

(a) z is either 0 or a zero divisor.

(b) For every r € R the element rz is nilpotent.

(c) 1+ is a unit in R.

(d) The sum of a nilpotent element and a unit is a unit.

Solution 6.4. (a) If x = 0 there is nothing to prove. Suppose x # 0 and let n > 1 be minimal with 2" = 0.
Then 2"~1 £ 0, and
z-z"l=2"=0.
This shows that z annihilates the non-zero element 2”1, and hence z is a zero divisor.
(b) If 2™ = 0, then for any € R we have
(rx)* =r"z" =r"-0=0.
Thus, rz is nilpotent.
(c) Let ™ = 0. Consider the finite geometric sum
y:=1—z+a?— (-1 lz" 1t
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Using ™ = 0 and commutativity of R, we obtain
A+z)y=1+z—z—2?+22+23 - 4 (=) " (- a" =1-2" = 1.
Similarly, we can show that y(1 + x) = 1. Thus, y is the inverse of 1 + z, and 1 + z is a unit.
(d) Let u € R be a unit and z nilpotent. Then u~!z is nilpotent by (b). By (c), 1 +u "'z is a unit, and
u+x=u(l+u'z)

is a product of units, hence a unit. This proves that the sum of a nilpotent element and a unit is a unit.

7. Unique Factorization

In the integers Z and in the polynomial ring K[X], where K = R or C, every non-zero, non-unit
element factors into primes, and this factorization is unique (up to order and multiplication of factors by
units). We now study this idea in greater generality. Since zero divisors complicate factorization, we restrict
our attention to integral domains.

Let
R=7Z[V-5={a+b/=5:a,bcZ} CC.
Define the norm
N(a+ bv/=5) = a® + 5b2,
which satisfies the multiplicative property
N((a+bV=5)(c+dv—5)) = N(a+byV=5) N(c+ dvV-5).
The units in R = Z[/—5] are exactly {+1}. Indeed, if u € R is a unit, then uv = 1 for some v € R, so
N(u)N(v) = N(uwv) = N(1) =1,

hence N(u) = 1. Conversely, if N(u) = 1, then uw-u = 1, and so u has inverse @ in R. The equation
a®? 4+ 5b% = 1 has only integer solutions a = +1, b = 0, and therefore

R* = {+1}.

Thus, every element of R can be factored into irreducibles (non-units that cannot be written as a product
of two non-units), but uniqueness of factorization may fail.

Failure of Unique Factorization. Consider 6 € R. We have
6=2-3=(1++v-5)(1—+v-b).
Now check the irreducibility as follows.
e N(2)=4,N(3)=9,
e N(1++-5)=N(1—+/-5) =6.
None of these norms can be written as a product of smaller norms, so 2, 3, 1 ++/—5, and 1 — /=5 are all

irreducible.

Thus, 6 has two distinct factorizations into irreducibles:
6=2-3=(14+v-5)(1—-+v-5),

and these are not related by multiplication with units. Hence, Z[v/—5] is an integral domain in which unique
factorization fails.
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7.1. Irreducibles and Primes. The failure of unique factorization in Z[v/—5] shows that unique fac-
torization is not universal for integral domains. This forces us to be more precise with terminology.

In Z, the factors in a complete factorization were called “primes.” Their defining property was that they
could not be factored further, and they also satisfied the property that a prime dividing a product must
divide one of the factors. For general integral domains, these two notions are distinct.

Definition 7.1. Let R be an integral domain.

(1) A non-zero element a € R is said to divide b € R if b = ac for some ¢ € R. In this case, a is
called a factor of b.

(2) A non-zero, non-unit r € R is called irreducible if, whenever r = r1ry in R, then either r1 or ry is
a unit. non-zero, non-units that are not irreducible are called reducible.

(3) A non-zero, non-unit p € R is called prime if, whenever p divides ab, it follows that p divides a or
p divides b.

Proposition 7.1. Every prime element is irreducible.
PROOF. Suppose p is prime and p = r179 with r{,ry both non-units. Since p divides r1ry, we have

p | r1 or p| re. Without loss of generality, assume p | r1. Then r1 = pc for some ¢ € R, and so

p =Tirz2 = pcra.
Since R is an integral domain, we have 1 = cro, and hence ry is a unit, a contradiction. Thus, p is
irreducible. [
Problem 7.1. Prove that an irreducible element need not be prime.
Solution 7.1. Let

R =Z[V-5]
and define the norm N : R — Z>q by
N(a + bv/=5) = a® + 5b%,
Consider the element a =14 y/—5. Then
N(a) = 6.

Suppose a = xy for some x,y € R. Taking norms gives

6= N(@)N(y).
The equations a? 4+ 5b> = 2 and a® 4 5b> = 3 have no solutions in integers. Hence, there are no elements

of R with norm 2 or 3. It follows that one of N(x) or N(y) must be 1 and hence one of x or y is a unit.
Therefore, « is irreducible.

On the other hand,
6=2-3=(1++v-5)(1—-+v-5),

and hence

1+v-5|2-3.
If 1 ++/=5 divided 2, then there would exist » € R such that

2= (14+v=5)r
By taking norms on both sides, we obtain

4= N@) = N1+ VHN() = 6N (r),

which is impossible. A similar argument shows that 1 + y/—5 does not divide 3.

Thus, 1+ +/—5 divides a product without dividing either factor. Hence, 1+ +/—5 is not prime, even though
it is irreducible.

Problem 7.2. In the ring Z[i] of Gaussian integers, show that 3 is irreducible, but 2 and 5 are not irreducible.
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Solution 7.2. Recall that Z[i] = {a+bi | a,b € Z} is an integral domain. Define the norm N : Z[i] — Z>
by
N(a + bi) = a® + b%

We now check the irreducibility of 3. We have

N(@3)=09.
Suppose
3=af
for some «, 5 € Z[i]. Taking norms gives
9= N(a)N(B).

The possible positive divisors of 9 are 1,3, and 9. The equation a?+4b? = 3 has no integer solutions. Hence,
there is no element of Z[i] with norm 3. It follows that one of N(«) or N(3) must be 1, so one of « or 8
is a unit. Therefore, 3 is irreducible in Z[i].

Next, observe that
2=(1+14)(1—1).
Since
N(l+i)=N1-1) =2,
and neither 144 nor 1 —4 is a unit, this expresses 2 as a product of two non-units. Hence, 2 is not irreducible
in Z[i].
Finally, we prove non-irreducibility of 5. We have
5=(24+14)(2—1).
Moreover,
N(2+i) = N2 —i) =5,

and neither factor is a unit. Thus, 5 is a product of two non-units, and hence is not irreducible in Z][i].

7.2. Unique Factorization Domains. . The distinction between “irreducible” and “prime” lies at the
heart of the question of unique factorization.

Definition 7.2. An integral domain R is called a unique factorization domain (UFD) if the following hold:

(UFD1) Every non-zero non-unit of R is a finite product of irreducible elements.
(UFD2) Such factorizations are unique up to order and multiplication of the factors by units.

Proposition 7.2. Let R be an integral domain satisfying (UFD1), every non-zero non-unit factors into
irreducibles. Then the following are equivalent.

(UFD2) Factorizations into irreducibles are unique up to order and multiplication by units.
(UFD2’) Every irreducible element is prime.

Remark 7.1. In Z, proving that irreducible elements are prime was the key step in establishing unique
factorization.

Proor. (UFD2) = (UFD2’): Suppose factorization is unique. Let p be irreducible and p | ab.
Factor a and b into irreducibles

a=pip2--:Pm; b=q192" " qn-
Since p | ab, by uniqueness, p must be associated to some p; or g;. Hence, p | a or p | b, and we conclude
that p is prime.
(UFD2') — (UFD2): Assume every irreducible is prime. Let a non-zero non-unit r have two irreducible
factorizations
T =DPiP2" " Pm = €04192 " * " qn,
where £ is a unit and m < n.
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We prove this by induction on m. Clearly, m > 0. For m = 1, the result is true since r is irreducible. Since
Pm | 7" =q1- - qn and py, is prime, it divides some gi. As gy, is irreducible, g = ep,,, for a unit . Canceling
Pm and qi, we get

pl"'pm—l — (gog)ql...q/;c...qn,
where ¢, means gy, is omitted. By induction hypothesis, the factorization of 7 is unique, proving (UFD2). O

7.3. Principal Ideal Domains and Unique Factorization. In a commutative ring R with identity, we
denote the ideal generated by a single element a € R as

(a) ={ra:r € R}.
An ideal of this type is called principal. More generally, for elements a1, ..., a, € R, we write
(a1, ...,an) = Raj + --- + Ray,
the ideal generated by all of them.

Example 7.1. In Z[X], the ideal (2, X) consists of all polynomials whose constant term is divisible by 2.
That is,

(2,X) =27[X]+ XZ[X].
Proposition 7.3. Let R be an integral domain. A non-zero element p € R is prime if and only if the
principal ideal (p) is prime.

PROOF. Assume that p is prime and p is not a unit. Then (p) # R. Suppose ab € (p) for some
a,b € R. Then ab = pr for some r € R, which implies p | ab. By primality of p, p|a or p | b, i.e., a € (p)
or b € (p). Hence, (p) is a prime ideal.

Conversely, assume (p) is prime and p # 0. Then p is not a unit. If p | ab, write ab = pc for some ¢ € R,
so ab € (p). Since (p) is prime, a € (p) or b € (p), i.e,, p|a or p|b. Therefore, p is prime as an element
of R. n

Definition 7.3. An integral domain R is called a principal ideal domain (PID) if every ideal of R is generated
by a single element.

Problem 7.3. Show that every ideal of the ring of integers Z is principal.

Solution 7.3. Let I be an ideal of Z. If I = {0}, then clearly I = (0).

Otherwise, let n be the smallest positive integer in I. For any m € I, by the division algorithm there exist
integers ¢ and r such that
m=qn+r, 0<r<n.
Since r = m — gn € I and n is the smallest positive element of I, it follows that » = 0. Hence, m € (n),
which implies I C (n). It is clear that (n) C I. Thus, I = (n).
Therefore, every ideal of Z is principal.
Problem 7.4. Show that every ideal of the ring of Gaussian integers Z[i] is principal.
Solution 7.4. Let I be a non-zero ideal of Z[i]. Choose an element a + bi € I such that its norm
N(a + bi) = a* + V*

is minimal among all non-zero elements of .
Let x +yi € I. By the division algorithm in Z[i], there exist Gaussian integers ¢+ ri and o + 71 such that

x4+ yi = (a+bi)(qg+ri) + (ro + r19), N(rg+rii) < N(a+ bi).
Since both = + yi and (a + bi)(q + 79) lie in I, the remainder ro + r17 also belongs to I.
By the minimality of N(a + bi), we must have 7o + 712 = 0. Thus, x + yi € (a + bi).
It follows that I C (a + bi). The reverse inclusion is immediate, and hence I = (a + bi). Therefore, every
ideal of Z[i] is principal.
Theorem 7.1. Every principal ideal domain R is a unique factorization domain.
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Remark 7.2. By Proposition 7.2, to show that a PID is a UFD, it suffices to verify conditions (UFD1) and
(UFD2").

PROOF. First we prove (UFD1). Let a; € R be a non-zero non-unit. The ideal (a1) is proper and
non-zero. Since every ideal is contained in a maximal ideal, we can find a maximal ideal (c1) with (a1) C (c1).

Since maximal ideals in a PID are prime. By Proposition 7.1, it follows that (c1) irreducible. Hence, ¢; | a1,
and we can write a1 = ciag for some ay € R.

Repeating this process, we obtain a sequence of factorizations:
a] = C1C2 -+ Cpapny1, With each ¢; irreducible.
This process cannot continue indefinitely. Otherwise, we get a strictly increasing chain of ideals
<a1> C <a2> (- <CL3> cC -

which is impossible in a PID because every ascending chain of ideals stabilizes. Thus, the process terminates,
giving a factorization of a; into finitely many irreducibles. This establishes (UFD1).

Next, we prove (UFD2'). Let p € R be irreducible. Since (p) is proper, it is contained in a maximal ideal.
Since R is a PID, maximal ideals are principal, and hence (p) is maximal. Since maximal ideals are prime,
and Proposition 7.3 implies that p is prime. Hence, every irreducible element is prime, proving (UFD2’). O

Corollary 7.1. In a principal ideal domain R, every non-zero prime ideal is maximal.

PROOF. Let (p) be a non-zero prime ideal of R. Proposition 7.3 shows that p is a prime element. Since
prime elements are irreducible, the argument above shows that (p) is contained in a maximal ideal and must
itself be maximal. O

7.4. Euclidean Domains. Principal ideal domains (PIDs) do not appear very frequently, and recog-
nizing them is sometimes non-trivial. A useful generalization of the technique used for Z is the notion of a
Euclidean domain.

Definition 7.4. An integral domain R is called a Euclidean domain if there exists a function
d:R\{0} = Z>o
such that for all a,b € R with b # 0, there exist ¢,r € R satisfying
a=bg+r, o(r)<db).
Example 7.2. The integers Z with 6(n) = |n|.

Problem 7.5. Prove that the ring of Gaussian integers Z][i] is a Euclidean domain.
Solution 7.5. Define the norm N : Z[i] — Z>¢ by

N(a + bi) = a® + b2
Clearly, N(«) = 0 if and only if « = 0, and
N(ap) = N(a)N(B) forall a,f € Z[i].
Let o, 8 € Z[i] with 5 # 0. We now prove that there exist 7,0 € Z[i] such that
a=py+46 with N(§) < N(B).

Consider the quotient o/ € C. Choose v € Z][i] such that -y is the Gaussian integer nearest to /3. Define

Then
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. . . 1
By the choice of v, the real and imaginary parts of % have absolute value at most 3 Hence

5 AN ( (5))2 1
Ni=)=(R(5)) +(S(5])) <=
(5)-((3)) + (6)) =
Multiplying by N(3), we obtain
N(0) < N(B).
This prove that the division algorithm in Z[i] with respect to the norm N.

Therefore, Z[i] is a Euclidean domain.

Remark 7.3. Some rings may seem superficially similar to Euclidean domains, such as Z[v/—5], but they
fail to have unique factorization. Consequently, they cannot be Euclidean domains.

Theorem 7.2. Every Euclidean domain is a principal ideal domain.

PROOF. Let I C R be a non-zero ideal. Choose b € I with §(b) minimal. Clearly, (b) C I. For any
a € I, write
a=bg+r, o(r)<db),
with ¢, € R. Since r = a —bq € I and b has minimal ¢, we must have » = 0. Hence, a € (b) and I = (b).
Thus, I is principal, and R is a PID. O

Problem 7.6. Let R = Z[/—5| and define the norm
N(a+ bv=5) = a® + 5b°.
Consider the ideal
I=(2 14++v-5) CR.
Show that I is not a principal ideal. Deduce that R is not a Euclidean domain.

Solution 7.6. Suppose that [ is a principal ideal. Then there exist integers a,b € Z such that
I =(a+bV/-5).

Since 2 € I, there exists a € R such that

2 = ala+bv/=5).
Taking norms on both sides, we get

4=N(2) = N(a)N(a+b/=5) = N(a) (a® + 56%).

Thus, a? + 5b? is a positive integer dividing 4, and hence

a? +5b% € {1,2,4}.

Case 1: a® + 5b* = 4.
Then N(a) =1 and so @ = 1. Hence
a+byv/—5 = +2.
But 1 ++/—5 € I, and its coefficients are not divisible by 2. This is a contradiction.
Case 2: a® + 5b* = 2.
This equation has no integer solutions. Hence, this case is not possible.
Case 3: a®> +5b% = 1.
Then a + by/—5 = +£1, and so
I=R.

This implies that 1 € I. Therefore, there exist ¢, € R such that

2y + (1 ++/=5)8 = 1.
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Multiplying both sides by 1 — v/—5, we obtain
2y(1 = vV=5) + (1 +V=5)(1 —vV=5)d =1 - V-5
Since
(1+vV=5)(1-v=5) =6,
the right-hand side shows that 1 — /=5 is divisible by 2 in R, which is impossible.

All cases lead to contradictions. Hence, the ideal I is not principal. Therefore, R = Z[y/—5] is not a
principal ideal domain. Moreover, it is not a Euclidean domain.

Problem 7.7. Let
—1+4++/-3
—

Prove that R is a Euclidean domain. Deduce that R is a principal ideal domain and unique factorization
domain.

R =7Z[w], wherew =

Solution 7.7. First, we prove that R is a Euclidean domain.
Define the norm N : R — Z>q by

N(a +bw) = a* — ab + b, a,beZ.
Recall that the above norm satisfies

N(af) = N(a)N(B) forall o, € R.

Let a, 8 € R with 5 £ 0. We show that there exist v, € R such that
a=py+46 with N(§) < N(B).
Consider the quotient o/ € Q(v/—3). Write

g:m—i—yw, z,y € Q.

g
Choose integers m,n € Z such that

eoml<s,  ly-nl<g

T m_2, Y n_2.
Set v = m + nw € R and define

0 =a— [.

Then

)

Bz(m—m)—}—(y—n)w.

Using the definition of the norm, we obtain

N(§) =G mP = o mly = m) <
Multiplying by N(53) gives

N() < N(B).

This shows that R is a Euclidean domain with respect to the norm N. Since every Euclidean domain is a
principal ideal domain, and every principal ideal domain is a unique factorization domain, it follows that R
is a unique factorization domain.
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8. Finitely Generated Modules

Recall the Fundamental Theorem of Finitely Generated Abelian Groups, which states that every finitely
generated abelian group is a direct sum of cyclic groups. Since abelian groups are Z-modules, we may ask
whether an analogous result holds for modules over an arbitrary ring. Indeed, this theorem extends naturally
to the setting where Z is replaced by a principal ideal domain (PID).

Definition 8.1 (Finitely Generated R-Module). Let R be a principal ideal domain, and let M be an R-
module. A subset S of M is called a set of generators (or a generating set) of M if M is the smallest
R-submodule of M that contains all elements of S. Equivalently, if we write

S={ms|sel} CM,

where [ is some index set and each mg € M, then the submodule of M generated by S is

(8) = {Z rsms : rs € R, and only finitely many rg # 0} .

sel
If (S) = M, then S is a generating set of M.

If M is a unital R-module, then for each sy € I, choosing s, = 1 and all other r; = 0 shows that
ms, € (S). Hence, every element ms of S indeed lies in the submodule generated by S. For this reason,
we will assume that all R-modules considered are unital.

We say that M is a finitely generated R-module if there exists a finite generating set S = {my, ma,...,m,}
such that
M = (my,ma,...,my) = {rim; +romg + -+ +rym, :r; € R}.
Proposition 8.1. Let R be a commutative ring with identity, and let
p:M— N
be a homomorphism of unital R-modules. If both ker ¢ and im ¢ are finitely generated, then M is finitely
generated.

PROOF. Let {x1,x2,...,2,} be a finite set of generators for ker ¢, and {y1,42,...,yn} a finite set of
generators for im .

For each 1 <4 < n, choose an element x; € M such that

o(zi) = yi-
We claim that the finite set
S:={x,...,¢om, 2),..., 2}
generates M as an R-module.
Let x € M be arbitrary. Since ¢(x) € im ¢, there exist elements ry,...,r, € R such that

o(z) =ry1 +roya + -+ Tn.

Define

o' =rh +roxh + -+ rpx, € M.
Then

p(2') = r1p(@]) + r2p(@y) + -+ + (@) = r1ys + -+ rayn = ().
Hence,
SO(.I' - ':U/) = Oa

which implies that =z — 2/ € kerp. Since kery is generated by {x1,...,z,,}, there exist elements
$1,...,8nm € R such that

x—x’:slxl—i—sQacg—i—---—i—smmm.
Therefore,

T = 8171 + S92 + - + SpTim + 11T + Ty + -+ TRl
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This shows that x is an R-linear combination of elements of S, and hence S generates M. Thus, M is
finitely generated. O

Definition 8.2 (Free and Cyclic R-Modules). Let R be a commutative ring with identity. A free R-module
is a direct sum (finite or infinite) of copies of the R-module R, that is,

M=PR,
el
for some index set I. If I is finite, say I = {1,2,...,n}, then M is said to have finite rank n, and we write
M = R"™.
A unital R-module M is said to be cyclic if it is generated by a single element, that is, there exists mg € M
such that
M =Rmo={rmo:r€ R}

In this case, the map

p:R— M,

r i —> rmyg

is a surjective R-module homomorphism with kernel

kero={re R:rmy=0}.
By the First Isomorphism Theorem, we then have the canonical R-module isomorphism
M =R/I, where [ =kero ={r e R:rmop=0}.

8.1. The Fundamental Theorem of Finitely Generated Modules. In the study of modules over a
principal ideal domain (PID), one encounters a remarkable generalization of the Fundamental Theorem of
Finitely Generated Abelian Groups. That classical result describes the structure of finitely generated abelian
groups as direct sums of cyclic groups. When we view abelian groups as Z-modules, it is natural to ask
whether a similar structural decomposition holds for finitely generated modules over an arbitrary principal
ideal domain R.

Theorem 8.1 (Fundamental Theorem of Finitely Generated Modules). Let R be a principal ideal domain
(PID). Then

(a) The number of R-summands in a free R-module of finite rank is independent of the direct-sum
decomposition.

(b) Every R-submodule of a free R-module of finite rank n is itself a free R-module of rank < n.

(c) Every finitely generated unital R-module is a finite direct sum of cyclic R-modules.

8.2. Chinese Remainder Theorem for rings. The existence of a decomposition of finitely generated
modules into cyclic modules of a special kind relies on a general version of the Chinese Remainder Theorem.
Its classical form concerns congruences for integers, but the module-theoretic structure theorem requires a
much more general statement that applies to ideals in an arbitrary commutative ring.

Before stating the theorem, we recall two standard operations on ideals in a commutative ring R with
identity. If I and J are ideals of R, then

e The sum of I and J is the ideal
I+J={z4+y:xecl, yeJ}
e The product of I and J is the ideal

t
IJ—{Zxkyk:xkEI, ykEJ,tEN}.

k=1
It is straightforward to verify that both I + J and IJ are indeed ideals of R.

We now state the general version of the Chinese Remainder Theorem, which will later allow us to decompose
modules into direct sums corresponding to products of ideals.
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Theorem 8.2 (Chinese Remainder Theorem). Let R be a commutative ring with identity, and let I1, Io, ..., I,
be ideals of R such that
I; +1I; = R whenever i # j.
Then the following statements hold:
(a) For any elements xy,z2,...,2, € R, there exists an element x € R such that

r=x; (modI;), ie z—uxz;€l;forallj.

The element x is unique if 1 NIy N---N I, = (0).
(b) The natural ring homomorphism

n
v: R — [[R/L;
j=1
ri—(r+L,r+1, ...,7+ 1)
has kernel ker ¢ = I1I5 - -- I, and induces an onto homomorphism

R/(IIy---1,) = R/I} x R/Is x -+ X R/I,.

(c) The intersection Iy N--- NI, is equal to the product I115- - I,.

Corollary 8.1. Let R be a principal ideal domain, and let

ki, k En
a=epypy’ P
be a factorization of a non-zero, non-unit element a € R into the product of a unit € and powers of pairwise
non-associate primes p1,...,p,. Then there is a ring isomorphism

R/(a) = R/(p") x R/(ph?) x -+ x R/(pkm).

8.3. Noetherian Rings. In this section, R denotes a commutative ring with identity, and all R-modules
considered will be unital. We begin by examining three equivalent finiteness conditions that an R-module
may satisfy, each expressed in terms of its submodule structure.

Proposition 8.2. Let R be a commutative ring with identity, and let M be a unital R-module. Then the
following conditions on R-submodules of M are equivalent:

(a) (Ascending Chain Condition) Every strictly ascending chain of R-submodules
My G My & M3 G-

terminates after finitely many steps (that is, M,, = M,,11 = My +2 = - -- for some n).

(b) (Maximum Condition) Every non-empty collection of R-submodules of M has a maximal element
under inclusion.

(c) (Finite Basis Condition) Every R-submodule of M is finitely generated.

PROOF. (a) = (b). Let C be a non-empty collection of R-submodules of M. Choose M; € C. If M
is not maximal, select My € C properly containing M;. If My is not maximal, choose M3 € C properly
containing Ma, and continue in this way. By condition (a), this process must terminate after finitely many
steps, yielding a maximal R-submodule in C.

(b) = (c). Let N be an R-submodule of M, and let C denote the collection of all finitely generated
R-submodules of N. This collection is non-empty since 0 € C. By (b), C has a maximal element, say Ny. If
x € N but x ¢ Ny, then Ny + Rx is a finitely generated R-submodule of N properly containing Ny, which
contradicts maximality. Hence, Ny = N, and therefore N is finitely generated.
(c) = (a). Let

M CMyCMsC---
be a strictly ascending chain of R-submodules of M. Put

o0
N = U M,,.
n=1
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By (c), N is finitely generated, say N = (z1,x2,...,x). Each generator z; lies in some M,,, and letting
no = max{ny,...,ni}, we have N = M,,,. Thus, the chain stops at M,,, proving (a). O
Corollary 8.2. Let R be a commutative ring with identity. Then the following conditions on R are equivalent:

(a) (Ascending chain condition for ideals) Every strictly ascending chain of ideals in R
LCLCI3E -

terminates after finitely many steps (that is, I,, = I,4+1 = Ij,42 = - - - for some n).

(b) (Maximum condition for ideals) Every non-empty collection of ideals in R has a maximal element
under inclusion.

(c) (Finite basis condition for ideals) Every ideal in R is finitely generated.

PROOF. Apply Proposition 8.2 with M = R, viewed as a unital R-module. Since the R-submodules of
R are precisely its ideals, the result follows immediately. O

Definition 8.3. (Noetherian ring) A commutative ring with identity satisfying any (and hence all) of the

equivalent conditions in Corollary 8.2 is called a Noetherian ring.

Example 8.1. Principal ideal domains, such as Z and R[X], satisfy the finite basis condition for ideals since
every ideal is singly generated. Thus, by Corollary 8.2, every principal ideal domain is Noetherian.

We now state some important results concerning Noetherian rings, which we shall present without proof.

Theorem 8.3 (Hilbert Basis Theorem). If R is a non-zero Noetherian commutative ring, then the polynomial
ring R[X] is also Noetherian.

Proposition 8.3. Let R be a Noetherian integral domain. Then every non-zero non-unit element of R can
be expressed as a finite product of irreducible elements.

PROOF. Let a € R be a non-zero non-unit. If a is irreducible, there is nothing to prove.
Assume that a is not irreducible. Then a = bc for some non-units b,c € R. In particular,
(a) € (b) and (a) S (c).

If both b and ¢ are irreducible, then a is a product of irreducible elements. Otherwise, at least one of them,
say b, is not irreducible. Then b = b1by with b1, by non-units, and hence

(a) S (b) S (ba).
Continuing this process, we obtain a strictly ascending chain of ideals
(a) S (0) € (br) € () S -+

Since R is Noetherian, every ascending chain of ideals must terminate. Therefore, this process must stop
after finitely many steps. Consequently, the resulting factorization consists entirely of irreducible elements.

Hence, a can be written as a finite product of irreducible elements. O

Proposition 8.4. If R is a Noetherian commutative ring, then every R-submodule of a finitely generated
unital R-module is also finitely generated.

PROOF. Let M be a finitely generated unital R-module, and let N be a submodule of M. Since M is
finitely generated, there exists a surjective R-module homomorphism

p:R"— M
for some n > 1.

Let
N':= o L(N).
Then N’ is a submodule of R™ and hence an R-submodule of a finitely generated free R-module.
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Since R is Noetherian, the free module R is Noetherian as an R-module. A finite direct sum of Noetherian
modules is Noetherian, so R" is a Noetherian R-module. Therefore, every submodule of R™ is finitely
generated, and in particular, N’ is finitely generated.

Finally, since ¢ is surjective, the image
N = p(N')
is finitely generated. Hence, N is a finitely generated R-module. g
Problem 8.1. Let R = Z[z|. Show that
R/({x)N{zx—1)) = R/{z)® R/{x —1).
Solution 8.1. Since
(r) +(z—1)=(1) = R,
the ideals are comaximal. By the Chinese Remainder Theorem for modules,
R/((z) N (x —1)) = R/(x) ® R/(x —1).
Moreover,
(z) N (z—1) = (z(z —1)).
Hence,
R/(x(x—1) X Z & Z.
Problem 8.2. Let a + bi be a prime element in Z[i]. Then prove the following.
(a) a — bi is also prime in Z[i].
(b) N(a+ bi) is a power of some positive prime p in Z.
(c) N(a+ bi) equals p or p?, where p is as in (b).
(d) If N(a+ bi) = p, then a + bi = p up to multiplication by a unit.
Solution 8.2. Recall that the norm N : Z[i] — Z>¢ is defined by
N(z + yi) = 2° + 32,
and satisfies N(af) = N(a)N(B) for all o, 5 € Z]i].
(a) Complex conjugation is a ring automorphism of Z[i]. If a — bi = af3, then conjugating gives
a+bi=ap.
Since a + bi is prime, one of @ or B must be a unit, and hence one of « or 3 is a unit. Thus, a — bi is prime.
(b) Since a + bi is prime, it is irreducible. Suppose
N(a+bi) =mn
with m,n € Z and 1 < m,n < N(a+ bi). Then
a’ 4+ b? = mn.
In Z[i] we have
(a + bi)(a — bi) = mn.
If m and n are non-units in Z, then this expresses a+bi as a product of non-units, contradicting irreducibility.
Hence, N(a + bi) must be a power of a positive prime p in Z.

(c) We have
N(a+bi) = a® + b* = pF
for some k > 1. Since
(a + bi)(a — bi) = p*
and a + bi is prime in Z[i], it must divide one of the factors p or p*~1. This implies that k& < 2. Therefore,
N(a+bi)=p or N(a+bi)=7p
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(d) Suppose N(a + bi) = p. Then
(a+bi)(a —bi) = p.

Since p is prime in Z and a + bi divides p in Z]i], there exists a € Z[i] such that

p = (a+ bi)a.
Taking norms gives

p* = N(p) = N(a+bi)N(a) = pN(a),

and hence N(a) = p. This shows that « is a unit. Hence, a + bi differs from p by multiplication by a unit.
Problem 8.3. Prove that no prime element a + bi in Z[i] has

N(a+bi)=p
where p is a rational prime of the form 4n+ 3. Conclude that every positive prime integer of the form 4n+3
is prime in Z[i].
Solution 8.3. Recall that the norm N : Z[i] — Z>¢ is given by

N(a+ bi) = a® + V?,

and satisfies N(af) = N(a)N(B) for all o, 5 € Z]i].
Suppose that a + bi is a prime element in Z[i] and that

N(a+ bi) =p,
where p is a rational prime with p =3 (mod 4). Then

a’?+ b =p.
Reducing this congruence modulo 4, we obtain
>+ =p=3 (mod4).

However, for any integer k, we have k2 = 0 or 1 (mod 4). Hence, the sum of two squares can be congruent

only to 0,1, or 2 modulo 4. This is a contradiction. Therefore, no prime element a + bi in Z[i] can have
norm equal to a prime p of the form 4n + 3.

We now prove the conclusion. Let p be a positive prime in Z with p = 3 (mod 4). Suppose that p is not
prime in Z[i]. Then there exist non-units «, 5 € Z[i] such that

p=ap.
Taking norms gives
p® = N(p) = N(@)N(B).
Since p is prime in Z, the only positive divisors of p? are 1,p, and p?. As a and 3 are non-units, we must
have

N(a) = N(B) = p.
This contradicts the first part of the proof, since no element of Z[i] with norm p exists when p = 3 (mod 4).
Hence, p cannot factor nontrivially in Z[i]. Therefore, every positive prime integer of the form 4n + 3 is
prime in Z[i].
Problem 8.4. Let R be a Noetherian ring and let I be an ideal of R. Prove that the quotient ring R/I is
Noetherian.
Solution 8.4. Let R be a Noetherian ring and let I be an ideal of R. We prove that R/I is Noetherian by
showing that every ideal of R/I is finitely generated.

Let K be an ideal of R/I. Then there exists an ideal J of R with I C .J such that

K=J/I.
Since R is Noetherian, the ideal J is finitely generated. Thus, there exist elements aq,...,a, € R such
that
J=(a1,...,an).
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We show that K is generated by the cosets a1 +1,...,a, +I. Let x+1 € J/I. Then x € J, and hence
there exist elements rq,...,r, € R such that

T =riay + -+ rpan.
Therefore,
z+I=(rma)+I1+ -+ (rpap) +I=r1+)(ar+I)+---+ (rn+1I)(ap+I).

This shows that every element of J/I can be written as a linear combination of a; + I,...,a, + I with
coefficients in R/I.

Hence

J/I=(a1+1,...;an+1),
and J/I is finitely generated. Since K was arbitrary, every ideal of R/I is finitely generated. Therefore,
R/I is Noetherian.

Problem 8.5. Let R be a Noetherian ring. Then every surjective ring homomorphism ¢ : R — R is
injective, and hence an isomorphism.

Solution 8.5. Let ¢ : R — R be a surjective ring homomorphism. For each positive integer n, let
K, = ker(¢"),
where ©" denotes the n-fold composition of ¢ with itself. Each K, is an ideal of R, and these ideals form
an ascending chain
K1 C Ky CK3C---.
Indeed, if r € K, then ¢©™(r) = 0, and hence
P"TH(r) = (" (r) = 9(0) =0,
sor € Kpyq.
Since R is Noetherian, this ascending chain stabilizes. Thus, there exists a positive integer n such that

Kp = Kna1.

Now let r € ker . Then ¢(r) = 0. Since ¢ is surjective, so is ¢". Therefore, there exists ro € R such that
r=¢"(ro).

Applying ¢ gives
0= (r) = p(¢"(ro)) = " (ro).
Hence, o € ker(p"*!) = K11 = K,,. It follows that

r=¢"(rg) =0.

Thus, ker ¢ = {0}, and hence ¢ is injective. Since ¢ is both injective and surjective, it is an isomorphism.
Problem 8.6. Let d be a non-square integer. The quadratic ring

ZVd)

is Noetherian.

Solution 8.6. Since Z is a Noetherian ring, the polynomial ring Z[X] is Noetherian by Hilbert's basis
theorem. Define a ring homomorphism

¢ Z|X] — ZVd]
by evaluation at \Vd, that is,
$(X) = V.
This homomorphism is surjective. Moreover, its kernel is the ideal
ker ¢ = (X% — d).
141



Therefore,
ZIVd) = 7]X]/(X? - d).
Since Z[X] is Noetherian and a quotient of a Noetherian ring is Noetherian, it follows that Z[v/d] is
Noetherian.
Problem 8.7. The rings
Z[V2,V3] and Z[i, /2, V10]
are Noetherian.

Solution 8.7. Since Z is a Noetherian ring, the polynomial ring Z[X,Y] is Noetherian. Consider the ring
homomorphism

¢ Z[X,Y] — Z[V2,V3]

defined by
o(X)=V2,  $(Y)=V3

This homomorphism is surjective. Its kernel contains the ideal (X2 — 2, Y2 — 3), and in fact

ker¢ = (X2 -2, Y2 - 3).
Therefore,

ZIV2,V3| 2 ZIX, Y] /(X% -2, Y2 - 3).
As a quotient of a Noetherian ring, Z[v/2,/3] is Noetherian.
Similarly, since Z is Noetherian, the polynomial ring Z[ X, Y, Z] is Noetherian. Define a ring homomorphism
v Z[X,Y, Z] — Z[i, V2, V/10]
by
Y(X) =i, PY)=V2  ¥(2)= V10
This map is surjective, and its kernel is
keryp = (X2 +1, Y3 -2, Z7 - 10).
Hence
Z[i,V2,V10| 2 Z|X,Y, Z)/(X? + 1, Y3 — 2, Z7 —10).

Again, being a quotient of a Noetherian ring, this ring is Noetherian.
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CHAPTER 7

Fields and Galois Theory

“The art of doing mathematics consists in finding that special case which contains all the
germs of generality.”

— David Hilbert

1. Fields and Examples

Fields play a central role in algebra and number theory. They form the foundation for many important
mathematical structures such as vector spaces, polynomial rings, and algebraic extensions. Fields also
provide the framework for the study of solutions to equations, both linear and non-linear, and are crucial in
areas ranging from cryptography and coding theory to algebraic geometry and Galois theory. Finite fields,
in particular, have applications in computer science and information theory, while familiar infinite fields such
as the rationals, reals, and complex numbers serve as the basic building blocks for analysis and algebra.
Some of the examples and theorems in this chapter are adapted from [2].

Definition 1.1. A field is a commutative ring F' with unity 1 £ 0 in which every non-zero element is a unit,
i.e. for each a € F'\ {0} there exists b € F such that ab = 1.

Example 1.1. Some well-known examples of fields are:

(1) The field of rational numbers @ with the usual addition and multiplication.
(2) The field of real numbers R which includes all limits of convergent sequences of rationals.
(3) The field of complex numbers C consisting of numbers of the form a + bi with a,b € R and
i?=-1
(4) The finite field Z/pZ, where p is a prime number, with addition and multiplication modulo p.
Theorem 1.1 (Field of Fractions and its Universal Property). Let R be an integral domain. Define

Rx R* := {(a,b) e Rx R | b;«éo}/ ~,  where (a,b) ~ (¢,d) <= ad = bc.
Write the ~ equivalence class of (a,b) as [(a,b)]. Let
F = {[(a,b)] | (a,b) € Rx R*}
and define
[(a,0)] +[(c,d)] :=[(ad + be, bd) ], [(a,0)] - [(¢c;d) ] := [(ac, bd)].
Then

(1) These operations are well defined on F' (i.e. are independent of representatives) and make F' a
field. The additive identity is [(0,1)], the multiplicative identity is [(1,1)], and for a # 0 the
inverse of [(a,b)] is [(b,a)].

(2) The map n : R — F given by n(r) = [(r,1)] is an injective ring homomorphism (the canonical
embedding).

(3) (Universal property) If ¢ : R — F" is an injective ring homomorphism into a field F” with p(1) =1,
then there exists a unique field homomorphism

¢:F — F' suchthat @gon=,

namely

#([(a,0)]) = w(a)p(b)".
Consequently, we may identify R with the subring n(R) C F, and call F' the field of fractions of R.
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PROOF. (1) First, we prove ~ is an equivalence relation. Reflexive and symmetric are immediate. For
transitivity, if (a,b) ~ (¢,d) and (c,d) ~ (e, f), then ad = bc and cf = de. Since R is an integral domain
and d # 0, multiplying gives adf = bcf = bde, hence af = be. Thus, (a,b) ~ (e, f).

Next, we prove the operation addition is well-defined. Let (a,b) ~ (a/,¥’) and (¢,d) ~ (¢/,d’). Then
ab = a’b and ed’ = ¢/d, and we obtain

(ad+bc)b'd = adb'd + beb'd = a'd'bd +V'c'bd = (a'd + ') bd,
using ab’ = a’b and ¢d’ = d. This show that [(ad + be,bd) ] = [(a'd’ + b'¢',b'd")], and hence addition is
well defined. Similarly, we prove multiplication is well-defined.
It is easy to see that commutativity and associativity of + and - reduce to the corresponding properties in

R. The additive identity is [(0,1) ], and [(a,b) | has additive inverse [ (—a,b)]. The multiplicative identity
s [(1,1)]. If a # 0, then

[(a,0)]-[(b,a)] = [(ab,ab)] = [(1,1)]

and so non-zero elements have inverses. Distributivity follows by a direct computation as follows:

[@n)]- (e d)]+ (e, N]) = [(alcf + de), bdf)] = [(ac,bd) ] + [ (ae, b))
Thus, we conclude that F'is a field.
(2) Clearly, n is a ring homomorphism by construction. We now prove that the map 1 : R — F' given by
n(r) = [(r,1)] is an injective. If n(r) = n(s), then [(r,1)] = [(s,1)], hence r -1 =s-1 and so r = s.
Thus, 7 is injective.
(3) We prove the universal property. Define ¢([(a,b)]) = ¢(a)p(b)~t € F'. If (a,b) ~ (a’,b’), then ab/ =
a’b, so applying ¢ (a ring homomorphism) gives p(a)p(b') = ¢(a’)p(b), hence p(a )90( Y= (d)p(®)
Thus, ¢ is well defined. It is a ring homomorphism, sends 1 to 1, and satisfies ¢ o n = ¢ since

p(n(r)) = ¢([(r,1)]) = p(r)e(1) ™ = o(r).

For uniqueness, if ¢ : F' — F’ is any field homomorphism with 1) o ) = ¢, then for (a,b) with b # 0,

¥([(a,0)]) = v (n(a)n(d)~") = v(n(a)) v(n(®)) ™ = wla) p(b) ™" = &([(a,b)]),

so ¢ = ¢. This proves the universal property. O

Example 1.2. If K is a field, then K[X] is an integral domain and its field of fractions is the rational
function field K(X). More generally, the field of fractions of K[X1,...,X,] is K(X1,...,X,).

Lemma 1.1. Let R be a non-zero commutative ring with identity. Then R is a field if and only if the only
proper ideal of R is {0}.

PROOF. Suppose R is a field and let I be a non-zero ideal of R. Choose 0 # a € I. Since a is
invertible, a=! € R, and hence
l=aatel.
Thus, I = R and the only proper ideal is {0}.

Conversely, assume that the only proper ideal of R is {0}. Let 0 # a € R. Consider the principal ideal
I = (a) = aR. Since a # 0, we have I # 0, hence I = R by assumption. Thus, 1 € I, and there exists
b € R with 1 = ba. Hence, a has an inverse, and we conclude that R is a field. O

Proposition 1.1. Let R be a commutative ring with identity, and let I be an ideal of R. Then I is maximal
if and only if the quotient ring R/I is a field.

PROOF. Consider the quotient homomorphism 7 : R — R/I. By the First Isomorphism Theorem for
modules, there is a bijection between the set of ideals of R/I and the set of ideals of R that contain I,
given by

JCR/IT <+— w(J).
In particular, the only proper ideals of R/I correspond to the proper ideals of R that properly contain 1.
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Assume that I is maximal. Then the only proper ideal of R/I is {0}. By Lemma 1.1, R/I is a field.
Conversely, if R/I is a field, then {0} is its only proper ideal, and hence I must be maximal in R. O

Corollary 1.1. Every maximal ideal in a commutative ring with identity is prime.

PROOF. Let I be maximal. By Proposition 1.1, R/I is a field. Since every field is an integral domain,
we have R/I is an integral domain. By Proposition 6.1, we conclude that I is prime. O

Example 1.3. In the polynomial ring R = Z[X], the ideal
I = XZ[X]

is prime, since Z[X]/I = Z, which is an integral domain. However, I is not maximal. Indeed, consider the
larger ideal

J = XZ[X]+2Z]X],
which properly contains I and is still a proper ideal of R. Hence, I is prime but not maximal.

Problem 1.1. Let R = Z or R = K[X], where K is a field. Then every non-zero prime ideal of R is
maximal.

Solution 1.1. In both Z and K[X], every non-zero prime ideal is generated by an irreducible element

I=(p),

where p is a prime integer in Z or an irreducible polynomial in K[X].

Now suppose J is an ideal of R with I C J C R. Choose a € J\ I. Since a ¢ (p), it follows that p { a.
Thus, p and a are relatively prime in R.

By the Bézout identity, there exist x,y € R such that
p +ya = 1.
Since p e I C J and a € J, the right-hand side shows 1 € J. Hence, J = R, contradicting the assumption

that J is proper. Therefore, I is not properly contained in any proper ideal. Thus, I is maximal.

Problem 1.2. Let R be a non-zero finite commutative ring with unity. Assume R has no zero divisors.
Prove that R is a field.

Solution 1.2. Let a € R be a non-zero element. Consider the map
¢vqe: R — R, wo(x) = az.

If va(x) = @aly), then a(x —y) = 0. Since R has no zero divisors and a # 0, we must have z —y = 0,
hence x = y. Thus, ¢, is injective. Since R is finite, any injective map R — R is also surjective. Therefore,
there exists © € R with p,(z) = 1, i.e. az = 1. This shows that every non-zero element a € R has a
multiplicative inverse. Since R is commutative and every non-zero element is invertible, we conclude that
R is a field.

Problem 1.3. For every prime p, the ring of integers modulo p, denoted Z/pZ, is a field.

Solution 1.3. The ring Z/pZ is a commutative ring with unity T # 0. Suppose @b = 0 in Z/pZ. Then
p | ab. Since p is prime, it divides a or b, so @ = 0 or b = 0. Thus, Z/pZ has no zero divisors, i.e. it is an
integral domain. Moreover, Z/pZ has exactly p elements, hence it is finite. By the previous problem, we
conclude that Z/pZ is a field.

Problem 1.4. Let R be a commutative ring with 1 # 0. Prove that R is a field if and only if the only ideals
of R are (0) and R.

Solution 1.4. Assume that R is a field. Let I be an ideal of R. If I # (0), then there exists 0 # a € I.
Since R is a field, a has a multiplicative inverse a~! € R, and hence

l=altael
Therefore, I = R. Thus, the only ideals of R are (0) and R.
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Conversely, suppose that the only ideals of R are (0) and R. Let 0 # a € R. Then the ideal (a) is not
equal to (0), and hence (a) = R. Therefore, there exists r € R such that

ra = 1.
This shows that every nonzero element of R has a multiplicative inverse. Hence, R is a field.

Problem 1.5. Let R be a commutative ring with 1. In the polynomial ring R[z] consider the principal ideal
(x) generated by x. Then

(1) (x) is a prime ideal of R[z] if and only if R is an integral domain.
(2) (x) is a maximal ideal of R[z] if and only if R is a field.

Solution 1.5. Define the evaluation homomorphism at 0,
¢:Rlz] — R, f(z) = f(0).

Clearly, ¢ is a surjective ring homomorphism and ker ¢ = (z) (the polynomials with zero constant term are
exactly those divisible by z:). By the First Isomorphism Theorem,

Rla]/(z) = R.

(1) An ideal I is prime if and only if the quotient ring R[x]/I is an integral domain. Applying this to I = (x)
and using the isomorphism above, (x) is prime in R[z] exactly when R[z]/(z) = R is an integral domain.
Thus, (z) is prime if and only if R is an integral domain.

(2) An ideal I is maximal if and only if the quotient R[x]/I is a field. Again using R[z]|/(x) = R, we see
that (z) is maximal if and only if R is a field.

Definition 1.2 (Characteristic of a field). Let F' be a field with identity 1. For n € Z~, define
—_——
n times

The characteristic of F', denoted ch(F') or char(F'), is the least integer p > 0 such that p- 1p = 0, if such
p exists; otherwise ch(F') = 0.

Proposition 1.2. The characteristic of a field is either 0 or a prime number p. Moreover, if n-1p = 0, then
p|n.

PROOF. If ch(F') =0, we are done. Suppose ch(F) =n > 0. If n = ab with 1 < a,b < n, then
O=n-1lp=(a-1p)(b-1p).
Since F has no zero divisors, one of a- 1 or b- 1 is 0, contradicting minimality of n. Thus, n is prime.
Now if n - 1p = 0, then we write n = gp + r with 0 < r < p. This implies that
O=n-lp=(gp+r)-lp=r-1p.
By minimality of p, r = 0, hence p | n. O
Example 1.4. (1) The fields Q and R both have characteristic 0.
ch(Q) = ch(R) = 0.

(2) For any prime p, the finite field F, = Z/pZ has characteristic p.
(3) The polynomial ring IF,,[x] over the finite field ), has characteristic p, as does its field of fractions
F,(x) (the field of rational functions in = over F),).

Proposition 1.3. Every field I contains a unique subfield isomorphic either to Q or to a finite field F,, for
some prime p.

PROOF. Define a ring homomorphism
p:Z —F, on)=n-1p.
The kernel of ¢ is an ideal of Z, hence of the form mZ for some integer m > 0. Thus, ¢ factors through
©: Z/mZ — F.
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If m = p is prime, then Z/pZ = F), is a field, and the image of & is a subfield of F" isomorphic to F),.

Next, if m = 0, then ¢ is injective, embedding Z into F'. This extends uniquely to a homomorphism

k _
vie—F w(G) a0 2o
which is well defined and injective. Hence, F' contains a subfield isomorphic to Q. O

Definition 1.3. The subfield of F' given by Proposition 1.3 is called the prime subfield of F'. The charac-
teristic of F' is defined as

ch(F) = 0, if the prime subfield of F' is isomorphic to Q,
p, if the prime subfield of F' is isomorphic to I, for some prime p.

Problem 1.6. Let F' be a field and let f(t) € F[t]. Then prove the following statements.

(a) If char(F) =0, then f’(t) =0 if and only if f(¢) is a constant polynomial.
(b) If char(F) =p > 0, then

f@)P = frir),
and if f/(t) = 0, then there exists a polynomial g(t) € F[t] such that
ft) = g(&).
Solution 1.6. (a) Write
f(t) =ao+art+ -+ a,t", a; € F.
Then
f'(t) = a1 + 2a9t + - - 4 nat" L.

If f(¢) is constant, then clearly f’(¢t) = 0. Conversely, if f'(t) = 0 and char(F) = 0, then
a1 =2a9 =---=na, =0.

Since the characteristic is zero, each integer 1,2,...,n is non-zero in F', and hence a; = ay = --- = a, = 0.
Thus, f(t) = ag is constant.

(b) Assume char(F) =p > 0. Let

ft) =ao+art+ -+ anpt".
Then

F@)P = (ag+ art + -+ apt™)P = ab + altP + - - + a2,
since all intermediate binomial coefficients are divisible by p. Hence
f@)P = fr@r),
where fP(t) = ab +alt + - + aht™
Now suppose that f'(¢) = 0. Then
a1 = 2ag = -+ =na, = 0.

Since characteristic of F' is p, this implies that a; = 0 whenever p {i. Therefore,
f(t) = ap + apt? + agyt® + - - -.
Define g(t) = ag + apt + agyt® + - - € F[t]. Then, we conclude that f(t) = g(¢?).

Problem 1.7. Prove that an integral domain with finitely many elements is a field.
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Solution 1.7. Let R be a finite integral domain. To prove R is a field, it suffices to prove that every
non-zero element of R has a multiplicative inverse.

Let a € R with a # 0. Consider the map

¢:R— R, o(z) = ax.
Since R is an integral domain, multiplication by any nonzero element is injective. Hence, if o(z) = ¢(y),
then axz = ay, and by the cancellation law we obtain = = y.

Since R has a finite number of elements, every injective map from R to itself is also surjective. Hence, ¢
is surjective. In particular, there exists an element b € R such that

o(b) = ab = 1.

Thus, a has a multiplicative inverse b in R. Since a # 0 was arbitrary, every non-zero element of R is a
unit. Therefore, R is a field.
Problem 1.8. Let R be a commutative ring with 1 # 0. An element x € R is nilpotent if there exists
m € Z~q such that ™ = 0. Then prove the following statements.
(a) Let n = a”b for some integers a,b and k > 1. Show that the class ab € Z/nZ is nilpotent.
(b) Let a € Z. Prove that the element @ € Z/nZ is nilpotent if and only if every prime divisor of n
also divides a. In particular, determine the nilpotent elements of Z /727 explicitly.
(c) Let X be a non-empty set and F' a field. Let R be the ring of functions X — F' with point-wise
addition and multiplication. Prove that R contains no non-zero nilpotent elements.

Solution 1.8. (a) Suppose n = a*b. In Z/nZ consider ab. Then
(ab)* = a*bF = (a"b) bt = nbF T
Thus, n | (ab)* and so (ab)* = 0. Hence, ab is nilpotent.

(b) Write n = [];_, p;* with distinct primes p;. Assume that @ is nilpotent. Then a™ is divisible by n for
some m. Thus, pi* | a™ for all 4, which implies p; | a. Hence, every prime divisor of n divides a.

Conversely, suppose every p; dividing n also divides a. Let vy, (a) = f; > 1, where v,(a) denotes the largest
integer f > 0 such that p/ | a (the p-adic valuation of a). Choose

€i
m = max |[—|.
1<i<r | f;

Then mf; > e; for all i, and hence pi’ | a™. Therefore, n | a™, i.e. @™ = 0. Thus, @ is nilpotent.

For n = 72 = 23 .32, the criterion says @ is nilpotent iff 6 | a. So the nilpotent elements are exactly the
classes

(0,5,12, 8, ..., 66},
that is, all multiples of 6 modulo 72.

(c) Suppose f: X — F'is nilpotent in R. Then f™ = 0 for some m > 0, and hence (f(z))™ =0 in F for
each x € X. But in a field, the only nilpotent element is 0, which implies f(x) = 0 for all z. Thus, f is
the zero function. Therefore, R contains no non-zero nilpotent elements.

2. Vector Spaces

Abstract algebra is built upon three fundamental structures: groups, rings, and fields. We have already
studied groups and rings in detail, and introduced the concept of a field. To explore fields more thoroughly,
we now turn to some basic notions of vector space theory, which will play an important role in our further
study.

Definition 2.1 (Vector Space). Let F' be a field. A vector space over F' is a set V together with two
operations: addition 4+ : V' x V' — V and scalar multiplication - : F' x V' — V, denoted (a,v) — av, such
that (V,+) is an abelian group and the following axioms hold for all a,b € F' and all u,v € V.
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(1) a(u+v) =au+ av (distributivity over vector addition),
(2) (a+bv=av+bv (distributivity over field addition),
(3) a(bv) = (ab)v (compatibility with field multiplication),

(4) 1v = v, where 1 is the multiplicative identity in F.

The elements of V' are called vectors, and the elements of F' are called scalars. The operation av is called
scalar multiplication. By convention, vectors are typically denoted by letters such as u, v, w, while scalars
are denoted by a, b, c.

Example 2.1. The set R" = {(ai,aq,...,a,) | a; € R} is a vector space over R. Addition and scalar
multiplication are defined componentwise as
(a1, ... an) + (b1,...,by) = (a1 + b1,...,an + by), c(ai,...,an) = (cay,...,cay)

for all ce R and (ay,...,ay),(b1,...,b,) € R™
Example 2.2. The set M3(Q) of 2 x 2 matrices with entries in Q is a vector space over Q. For A =

<‘” a2> .B= (21 Z2> € M5(Q) and ¢ € Q, define
3 4

as a4
a1+ by ag + by __f[car cag
A+B= <a3 4+ b3 a4+ b4> , ed= <ca3 ca4> '

Example 2.3. The set Z,[z] of polynomials with coefficients in Z,, where p is prime, is a vector space over
Z,, with the usual polynomial addition and scalar multiplication.

Example 2.4. The set of complex numbers C = {a + bi | a,b € R} is a vector space over R. Addition and
scalar multiplication are the usual operations of complex numbers.

Example 2.5. Let F be a field and F' a subfield of E. Then E is a vector space over F' with vector addition
and scalar multiplication given by the operations of . This generalizes the previous example and plays a
central role in the theory of fields.

Definition 2.2 (Subspace). Let V' be a vector space over a field F', and let W C V. We say that W is a
subspace of V if W itself is a vector space over F' under the addition and scalar multiplication inherited
from V.

Definition 2.3 (Span and Linear combination). Let V' be a vector space over a field F', and let v, vo, ..., v,
be (not necessarily distinct) elements of V. The set

(v1,v2,...,0n) = {a1v1 + agva + - - - + apvy | a1,a2,...,a, € F'}
is called the subspace of V' spanned by vy, vs, ..., vy.

Any element of the form
ajv1 + agva + - - - + apvp, a; € F
is called a linear combination of vi,vs, ..., vy,.

Definition 2.4 (Linearly dependent and Independent sets). Let V' be a vector space over a field F', and let
S C V be a set of vectors.

(a) The set S is said to be linearly dependent over F' if there exist distinct vectors vy, va,...,v, € S
and scalars aq,a9,...,a, € F, not all zero, such that

a1v1 + agva + - -+ + anvy, = 0.
(b) The set S is said to be linearly independent over F' if it is not linearly dependent, that is, if
a1v1 + agvs + - - - + anv, = 0, a; € F,
thenay =as=---=a, =0.
Example 2.6. Consider the vector space R3, and the vectors
(1,0,0), (0,1,0), (0,0,1).
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We now check whether the above vectors are linearly independent over R. Suppose there exist scalars
a,b,c € R such that

a(1,0,0) 4+ 6(0,1,0) + ¢(0,0,1) = (0,0,0).

Carrying out the addition gives
(a,b,c) = (0,0,0).
Thus, a =0, b =0, and ¢ = 0. Therefore, the given vectors are linearly independent.
Example 2.7. In R3, the vectors
(17070)7 (1707 1)7 (1’171)

are linearly independent over R. To verify this, suppose there exist scalars a, b, c € R such that

a(1,0,0) +6(1,0,1) +¢(1,1,1) = (0,0,0).
This implies that

(a+b+e ¢, b+c)=(0,0,0).
Thus, we obtain the system
a+b+c=0, c=0, b+c=0.
From ¢ =0 and b+ ¢ =0, it follows that b = 0, and then a = 0. Hence
a=b=c=0.

Therefore, the given vectors are linearly independent.
Definition 2.5 (Basis). Let V' be a vector space over a field F'. A subset B C V is called a basis of V' if

(1) B is linearly independent over F, and
(2) every vector in V can be expressed as a linear combination of finitely many elements of B.

Example 2.8. In R3, the set
B ={(1,0,0), (0,1,0), (0,0,1)}
is a basis. Indeed, B is linearly independent, since the only solution to
a(1,0,0) 4+ b(0,1,0) + ¢(0,0,1) = (0,0,0)
with a,b,c € Ris a = b = ¢ = 0. Moreover, every vector (x,7,z) € R? can be written as
(z,y,2) = x(1,0,0) +y(0,1,0) + 2(0,0,1).
Therefore, B spans R3. Hence, B is a basis of R3, called the standard basis.

Definition 2.6 (Dimension). Let V' be a vector space over a field F'. The dimension of V, denoted dim(V),
is the number of elements in any basis of V.

Remark 2.1. The dimension of a vector space V is well-defined because all bases of V' have the same
cardinality. In particular, the zero vector space {0} has no non-zero vectors, and by convention it is assigned
the empty set as a basis. Hence,

dim({0}) = 0.
Problem 2.1. Let F be a field and let K be a field containing F' as a subfield. Show that K is a vector
space over F'.
Solution 2.1. Since F C K and both are fields, the addition and multiplication in F' are the restrictions of
the corresponding operations in K. Define scalar multiplication by
Axi= A (Ae F, z € K).
The vector space axioms follow directly from the field axioms of K. Hence, K is a vector space over F'.

Problem 2.2. Let F be a field, and let K be a field containing F'. Assume that dimgp K = n < co. Show
that for any o € K, the set

{1,002, ..., 0"}
is linearly dependent over F.
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Solution 2.2. The vector space K has dimension n over F'. Any set of more than n vectors in a vector
space of dimension n is linearly dependent.

2

Since the set {1, «, a*, a} contains n + 1 elements, it is linearly dependent over F.

Problem 2.3. Find a basis for each of the following vector spaces over Q.

(a) Q(v2)
(b) Q(V2)
(c) Q(2)
(d) Q(v2,v3)
Solution 2.3. (a) Every element of Q(1/2) can be written uniquely in the form

a+bv2, a,be Q.
This shows that Q(1/2) is spanned by {1,v/2}. If
a+bvV2= 0,

then b = 0 implies a = 0, since v/2 ¢ Q. Hence, the set is linearly independent and therefore forms a basis.

Q
Q
2.

(b) Let o = v/2. Since a® = 2 € Q, every power of a of degree at least 3 can be reduced to a Q-linear
combination of 1, a, a?. Thus, every element of Q(c) has the form

a+ ba + ca?, a,b,c e Q.
The set {1, a, o} spans the space and is linearly independent. Hence, it is a basis.
(c) Every element of Q(i) can be written as
a + b, a,be Q.
Since i ¢ Q, the elements 1 and i are linearly independent. Thus, {1,7} spans the space and forms a basis.
(d) Any element of Q(1/2,1/3) can be expressed as
a+bvV2+ V3 +dVe, a,b,c,d € Q.

Since v6 = v/2V/3, every product of V2 and /3 can be expressed as a Q-linear combination of these four
elements. The set {1, V2,3, \/6} is linearly independent and spans the space, and hence is a basis.
Problem 2.4. Find a basis for each of the following matrix vector spaces over R.

(a) M(R).

(b) The space of all symmetric 2 x 2 real matrices.

(c) The space of all 2 x 2 real matrices with trace zero.

Solution 2.4. (a) Every matrix in M3(R) has the form

a b
<c d)’ a,b,c,d € R.

Thus, M3(R) is spanned by the four matrices

10 0 1 00 0 0
0 0/°\0 0)’\1 0/’\0 1/°
These matrices are clearly linearly independent, and hence form a basis.

(b) A symmetric 2 x 2 real matrix has the form

<Z i), a,b,c eR.

(0 0):(1 o) (0 %)
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These matrices are linearly independent and hence form a basis.

(c) A 2 x 2 real matrix has trace zero if and only if it has the form

(a b), a,b,c eR.
c —a

(0 5) (6 0)(F6)

These matrices are linearly independent and therefore form a basis.

Thus, the space is spanned by

3. Field Extensions
Definition 3.1 (Extension Field). Let F' and E be fields. We say that E is an extension field of F', written
F CE,if

(1) F is a subfield of F, and
(2) the field operations of F' are precisely the restrictions of the operations of E to F'.

Remark 3.1. An extension field E of I’ can be viewed as a larger field obtained by adjoining new elements
to F. The following classical example was given by Cauchy in 1847, the quotient ring

R[z]/(z® + 1)
is a field that contains a root of the polynomial 22 + 1 which does not exist in R. This construction
foreshadowed the general theory of adjoining roots of polynomials to form extension fields.

Definition 3.2 (Degree of a Field Extension). Let K/F be a field extension. By restricting the multiplication
in K to scalars from F', the set K becomes a vector space over F'. The degree of the extension, denoted

(K : F],
is defined to be the dimension of K as a vector space over F', that is,
[K : F] = dimp K.
The extension K/F is called finite if [K : F| < 0o, and infinite otherwise.

Remark 3.2. Every field F' can be regarded as a vector space over its prime subfield (either Q or F),). Thus,
[F': Q] or [F : ] describes how large F is relative to its simplest building blocks. For example

[Q(v2):Q]=2, [C:R]=2, [R:Q]=o0.

Remark 3.3. An important class of field extensions arises from adjoining roots of polynomials. For instance,
over the real numbers R, the equation

2 +1=0
has no solution. This motivates enlarging R to a larger field in which the equation is solvable. By adjoining
a symbol i with i> = —1, Gauss introduced the complex numbers

C =R+ R,

and verified that C is a field. Thus, C is an extension of R in which 22 + 1 has a root.

More generally, let F' be a field and let p(x) € F[z] be a polynomial. One may ask whether there exists an
extension field K /F that contains a root of p(z). Since any root of an irreducible factor of p(x) is also a
root of p(z), we may assume that p(x) itself is irreducible. In this case, the quotient ring

Flz]/(p(x))
is a field, and it provides an extension of F' in which p(z) has a root.

Proposition 3.1. Let ¢ : F' — F’ be a homomorphism of fields. Then ¢ is either the zero map (sending
every element of F' to 0) or it is injective. In particular, the image of ¢ is either {0} or a subfield of F”
isomorphic to F'.
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PROOF. The kernel of a field homomorphism ¢ is an ideal of F. Since F'is a field, its only ideals are
{0} and F itself. If ker(¢) = F, then ¢ is the zero map. Next, if ker(p) = {0}, then ¢ is injective. Thus,
¢ is either identically zero or injective. In the injective case, the image ¢(F) is a subfield of F” isomorphic
to F. ]

Lemma 3.1. Let F be a field and let p(z) € F[z| be a non-constant polynomial. If p(z) is irreducible in
F[z], then the ideal (p(z)) is maximal in F'[x]. Consequently, the quotient ring F[z]/(p(z)) is a field.

PROOF. Recall that F[z] is a Euclidean domain, hence a principal ideal domain. Let I be an ideal of
F[z] with (p(z)) C I C Flz]. If I = (p(x)) we are done, so assume I # (p(x)). Choose f(z) € I\ (p(z)).
Since p(x) is irreducible and does not divide f(z), the greatest common divisor ged(p, f) = 1. By Bézout's
identity in F'[x] there exist a(z),b(z) € F[z] with

a(z)p(z) + b(x) f(z) = 1.

Both terms on the left lie in I, hence 1 € I. Therefore, I = F[x]. This shows that no ideal lies strictly
between (p(x)) and Flx], so (p(x)) is maximal.

Finally, the quotient of a ring by a maximal ideal is a field, so F[x]/{p(x)) is a field. O

Theorem 3.1. Let F be a field and let p(z) € F[z]| be an irreducible polynomial of degree n. Define
K = Flz}/(p(x)),  0:=z+(p(z)) € K.
Then K is a field extension of F' of degree n, and 6 is a root of p(z) in K, i.e.
p(0) =0 in K.
Moreover, the set
{1,0,6%,...,6" 1}

forms a basis of K as a vector space over F'. Consequently,

[K : F] =n,
and each element of K has a unique expression of the form

a0+a19+a202—&—‘--—i—an_lH"*l, a; € F.

PROOF. Since p(x) is irreducible, the ideal (p(z)) is maximal in F[z], and hence K = Flz|/(p(x)) is
a field by Lemma 3.1. Let f(x) € F[x]. By the division algorithm, we can write

f(@) = q(z)p(z) + r(z),
where ¢(x),r(z) € F[z] and deg(r) < n. Thus, in the quotient K,
f(z) =r(z).

Therefore, every element of K is represented by a polynomial of degree less than n. This shows that
{1,0,62,...,0" 1} spans K over F.

Next, we prove linear independence. Suppose
bo + 010 + b20% + -+ + b1 0" =0
in K, with coefficients b; € F'. Then
bo + b1z + box® + -+ + by_12" 7 € (p(x)).

This implies that p(z) divides a polynomial of degree strictly less than n, which is impossible because p(x)
is irreducible of degree n. Hence, all b; = 0, proving linear independence.

Therefore, {1,6,62,...,0" 1} is a basis of K over F, and we conclude that dimp K =n, i.e., [K : F] =
n. O
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Problem 3.1. Let F =R and p(z) = 2> + 1 € R[z]. Show that the quotient ring
K =R[z]/(z® + 1)
is a field extension of degree 2 of R in which 22 + 1 has a root, and describe explicitly the addition and
multiplication in K.
Solution 3.1. The polynomial p(z) = x? + 1 is irreducible over R. Hence, the quotient ring
K =Rz]/(z* + 1)

is a field extension of R of degree 2. Let § = x mod (22 + 1) € K. Every element of K can be written
uniquely in the form

a+ bl (a,b € R).
For a + b0, ¢ + df € K, define addition as

(3) (a+b0)+ (c+db) = (a+c)+ (b+d)b.
Using the relation §? = —1 (since 22 = —1 (mod x? + 1)), we define multiplication as
(4) (a+b6)(c + df) = ac + (ad + be)d + bdbh?
(5) = (ac — bd) + (ad + be)b.

Equations (3) and (5) are exactly the familiar rules for addition and multiplication in C, if we identify  with
i. Define the map

¢ :Rlx]/(2®> +1) — C, a+ bl — a+ bi.
This is a ring homomorphism, and since it is bijective (as both sides are 2-dimensional vector spaces over
R), it is an isomorphism.

4. Algebraic Elements

Definition 4.1. Let K and K’ be fields.
(1) A field map is a ring homomorphism ¢ : K — K’ such that ¢(1) = 1. Since fields have no
non-trivial ideals, every field map is automatically injective.
(2) If K and K’ are extensions of a field F' and ¢|p=idp, then ¢ is called an F-field map.
Remark 4.1. (1) If o is surjective, then it is a field isomorphism.
(2) If o is surjective and also fixes F', then it is an F'-isomorphism.
(3) When K = K’, a surjective ¢ is an automorphism of K.
(4) If © fixes F, then it is called an F-automorphism.
Definition 4.2. Let K/F be a field extension and let z1,..., 2, € K.

(1) The subring of K generated by F' and 1, ..., x,, denoted by

Flzy,...,24),
is the set of all polynomials in z1,...,x, with coefficients in F, i.e.,
Flzq,... 2, = { Z cil,_.’in:c’f . x?{l Ciy,..in € Fy I CZ%, finite}.
(il,..‘,in)EI
(2) The subfield of K generated by F and x1,...,x,, denoted by
F(:Elv s 7$n)a
consists of all quotients
p(x1, ..., 2n)
q(x1,. .., T0)’
where p,q € Flxy,...,2,] and g(x1,...,2,) # 0. This field is called the field obtained by
adjoining z1,...,x, to F and can be regarded as the field of fractions of Fx1,...,xy,].
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Remark 4.2. The field F(z1,...,2,) can be regarded as the field of fractions of Fx1,...,x,]. Indeed,
by the universal property of fraction fields, the natural embedding Flz1,...,2,] < F(z1,...,x,) factors
through the field of fractions of Fx1,...,zy].

Definition 4.3. Let K/F be a field extension and let z € K.

(1) For the polynomial ring F[X] in one indeterminate X, there exists a unique substitution homo-
morphism
pr : FIX] — Fla],

defined by ¢, (f(X)) = f(x) for all f(X) € F[X].

(2) The element x is called algebraic over F' if o, is not injective, i.e., if z is a root of some non-zero
polynomial in F[X].

(3) The element z is called transcendental over F' if ¢, is injective.

Definition 4.4 (Minimal Polynomial). Let K/F be a field extension and let x € K be algebraic over F.
Consider the substitution homomorphism

po : F[X] — Flz],  @.(f(X)) = f().
Then
ker o, = {f(X) € F[X] | f(z) = 0}
is a non-zero ideal of F[X]. Since F[X] is a principal ideal domain, ker ¢, is generated by a single

polynomial. Among all non-zero polynomials in ker ¢, there exists a unique monic polynomial of least
degree. This polynomial, denoted by Fy(X), satisfies

ker o, = (Fo(X)),
and is called the minimal polynomial of x over F.

Proposition 4.1. Let € K be algebraic over F'. Then the minimal polynomial of x over F is irreducible
in F[X].

PROOF. Let F(X) denote the minimal polynomial of = over F. Suppose F(X) = G(X)H(X) with
G,H € F[X] of smaller degree. Then 0 = F(z) = G(x)H(x), hence G(z) = 0 or H(z) = 0. This
contradicts the minimality of deg F', and we conclude that F' is irreducible. O

Theorem 4.1. If z € K is algebraic over F' with minimal polynomial F'(X) of degree n, then
F(r) = Flz] = FIX]/(F(X)).
Moreover, every element of F(x) has a unique expression of the form
co+eir+ -4 ezl c; € F.
Proor. Consider the evaluation map
oz F[X] — Flz], G(X)w— G(z).
Its kernel is the ideal generated by the minimal polynomial m,(X) of = over F'. Hence
Flz] = FX]/(m.(X)).

Since m4(X) is irreducible, the ideal (m.(X)) C F[X] is maximal. Thus, the quotient F[X]/(m4(X)) is
a field, which implies that F'[z] is a field. Therefore,

For uniqueness of representation, suppose an element of F'(z) has two distinct expansions
cotaz+-4cen1z™t and do+diz+-+dpo1z™

with ¢;,d; € F. Subtracting these gives a non-zero polynomial H (X)) of degree less than n with H(z) =0,
contradicting the minimality of degm,(X). Thus, the expansion is unique. O
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Corollary 4.1. If z € K is algebraic over F' with minimal polynomial of degree n, then
[F(z): F] =n,
and {1,z,22%,...,2" '} is an F-basis of F(z).

Definition 4.5. A field extension K/F is called algebraic if every element of K is algebraic over F', that is,
for each x € K, there exists a non-zero polynomial f(X) € F[X] with f(z) =0.

Proposition 4.2. Let K/F be a field extension of finite dimension n = [K : F|]. Then K is algebraic over
F, and for any = € K, there exists a non-zero polynomial in F[X] of degree at most n that vanishes at z.

PROOF. For any z € K, consider the set of n+ 1 vectors {1,z,22%,...,2"} in the n-dimensional vector
space K over F'. As these vectors are linearly dependent, there exist ag, a1, ...,a, € F, not all zero, such
that

ag+ arr+ -+ ax™ = 0.
Thus, z is a root of the non-zero polynomial f(X) = a9+ a1 X + -+ + a, X™. Since z was arbitrary, all
elements of K are algebraic over F. g

Definition 4.6. The degree of a field extension K/F is defined as the dimension of K as a vector space
over F', denoted by [K : F|. If [K : F| < oo, the extension is called finite. By Proposition 4.2, every finite
extension is automatically algebraic.

Corollary 4.2. For any = € K, the element x is algebraic over F' if and only if the extension F'(x)/F is
finite. In this case, the degree of the minimal polynomial of x over F' equals [F'(x) : F.

n—1

PROOF. If z is algebraic over F, then F(z) is generated by 1,z,22,...,2" !, where n is the degree

of the minimal polynomial of . Hence, [F(z): F|] =n < occ.

Conversely, if [F'(x) : F] < 0o, then Proposition 4.2 implies that z is algebraic over F. If x is transcendental
over F, then the set {1,z,22,...} is linearly independent over F, implying [F(z) : F] = oo, which is
impossible. O

Theorem 4.2. Let ' C K C L be fields, and suppose that [K : F| = n and [L : K] = m, finite or infinite.
Let {w1,wsa,...} be a basis of K over F, and {{1,&2,...} be a basis of L over K. Then the set of all
products

{Wigj ’ iy ]}

forms a basis of L over F.

PROOF. Let z € L. Since {{;} is a basis of L over K, we can write

x =Y 0;&, bj€K, finitely many b; # 0.
J

Each b; € K can be expanded in terms of the F-basis {w;} as
bj = Zaijwi, aij € F.
i

Substituting this into the expression for x gives
z=>Y (Z az’jwi> &= ai; (W),
J i 1]
which shows that z is a linear combination of the products w;&;. Hence, the set {w;&;} spans L over F.

Suppose there is a relation

Zcij (wifj) = 0, Cij e F.
1,7
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By grouping terms with the same ¢;, we obtain

3 (S -0
j i
Since {¢;} is linearly independent over K, we have
Zcijwi =0 for each j.
i

Then linear independence of {w;} over F' implies ¢;; = 0 for all 4,j. Thus, the set {w;&;} is linearly
independent over F', completing the proof. O

Corollary 4.3. Let FF C K C L be fields. Then
[L:F]=I[L:K|[K:F].

Theorem 4.3. Let K/F be a field extension, and let x1,...,x, € K be algebraic over F. Then the field
extension

F(z1,...,2)/F
is finite and algebraic.

PROOF. We prove this by induction on n. For n = 1, we have F'(z1)/F is finite since x; is algebraic over
F. Assume F(x1,...,z;—1)/F isfinite. Since x; is algebraic over F, it is also algebraic over F'(z1,...,x;—1).
Hence
[F(xl,...,xi) : F(.%'l,.. . ,:):,-_1)] < 00.
Applying the tower law repeatedly, we conclude that
[F(z1,...,25) : F] < o0.
Thus, F(x1,...,xy,) is a finite algebraic extension of F. O

Remark 4.3. A finite algebraic extension of F' that can be expressed as F'(z) for some x € K is called a
simple algebraic extension.

Corollary 4.4. Let K/F be a field extension. The set of all elements of K that are algebraic over F' forms
a subfield of K.

PROOF. Let x,y € K be algebraic over F'. Then by Theorem 4.3, the field F'(x,y) is a finite algebraic
extension of F'. Finite algebraic extensions are closed under addition, subtraction, multiplication, and taking
inverses of non-zero elements. Therefore, x + ¥y, zy, and x 1 (if = # 0) are algebraic over F'. Hence, the
set of algebraic elements of K forms a subfield. O

Remark 4.4. Consider the field extension C/Q. The set of all elements in C that are algebraic over Q
forms a subfield, commonly referred to as the field of algebraic numbers. Any finite algebraic extension of
Q contained in C is known as a number field or algebraic number field.

Although one can also define a number field as a simple algebraic extension of @, these definitions are
equivalent due to the Primitive Element Theorem, which ensures that every finite algebraic extension of Q
can be generated by a single element.

Problem 4.1. Let K = @(\/ﬁ) be a quadratic field, where D < 0, and let Ok be its quadratic integer
ring with field norm N. Suppose that D = —1,—2, -3, —7, or —11. Prove that Ok is a Euclidean domain
with respect to the norm N.

Solution 4.1. Let o, 8 € O with 8 # 0. We now prove that there exist ¢, € Ok such that
a=pfqg+r with N(r) < N(B).
Since B # 0, the quotient o/ lies in the field K = Q(v/D). Write

S =ax+yVD,
s
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where z,y € R.
Case 1: D=—1or D= —-2.
In these cases we have O = Z[v/D]. Choose integers m,n € Z such that

1 1
—m|<= and |y—n|<-=.
|z —m|< 5 and |y —n|< 5

Let
g=m+nVDeOkg and r=a-fq.
Then

r

ﬂz(fv—m)ﬂy—n)\/ﬁ-

Taking norms gives

1 |D
N(;) =(x—m)*+|D|(y —n)?* < 4+u.
For D = —1 or —2, this quantity is strictly less than 1. Hence
N(r) < N(B),
and O is Euclidean in these cases.
Case 2: D = —-3,—7, or —11.
In these cases the ring of integers is
1 D
o =z| YD |
2
It is known that every element of K differs from an element of O by an element ~ satisfying
N(y) < 1.
Therefore, there exists ¢ € Ok such that
@
N|-=— q) < 1.
(5
Let
r=aoa-—pq.
Then
r
Nl =) <1,
(5)
and therefore
N(r) < N(B).

In all cases, given o, € Ok with § # 0, we can write « = g + r with N(r) < N(/3). Hence, O is a
Euclidean domain with respect to the norm V.

5. Splitting Fields and Algebraically Closed Fields

Let F' be a field. If f(z) is any polynomial in F'[z], then we know that there exists a field K containing
F as a subfield such that f(z) has a root a in K. Equivalently, this means that f(z) has a linear factor
(x —a) in K|x].
Definition 5.1. Let F' be a field and f(x) € F[z]. An extension field K of F is called a splitting field of
f(z) over F if

(1) f(z) factors completely into linear factors (splits completely) in K[z], that is,
f(x) = c(x —ar)(x —ag) - (x — an)

for some ¢ € F' and ay,a9,...,a, € K, and
(2) f(x) does not split completely over any proper subfield of K containing F'.
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Theorem 5.1. For any field ' and any polynomial f(x) € F[z], there exists an extension field K of F'
which is a splitting field for f(x).

PROOF. We first show, by induction on the degree n of f(x), that there exists an extension field E of
F over which f(z) splits completely into linear factors.

If n =1, we may take E' = F. We now assume that n > 1, and suppose that all irreducible factors of f(x)
over F' have degree 1. Then f(z) already splits completely in F[z], and we may again take £ = F.

Otherwise, let p(x) be an irreducible factor of f(z) in F[z] of degree at least 2. Then there exists an
extension field Ey of F' containing a root a of p(xz). Over Ej, the polynomial f(x) has a linear factor
(x — a), therefore we can write

f(z) = (x = a) fi(x)
with fi(z) € Eq[z] of degree n — 1.
By the induction hypothesis, there exists an extension field E of E; that contains all the roots of fi(x).
Since a € E; C FE, it follows that E contains all the roots of f(x). Hence, f(x) splits completely in E[x].

Finally, let K be the intersection of all subfields of E that contain F' and all the roots of f(z). Then K is
a field containing F', and f(x) splits completely in K [x]. Moreover, no proper subfield of K containing F'
has this property. Thus, K is a splitting field for f(z) over F. O
Definition 5.2. Let F be a field. An algebraic closure of F is a field F such that

(1) F is algebraic over F, and
(2) every polynomial f(x) € F[z] splits completely into linear factors over F.

Definition 5.3. A field K is algebraically closed if every non-constant polynomial in K[x] has a root in K.
If K is algebraically closed, then every polynomial in K[z] splits completely, since once a root a € K is found,
the remaining factor is again a polynomial over K, which must also have a root, and so on. Conversely, if

every polynomial in K[z] splits completely, then each has a root in K. Hence, a field is algebraically closed
if and only if it is its own algebraic closure.

Note 5.1. If F is an algebraic closure of F, then F=F.
Proposition 5.1. Let F be an algebraic closure of a field F. Then F is algebraically closed.

PROOF. By definition,f is an algebraic extension of F' and every polynomial in F[x] splits into linear
factors over F. Let f(z) € F[z] be a non-constant polynomial. Since F' is algebraic over F’, each coefficient
of f(x) is algebraic over F. Hence, there exists a finite extension E of F' such that

f(z) € Elx].
Every element of E is algebraic over F. Since F is an algebraic closure of F, it contains all elements
algebraic over F', and therefore it contains an algebraic closure of E.

Thus, the polynomial f(z) € E[z] splits completely into linear factors over F. In particular, f(x) has a
root in F.

Hence, every non-constant polynomial in F[z] has a root in F'. Therefore, F is algebraically closed. O

Proposition 5.2. Let f(x) € F[z] be a polynomial of degree n. Then any splitting field K of f(x) over F
satisfies
[K : F] <nl.

PROOF. Set deg f =n. If n <1, then f splits over F and [K : F] =1 < nl.
Choose a root a; of f in an algebraic closure F' of F and put F; = F(ay). Then
[F1: F]= deg(mFin(al)) <n.
We can write f(x) = (z — a1)g1(z) with g1 € Fi[z] and degg; =n — 1.
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If g1 already splits over Fi, then any splitting field K is contained in Fi, and hence [K : F| < [F} : F] <
n < nl. Otherwise, choose a root as of g1 and set F = Fj(az). Then
[Fy : F1] = deg( n}win(ag)) <deggi =n-—1
1
and thus [Fy : F] <n(n—1).
Continuing, at step i (1 < i < n)if f(z) = (r —a1) - (z — aj—1)gi—1(x) over F;_1 with degg;—1 =
n — (i — 1), choose a root a; of g;—1 and set F; = F;_1(a;). Then
[Fi: Fiq] <n—(1—1).
After at most n steps we reach a field £ = F,,, in which f splits completely.
By multiplicativity of degrees in a tower,
m
K:FI<[E:F]=]]IF:Fia<n-(n-1)---2-1=nl.
i=1
This proves the claim. O

Example 5.1 (Splitting Field of " — 1 and Cyclotomic Fields). Consider the polynomial 2™ — 1 over the
field Q. Its roots are called the nth roots of unity.

Every non-zero complex number a + bi € C can be expressed uniquely in polar form as
a+bi =r(cosf +isinf) = re?, r>0,0<6<2n.

Using this representation, the equation ™ = 1 has exactly n distinct solutions in C given by

) 2wk 2wk
ngezmwn:mg(”)mm(ﬂ), k=01 ..on—1.

n n

These points are the vertices of a regular n-gon inscribed in the unit circle of the complex plane, equally
spaced at angular distance 27/n. Each satisfies (¢¥)" = 1, so they are precisely the nth roots of unity.

It follows that C contains a splitting field for ™ — 1. The smallest subfield of C containing all nth roots of
unity is
Q(Cn)

where (, = ¢ is a primitive nth root of unity. Thus, Q((,) is the splitting field of x™ — 1 over Q, and
is called the nth cyclotomic field.

2mi/n

In general, if K/Q is any splitting field for ™ — 1, then the set of nth roots of unity in K forms a group
under multiplication. Since the product of two nth roots of unity is again an nth root of unity, this group
is closed under multiplication and is cyclic of order n.

Definition 5.4. A generator of the cyclic group of all nth roots of unity is called a primitive nth root of
unity.

Note 5.2. If {,, denotes one primitive nth root of unity, then the other primitive nth roots of unity are
precisely the elements

a
n’

where 1 < a < n and ged(a,n) = 1.

These are exactly the other generators of the cyclic group of order n. Hence, there are precisely ¢(n)
primitive nth roots of unity, where ¢(n) denotes Euler’s totient function.
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5.1. Existence of Algebraically Closed Extensions. Given a field F, we have already seen how to
construct finite extensions of F' that contain all the roots of a particular polynomial f(z) € F[z]. Intuitively,
an algebraic closure of F should be a field obtained by adjoining the roots of all polynomials over F.
However, combining infinitely many such extensions raises a technical difficulty; these splitting fields are
not initially subfields of a common field, so we cannot simply “take their union.” To overcome this, we use
an elegant construction due to Artin, which simultaneously adjoins formal roots for every polynomial in a
systematic way. The argument depends on Zorn's Lemma.

We first show that every field can be embedded in an algebraically closed field.

Theorem 5.2. For any field F', there exists an algebraically closed field K containing F.

PROOF. For each non-constant monic polynomial f(z) € F[z], introduce an indeterminate X, and
consider the polynomial ring

R=F{Xy| f(x) € Flz], deg f > 1}],
that is, the ring generated over F' by all variables X indexed by the non-constant monic polynomials in
Let I be the ideal of R generated by the polynomials f(X¢),

I'=(f(Xy) | f(x) € Flz], deg f > 1).

We prove that [ is a proper ideal. If 1 € I, then there exist finitely many f1,..., f, € F[z] and g1,...,9n €
R such that

a1 f1(Xp) +92f2(Xp) + -+ gnfu(Xy,) = 1.

Let X¢,,..., Xy, be all the variables appearing in the g;. Choose a finite extension F” of F' that contains
a root a; of each f;(z) for i = 1,...,n. Substitute Xy, = a; for these variables and set the remaining
Xy, = 0. The left-hand side then evaluates to 0, contradicting the equality 1 =0 in F’. Hence, I is proper.

By Zorn's Lemma, I is contained in a maximal ideal M of R. The quotient
Ki=R/M

is then a field containing an isomorphic copy of F'. For each f(x) € F[xz], the image of X in K is a root
of f(z), since f(Xy) € I C M. Thus, every polynomial over F' has a root in Kj.

Now repeat the construction with Kj in place of F', obtaining a field Ky containing K such that every
polynomial over K has a root in K5. Continuing inductively, we obtain an ascending chain of fields

F=KyCKi CKyC---,

where each K1 contains a root of every polynomial with coefficients in K.

K =] K;

J20

Let

Then K is a field containing F'. If h(x) € K|[z], its coefficients lie in some K for sufficiently large N. By
construction, h(x) has a root in K1, hence in K. Therefore, every polynomial over K has a root in K,
and K is algebraically closed. U

5.2. Construction of the Algebraic Closure. Starting from the existence of an algebraically closed
field containing a given field F', we can now construct an algebraic closure of F'.

Proposition 5.3. Let K be an algebraically closed field, and let F' be a subfield of K. Then the set
F={ac K |ais algebraic over F'}

is an algebraic closure of F'. Moreover, the algebraic closure of a field is unique up to isomorphism.
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PROOF. By definition, every element of F is algebraic over F' and so F is an algebraic extension of F.
Let f(z) € Fx]. Since K is algebraically closed, f(x) factors completely in K[x] as
flx)=clz—ar1)(x —a2) - (x —an), a; € K.
As each a; is a root of f(x) and hence algebraic over F, a; € F. Thus, f(x) splits completely in Fl[z],
showing that F' is algebraically closed and algebraic over F'. Hence, F is an algebraic closure of F.

The uniqueness (up to F-isomorphism) of the algebraic closure follows from the uniqueness of splitting fields
and can be proved using Zorn's Lemma. O

The most familiar example of an algebraically closed field is the field of complex numbers. The statement
that C is algebraically closed is one of the central results connecting algebra and analysis. It guarantees
that every non-constant polynomial with complex coefficients has at least one complex root, and therefore
factors completely into linear terms in C[x]. This result is known as the Fundamental Theorem of Algebra.

Theorem 5.3 (Fundamental Theorem of Algebra). The field of complex numbers C is algebraically closed.
Corollary 5.1. The field C contains an algebraic closure of each of its subfields. In particular,

Q= {z€C|zis algebraic over Q}

is an algebraic closure of Q.

Problem 5.1. Let n be a positive integer and let p be a prime such that ptn. If
p | ®n(a)

for some integer a, then prove that
p=1 (modn).
Solution 5.1. Let 7 : Z — Z/pZ be the canonical epimorphism. Since p | ®,,(a), we have

®,(a) =0 (mod p).

Recall that

t" — 1 =[] ®a(t)

dln

is the factorization of ¢" — 1 into cyclotomic polynomials in Z[t]. Reducing modulo p and evaluating at
t = a, we obtain
a"=1 (mod p).

Let m be the order of a in the multiplicative group (Z/pZ)*. Then m | n.
Suppose that m < n. Then

" —1=("—1) [ ®a®).
pi

Since ™ =1 (mod p) and ®,,(a) = 0 (mod p), it follows that a is a common root of t™ — 1 and ®,(t)
in Z/pZ.

Thus, a is a multiple root of ¢ — 1 in Z/pZ. Since p { n, the derivative
(" —1) =nt™?
is not identically zero modulo p. This is a contradiction.

Hence, m = n, and therefore n | (p — 1). It follows that p =1 (mod n).
Problem 5.2. Let n > 1 be an integer. Show that there exist infinitely many prime numbers p such that

p=1 (modn).
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Solution 5.2. Suppose, for contradiction, that there are only finitely many primes p1,...,p, such that

pi=1 (mod n).

Since the nth cyclotomic polynomial ®,,(¢) is monic, there exists an integer N > 1 such that
¢, (M) >1

for all integers M > N.
Set

M = pips---pro®,
with the convention that p;---p, = 1if r =0. Then M > N, and hence ®,(M) > 1. Let p be a prime
divisor of ®,,(M).
Since the constant term of each cyclotomic polynomial ®,4(¢) is £1, we have

®,(M)==+1 (modp;) forl<i<r.

Thus, p # p1,...,pr
Moreover, ged(M,n) =1 and so p{n. By Problem 5.1, it follows that

p=1 (mod n).

This contradicts the assumption that p1,...,p, are all primes congruent to 1 modulo n. Therefore, there
exist infinitely many primes p such that p =1 (mod n).

6. Separable Extensions

When studying polynomials over the real numbers, one observes that a polynomial having a repeated (or
multiple) root exhibits distinctive behaviour. Such a root is also a root of the polynomial’s derivative, causing
the graph to “touch” or “flatten” at that point rather than crossing the axis. For irreducible polynomials
over fields of characteristic 0, multiple roots cannot occur; however, in fields of positive characteristic this
phenomenon can arise even for irreducible polynomials.

In this section, we formalize these ideas and introduce precise definitions that will be useful in later results.
Definition 6.1. Let K/F be an extension of fields, and let f(¢) € F[t] be a non-constant polynomial with
aroota € K.

(1) The element « is called a multiple root of f in K if there exists an integer » > 2 and a polynomial
g(t) € K[t] such that

F() = (t—a)g(t) and gla)#0.
The integer r is called the multiplicity of c.
(2) If ais a root of f but not a multiple root, then we say that « is a simple root.

Definition 6.2. If
f(t) = ag + art + agt® 4+ - - - + a,t" € F[t],
then the derivative of f is defined as

n
f'(8) = ar + 2ast + 3agt® + - + nant" ' = dait" !
=1

The derivative allows us to detect multiple roots algebraically. If « is a multiple root of f, then both
f(a) =0 and f'(a) = 0. In characteristic zero, this is the only way multiple roots can occur. In a positive
characteristic, additional subtleties arise, which we will explore later.
Next, we recall some basic properties of the derivative operator on polynomials.
Proposition 6.1. Let f,g € F[t] and a € F. Then the following hold
(a) (f+9)=Ff+4d
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(b) (af) =af’,
(c) (fg) =Ffg+fd.

As noted earlier, if a polynomial has a multiple root, that root is also a root of its derivative. The following
lemma formalizes this observation and shows that the notion of a multiple root is independent of the choice
of field extension.

Lemma 6.1. Let K/F' be an extension of fields, and let f(¢) € F'[t] be a non-constant polynomial with a
root « € K. Then « is a simple root of f if and only if « is not a root of f’.

PROOF. We may write
f) =@ —a)'g(t)
for some ¢(t) € K[t] with g(a) # 0 and integer r > 1. Differentiating gives

Flt)y=r(t—a) " lgt) + (t —a)g'(t) = (t =) (rg(t) + (t — a)d'(1)).
Thus, t — « divides f/(t) in K[t] if and only if either > 2 or r = 0 in K (thatis, char F' | r). If r = 1,
then t — at f'(t) and so « is a simple root of f. Hence, « is a multiple root of f if and only if « is a root
of f/, as claimed. O

Corollary 6.1. Let f(t) € F[t] be a non-constant polynomial. Then f has a multiple root in some extension
field of F if and only if the ideal (f, ') in F[t] is not the unit ideal.

PROOF. Suppose f has a multiple root « in an extension field K of F'. Then the minimal polynomial
mp(«) over F divides both f and f" in F[t]. Hence, (f,f') C (mp(z)) C F[t] and so (f, f') is not the
unit ideal.

Conversely, assume that (f, ') is not the unit ideal of F[t]. Since F'[t] is a principal ideal domain, we have
(f, f") = (g) for some non-constant g € F[t]. Let K/F be an extension field in which ¢ has a root a. This
shows that f(a) = f'(«) = 0, and hence « is a multiple root of f in K. O

Definition 6.3. Let F' be a field.

(a) An irreducible polynomial f(t) € F[t] is called separable over F' if it has no multiple roots in any
field extension of F. Equivalently, f is separable if ged(f, f’) =1 in F[t].

(b) A non-constant polynomial f(t) € F'[t] is called separable over F' if each of its irreducible factors
in F'[t] is separable. If f is not separable over F', then it is called inseparable.

(c) Let K/F be a field extension and let « € K. We say that « is separable over F' if it is a root of
a separable polynomial in F'[t].

(d) The field extension K/F is called separable if every element of K is separable over F'.

Remark 6.1. In many textbooks, a non-constant polynomial f(t) € Ft] is called separable if it has no
multiple roots in any extension field of F'. This is equivalent to the earlier definition, but our formulation
stating that all irreducible factors of f are separable is often more convenient for theoretical developments
that follow.

Remark 6.2. Let K/F be a field extension, and let f, g € F[t] be non-constant polynomials. The following
statements summarize some important properties of separability.

(1) Every element of F' is separable over F.

(2) An element a € K is separable over F' if and only if « is algebraic over F' and its minimal
polynomial mp(«) is separable over F. In particular, if K/F is separable, then it is algebraic.

(3) If char FF = 0 and K/F is algebraic, then K/F is separable. A field F' in which every element
algebraic over F' is separable is called a perfect field. Hence, all fields of characteristic 0 are perfect.
Moreover, every finite field is perfect, though fields of positive characteristic that are not perfect
also exist.

(4) A polynomial f(t) € F[t] is separable over F'if and only if every divisor of f in F[t] is separable
over F'.

(5) If f,g € FJt] are separable, then their product fg is separable over F'.

164



Prasanna Mahesh Pawar 6 Separable Extensions

(6) If L/K/F are field extensions and L/F is separable, then both L/K and K/F are separable.

Theorem 6.1. Let K/E/F be a tower of field extensions. Then K/F is separable if and only if both K/E
and E/F are separable.

PROOF. Assume that that K/F' is separable. Let « € K. Then « is separable over F. Since E is
an intermediate field, the minimal polynomial of o over E divides the minimal polynomial of a over F.
Hence, the minimal polynomial of « over E has distinct roots. Therefore, «v is separable over E, and K/E
is separable.

Now let 8 € E. Since § € K and K/F is separable, 3 is separable over F'. Thus, E/F is separable.

Conversely, suppose that both K/E and E/F are separable. Let « € K. Then « is separable over E.
Hence, its minimal polynomial over E has distinct roots.

Since E/F is separable, every element of E is separable over F'. Therefore, the coefficients of the minimal
polynomial of « over E are separable over F'. It follows that « is separable over F'.

Thus, every element of K is separable over F', and hence K/F is separable. O

Problem 6.1. Let F' be a field of positive characteristic p. Prove the following statements.

(a) The map F' — F defined by  + 2P is a monomorphism. Denote its image by FP.
(b) If K/F is an algebraic extension and a € K is separable over F'(a?), then a € F(aP).

Solution 6.1. (a) Define ¢ : F — F by ¢(x) = aP. Since char(F') = p, the binomial theorem gives
(x+yP =aP+y? forall z,y € F,

and hence (zy)? = xPyP. Thus, ¢ is a ring homomorphism.
If o(x) = 0, then zP = 0, which implies z = 0 as F is a field. Hence, ¢ is injective, and therefore a
monomorphism. Its image is

FP .= {2P |z € F}.
(b) Since K/F is algebraic, the element « is algebraic over F'(a?). Consider the polynomial

f(t) =t* —aoP € F(a)[t].

Then f(a) =0.
As char(F') = p, it follows that the formal derivative of f(¢) is

f'(t) =pt'~t = 0.

Hence, every root of f(t) is inseparable. If « is separable over F'(a?), then its minimal polynomial over
F(aP) must have distinct roots. This is possible only if the minimal polynomial has degree 1. Therefore,

a € F(aP).

Problem 6.2. Let F' be a finite field of characteristic p. Show that F is perfect, that is, every algebraic
extension of F is separable.

Solution 6.2. As char(F') = p, the Frobenius map
p:F—F, x> xP
is injective by part (a). Since F is finite, it follows that ¢ is also surjective. Hence,
F = F?.

Let f(x) € F[z] be an irreducible polynomial. We now prove that f(x) is separable. Suppose, to the
contrary, that f(z) is inseparable. Then char(F) = p and

f(x) = g(a)
for some polynomial g(z) € F[x].
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Write
g(x) =ap+arx+---+apa",  a;€F.
Since ' = FP, for each a; there exists b; € F' such that q; = bf, Thus,

flz) = bea:pi = (Z bi:z:i)p.

Hence, f(z) is a p-th power in F'[x], which contradicts the assumption that f(x) is irreducible. Therefore,
f(x) must be separable.

Since every irreducible polynomial over F' is separable, we conclude that every algebraic extension of F' is
separable. Thus, F' is perfect.
Problem 6.3. Let K/F be a field extension. Then prove the following statements.

(a) If @ € K is separable over F', then F(«)/F is separable.
(b) If a1,...,ap € K are separable over F, then F(ay,...,a,)/F is separable.

(c) Let
Fsep = {a € K | a is separable over F'}.
Show that Fi, is a field.

Solution 6.3. (a) Let o € K be separable over F, and set E = F'(«). Let L be an algebraic closure of F'.
Since « is separable over F, it has distinct conjugates

a=aqy,q,...,a, € L.

Each F-embedding o; : £ — L is determined by
ai(a) = Q4.
Thus, E has exactly [E : F] distinct F-embeddings into L.

Let 8 € E. Then [ has distinct images under these embeddings. Hence, the minimal polynomial of 5 over
F has distinct roots. Therefore, 3 is separable over F'. Thus, every element of F'(«) is separable over F,
and F(«)/F is separable.

(b) Suppose a1, ...,a, € K are separable over F'. We proceed by induction on n.
For n = 1, the result follows from part (a).
Assume the statement holds for n — 1 elements and set

E=F(aq,...,an-1).

By the induction hypothesis, E//F is separable. Since a, is separable over F, it is also separable over E. By
part (a), the extension E(w,)/E is separable. Hence, F(a1,...,ay)/F is separable as a tower of separable
extensions.

(c) Let @, B € Fyep. Then o and S are separable over F'. By part (b), the field F'(«v, 8)/F is separable.
Since a+ 3, a3, and a~! (if a # 0) belong to F(a, 3), and every element of this field is separable over F,

it follows that
a+p, af, a”le Fep.

Clearly 0,1 € Fiep. Thus, Fyep, is closed under addition, multiplication, and inversion. Therefore, Fy, is a
field.

Problem 6.4. Let K/F be a field extension and let &« € K. We say that « is purely inseparable over F
if its minimal polynomial mg(a)) has only one root in a splitting field of . The extension K/F' is called
purely inseparable if every element of K is purely inseparable over F'. Show that a € K is both purely
inseparable and separable over F' if and only if a € F.
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Solution 6.4. Suppose first that & € F. Then mp(a) = z — o, which has degree 1. Hence, mp(a) has
exactly one root and is separable. Therefore, « is both purely inseparable and separable over F'.

Conversely, suppose that o € K is both purely inseparable and separable over F'. Let mp(«) be the minimal
polynomial of v over F'. Since « is purely inseparable over F', the polynomial mp(«a) has exactly one root
in a splitting field. Since « is separable over F', the polynomial mg(«) has distinct roots.

These two conditions imply that mp(«) has exactly one distinct root. Hence, degmp(a) = 1. Therefore,
mp(a) = — «, which implies a € F.

Problem 6.5. Let K/F be a field extension with char(F') = p > 0. Show that if & € K is algebraic over
F, then there exists a nonnegative integer n such that a?" is separable over F.

Solution 6.5. Let a € K be algebraic over F', and let mp(«) € F[x] be its minimal polynomial.

Since char(F) = p > 0, the polynomial mp(a) can be written in the form

mp(a)(z) = f(a”)

for some nonnegative integer n and some polynomial f(z) € F[z] whose formal derivative f’(x) is not
identically zero.

Let 3= aP". Then f(B) = 0 and hence 3 is algebraic over F'. Moreover, since f'(x) # 0, the polynomial
f(zx) is separable. Thus, the minimal polynomial of 3 over F'is separable.

Therefore, there exists a nonnegative integer n such that a?" is separable over F'.

7. Galois Theory

In the previous chapter, we developed the basic ideas of field theory, studying fields and their extensions.
In this chapter, we connect field theory with group theory by examining the structure of field automorphisms.
Our main objective is to establish a correspondence between the intermediate fields of a finite extension
K/F, where K is the splitting field of a separable polynomial in F'[t], and the subgroups of the Galois group

Gal(K/F) = Autp(K).

This correspondence, known as the Fundamental Theorem of Galois Theory, reveals a deep relationship
between algebraic extensions and group symmetries. Moreover, we derive several fundamental results that
unify the study of polynomials, field extensions, and automorphism groups.

Definition 7.1. Let F' be a field and let G be a (multiplicative) group. A group homomorphism
c:G— F*

is called a (linear) character of G over F' (recall that F* = GL;1(F), the group of invertible elements of

A collection of distinct characters o1,...,0, : G — F* is said to be dependent if there exist scalars
ai,...,an € F, not all zero, such that

Zaiai(g) =0 for all g € G.

Equivalently, the function >"7" | a;0; : G — F'is the zero map. If no such non-trivial relation exists, the
characters are said to be independent.

Remark 7.1. (1) If o : E — F'is a field homomorphism, then its restriction to E* defines a character
o:E* — F*,
since a ring homomorphism sends units to units.
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(2) The set of all characters of G over F,
{o|0:G— F* is a character},

is not a group under addition, but it forms a group under pointwise multiplication of functions,
defined by

(07)(9) :=0(g)7(g),  forallgeG,
with the identity element given by the trivial character

1:G— F*, g 1p.

Lemma 7.1 (Dedekind's Lemma). Let 01,...,0, : G — F* be distinct characters. Then the characters
o1,...,0p are independent over F'.

PROOF. We proceed by induction on n. For n = 1, let ajo1(g) = 0 for all g € G. Then a; = 0 since
o1(g) # 0 for all g. Hence, {01} is independent.

Assume the result holds for all sets of fewer than n characters, and suppose
Zala@ )=0 for all g € G,

for some ai,...,a, € F, not all zero. By the inductive hypothesis, any proper subset of {oy,...,0,} is
independent, so each a; # 0. Multiplying through by a_!, we may assume a, = 1. Then

Zam +on(g9)=0 for all g € G.

Since 01 # oy, there exists = € G such that o1 (z) # on(x). For all g € GG, we have

n—1

0= Z:aloZ (xg) + on(xg) ZQZUZ g) + on(x)on(g).

i=1
Dividing by o,,(x) # 0, we obtain

n—1

0= (onlz) " ai0i())oi(g) + on(9).

i=1
Subtracting this from the previous equation gives

0= z_:ai(l — on(2) " Loi(x))oilg) forall g € G.

By the inductive hypothesis, the coefficients must all vanish
ai(1 = op(z)loi(z)) =0 foralli=1,...,n—1.

Since a; # 0, we have o;(x) = o, (z) for all 4, contradicting the choice of x. Hence, all a; = 0, and the
characters are independent. ]

Corollary 7.1. Let 04, ...,0, : FF — K bedistinct field homomorphisms. Then the corresponding characters
O1y..n,0n: F* = K*
are linearly independent.
Definition 7.2. Let F' and K be fields, and let
SC{o:F — K |ois a field homomorphism}

be a non-empty subset of the set of all field homomorphisms from F' to K. An element a € F is called a
fixed point under S if
o(a) =7(a) forallo,7€S.
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Example 7.1. Let S be a non-empty set of field homomorphisms o : ' — K. Assume that F' and K share
the same prime subfield A, that is,

Al {Q, if char F = 0,
Z/pZ, if char FF=p > 0.
Since every field homomorphism satisfies 0(1p) = 1x and 1p = 1p = 1, it follows that
o(x)=x forallz € AandalloesS.
Hence, every element of the prime subfield A is fixed by all homomorphisms in S.

In particular, if S is a collection of field homomorphisms ¢ : K — K containing the identity map 1g, then
an element z € K is a fixed point under S whenever

o(x)=x foralloeS.

As one might expect, the set of fixed points of a collection of field homomorphisms has additional algebraic
structure.

Lemma 7.2. Let S be a non-empty set of field homomorphisms ¢ : F' — K, and define
E={zeF|o(x)=1(z)forall o,7 € S}
Then E' is a subfield of F.

PROOF. Let x,y € F and 0,7 € S. Then o(x) = 7(x) and o(y) = 7(y), so
o(xty)=o(x)to(y) =7(x)£7(y) =7(r+y),
and similarly,
o(zy) = o(x)o(y) = 7(x)7(y) = T(ay).
If z £ 0, then
oz ) =0t =7@) =r@@t).

Hence, x4y, 2y, and =1 (when defined) are all in E, and clearly 0,1 € E. Thus, E is a subfield of F. [

Definition 7.3. Let S be a non-empty set of field homomorphisms ¢ : FF — K. We define
FS={zecF|o(x)=r(z)forallo,7 €8},

and call F*¥ the fixed field of S.

In what follows, we are particularly interested in the fixed field of a finite set of field homomorphisms.
Following a classical idea of Artin, we use linear algebra to study such fixed fields and to establish a lower
bound on the size of a finite set of field homomorphisms. This bound play a central role in the subsequent
development of Galois theory.

Lemma 7.3 (Artin's Lemma). Let S be a finite non-empty set of field homomorphisms o : F' — K. Then
[F: F%) >89

PROOF. Let S = {o1,...,0,} with n = |S|> 1. Suppose that [F : F¥] = r < n. Let {w1,...,w,} be a

basis of I over F'*.

Consider the following homogeneous system of r linear equations in the n unknowns z1, ..., x, with coef-
ficients in K.

o1(wi)z1 + o2(wi)x2 + - - + op(wi)xy, =0,
: (*)
o1(wp)xy + o2(wp)xe + -+ - + op(wy)zn = 0.

Note that there are fewer equations than unknowns (r < n). This implies that there exists a non-trivial
solution (x1,...,x,) € K™ with not all z; equal to zero.
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Let a € F. Write a = >_|_, a;w; with each a; € F'°. For each i, multiply the i-th equation in (x) by o;(a;)
and use the fact that 0;(a;) = oy (a;) for all j, k, since a; € FS. We obtain the equivalent system,

n
Zaj(aiwi):cj:(] (i:1,...,T).
Jj=1

By adding these r equations, we obtain

n T n
Z g (Z aiwz) xj = Zaj(a)xj = 0.
J=1 i=1 j=1
Thus, for every a € F', we have
n
ijaj(a) =0
j=1

with not all z; equal to zero. This shows that the set of characters {o1,...,0,} is linearly dependent over
F', contradicting Dedekind’s Lemma.

Hence, our assumption [F : F'S] < |S| is false, and therefore
[F: F5) >9|.

Corollary 7.2. Let S be a non-empty finite set of field automorphisms of a field K. Then
(K : K] >8]
The natural question now is, when does equality hold in Artin’'s Lemma? In general, equality need not be

true. Indeed, it is possible to find finite sets of field automorphisms S of a field K for which [K : K°] is
infinite.

To ensure equality, we must impose additional algebraic structure on the set S. The most important situation
arises when S consists of automorphisms fixing a given subfield.

Definition 7.4. Let K/F be an extension of fields. The Galois group of the extension K/F' is defined as
G(K/F)=Autp(K)={0: K — K | o is a field automorphism and o|p= 1 }.
Thus, G(K/F) consists of all automorphisms of K that leave every element of F' fixed.

Lemma 7.4. If K/F is a field extension, then G(K/F) is a subgroup of Aut(K), and the base field F' is
contained in the fixed field K ¢(K/F),

PROOF. Each element of G(K/F) is, by definition, an automorphism of K, and the composition and inverse
of such automorphisms again fix F' pointwise. Hence, G(K/F) is a subgroup of Aut(K). Moreover, since
every 0 € G(K/F) satisfies o(a) = a for all a € F, we have FF C KCE/F). O

Corollary 7.3. If K/F is a finite field extension, then the Galois group G(K/F) is finite and satisfies

[K : F] > |G(K/F)]|.
PROOF. Let S be any non-empty finite subset of G(K/F). Since F C K*, it follows that

[K: F] > [K : K.
By Artin's Lemma, we have [K : K°] > ||, hence

K : F]>[K: K% >1S|.

Therefore, [K : F| is a uniform upper bound for the size of any finite subset of G(K/F), so the group
G(K/F) itself must be finite and satisfies [K : F'| > |G(K/F)|. O

We now arrive at the key definition linking the structure of field extensions to their automorphism groups.
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Definition 7.5. A finite field extension K /F'is called Galois if the base field F' coincides with the fixed field

of its Galois group, that is,
F = KCE/E),

Equivalently, K/F is a Galois extension if every F-automorphism of K fixes exactly the elements of F'.
Throughout this text, we shall refer to such extensions as finite Galois extensions. More generally, an

algebraic extension K/F is called Galois if F = KGK/F) that is, if F is precisely the field of elements
fixed by all F-automorphisms of K.

Remark 7.2. Let K/F be a field extension. Then the following hold.
(1) If F = KGK/F) then for every z € K \ F there exists o € G(K/F) such that o(z) # .
(2) If K/E/F is a tower of fields, then G(K/E) C G(K/F).
(3) If E= KCW&KE/F) then G(K/E) 2 G(K/F), hence
G(K/F) = G(K/KCE/F)y,
(4) If K/F is finite, any field homomorphism o : K — K fixing F is an element of G(K/F), since
such a o is automatically bijective.

Artin’s Lemma becomes considerably stronger when the finite set of field automorphisms forms a group. This
establishes the fundamental correspondence between algebraic field extensions and groups of automorphisms,
which is central to Galois theory.

Theorem 7.1 (Artin's Theorem). Let K be a field and let G be a finite subgroup of the automorphism
group Aut(K). Then the following hold.

(a) The fixed field K¢ satisfies
K : K¢ =G|
(b) The group G coincides with the full Galois group of the extension K /K¢, that is,
G =G(K/K%).
(c) Consequently, the extension K/K< is Galois.
Our next goal is to understand the precise relationship between Galois groups and field extensions. As an
immediate consequence of Artin’s Theorem, we obtain the following fundamental correspondence result.
Corollary 7.4. Let K be a field, and let Gy, G2 be finite subgroups of Aut(K), the group of all field
automorphisms of K. For each i = 1,2, let
F; = K&
denote the corresponding fixed field of G;. Then
F=F iff G=G;.
Corollary 7.5. Let K/F be a finite field extension. Then the extension K/F is Galois if and only if
[K : F| = |Gal(K/F)]|.
PROOF. Assume that K/F is Galois. Then by definition F' = KGal(K/F) — Applying Artin's Theorem
to the finite group Gal(K/F’), we obtain
(K : F] = [K : KCUE/)) = |Gal(K/F)|.
Conversely, suppose that [K : F] = |Gal(K/F)|. Let E = KG(K/F) denote the fixed field of the Galois
group. Then, by definition,
Gal(K/FE) = Gal(K/F).
Since K/E is Galois by Artin's Theorem, we have
[K : E] = |Gal(K/E)|.

Hence,
[K: F]=[K:E|[E:F]=|Gal(K/F)|.
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It follows that [E : F] =1, and therefore E = F'. Thus, K/F is Galois. O

7.1. Galois Extensions. The central goal of Galois theory is to establish a correspondence between the
intermediate fields of a finite field extension and the subgroups of its Galois group Gal(K/F). Our earlier
results suggest that such a correspondence arises naturally when K/F is the splitting field of a separable
polynomial. We now develop this idea more systematically.

Definition 7.6. A finite field extension K /F' is said to be normal if K is the splitting field over F' of some
non-constant polynomial f(t) € Ft].

The defining property of a normal extension does not depend on the specific polynomial involved, except
for whether or not that polynomial is separable.

This notion extends naturally to infinite or algebraic extensions. Let {f;}icr be a family of non-constant
polynomials in F[t]. We call an algebraic extension K/F is the splitting field of the set { f;}icr if

(a) every f; splits completely in K, and
(b) K is the smallest algebraic extension of F' with this property.

Such a field exists and is unique up to an F-isomorphism.

For instance, the splitting field of all minimal polynomials over F' is an algebraically closed field, known as
the algebraic closure of F'. An algebraic extension K/F is therefore called normal if it is the splitting field
of some set of non-constant polynomials in F'[t].

If {fi}tier is a finite collection of polynomials, then K is the splitting field of {f;} over F'if and only if it is
the splitting field of their product [[;.; fi.

Proposition 7.1. Let K/F be a finite field extension. Then K/F is normal if and only if every irreducible
polynomial in F[t] that has a root in K splits completely over K.

PROOF. Assume that K is the splitting field over F' of some non-constant polynomial g(t) € F[t]. Let
f(t) € F[t] be an irreducible polynomial having a root a € K. Suppose 3 is any root of f in some extension
field L O K. We now prove that § € K.

As f is irreducible, there exists an F-isomorphism
7: F(a) — F(DB), T(a) = .
Since K(«) and K(3) are splitting fields of g over F'(a) and F(3) respectively, T extends to an F-
isomorphism
o: K(a) — K(B).
In particular,
[K(a) : F] = [K(P) : F].
Since a € K, we have K(a) = K. This implies that
K F] = [K(8) : F] = [K(8) : K[K : F].

Thus, [K(B) : K] =1, which implies 5 € K. Hence, every root of f liesin K, and f splits completely over
K.

Conversely, suppose that every irreducible polynomial in F'[t] with a root in K splits over K. As K/F is
finite, there exist elements aq, ..., qa, € K such that

K =F(ay,...,ap).

Let mp(a;) denote the minimal polynomial of a; over F. Each mp(c;) has a root in K, and by assumption
each splits completely in K. Therefore, K is the splitting field of the product

£t = [[mr(a)
i=1

over F', and hence K/F' is normal. O
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Problem 7.1. Show that the field extension Q(+/2)/Q is not normal.
Solution 7.1. Consider the polynomial

f() = #* —2 € Qltl.
This polynomial is irreducible over QQ by Eisenstein's criterion with prime 2.

The element /2 is a root of f(t), and hence
Q(V2)

contains a root of f(t). The other roots of f(t) are

V2w and V2w?,
where w is a primitive cube root of unity. Since w ¢ Q(+/2), it follows that the polynomial f(¢) does not
split over Q(+/2).
Therefore, Q(+v/2)/Q is not a normal extension.
Problem 7.2. Let p be a prime and let F' = (Z/pZ)(x), where z is transcendental over Z/pZ. Consider
the polynomial

f(t) =t —z € Ft).
Show that the splitting field E of f(¢) over F is a normal extension of F' but not a Galois extension.
Solution 7.2. We first show that f(¢) is irreducible over F'. As x is transcendental over Z /pZ, the polynomial
t? — z has no root in F. Hence, f(t) is irreducible in F'[t].
Let a be a root of f(t) in some extension field of F'. Then

ol = .

Since char(F') = p, we have

tPh —z = (t—a)f € F(a)[t].
Thus, f(t) splits completely over E = F(«). Therefore, E is the splitting field of f(¢) over F', and hence
E/F is a normal extension. Every F-automorphism of E must fix z = of. In characteristic p, this forces
« to be fixed. Therefore, the only F-automorphism of E is the identity.

Hence
Gal(E/F) ={1g},
and the extension E/F is not Galois.
Definition 7.7. Let K/F be a normal finite field extension, and let £y, Fy be intermediate fields such that
FCECK, i=1,2.

We say that 1 and FE» are conjugate over F' if there exists an automorphism

o€ Gal(K/F)
such that the restriction o|g,: E1 — FE3 is an isomorphism of fields.
Equivalently, 1 and Es are conjugate over F' if and only if there exists an F-isomorphism E; — Es.
Corollary 7.6. Let K/F be a finite normal field extension, and let E be an intermediate field such that

FCECK.

Then the extension K/E is normal. Moreover, the following statements are equivalent.

(1) E/F is normal.
(2) o(F) = E for every 0 € Gal(K/F).
(3) The restriction o|g lies in Gal(E/F') for every o € Gal(K/F).
(4) The map
¢ : Gal(K/F) — Gal(E/F), ®(0) = 0l|g,
is well-defined and surjective.
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(5) E is the only conjugate of itself over F.

Proposition 7.2. Let K/F be a finite field extension of degree n. Suppose L/F is a finite normal extension
containing K, and let
T, T2 ey Tt K — L
be all the distinct F~-homomorphisms from K into L. Then the following statements hold.
(1) m <n.
(2) m =n if and only if K/F is separable.
(3) The fields 71(K), ..., Tm(K) are precisely the distinct conjugates of K over F'in L (and this set
is independent of the chosen normal extension L/F).
(4) Let
E=F(n(K)Un(K)U-- U7, (K)).
Then E/F is the normal closure of K/F, that is, E is the smallest normal extension of F' containing
K.

Corollary 7.7. Let K/F be a field extension, and let a € K be algebraic over F. Then « is separable over
F if and only if the simple extension F'(«)/F is separable.

PROOF. Let L/F(«) be a finite normal extension. Then the minimal polynomial mpg(«) of a over F splits
completely in L. Let aq,...,ay, be the distinct roots of mp(«) in L. For each i = 1,...,m, there exists
an F-isomorphism
i Fla) — F(a), vila) = a.
These ; are precisely the distinct F-homomorphisms from F(«) into L. Hence,
[F(a): F] =degmp(a) =m

if and only if all the roots of mg(«) are distinct if and only if « is separable over F'. Therefore, « is separable
over F exactly when F(a))/F is separable. O

Proposition 7.3. Let K be the splitting field of a separable polynomial f(t) € F[t]. Then K/F is both
separable and Galois.

PROOF. Assume K is the splitting field of a separable polynomial f(¢) € F[t], and FF C K. Let a € K\ F
be a root of f. Since « is separable over F', the simple extension F'(«)/F is separable by Corollary 7.7.
Hence, there exist

m = [F(a) : F]
distinct F-homomorphisms

Olye ey Pm : Fla) — K.

Since K/F is normal, each ¢; extends to an F-automorphism of K, i.e., ¢; € Gal(K/F).
By induction on [K : F], we may assume that K/F(«) is separable. Let

(K : Fla)]=r.
Then there exist exactly r distinct F'(a)-homomorphisms

Ui, K — K.

The compositions

S={pihj|1<i<m, 1<j<r}
form the set of all distinct F~-homomorphisms K — K. Thus,

|1S|= [K: F()][F(a) : F] = [K : F],
showing that K/F is separable.
Since S C Gal(K/F), by Artin's Lemma implies that

|Gal(K/F)|= [K : F).
Therefore, K/F is Galois. O
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Corollary 7.8. Let K/F be a finite separable field extension, and let L/K be a normal closure of K/F.
Then L/F is both separable and Galois.

PRrROOF. Write K = F(ay,...,ay,). By definition, L is the splitting field of the separable polynomial

n

Hmp(az)

i=1
over F', where mp(«;) denotes the minimal polynomial of «; over F. Since this product is separable, L/F
is separable and, being a splitting field, also Galois. O

Corollary 7.9. Let K = F(aq,...,ay), where each «; is separable over F'. Then K/F is separable.

PROOF. Let L/K be a normal closure of K/F. Then L is the splitting field of the separable polynomial

n
[[me(a
i=1
over . Hence, L/F is separable, and therefore the subextension K/F is also separable. O

Corollary 7.10. Let K/E/F be a tower of finite field extensions. Then K/F is separable if and only if
both K/E and E/F are separable.

PROOF. Necessary condition follows immediately from the definition of separability for algebraic exten-
sions.

Conversely, let L/K be a finite normal extension. Denote by
O1y--yomE— L and ¢1,...,0,: K — L

the distinct F- and E-homomorphisms, respectively. Each ¢; can be lifted to an automorphism @; €
Gal(L/F). Then, as in the proof of Proposition 7.2, the set

S={gi[1<i<m 1<j<n}
consists of mn distinct F-homomorphisms K — L. Since K/E and E/F are separable, we have
[K : F]=[K: E|[E: F|] =mn.
Hence, K/F is separable by Proposition 7.2. O

We now prove the main result, which explains when a finite extension K/F is Galois.

Theorem 7.2. Let K/ F be a finite field extension. Then K/F is Galois if and only if it is both normal and
separable.

PROOF. If K/F is normal and separable, then K/F is Galois by Proposition 7.3.
Conversely, assume K/F is Galois. Let L/K be a normal closure of K/F'. Since K/F is Galois, we have
Gal(K/F) = [K : F],

and therefore the number of distinct F-homomorphisms K — L is also [K : F]. By Proposition 7.2, it
follows that K/F is separable. Moreover, because every F-automorphism of K extends to L and L =
Useai(r/p) oK), we must have L = K. Hence, K/F is normal. Therefore, K/F is both normal and
separable. O

Corollary 7.11. Let K/F be a finite Galois extension, and let E' be an intermediate field with
FCFECK.

Then

(1) The extension K/E is Galois.
(2) The subextension E/F is Galois if and only if it is normal.
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PROOF. As K/F is Galois, it is both normal and separable. Hence, K/E and E/F are separable, and
K/FE is also normal. Thus, K/E is Galois. Furthermore, E/F is Galois if and only if E/F is normal. [

Example 7.2. In general, if K/F is Galois and F is an intermediate field, the extension E//F need not be
Galois. For example, let
K =Q(V?2, &™/3), E=Q(V2), F=Q.
Then K/F is Galois, but E/F is not.
Question 7.1. If both K/E and E/F are Galois, must K/F also be Galois?
Definition 7.8. A field F' is called perfect if every algebraic extension K/F' is separable.
Remark 7.3. Let F' be a field.

(1) If char F' = 0, then F is perfect.

(2) Every finite field is perfect.

(3) If Fis perfect and K/F is a finite extension, then K/F is Galois if and only if it is normal.

(4) If p> Ois prime and F' = (Z/pZ)(z) with x transcendental, then F' is not perfect since t” —x € F'[t]
is not separable.

Problem 7.3. Show that any algebraic extension of a perfect field is perfect.
Solution 7.3. Let F be a perfect field, and let K/F' be an algebraic field extension. We now prove that every
element of K is separable over K, or equivalently, that every irreducible polynomial in K[z] is separable.

Let f(z) € K[z] be an irreducible polynomial, and let « be a root of f(z) in some algebraic closure of K.
Since K is algebraic over F', the element « is algebraic over F'. Let g(x) € F[x] be the minimal polynomial
of ac over F'. As F'is perfect, the polynomial g(z) is separable, and hence has distinct roots.

Since f(x) is the minimal polynomial of o over K, we have

f(@) | g(x)

in K[z]. A factor of a separable polynomial is separable. Therefore, f(z) is separable. Since every irreducible
polynomial in K[z] is separable, it follows that K is a perfect field.

Problem 7.4. Let F' be a field and set K = F. Show that K/F is a Galois extension and determine

Gal(K/F).

Solution 7.4. Since K = F', every field automorphism of K that fixes F' is the identity map. Therefore,
Gal(K/F) ={1k}.

Clearly [K : F] =1, and hence

[K : F| = |Gal(K/F)]|.
Moreover, for any a € F, the polynomial ¢t — a € Ft] splits completely over F', and F s its splitting field.
Thus, K/F' is a Galois extension.
Problem 7.5. Let F' = R and K = C. Show that K/F is a Galois extension and determine its Galois
group.
Solution 7.5. Consider the map

7:C—C, T(a+bi)=a—bi (a,beR),

which is complex conjugation. This map is a field automorphism of C that fixes R.
The only R-automorphisms of C are the identity map 1¢ and 7. Thus,

Gal(K/F) ={1¢,7}.
Since C = R(i) and i2 + 1 = 0, the field C is the splitting field of the polynomial 2> + 1 € R[t]. Hence,
K/F is a normal and separable extension.
Therefore, K/F is Galois and

[K : F] =2=|Gal(K/F)]|.
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Problem 7.6. Let F = Q and K = Q(v/2). Show that K/F is a Galois extension and determine its Galois
group.
Solution 7.6. Define a map

o: K=K, ola+bV/2)=a-bvV2, (a,bcQ).

Then o is a field automorphism of K that fixes Q. The only Q-automorphisms of K are the identity map
1x and o. Thus,
Gal(K/F) ={1g,0}.

Since v/2 is a root of t> — 2 € Q[t], and
2 —2=>1t-V2)(t+V2)
splits completely over K, the field K is the splitting field of t> — 2 over Q.

Therefore, K/F is a Galois extension and
[K : F] =2=|Gal(K/F)]|.

8. The Fundamental Theorem of Galois Theory

In this section, we bring together the group-theoretic and field-theoretic aspects of Galois theory devel-
oped so far. Our goal is to describe the precise correspondence between subgroups of the Galois group and
intermediate fields of a finite Galois extension. As an application, we will later use this correspondence to
prove the Fundamental Theorem of Algebra.

Lemma 8.1. Let K/F be a finite Galois extension, and let H; C Gal(K/F’) be subgroups with corresponding
fixed fields F; = Ki fori =1,2. If o € Gal(K/F), then
O'|E1: E1 — E2

is an F-isomorphism if and only if Hy = 0 Hjo™!.
Equivalently, E; and E5 are conjugate over F' (via o) if and only if H; and Hs are conjugate subgroups of
Gal(K/F).

PROOF. Since K/E; is Galois, we have H; = Gal(K/E;) and [K : E;] = |H;| for i = 1,2. Thus,
[H|= |Ha|.

First, we assume o|g,: E1 — F3 is an F-isomorphism. For any 7 € Hy and y € E3, we have 0~ 1(y) € Ey,
hence

(oro N (y) = or(0 (y)) = oo™ (y)) = y.
Thus, oro~! € Gal(K/E;) = Hs and so cHjo~! C Hs. Since both subgroups have the same order,
equality holds.

Conversely, assume Hy = oHyo0~ . For z € E; and 7 € Hy, we have
(oro~ ) (o(z)) = o7(x) = o(),

and thus o () is fixed by H. Hence, o(z) € K2 = E5, and o maps Ej into Fs. Since [K : E1] = [K : E),
it follows that the restriction o|g, is an isomorphism. O

Notations: For an algebraic extension K/F, we denote
FK/F)={FE|FCECK} and G(K/F):={H|H C Gal(K/F) is a subgroup }.
Theorem 8.1 (Fundamental Theorem of Galois Theory). Let K/F be a finite Galois extension. Then there
exists an order-reversing bijection
i:G(K/F) — F(K/F), Hi— K%,
with inverse
j: F(K/F)— G(K/F), Ei— Gal(K/FE).

Moreover,

177



(1) The correspondence is order-reversing
Hi CHy, <= KM DK™,

(2) For any intermediate field E, the extension E/F is normal (and hence Galois) if and only if
Gal(K/FE) is a normal subgroup of Gal(K/F).
(3) If E/F is normal, then the canonical epimorphism

¢ : Gal(K/F) — Gal(E/F), ®(0) = 0olg,
induces an isomorphism
Gal(K/F)/Gal(K/FE) = Gal(E/F).
(4) For every subgroup H C Gal(K/F), we have
|H|= [K : K™,

and K/K' is Galois with Gal(K/K™) = H.
(5) For every subgroup H C Gal(K/F'), we have

[Gal(K/F): H] = [K" : F].
PROOF. The correspondence i(H) = K is injective because distinct subgroups of Gal(K/F) fix different

subfields of K. For any intermediate field E, K/E is Galois, and Gal(K/E) fixes precisely E and so i is
surjective.

(1) Follows immediately from the definition of fixed fields.

(2) By Lemma 8.1, E/F is normal if and only if o(FE) = E for all 0 € Gal(K/F), which holds exactly
when Gal(K/E) is normal in Gal(K/F).

(3) When E/F is normal, the restriction map ® is well-defined and surjective. Since ker ® = Gal(K/E),
the First Isomorphism Theorem gives

Gal(K/F)/Gal(K/E) = Gal(E/F).
(4) and (5) follow from Artin's Theorem, since K/K" is Galois with group H and [K : K| = |H|. O

The bijection in Theorem 8.1,

H+— K",
is called the Galois correspondence. It provides a one-to-one, order-reversing relationship between the
subgroups of Gal(K/F') and the intermediate fields of K/F.

If E/F is normal, then we have a group isomorphism
Gal(K/F)/Gal(K/FE) = Gal(E/F).
Corollary 8.1. Let K/F be a finite Galois extension of fields. Then the set of intermediate fields
F(K/F)={E|FCECK}
is finite. In other words, there are only finitely many intermediate fields E with K/E/F.

PROOF. By the Fundamental Theorem of Galois Theory, there is a bijection between F(K/F') and the
set of subgroups of Gal(K/F'). Since Gal(K/F) is finite, it has only finitely many subgroups, and hence
F(K/F) is finite. O

Corollary 8.2. Let K/F be a finite separable field extension. Then F(K/F) is finite.

PROOF. Let L be a normal closure of K/F. Then L/F is finite, separable, and normal, that is, L/F
is Galois. Since F(K/F) C F(L/F) and F(L/F) is finite by Corollary 8.1, the result follows. O

Problem 8.1. lllustrate the Fundamental Theorem of Galois Theory for the extension Q(v/2,v/3)/Q by
describing its Galois group, intermediate fields, and corresponding subgroups.
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Solution 8.1. Let
K=Q(V2,v3), [f(t)=(-2)(t*~-3)eqQl]
Then K is the splitting field of f(t) over Q, hence K/Q is Galois. We have
Gal(K/Q) ={1,0,7,07} 2 Z/2Z x Z]2Z,
where

o(V2) = —v2, o(V3) =3, T(V2) =v2, 7(V3)=-V3.

The intermediate fields and corresponding subgroups are as follows.

Q(v2) Q(V3) (o) (1)
Q(v6) (o7)
Q {1}

Hence, there are precisely four intermediate fields, each corresponding to one of the four subgroups of the
Galois group.

Problem 8.2. lllustrate the Fundamental Theorem of Galois Theory for the splitting field of the polynomial
t* — 2 over Q by describing its Galois group, intermediate fields, and subgroup lattice.

Solution 8.2. Let
K=Q(V2,i), i*=-1.
Then K is the splitting field of t* — 2 over Q and [K : Q] = 8. Define automorphisms
ol—r —1, {‘/§|—>{4@, Tl —> 1, V21— iv2.
Then

and hence
Gal(K/Q) = (o, 7) = Dy,
the dihedral group of order 8.

The intermediate fields and corresponding subgroups are given schematically below.

K =Q(:,0)
| ST
/@ V2) QI+H) Qi)
Q2 Q) QV=2)
\@ /



{1}

\
/

(%) (ra) (r°0)

<a>%
~ | 7

{1,7'2,0,07'2}\ (
(

Gal(K/Q)

/
\

T) {1,70,7%0,72}

\

Thus, the subgroup lattice of D4 mirrors precisely the lattice of intermediate fields of the extension
Q(v2,1)/Q.

Open Problem (Inverse Galois Problem). Let H be a finite group. Does there exist a Galois extension
L/Q such that

G(L/Q)=H?

This question, known as the Inverse Galois Problem, asks whether every finite group can appear as the
Galois group of some extension of QQ.

The problem has been solved for several important classes of groups, including

e cyclic and abelian groups,
e solvable groups,
e the symmetric and alternating groups S,, and A,.

However, the general case remains open and is one of the central unsolved problems in modern algebra.

Theorem 8.2 (Primitive Element Theorem). Let K/F be a finite field extension. If the set of intermediate
fields F(K/F) is finite, then there exists an element « € K such that

K = F(a).

In particular, this holds whenever K/F is a separable extension. In other words, every finite separable field
extension is simple, i.e., generated by a single element.

PRrROOF. If F is finite, then K is also a finite field. Since the multiplicative group K* is cyclic, there
exists an element a € K such that K* = («). Hence, K = F(«), and clearly F(K/F) is finite.

Next, assume that F is infinite. Choose av € K such that [F(«) : F| is maximal. If F(a) # K, then there
exists 5 € K \ F(a). For each a € F, consider the intermediate field

Fla+ap) C F(a, B) C K.
Since F(F(«, 8)/F) C F(K/F) is finite, but F is infinite, there exist distinct elements ¢, d € F such that
F(a+c¢B) = F(a+dp).

Also,
(c=d)f = (a+ch) — (a+dB) € Fla+cp),
and since ¢ — d € F*, it follows that 8 € F'(a + ¢f). Therefore, a € F(a + ¢f3) as well, implying that
F(a,B) C F(a+ cp).
This contradicts the maximality of [F'(«) : F]. Hence, K = F(«), completing the proof. O
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8.1. The Fundamental Theorem of Algebra. Our exploration of field theory and Galois extensions
culminates in one of the most profound and classical results in mathematics, the Fundamental Theorem of
Algebra. This theorem provides an algebraic characterization of the complex field C, showing that it is, in
a sense, the ultimate destination for all algebraic equations.

In essence, it asserts that the field of complex numbers contains all the roots of any non-constant complex
polynomial. Equivalently, every polynomial in C[x| factors completely into linear factors over C. The result
was conjectured as early as the seventeenth century and later proved rigorously using tools from both algebra
and analysis.

Theorem 8.3 (Fundamental Theorem of Algebra). The field of complex numbers C is algebraically closed.
That is, for every non-constant polynomial f(x) € Clz], there exists an element a € C such that

f(a) = 0.

Equivalently, every polynomial f(z) € C[x] can be expressed as a product of linear factors as
f(@) = clr —a1)(x = az) - (x — an),

where ¢, a1,a2,...,a, € C.

Remark 8.1. (1) This theorem implies that C serves as an algebraic closure of R.
(2) In the framework of Galois theory, this theorem ensures that every polynomial with real coefficients
splits in C, making C a complete and algebraically closed field.

Problem 8.3. Let K = Q(+/2,1/3). Then prove that there exists an element o € K such that
K = Q(«).

Solution 8.3. Since K/Q is a finite separable extension, the Primitive Element Theorem applies. Therefore,
there exists an element oo € K such that

K =Q(w).
We prove that a = v/2++/3 is a primitive element for the extension. Clearly Q(«) C K. Next, we compute
a? =5+ 2V6.

Hence,

a? -5
V6 = > € Q(a).

Observe that (v/3 ++/2)(v3 — v/2) = 1. Thus,
VB-V2= Q)

It follows that
\/5:04—(\[2—\/5) and \/§:a+(\€_\/§)
belong to Q(c). Hence, v/2,v/3 € Q(a).

Therefore, K C Q(«). Combining this with the reverse inclusion, we conclude that
K =Q(a).
Problem 8.4. Let f(t) € R[t] be a polynomial of odd degree. Show that f(t) has at least one real root.
Solution 8.4. Let
f(t) = ant™ + ap_1t"" 1 + -+ art + ao,
where n is odd and a, # 0.

By the Fundamental Theorem of Algebra, the polynomial f(¢) has exactly n roots in C, counted with
multiplicity.
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Since the coefficients of f(t) are real, non-real roots occur in complex conjugate pairs. That is, if « € C\R
is a root of f(¢), then its complex conjugate @ is also a root, with the same multiplicity.

Thus, the non-real roots of f(t) contribute an even number to the total number of roots of f(¢), counted
with multiplicity.

Since n is odd, it follows that not all roots of f(¢) can be non-real. Therefore, at least one root of f(t)
must be real. Hence, every polynomial in R[t] of odd degree has at least one real root.
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