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With set theory, we have established what sets, along with functions and relations are. Abstract algebra
extends on this by studying algebraic structures, which are sets S with specific operations acting on their
elements. This is a very natural extension and to be honest does not require much motivation. Let’s precisely
define what operations are.

Definition 0.1 (Operation)

A p-ary operation[] x on a set A is a map
x: AP — A (1)

where AP is the p-fold Cartesian product of A. In specific cases,
1. If p =1, then % is said to be unary.
2. If p =2, then x is binary.

We can consider for p > 2 and even if p is infinite.

%or called an operation of arity p.

Definition 0.2 (Algebraic Structure)

An algebraic structure is a nonempty set A with a finite set of operations i, ..., *, and satisfying
a finite set of axioms. It is written as (A, %y, ..., %y,).

If we consider functions between algebraic structures f : A — B, there are some natural properties that we
would like f to have.

Definition 0.3 (Preservation of Operation)

Given algebraic structures (A, pa), (B,up), where pua and pp have the same arity p, a function
f: A — B issaid to preserve the operation if for all z;,...,2, € A,

flpaay, .. xp)) = pp(f(21), f(22),. .-, f (7)) (2)

Functions that preserve operations are generally called homomorphisms. However, given that preservation
is defined with respect to each operation, a map may preserve one operation but not the other. Therefore,
we will formally define homomorphisms for each class of algebraic structures we encounter.

Definition 0.4 (Commutative, Associative Operations)

A binary operation - : A x A — A is said to be
1. associative if for all a,b,c € A, (ab)c = a(be).
2. commutative if for all a,b € A, ab = ba.

Associativity is a particularly important property that we would like to have, and it is quite rare to work
with algebraic structures that don’t have associativity. It basically states that when doing an operation
sequentially over 3 elements, it doesn’t matter if we evaluate ab or be first. Therefore, associativity allows
us to throw the parentheses away since the evaluated result does not change.

Commutativity on the other hand is not as prevalent. It simply tells us that we can “swap” terms when
evaluating. This usually is a another nice convenience, and in the theory of rings commutativity is very
prevalent. Either way, in both of these scenarios we can extend to any finite sequence of operations.
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Theorem 0.1 (Generalized Associativity)

Given that a binary operation - is associative on a set S, it is always the case that for any finite
collection aq,...,a,, the value a; ...a, is unique.

Proof. We prove by strong induction on n from n = 3. Clearly (ajaz)as = ay(azas3) by definition of
associativity. The rest is a bit tedious but is mentioned in Jacobson’s Basic Algebra 1.

Theorem 0.2 (Generalized Commutativity)

Given that a binary operation - is commutative and associative on a set S, with a = ay + ...+ a,, we
have
a=a; +...+a;, (3)

for any permutation (i1,...,4,) of (1,...,n).

Now that we’ve gotten these out of the way, we can start talking about algebraic structures. I've went
through 4 main textbooks, plus Google and talking to friends/professors in creating these notes.

1. Vinberg’s A Course in Algebra.

2. Nathan Jacobson’s Basic Algebra 1, given to me by Marty.

3. Ted Shifrin’s Abstract Algebra, A Geometric Approach, used in Duke Math 401.
4. Dummit and Foote’s Abstract Algebra, 3rd Edition, used in Duke Math 501.
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1 Group-Like Structures

1.1 Semigroups and Monoids

Now the endowment of some structures gives rise to the following. Usually, we will start with the most
general algebraic structures and then as we endow them with more structure, we can prove more properties.
Let’s talk about the most basic type of algebraic structure. If you have a set .S and some associative operation
on it, we have a semigroup.

Definition 1.1 (Semigroup)

A semigroup (5, ) is a set S with an associative binary operation

Sx8 =8 (4)

Example 1.1 (Continuous Time Markov Chain)

Let (2, F,P) be a probability space and (S,S) a measurable space. Then, a homogeneous continuous-
time Markov chain is a stochastic process {X;};>o taking values in S (i.e. X;: Q — 5) satisfying the
Markov property: for every bounded measurable f and and ¢,s > 0,

E[f(Xt+s) ‘ {Xr}r’ﬁt} = E[f(Xt+s) ‘ Xt} = (Psf)(Xt) (5)

The set {P,}+>0 with the composition operation gives us the Markov semigroup.

To be honest the above example is the only time I have every seen a semigroup come up, so we proceed
immediately to the next structure.

Definition 1.2 (Monoid)

A monoid (M, -, e) is a semigroup with an identity element e € M such that given a m € M

e-m=m-e=m (6)

We first should ask whether the identity is unique in a monoid. It turns out it is.

Lemma 1.1 (Uniqueness of Monoid Identity)

The identity e of a monoid M is unique.

Proof. Assume not, i.e. there are 2 identities e # ¢’. But then
e=e'=¢ = e=¢ (7)

where the implication follows from transitivity of equivalence relations.

From set theory, we have directly worked with two examples of monoids.
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Example 1.2 (Set Operations)

Let S be any nonempty set. Then (2°,U, ) and (2°,N,.5) are monoids. So it seems that there are
flavors of algebra that aren’t really separable from set theory.

Definition 1.3 (Submonoid)

Given a monoid (M, *), let M’ C M. If the restriction of * to M’ x M’ is closed in M’, then we can
define the submonoid (M’ x).

It may seem like the identity of a submonoid must be the identity of the monoid, but this is not always the
case. We may take a subset M’ C M such that - is closed in M’ and there may be some ¢’ € M’, ¢’ # e such
that it acts like an identity on M’.

Example 1.3 (Identities of Submonoids May Not be the Same)

Let (M, x,I) be the monoid of 2 x 2 matrices over R with the identity matrix I, and let M’ be the set

of matrices of form
a 0 , (10
(0 O) for a € R, I = (O 0) (8)

Then (M’, x,I') is a submonoid with a different identity element.

Example 1.4 (N is a Monoid)

The natural numbers, defined are a monoid. More specifically,
1. (N,+,0) is a monoid under addition.
2. (N, x,1) is a monoid under multiplication.
3. (2N, +,0) is a monoid under addition, where 2N is the set of all even numbers.
4. 2N cannot be a monoid since 1 ¢ 2N.

Definition 1.4 (Monoid of Transformations)

Given a set S, consider the set of all functions S° := {f : § — S}. Then, with function composition
o, (89,0) is a monoid with the identity function e :  + z as the identity element. This is called the
monoid of transformations of S.

Theorem 1.2 (Cardinality of Monoid of Transformations)

If |S| = n, then the monoid of transformations has cardinality n™.

1.2 Groups

Now we look at a specific case of monoids where invertibility is defined. The existence of inverses produces
a whole suite of interesting properties, as we will see.
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Definition 1.5 (Group)

A group (G, -) is a set with binary operation z-y—also written as zy—having the following properties.
1. Closure. a,b e G = ab €
2. Associativity. Ya,b,c € G,a(bc) = (ab)c
3. Identity. Je € G s.t. Ya € G,ae =ea = a
4. Inverses. Ya € G3da ' € Gst. aa ' =a"la=e
The olré]der of a group is the cardinality |G|. An abelian group (G, +) is a group where + is commu-
tative

%but not necessarily ab = ba
bNote that I switched the notation from % to +. By convention and to avoid confusion, + denotes commutative
operations.

This is an extremely simple structure, and the first thing we should prove is the uniqueness of the identity
and inverses.

Lemma 1.3 (Uniqueness of Identity and Inverse)

The identity and the inverse is unique, and for any a, b, the equation xa = b has the unique solution
x=ba"l.

Proof. Assume that there are two identities of group (G, %), denoted eq, €2, where e; # e3. According
to the properties of identities, e; = ejes = e5 = €7 = es.
As for uniqueness of a inverses, let a be an element of (G, with its inverses al_l, as L Then,

aafl = = a;l(aafl) = a;le (9)
= (a3'a)ay’ = a3’ (10)
= ea;' =ay'! (11)

Since the inverse is unique, we can operate on each side of the equation xa = b to get zaa™! = ba! =
ze = x = ba~'. Clearly, the derivation of this solution is unique since the elements that we have
operated on are unique.

At this point, we can see that for each group there is a corresponding “multiplication table” defined by the
operation. For example, we can create a set of 6 elements {rg, 1,72, So, $1, s2} and define the operation x
as the following.

X 70 ™ T S0 S1 So
To | To T1 T2 So S1  S2
T | T2 To S1 S22 So
o | T2 To T1 S22 So S1
So | So S22 S1 To T2 T1
S1 | 1 So S22 T1 To T2
S2 | 82 S1 So T2 T1 To

Figure 1: Multiplication table for some group. Note that we can only write such a table explicitly for a group of finite
elements. But even for arbitrary groups, we should think of the operation completely defining a possibly “infinite”
table.

It is clear that in an abelian group, the multiplication table must be symmetric across the diagonal.
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Example 1.5 (Familiar Groups)

So what are some examples of groups?

(N, +) is not a group since 3 € N but —3 ¢ N. It is a commutative monoid.

(N, x) is not a group but is a commutative monoid.

(Z,+) is an abelian group.

(Z, x) is not a group.

(Q,+) and (Q\ {0}, x) are both abelian groups.

(R,+) and (R \ {0}, x) are both abelian groups.

The set of all invertible n x n matrices with matrix multiplication, denoted (GL(R"), X) is a
non-abelian group.

8. The set of all functions on a given interval [a,b] is abelian with respect to addition, defined as

(f +9)(x) = fz) + g(2).

9

NS otE W

Example 1.6 (Group of Invertible Elements of a Monoid)

Given = € (M,-,e), let = be invertible if there exists 27! € M s.t. zz7! = 27!z = e. Then, the

submonoid M’ of invertible elements of M is a group. This must be proved.
1. Closure. If z,y € M’, then 2!, y=! € M’ since (z71)~! = z. Therefore y~1z~! = (zy)~! € M’,
and so zy € M.
2. Identity. e ' =esoec M.
Inverses. Exists by definition.
4. Associativity. Is inherited from associativity of - in M.

@

Let’s prove a little more about groups so that we have more tools for manipulation.

Lemma 1.4 (Properties of Group Operation)

Given a,b,c € G,
l.ab=cb = a=c
2. Vae@, (et =a.
3. (ab)~t=b"ta" L.

Proof. TBD.

Theorem 1.5

Given group G, (ab)? = a?b? for all a,b € G iff G is abelian.

Definition 1.6 (Subgroup)

Given group (G, *), a subgroup (H, x) is a group such that H C G. H is called a proper subgroup
if HCG.

Theorem 1.6

If H, K C G are subgroups, then H N K is a subgroup.

Finally we end with an analogous result of the monoid of transformations. The problem with these trans-
formations is that they may not be invertible, but if they are, i.e. bijective, then we can endow them with a
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group structure.

Definition 1.7 (Group of Transformations)

Given a set S, Sym(S) is the group of bijective maps f : S — S with composition as the operator.
This is also called the symmetric group of S.

Lemma 1.7 (Cardinality of Group of Transformations)

If S has cardinality n, then the order of Sym(S) is n!.

1.3 Group Homomorphisms

At this point, we would like to try and classify groups (e.g. can we find all possible groups of a finite set?).
But consider the two groups.

— O N
o oo+
o T o
® o T|T
T ® aolo

‘w»—lo‘—i—‘
o= OO
O DN =

Figure 2: Two isomorphic groups.

These groups have different elements, but the operation behaves in exactly the same way between them (it
may be a little harder if I relabeled the elements or permuted the rows/columns). Since we can trivially
make arbitrary sets there really isn’t much meaning to having two versions of the same group (at least in the
algebraic sense). Therefore, these groups should be labeled “equivalent” in some way, and we will precisely
define this notion now.

Definition 1.8 (Group Homomorphism)

Let (G, o) and (H, *) be two groups. The mapping f : (G,0) — (H, *) is a group homomorphism
if for all a,b € G,
flaob)=f(a)x f(b) (12)

Furthermore,

1. A group isomorphism is a bijective group homomorphism, and we call groups M, N isomor-

phic, denoted M ~ N, if there exists an isomorphism between them.
2. An endomorphism is a homomorphism from a group to itself.
3. An automorphism is a isomorphism from a group to itself.

It turns out that from the simple property that f(ab) = f(a)f(b), it also maps identities to identities, and
inverses to inverses!

Lemma 1.8 (Homomorphisms Maps Identities/Inverses to Identities/Inverses)

Given a homomorphism f : (G,*) — (H, x) and a € G,

fleg)=en,  fla™)=fla)™ (13)
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Proof. Let a € G. Then
f(a) = flaeg) = f(a)f(ec) = em = f(a)~ f(a) = f(a)~" f(a)f(ec) = f(ec) (14)

To prove inverses, we see that
fla)f(a™") = flaa™) = flec) = en (15)

from above, and this implies that f(a™!) = f(a)~!. We can also do this with right hand side multipli-
cation.

Example 1.7 (Exponential Map)

The map a +— 2% is an isomorphism between (R, +) and (R, x) since
20Hb — 9a 5 9b (16)

which is proved in my real analysis notes when constructing the exponential map on the reals.

Example 1.8 (Determinant)

The determinant det : GL,,(F) — F* is a homomorphism because of the product rule for determinants.

Example 1.9 (Projection onto Unit Circle)

Given C* = C\ {0} with x and S! = {z € C | || = 1} (which is a group under multiplication), the
map f:C* — S! defined f(z) = 2/|z| is a group homomorphism since
2122 k122

lz122]  |zallz|

f(lez) =

f(z1)f(22) (17)

Definition 1.9 (Kernel)

Given group homomorphism f : G — H, the kernel of f is the preimage of the identity.

ker(f) = {g € G| f(g) = ex} (18)

Theorem 1.9 (Images and Kernels of Group Homomorphisms)

If f: G — H is a group homomorphism, then
1. ker(f) is a subgroup of G.
2. Im(f) is a subgroup of H.
3. f is injective iff ker(f) = {eq}.

Proof. Listed.

1. To show closed, consider a,b € ker(f). Then f(ab) = f(a)f(b) = egenr = exy = ab € ker(f).
Since f(eg) = em, e € ker(f). If a € ker(f), then f(a™?) = f(a) ' =ez' =ey = a '€
ker(f). Finally associativity follows from associativity of the supgroup.

2. TBD

3. We prove bidirectionally.

11/ [196]



Abstract Algebra Muchang Bahng August 2021

(a) (—). Since f is injective, f(a) = f(b) = a =10b. Let a € ker(f). Then f(a) = ey, and so
f(eq) = en = f(a). By injectivity, a = eq, and so ker(f) = {eg}.

(b) («). Let a,b € G s.t. f(a) = f(b). Then f(a)f(b)™' =exg = af(a)f(b~!) = f(ab~?) =
ey = ab~! € ker(f). But by hypothesis ker(f) = {eg} = ab™! =ec = a=0b.

Theorem 1.10 (Compositions of Group Homomorphisms)

Compositions of group homomorphisms are group homomorphisms.

Now let’s focus more on isomorphisms, which we can interpret as a “renaming” of the elements. Not only
does it rename the elements, but it preserves all the algebraic properties of the group and each element.

Theorem 1.11 (Properties of Group Isomorphisms)

If f: G — H is a group isomorphism, then
1. f~1is also a group isomorphism.
2. G is abelian = H is abelian.

Proof. Listed.
1. Since f is bijective by definition, f~! is well-defined and bijective as well. Now we show that f—*
is a group homomorphism. Given ¢,d € H, take

FF e @) = F(F7H0) F(fHD) = od (19)

where the first equality follows since f is a homomorphism, and the second since f~! is the inverse
mapping. Now mapping both sides through f~1, we get

FHfHd) = fH (cd) (20)

and so f~! is a homomorphism.
2. Let ¢,d € H. Then ¢ = f(a),d = f(b) for some a,b € G, and so e¢d = f(a)f(b) = f(ba) =

f(0)f(a) = de.

A trivial example is the identity map, which is an automorphism. But can we generalize this a bit better?

Theorem 1.12 (Conjugate Shift is an Automorphism)

Let G be a group with a € G. Then the following, called a conjugate shift, is an automorphism on
G.
¢:G— G, ¢(r) =axa™? (21)

Proof. The map v : G — G, ¥(z) = a'za is clearly the inverse of ¢, with ¢¢p = ¢ = I for all
r € G = ¢ is bijective. Secondly, ¢(z)p(y) = ara laya™! = a(wry)a™! = ¢(vy) = ¢ preserves
the group structure.

1.4 Group Presentations

A group G may be very abstract and complicated, and so working with all its elements can be a bit painful.
It would be more useful to work with a smaller subset S of G that can completely characterize G[f] We
would like to formalize this notion, which will be very useful later on. For now, let’s start off with a simple

INote that this is similar to the basis that generates a topology.
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element a € G, and perhaps we can consider the elements
a2 ata® =eatd?, ... (22)

However, there are two interpretations to a2 is it the inverse of a? or a~'a='? It turns out that these are
equivalent.

Lemma 1.13 (Power to an Integer is Well-Defined)

For all n € N,
(a—l)n — (an>—1 (23)

Proof. We prove by induction on n. It is trivially true for n = 1. Now given that it is true for some

n € N, we have
(a—l)n+1 — (a—l)na—l — (an)—la—l — (aan)—l — (an+1)—1 (24)

Therefore it makes sense to just write it as ¢~ ™. It may or may not be the case that a may cycle back to
itself for some n, i.e. a = a™.

Definition 1.10 (Order of an Element)

The order of a group element a € G is the minimum number n € N s.t. a = a”, denoted |a| or ord(a)/[]

“Note that this is different from the order of a group. This is confusing but is the convention.

Let’s pause for a bit and focus on the order. The order of an element a tells us how a “behaves” in the broader
group. This means that when mapped through an isomorphism, it should behave similarly, i.e. the order
shouldn’t change. This gives us a nice way to check if two groups cannot be isomorphic, but the converse is
not necessarily true in general!

Theorem 1.14 (Preservation of Order in a Group Homomorphism)

If f is a group isomorphism, then Va € G ord(a) = ord(f(a)).

Proof.

Now we come back to group presentations. The set of all multiples of a may or may not be the group, but if
we take a certain subset of these elements and take all multiples of all combinations of them, we may have
better coverage of the group.

Definition 1.11 (Word)

A word is any written product of group elements and inverses. They are generally in the form
s1's5?s5°...5}F, where e; € Z (25)

2

e.g. given a set {x,y, 2}, vy, zz " lyyzr~2, ... are words.
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Definition 1.12 (Generating Set)

The generating set (S) of a group G is a subset of G such that every element of the group can
be expressed as a word of finitely many elements under the group operations. The elements of the
generating set are called generators.

Definition 1.13 (Group Presentations)

The free group Fs over a given set S consists of all words that can be built from elements of S. Often
with this generating set .S, we have a set of relations R that tell us which elements are equal. The
group presentation writes both S and R in the form

(S| R) (26)

Theorem 1.15

If every element other than the identity has order 2, then G is abelian.

With these group presentations we can start identifying specific groups. Let’s start with the simplest group
with one generator and zero/one relation: the cyclic group.

Definition 1.14 (Cyclic Group)

A cyclic group is a group generated by a single element.
1. In an infinite cyclic group, there is no relation and we write

Z:={a)={...,a % a " ea,d* ...} (27)
2. In a finite cyclic group, there exists a n € N such that ™ = e and we write

Zn = <a | a = €> = {670,’ CLZ’ .. .,an_l} (28)

Example 1.10 (Cyclic Groups)

Here are some examples of cyclic groups.
1. (Zn,+), the integers mod n, is a cyclic group of order n, generated by 1@

2. The nth roots of unity in C is a cyclic group of order n, generated by the counterclockwise rotation
27 /n
e .

3. The set of discrete angular rotations in SO(2), in the form of

sinf  cosf 2 1
r= { (0050 —sinG) ’ 0e {nk}k—o} (29)

4. (Z,+) is an infinite cyclic group.

%In fact, the generator of Z,, can be any integer relatively prime to n and less than n.

That’s really it for cyclic groups, and to make things simpler, there is a complete characterization of them.
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Theorem 1.16 (Cyclic Groups are Unique up to Order)

Given a cyclic group, Z or Z,
1. If it is finite, then (Z,,+) ~ (Z,,+) ~ (1).
2. If it is infinite, then (Z,+) ~ (Z,+) =~ (1).

Proof.

Therefore, we have completely characterized all cyclic groups! Furthermore, cyclic groups are contained in
the sense that any subgroup is also a cyclic group. So you won’t find any weird groups embedded in cyclic
groups; you can safely assume that they are all cyclic. The proof for this is quite a useful technique, where
we try to arrive at a contradiction between some minimally chosen k£ and the remainder r that must be less
than k.

Theorem 1.17 (Subgroups of Cyclic Groups)

Any subgroup of a cyclic group is cyclic.

Proof. Let G = (a) be a cyclic group. Then given a subgroup H, we must have e € H. If there are
no other elements we are done, and if there are extra elements then let £ € N be the smallest natural
(which exists due to the well-ordering principle) such that a* € H. Now we claim that H = (a*).
Given any a™ € H, we can use Euclidean algorithm on the integers to write n = gk + r for 0 < r < k.
Therefore,

a = aqk—&-’r — (ak:)q a — g = an<ak)—q (30)

— a" € H (31)

but this contradicts the fact that k is minimal, and so = 0. This means that a™ = (a*)? and so a™ is
a multiple of a”.

Example 1.11 (Integers to Even Integers)

Let 2Z denote the set of all even integers with addition. Then we can verify that this is a group, and

7 ~ 27, (32)

Theorem 1.18 (Homomorphisms between Cyclic Groups)

There are precisely ged(n, m) homomorphisms f : Z,, — Z,.

Proof.

The next type of group we will focus on is the dihedral group. These are usually introduced as the symmetry
group (group of rotations and flips you can do on a polygon) to preserve its symmetry. However, it seems a
bit disconnected with cyclic groups and group presentations, so I introduce it in the following way. Once I
define it, I connect to its geometric interpretations in the following examples.
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Definition 1.15 (Dihedral Group)

The Dihedral Group of order 2n is the group

Dih(n) = (r, f|r" = f2=e,rfr=f) (33)

To parse this definition a bit, note that the relation ™ = e behaves like a cyclic group of order n, and so
we can interpret these as rotations of an object by 27/n. The second is that f2 = e is also a cyclic group
of order 2, but it behaves more like a flip in that if you flip twice, you get back to the original. With these
relations, we can think of the Dihedral group as having two “copies” of cyclic groups that have some extra
properties.

Finally, the relation rfr = f is a bit harder to parse, but it just means that a rotation, then flip, then
rotation (which rotates backwards since we flipped), is equal to flipping once. Symbolically, this relation
allows us to “push” all of the flips to the back.

fr=r"fr=r""1f (34)
Perhaps a slightly more complicated example for n = 5.
[P = frifr= i = frf = = g = (35)

and after this the relation 7™ = f2 = e allows us to cancel some out.

Example 1.12 (Dihedral Group of Order 4, aka Klein-4 Group)

We use the following group presentation to write the dihedral group of order 4. However, we can relabel
them to get a simpler table.

e r flrf e a b ¢
e r flrf ele a b c
r r e |rf| f ala e ¢ b
f 1l firfl e r blb ¢ e a
rflrf | f r e clec b a e

Figure 3: Cayley multiplication table for the Klein 4-group.

It can be described as the symmetry group of a non-square rectangle. With the three non-identity
elements being horizontal reflection, vertical reflection, and 180-degree rotation.

Example 1.13 (Dihedral Group of Order 6)

The group of rotations and flips you can do on a equilateral triangle is called the Dihedral Group
Dih(3). It is not abelian.

e r 2 f rf [ r2f

e e r r2 f rf | r2f
r r r2 e rf | r2f f
r2 r2 e r rf f rf
f f r2f | rf e r2 T
rf rf f r2f r e r?
r2f | r2f | rf f r2 r e

Figure 4: Multiplication table for D3 using simplified notation.
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Dih(3) is the group of all rotations and reflections that preserve the structure of the equilateral triangle
in R2, a regular 2-simplex.

Example 1.14 (Dihedral Group of Order 8)

The group of rotations and reflections that preserve the structure of a square in R2. is called the
Dihedral Group Dih(4).

e r r2 rs f rf [ r2f [ r3f

e e r r? r3 f rf | P2f | r3f
r r r? rs e rf | 72f | ©3f f
r? r? r3 e r r2f | 3 f f rf

s rs e r rZ | r3f f rf | r2f
f f rf | r2f | rf e r3 r? r
rf rf f r3f | r2f r e rs r2
r2f | r2f | rf f r3f | r? r e r3
Pl rf I r2f | rf f r3 r? r e

Figure 5: Multiplication table for D4 using simplified notation.

Note that this is not the same as the symmetry group of the regular tetrahedron!

Following this pattern, we can extrapolate to find that the Dihedral group is a symmetry group.

Theorem 1.19 (Dihedral Groups as Symmetry Groups)

Dih(n) is similarly the group of all rotations and reflections that preserve the structure of a regular

n-gon in R2.

Example 1.15 (Groups of Order 3)

Dih(3) ~ S3, since permutations of the vertices of a triangle are isomorphic to a permutations of a
3-element set.

Theorem 1.20 (Tip)

To prove a group homomorphism, show that every element of G and H can be written as a word of
certain g;’s in G and then h;’s in H, and map the g;’s to h;’s.

1.5 Symmetric and Alternating Groups

We have seen the natural construction of the symmetric group of a set as the set of bijective transformations.
Now the reason that symmetric groups are nice is that we can embed a group into its symmetric group.
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Theorem 1.21 (Cayley’s Theorem)

This applies for both monoids and groups.
1. Any monoid is isomorphic to a monoid of transformations, i.e. there exists an injective monoid
homomorphism

fiM— MM (36)

2. Any group is isomorphic to a group of transformations, i.e. there exists an injective group

homomorphism
f: G — Sym(G) (37)

Proof. Let (M,-,1) be a monoid. Then we will construct a homomorphism f : M — M™  the monoid
of transformations from M to itself. For any a € M, we define the left translation ay, : x — ax. We
claim that the set M’ :== {a;, € M™ | a € M} is indeed a monoid.
1. Closure. Given a,b € M, ab € M and so aby, € M'. But (abr)(z) = (ab)z = a(bzr) = ar(bx) =
ar(br(z)) = (ar obr)(x), so aby, = ar, o by,.
2. Identity. e € M — ep € M where ef, : x — x.
Next we claim that is is an isomorphism.
1. This is a homomorphism due to the closure and identity properties proved above.
2. Tt is injective since given a # b in M, ay, and by, acts on the identity in different ways ar(e) =
a#b=br(e),soar #by.
3. It is surjective by definition.
We have proved for monoids. For groups, we have the additional assumption that inverses exist in
G, and we must prove that the set of left translations G’ is indeed a group. It suffices to prove that
inverses exist in G’. Given a € G, ar, € G'. But a~! € G since G is a group, and so a;' € G’ as well.
We can see that

and so indeed (a=1); = (ar)~!. From this additional fact all the rest follows exactly as for monoids.

Corollary 1.22 (Cayley)

Every group G is isomorphic to a subgroup of its symmetric group.

Now we limit our scope to only finite sets, i.e. finite symmetric groups, which are often called permutation
groups. For such finite sets the labeling does not matter since such groups are always isomorphic, so we can
say S ={1,2,...,n}.

Theorem 1.23 (Symmetric Group as a Symmetry Group)

The symmetric group S, is isomorphic to the symmetry group of the n-simplex in R" 1.

Proof.

Now armed with group presentations and generating sets, let attempt to find a group presentation for a
permutation group. Given set S = {1,2,...,n}, a permutation v € Sym(S) is denoted

7:(1 2 3 4 ... n—-2 n-1 @)esym(s) (40)

21 ig i3 i4 Z'n,Q Z'n,1 in
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We begin by introducing a specific instance of a permutation.

Definition 1.16 (Cyclic Permutation)

A permutation is said to be cyclic if there exists some subset A C S such that v acts as

a1 Qo — Az ... — ap — a1 (41)
and leaves the rest unchanged. The notation for this is

(a1 a2 ... ax) € Sym(S) (42)

A cycle acting on a subset of 2 elements, i.e. a swap of two elements, is called a transposition. Two
cyclic rotations 71, are disjoint if the subsets that they act on are disjoint: AN B = (.

Example 1.16 (Some Cyclic Permutations)

This notation can be a bit weird, so let’s give some simple examples.
1. (12) is a mapping 1 — 2, 2 — 1.
2. (123) is a mapping 1 —» 2, 2 >3, 3 — 1.
3. (123)(45) is a mapping 1 -2, 23,3 —1,4—5, 5 > 4.

The reason that cyclic permutations are so important is that they are the building blocks of regular permu-
tations.

Theorem 1.24 (Cycle Decomposition of Permutations)

Every element in S,, except the identity element can be written uniquely (up to order) as the product
of disjoint cycles.

Proof. We can compute v(1),72%(1),.... Since S = {1,...,n} is finite, there is some smallest positive
natural £ s.t.
gamma®(1) = 1. This yields a k-cycle. Now remove the numbers 1, 7(1),...,v*~!(1) and continue the

process. Since S is finite this must terminate, and we have such a decomposition. Proof of uniqueness
omitted for now, but this whole theorem can be proved using proof by strong induction.

Example 1.17 (Cyclic Decompositions)

For the following permutation

7:@ 2 g i 2 S Z f):(7)(4)(26)(1358) (43)

One of the rewards of cycle decompositions is that we can easily compute the effect of conjugation in S,.

Lemma 1.25 (Conjugation is Easy with Cycle Notation)

Given a k-cycle v = (i1,142,...,ix) € S, and any permutation o € S,,, we have

oot = (0(ir) o(is) ... o(iy)) (44)
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This shows that the cyclic permutations actually form a generating set of .S,,. But can we do better? The
answer is yes: there is a more minimal generating set.

Corollary 1.26 (Transposition Decomposition of Permutations)

The set of all transpositions forms a generating set of S,.

Proof. Tt suffices to prove that the cycles can be decomposed into transpositions. Indeed, we can just
write out by hand
(12 ... k)= k@@ k=1)...(1 3)(1 2) (45)

which by relabeling generalizes for those of form (iy .. .14).

Recognizing that the set of transpositions is the generating set of the permutation group, we must prove a
few more statements before constructing the alternating group. One such fact is that transpositions allow
us talk about the parity of an arbitrary permutation, through its signature.

Lemma 1.27 (Parity of Transpositions)

Every permutation can be written as the product of either an even number or an odd number of
transpositions, but not both.

Proof.

Now that this is established, the following is well-defined.

Definition 1.17 (Signature)

The signature of a permutation is a homomorphism

sgn: S, — {1,—-1} (46)

Lemma 1.28

The signature of a permutation changes for every transposition that is applied to it.

Now we are ready to introduce another fundamental type of group.

Definition 1.18 (Alternating Group)

The alternating group is the kernel of the signature homomorphism sgn : S,, — {£1}.
A, = kersgn (47)

It is the set of even permutations with order n!/ 2@

%Note that the set of odd permutations do not form a group, since the composition of two odd permutations (each
having signature —1 is an even permutation.

This construction might seem arbitrarily specific to study so early into algebra, but as we will see later, we
will find that that for n > 5, they will be simple groups that can’t be decomposed and therefore fundamental
in a sense.
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In lecture, we talked about the number of all finite set is e. Since n! is the order of permutation groups, i.e.
the order of automorphism groups, we can sum their inverses over all n € N to get e.

1.6 Group Actions

We have studied the general properties of groups, but historically group theory arose from the study of
transformation groups (which is why I also introduced is so early on). These transformation groups can be
thought of as an abstract group it itself, but another way to interpret it is to see how it acts on a set.

Definition 1.19 (Group Action)

Let G be a group, S a set. Then, a (left) group action of G on S is a function
c:GxS— 8, o(g,a) =g-a (48)

satisfying two axioms.

1. Identity. Ya € S,o(e,a) = a.

2. Compatibility. Vg,h € G and Vz € X,0(gh,z) = c(g,0(h,z)).
The group G is said to act on S, and the evaluation o(g,a) can be interpreted as the result after
transforming a through g.

Theorem 1.29 (Group Action as a Homomorphism onto the Symmetric Group)

We have the immediate facts.
1. For a fixed g € G, the group action o4(s) = o(g,s) : S — S is a bijection, i.e. an element of
Sym(S). The inverse is the function mapping z +— o(g~ 1, z).
2. The map from G to Sym(S) defined by g — o, is a homomorphism.

Proof.

Example 1.18 (Permutations and Dihedral Groups as Group Actions)

In fact, we have seen two concrete examples of such group actions.
1. The permutation group acts on the set S = {1,...,n} by permuting its elements. It also acts on
a set of n-simplexes by rotating/flipping them.
2. The dihedral group acts on the set of regular n-gons by rotating/flipping them.

1.7 Exercises

21/ [196]



Abstract Algebra Muchang Bahng August 2021

2 Subgroups

We have seen a few examples of subgroups, but we will heavily elaborate on here. We know that given a set,
we can define an equivalence relation on it to get a quotient set. Now if we have a group, defining any such
equivalence relation may not be compatible with the group structure. Therefore, it would be nice to have
some principles in which we can construct such compatible equivalence classes, i.e. through a congruence
relation that preserves the operations.

We introduce some standard notation.

Definition 2.1 (Subgroup of Integer Multiples)

The set kZ is the set of all integer multiples of k. This is a group under addition.

2.1 Cosets

Fortunately, we can do such a thing by taking a subgroup H C G and “shifting” it to form the cosets of G,
which are the equivalence classes.

Definition 2.2 (Coset)

Given a group G, a € G, and subgroup H,

1. A left coset is aH = {ah | h € H}.

2. A right coset is Ha :== {ha | h € H}.

3. When G is abelian, the coset is denoted a + H.
With this, we can take arbitrary elements a,b € G and determine if they are in the same coset as such.
Since a € aH, b € aH iff b = ah for some h € H. Therefore, we have the equivalence relation.

a=b (mod H) <= a = bh for some h € H (49)

Proof. We show that this indeed forms an equivalence class.
1. Reflexive. a = a (mod H) since e € H = a = ae.
2. Symmetric. Let a = b (mod H). Then a = bh for some h € H, but since H is a group,
h™leH = ah ™' =b = b=a (mod H).
3. Transitive. Let a =b (mod H) and b = ¢ (mod H). Then a = bh and b = ch’ for some h,h' € H.
But then
a = bh = (ch')h = c(h'h) (50)

where h'h € H due to closure.

Note that a coset is not a subgroup. It is only the case that eH = H is a subgroup, but for a # e, aH does
not even contain the identity. We should think of a coset as a translation of the subgroup H.

Example 2.1 (Familiar Cosets)

Here are some examples. Note that all it takes is to find some subgroup, and the cosets will naturally

pop up.
1. Let H = 2Z C (Z,+) be the even integers. Then 0+ H and 1+ H are the even and odd integers,
respectively.
2. Let H = {e, f} C Dih(3). Then

H={e, f},rH = {r,rf},v*H = {r* r* f} (51)

are the cosets.
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With this partitioning scheme in mind, the following theorem on the order of such groups becomes very
intuitive, and has a lot of consequences.

Theorem 2.1 (Lagrange’s Theorem)

Let G be a finite group and H its subgroup. Then
G| =G H]|H] (52)

where [G : H], called the index of H, is the number of cosets in G. Therefore, the order of a subgroup
of a finite group divides the order of the group.

Proof. The union of the [G : H| disjoint cosets is all of G. On the other hand, every H is in one-to-one
correspondence with each coset aH, so every coset has |H| elements. Therefore, there are [G : H]|H|
elements altogether.

Therefore, Lagrange’s theorem says that given that you find a subgroup, the order of the subgroup must
divide the order of G. However, that doesn’t mean that such a subgroup may even exist. For example, there
is a group of order 12 having no subgroup of order 6.

Corollary 2.2

The order of any element of a finite group divides the order of the group.

Proof. Take any a € G and construct the cyclic subgroup (a) C G. Then by Lagrange’s theorem,
la| = |{a)| divides |G].

Corollary 2.3

Every finite group of a prime order is cyclic.

Proof. Let a € G be any element other than the identity e, and consider (a) C G. The order must
divide |G| which is prime, so |a|] = 1 or |G|. But |a|] # 1 since we did not choose the identity, so

la| = |G| = (a) = G.

Corollary 2.4

If |G| = n, then for every a € G a" = e.

Proof. Let |a| = k. Then k | n, and so a" = a*' = (a*)! =€l =e.

Corollary 2.5 (Fermant’s Little Theorem)

Let p be a prime number. The multiplicative group Z, \ {0} of the field Z,, is an abelian group of order
p—1 = gl l=1forall g€Z,\{0}. So,

a?'=1 <= a?=a (mod p) (53)

We can generalize this.
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Definition 2.3 (Euler’s Totient Function)

Euler’s Totient Function, denoted ¢(n), consists of all the numbers less than or equal to n that are
coprime to n.

Theorem 2.6 (Euler’s Theorem)

For any n, the order of the group Z, \ {0} of invertible elements of the ring Z, equals ¢(n), where ¢
is Euler’s totient function. In other words with G = Z,, \ {0},

a?™ =1 (mod n), where a is coprime to n (54)

Example 2.2

In Z1a5 \ {0}, ©(125) = 125 — 25 = 100 = 210 =1 (mod 125)

2.2 Normal Subgroups

By introducing cosets, we have successfully constructed an equivalence relation on G. This set of cosets is
indeed a partition of G, but we would like to endow it with a group structure that respects that of G. That
is, let a,b € G and its corresponding cosets be aH,bH. Then, we would like to define an operation - on the

cosets such that
(aH) - (bH) :== (ab)H (55)

That is, we would like to upgrade the equivalence relation to a congruence relation. If we try to show that
this is indeed a well-defined operation, we run into some trouble. Suppose aHH = a'H and bH = b’H. Then
with our definition, we should be able to derive that (aH)(bH) = (o’ H)(V' H) through the equation

(aH)(bH) = (ab)H = (a'b')H = (a’H)(V'H) (56)
We have a’ = ahq, b’ = bhs, and a'’ = abh. Then,

(ab)H = (a'b')H = a'b’ = abh for some h € H (57)
—> ah1bho = abh for some hi,ho,h € H (58)
But the final statement is not true in general. In an abelian group, we could just swap h; and b to derive

it completely, but perhaps there is a weaker condition on just the subgroup H that allows us to “swap” the
two.

Definition 2.4 (Normal Subgroups)

A subgroup N C G is a normal subgroup iff the left cosets equal the right cosets. That is, Vg €
G,h e H.
g 'hge H (59)

We call g~1hg the conjugate of h by g.

Example 2.3 (Normal Subgroups)

For intuition, we provide some examples of normal subgroups.
1. If G is abelian, every subgroup is normal. So (2Z,+) is normal, and (Q, x) C (R, x) is also
normal.
2. Given G = (R\ {0}, x), let H = (R", x) C G be a subgroup. Then H is normal since for any
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g €R, g,g~ ! are either both positive or both negative, and so ghg™' >0 = ghg~' € H. H

and (—1)H are two cosets of R.
3. SL,(F) ¢ GL,(FF) is a normal subgroup since the determinant of the inverse is ihe inverse of the
determinant, and so for any g € GL,,(F),

det(ghg™") = det(g) det(h) = det(g~") = det(g) - 1 =1 = ghg ' €SL,(F) (60)

- det(g)

4. The subgroup H = {e,r?} C Dih(4) is a normal subgroup. It is clearly a subgroup isomorphic to
Zs, and to see normality, note that 72 commutes with any g = r" € Dih(4). If g contains a flip,
then we can just check the 4 cases knowing that fr = r3f.

frft =t f = () f) =i frf =% 2 =1? (61)
(rf)yr*(rf)y "t =... =12 (62)
Therefore Dih(4)/H has order 4, which means it must be isomorphic to either the cyclic group

or the Klein 4 group. It turns out it’s the Klein 4 group.
5. The subgroup H = {e,r,r? r3} C Dih(4) is a normal subgroup because

() o) () = il —if (©3)
g \h/ g=?

— fj’l"lf_j (64)

= fIrf; (65)

_ 3] (66)

where we used the fact that frf = r3 = r=! in the penultimate step. So |Dih(4)/H| =2 =
Dih(4)/H ~ Z5 with generator fh.

Example 2.4 (Subgroups that are Not Normal)

Here are some subgroups that are not normal.
1. Given G = Dih(3), H = {e, f} is not normal since rfr=t =rfr? =r2f ¢ H.

2. The subgroup
a b
{0 0)

h = <é }) € Hoa— (} (1)> € GLy(R) —> aha~' = (_01 ;) ¢ I (68)

ac # 0} C GL(R) (67)

is not normal since

Finally, we present some relevent results of alternating subgroups.

Theorem 2.7 (Alternating Group is Normal in Symmetric)

A, is a normal subgroup of S,,, of index’ 2.

%.e. the number of cosets

Proof.
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Lemma 2.8 (Cycles in Alternating Group)

We have the following.
1. Every element of A,, can be written as the product of 3-cycles.
2. If n > 4, H is a normal subgroup of A,,, and H contains one 3-cycle, then H = A,,.

Proof. Since we’ve proved that every permutation is the product of transpositions, it suffices to prove
that the product of two transpositions can be written as the product of 3-cycles. We check this case
by case, where distinct symbols represent distinct values.

L (o B)(v6) = (a B7)(B79)

2. (ap)(an) =(ayp)

3. (aB)(ap)=ce

Therefore every even permutation is the product of 3-cycles.

Definition 2.5 (Simple Group)

A simple group is a group with no proper normal subgroup. That is, the only normal subgroups are
the trivial group and itself.

Theorem 2.9 (Alternating Groups are Simple)

For n > 5, A, is a simple group.

Proof. Let H C A,, be a normal subgroup containing more than the identity. If we can find a single
3-cycle in H, then it follows from that H = A,,. Let v € H, v # e, and write y = 71 ...7mn as a
product of disjoint cycles. We have 4 cases.

1. Let £ > 4 and suppose that some factor, say 1 is a k-cycle. WLOG let us assume that v; =
(1...k). Since H is normal, (1,2,3)y(1,2,3)"! € H and (1,2,3) commutes with all the factors
of v except 1 (since the cycles are disjoint and so ~y; for ¢ # 1 does not contain 1,2,3). Thus
letting

o=(1,2,3)7(1,2,3)"' = (2,3, 1,4,...,k)y2...vm € H (69)

since H is a group we have

oy '=(2 3 1 4.. B)(1 2 3 4 ... k) (70)
—(2 3 1 4 ... Kk ... 432 1)=(01 2 4 (71)

2. Suppose v has at least two 3-cycles as factors, say v1 = (1,2,3),v2 = (4,5,6). Then
0 =(3,45)7(3,4,5)7" = (1,2,4)(3,6,5)75 ... ym € H (72)

and again we have

oy '=(1 2 43 6 54 5 6 (1 2 3"

= (1 6 3 4 5) (74)
which is a 5-cycle, and we are done by case 1.
3. Suppose v has precisely one 3-cycle factor and all others are transposisions. If the 3-cycle is

11 = (1,2,3), then v = (1,2,3)? = (1, 3,2) is a 3-cycle.
4. Suppose v is the product of disjoint transpositions. Say 71 = (1,2),72 = (3,4). Then as before

o=(1 2 471 2 47 = oy '=(1 4)(2 3)ecH (75)
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Since n > 5 by our theorem hypothesis, the permutation 7 = (2, 3,5) € 4,,, and so

(1 4)(2 3)r'=(1 4 (3 5)€eH (76)
= (1 4)(2 3)(1 43 5)=(2 5 3)eH (77)

2.3 Quotient Groups

Now that we know about normal subgroups, this allows us to endow on the quotient set a group structure.

Definition 2.6 (Quotient Group)

Given a group G and a normal subgroup H, the quotient group G/H is the group of left cosets aH
with

1. the operation (aH) - (bH) := (ab)H

2. the identity element eH.

3. inverses (aH)!) = (a"1)H.
and order |G/H| = |G|/|H]-

Proof. We verify the properties of a group.
1. Suppose as above that aHH = o’ H and bH = V'H. Then a’ = ah and V' = bk for some h,k € H.
Since H is normal, b='hb = h/ for some h’ € H. Therefore,

a'V' = (ah)(bk) = a(hb)k = (abl')k = (ab)(W'k) € (ab)H (78)

and so (ab)H = (a'b')H.
2. eH is indeed the identity since (aH)(eH) = (ae)H = aH and (eH)(aH) = (ea)H = aH.
3. Inverses are the same logic.
4. Associativity follows from associativity in G.
Finally, by Lagrange’s theorem, the order is as stated.

Since the quotient defines a congruence class, this makes it a group homomorphism.

Theorem 2.10 (Quotient Maps are Homomorphisms)

The map p: G — G/H is a group homomorphism.

Proof. Follows immediately from the definition.

It’s a bit hard thinking of an intuitive picture of a normal subgroup. Unless you sit down and try to prove that
a subgroup is normal, it’s difficult to tell right away. The following lemma characterizes normal subgroups
in a different manner.

Lemma 2.11 (Normal Subgroup as Kernel)

A subgroup H C G is normal if and only if there exists a group homomorphism ¢ : G — G’ with
ker¢p = H.

Proof. We prove bidirectionally.
1. (=). Since H is normal, we can form the quotient group G/H. Let ¢ : G — G/H be defined
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¢(a) = aH. Then,

kergp=¢ '(eH)={a € G|aH =eH = H} (79)
={aeGlacH} (80)
Therefore, ¢ is a homomorphism because ¢(ab) = abH = (aH)(bH).

2. (+) Assume there is a group homomorphism ¢. Then, ker¢ C G is a subgroup proven in
Now consider any g € G. Then

P(ghg™") = d(g)o(h)plg™") = d(g) -e-d(g) ' =e = ghg™ " €ker¢ (81)

Now that we can construct quotient groups, we would like to see if they are isomorphic to any current groups
that we know. More specifically, if we have a normal subgroup H C G, we can cleverly think of some other
group G and construct a group homomorphism f : G — G’ such that H = ker f. If we can do this, then we
can construct a nice isomrophism from G/H to G’. Recall a similar theorem in point set topology: given
a topological space (X,.7) and its quotient space, if we can construct a map from X to a cleverly chosen
space Z that agrees with the quotient, then this induces a homeomorphism X & 7.

Theorem 2.12 (Fundamental Group Homomorphism Theorem)

Let f: G — G’ be a surjective homomorphism Then G /ker f ~ G’E]

¢ —I o

[

G/ ker f

Figure 6: Given f and the projection map p : G — G/ker f, this induces an isomorphism f such that f = fop.

“Sometimes called an epimorphism.
bNote that if f is not surjective, we can just have it be surjective by restricting G’ to be the image of f.

Proof. Let H = ker f, which is then a normal subgroup from Now we define a homomorphism
f:G/H =G, f(aH) = f(a) (82)

We check the following.
1. f is well defined. If we have a,a’ € G with aH = o’H, then o’ = ah for some h € H = ker f. So
fla') = f(ah) = f(a)f(h) = f(a).

2. f is a homomorphism. We see that

F((aH)(bH)) = f((ab)H) (83)
= [f(ab) (84)
= f(a)f(b) (85)
= [(aH)[(bH) (86)

3. f is surjective. This is tr1v1a11y true since if not, then f = f o p cannot be surjective. -
4. f is injective. By [1.9] it suffices to show that ker f is trivial. Suppose aH € ker f. Then
flaH) = f(a)feg/:aeH:aH:eH.
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Example 2.5 (Cyclic Groups)

(kZ,+) C (Z,+) is a normal subgroup. Our intuition might tell us that the cosets of the form kZ,1 +
kZ,...,(k— 1)+ kZ behave like integers modulo k, i.e. a cyclic group. Therefore, we can construct the
map

7 — Z, f(z) =2 (mod k) (87)
This is a homomorphism and also ker f = kZ, and so by the fundamental homomorphism theorem

Z
7= Zy, (88)

By establishing the connection between the integers and cyclic groups, we establish the notation Z;, =
ZLy.

Example 2.6 (Quotient of Reals over Integers)

We can see that (Z,+) C (R,+) is a normal subgroup. Our intuition might tell us that the cosets
(which are disconnected sets consisting of isolated points {...,z —1,2,2 + 1,...}) behave sort of like
the rotations on a circle S'. Therefore, let us construct a map

f:R— S f(z) = cos2mx 4+ isin2wx C C (89)

Since f(z +y) = f(z)f(y), it follows that f is a homomorphism. On the other hand, ker f = {z € R |
cos 2z = 1,sin 2mx = 0} = Z. Therefore by the fundamental homomorphism theorem, we have

R/Z ~ S* (90)

Example 2.7 (Determinant)

The determinant det : GL,,(F) — F* =F \ {0} is a surjective group homomorphism (under multiplica-
tion on F). Therefore,
GL,(F)

SL, (F)

~ F* (91)

2.4 Orbits and Stabilizers
Definition 2.7 (Orbits)

Let G be a transformation group on set X. Points x,y € X are equivalent with respect to G if there
exists an element g € G such that y = gx. This has already been defined through the equivalence of
figures before. This relation splits X into equivalence classes, called orbits. Note that cosets are the
equivalence classes of the transformation group G; oribits are those of X. We denote it as

Gz ={gzx | g € G} (92)

By definition, transitive transformation groups have only one orbit.

Definition 2.8

The subgroup G, C G, where G, = {g € G|gz = x} is called the stabilizer of x.
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Example 2.8

The orbits of O(2) are concentric circles around the origin, as well as the origin itself. The stabilizer
of 0 is the entire O(2).

Example 2.9

The group S,, is transitive on the set {1,2,...,n}. The stabilizer of k, (1 < k < n) is the subgroup
Hy ~ S,,_1, where Hj, is the permutation group that does not move k at all.

Theorem 2.13

There exists a 1-to-1 injective correspondence between an orbit G, and the set G/G,, of cosets, which
maps a point y = gr € Gz to the coset gG,.

Corollary 2.14

If G is a finite group, then
G| = |Ga|Gal (93)

In fact, there exists a precise relation between the stabilizers of points of the same orbit, regardless of
G being finite or infinite:
Gg;c = gngil (94)

2.5 Centralizers and Normalizers
2.6 Lattice of Subgroups

2.7 Exercises

Exercise 2.1 (Shifrin 6.2.2)

Prove that Z; = Zg. (It is crucial to remember that we multiply in Z> and add in Zg.)

Solution. Both groups are of order 6, and so Z; —which is indeed a group (since it is the group of units
of the ring (Z7,+, x))—must be isomorphic to either Zg or S5. However, S3 is not abelian, while Z>
is, so it must be the case that it is isomorphic to Zg.

Exercise 2.2 (Shifrin 6.2.15.a/b)

The dihedral group of order 2n, denoted D,,, is given by {p*)7 : 0 < i < n,0 < j < 1} subject to the
rules p" = e, % = e, and Ypy~t = p~L.
1. Check this is really a group. That is, what is (p1)7) ™!, and what is the product (p'?)(p¥¢¢)?
2. Check that 7 = D3 and S; = Dy.

Solution. We check the properties of a group. The following identity is useful:
Wpp™ )" = (p )T = " T = = p" T =" (95)

1. Closure. From simplifying according to the first two rules, we will automatically adjust the
exponents to be i,k < n (by subtracting out multiples of n) and j € {0,1} (by subtracting out
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multiples of 2). Going case by case,
(a) j=0,1=0. p'pF = pitk.
(b) j=0,1=1. p'pFep = p'thy.
(c) j=11=0. p'pp* = p'p"~Fep = pr=Ftiap. _
(d) j=1L1=1 pipphey = phiupp"* = pipn* = ki,
2. Identity. The identity is e = p®9". We can see that ep't)) = piipie = pitOyd.
3. Inverse. We have ¥pyp~t = pp = p~! = p = p~1p~! = (¢pp)~!. Therefore,

i il p"’i ifj=0

which are both of the correct form and therefore in D,,. To verify, we see that pip"~% = p" = e,
and (p'Y)(p') = p'Yypp" Tt = p'p" T =e.
4. Associativity. Can also be proven tediously but problem only asked to state the product and
inverse.
For (b) for T, we can explicitly look at the multiplication tables and see that they are isomorphic. We
denote 71,79 as the 120 and 240 degree rotations, and f1, fo, f3 as the flips across each axis.

e p p* v pY p* e 1 r2 fi fo f3

e e o p Y pp pRp el e rm re fi fo f3
p ) 0> e P Y pY ri |t ore e fs fi fa
P | P e pop P ro |2 e r fo fs fi
» v P pY e IS p filfi fo fz e mm m
pY | pb Y PP p e p? folfe fz fi 1 m e m
1021/) Pzﬁf p (0 02 P e fs|fs fi fa re 1T e

(a) D3 () T

For S, it is tedious to write the full table, so we construct the isormorphisms using the generators. For
Sy, the symmetry group of the square consists of 8 elements: the 4 rotations rq,rg,rs, 74 (of 90, 180,
270, and 360=0 degrees), and the flips fi, f2, f3, f4 (across each axis). Now we construct the function
g : D3 — T such that f(p) =r; and f(v») = f1. Then we can see that

g(pt) =gle)=e=ri =g(p*), gW?) =gle)=e=f =g(¥)? (97)

since 90 degrees rotated 4 times is 0 degrees, the identity, and two flips across the same axis is also the
identity. Finally, we have

gWpy) = g(p™") =it =r3 = firifr = 9(¥)g(p)g(¥) (98)

Where 7"1_1 = r3 since a rotation of 270 after a 90 is the same as rotation by 360=0, and r3 = fi71 f1
is the change of basis symmetry observed in Shifrin Example 6.1.5. Therefore the rules match, making
it a homomorphism, and since the order is the same (D3 has 4 x 2 = 8 elements from looking at the
indices), this is an isomorphism.

Exercise 2.3 (Shifrin 6.3.8)

Let H C G be a subgroup, and let a € G be given. Prove that aHa~! C G is a subgroup (called a
conjugate subgroup of H). Prove, moreover, that it is isomorphic to H (cf. Exercise 6.2.12).

Solution. Let x,y € aHa™'. Then z = ahya™',y = ahya™' for some h,,h, € H. Therefore,
1. It is closed. zy = (ahza™')(ahya™t) = ahy(a ta)hya™ = ahyhya™' € aHa™! since hyh, € H
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by closure.
2. It has an identity since e € H = aea ! =aa" ! =e € aHa ".
3. It has inverses since given x € H as above with inverses x7!, we see that (aza™!)~! =
(e tz7la™! =ar~la™! € aHa™ ! since 2= € H by H being a group.
4. Associativity is inherited from G.
It suffices to show that this is injective, since the map ¢ : H — aHa ™" is surjective by definition. Given
z,y € aHa™! with z = y, we have ah,a™! = ahya™!, and multiplying by a on the right and then a=!
on the left, we get h, = hy.

1

Exercise 2.4 (Shifrin 6.3.11)

Prove that a group of order n has a proper subgroup if and only if n is composite.

Solution. We prove bidirectionally. Call the group G and subgroup H.
1. (—). Assume n is prime. Then by Lagrange’s theorem |H| must divide n, and so |H| =1 or n,
neither of which results in a proper subgroup.
2. (+). Assume G has a proper subgroup H. Since it is proper, |H| # 1,n. Then by Lagrange’s
theorem, |H| divides n, which implies that n is composite.

Exercise 2.5 (Shifrin 6.3.13)

Suppose H, K C G are subgroups of orders 5 and 8, respectively. Prove that H N K = {e}.

Solution. Let us take an arbitrary element in « € H N K and consider the cyclic group (z). B
Lagrange’s Theorem, the order |z| in H must be either 1 or 5, while the order in K must be 1,2,4, 8.
Therefore, |z| = 1 and so z = e.

Exercise 2.6 (Shifrin 6.3.17)

1. Prove that a group G of even order has an element of order 2. (Hint: If a # e, a has order 2 if
and only if a = a™1.)

2. Suppose m is odd, |G| = 2m, and G is abelian. Prove G has precisely one element of order 2.
(Hint: If there were two, they would provide a Klein four-group.)

3. Prove that if G has exactly one element of order 2, then it must be in the center of G.

Solution. Listed.

1. Assume the contrary and take H = G \ {e}. Then |H| is odd, and since no element has order 2,
every element must be associated with a unique inverse a,a~!. But this cannot happen since |H|
is odd. Therefore there must be at least one element of order 2.

2. It has at least 1 element of order 2 from (1). Now assume that there are two, call them a,b. Then
ab # a,b and ab also has order 2 since (ab)(ab) = abba = aa = e. Therefore, calling ¢ = ab, we
have ac = ca = aab = b and bc = ¢b = abb = a. This fully defines the multiplication table for
the Klein 4 group K of order 4. Therefore, by Lagrange’s theorem, we have found a subgroup
K and so |K| must divide G. However, this would mean that m must be even, a contradiction.
Therefore there is only one such unique a.

3. Given a € G with |a] = 2, we wish to show that it is an element of Z = {b € G | bz = zbVx € G}[]
Consider z = 2~ taz. We have

22 = lar)? =2 taze tar =27 VP =T lr = e (99)
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which means that z also has order 2. But since this is unique, it must be that z = a. Therefore,
by multiplying « on the left, we get

r laxr =a = ar=za (100)

2] am using the definition of center defined in Shifrin 6.3.7.

Exercise 2.7 (Assigned)

Find all group homomorphisms Z,, — Z,,. (Your answer will depend on n and m.)

Solution. Given a homomorphism, f, we must have f(0) = 0. Let f(1) = k. Note that the value of
f(1) = k completely determines the homomorphism since the image of every other [ € Z,, is defined by

FO=f0+...+1)=k+...+k (101)

l times l times

Since the image of f must be a cyclic subgroup of Z,,, we must satisfy

0=f(0)=f(1+...+1) (102)
n times
—k+...+k (103)
t."

and so m | nk. Therefore, k must be a multiple of m/ ged(n, m). So all homomorphisms are determined
by the set

am
k= ———— eNO<E<m-1 104
{ ged(n,m) | =r=n } {09
which we can see ranges from 0 < a < ged(n,m), and so the total number of homomorphisms is
ged(n, m). Note that there is always the trivial homomorphism when a = 0, i.e. everything maps to 0.
For example, if we have f : Z14 — Z21, we have k£ =0,3,6,9,12,15,18.
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3 Group Actions

3.1 Sylow Theorems

3.2 Exercises
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4 Classification of Groups

4.1 Direct Products
Definition 4.1 (Direct Product)

The direct product of two groups (G, ) and (H, %) is the set
GxH={(g9,h) | g€ G,he H} (105)

equipped with the operation
(91, h1) - (g2, h2) = (91 - g2, h1 * ha) (106)

Proof. 1t is pretty trivial to see that this is a group.

Example 4.1 (General Affine Group)

The general affine group is defined

GA(V) = Tran(V) x GL(V) (107)

Example 4.2 (Galileo Group)

The Galileo Group is the transformation group of spacetime symmetries that are used to transform
between two reference frames which differ only by constant relative motion within the constructs of
Newtonian physics. It is denoted

Tran R* x H x O(3) (108)

where H is the group of transformations of the form

(z,y,2,t) — (z+at,y + bt, z + ct, ) (109)

Example 4.3 (Poincaré Group)

The Poincaré Group is the symmetry group of spacetime within the principles of relativistic mechan-
ics, denoted
G = TranR* x O3, (110)

where Og; is the group of linear transformations preserving the polynomial

Py b (1)

4.2 Semidirect Products
4.3 Classification of Finite Abelian Groups

Theorem 4.1 (Groups of Order 1, 2, 3)

We have the following.
1. There is only one group of order 1.
Z1 >~ Sl >~ AQ (112)
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2. There is only one group of order 2.
ZQ ~ SQ >~ D2 (113)
3. There is only one group of order 3.
Z3 = As (114)
Theorem 4.2 (Groups of Order 4)
There are two groups of order 4.
Zy, Z3 ~ Dy (115)

4.4 Group Extensions

4.5 Classification of Simple Groups of Small Order

Theorem 4.3 (Classification of Simple Groups of Small Order)
The following are the only groups of order n. You can notice that it is dominated by direct products
of cyclic groups, since they exist for every order, while the other types increase in order very fast.
n | Abelian Groups Non-Abelian Groups
1 | {e} (trivial group) None
2 | Zy = S, =Dih(1) None
3 Zg = A3 None
4 Z4, ZQ X ZQ = Dlh(2) None
5 | Zs None
6 ZG = Zg; X Z2 53 = Dlh(3)
7 | Z7 None
8 | Zg, Ly X Lo, Ty X Ly X Lo D4 = Dih(4), Qs (quaternion)
9 Zg, Zg X Zg None
10 ZlO = Z5 X Zg D5 = D1h<5)
11 | Z1x None
12 Z12 = Z4 X Zg, ZG X ZQ, ZQ X ZQ X Zg A4, D6 = Dlh(6), Zg X Z4 (dlcychc)
Figure 8: Classification of groups up to order 12.

4.6 Exercises
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5 Rings

We have extensively talked about groups, and now we look at an algebraic structure called a ring that has
two operations. As we introduce rings, we will use the integers as the primary structure to demonstrate our
theorems, along with the ring of continuous functions and the ring of matrices.

Definition 5.1 (Ring)

A ring is a set (R, 4+, X) equipped with two operations, called addition and multiplication. It has
properties:
1. R is an abelian group with respect to +, where we denote the additive identity as 0 and the

additive inverse of x as —z.
2. R is a monoid with respect to x, where we denote the multiplicative identity as 1, also known as

the unity.
3. x is both left and right distributive with respect to addition +

ax(b+ec)=axbt+axc (116)
(a+b)xc=axc+bxc (117)

for all a,b,c € R.
If x is commutative, R is called a commutative ring.

In fact, in some cases associativity (in multiplication) or the existence of the multiplicative identity is not
even assumed, though we will do it hereE] It turns out that the existence of a multiplicative inverse, also
called a unity, forces addition to be abelian. Try computing the product (14 1)(a +b) in two different ways.

I+1)(a+b)=1a+b)+1(a+b)=a+b+a+Dd (118)
I4+Da+b)=1+1a+1+1)b=a+a+b+bd (119)

and so from the group properties, we necessarily have b+ a = a + b.

Rings

TN

Commutative Rings Domains

L

Integral Domains

l

UFDs
PIDs
Euclidean Domains Division Rings

Fields

Figure 9: Basic hierarchy of rings with UFDs included.

Since a ring is a group with respect to addition, we know from [I.3]that additive inverses are unique. However,
we can say a little more with rings because of the distributive property.

2If a multiplicative identity is not assumed, then this is called an rng, or a rung.
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Lemma 5.1 (Additive Inverses)

Let R be a ring. Then, for all a,b € R,

1. 0a = a0 =0.

2. (—a)b = a(-b) = —(ab).

3. (—a)(=b) = ab.

4. The identity 1 is unique and —a = (—1)a.

Proof. We can see that

-141=0 = (-1+1)xa=0xa (120)
(121)

and therefore by definition —1 X @ must be the additive inverse.

We will provide some examples of rings, though we have not properly defined some of them yet. We have
only properly defined the power set ring and the integer ring in set theory. As for the rest, I hope the reader
is familiar enough with these materials to at least recognize that they are rings.

Example 5.1 (Power Set)

Given a set X, (2%, A, N) is a commutative associative ring with respect to the operations of symmetric
difference M AN = (M\N)U(N\ M) and intersection. The additive identity is ) and the multiplicative
identity is X. We can clearly see that both operations are commutative and N is associative.

MAN=(M\N)UN\M)=NAM

MAN=NNM
MANNP=(MNN)NP=MN(NNP)

Example 5.2 (Number Systems)

(Z,+, %), (Q,+, x), (R,+, x), (C,+, x) are all commutative rings, with additive and multiplicative
identities 0 and 1.

Example 5.3 (Matrix Rings)

The set of matrices R”X”E] forms a noncommutative ring under matrix addition + and multiplication
x. It has the additive and multiplicative identities 0 and I,,. This forms a non-commutative ring for
n > 1, even when R is commutative.

%really over any field and even more generally a ring R

Example 5.4 (Polynomials)

The set of all polynomials over the reals are a ring.

Example 5.5 (Continuous Functions)

The set of all continuous functions f : R — R is a ring under point-wise addition and multiplication.
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Next, just like how we did for groups, we can talk about subrings.

Definition 5.2 (Subring)

Given ring (R, +, X) a subring (S, +, x) is a ring such that S C R. S is called a proper subring if
S C R.

Example 5.6 (Quadratic Field)

Let D € Q be a square-free rational number (as in D cannot be expressed as the perfect square of
another rational). Now let us consider the set

Q(VD) = {a+bVD | a,bec Q} (122)

2
equipped with component-wise addition and multiplication where v D = D and the rational commute
with v/ D. This is indeed a commutative subring of R.

Example 5.7 (Gaussian Integers)

The Gaussian integers is the set

Z[il ={a+bi|a,beZ} CC (123)

2

equipped with component-wise addition and multiplication where ¢“ = 1 and reals commute with 3.

This is indeed a commutative subring of C.

Theorem 5.2 (Intersections of Subrings is a Subring)

If Sy, S5 are subrings of R, then S; N Ss is a subring.

Finally, we will mention a product ring.

Definition 5.3 (Direct Product of Rings)

Given rings (R, +rg, Xg) and (S, +g, Xg), the direct product of the rings is the set R x S with the
operations

L. (r1,81) + (r2,82) = (r1 +R 72,51 +5 52).

2. (7"1781) X (T‘2782) = (7"1 XRT2,851 X8 82).

Proof. The proof is standard.

5.1 Ring Homomorphisms

So far, we have talked about many properties of rings but have not thoroughly gone over their classification.
This is what we will do in this section, just like how we have classified groups. It turns out that classifying
rings is significantly harder to do so, so we will talk about some low-order finite rings and provide some
examples of isomorphisms between more complex rings.
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Definition 5.4 (Ring Homomorphism, Isomorphism)

A ring homomorphism f: R — S is a function that satisfies for all a,b € R
1. fla+b) = f(a) + £(b)
2. Fab) = f(a)f(b)
3. f(1r) = 147
for all a,b € RE] Furthermore,
1. A ring isomorphism is a bijective ring homomorphism, and we call rings R and S isomorphic,
denoted R ~ S if there exists an isomorphism between them.
2. A ring endomorphism is a ring homomorphism onto itself.
3. A ring automorphism is an isomorphism from a ring to itself.

%The reason we need this third is that while f is a group homomorphism with respect to 4, it automatically follows
that f(0) = 0. However f is only a monoid homomorphism w.r.t. X, and so we need this extra constraint.

bNote that the first is equivalent to it being a group homomorphism between (R,4+) and (S, +). The second property
may look like it is a group homomorphism between (R, x) and (S, X), but remember that neither are groups and it
just states that closure distributes. Combined with the fact that the multiplicative identity matches, f is really a
homomorphism of monoids.

Example 5.8 (Homomorphisms of Rings)

We provide some simple examples of ring homomorphisms.

. The identity map ¢ : R — R is a ring automorphism.

. If R C S as rings, then the canonical injection map ¢ : R — S is a ring homomorphism.
. Complex conjugation z € C +— z € C is a ring automorphism.

. Differentiation is a ring automorphism over the polynomial ring R[z].

=W N

Definition 5.5 (Kernel)

The kernel of a ring homomorphism f: R — S is the preimage of 0 € S[7]

“Note that this is the additive identity, not the multiplicative identity. We must specify which identity, unlike a group
which has just one identity.

Lemma 5.3 (Images and Kernels of Ring Homomorphisms)

If f: R — S is a ring homomorphism, then
1. Im f is a subring of S.
2. f is injective iff ker f = {0}.

Proof. For the first claim, let z,y,z € Im f. Then z = f(a),y = f(b),z = f(c) for some a,b € R.
1. Closed under Addition. x +y = f(a) + f(b) = f(a +b) € Im f.
2. Associative under Addition. (x +y) + 2z = fla+b)+ f(c) = f((a+b)+¢) = fla+ (b+¢)) =
Fa)+ [b+e) =2+ (y+2)
3. Additive Identity. f(0) =0
4. Additive Inverses. We claim that 2! = f(a)™! = f(a™!). Indeed, we have f(a)f(a™!) =
flaa) = f(1) = 1.
5. Closed under Multiplication. xy = f(a)f(b) = f(ab) € Im f.
6. Multiplicative Identity. f(1) = 1.
For the second claim, we prove bidirectionally.
1. (—=). Let ker f # {0} and call its nonzero element k. Then, f(a+ k) = f(a)+ f(k) = f(a)+0
f(a), and so f(a) = f(a+ k), which means f is not injective.
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2. (+). Assume that f is not injective. Then there exists a,b € R s.t. f(a) = f(b). This means
that 0 = f(a) — f(b) = f(a—b), and so a — b € ker f.

Note that ker f is not a subring, and we can quickly verify this by noticing that the identity element does
not necessarily have to be in the kernel. However, we will see later that this is a specific instance of a more
general structure called an ideal.

Theorem 5.4 (Compositions of Ring Homomorphisms)

Compositions of ring homomorphisms are ring homomorphisms.

Proof. Let R 1.8 % T be two ring homomorphisms. We can see that
L (go f)la+b)=g(f(a)+ f(b) = g(f(a)) + g(f(b)).
2. g(f(ab)) = g(f(a)f (b)) = g(f(a)) + g(f (b))
3. 9(f(1r)) = g(1s) = 1r

Now let’s focus a bit more on ring isomorphisms. The following should be intuitive.

Lemma 5.5 (Inverse of Ring Isomorphism is an Isomorphism)

If f: R— S is a ring isomorphism, then f~! is a ring isomorphism.

Proof. Since f is a bijection, f~! is well defined and is a bijection. Now let =,y € S, which implies
that z = f(a),y = f(b) for a unique a,b € R. Now we see that f~! satisfies the 3 properties of a ring
homomorphism.

L f Yo 4y) = f 1 (F@)+ F0) = F A (flat ) =a+b=f(a) + ' (b).

2 1 (ay) = 11 (F@)f() = [ (F(ab)) = ab= F () f~(b).

3. f7(15) = 1g.
Therefore, as a bijective ring homomorphism f~! is also a ring isomorphism.

5.2 Characteristics

Note that given a ring R, we can pay attention to the subring (1). This must either be isomorphic to Z or
Zy, so we can think of it being embedded in R.

Theorem 5.6 (Integer Ring Exists in Any Ring)

For every ring R, there exists a unique ring homomorphism f : Z — R.

Proof. We know that f(1z) = 1g, and so for n > 0,

flnz) = f(lz 4+ ...+ 1z) (124)
=f(z)+ ...+ f(1z) (125)
=1lr+...4+1g (126)
=ng (127)
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Similarly, we have

f(=nz) = f(-1z — ... = 1z) (128)
= f(lz) —... = f(1z) (129)
- dp—...—1n (130)
= —ng (131)

Since Z is a PID, ker f—which is an ideal—must be principal, and so ker f = (m) for some m € Z.

Therefore, this motivates the following attribute of a ring, i.e. the smallest (m) that embeds (an injective
homomorphism) into the ring.

Definition 5.6 (Characteristic Number)

The characteristic of ring R, denoted char(R), is defined equivalently.
1. Tt is the smallest number of times one must successively add the multiplicative identity 1 to get
the additive identity 0.
1+41+...+41=0 (132)

If no such number n exists, then char(R) = 0.
2. Tt is equal to m, where ker f = (m) for the homomorphism defined aboveﬂ

%Note that m always exists since Z is a PID.

Often, it is not obvious whether two given rings R and S are isomorphic. The characteristic number is
preserved across ring isomorphisms and therefore is a good sanity check.

Theorem 5.7 (Preservation of Characteristic Number in a Ring Homomorphism)

R ~ S = char(R) = char(9).

Proof.

However, the converse is not true! If so, we would have completely classified all rings just based on their
characteristic number, and the study of rings would end pretty soon.

Example 5.9 (Same Characteristic does not Imply Isomorphic)

There exists no isomorphism from Z to R.

Theorem 5.8 (Wilson’s Theorem)

Let p € N be prime. Then
(p—1)!I=-1 (mod p) (133)

5.3 Divisors and Reducibility

Note that we do not assume that there exists multiplicative inverses in a ring. However, there may be some
elements for which multiplicative inverses do exist, i.e. a,b € R where ab = 1.
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Definition 5.7 (Unit)

A unit of a ring R is an element v € R that has a multiplicative inverse in R. That is, there exists a
v € Rst ww=vu=1.

Example 5.10 (Units and Non-Units)

A ring R may have either none (except for 0 and 1), some, or all of its elements as units.
1. Z has no non-unity element that is a unit. For example, given z € Z, there is no element of the
form 1/z.
2. In Q, every nonzero element is a unit. Given any element of form % € Q, the element % is the
multiplicative inverse.
3. In Zg, the units are 1,3,5,7as1-1=3-3=5-5=7-7 = 1. However, 0,2,4,6 are not units
since you can look in mod 2.

Another property that we would desire is some sort of decomposition of ring elements as other ring elements.
More specifically, the existence of elements a, b such that ab = 0 will be of particular interest to us.

Definition 5.8 (Left, Right Divisor)

Let a,b,r € R a ring.
1. If ab = r, then a is said to be a left divisor of  and b a right divisor of r.
2. a is said to be a left divisor of r if it is a left divisor and a right divisor of r: ax = ya = r, but =
does not necessarily equal y.
3. If ab = 0, then a and b are said to be a left zero divisor and right zero divisor, respectively.
If R is commutative, then we just call a a divisor of r or a zero divisor[]

%q is a right divisor of b <= Jz(za =b) <= Jz(ax =b) <= a is a left divisor.

Definition 5.9 (Reducibility of Elements)

Let R be a commutative ring and r» € R be nonzero and not a unit.
1. Then r is irreducible in R if whenever r = ab with a,b € R, at least one of a, b is a unit in R.
2. Otherwise, r is said to be reducible, and a, b are said to be factors

Note that reducibility is slightly different than the existence of divisors of an element. r may have divisors,
but they could also be units. Therefore, irreducibility is weaker than having no divisors. This should not be
mixed up with prime/composite elements either, which we have not defined

Lemma 5.9 (Units and Zero Divisors are Mutually Exclusive)

An element a € R can never be both a unit and a zero divisor.

Proof. Let a € R be a unit. Then 1 = ab for some b € R. Now if a was a zero divisor, then ra = 0 for
some 1 € R. However, we have r(ab) = rl =r # 0 = 0b = (ra)b, which contradicts associativity.

Let’s go through some examples to see that we can have widely differing behavior in terms of divisors.

43/ [196]



Abstract Algebra Muchang Bahng August 2021

Example 5.11 (Left Divisor But Not Right Divisor in Matrix Ring)

_ Z ZQ _ r Yy
=6 2)-{0 Y
This should be checked that it is a ring. Let

0= (g 2) b= (8 é) (135)

Then, we can see that ab = 0 but ba # 0. That is, b is a right zero divisor of a, but b is not a left zero
divisor.

Let us define the ring

x,z2 €L,y € ZQ} (134)

Note that 0 is divisible by every element since 0a = 0 for all ¢« € R. Furthermore, if p was a unit, then it
can always be multiplied by p~! and then by any a € R to get the factorization a = (ap~!)p. So p as a unit
would divide every element in R.

Example 5.12 (Prime and Composite Elements)

An element in a ring R may either be prime, composite, or neither.

1. In Z, 2 is prime but 6 = 2 - 3.

2. In Q, there are no such things are prime or composite elements since every nonzero element is a
unit.

3. In Zs, every nonzero element is a unit since 2-3 = 4 -4 = 1, so calling the elements prime or
composite does not make sense.

4. In Zg, 2,4 are not units, so they must be either prime or composite. It turns out that 2 is prime
and 4 = 2 - 2 is composite.

Therefore, in a general ring there is too little structure to determine much about the divisibility of elements.
The following lemma is all we have.

Lemma 5.10 (Divisibility of Linear Combinations of Rings Elements)

Let R be a commutative ring and a,b,d € R. If d | a and d | b, then d | (ma + nb) for any m,n € R.

One may also intuit that when a | b, @ must be “less than” b. First, in a ring without an order or a norm,
this statement doesn’t really make sense, and you can indeed have two distinct elements that are divisors of
each other!

Example 5.13 (Two Distinct Elements are Divisors of Each Other)

In Z12, we have
1. 2110 since 10 =2 -5, and 10| 2 since 2 = 10 - 5.
2.3|9since9=3-3and 3|9since3=9-7.

Therefore, this motivates the following definition.

Definition 5.10 (Associate Elements)

Elements a and b are associated, denoted a ~ b if either of the following equivalent conditions holds
1. alband b]|a.
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2. a = ub, for some unit u € R.
This forms an equivalence relation.

Proof. We first prove the equivalence.

1. Assume that a | band b | a. Then a | b = b = ra for some r € R. Furthermore, b | a = a =
gb for some g € R. Therefore, we have b = ra = (rq)b, and so rq = 1, which means r, ¢ must be
units.

2. Assume that a = ub for some unit v € R. Then, b | a. Now, we can multiply by u~! to get
v la=b = alb.

To prove that this is an equivalence relation, we prove the following properties.

1. Reflexive. a ~ a since a = la.

2. Symmetric. If a ~ b, then a | b and b | a, implying that b ~ a.

3. Transitive. If a ~ b,b ~ ¢, then there exists units u,v € R s.t. a = ub,b = ve, and so a = (uv)c,
where uo is a unit with (uv)~! = v~ 1y~

Example 5.14 (Associate Elements in a Commutative Ring)

We present some examples of associate elements.
1. In Z, £6 are associate elements since 6 = —1 - 6, where —1 is a unit.
2. In Z[i], 1 +14, 1 — i are associate elements since 1+ i = i(1 — ¢), where ¢ is a unit since i - —i = 1.
3. As above, in Zi5 the elements 2, 10 are associate elements since 2 = 5 - 10, where 5 is a unit since
5-5=1.

Remember that for commutative rings, distinguishing left and right divisors are meaningless, and so we can
talk about just divisors. Almost all rings that we will deal with are commutative, so let’s try to find some
properties of commutative rings.

Definition 5.11 (Greatest Common Divisor)

Let R be a commutative ring and let a,b € R with b # 0. The greatest common divisor of elements
a and b—denoted ged(a, b)—is an element d € R satisfying:

l.d|aand d|b

2. if k| aand k| b, then k | d.
If ged(a, b) = 1, then a and b are said to be relatively prime.

Note that in an arbitrary commutative ring, the gcd of two elements always exists since we can at least
identify 1, but there may not be a unique ged.

5.4 Ideals

Now assuming that R and S are commutative rings, let’s consider a special sort of subset of a commutative
ring. Consider the kernel of the ring homomorphism. We can see that if a,b € ker(f), then f(a 4+ b) =
fla)+ f(b) =040 = 0, and so ker(f) is closed under addition. Furthermore, a € ker(f) and any b € R
gives f(ab) = f(a)f(b) = 0f(b) = 0, and so multiplying any element in the kernel by an arbitrary element
in the rings keeps it in the kernel. We would like to generalize these properties into an ideal.

Definition 5.12 (Ideals)

For a commutative ring (R, +, X), a two-sided ideal—or ideal—is a subset I C R satisfying
1. a,bel — a+bel.
2.ael,reR = ra=ar eIl
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If R is not necessarily commutative, then we ra # ar in general, so we may distinguish between left
and right ideals.

“Note that this property and closure under addition actually implies that it is an abelian subgroup under addition,
since we can see that —1 € R and a € I implies —1-a=—a € I.

Therefore, we can see that it is an abelian group under + and closed under x. However, it is not guaranteed
to have a multiplicative identity, which is why we can interpret I as a ring without a multiplicative identity,
also known as a rung. Ideals are analogous to normal subgroups, which were used to induce a congruence
relation on a group to get its quotient. Ideals play a similar role.

Example 5.15 (Matrix with Last Row of Zeros)

Let R be the set of all n x n matrices. Then
1. The set of all n X n matrices whose last row is zero forms a right ideal, but not a left ideal.
2. The set of all n x n matrices whose last column is zero is a left ideal, but not a right ideal.

Example 5.16 (Multiples of Elements Are an Ideal)

We give 2 ideals:

1. The set of even integers 2Z is an ideal in the ring Z, since the sum of any even integers is even
and the product of any even integer with an integer is an even integer. However, the odd integers
do not form an ideal.

2. The set of all polynomials with real coefficients which are divisible by the polynomial 2 4 1 is
an ideal in the ring of all polynomials.

Let’s talk about a few more properties of ideals, namely their construction and behavior under set theoretic
operations.

Theorem 5.11 (Sum and Intersection of Ideals are Ideals)

Given two ideals I,J C R,
1. I'NJ is an ideal.
2. I+J={i+jliel,je J}is an ideal.

Proof. Listed.

1. INJ is an ideal. Given a,b € INJ, thena, b€l = a+bel,anda,beJ = a+be J.
Soa+be InJ. Furthermore, for every r € R,a €l = ra€landa € J = ra € J, so
acelnNJ = raclInl.

2. I+ J is an ideal. Given z,y € I + J, then x = a; + b, and y = ay, + b, for a;,a, € I,b;,b, € J.
So

z+y=(az+0bz)+ (ay +by) = (az + ay) + (by + by) (136)

where a, +a, € I,b, + by € J by definition of an ideal, and so x +y € I 4+ J. Noe let
r=a;+b; € [+ J. Then given r € R,

re =r(ag; + by) = ra, + by, (137)

where ra, € I and rb, € J since I, J are ideals. Therefore rx € I + J.
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Theorem 5.12 (Preimage of Ideals are Ideals)

If f: R— S is a ring homomorphism of commutative rings J C S is an ideal, then f~!(J) is an ideal
of R.

Proof. We prove the two properties of an ideal.
1. Consider a,b € f~1(J) C R. Then f(a+b) = f(a)+ f(b) € J = a+be f71(J).
2. Consider 7 € R and a € If~1(J). Then, f(ra) = f(r)f(a) where f(r) € S and f(a) € J. So
f(r)f(a) = f(ra) e J = raec f~1(J).

Example 5.17 (Image of Ideal is Not Necessarily an Ideal)

It is not true in general that for an ideal I C R and a ring homomorphism f : R — S, the image f(I)
is an ideal of S.

Given the two examples above, let’s formalize the idea of an ideal consisting of all multiples of a specific
element a. This sounds pretty familiar to generators of groups.

Definition 5.13 (Generators of Ideals)

Given a commutative ring R, the ideal generated by a € R is denoted
(a) ={ra|r € R} (138)
and more generally, we may have multiple generating elements.

(a1,...,an) ={ria1 +...rnan | r1,...,7 € R} (139)

A good—yet not completely accurate—intuition to have about ideals is that they are the set of multiples
of a certain element. This technically isn’t true in general, but if this intuition is true, then we call this a
principal ideal.

Definition 5.14 (Principal Ideals)

A principal ideal is an ideal generated by a single element: I = (a).

Example 5.18 (Some Principal Ideals)

Let’s take a look at some examples and non-examples of principal ideals.
1. In any ring R, the sets {0} = (0) and R are principal ideals.
2. The set of all even integers 2Z = {...,—4,—2,0,2,4,...} is a principal ideal generated by 2 € Z.
3. The set of all imaginary multiples iZ = {ai | a € Z} is a principal ideal (i) C Z[i].

What is nice about principal ideals it that they “encode” the divisors.

Theorem 5.13 (Principal Ideals and Divisors)

Given a commutative ring R and a,b € R, the following are equivalent.
1. b|a.
2. a € (b).
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3. (a) C (b).

Proof.

This allows us to define the GCD with ideals.

Corollary 5.14 (GCD as a Minimal Ideal)

Let R be a commutative ring, a,b € R, and I = (a,b). Then d is the greatest common divisor if
1. I is contained in the principal ideal (d).
2. If (d’) is any principal ideal containing I, then (d) C (d’).

Proof.

That is, a greatest common divisor of a, b is a generator for the smallest principal ideal containing a and b.
However, there are cases in which the gcd is not unique, and hence there are multiple elements d,d’ that
generate such a minimal ideal! This can happen in two ways: either (d) = (d'), or both principal ideals
(d), (d') contain a and b but are not contained in each other.

Example 5.19 (Two Distinct Elements can Generate the Same Ideal)

Continuing on our example from before, let’s verify that the associate elements indeed generate the

same ideal.
1. For +£6 € Z, we indeed have

6)=1{...,-12,-6,0,6,12,...} (140)
(—6) ={...,12,6,0,—6,—12,...} (141)

2. For 1+14,1—1i € Z[i], every element in (1 +4) is of the form (1 +14) for some r € Z[i]. Therefore,
r(141) = ri(—i)(1 +1) = ri(1 — ) € (1 — 1) (142)

for some ri € Z[i], implying that (1 4 ¢) C (1 —4). The reverse inclusion is the same logic.
3. Given 2,10 € Zi4, let us write out their ideals.
(2) ={0,2,4,6,8,10} (143)
(10) = {0,10,20 = 8,18 = 6,16 = 4, 14 = 2} (144)

This gives us a hint as to what these elements are.

Theorem 5.15 (Elements that Generate Same Ideal are Associated)

Given commutative ring R and a,b € R, a and b are associate elements if and only if (a) = (b).

Proof. We prove bidirectionally.
1. (=). Let a,b € R be associate elements. Then there exists a unit u € R s.t. a = ub. Therefore
{a) C (b). On the other hand, b = u~'a, and so (b) C (a).
2. (+). Let (a) = (b). Then this implies that a | b and b | a, and so they are associate elements.

Now that we have learned ideals, we can define prime ideals and prime elements.
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Definition 5.15 (Prime Ideal)

An ideal P of a commutative ring R is prime if it has the following two properties.
1. If a,b € R where ab € P, then either a € P or b € P.
2. PCR.

Definition 5.16 (Prime Elements)

Let R be a commutative ring and p € R be nonzero and not a unit. p is prime if either of the equivalent
conditions is true.

1. The ideal (p) is a prime ideal.

2. Whenever p | ab for any a,b € R, then either p | a or p | b.

The final property of ideals is whether it “almost” fills up the whole ring in that it is maximal.

Definition 5.17 (Maximal Ideal)

Let R be a commutative ring and I C R an ideal. [ is maximal if there exists noideal Js.t. I C J C R.

5.5 Quotient Rings

What is nice about ideals is that they induce not just an equivalence relation—but a congruence relation—on
a ring, which is a generalization of working in the integers modulo n.

Theorem 5.16 (Equivalence Relation Induced by an Ideal)

Given a commutative ring R and an ideal I C R, we say that two elements a,b € R are congruent
(mod I), written a =b (mod I) iff a — b € I. We claim two things:

1. = is an equivalence relation.
2. = is a congruence relation. Given that a =a’ (mod I) and b =b" (mod I),
a+b=ad +b (modI), ab=a't/  (mod I) (145)

Occasionally, if the ideal I is clear from context, we will write a = b.

Proof. We first prove that = is indeed an equivalence relation.

1. Reflexive. a = a (mod I) is trivial since a —a =0 € I.

2. Symmetric. f a =b,thena—-bel = —(a—b)=—-a+b=b—acl = b=a.

3. Transitive. If a =b and b = ¢, then a —b € I and b— ¢ € I. Since [ is an additive group and so

it is closed under addition, so (a —b)+ (b—c¢)=a—c€l = a=c.

Note that so far, we have only used the group property of ideals to prove that is is an equivalence class.
Now for congruence of multiplication, we need the ring properties.

l.a=d, b=V = (a—4d),(b—"V) € I. By adding them together and distributivity, we have

a—ad +b—b =(a+b)—(d+b)el = a+b=d +V (mod]I) (146)

2. Weseethata € R, (b—V') € I = a(b—0') € I. Similarly, V/ € R,(a—d') € ] = (a—a')b' € I.
Now adding the two, we have

alb—b)+ (a—ad)b =ab—ab +abl —d'V/ =ab—d'b €I = ab=2d'V/ (mod I) (147)

This quotient space maintains a lot of nice properties of the algebraic operations, and so we can form a new
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ring structure with this quotient space.

Definition 5.18 (Quotient Rings, Rings of Residue Class)

The quotient space R/I induced by the mapping a — [a] is indeed a commutative ring, called the
quotient ring, with addition and multiplication defined

[a] + [b] == [a + ], [ab] == [a] [b] (148)
Proof. Note that the properties of the operation in % inherits all the properties of the addition

operation on M that are expressed in the form of identities and inverses, along with the existence of
the zero identity.

M
0 € M = [0] is the additive identity in bl
a+(-a)=0 = [a] +[-a] = [0]

M
1 e M = [1] is the multiplicative identity in b

Theorem 5.17 (Quotient Maps are Homomorphisms)

The map p: R — R/I is a ring homomorphism.

Proof. This is true by definition since we have made = a congruence relation.

Example 5.20 (Quotient Rings of Integers)

The quotient set Z/(n) by the relation of congruence modulo n is denoted Z,,.

Zn, = {[0ln, Uy -y [n—1n} (149)

Note that the quotient ring (Z/(n),+, x) is precisely the cyclic quotient group Z, = Z/6Z when
considering only addition. We list some quotient rings of the integers.

1. In Zs = Z/(5), the elements [2] and [3] are multiplicative inverses of each other since [2][3] =
[6] = [1], and [4] is its own inverse since [4][4] = [16] = [1]. The addition and multiplication tables
for Zs is shown below.

2. Consider the ideal I = (2) C Zg. Wehave 0 =2=4 (mod I) and 1 =3 =5 (mod I), and so the
quotient ring Zg/I consists of the two equivalence classes [0] and [1].

Example 5.21 (Quotient Rings of Polynomials)

We list some quotient rings of polynomials.

1. Consider Q[z]/(2% —2). We can see that any polynomial f € Q[z] is equivalent (mod I) to a
linear polynomial, since 22 = 2. Alternatively we can apply the division algorithm to replace
f(x) by its remainder upon division by #? — 2, and thus in the quotient ring, [x] plays the role of
v/2, which may indicate that Q[z]/(z? — 2) = Q[v/2].

2. Consider Zs[z]/{z? + x + 1). As in the previous example, any polynomial in Zy[x] is equivalent
to a linear polynomial since 22 = x + 1 (mod I). Therefore the elements of the quotient ring are
[0], [1], [=], [z + 1] with the addition and multiplication tables.

50/ [196]



Abstract Algebra Muchang Bahng August 2021

+ | 0 1 z w41 - o 1 z w41
0 0 1 T z+1 0 0 0 0 0
1 1 0 z+1 T 1 0 1 T z+1
T T z+1 0 1 T 0 T z+1 1
z+1|z+1 T 1 0 z+1]0 x+1 1 T
(a) (b)

Note that just like how quotient topologies do not preserve topological properties, as shown and
quotient rings inherit some—but not all—ring properties. It obviously inherits commutativity since the
quotient space is constructed with a congruence relation. However, the characteristic is changed.

Just like in group theory, we have a method of constructing isomorphisms between cleverly chosen rings S
and a quotient ring R/I. This seems to be a common pattern here when considering groups, rings, and
topological spaces... This will be investigated more in category theory.

Theorem 5.18 (First Isomorphism Theorem for Rings)

Let R and S be commutative rings, and suppose f : R — S be a surjective ring homomorphism. Then
this induces a ring isomorphism
R/ker f ~ S (150)

satisfying ¢ = ¢ o 7.

R—2 5

[
R/ ker(¢)

Figure 11: The theorem states that the following diagram commutes.

Proof.

A direct application of this is the Chinese remainder theorem.

Corollary 5.19 (Chinese Remainder Theorem)

Given a commutative ring R, let I, J C R be ideals such that I + J = R. Then,

w4+»§x§, r s (71 [7) (151)

with component-wise quotient mappings is a surjective ring homomorphism with ker# = I'NJ. By the
fundamental ring homomorphism theorem, it immediately follows that

R RR
J

InJg I (152)

Proof. Since I +J = R, there exists i € [ and j € jst. i+j =1 Leta =a+1 € R/I and
b=0b+J € R/J be any elements. Then

m(aj + bi) = ([aj + bilr, [a; + bils) = ([aj]r, [bi]s) € (153)

~| =
~| =

But we have
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l.a(j+i)=a€ R = aj =a(j+1) € R/I. Therefore [aj]r = [a]s
2. b(j+i)=be R = bi=0bj+bi e R/J. Therefore [b]; = [bi],.
Therefore, we have w(aj + bi) = ([a]r, [b]s), which proves surjectivity.

Example 5.22

We claim that Zig >~ Zs5 X Zs as rings. In fact, the whole isomorphism is defined with the mappings

f(1,1) =1.

Example 5.23 (Chinese Remainder Theorem on Integers)

Suppose that we are solving the system of linear conguence equations
x=0b; (mod my), x=by (mod mo) (154)

where my, mo are coprime. The Chinese remainder theorem says that there exists a solution x where
any two solutions 1, zo are congruent modulo N. We can think of each equation as modeling x as
living in an ideal specified by the isomorphism

Z Z Z

. LA 4L ¢
g — X — z (mod N) = (z (mod mi),z (mod ms)) (155)

¢

Therefore, for doing a sequence of arithmetic operations in Z/NZ, we can do in each component ring
and then get the result by applying the isomorphism backwards. This isomorphism becomes

x = agbyma + a1bamy  (mod myms) (156)

where 1 = aymq + asmeo. Alternatively, we can start off with the congruences, and begin by using
Bezout’s identity on mq, me, and then multiplying by the b1, bs.

1=ai1n+ ayma (157)
b1 = a1b1m1 + agblmz (158)
by = a1bomq + asboms (159)
Then we can cleverly set
T = asbymso + a1bamy (160)

which now satisfies = asbyms (mod my) and z = a1bym; (mod ms).

5.6 Division Rings

Definition 5.19 (Division Ring)

A division ring, also called a skew field, is an associative ring where every nonzero element is
invertible with respect to x[7

%Division rings differ from fields in that multiplication is not required to be commutative.

Let’s establish the hierarchy.
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Lemma 5.20 (Division Rings are Domains)

Every division ring R is automatically a domain.

Proof. Every nonzero element is a unit and hence cannot be a zero-divisor.

Example 5.24 (Invertible Matrices)

The classic example is the ring of invertible matrices over the reals GL(R™), which is not necessarily
commutative, but is a ring in which “division” can be done by right and left multiplication of a matrix
inverse.

AAT ' =ATTA=T (161)

This implies that every element in the division ring commutes with the identity, but again commuta-
tivity does not necessarily hold for arbitrary elements A, B.

Example 5.25 (Hamiltonian Quaternions)

The real Hamiltonian quaternions
H:={a+bi+cj+dk|ab,cdeR} (162)
where addition is defined component-wise and multiplication defined by expanding
P=2=k>=1, ij=—ji=k, jk=-kj=k, ki=—ik=j (163)

where the real coefficients commute with 4, j, k. This can be proven tediously to be a division ring,
along with the rational Hamiltonian quaternions.

5.7 Exercises

Exercise 5.1 (Shifrin 1.2.1)

For each of the following pairs of numbers a and b, find d = ged(a, b) and express d in the form ma+nb
for suitable integers m and n.

(a) 14,35

(b) 56,77
(c) 618,336
(d) 2873,6643
(e) 512,360
(f) 4432,1080

Solution. Listed.
1.d=7=(-2)-14+ (1) - 35.
d=T=(—4)-56+3-77.
d=6=—25-618+ 46 -336
d=13=37-2873+ (—16) - 6643.
d=8=19 512+ (—27) - 360.
d=38=29-4432 + (—119) - 1080.

S G LN
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Exercise 5.2 (Shifrin 1.2.2)

You have at your disposal arbitrarily many 4-cent stamps and 7-cent stamps. What are the postages
you can pay? Show in particular that you can pay all postages greater than 17 cents.

Solution.

Exercise 5.3 (Shifrin 1.2.3)

Prove that whenever m # 0, ged(0,m) = |m|.

Solution.

Exercise 5.4 (Shifrin 1.2.4)

(a) Prove that if a|x and b|y, then ab|zy.

(b) Prove that if d = ged(a,b), then ged(4,2) = 1.

a b
d’d

Solution.

Exercise 5.5 (Shifrin 1.2.5)

Prove or give a counterexample: the integers ¢ and r guaranteed by the division algorithm, Theorem
2.2, are unique.

Solution.

Exercise 5.6 (Shifrin 1.2.6)

Prove or give a counterexample. Let a,b € Z. If there are integers m and n so that d = am + bn, then
d = ged(a, b).

Solution.

Exercise 5.7 (Shifrin 1.2.7)

Generalize Proposition 2.5: if ged(m, ¢) = 1 and m|cz, then prove m|z.

Solution. Let ged(m,c) = 1 and m|cz. Then there exists a,b € Z such that am + be = 1. Multiply
both sides of the equation by z to get by the distributive property

(am +bc)z = amz + bez = z (164)

ml|amz and m|cz = m|bcz. Therefore, the sum of the two, which is equal to z, must be divisible by
m. Therefore m|z.
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Exercise 5.8 (Shifrin 1.2.8)

Suppose a,b,n € N, ged(a,n) = 1, and ged(b,n) = 1. Prove or give a counterexample: ged(ab,n) = 1.

Solution.

Exercise 5.9 (Shifrin 1.2.9)

Prove that if p is prime and p|(ai1az...a,), then pla; for some j, 1 < j < n. (Hint: Use Proposition
2.5 and induction.)

Solution.

Exercise 5.10 (Shifrin 1.2.10)

Given a positive integer n, find n consecutive composite numbers.

Solution.

Exercise 5.11 (Shifrin 1.2.11)

Prove that there are no integers m,n so that (%)2 = 2. (Hint: You may start by assuming m and n
are relatively prime. Why? Then use Exercise 1.1.3.)

Solution.

Exercise 5.12 (Shifrin 1.2.12)

Find all rectangles whose sides have integral lengths and whose area and perimeter are equal.

Solution.

Exercise 5.13 (Shifrin 1.2.13)

Given two nonzero integers a, b, in analogy with the definition of ged(a, b), we define the least common
multiple lcm(a, b) to be the positive number p with the properties:

(i) alp and b|u, and

(i) if s € Z, a|s and b|s = pls.
Prove that

(a) if ged(a,b) = 1, then p = ab. (Hint: If ged(a,b) = 1, then there are integers m and n so that

1 = ma + nb; therefore, s = mas + nbs.)
(b) more generally, if ged(a,b) = d, then p = ab/d.

Solution. Listed.
1. We can simply verify the two properties. Since p = ab, a|p and b|u trivially by the existence of
b and a, respectively. As for the second property, let s € Z exist such that a|s and b|s. Since
als, s = xa for some x € Z. But since b|s, blza. Since ged(a,b) = 1 by assumption, the result
in [Shifrin 1.2.7] tells us that blx, i.e. there exists some k € Z such that & = kb. Therefore
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s = za = kba = kab = kpu. By existence of k, u|s, and we are done.

2. Given a,b with ged(a,b) = d, there exists some a/,b’ € Z s.t. a = da’,b = db’. We claim that
p = ab/d = da't/ is the lem[?] It is clear that a|u and b|p by the existence of integers b’ and o/,
respectively. To prove the second property, let s € Z with a|s and b|s. Since a|s <= da’|s, there
must exist some x € Z s.t. s = da’x. But since b|s, this means that db/|s <= db|da’z <=
b'|a’z. But ged(a’,b’) = 1 which follows from the definition of ged, and so by [Shifrin 1.2.7] it
must be the case that b'|z, i.e. there exists some k € Z s.t. « = b'k. Substituting this back we
have s = da'b'k = pk, and by existence of k it follows that u|s. Since it satisfies these 2 properties
w is the lem.

%Since division isn’t generally closed in the integers, I prefer to define ab/d this way.

Exercise 5.14 (Shifrin 1.2.14)

See Exercise 13 for the definition of lem(a,b). Given prime factorizations a = p{*---ptm and b =
pit - ophm with pg, v > 0, express ged(a,bd) and lem(a,b) in terms of pq,...,pn,. Prove that your
answers are correct.

Solution.

Exercise 5.15 (Shifrin 1.3.8)

Determine the last digit of 34°%; then the last two digits. Determine the last digit of 7°°.

Solution. We see that in mod10,
3400 = 9200 = (_1)200 = 1100 = 1 (165)

so the last digit is 1. To get the last 2 digits, we use the binomial expansion and focus on the last 2
terms.

200 200
400 _ 9200 _ (19 _ 1)200 — 101(—1)199 _1)200 1
3 9 (10—-1) + 199 0 (—1)™ + 200 (-1) (166)

since every combination of the form (Z) is an integer and all the other terms have a factor of 102, the

expansion mod100 becomes

200 200
3100 = (199>101(—1)199 + (20()) (=1)%°=200-10- (-1)* +1=1 (mod 100) (167)

and so the last two digits is 01. To get the last digit of 7°°, we see that in mod10,

79 =797 = (712 . 343 = 2401** - 343 =1* .3 =3 (168)

Exercise 5.16 (Shifrin 1.3.9)

Show that if an integer is a sum of two fourth powers, then its units digit must be 0, 1, 2, 5, 6, or 7.

Solution.
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Exercise 5.17 (Shifrin 1.3.10)

Let n = Zf:o a;10%. Prove that 13|n <= 13| (Zle a; 1071 + 4ao). (Hint: Cf. the divisibility test
for 7 in Proposition 3.2.)

Solution. We must show that

k
n=0 (mod13) <= n'=) a;10"" +4a0=0 (mod 13) (169)
i=1
We see that n =n + 39ap =0 (mod 13), and
k .
n+ 3% =Y 10%a; + 39aq (170)
i=0
k .
= 10%a; + 40aq (171)
i=1
k .
= 10( 107 a; + 4a0> (172)
i=1
= 101/ (173)
and so we have n = 10n’ (mod 13), and son’ =0 (mod 13) = n =0 (mod 13). Conversely, if n =0

(mod 13), then 4n =0 (mod 13), but 4n = 40n’ and so n’ = 40n’ = 4n =0 (mod 13). Therefore both
implications are proven.

Exercise 5.18 (Shifrin 1.3.12)

Suppose that p is prime. Prove that if a? = b? (mod p), then a = b (mod p) or a = —b (mod p).

Solution. We have

a> =0 (modp) = a®>—b*=0 (mod p) (174)
= (a+b)(a—>b) =0 (mod p) (175)

We claim that there are no zero divisors in Z,. If mn = 0 (mod p), then by definition this means
p|mn, which implies that in the integers this must mean that p|m or p\nﬂ But since m,n Z 0, p [n
and p /m, arriving at a contradiction. Going back to our main argument, it must be the case that
a+b=0 = a=—-bora—b=0 = a=b

¢Proposition 2.5

Exercise 5.19 (Shifrin 1.3.15)

Show that if n =7 (mod 8), then n is not the sum of three squares.Show that if n =7 (mod 8), then
n is not the sum of three squares.

Solution. Let us assume that n = a? + b2 + ¢? for some a, b, c € Z. Let us consider for each integer z,
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3.

all the possible values of 22 (mod 8).

Tty

If z =1, then we see

If z = 4, then we see that

+z

— 22=0 (mod 8)
= 2’ = mod 8

( )
— 22=4 (mod 8)
— 22=1 (mod 8)
— 22=0 (mod 8)
— 22=1 (mod 8)
— 2°=4 (mod 8)
— 2°=1 (mod 8)

Therefore, a® + b* + ¢ (mod 8) can take any values of the form

(mod 8) for z,y,z € {0, 1,4}

Since addition is commutative, WLOG let z < y < z. We can just brute force search this.
1. If z=0,thenz=y=z2z=0andz+y+2=0#T.
2.

0+0+1=1
0+1+1=2
1+404+1=2
1+41+1=3
0+0+4=4
0+1+4=5
0+4+4=0
1+414+4=6
1+4+4=1
44+4+4=14

And so a® + b* + 2 # 7 (mod 8) for any a,b,c € Z.

Exercise 5.20 (Shifrin 1.3.20)

F0R oo 0

Solve the following congruences:
a.
b. 624+ 3 =1 (mod 10)

3x =2 (mod 5)

243z + 17 = 101 (mod 725)
20z = 4 (mod 30)

20z = 30 (mod 4)

492 = 4000 (mod 999)

152 = 25 (mod 35)

15z = 24 (mod 35)
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Solution. For (a),

3z=2 (modb) = 6x=4 (mod5) = z=4 (mod 5) (195)
For (b),
6x+3=1 (mod10) = 6x=-2=8 (mod 10) (196)
= 10|(6x — 8) (197)
= 5|(3z — 4) (198)
= 3z=4 (mod5) (199)
= 3z=9 (mod5) (200)
= =3 (mod5) (201)
For (g),
150 =25 (mod 35) = 35|(15z — 25) (202)
= 7|(3x — 5) (203)
= 3z=5 (mod?7) (204)
= 3z =12 (mod7) (205)
= =4 (mod7) (206)

Exercise 5.21 (Shifrin 1.3.21)

Use the Chinese Remainder Theorem, Theorem 3.7 (or its improvement, Theorem 3.8), to solve the
following simultaneous congruences:
a. =1 (mod 3), z =1 (mod 5)
b. =1 (mod 4), x =7 (mod 13)
=3 (mod 4), x =4 (mod 5), x =3 (mod 7)
192 =1 (mod 140) (Hint: factor 140 and see Exercise 11.)
=3 (mod 9), z = 18 (mod 24)
x =4 (mod 105), z = 29 (mod 80)
x =11 (mod 142), x = 25 (mod 86)

W@ oo 0

Solution. For (b), we see that 4 and 13 are coprime with —3 -4+ 1-13 = 1. Therefore, by the Chinese
remainder theorem

x=1-1-124(-3)-7-4 (mod 52) = = =33 (mod 52) (207)

For (c), we solve the first two congruences x = 3 (mod 4) and x = 4 (mod 5). 4 and 5 are coprime
with —1-4+41-5 = 1. Therefore, by CRT

xr=-1-4-441-5-3 (mod20) = z=-1 (mod 20) (208)

Then we solve z = —1 (mod 20) with the final congruence x = 3 (mod 7). We see that 20 and 7 are
coprime with —1-20+ 3 -7 = 1. Therefore by CRT

r=-1-20-34+3-7-—-1 (mod 140) = z =59 (mod 140) (209)
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Exercise 5.22 (Shifrin 1.3.25)

Prove that one can solve the congruence cx = b (mod m) if and only if ged(c, m)|b. Show, moreover,
that the answer is unique modulo m/ ged(c, m).

Solution. We prove bidirectionally.

1. Assume a solution exists for cx = b (mod m). Then m|(cz — b), which means that there exists
ay€Zst. my=cr—b < b= cx—my. Since d = ged(c,m), there exists ¢/,m' € Z s.t.
¢=dd and m =dm’. So

b=cx—my=d(dz—m'y) = d|b (210)

2. Assume that d|b. Then there exists a b’ € Z s.t. b =db/, and we have

ct=b (modm) < ml(cx —b) (211)
< dm/|d(cx - V) (212)
— m/|(dz -1 (213)
< dz =V (mod m’) (214)

Since ged(c/, m’) = 1% by Shifrin Proposition 3.5 the equation ¢’z = b’ (mod m’) is guaranteed
to have a solution, and working backwards in the iff statements gives us the solution for cx = b
(mod m).
We have proved existence of a solution in mod(m/d) = m’. Now we show uniqueness. Assume that
there are two solutions z = «, x = § (mod m') with « # 8 (mod m’). Then, x can be written as
x =kom' +a and x = kgm’ + 5. But we see that

0=x—a=(kam' + ) — (kgm' + B) (215)
=m'(ka — kg) + (o — B) (216)
=a—-03 (modm) (217)

which implies that & = 8 (mod m'), contradicting our assumption that they are different in modulo.
Therefore the solution must be unique.

%Since ged(e,m) = d = that there exists a y,z € Z s.t. cy + mz = d, and dividing both sides by d guarantees the
existence of y, z satisfying ¢’y + m/z = 1, meaning that gcd(c’,m’) = 1.

Exercise 5.23 (Shifrin 1.4.1)

Construct multiplication tables for Z7, Zg, Zg, and Z,5. List the zero-divisors and units in each ring.

Solution. For Z,. There are no zero divisors and the units are all elements.

(218)

Y ULk W= O X
OO OO OO oo
UL W N = O
LW O =N O
== Ot O WO Ww
WO N U O
N = O — W Ut Of ot
=N W Gt OO
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For Zsg. The zero divisors are 2,4,6. The units are 1,3,5,7.

x|0 1 2 3 4 5 6 7

0|0 OO O OOTO0ODO

110 1 2 3 45 6 7

210 2 4 6 0 2 4 6

310 3 6 1 4 7 2 5 (219)

410 4 0 4 0 4 0 4

510 5 2 7 4 1 6 3

60 6 4 2 0 6 4 2

710 7 6 5 4 3 2 1

For Z15. The zero divisors are 2,3,4,6,8,9,10. The units are 1,5,7,11.

x|0 1 2 3 4 5 6 7 8 9 10 11
o/o 0 0 00O O O O OO0 0 O
110 1 2 3 4 5 6 7 8 9 10 11
210 2 4 6 8 10 0 2 4 6 8 10
3/0 3 6 90 3 6 9 03 6 9
410 4 8 0 4 8 0 4 8 0 4 8
510 5 10 3 8 1 6 11 4 9 2 7 (220)
6 /0 6 0 6 0 6 0 6 0 6 0 6
710 7 2 9 4 11 6 1 8 3 10 5
810 8 4 0 8 4 0 8 4 0 8 4
9970 9 6 3 0 9 6 3 09 6 3
10/0 10 8 6 4 2 0 10 8 6 4 2
11/0 11 10 9 8 7 6 5 4 3 2 1

Exercise 5.24 (Shifrin 1.4.5.a/b/c)

Prove that ged(a,m) =1 <= a € Z,, is a unit.

Prove that if a € Z,, is a zero-divisor, then gcd(a,m) > 1, and conversely, provided m { a.

Prove that every nonzero element of Z,, is either a unit or a zero-divisor.

Prove that in any commutative ring R, a zero-divisor cannot be a unit, and a unit cannot be a
zero-divisor. Do you think c. holds in general?

Ll e .

Solution. For (a),

1. (=). If ged(a,m) = 1, then there exists x,y € Z such that ax + my = 1. Taking the modulo
on both sides gives az = 1 (mod m), and therefore we have established the existence of x € Z,
which implies the existence of T € Z,,.

2. (+). If we have a € Z and @ is a unit, then there exists a T € Z,, s.t. a7 =1 < az =1
(mod m), which means that m|(1 — az). So there exists an integer y € Z s.t. my =1 — ax <
ax + my = 1. By Shifrin corollary 2.4 a, m must be coprime.

For (b),

1. (=) Let @ € Z,, be a zero-divisor. Then there exists T # 0 in Z,, such that az = 0. This means:
ar =0 (mod m), so m | ax, and m { x (since T # 0). Since m | ax but m { z, some prime factor
of m must divide a. This prime factor is then a common divisor of a and m greater than 1, so
ged(a,m) > 1.

2. (<) Let a € Z, m € N where gcd(a,m) =d > 1 and m {a. Then a = a’d and m = m’d for some
a',m’ € Z. Therefore,

am’ =am’ = a’dm’ = a'm =0 (221)

Also since m { a, we have a # 0, and since m = m'd, we have m { m’ (since mta = d # m),

61/ [196]



Abstract Algebra Muchang Bahng August 2021

so m’ # 0. Therefore @ is a zero-divisor in Z,y,.
For (¢), let a € Z,, be a nonzero element. Then it must be the case that ged(a, m) = 1 or ged(a, m) > 1.
In the former case, a is a unit by (a), and in the latter case, a # 0 = m {d% and so by (b) a is a
zero divisor.

2By contrapositive m | a = a =0 (mod m) is trivial.

Exercise 5.25 (Shifrin 1.4.6.b/c/d)

Prove that in any ring R:
1. 0-a=0for all a € R (cf. Lemma 1.1);
2. (—1)a = —a for all a € R (cf. Lemma 1.2);
3. (—a)(—=b) = ab for all a,b € R;
4. the multiplicative identity 1 € R is unique.

Solution. For (a), note that 0a = (0+ 0) - @ = Oa + 0a and by subtracting Oa from both sides, we have
0 = Oa. Similarly, a0 = a(0 +0) = a0 + a0 = 0 = a0. For (b),

a+(-1)-a=1-a+(-1)-a (definition of 1)
=(1+-1)-a (left distributivity)
=0-a (definition of add inverse)
=0 (From (a)

For (c¢), note that by right distributivity,

(-1)-a+a=(-1)-a+1-a (definition of 1)
=(-14+1)-a (right distributivity)
=a-0 (definition of add inverse)
=0 (From (a)

Therefore,

(—a)(=b) = (~1-a)(~1-) (from (b))
=—-1-(a--1)-b (associativity)
=—1-—a-b (from (b))
=—-1-—1-a-b (from (b))
=(-1--1)-ab (associativity)
= lab (shown below)
=ab (definition of identity)

where (—1)(—1) = 1 since by (b), (—=1)(=1) = —(—1). We know that —(—1) is an additive inverse for
—1 and so is 1. Since the multiplicative identity is unique in a ring, —(—1) = 1. We show uniqueness
for (d). Let us have 1 # 1. Then by definition of identity,

1=11"=11=1 (222)

which is a contradiction.
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Exercise 5.26 (Shifrin 1.4.10)

1. Prove that the multiplicative inverse of a unit a in a ring R is unique. That is, if ab = ba =1
and ac = ca = 1, then b = ¢. (You will need to use associativity of multiplication in R.)

2. Indeed, more is true. If a € R and there exist b,c € R so that ab = 1 and ca = 1, prove that
b = c and thus that a is a unit.

Solution. For (a), we see that
¢ =1lec = (ab)e = (ba)c = b(ac) = b(ca) =bl =b (223)

For (b), we have
b=1b= (ca)b =c(ab) =cl =¢ (224)

Exercise 5.27 (Shifrin 1.4.13)

Let p be a prime number. Use the fact that Z,, is a field to prove that (p — 1)! = —1 (mod p). (Hint:
Pair elements of Z, with their multiplicative inverses; cf. Exercise 1.3.12.).

Solution. For p = 2, the result is trivial. Now let p > 2 be a prime. Then since F is a field, every
element a € F contains a multiplicative inverse a~!. We claim that the only values for which a = a=!
is 1,p — 1. Assume that @ = a~'. Then

a>=1 = pla®*-1) = plla+1)(a—1) (225)
and since p is prime, it must be the case that pla+1 <= a= -1 (modp) orpla—1 <= a=1
(mod p). Therefore, we are left to consider the (p — 3) elements: 2,...,p— 2. Since inverses are unique

and the inverses of inverses is the original element, we can partition these p — 2 elements into (p — 3)/2
pairs@ Let’s call the set of pairs K = {(a,b)} where b = a~!. Therefore, by commutativity and
associativity we have

p-1'=W)p-1) [] ab=-1- J[ 1=-1 (modp). (226)

(a,b)eK (a,b)eK

%Since p # 2, p is odd and therefore p — 3 is even.

Exercise 5.28 (Shifrin 2.3.2.a/b/c)

Recall that the conjugate of the complex number z = a + bi is defined to be Z = a — bi. Prove the
following properties of the conjugate:
l.2+w=z4+w

w =

ZW
< z€Randz=—-2 < iz€R
r(cos@ + isinf), then z = r(cosd — isinh)

TN
[

2.
3.
4. If 2

Solution. Let z = a + bi,w = ¢ + di. For (a),

zHw=(a+c)+(b+di=(a+c)—(b+dii=a+c—bi—di=(a—bi)+ (c—di)=Z+w (227)

For (b),

zw = (ac — bd) + (ad + bc)i = (ac—bd) — (ad+be)i = ac—bd — adi —bei = (a—bi)(c—di) = zw (228)
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For (c), consider

Z=2z <= a+bi=a—-b (229)
e bi=—bi (230)
= 2bi =0 (231)
< b=0 (field has no 0 divisors)

Therefore, z = a € R.

Z=—2 4= a-bi=—-a-b (232)
= a=—a (233)
e 2a=0 (234)
<~ a=0 (field has no 0 divisors.)

Therefore, z =bi = iz =-beR.

Exercise 5.29 (Shifrin 2.3.3.a/b/c)

Recall that the modulus of the complex number z = a + bi is defined to be |z| = va? + b2. Prove the
following properties of the modulus:

2. [2] = |+

3. 27 =2z

4. |z +w| < |z| + |w| (This is called the triangle inequality; why?)

Solution. Let z = a+ bi and w = ¢+ di. For (a),

|zw| = |[(ac — bd) + (ad + be)i
= /(ac — bd)? + (ad + bc)?
= \/(1202 — 2abed + b2d? + a2d? + 2abed + b2c?
=V/(a? +0?)(c + &?)

— w/a2+b2*/02+d2

= [z[w]

For (b), if z = a + bi, then Z = a — bi, so:

2] = Va? + ()2 = Va2 + b2 = |2 (235)
For (c),

2z = (a+ bi)(a — bi)
_ a2 +b2

= |2
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Exercise 5.30 (Shifrin 3.1.2.c/d)

Find the greatest common divisors d(z) of the following polynomials f(z),g(z) € F[z], and express
d(x) as s(z)f(x) + t(x)g(x) for appropriate s(x),t(z) € F|x]:

L fx)=2®> -1, g(x)=a*+ 2% -2 -20 -2, F=Q
2. flx) =22+ (1 —-V2)xr -2, 9(x)=2>—-2, F=R
3. fl@)=22+1,g(x)=2>—-i+2, F=C

4. f() =22 +20+2,9(x) =2>+1, F=Q

5. f(x) =22 4+20+2,g9(x) =22 +1, F=C

Solution. For (c), the ged is 1, with

1, 1, ., 1, ., ) 1 ,
- 1 — 2) = ——(z° — 2—x"—-1)= 1—19)=1 2

1_1,(334— )+1_Z,(a: i+2) l—i(T i+2—x ) 1—i( i) (236)

where 1/(1 — i) = (1 +4)/2. For (d), the ged is 1, with

1 2 1 2
220 +3)@* + 1)+ (1 20)(@ + 20 +2) (237)
1 1

= g(2553 +32% + 22 +3) + g(—2933 —32% —22+2)=1 (238)

Exercise 5.31 (Shifrin 3.1.6)

Prove that if F' is a field, f(z) € F[z], and deg(f(z)) = n, then f(z) has at most n roots in F.

Solution. We start when n = 1. Then f(z) = ma + b and we claim that the only root is x = —b/m
since we can solve for 0 = ma + b with the field operations, which leads to a unique solution. This
implies by corr 1.5 that (z 4+ b/m) is the only factor of f. Now suppose this holds true for some degree
n — 1 and let us have a degree n polynomial f. Assume that some c is a root of f (if there exists no c,
then we are trivially done), which means (x — ¢) is a factor of f, and we can write

f(@) = (x =) g(x) (239)

for some polynomial g(z) of degree n — 1. By our inductive hypothesis, g(z) must have at most n — 1
roots, and so f has at most n roots.

Exercise 5.32 (Shifrin 3.1.8)

Let F be a field. Prove that if f(z) € F[z] is a polynomial of degree 2 or 3, then f(x) is irreducible in
F[z] if and only if f(z) has no root in F.

Solution. We prove bidirectionally.

1. (=). Let f be irreducible. Then it cannot be factored into polynomials p(x)g(x) where deg(p) +
deg(q) = n. Note that two positive integers adding up to 2 or 3 means that at least one of the
integers must be 1, by the pigeonhole principle. This means that f irreducible is equivalent to
saying that f does not have linear factors of form (x — ¢), which by corollary 1.5 implies that
there exists no root ¢ for f(z).

2. (+). Let f have no root in F. Then by corollary 1.5 there exists no linear factors (z — ¢). By
the same pigeonhole principle argument, we know that having a linear factor for degree 2 or 3
polynomials is equivalent to having (general) factors, and so f has no factors. Therefore f is
irreducible.
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Exercise 5.33 (Shifrin 3.1.13)

List all the irreducible polynomials in Zy[x] of degree < 4. Factor f(z) = 27 + 1 as a product of
irreducible polynomials in Zs[z].

Solution. Listed by degree.

1. 1t z,z + 1.

2. 2224+ +1.

3.3 3+ + 1,23+ + 1.

4. 4t 4o+ 1zt + 28+ L2t + a8+ 22+ o+ 1.
We have

2 l=(z+ D)@+t ¥+t 1) (240)
=(x+ 1)@ +x+1)(2®+22+1) (241)

Exercise 5.34 (Shifrin 3.2.2.b/c)

Prove that
1. Q[v2,i] = Q[vV2 + ], but Q[v2i] ¢ Q[v2,i
2. Q[V2,V3] = Q[v2 + V3], but Q[V6] € Q[v2, V3]
3. Q[V2 +i] = Q[V¥/2,1]; what about Q[/2i] C Q[¥/2,i]?

Solution. From Shifrin, T use the fact that Q[v2] = {a + bv/2 | a,b € Q}, and the same proof
immediately shows that Q[v/3] = {a 4+ bv/3 | a,b € Q} along with that for Q[v/6]. As for Q[v/2,v/3], I
also follow the same logic to show

Q[v2,v3] = Q[V2][V3] (242)
={a+BV3|a,beQV2]} (243)
={(a+bV2) + (c+dV2)V3 ]| a,b,c,d € Q} (244)
={a+bV2+cV3+dV6|a,b,c,decQ} (245)

Where v/2 x /3 = /2 X 3 = v/6 follows from the definition of nth roots plus associativity on the reals.
For (b), we prove bidirectionally.
1. Q[vV2+ V3] C Q[v2,V3]. Consider y € Q[v/2 + v/3]. Then there exists p € Q[z] s.t.

y=p(V2+V3) = an(vV2+V3)" + ... + a1 (V2 +V3) + ag (246)

where the terms can be expanded an rearranged to the form a + bv/2 4 ¢v/3 + dv6 € (@[\/i, \/g}
2. Q[v2,v3] € Q[v2 + V3]. Consider V2 + /3 € Q[v2 + V/3]. Since it is a field and v/2 + /3 is a

unit, by rationalizing the denominator, we can get

(ﬁ+ﬁ)—1=€%f:f—ﬂe@[ﬂ+ﬁ] (247)

Therefore by adding and subtracting the two elements, we have v/2,v/3 € Q[vV2 + \/g} ==
V6 € Q[v2 + v/3]. Since Q C Q[v2 + /3], from the ring properties all elements of the form
a+bvV2+cv3+dve € QV2+ V3.
For the second part, I claim that /2 ¢ Q[\/é] Assuming it is, we have V2 = a + bv/6 = 2 =
a? + 6b% + 2abv6. Soa=0o0r b=0. If a = 0, then b? = 1/3 = b= 1/\/§ which contradicts
that b is rational. If b =0, then a> =2 = a = /2 which contradicts that a is rational. Note that
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Q[V2] = {a+bV/2 + cV/4}, and so

Q[V2,1] = Q[V2[i] (248)
={a+Bila,BeQV2]} (249)
={(a+bV2+cVA) + (d+eV2+ fV4)i|a,b,c,de, f € Q} (250)
={a+bV2+cVa+di+eV2i+ fV4i|a,b,cde, feQ} (251)

We prove bidirectionally.
1. Q[v/2+1i] C Q[/2,i]. Consider y € Q[v/2 + 4]. Then there exists a p € Q[z] s.t.

y=p(24i) =an(V2+0)" + ...+ a1 (V2 +14) +ao (252)

Then we can expand and rearrange the terms to be of the form

a+bV2+ VA4 di+eid/2 + fiv/4 € QV2, i (253)
2. Q[¥/2,i] € Q[/2 +1i]. Consider a = /2 +1i € Q[v/2 +i]. Then (a —4)> = 2. Therefore
a®—3a% —3a+i=2 = i(l -3a%) =2+3a—a? (254)
243a—ad 3 .
PR 2 2
— = € Q[V2+1] (255)

Therefore /2 = o — i € Q[v/2 + ], which allows us add all combinations {1, /2, ¥/4, i, v/2i, V/4i}

into our basis.

Exercise 5.35 (Shifrin 3.2.6.b/c/d/g)

Suppose a € C is a root of the given irreducible polynomial f(z) € Q[z]. Find the multiplicative
inverse of 5 € Q[a].
1. fx)=22+3r-3,B=a—1

NSO TR N
e

Solution. For (b), using the Euclidean algorithm gives
(2 + 2% —22—-1)+ (—2*+2)(z+1) =1 (256)

and substituting the root a gives (—a? +2)(a+1) = 1. So we have 37! = —a? + 2. For (c), doing the
same thing gives

()@ +2*+ 22+ 1)+ (@ +z+1)(2*+1) =1 (257)
and substituting a gives (o> + a+1)(a® +1) =1, s0 371 = a? + a + 1. For (d), we have
1 1 1 1
(fg)(m372)+(§x2f §x+§)(x+1) =1 (258)

and so substituting o gives (10® — a+ 3)(a+1) =1,s0 B! = fa? — 2+ 3. For (g), we have

(—2?—z-2)@* +22 - D)+ @+ + 22+ D+ -1)=1 (259)
and so substituting a gives (a® +a? +2a+1)(a®* +a—1) =1, and so 7! = a® + a? + 2a + 1.
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Exercise 5.36 (Shifrin 3.2.7)

Let f(x) € Rlz].

and only if @ is also a root.

1. Prove that the complex roots of f(x) come in “conjugate pairs™; i.e., a € C is a root of f(x) if

2. Prove that the only irreducible polynomials in R[z| are linear polynomials and quadratic polyno-
mials ax? + bz + ¢ with b? — 4ac < 0.

Solution. Listed.
1. If @ € C is a root of f, then

0= f(a) =apa™ + ...+ a1+ ag (260)
for a; € R. Since
0=0=f(a) (261)
=apa™ + ... Fa1a+ag (262)
=a,a" + ...+ aa + ag (263)
=apa" +...+a@+ap (264)
=p(@) (265)

we can see that @ € C is immediately a root as well. Since @ = «, the converse is immediately
proven.

. Linear polynomials in F'[x] for a given field are trivially irreducible (since multiplying polynomials
increases the degree of the product as there are no zero divisors in a field). Perhaps without
Theorem 4.1, we can assume that a real quadratic polynomial p(z) = az? + bz + ¢ is reducible,
which is equivalent to

p(z) = (dx + e)(fz + g) = dfz* + (dg + ef)x + eg (266)

For d,e, f,g € R, and evaluating b* — 4ac = (dg + ef)? — 4dfeg = (dg — ef)? > 0 since this is a
squared term of a real number. So we have proved that if it is quadratic and reducible, then the
discriminant > 0. To prove the other way, we assume that it is not reducible, i.e. there exists
some complex root « from the fundamental theorem of algebra. Then from (1), we know that @
must also be a complex conjugate. Then this is reducible in C as

p(z) = a(z — a)(z — @) (267)
for some constant factor a. Letting o = d + e for d, e € R, expanding it gives us
p(z) = a(2® — (e + @)z + o) (268)
= az® + —2adx + a(d® + €?) (269)
and evaluating the discriminant gives
4a?d® — 4a*(d* + €?) = —4a*e* < 0 (270)

and we are done. For higher degree polynomials, we can proceed by taking a complex root (which
is guaranteed to exist by fundamental theorem of algebra). If it contains an imaginary term, then
its conjugate is also a root, and we factor out the quadratic. If it is real, then we can factor out
the linear term. We can keep going this until we hit our base cases of a quadratic or linear term.
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Exercise 5.37 (Shifrin 3.2.13)

Let K be a field extension of F', and suppose «, 8 € K. Show that (F[a])[8] = (F[8])[«], so that
F[a, 8] makes good sense.

(Remark: One way to do this is to think about the ring of polynomials in two variables. The other
way is just to show directly that every element of one ring belongs to the other.)

Solution. Let y € (F[a])[5]. Then there exists a polynomial p € (Fa])[z] s.t.
y=p(B) =bnB" + ...+ b1 +by =D b3’ (271)
=0

for b; € Fla]. But since b; € F[a], there exists a polynomial ¢; € F|x] s.t. (omitting the subscript 4 for
clarity)

bi:qi(a):ania”—&-...—f—ala—i—aozzajaj (272)
=0

for a; € F. Substituting each b; in gives

yi(iaﬂj)ﬂizﬂ:iaﬂjﬂi (273)

i=0 ;=0 i=0 j=0

With the same logic, every element of (F[S])[a] can be written as

n n; n  n;
1= 2 (B ol = 23 s ez
i=0 N j=0 i=0 j=0
Note that since F[a] is a vector space spanned by {1,...,a" '}, and F[f] is a also a vector space
spanned by {1,..., 3™ 1} for some m, the two spaces above are spanned by all products {37 }i<y j<im.

and they are the same set.

Exercise 5.38 (Shifrin 3.3.2.a/d/e/g)

Decide which of the following polynomials are irreducible in Q[z].
a f(z)=a%+42? =3z +5

1. f(z) = 42* — 622 + 62 — 12
2. fa)=a3+ 2>+ +1

d f(z) =2*-180

e flx)=at+22 -6

3. fla)y=a*—222 +2%2 + 1
g f(z) =2+ 17z + 36

4. f(z)=a*+2+1

5 f(z)=a5+23 +22+1
6. f(x)=a+a3+x+1

Solution. For (a), by the rational root theorem the rational roots, if any, must be in the set {1, +5}.
Calculating them gives f(z) = 7,11,215, —5. Since this is third degree, no linear factors means that it
is irreducible, so f is irreducible.

For (d), by the Eisenstein’s criterion with p = 5 this polynomial is irreducible.

For (e), the rational root theorem states that the rational roots must be in {£1,4+2,4+3,+6}. This
polynomial is clearly even, so it suffices to check the positive candidates. This gives —4,14, 84, 1326.
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Therefore if it is reducible, by Gauss’s lemma it must be of the form
(az?® + bz + c)(dz? + ex + f) (275)

for integer coefficients. @ = d = 1 is trivial (—1, —1 is also possible but constant factors don’t matter).
Expanding this gives

2t (b+e)rd+ (c+ f+be)a® + (bf +ce)z+cf =at +22—6 (276)

The coefficients of 23 tell us that e = —b, which means that for the coefficents of =, bf 4+ce = bf —bc =
0 = f=c. So c? = —6, which has no solution. Therefore f is irreducible.

For (g), we must check rational roots of {£1, +2, +3, +4, 46, +9, 12, +£18, +36}. Since this polynomial
is monotonically increasing, with f(—2) = —6 and f(0) = 36. It only suffices to check x = —1, which
gives f(—1) = 18. Therefore there are no linear factors. Since this is third degree, no linear factors
means that it is irreducible, so f is irreducible.

Exercise 5.39 (Shifrin 3.3.4)

Show that each of the following polynomials has no rational root:
1 2200 — 24 442 +1
2. 28 — 54
3. a2k 432K — 12, k> 1

Solution. Listed.
1. By the rational root theorem, the only possible rational roots are +1. Solving for both of these
values gives

f)=1-1+4+1=5 (277)
f(-1)=14+1—-4+1=-1 (278)

Therefore there are no rational roots.

2. The only possible rational roots are +1,£2,+3, +6,£9, +18,+27,£54. But this polynomial is
even, so it suffices to check the positive roots. f(1) = —53, f(2) = 256 — 54 = 202, and any
greater inputs will increase the output since f is monotonic in Z*. Therefore f has no rational
roots.

3. By Eisenstein’s criterion with p = 3, this polynomial is irreducible and therefore has no rational
roots.

Exercise 5.40 (Shifrin 3.3.6)

Listed.
1. Prove that f(z) € Za[z] has  + 1 as a factor if and only if it has an even number of nonzero
coeflicients.
2. List the irreducible polynomials in Zs[z] of degrees 2, 3,4, and 5.

Solution. Listed. Since f(z) has 4+ 1 as a factor iff
f)=a1"+...+a1l' +ap=an+...+a1+ap=0 (279)

where each a; € {0,1}. Therefore, this is equivalent to saying that there are an even number of 1’s
(nonzero coefficients), which sum to 0 mod 2. Therefore, the irreducible polynomials should at least
have a constant coefficient of 1 (so we can’t factor x) and should have odd number of terms (so that
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we can’t factor x 4+ 1). This will guarantee that f(0) = f(1) = 1.
1. Degree 2: 22 4+ x + 1 is the only candidate and indeed is an irreducible polynomial.
2. Degree 3: 23 + 22+ 1, 23 + 2 + 1 and indeed f(0) = f(1) = 1. Since it’s only degree 3 we don’t
need to check irreducibility into 2 terms of both degree at least 2.
3. Degree 4: 2* + 23+ 22 + 2+ 1, 2* + 2% + 1, 2* + 22 + 1, 2* + £ + 1 are candidates. However we
need to check that they cannot be factored into two irreducible quadratic polynomials. The only
possible such factorization is

(2 +z+ )@ +r+1)=a"+22+1 (280)

and so the irreducible polynomials are z* + 23 + 22 + 2+ 1, z* + 23+ 1, 2* + 2 + 1.

4. Degree 5: x® +at 41, 2® +23 41, 2® + 2241, 2 o+ 1, a® +at 423+ 22 + 1, 2P+t + 3+ o+ 1,
a2t +22+a+1, 2%+ 23+ 22+ 2 + 1 are the possible candidates. But we need to check that
it is not factorable into an irreducible quadratic and cubic. The three candidates are

(P +r+ D@ +22 4+ 1) =2+ +1 (281)
(2 +z+ D)@ +r+1)=2+2*+1 (282)

and so the irreducible polynomials are z° +23+1, >4+ 22+1, 2°+ 2t +23+22+1, 2P+t + 23 +2+1,
4ttt a4+ 2+ a3+l + 1

Exercise 5.41 (Shifrin 3.3.7)

Prove that for any prime number p, f(z) = 2P~! + 2P=2 + ... + x + 1 is irreducible in Q[z].

Solution. We can use the identity

P —1

f(x):xp—1+xp—2+...+x+1:x_l (283)
Therefore,
(x+1)P-1 1 P\ &

HN=-—F"——=— -1 284
f+1) (z+1)—-1 =z /;J k)* (284)
:lzp: " xk:i P g (285)

x k k

k=1 k=1

Focusing on the coefficients, the leading coefficient is (g) = 1, and the rest of the coefficients are

divisible by p. The constant coefficient is (’1’) = p, which is not divisible by p?. By Eisenstein’s
criterion, f(x + 1) is irreducible = f(x) is irreducible. To justify the final step, assume that f(z) is
reducible. Then f(z) = g(x)h(z) for positive degree polynomials g, h. Then by substituting = + 1, we

have that f(z + 1) = g(z + 1)h(z + 1), which means that f(z + 1) is irreducible.

Exercise 5.42 (Shifrin 4.1.3)

(a) Prove that if I C R is an ideal and 1 € I, then I = R.
(b) Prove that a € R is a unit if and only if (a) = R.
(c) Prove that the only ideals in a (commutative) ring R are (0) and R if and only if R is a field.
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Solution. Listed.

(a) If 1 € I, then for every r € R, we must have 1 =r € I. Therefore I = R.

(b) If a € R is a unit, then a=! € R, and so for every r € R, ra~! € R. Therefore, (a) must contain
all elements of form ra~'a = r, which is precisely R. Now assume that a is not a unit, and so
there exists no a~! € R. Therefore, (a), which consists of all ra for r € R, cannot contain 1 since
r#a~ !, and so (a) # R.

(c) For the forwards implication, assume that R is not a field. Then there exists some a # 0 that
is not a unit, and taking (a) gives us an ideal that—from (b)—is not R. For the backward
implication we know that (0) is an ideal. Now assume that there exists another ideal I containing
a # 0. Since R is a field, a is a unit, and so by (b) R={(a) CI CR = [ =R.

Exercise 5.43 (Shifrin 4.1.4.a/b/c)

Find all the ideals in the following rings:

[i] (see Exercise 2.3.18)

Solution. Listed.
(a) All sets of form {kz € Z | z € Z} for all k € Z.
(b) Only {0} and Z7 is an ideal.
(¢) We have {0}, {0,2,4},{0, 3}, Zs.

Exercise 5.44 (Shifrin 4.1.5)

(a) Let I = (f(x)), J = (g9(x)) be ideals in F[z]. Prove that I C J < g(x)|f(z).
(b) List all the ideals of Q[z] containing the element f(z) = (22 + z — 1)3(z — 3)%.

Solution. For (a), we prove bidirectionally.

1. (=). Since f(z) € (f(z)) = f(x) € (g(z)), this means that f(x) = r(z)g(x) for some
r(z) € Flx. Therefore g(x) | f(z).

2. (+). Given that g(z) | f(z), let us take some fi(z) € I. Then it is of the form fy(z) = r(x)f(z)
for some r(z) € F[z]. But since g(z) | f(x), f(x) = h(x)g(z) for some h(z) € F[z]. Therefore
fi(z) = r(z)h(z)g(z) = (rh)(z)g(x), where (rh)(z) € Fz], and so fi(z) € J.

For (b), we can use the logic from (a) to find all the factors of f(z), which generate all sup-ideals of
(f(x)), which is the minimal ideal containing f(z).

Log(x) =1 = (1) = Flz]

2. glx) =2’ +2 -1 = (2 +2—1)

3. 9(z)= (2 +2-1)? = ((2*+2-1)?)

4. g(z) = (22 +2-1)3 = ((2*+2-1)3)

5. 9(z) =2-3 = (z—3)

6. g(x) = (22 +z—-1)(z-3) = ((2?+2—1)(z - 3))
7. g(z) = (22 + 2 — 1)‘2(9373) = ((#2+z—1)%(x - 3))
8. gz) = (22 +2—-1)3(z-3) = ((@®>+z—1)3(x—3))
9. g(z) = (z = 3)* = ((z—3)*)

10. g(z) = (2?2 + 2 —1)(z —3)? = ((2®> + 2 —1)(z — 3)?)
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11. g(z) = (22 +2—-1)%(x - 3)? = ((2* +2—1)%*(z - 3)?)
12. g(z) = (22 +2—-1)3(x - 3)? = ((@* +2—1)3(z - 3)?)

Exercise 5.45 (Shifrin 4.1.14.a/b)

Mimicking Example 5(c), give the addition and multiplication tables of
(a) Zo[z]/(z” + x)
(b) Zs[z]/{x? +x — 1)
(¢) Zofz]/(z® + 2z +1)

In each case, is the quotient ring an integral domain? a field?

Solution. For (a), note that the quotient allows us to state that 22 = x (mod I), and therefore every
polynomial in Zs[z]/(x? + x) is equivalent to a linear polynomial. Therefore, the elements in this
quotient are 0,1, 2,z + 1. As you can see, this is not an integral domain (and hence not a field) since
z,x + 1 are zero divisors.

+ | 0 1 r x4l x [0 1 z a+1
0 0 1 T z+1 0 0 0 0 0
1 1 0 z+1 T 1 0 1 r x+1
x T z+1 0 1 T 0 x x 0
z+1|z+1 T 1 0 z+1]0 x+1 0 x+1

Figure 12: Addition and multiplication tables for Zs[x]/(z? + z).

For (b), note that the quotient allows us to state that 22 = 2z + 1 (mod I), and therefore every
polynomial in Zs3[x]/(z? + z — 1) is equivalent to a linear polynomial. Therefore, the elements in this
quotient are 0,1,2,z,x + 1,z + 2,2z, 2 + 1, 2x + 2. This is indeed an integral domain since there are
no zero divisors, and it is a field since every nonzero element is a unit (all rows/columns are filled with
all elements of the set).

+ 0 1 2 x xr+1 T+ 2 2x 20 +1 2x+2
0 0 1 2 T r+1 T+ 2 2x 20+1 2x+2
1 1 2 0 z+1 T+ 2 T 20 +1 2x+2 2x
2 2 0 1 T+ 2 x r+1 2x42 2x 20+ 1
x T z+1 T+ 2 2x 20 +1 2x+2 0 1 2
rz+1 r+1 T+ 2 T 20+1 242 2z 1 2 0
T+ 2 T+ 2 T r+1 2x+2 2x 2 +1 2 0 1
2x 2x 20 +1 2x+2 0 1 2 T z+1 T+ 2
20 +1 | 224+1 2x+2 2x 1 2 0 z+1 T+ 2 x
20+ 2 | 20+ 2 2x 2¢+1 2 0 1 T+ 2 x r+1

Figure 13: Addition table for Zs[z]/{z® 4+ = — 1).
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X 0 1 2 T rz+1 T+ 2 2z 20 +1 242

0 0 0 0 0 0 0 0 0 0

1 0 1 2 T z+1 T+ 2 2x 20 +1 2x+2

2 0 2 1 2x 20 +2 2x+1 T T+ 2 z+1

T 0 T 2x 2c+1 1 r+1 r+2 2x+2 2
z+1 |0 x+1 2x+2 1 T+ 2 2x 2 T 20+ 1
z+2 |0 x4+2 2x+1 z+1 2x 2 2x + 2 1 T
2x 0 2x T T+ 2 2 20 +2 2x+1 xz+1 1
2¢+1 |0 2z+1 x4+2 2x+4+2 x 1 r+1 2 2x
20+2 |0 2¢x+2 x+4+1 2 20+ 1 x 1 2z T+ 2

Figure 14: Multiplication table for Zs[z]/(z? + 2 — 1).

Exercise 5.46 (Shifrin 4.1.17)

Let R be a commutative ring and let I, J C R be ideals. Define

InJ={a€R:a€landacJ}
I+J={a+beR:aclbeJ}.

(a) Prove that I NJ and I + J are ideals.
(b) Suppose R="Z or Flx], I = (a), and J = (b). Identify INJ and I + J.
(c) Let ay,...,a, € R. Prove that (a,...,a,) = {(a1) + - + {(ay,).

Solution. For (a), we prove it in[5.11] For (b), the argument is equivalent for Z and F[xz]. 1N J consists
of all elements that are divisible by both a and b, so I NJ = (lem(a,b)). I + J consists of all elements
that are of form ra + sb, but this are all multiples of ged(a, b) and so I + J = (ged(a, b)).
For (c), it suffices to prove {(a,b) = (a) + (b).
1. {a,b) C (a) + (b). = € (a,b) = = =rsa+ rb for ro4,7, € R. But a € {(a),b € (b) = rua €
(ay,rpb € (b), and so z € (a) + (b).
2. {a,b) D (a)+(b). z € (a)+(b) = = = a,+b, for a, € (a),b; € (b). But a, € (a) = a, =rqa
for some r, € R, and b, € (b) = b, = rpb for some r, € R. So x = r,a+ rpb <= z € (a,b).
We know that for (a1) = (a1), and so by making this argument n— 1 times we can build up by induction
that {(a1,...an—1,an) = (a1,...,an_1) + {(an).

Exercise 5.47 (Shifrin 4.2.1)

(a) Prove that the function ¢ : Q[v/2] — Q[v/2] defined by ¢(a + bv/2) = a — by/2 is an isomorphism.
(b) Define ¢ : Q[v3] — Q[V7] by ¢(a + bv/3) = a + by/7. Is ¢ an isomorphism? Is there any

isomorphism?
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Solution. For (a), we first prove that it is a homomorphism.

o((a+bV2) + (c+dV2)) = ¢((a+c) + (b+d)V?2) (286)
=(a+c)—(b+d)V2 (287)

= (a—bV2) + (c — dV2) (288)

= ¢(a + bv2) + ¢(c + dV2) (289)

o((a+bV2)(c + dv2)) = ¢((ac + 2bd) + (ad + bc)V/2) (290)

= (ac + 2bd) — (ad + bc)V/2 (291)

= (a—bV2)(c — dV?2) (292)

= ¢la+bV2) x ¢(c + dv/2) (293)

p(1)=1 (294)

This is injective since given that a + bv/2 # ¢ + dv/2, then at least a # b or ¢ # d, in which case
a—bv2 #*c— dv/2. Alternatively, we can see that the kernel is 0, so it must be injective. It is onto
since given any ¢ 4 dv/2, the preimage is ¢ — dv/2. Therefore ¢ is an isomorphism.

For (b), no it is not an isomorphism since

o((a+ bV3)(c + dv3)) = ¢((ac + 3bd) + (ad + bec)V/3) (295)
= (ac + 3bd) + (ad + be)V'7 (296)
# (ac+ 7bd) + (ad + be)V/'7 (297)
= (a+bVT)(c+dVT) (298)
= ¢(a+bV3)p(c+ dV3) (299)

We claim that there is no isomorphism. Assume that such ¢ exists. Then ¢(1) = 1, and so ¢(3) =
H(1+1+1)=¢(1)+ (1) + (1) =1+1+1=3. Now given v/3 € Q[v/3], we follows that

B(V3)? = ¢(3) =3 (300)

and so ¢(1/3) must map to the square root of 3 which must live in Q[v/7]. Assume such a number is
a+bV7T = (a® +Tb%) + (2ab)/7 = /3. This implies that 2ab = 0, leaving the rational term, but we
know that /3 does not exist in the rationals, and so v/3 does not exist.

Exercise 5.48 (Shifrin 4.2.3.a/c/e)

Establish the following isomorphisms (preferably, using Theorem 2.2):
(a) Rlz]/{x?+6) = C

(b) Z1s/(6) = Zg

(c) Qlzl/{a® + 2 + 1) = Q[V3i] |

(d) Z[z]/(2z —3) =2 Z[3] = {4 € Q: b= 27 for some j >0} C Q
; Flz]/(z) = F

Solution. For all, we construct the ring homomorphism ¢ : R — S with the appropriate kernel, and
the result is immediate from the theorem.

a) Given f € Rlz] which is a Euclidean domain, we claim that the map ¢, : f(x) — r(x) where r

is the remainder of f when divided by 22 4 6, is a homomorphism. It is pretty easy to see that

the map ¢o : f(z) =Y 1_, apx® — ag + ayi is also a homomorphism, and thus ¢ = ¢ 0 ¢; as the
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composition of homomorphisms is also a ring homomorphism. ¢; is a homomorphism since given

f, g € R[z], we can write them as f(z) = di(z)(z? +6) + r1(z) and g(x) = da(z)(2? + 6) + r2(2).

Therefore,
(f +9)(2) = f(2) + g(z) = (di(2) + da(2))(2? + 6) + (r1 + 72)(2) (301)
(fo)(x) = f(z)- (fﬂ) (di(2)(2® + 6) +11(2)) (d2 () (2° + 6) + 1r2(2)) (302)
=( )(@® 4 6) + (11 +72)(x) (303)
=0(x*+6)+1 (304)

Therefore ¢ is a homomorphism, and the kernel is simply all polynomials divisible by z2 + 6,
which is (2% + 6).

c) We deﬁne o(f) = f(‘“'T‘/gl), where _1%‘/‘5’1 is a root of 2% + x + 1. Therefore, since f € R,
*1%@2 must also be a root and so the kernel is (22 + z + 1). Second, we will show that it is a
homomorphism.

oti+9) =7+ () = () 4o (2 ”2\[’) o) +olg)  (305)

otia) = o) () = (F) o (FYE) <o) ot (306)

2 2
¢(1) =1 (307)

We are done.
e) Given f(z) = > ,_,axz"® € F[z], we show that ¢ : f — ao is a homomorphism. Let f be as
above and g have coeffients by from k =0...m

max{n,m}

o+ =o( Y (ot nat) =aotto= () + olo) (308)
n+f7‘z:0 k
= ¢( (Zaibki)xk> = aobo = ¢(f)#(9) (309)
k=0 =0
P(1) =1 (310)

So this is a homomorphism. Since (z) as all multiples of z consists of all polynomials with
constant term ag = 0, we can see that ker(¢) = 0. Therefore we are done.

Exercise 5.49 (Shifrin 4.2.11.a/d)

True or false? (Give proofs or disproofs.)
(a) Zo[x]/(2?) = Za, or Zolx]/(2®) = Ly x Zs?
(b) Same questions for Zs[z]/(z? + z).
(c) Same questions for Zs[x]/(x? + 1).
(d) Zslal/(2® — 1) =2 Z3 x Zy?
(e) Qlz]/(2® —1) = Q x Q?

e

Solution. Listed.

(a) False for both. The characteristic of Zy[x]/(z) is 2 since 1 + 1 = 0, but the characteristic of Z,4
is4since 1+1+1+1=0, so false. As for Zs X Zsy, note that (0,1) and (1,0) are zero divisors
of each other where (0,1) - (1,0) = (0,0). However, the two zero divisors in Zy[z]/{zx) are z and
x + 1, where 22 = (x +1)? = 0. An isomomorphism ¢ : Zs[x]/(z) — Zz x Zs would have to
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preserve 0 = ¢(0) = ¢(2?) = ¢() - #(x), but there are no nonzero elements (a,b) € Zy x Zy whose
square is 0. Therefore, there cannot be an isomorphism.

(d) True. All elements of Q[z]/(z% — 1) are of form a + bx, with a,b € Q. We define the isomorphism
¢(a+bxr) = (a+b,a—b) € Zz x Z3. This is a homomorphism since

¢((a1 +biz) + (a2 + baz)) = ¢((a1 + az2) + (b1 + b2)z) (311)
= (a1 + az + by + by, a1 + az — by — by) (312)

= (a1 +b1,a1 — by) + (a2 + b2, az — b2) (313)

= ¢(a1 + b1z) + ¢(az + ba) (314)

#((a1 + b1x)(az + bax)) = Pp(aras + (arbs + asby)x + bybyx?) (315)

= ¢((a1az + b1ba) + (a1by + azby)x) (316)

= (araz + b1ba + arby + agbi, a1az + biby — arby — azb) (317)

= (a1 +b1,a1 — by)(az + b, az — by) (318)

= ¢(a1 + biz)d(az + bax) (319)

p(1) =1 (320)

This is also injective since given a; + bix # as + baox, say that their images are the same. Then

a1 + b1 = as + by and a3 — by = as — by. Adding and subtracting the two equations, we have
2a1 = 2a9 and 2b; = 2by, which means the original elements were the same.

Exercise 5.50 (Shifrin 4.2.12)

Let R be a commutative ring, I C R an ideal. Suppose a € R, a ¢ I, and I + (a) = R (see Exercise
4.1.17 for the notion of the sum of two ideals). Prove that a € R/I is a unit.

Solution. Since R = I+(a), 1 € R = I+(a). Sothereexistsi € I,ra € (a)s.t. 1 =i+ra = ra=1-i.
Therefore, in the quotient ring, ¢ = 0 and we have

ra=1-0=1 (321)

and so 7 is a multiplicative inverse of a. So @ is a unit.
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6 Domains

We can see that domains behave similarly to the integers, but with the missing property that x is commu-
tative. This motivates the following definition of an integral domain, which can be seen as a generalization
of the integers.

Definition 6.1 (Domain, Integral Domain)

A ring R with no zero divisors for every element is called a domain. An integral domain is a
commutative domain R[

%Almost always, we work with integral domains so we will default to this.

Example 6.1 (Domains vs Integral Domains)

We show some examples of domains and integral domains.
1. (Z,+, x) is an integral domain
2. (Q,+, x) is an integral domain.
3. (R,+, x) is an integral domain.
4. Quaternions H are not commutative but are a domain.

Example 6.2 (Non-Domains)

Here are some examples of non-domains.
1. The ring of n x n matrices over any nonzero ring when n > 2 is not a domain. Given matrices
A, B, if the image of B is in the kernel of A, then AB = 0.
2. The ring of continuous functions on the interval is not a domain. To see why, notice that given
the piecewise functions

f(x):{12m x€[0,§1]7 g(x):{o xG[O,il] (322)

20 —1 =z €[3,1]

[,9#0,but fg=gf=0.
3. A product of two nonzero commutative rings with unity R x S is not an integral domain since
(1,0)-(0,1) = (0,0) e R x S.

The nice thing about not having zero divisors is that they give a nice cancellation property in rings. Therefore,
a nonzero element that is not a zero divisor enjoys some of the properties of a unit without necessarily
possessing a multiplicative inverse.

Lemma 6.1 (Cancellation Property of Elements)

In an integral domain R, if ab = ac, then either a =0 or b = c.

Proof. We have
ab=ac = ab—ac=alb—c)=0 (323)

and since R is a domain, one of the claims must follow.

This extends into ideals as well.
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Theorem 6.2 (Cancellation Property of Ideals)

In an integral domain R and two ideals I, J C R, if al = aJ, then either a =0 or I = J.

Proof.

Another nice property is that the characteristic of an integral domain must be prime and that ged’s—while
not yet unique—are now guaranteed to be associated.

Corollary 6.3 (Characteristic of Integral Domain)

If R is an integral domain, then char(R) is either 0 or a prime number.

Proof. Let m € Z be such that (m) = ker f. If m = ab, then f(a)f(b) = f(m) = 0. Since R is an
integral domain, f(a) =0 or f(b) = 0. Thus d € ker f = (m) or e € ker f = (m) = m is prime or 0.

However, the converse is not true, as there exist rings with prime characteristic that are not integral domains,
e.g. L X L.

Theorem 6.4 (Ideals of an Integral Domain)

R is an integral domain if and only if the only ideal (0) of R is a prime ideal.

Proof.

Theorem 6.5 (Primes are Irreducible)

In an integral domain R, a prime p € R is always irreducible.

Here is an alternative equivalent characterization of an integral domain.

Definition 6.2 (Regular Elements)

An element r of a ring R is regular if the mapping
p:R— R, T T (324)

is injective for all z € R.

Theorem 6.6 (Integral Domains w.r.t. Regularity)

An integral domain is a commutative ring where every element is regular.
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6.1 Unique Factorization Domains

Definition 6.3 (Unique Factorization Domain)

A unique factorization domain (UFD) is an integral domain R in which every nonzero element
r € R which is not a unit can be written as a finite product of irreducible elements p; € R (not
necessarily distinct).

r=pip2...-Pn (325)

The decomposition is unique up to associates and permutations.

We have shown that in an integral domain, a prime is always irreducible. What about the converse?

Theorem 6.7 (Primes and Irreducibility are Equivalent in UFDs)

Given a UFD R, a nonzero element p € R is prime if and only if it is irreducible.

The next part is that GCD’s are uniqueE] Furthermore, the following theorem gives us an algorithmic method
of computing GCDs.

Theorem 6.8 (GCD in a UFD)

Let a,b € R be two nonzero elements of a UFD R and suppose

a=upi'ps?...por, b= vp{l py .. .ple (326)
are prime factorizations for a and b, where u, v are units, the primes pq,...,p, are distinct, and the

exponents e;, f; > 0. Then the element

d— p11n1n(el,f1)pgnn(ez,f2) - .p’IrILlin(en,fn) (327)

is the greatest common divisor of a and b.

Proof. Since the exponents of each of the primes occurring in d are no larger than the exponents
occurring in the factorizations of both a and b, d divides a and b. To show that d is a greatest common
divisor, let ¢ be any common divisor of @ and b, and we can factor it as

c=q}'qdm ... q9m (328)
Since each ¢; divides c, it hence divides a and b, and we see that ¢; must divide one of the primes p;.

In particular, up to associates the primes occurring in ¢ must be a subset of the primes occurring in a
and b.

{ar, .- am} C{p1,... . pn} (329)

Similarly, the exponents for the primes occurring in ¢ must be no larger than those occurring in d. This
implies that ¢ | d.

3Though we can make a slightly more general statement about uniquness in GCD domains.
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6.2 Principal Ideal Domains

Definition 6.4 (Principal Ideal Domain)

A principal ideal domain, also called a PID, is an integral domain in which every ideal is principal.

So a principal ideal domain is an integral domain by definition. It may seem that PIDs are an oddly specific
structure to be studying separately, but this actually turns out to unlock a lot more nice properties that
we are familiar with. The first is that GCDs are now unique, which is great. Second, we have Bezout’s
identity, saying that if x and y are elements of a PID without common divisors, then every element of the
PID can be written in the form ax + by. Finally, and most importantly, any element of a PID has a unique
decomposition into irreducible factors. We now introduce some examples of PIDs, which are not as trivial
and should be introduced as theorems.

Example 6.3 (Integers and Polynomials over Fields are PIDs)

The following are all examples of principal ideal domains.
1. Tt is quite easy to see that any field IF is a PID since the only two possible ideals are {0} and F,
both of which are principal.
2. The ring of integers Z is a PID. If I C Z is an ideal, then if I = (0), then we’re done. Otherwise,
let a € I be the smallest positive integer in I. It is clear that (a) C I. Now given an element b € I,
by the Euclidean algorithm we have b = aq + r with r < a. Since a,b € I, it follows that r € I.
But since 0 < r < a and a is the smallest positive integer, r = 0, and so b = aqg = b € (a).

Note that we have established the existence and uniqueness of the ged in UFDs. In PIDs, we can say
something stronger through Bezout’s lemmaE] It allows us to represent the gcd as a linear combination of
ring elements.

Lemma 6.9 (Bezout’s Lemma in PIDs)

Let R be a PID and z,y € R. Then, there exists a,b € R s.t.

ar+by=d (330)

Proof. We can prove this by showing that (z) + (y) = (d). We know that sums of ideals are ideals, and
since R is a PID, I = (x) + (y) must be principal, i.e. I = (d) for d = apx + boy for some ag, by € R.
We claim that d is the ged.

1. d is a divisor. We have x € I = (d), which implies that d | . Similarly for y, we have d | y.

2. d is greatest. If ¢ | z,c |y, then = rc and y = sc, and substituting this in for d, we have

d=agrc+bosc = c|d (331)

Note that in general, a UFD does not have to satisfy Bezout’s lemma.

Example 6.4 (UFDs Doesn’t Necessarily Satisfy Bezout’s Lemma)

Take the UFD Z[z], with 2,2 € Z[z]. It clearly has ged of 1, but there are no solutions to the equation

2f(x) +wg(x) = 1 (332)

4 Actually, this holds for a slightly more general structure called Bezout rings.
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Corollary 6.10 (Ideals Generated by Irreducible Elements)

Let R be a PID and I C R be a proper ideal.
1. If a € I is irreducible, then I = (a).
2. a is irreducible iff (a) is maximal.

Proof. For the first claim, it is clear that « € I = (a) C I. Now we show that I cannot be strictly
bigger. Assume that it was, i.e. take b € I\ (a). Then, there exists z,y € R s.t.

arx +by =1 (333)

and so 1 € I = I = R, which contradicts the fact that I is proper. Therefore I = (a). This also
proves the forward direction of the second claim. For the reverse direction, we prove the contrapositive
by assuming that (a) is not maximal. Then there exists an ideal I s.t. (a) C I C R. Since R is a PID,
I = (b), and so {a) C (b) = b | a. Therefore, a is not irreducible.

We finally establish the hierarchy of PIDs.

Theorem 6.11 (PIDs are UFDs)

Every principal ideal domain is a unique factorization domain.

Proof. We show that it is impossible to find an infinite sequence a1, as, ... s.t. a; is divisible by a;41
but is not an associate. Once done we can iteratively factor an element as we are guaranteed this
process terminates. Suppose such a sequence exists. Then the a; generate the sequence of distinct
principal ideals {a1) C (a2) C .... Then union of these ideals is some principal ideal {(a). So a € (ay)
for some n by definition of containment in the intersection. But then for all ¢ > n, this must mean that
(a;) = {(an), which implies that (a) can be obtained through a finite intersection, a contradiction.
Now we prove uniqueness. Each irreducible p generates a maximal deal (p) from Next suppose
an element of R has two factorizations.

Pip2..-Pr = q1G2 - -Gs (334)

Consider the ideals (p;), (¢;). Relabel so that p; generates a minimal ideal amongst these (i.e. does not
strictly contain another one of these ideals). Now we show that (p;) = (g;) for some i. Suppose not.
Then (p;) does not contain any g¢;, thus ¢; is nonzero modulo (p;) for all ¢, which is a contradiction
because the LHS of the above equation is zero modulo (p;).

Relabel so that (p1) = (q1). Then p; = wq; for some unit u. Cancelling gives ups...p, = ga2...¢s.
The element ups is also irreducible, so by induction we have that the factorization is unique.

Example 6.5 (UFD that is not a PID)

Z[z] is a UFD, but not a PID. We can see this in two ways.
1. The ideal I = (2,x) C Z[z] is not principal. Suppose it was. Then we have (a) = (2, ) for some
a €Z[z]. Soa|2anda|x. Notethat a |2 = a=1or a =2, but a =2 means that a { .
Soa =1, and so I = R. However, z 4+ 1 ¢ I since the multiples of x cannot affect the constant
term, and multiples of 2 must be even. So I # R.
2. If it was a PID, then from this would imply that Z is a field, which we know is not.
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6.3 Euclidean Domains

We have seen that PIDs unlock a lot of familiar properties that we see in integers. In fact, pretty much
everything holds except for the existence of Euclidean algorithm for factorization, which turns out to be
extremely powerful. First, we define the notion of a norm on an integral domain R, which is no more than
a measure of size. Note that it is different from the usual sense of norm in vector spaces, which satisfies the
additional axioms of scalar multiplication and triangle inequality.

Definition 6.5 (Norm on an Integral Domain)

Given an integral domain R, a function N : R — NU{0} with N(0) = 0 is called a (Euclidean) norm
on the integral domain R.

Definition 6.6 (Euclidean Domain)

An integral domain R is a Euclidean domain if there is a norm N on R such that for any two elements
a,b € R with b # 0, there exists elements ¢,r € R, with

a=qb+r, r=0or N(r) < N(b) (335)

q is called the quotient and r is called the remainder.

The two prime examples are the integers and polynomials.

Example 6.6 (Integers)

Z is a Euclidean domain with Euclidean division, also called long division, defined

40
13)521
2
01
Example 6.7 (Gaussian Integers)
The subring of C, defined
Zji)={a+bi|a,beZ} (336)

is a Euclidean integral domain with respect to the norm
N(c) = a® + b? (337)

since N(cd) = N(¢)N(d) and the invertible elements of Z[i] are +1, +i.

Example 6.8 (Dyadic Rationals)

The ring of rational numbers of the form 27"m, n € Z,,m € Z, is a Euclidean domain. To define the
norm, we can first assume that m can be prime factorized into the form

m =+ Hpi-“, p prime (338)

7
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and the norm is defined

N(zﬁn) = 1+Zki (339)

We must further show that division with remainder is possible, but we will not show it here.

The first implication of a division algorithm for an integral domain is that it forces every ideal of R to be
principal.

Theorem 6.12 (Euclidean Domains are PIDs)

Let R be a Euclidean domain.
1. R is a principal ideal domain.
2. Every nonzero ideal I C R is of the form (d), where d € I is an element of minimum norm.

Proof. Let I be an ideal. Then if I is the zero ideal, there is nothing to prove. Otherwise let d be
a nonzero element I of minimum norm, which exists since the set {N(a) | a € I} C N has minimum
element by the Well Ordering Principl. Clearly (d) C I. To show the reverse inclusion, let a € I. Then
we use the division algorithm to see that a = gd +r with » = 0 or N(r) < N(d). Then r = a — gd and
both a, gd € I, which means r € I. By the minimality of the norm of d, r = 0. Therefore a = ¢d € (d),
implying that I C (d).

Corollary 6.13 (Fundamental Theorem of Arithmetic)

7 is a unique factorization domain.

Proof. 7 is a Euclidean domain, hence a PID, hence a UFD.

A useful fact that we will use later is to verify whether a quotient ring is a Euclidean domain. There is an
analogous statement for fields.

Theorem 6.14 (Quotient Rings as Euclidean Domains)

Let R be a nontrivial commutative ring and I C R an ideal. R/ is a Euclidean domain iff I is a prime
ideal.

Proof. TBD

Finally we show a condition that a ring is not a Euclidean domain.

Definition 6.7 (Universal Side Divisor)

Given integral domain R, let R = R* U {0} be the set of units of R together with 0. An element
u € R\ R is called a universal side divisor if for every « € R there is some z € Rs.t. u |z —z in R.

In other words, there is a type of division algorithm for u: Every x may be written x = qu + z, where z is
either 0 or a unit. The existence of universal side divisors is a weakening of the Euclidean condition.
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Theorem 6.15 (Euclidean Domains Contain Universal Side Divisors)

Let R be an integral domain that is not a field. If R is a Euclidean domain, then there are universal
side divisors in R.

Proof. TBD

Example 6.9

1+v19
2

We claim that the quadratic integer ring R = Z| ] is not a Euclidean domain w.r.t. any norm.

6.4 Exercises

Exercise 6.1 (Dummit 7.1.11)

Prove that if R is an integral domain and 2?2 = 1 for some z € R then z = +1.

Solution. By subtracting 1 from both sides, we can factor to get
2 —1=@+)(r-1)=0 = z=+1 (340)

where the last implication follows from neither being a zero divisor.

Exercise 6.2 (Dummit 7.1.15)

A ring R is called a Boolean ring if a> = a for all a € R. Prove that every Boolean ring is commutative.

Solution. Given a,b € R, we have

ab = (ab)* = abab (341)
ab = a?b? (342)

Now setting them equal to each other, we have abab = a?b? = ba = ab.

Exercise 6.3 (Dummit 7.1.16)

Prove that the only Boolean ring that is an integral domain is Z/27Z.

Solution.
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7 Fields

Our final structure is field, which seems to add only a few more conditions to a ring, but again unlocks more
structure. Field theory is usually pretty tame compared to groups and rings. The purpose of this section is
to really just introduce the definition of a field, plus the construction of the field of fractions—which will be
useful for the construction of Q and the analysis of UFD polynomial rings—and finally ordered fields, which
is nice again in the context of Q and R.

Definition 7.1 (Field)

A field (F,+, x) is a commutative, associative ring where every nonzero element is a unit.

Lemma 7.1 (Properties of Addition)

The properties of addition hold in a field.
1. fz4+y=x+z, then y = z.
2. lf x +y ==, then y = 0.
3. If t+y =0, then y = —z.
4. (—(—x)) ==.

Proof. For the first, we have

r+y=cs+z = —zr+(@+y)=—ax+(z+2) (addition is a function)
= (—z+z)+y=(—z+z)+=2 (4 is associative)
= 0+y=0+= (definition of additive inverse)
= y=2z (definition of identity)

For the second, we can set z = 0 and apply the first property. For the third, we have

r4+y=0 = —z+(x+y) =—-x+0 (addition is a function)
= (—z+a)+y=—-2+0 (4 is associative)
= 0+y=-2+0 (definition of additive inverse)
= y=—x (definition of identity)

For the fourth, we simply follow that if y is an inverse of z, then z is an inverse of y. Therefore, —x
being an inverse of x implies that x is an inverse of —x. —(—2z) must also be an inverse of —z. Since
inverses are uniqud?} z = —(—z).

@This is proved in algebra.

Lemma 7.2 (Properties of Multiplication)

The properties of multiplication hold in a field.
1. If x # 0 and zy = xz, then y = z.
2. If x # 0 and 2y = z, then y = 1.
3. Ifx#0and xy = 1, then y = 2~ 1.
4. If 2 # 0, then (z71)~1 = a.
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Proof. The proof is almost identical to the first. Since x # 0, we can always assume that ! exists.
For the first, we have

vy =xz = 2 (ay) = ' (z2) (multiplication is a function)
— (7 '2)y = (z7'2)2 (x is associative)
= ly=1z (definition of multiplicative inverse)
= y=2z (definition of identity)

For the second, we can set z = 1 and apply the first property. For the third, we have

ry=1= z Yay) =21 (multiplication is a function)
= (@' =a2""1 (x is associative)
— ly=a"'1 (definition of multiplicative inverse)
= y=a" (definition of identity)

For the fourth, we simply see that =1 is a multiplicative inverse of both x and (z=1)~! in the group
(F\ {0}, x), and since inverses are unique, they must be equal.

Lemma 7.3 (Properties of Distribution)

For any x,y, z € F, the field axioms satisfy

1. 0-2=0.

2. If x #2 0 and y # 0, then zy # 0.
3. —1.z=—x.

4 (—x)y = —(zy) = z(—y).

5. (—z)(-y) = zy.

Proof. For the first, note that
0x=(0+0) -2 =0x+0x (343)

and subtracting Oz from both sides gives 0 = 0z. For the second, we can claim that zy # 0 equivalently
claiming that it will have an identity. Since x,y # 0, their inverses exists, and we claim that (xy)~! =

y~lz~! is an inverse. We can see that by associativity,
(y ey =y ey =y ly =1 (344)
For the third, we see that
0=0-2=01+(-1) - z=1-z4+(-1)-z=z+(-1) -z (345)

which implies that —1 - z is the additive inverse. The fourth follows immediately from the third by the
associative property. For the fifth we can see that

(—2)(—y) = (-z(-1)y (property 3)
= (-1)(=1)zy (x is commutative)
=—1-(—ay) (property 3)
= —(—zy) (property 3)
=zy (addition property 4)
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Theorem 7.4 (Fields are Euclidean Domains)

Every field is a Euclidean domain.

Proof. Given z,y € F, assume zy = 0 with x # 0. Since z is invertible,
O=2"'0=a""(ay) =y (346)
Now assuming that y # 0, since y is invertible,

0=0y "' =(zy)y ' == (347)

With this theorem, we have established the hierarchy in the beginning of this section. So as soon as we
see a field, we can immediately apply everything we know, such as Euclidean division, unique factorization,
GCDs, etc. The converse is not generally true except for finite fields.

Theorem 7.5 (Wedderburn’s little theorem)

Every finite integral domain is a field.

Proof. Let R be a finite integral domain and a € R be nonzero. Since every element is regular, the
map = — ax is an injective function. Since R is finite this map is also surjective. In particular, there
is some b € R s.t. ab=1, i.e. a is a unit.

Theorem 7.6 (Integral Domains are Embedded in Fields)

An integral domain is a ring that is isomorphic to a subring of a field.

Proof. TBD

Theorem 7.7 (Ideals of Fields)

The only ideals that exist in a field F is {0} and F itself.

Proof. Given a nonzero element x € I, every element of F can be expressed in the form of ax or xa for
some a € F.

The ring Z, has all the properties of a field except the property of having inverses for all of its nonzero
elements. This leads to the following theorem.

Theorem 7.8 (Quotient Rings as Fields)

Let R be a nontrivial commutative ring and I C R an ideal. R/I is a field iff I is a maximal ideal.

Proof. TBD
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Corollary 7.9 (Integer Quotient Rings as Finite Fields)

The ring (Z,,,+, x) is a field if and only if n is a prime number.

Proof. This proof is a one-liner given the previous theorem, but let’s provide an alternative proof.
1. (=) We prove the contrapositive. Assume that n is composite = n = kl for k,n € N =
k,n # 0, but
[l = [kl =[] = 0 (348)

meaning that Z, contains 0 divisors and is not a field.
2. (+) Given that n is prime, let [a], # 0, i.e. [a]n, # [0]n, [1]n. The set of n elements

(0], [aln, [2a]n, -y [(n — 1)a]n (349)

are all distinct. Indeed, if [ka], = [la],, then [(k — Da], =0 = n = (k—1)a < n is not
prime. Since the elements are distinct, exactly one of them must be [1],, say [pa], = the
inverse [p],, exists.

Corollary 7.10 (Invertibility in Z,)

For any n, [k], is invertible in the ring Z,, if and only if n and & are relatively prime.

Proof. TBD

We will talk about finite fields again, which are extremely important in Galois theory and in practical
applications in e.g. cryptography.

7.1 Field of Fractions and the Rationals

Given an integral domain, there is a common way to construct a field from it. We simply just “add” all the
multiplicative inverses. Doing so with the integers and polynomials creates the field of rational numbers and
rational functions. To formalize this a bit more, we claim that any integral domain R is a subring of a larger
field F'. Actually, we can prove an even stronger claim about commutative rings, i.e. every commutative ring
is a subring of a larger ring S in which every nonzero element of R that is not a zero divisor is a unit in S.

Definition 7.2 (Ring/Field of Fractions)

Let R be a commutative ring and D be any nonempty subset of R that

1. does not contain 0,

2. does not contain zero divisors,

3. is closed under multiplication.

Then, there exists a commutative subring Q O R, called the ring of fractions, with the properties.

1. Fraction. Every element of Q is of the form rd~!, for some r € R,d € D. If D = R\ {0}, then Q
is a field, called the field of fractions.

2. Uniqueness. @ is the smallest ring containing R in which every elements of D become units in
the following sense. Let S be any commutaticve ring with identity and let ¢ : R — S be any
injective ring homomorphism such that ¢(d) is a unit in S for every d € D. Then there is an
injective homomorphism ¢ : Q — S s.t. ¢|gr = ng]

%This is basically a subgroup of units.
bIn other words, any ring containing an isomorphic copy of R in which all the elements of D become units must also
contain an isomorphic copy of Q.
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Proof. Let F'={(r,d) € Rx D |r € R,d € D} and define the relation ~ on F' by
(ryd) ~ (s,e) < re=sd (350)

It is indeed an equivalence relation.
1. Reflexive. (r,d) ~ (r,d) since rd = rd.
2. Symmetric. Let (r,d) ~ (s,e). Then re = sd <= sd = re, and so (s,e) ~ (r,d).
3. Transitive. Let (r,d) ~ (s,e) and (s,e) ~ (¢, f). Then re — sd = 0 and sf — te = 0. Multiplying
the first and second equations by f and d respectively and adding them gives (rf — td)e = 0.
e # 0 or e is not a zero divisor, so rf =td <= (r,d) ~ (¢, f).
Let us denote the equivalence class of (r,d) as 7, and let Q be the set of equivalence classes under ~
Note that 4 = 2¢ for all e € D, since D is closed under multiplication We now define addition and

multiplication on @ as

a c ad + bc a ¢ ac

-4 == - X - =— 351

b d bd b d bd (851)
which is again well defined since D is closed under multiplication and do not depend on the choice of
representatives from the equivalence class.

1. Verify the additive identity.

(a,b) + (0,¢) = (ac + 0b,bc) = (ac,be) ~ (a,b) (352)
2. Verify the multiplicative identity.
(a,b) x (¢,¢) = (ac,be) ~ (a,b) (353)
3. Additive inverse is actually an inverse.
(a,b) + (—a,b) = (ab+ (—ba),bb) = (0,bb) ~ (0,1) (354)
4. Multiplicative inverse is actually an inverse.
(a,b) x (b,a) = (ab,ba) = (ab,ab) ~ (1,1) (355)
5. Addition is commutative.
(a,b) + (c,d) = (ad + be, bd) = (cb + ad, bd) = (c,d) + (a, b) (356)

6. Addition is associative.

(a,0) + ((¢,d) + (e, f)) = (a,b) + (cf + de, df) (357)
= (adf + bef + bde, bdf) (358)
(ad+ be, bd) (e, f) (359)
= ((a,b) + (¢, d)) + (e, f) (360)
7. Multiplication is commutative.
(a,b) x (¢,d) = (ac,bd) = (ca,db) = (¢,d) x (a,b) (361)
8. Multiplication is associative.
(a,0) x ((¢,d) x (e, f)) = (a,b) x (ce, df) (362)
= (ace, bdf) (363)
= (ac,bd) x (e, f) (364)
= ((a,b) x (¢, d)) x (e, f) (365)
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9. Multiplication distributes over addition.

(a,b) x ((¢,d) + (e, f)) = (a,b) x (¢, d) + (a,b) x (e, f) (366)
= (ac, bd) + (ae, bf) (367)
= (abef + abde, b*df) (368)
= (acf + ade, bdf) (369)
= (a,b) x (cf + de, df) (370)

Next we embed R into @) by defining

t:R—Q, ur) = % for any d € D (371)

Since % = 2 for all d,e € D, 1(r) does not depend on the choice of d € D (for now, we assume that

1 € D and continue the proof with this assumption, though the general case is also pretty simple).
Since D is closed under multiplication, one checks directly that ¢ is a ring homomorphism.

1. Preservation of addition.

ua) +q u(b) = (a,1) +q (b, 1) (372)
= (la+g 1b,1%) (373)
=(a+grb1) (374)
=i(a+grbd) (375)
2. Preservation of multiplication.

v(a) xq u(b) = (a,1) xq (b,1) (376)
= (a xpb,1%) (377)
=(axgrb,1) (378)
=i(axpb1) (379)

3. Preservation of multiplicative identity.
(1) = (1L1) = 1g (380)

We then prove ¢ is injective since

L(?”)=0<:>%=%<:>7“d2=0<:>7“=0 (381)

because d—and hence d?>— is neither 0 nor a zero divisor. We therefore have +(R) ~ Q.

Next note that each d € D has a multiplicative inverse in Q. That is, if d is represented by the fraction
, then its multiplicative inverse is . Therefore, every element of @ of the form rd~ ! for some

r 6 R,d e DE] It follows immediately that if D = R\ {0}, then every nonzero element of @ is a unit

and so @ is a field.

For the uniqueness property, assume that ¢ : R — S is an injective ring homomorphism such that ¢(d)

is a unit in S for all d € D. Extend ¢ to a map ¢ : Q — S by defining

o(rd ") = p(r)p(d)~! (382)
for all r € R,d € D. This map is well defined, since rd~! = se™! implies re = sd = ¢(r)p(e) =
»(s)p(d), and so

$(rd™") = p(r)p(d) ™" = p(s)p(e) ™ = d(se™") (383)
¢ is indeed a ring homomorphism, and it is injectivce since rd~! € ker ¢ implies r € ker ¢ N R = ker .
Since ¢ is injective this forces 7 and hence rd~! to be 0.

%This is why we can’t multiply by %.
bSince (r,d) = (r, %) = (r- £,1) = (rd~1,1) € Q.
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Therefore, non-zero divisors get upgraded to units, while zero-divisors... well stay the same. The relative
properties of these are quite simple, since R being an integral domain implies that it will have a field of
fractions. We now derive the rational numbers as a field of fractions of the integers, which is straightforward.

Definition 7.3 (Rational Numbers)

The field of fractions of Z is called the rational numbers. More specifically, the rational numbers
(Q, +q, X@) is the quotient space on Z x Z \ {0} with the equivalence relation ~

(a,b) ~ (c,d) <= axzd=bxzgc (384)

and the operation defined
1. The additive and multiplicative identities are

0g = (0z,a), 1lg:=(a,a) (385)
2. Addition on Q is defined
(a,b) +q (¢, d) = ((a xz d) +z (b X7 ¢),b X7 d) (386)
3. The additive inverse is defined
—(a,b) == (—a,b) (387)
4. Multiplication on Q is defined
(a,b) Xq (¢, d) = (a Xz c,b Xz d) (388)

5. The multiplicative inverse is defined

(a,b)"! == (b, a) (389)

So for every commutative ring there is an associated ring of fractions. A natural question to ask is whether
this is unique. Apparently, it is not.

Corollary 7.11

Let R be an integral domain and let @) be the field of fractiohns of R. If a field F' contains a subring
R’ isomorphic to R, then the subfield of F' generated by R’ is isomorphic to Q.

Proof.

Lemma 7.12 (Rationals are a Minimal Field)

Every subfield of C contains Q.

Proof. Must contain 0 and 1. Keep adding 1 and inverting it to get Z. Now Z must contain units so
1/n also contained. Then multiply the elements to get Q.

Once we define polynomials in the next section, we will construct the field of rational functions in the same
manner.
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7.2 Ordered Fields

Great, so we have established that Q is a field. The next property we want to formalize is order. There are
countless ways to do it, but I just take the difference and claim that it is greater than 0. Note that given a
set, we can really put whatever order we want on it. However, consider the field with the following order.

F={0,1},0<1 (390)
This does not behave well with respect to its operations because for example if we have 0 < 1, then adding the

same element to both sides should preserve the ordering. But this is not the case since0+1=1>14+1=0.
While it may be easy to define an order, we would like it to be an ordered field.

Definition 7.4 (Ordered Field)

An ordered field is a field that has an order satisfying
l.Ly<z = z+y<z+zforalzek.
2.2>0,y>0 = 2y >0.

Theorem 7.13 (Properties of an Ordered Field)

In an totally ordered field,
l.z>0 = —z<0.
2. x40 = 22 >0.
3. If x >0, then y < 2 = zy < xz.

Proof. The first property is a single-liner
0<z = 0+—1cr<z+-2 = —2<0 (391)

For the second property, it must be the case that > 0 or 2 < 0. If z > 0, then by definition z? > 0.
If x < 0, then
?=1-22= (=12 2= (-1-2)% = (—2)* (392)

and since —r > 0 from the first property, we have 22 = (—z)? > 0. For the third, we use the distributive
property.

y<z = 0<z—y (393)
= 0=a0<z(z—y)=22z—2y (394)
= xy < xz (395)

Theorem 7.14 (Ordered Field Structure)

Second, Q is an ordered field. The order <g defined on the rationals as
(a,b) <g (¢,d) <= ad <gz bc (396)

is a total order. Remember that WLOG we can assume b, d > 0.

Proof. For the order property, we have
1. Reflexive.
(a,b) <@ (a,b) <= ab<gzab (397)

2. Antisymmetric.

(a,b) <g (¢,d) = ad <z be(e,d) <g (a,b) = bc <z ad (398)
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This implies that both ad = be, which by definition means that they are in the same equivalence
class.

3. Transitivity. Assume that (a,b) < (¢,d) and (¢,d) < (e, f). Then, we notice that b,d, f > 0 and
therefore by the ordered ring property] of Z, we have

(a,b) <g (¢,d) = ad <z bc = adf <z bef (399)
(c,d) <g (e, f) = cf <z de = bef <z bde (400)

Therefore from transitivity of the ordering on Z we have adf < bde. By the ordered ring propertyr_b]
we have 0 < bde — adf = d(be — af). But notice that d > 0 from our definition of rationals, and
therefore it must be the case that 0 < be — af = af <z be, which by definition means
(a,b) <q (e, f).
For the ordered field property, we have
1. Assume that y = (a,b) < (¢,d) = z. Let z = (e, f). Then z+y = (af+be, bf), x+z = (cf+de, df).

Therefore
(af +be)df = adf? + bedf (401)
< bef? + bedf (402)
= (cf +de)bf (403)

But (af+be)df = (cf+de)bf is equivalent to saying (af+be,bf) <g (cf+de,df), i.e. z+y < z+2!
2. Let x = (a,b),y = (¢,d). Since 0 < 2,0 < y, by construction this means that 0 < a,0 < ¢ (since
b,d > 0 in the canonical rational form). By the ordered ring property of the integers, 0 < ac. So

O0<ac <= 0-bd <ac-1 < (0,1) < (ac,bd) < 0g < (a,c) Xg (b,d) = zy (404)

If a < b and 0 < ¢, then ac < be.
bIf a < b, then a+c<b+ec.

Great, so we have shown that the rationals have an ordered field structure and that there is a canonical ring
embedding from Z to Q. It remains to show that this ring homomorphism is an ordered ring homomorphism.

Theorem 7.15 (Canonical Injection of Z to Q is an Ordered Ring Homomorphism)

The canonical injection ¢ : Z — Q defined t(a) = (a, 1) is an ordered ring homomorphism. That is,
for a,b € Z,
a<zb <= ula) <gi(b) (405)

%which is well defined since we can arbitrarily choose the denominator.

Proof. We have already proved that this is a ring homomorphism. To show that it preserves the order,
we have

a<zb <= a-1<z7b-1 (406)
= (a,1) <g (b,1) (407)
= (a) <g t(b) (408)

Theorem 7.16 (Finite Fields)

There are no finite ordered fields.
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Proof. Assume F is such an ordered field. It must be the case that 0,1 € F, with 0 < 1. Therefore, we
also have 0+1 <141 = 1 <1+ 1. Repeating this we get

0<l<ltl<l+Hl+l<.. (409)

where these elements must be distinct (since only one of >, <, = must be true for a totally ordered
set). Since this can be done for a countably infinite number of times, F' cannot be finite.

Great, so we have pretty much constructed the rational numbers, with the exception that we still need the
topology /metric/norm on these numbers, but this won’t be too relevant for now.

7.3 The Real Numbers

The next step is to formally construct the real numbers. There are generally two ways of doing this:
with Dedekind cuts, with Cauchy sequences, or with compact nested intervals. Using Cauchy sequences
or compactness requires us to introduce the metric and the topology, while Dedekind cuts is purely based
on the order which we have established. To make the construction as minimal as possible, I will use the
Dedekind cuts method, and in topology/analysis, we can compare all three of these methods (and determine
their equivalence!).

Definition 7.5 (Dedekind Cut)

A Dedekind cut is a partition of the rationals Q = A U A’ satisfying the three properties[]
1. A#0and A # QY
2. z<yforallze A,yec A'.
3. The maximum element of A does not exist in Q.

The minimum of A’ may exist in Q, and if it does, the cut is said to be generated by min A’.

%This can really be defined for any totally ordered set.
bBy relaxing this property, we can actually complete Q to the extended real number line.

Note that in Q, there will be two types of cuts:

1. ones that are generated by rational numbers, such as

A={zeQla<2/3},A={reQ|z>2/3} (410)

2. and the ones that are not
A={zcQ|a*<2},A ={zcQ|2®>2} (411)
We can intuitively see that the set of all Dedekind cuts (A, A’) will “extend” the rationals into a bigger set.

We can then define some operations and an order to construct this into an ordered field, and finally it will
have the property that we call “completeness.”

Definition 7.6 (Dedekind Completeness)

A totally ordered algebraic field F is complete if every Dedekind cut of F is generated by an element
of F.

Theorem 7.17 (Rationals are Not Dedekind-Complete)

Q is not Dedekind-complete.

95/ [196]



Abstract Algebra Muchang Bahng August 2021

Proof. The counter-example is given above for the cut

A={rcQ|a?<2},A={zxcQl|a*>2} (412)

Now we have the tools to define the reals, giving us the beefy theorem.

Theorem 7.18 (Reals as the Dedekind-Completion of Rationals)

Let R be the set of all Dedekind cuts (A, A’) of Q of Q. For convenience we can uniquely represent
(A, A’) with just A since A’ = Q\ A. By doing this we can intuitively think of a real number as being
represented by the set of all smaller rational numbers. Let A, B be two Dedekind cuts. Then, we define
the following order and operations.

Order. A<p B <— AC B.

Addition. A+r B ={a+qb|a€ A,be B}.

Additive Identity. Og = {zx € Q| z < 0}.

Additive Inverse. —B:={a—b|a<0,be (Q\ B)}.

Multiplication. If A, B > 0, then we define A xg B:={axgb|a€ A,b€ B,a,b>0}U0g. If A
or B is negative, then we use the identity A x B = —(A xg —B) = —(—A xg B) = (—A xg —B)
to convert A, B to both positives and apply the previous definition.

Multiplicative Identity. 1g = {z € Q| x < 1}.

7. Multiplicative Inverse. If B >0, B™' :={a xgb™! | a € 1g,b € (Q\ B)}. If B is negative, then
we compute B~1 = —((=B)™!) by first converting to a positive number and then applying the
definition above.

We claim that (R, +g, Xg, <g) is a totally ordered field, and the canonical injection ¢ : Q — R defined

ug) ={r€Qlz<q} (413)

CUk o=

S

is an ordered field isomorphism. Finally, by construction R is Dedekind-complete.

Definition 7.7 (Least Upper Bound Property)

A totally ordered set F has the least upper bound property if every nonempty set of F' having an
upper bound must have a least upper bound (supremum) in F'.

Theorem 7.19 (Dedekind Completeness Equals Least-Upper-Bound Property)

Dedekind completeness is equivalent to the least upper bound property.

Proof.

It is also important to note that R satisfies the Archimidean principle, which is fundamental in analysis, and
that Cauchy/nested interval completeness does not imply Archimidean, while Dedekind-completeness does.
However, this again is not very relevant in a purely algeraic sense.

Definition 7.8 (Archimidean Principle)

An ordered ring (X, +, -, <) that embeds the naturals I\ﬂ is said to obey the Archimedean principle
if given any z,y € X s.t. x,y > 0, there exists an n € N s.t. ¢(n) - > y. Usually, we don’t care about
the canonical injection and write nax > y.

“as in, there exists an ordered ring homomorphism ¢ : N — X
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By the canonical injections N — Z — Q — R, we can talk about whether this set has the Archimedean
property. In fact Dedekind completeness does imply it.

Theorem 7.20 (Reals are Archimidean)

R satisfies the Archimedean principle.

Proof. Assume that this property doesn’t hold. Then for any fixed z, nx < y for all n € N. Consider
the set
A=J(-o0,nz), B=R\A (414)

neN

A by definition is nonempty, and B is nonempty since it contains y. Then, we can show that a € A,b €
B = a < b using proof by contradiction. Assume that there exists a’ € A, € B s.t. a’ > V. Since
a' € A, there exists an’ € Nsit. a’ € (—oo,n'z) < d < n’z. But by transitivity of order, this
means b’ < n'z <= b € (—oo,n'z) = b € A
Going back to the main proof, we see that A is upper bounded by y, and so by the least upper bound
property it has a supremum z = sup A.
1. If z € A, then by the induction principld?] z + z € A, contradicting that z is an upper bound.
2. If z ¢ A, then by the induction principgﬂﬂ z—x ¢ A = z—x € B. Since every element of
B upper bounds A and since x > 0, this means that z — x < z is a smaller upper bound of A,
contradicting that z is a least upper bound.
Therefore, it must be the case that nx > y for some n € N.

%Note that N is defined recursively as 1 € N and if n € N, then n+ 1 € N.
bThe contrapositive of the recursive definition of N is: if n ¢ N, then n — 1 ¢ N.

7.4 Exercises
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8 Polynomial Rings

In ring theory, the idea of adjoining an existing ring R with an arbitrary element z will appear frequently.
That is, given a ring R and some z, can we try and construct a new ring S, denoted R[z] that is the minimal
ring containing both R and z? What kind of elements would be in R[z]?

1. Since R C RJz], it must be the case that for a € R, a € R[z].

2. Since x € R[z], it must be the case that axz € R[z] for all a € R.

3. x x ¥ = 22 € R[z], so it must be the case that az? € R[z]

4. In general, for any n € N, 2™ € R[z], so it must be the case that az™ € R|x].

If we add these terms up, we have elements of the general form
ant™ + ap_12" .. a1z + ao (415)

This is what we refer to as a polynomial, and it indeed does have a ring structure. More generally, given a
set of elements S = {z1,...,2,}, R[S] can be defined accordingly. Now let’s formally define them.

Definition 8.1 (Polynomial Ring)

Given ring R and a set of indeterminates S = {z1,...,2,}, the ring of polynomials R[S] =
R[z1,...,x,] is defined in the equivalent ways.

1. Tt is the minimal ring containing R as a subring and S.

2. It is the ring of formal expressions of the form

ki, k :
flxr,. ... zn) = Z ap, g,k ok e, € R (416)
0<k;<n

which for univariate polynomials simplifies to
f(.’L') =apzr" + an—l-ﬁ”_1 +---4+axr+ay, a €R (417)

From both definitions is becomes clear through the ring properties that
1. Addition is defined component-wise: ax’ + bz® = (a + b)z’.
2. Multiplication is defined component-wise: zixd = 7.
3. Additive and multiplicative identities is 0 and 1.

Note that z is just a formal symbol, whose powers z* are just placeholders for the corresponding coefficients
a; so that the given formal expression is a way to encode the finitary sequence. (ag,a1,as,...,a,). Two
polynomials are equal if and only if the sequences of their corresponding coefficients are equal. Also note
that unlike a function, which we write as f, for a polynomial we should write the indeterminate f(z). We can
however interpret f(z) as a function as well (which may not be unique), and doing so allows us to determine
special properties of f(z) € R[z]. Before we move on, let’s get some terms out of the way.

Definition 8.2 (Some Terms for Polynomials)

Given a univariate polynomial f(x) € Rx].
1. The leading coefficient is the last nonzero coefficient
The degree of f—denoted deg f—is the index of the leading coefficient.
A monomial is a polynomial of a single term a;jz7.
A linear polynomial is a polynomial of degree 1.
A quadratic polynomial is a polynomial of degree 2.
A cubic polynomial is a polynomial of degree 3.

o ov W
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We need to be very careful about the properties that hold for polynomials, as they may not be intuitive.
For example, for certain finite fields (which are rings), some formally different polynomials may be indistin-
guishable in terms of mappingsﬂ Second, a polynomial may have more roots than its degree. Therefore, we
will work in different rings R and provide conditions where our intuition is true in R[z]. It is clear that if
you have two polynomials of degree n and m, their sum may be degree k < n,m. This is not always true
for multiplication. There is a simple condition in which the degree is additive, however.

Lemma 8.1 (Bounds on Degrees From Operations)

Given that R is a ring and f, g € R|z],

deg(f + g) < max{deg f,degg} deg(fg) < deg fdegyg (418)

Proof. Trivial.

Unsurprisingly, the properties of the base ring R determines the properties on R[z], and we will explore more
of this later. Finally, let’s view polynomials as functions f : R — R, which will allow us to talk about their
T001S.

Definition 8.3 (Polynomial Root)

An element r € R is a root of polynomial f € R[] if and only if

f(r)=0 (419)

Base Ring Polynomial Ring

Commutative Rings +——  Commutative Rings

T T

Integral Domains — Integral Domains
UI‘IDS — U]:IDS
PITDS
/
Fields _— Euclideaj Domains

Figure 15: Basic hierarchy of rings with UFDs included.

8.1 Commutative Polynomial Rings

We begin our study by looking at commutative polynomial rings. The first order of business is to be able to
tell when such Rx] is commutative. There is a simple condition for this.

Theorem 8.2 (Conditions for R[z| to be Commutative)

Let R be a ring and S = {z1,..., 2z} be a finite set of indeterminates. R is a commutative ring iff
RJx] is a commutative ring.

5z and z? are equivalent in Zs[z].
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Proof. We prove bidirectionally.
1. (=) If R is commutative then given a,b € R, we have (az’)(bz?) = a(z'b)a’ = (ab)(x'z’) =
(ba)(xz7z%) = (bx?)(az?), and so from distributive property R[x] is commutative.
2. (+) This is trivial since given R[z] commutative, take a,b € R C R[z], and so ab = ba in R][z]
implies commutativity in R.

Now we associate long division with Euclidean domains, and this is the case in the integers. However, for
polynomials, we can state a slightly weaker form in that we can divide any polynomial by not just any other
polynomial, but a monic polynomial.

Theorem 8.3 (Division Algorithm Exists for Monic Divisors)

Given any ring R, with f(z),d(r) € R[z] where the leading coefficient of d(z) is a unit, a division
algorithm exists. That is, we can find a ¢(x),r(z) € R where

f(z) = q(x)d(z) + r(x), 0 < degr(z) < degd(x) (420)

Proof. We construct how to do so. This is because at each step, you only need to divide the leading
coefficient of the divisor into the leading coefficient of the polynomial you have left.

Example 8.1 (Polynomial Long Division)

We apply the steps in the proof above to the example.

x? +6z+11
x—Q) 2 +422 —x +7
— 2% 4 222
6z —=x
— 622 4 122
11z +7
—11x + 22
29

Now let’s introduce polynomial roots and how they relate to the factors and evaluation of a function f(z).

Corollary 8.4 (Root-Factor Theorem)

Given a commutative ring R and f(x) € R[z], (z — ¢) is a factor of f(x), i.e. can be factored into

f(z) = (z = c)q(x) (421)
for some g(z) € R[] of degree deg(f) — 1 if and only if f(c) = 0[]

%Note that this is not true for an arbitrary ring. R must be commutative at least.

Proof. We prove for when R is a field F', but it turns out that the theorem also holds for commutative
rings R.
1. (—=). Given that (x — ¢) is a factor of f(z), this means that by the Euclidean algorithm f(x) =
(x — ¢)g(x) for some ¢(z), and so f(c) = (c — ¢)q(c) = 0.
2. (+). Given that f(c) = 0. By the remainder theorem this means that when we divide f(x) by
(x — ¢), the remainder is f(c) =0, and so f(z) = (r —¢)g(z) + 0= (z — c)q(z) = (r—c¢)isa
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factor of f(x).

Corollary 8.5 (Remainder Theorem)

Let ¢ € F and f(z) € F[z]. When we divide f(z) by g(z) = x — ¢, the remainder is f(c).

Proof. By the division algorithm,

f(@) = (z—=0c)q(x) +r(x) = f(c) = (c—c)q(c) +7(c) =r(c) (422)

Definition 8.4 (Multiplicity)

A root ¢ of polynomial f(z) € Flx] is called simple if f(z) is not divisible by (x — ¢)? and multiple
otherwise. The multiplicity of a root c is the maximum k such that (z — ¢)* divides f(z) .

Often, we refer to a polynomial having no repeated roots as being square-free.

Finally, let’s talk about what quotient polynomial rings look like.

Example 8.2 (Counting Ring Homomorphisms)

We wish to count the number of ring homomorphisms

Z

e — 4 42
<x3+y2—1>_> 7 (423)

Note that any such homomorphism ¢ induces by composition a unique canonical homomorphism f :
Zlz,y] = Z7. f must map 1 to 1, so it leaves a total of 49 choices for what it can map z,y to. Now
since the kernel must contain the ideal (23 + y? — 1), this means that we would like

f@+y?=1)=f@)?+ fly)?—1=0 (424)

and from this we can count.

8.2 Polynomial Integral Domains

Now we talk about when R[x] becomes an integral domain. When is this the case?

Theorem 8.6 (Conditions for R[z] to be Integral Domain)

Let R be a ring and S = {x1,..., 2z} be a finite set of indeterminates. R is an integral domain iff
RJz] is an integral domain.

Proof. 1t suffices to prove the domain property since commutativity is already proved.
1. (—). Assume R is a domain. Now take any two nonzero polynomials f(z),g(z) € R[z]. Then
look at their leading term az™ and bx™. The leading coefficient of (fg)(z) is (ab)z™™™, and since
R is a domain ab #=0 = (fg)(z) # 0. So R[] is a domain.
2. (+-). This is trivial since given R]x] integral domain, take a,b € R C R[z] with a,b # 0, and so
ab # 0 since R[z] is a domain. Therefore R is a domain.

We can see how R[z] fails to be a domain when R is not an integral domain.
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Example 8.3 (Product of Two Linear Polynomials is 0)

Given f, g € Zg[z] with f(x) =2z + 4 and g(z) = 3z + 3, we have

f(@)-g(z)= (22 +4)(3x+3) =62 + 182+ 12=0 (425)

In addition to the results we derived for general integral domains, what special results can we derive for that
of polynomial rings? First, we have the familiar property of the degree of a product of two polynomials.

Lemma 8.7 (Degree of Product of Polynomials)

Given integral domain R[z] and f(z),g(z) € R[x], we have

deg fg(x) = deg f(x) + deg g(x) (426)

Proof. Trivial. Consider the leading coefficient of f(x), g(x).

Now the integral domain property gives us also a nice bound on the number of roots. If R[z] was not an
integral domain, then R is not an integral domain, and so there exists zero divisors a,b € R s.t. ab = 0.

Now consider
f(x)=(z—a)(x—b) =2 (a+b)x+ab=2>— (a+b)x (427)

and we have found a degree two polynomial having at least three roots. We can also state the converse of
this.

Theorem 8.8 (Bounds on Number of Roots)

Let R[x] be an integral domain and f(x) € R[z]. Then f(z) has at most deg f(z) roots.

2

Proof. Let us consider the equation f(x) = 2 —m = 0, where m € R is nonzero. Suppose f(x) has

more than 2 roots, i.e.
22 —m=(z—a)(z—b) = (x—c)(z—d), a,b,c,d € R (428)

Let ¢ # a,b. Then (¢ — a)(c — b) = 0(c — d) = 0, which implies that R is not an integral domain.

Therefore, the number of roots of a polynomial—counted with multiplicity—does not exceed the degree of
this polynomial. Furthermore, these numbers are equal if and only if the polynomial is a product of linear
factors, which has its own terminology. That is, given a polynomial f(z), we can view it as an element of
multiple polynomial rings R[z]. The properties of the ring R will determine the properties of f(x) as an
element of R[z].

Theorem 8.9 (Splitting Ring/Field)

A polynomial f(x) is said to split in R[z] if f(z) can be factored into only linear factors.

8.3 Polynomial Unique Factorization Domains

What’s great about UFDs R is that we can relate the decomposition of polynomials in R[z]| to the decom-
position in F[z], where F is the field of fractions of Rﬁ This is precisely stated through Gauss’s lemma.

61t is a field since R is an integral domain.
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Lemma 8.10 (Gauss’s Lemma)

Let R be a UFD and F be its field of fractions. Then reducibility in F[z] implies reducibility in R[z].
That is, given f(z) € R[z], if there exists g(x),h(z) € F[z] s.t. g(x)h(z) = f(z), then there exists
g(x), h(z) € Rlz] s.t. g(z)h(z) = f(x).

Proof. We prove for R = Z. We can find k,l € Z s.t. gi1(x) = kg(z) and hq(z) = lh(z) have integer
coefficients, i.e. g1,h1 € Zlz]. Then, kif(z) = ¢g1(x)h1(z) € Z[z]. Let p be a prime factor of kl. We
have

0=Fkif(xz) = g1(x)hi(x) in Z,[x] (429)

Since Z,, is an integral domain, Z,[z] is an integral domain, and so g; or hy must be 0. WLOG let it
be g;. Then every coefficient of g;(x) is divisible by p, and we can write it in the form gs(z) = pg; ().
Therefore,

pa)- 8@ ) f @)™ 2 @) (430)
p N—— p
N——" ha(z)

g2(x)

Since there are only finitely many prime divisors, we do this for all prime factors of ki, and we have

f(aj) = gn(x)hn(z), Gnshn € Z[l’] (431)

Therefore in the specific case of Z, Gauss’s lemma says that decompositions in Q[z] imply decompositions
in Z[z]! By looking at the contrapositive, to check irreducibility in Q[z], it suffices to check irreducibility in
Z[x].

Theorem 8.11 (Conditions for R[z] to be a UFD)

Let R be a ring and S = {z1,..., 2} be a finite set of indeterminates. R is a UFD implies R[S] is a
UFD.

Proof. By induction, it suffices to show for when S = {x}. Let F be the field of fractions of R. Since
F is a field, F[x] is Euclidean domain and hence a PID. So every polynomial in R[z] has a unique
factorization in F[x]. By Gauss’s lemma, this factorization is actually in R[z].

Note that this is not true in arbitrary rings, i.e. non-UFDs.

Example 8.4 (Linear Polynomial with 3 Roots)

Consider f(x) = 2% — 1 € Zg[z], a commutative ring. Then 1,3,5,7 are all roots of f(z), which is
greater than its degree. Furthermore, it has two different factorizations

22 —1=(x+1)(z—1)=(z+3)(z—3) (432)

Another milestone theorem is that in UFDs, we can use the rational root theorem to reduce our search space
of roots in the field of fractions.

Theorem 8.12 (Rational Root Theorem for UFDs)

Let R be a UFD and
f(x) =auz" +...+a1x+ag € R[l‘] (433)
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If K is the fraction field of R and f(k) =0 with k = % for p, ¢ coprime, then p | ag and p | a,,.

Proof. Given that r/s is a root, we have
an(r/s)"+...4+ap=0 (434)
Multiplying by s™, we get
At + ap 1" s+ 4 a18" i +ags” =0 (435)

and putting this equation on mod r and mod s implies that r|ags™ and s|a, "™, respectively. But since
we assumed that ged(r, s) = 1, r]ag and s|a,.

Corollary 8.13 (Rational Root Theorem for Integers)

Let ana™ + ...+ ag € Z[z]. If r/s € Q with ged(r,s) =1, then r | ap and s | ay,.

Example 8.5 (Reducibility of Integer Polynomials)

Let f(z) = 2* — 23 + 2. The rational roots are in the set S = {41,422}, but none of them work since
f(£1), f(£2) # 0. By degree considerations and Gauss’s lemma, if f(z) is reducible, then

f(x) = (2% 4+ az + b)(2? + cx + d), a,b,c,d € Z (436)

We know that bd € S, with a +¢ = —1, d+ b+ ac = 0, and so on for each coefficients. We can brute
force this finite set of possibilities.

Example 8.6

We claim that 24 — 2222 +1 = (z — (V6 + v5))(z — (V6 — V) (z — (—v6 + V5))(z — (=6 — Vb))
is irreducible in Q[z]. By the rational root theorem +1 are the possible rational roots, but plugging it
into reveals that they aren’t roots. Now if % — 2222 + 1 factors it must factor as a product of monic
quadratic polynomials in Z[x] by Gauss’s Lemma. Therefore,

(z% + ax +b) (2 + cx + d) = 2* — 2227 + 1 (437)

Then a +c¢ = 0,bd = 1,ad + bc = 0,d + b + ac = 22. We can derive this and find that there are no
solutions, and so it is irreducible.

A great way to check irreducibility is to check in mod p.

Theorem 8.14

Let f(2) = ana™+... 4 ao € Zlz]. If pfa, and f € Zy[z] is irreducible, then f is irreducible in Q[x][]

®May need to verify this again.

Proof. Suppose that f(z) = g(z)h(x) € Z[x] with deg(g),deg(h) > 0. Then
f(z) = g(z)h(z) in Z)[x] (438)
Since f(z) is irreducible in Z,[z], we must have that one of g(z) or h(z) has degree 0 in Z,[z]. WLOG
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let it be g(z), but this means that the leading coefficient of g(x) must be divisible by p = leading
coefficient of f(z) is divisible by p < p | a,.

Example 8.7

x* 412 +1 is irreducible in Zy[x]. So we can extend this to Z[z] to see that all fourth degree polynomials
of form ax* + ba® + cx? + dx + e, which a,d, e odd and b, ¢ even is irreducible in Q[x].

This is a powerful theorem to quickly find a large class of polynomials that are irreducible. However, being
reducible in Z,[z] does not imply reducibility in Q. In fact, there are polynomials f(x) € Z[z] which are
irreducible but reducible in Z, for every prime p.

Theorem 8.15 (Eisenstein’s Criterion)

Let f(x) = ap2™ + ... +ap € Z]x] and p € Z a prime s.t. pfan, p | a; for i =0,...,a,_1, and p? { ap.
Then f(z) is irreducible in Q[x].

Proof. Suppose that f(z) = g(z)h(x) € Q[z] with deg(g),deg(h) > 0. Then, by Gauss’s lemma,
g, h € Z[x]. Reducing the equations mod p,

f(z) = g(z)h(z) in Z,[x] (439)

But f(z) = a,2™. By unique factorization theorem in Z,[z|, g,h € Z,[z] must be products of units
and prime factors of a,a™, which are {z}. Therefore, let

g(x) = bpa™, h(x) = Z—nx”_m € Zp[x] (440)
m
with deg(g) = m > 0 and deg(h) = n —m > 0 in Z[z]. This implies that the constant coefficients
of g(x),h(x) are divisible by p, which implies that the constant coefficients of f(z) = g(z)h(x) are
divisible by p?, a contradiction.

Example 8.8 (Easy Checks for Irreducibility with Eisenstein)

Listed.
1. 2 + 2219 4 42 + 6 is irreducible in Q[z] by Eisenstein for p = 2.
2. 2% + 922 + 12z + 3 is irreducible in Q[z] by Eisenstein for p = 3.

3. Let f(x) = 2* + 23 + 2% + 2 + 1. Then, we know that f(z) = .25:11 and so

flz+1)= ((“2111))5_11 (441)
SR (e e () ) e
=2* +52° + 1022 + 10z + 5 (443)

So all nonleading coefficients are divisible by 5 exactly once, which by Eisenstein implies that
f(xz + 1) is irreducible which implies that f(z) is irreducible.

Since UFDs have unique GCDs, we can state the following.
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Theorem 8.16 (GCD of Two Polynomials in a UFD Exist)

Given nonzero polynomials f(x),g(x) € F[z], let
S ={h(z) € Flz] | h(z) = a(z) f(z) + b(z)g(x) for some a(x),b(z) € Flz]} (444)

Then there exists some polynomial d(x) € S of smallest degree, and every h(x) € S is divisible by d(x).

Proof. The existence is trivial since by the well-ordering principle on the degrees of polynomials in .S,
such a minimal degree must exist. Now we prove the second claim by proving d(z) | f(x). We apply
the division algorithm to write

f(@) = q(x)d(z) + r(z) (445)

If r(z) = 0, then by root factor theorem we are done. If r(x) # 0, we then write

r(z) = f(x) — q(z)d(z) (446)

= f(z) = (s(=)f(z) + t(x)g())q(=) (447)

= (1-s(x)q(@)) f(2) — (tx)q(2))g(x) € S (448)

Since r(z) € S due to its form, the fact that deg(r(x)) < deg(d(x)) contradicts the way that d(z) was

chosen. Therefore r(z) = 0. It turns out that d(z) is unique up to a constant factor.

The algorithmic way for computing the GCD is done the same way by performing Euclidean algorithm on
two polynomials: dividing on by the other, taking the remainder, and dividing the lesser degree by the
remainder again, until the remainder is 0.

8.4 Polynomial Euclidean Domains

Definition 8.5 (Polynomial Euclidean Domains)

We call F[z] a Euclidean domain if for all f(z),g(x) € Flz] and g(z) # 0, there exists polynomials
q(x),r(x) such that
f(@) =q(@)g(x) +r(z), 0 <deg(r) <deg(yg) (449)

where deg is the norm.

Example 8.9

We again start with the conditions for a polynomial ring to be a Euclidean domain. It is not the case that
R should be a Euclidean domain. In fact, we need something stronger.

Theorem 8.17 (Conditions for R[z] to be Euclidean Domain)

Let R be a ring and S = {z1,...,2,,} be a finite set of indeterminates. F' is a field implies R[z] is a
Euclidean domain, with norm N(f(z)) = deg f(x). That is, given polynomials f(z), g(x) € F|x], there
are unique polyomials ¢(x),r(z) € F|z] s.t.

f(@) = q(x)g(x) +r(z),  deg(r(z)) < deg(g(x)) (450)
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Proof. We first prove existence. If deg(f(z)) < deg(g(z)), then we can trivially set ¢(z) = 0,7(x) =
f(z). Therefore we can assume that deg(f(z)) > deg(g(z)). We can prove this by strong induction on
k = deg(f(z)). Assume that deg(f(x)) = 1. Then if deg(g(z)) > 1 it is trivial as before, so we show
for deg(g(x)) = 1. So let

f(z) = a1z + ao, g(z) = b1z + bo (451)
and we can find the solutions )
a a
fla) = g@) + (a0 — 5— (452)
by by

Now suppose that the results is known for whenver deg(f(z)) < k and we have a polynomial F(z) =
apr12*t + . ag of degree k + 1. Then we must check that there exists a quotient and remainder
for 0 < deg(g(z)) = m < k+ 1. Note that the coefficients of #**! in F(z) and in the polynomial

GLght1=mg(z) are the same, so the polynomial

f(z) = F(z) - Cf—:m’f“-mg(m) (453)

has degree at most k. Thus by our induction hypothesis we can write f(z) = q(z)g(z) + r(z), and so

Pla) = f(x) + 52k g (a) (454)
= q(@)g(@) + r(x) + S () (455)
= (ato) + % )g(0) 4 1(2) (456)

which is indeed a decomposition. Now to prove uniqueness, suppose we had two different decompositions

f@) = q(x)g(z) + r(z) = ¢'(z)g(z) +r'(2) = (q(z) — ¢'(2))g(x) =r(x) —1'(z) (457)

IF q(x) # ¢'(z), then the degree of the LHS is at least deg(g(z)), while the degree of the RHS must be
strictly less, a contradiction.

Note that alternatively, we have shown from that the leading coefficient of the divisor g(x) must be a
unit in R. For a field, every element is a unit, and we are done.

Theorem 8.18 (PID Polynomial Rings Implies Underlying is a Field)

RJ[z] is a PID implies R is a field.

Proof. Assume that R[z] is a PID. Since R is a subring of R[z], then R must be an integral domain.
The ideal (z) is a nonzero prime ideal in R[x] because R[z]/(x) is isomorphic to the integral domain R.

Since every nonzero prime ideal in a PID is a maximal ideal, () is a maximal ideal, hence the quotient
R is a field.

From this theorem, we can see that if a polynomial ring is a PID, then we know that it is automatically a
FEuclidean domain, so it suffices to only consider the case of Euclidean domains, which is why we skip PID
polynomial rings.

Now we talk about the behavior of polynomials as functions. Sometimes, we may have two different poly-
nomials but they may define the same function from R to R!
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Example 8.10 (Polynomials as Same Function)

Given f,g € Zs[x],
fl@) =z ~g(z) = a? (458)

With an additional condition on a field, we can guarantee that each polynomial determines a different
function.

Theorem 8.19 (Uniqueness of Polynomials over Field)

If the field F is infinite, then different polynomials in F[z] determine different functions.

Theorem 8.20 (Interpolation)

For any collection of given field values y1, ys, ..., yn € F' at given distinct points x1, o, ..., x, € F, there
exists a unique polynomial f € F[z] with deg f < n such that

fi) =y, i=12,...n (459)

This is commonly known as the interpolation problem, and when n = 2, this is called linear
interpolation.

8.5 Algebraically Closed Fields

Now that we have seen some examples of fields, what properties would we like it to have? Going back to
polynomials, recall that if F' is a field, then F[z] as a Euclidean domain gave us a lot of nice properties,
such as admitting a unique factorization of irreducible polynomials. However, we have only proved that the
number of roots is at most the degree n, but not that it actually reaches n. In fact, in a more extreme case,
a polynomial may not even factor at all in F[x], since it could be irreducible. So while we have defined an
upper bound for the number of roots for a polynomial, we have not determined whether a polynomial has
any roots at all, i.e. a lower bound.

We don’t have much control over what these irreducible polynomials can look like. We may have to check—
either through theorems or manually—that a polynomial or arbitrary degree is irreducible. If we would like
to assert that all irreducible polynomials must be of smallest degree—that is, linear—then such a field is
called algebraically closed. This algebraic closed property asserts also that the lower bound on the number
of (non-unique) factors is n.

Definition 8.6 (Algebraically Closed Field)

A field F is algebraically closed if every polynomial of positive degree (i.e. non-constant) in F[x]
has at least one root in F'

This is equivalent to saying that every polynomial can be expressed as a product of first degree polynomials.
To extend our analysis more, we can talk about the multiplicity of these factors, which just tells us more
about how many unique and non-unique factors a polynomial has.

Example 8.11 (Reals are not Algebraically Closed)

R is not algebraically closed since we can identify the polynomial f(x) = 22 + 1 € R[x] which does not
have any roots in R. Consequently, any subfield of R (which contains 1) such as Q, Q(v/2),... are not
algebraically closed.
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It turns out that the complex numbers are algebraically closed, which is presented with the following grand
name. Ironically, this theorem cannot be proven with algebra alone. We need complex analysis[]

Theorem 8.21 (Fundamental Theorem of Algebra)

Suppose f € C[z] is a polynomial of degree n > 1. Then f(x) has a root in C. It immediately follows
from induction that it can be factored as a product of linear polynomials in C[z].

Proof. WLOG we can assume that f is monic: f(z) = 2" + a,_12"" ' +... + a1z + ag. Since C is a
field, we can set

" Ap—1  Qp_2 ag
f(z)==z2 <1+ 3 +...+Zn) (460)
Since
lim (1 pont Iz g ““) —0 (461)
|z|—00 z 4 Zn
there exists a R > 0 s.t.
n— n— 1
|z>R:>‘1+a L “Z22+...+‘i: <3 (462)
and hence ) An
|z| >R = |f(z)>|z|”~<12> > (463)

So z cannot be a root if |z| > R. On the other hand, f(z) is continuous (under the Euclidean topology)
and so on the compact set {z € C | |z| < R}, |f(z)| achieves a minimum value say at the point z5. We
claim that min, f(z) = 0.

For convenience, we let zp = 0 (we can do a change of basis on the polynomial) and assume that the
minimum is some positive number, i.e. f(0) = ag # 0. Let j be the smallest positive integer such that
aj = 0. Let

9(2) = a;ﬁ 24 %Zn_j = [(2) = a0 +a;27 (1 +g(2)) (464)
] J

We set v = {/—ag/a; and consider the values of

F(ty) = ao + a;(ty) (1 + g(t7)) (465)
= ag — aot’ (1 + g(t)) (466)
= ao{l -t (1 + g(t’y))} (467)

for t > 0. For t sufficiently small, we have

a; an i 1
lg(ty)| = | ZE () + -+ ()" < 5 (468)
aj aj 2
and for such ¢, this implies
[F(t)] = laol|1 = 7 (1 + g(t7))] < lao|[1 — /2] < |ao] (469)

and so zg cannot have been the minimum of |f(z)|. Therefore, the minimum value must be 0.

Great, so through this theorem, we can work in any subfield of C and guarantee that will have all of its roots
in C.

7Gauss proved this for the first time in 1799.
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Corollary 8.22 (C is algebraically closed)

C is algebraically closed, i.e. C is a splitting field of C[z].

Put more succinctly, the impossibility of defining division on the ring of integers motivates its extension into
the field of rational numbers. Similarly, the inability to take square roots of negative real numbers forces us

to extend the field of real numbers to the bigger field of complex numbers.

Theorem 8.23 (Complex Roots Come in Conjugate Pairs)

If o is a complex root of polynomial f € R[z], then & is also a root of the polynomial. Moreover, & has
the same multiplicity as a.

Proof. Note that conjugation is an automorphism (in fact an R-automorphism over C). Therefore, if
a € C is a root, then

fl@) =anf(@"+...a1f(@) + ao (470)
= anf(a)n—ﬁ—...alW—l—ao (471)
=0=0 (472)

This theorem has a lot of consequences on the reducibility of polynomials in the reals.

Corollary 8.24 (Odd Degree Polynomials have At Least 1 Real Root)

Every polynomial f € R[z] of odd degree has at least one real root.

Proof. Assume that n = deg f was odd and there were m roots, with m even. Then there are n —m
roots, which is an odd number of complex roots, which contradicts the previous theorem.

Proof. Just for fun, a proof using analysis is as such. Without loss of generality we can assume that
the leading coeflicient of f is positive. Then

lim f(z) = +oo, mEIEloc f(z) = -0 (473)

T—r+00

By the intermediate value theorem, there must be some point where f equals 0.

Corollary 8.25 (Real Polynomials Factors Into Linear and Quadratic Terms)

Every nonzero polynomial in R[z] factors into a product of linear terms and quadratic terms with
negative discriminants.
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Example 8.12

m5_1:(x—1)<x— (cos——i—zsm— )(Jc— cos—zsm?))
X (m—(cos457r+251n))< (cos—zsm457r)>

:(x—1)<x2— \/32_1:c+1><x2+\/52+1x+1>

Lemma 8.26 (Symmetry on Sign of Roots)

The number of positive roots of f(z) € R[z] is the same as the number of negative roots of f(—z) € R[z].

Theorem 8.27 (Descartes’ Rule of Signs)

Let f(x) = 2" + a, 12" '+ -+ 4+ a1x + ap € Rlz]. Let Cy be the number of times the coefficients of
f(z) change signs (here we ignore the zero coefficients); let Z; be the number of positive roots of f(x),
counting multiplicities. Then Z; < Cy and Z; = C; (mod 2). Moreover, if we set g(z) = f(—x), let
C_ be the number of times the coefficients of g(x) change signs, and Z_ the number of negative roots
of f(z). Then Z_ < C_ and Z_ = C_ (mod 2).

Example 8.13 (Easy Way to Find Number of Positive Roots)

Given f(z) =25 + 2* — 2% — 1,
1. We have C = 1. By Descartes’ rule of signs, it must be the case that Z, < 1and Z; =1
(mod 2) = Z; =1.
2. Since f(—x) = —2° +2* — 2% — 1, we have C_ = 2,80 Z_ = 0 or 2. This is the best that we can
do, though it turns out that it actually has 0 negative roots[’]

2On the other hand, z® 4+ 323 — 22 — 1 has 2 negative roots.

Note that if a polynomial has a multiple root but its coefficients are known only approximately (but with
any degree of precision), then it is impossible to prove that the multiple roots exists because under any
perturbation of the coefficients, however small, it may separate into simple roots or simply cease to exist.
This fact leads to the "instability" of the Jordan Normal form because under any perturbation of the elements
of a matrix A, the change may drastically affect the characteristic polynomial, hence affecting the geometric
multiplicities of its eigenvectors.

8.6 The Field of Rational Functions

Given a field F', we have constructed the Euclidean domain F'[x]. However, this is one step away from being
a field. We mimick the construction of the rational numbers Q as a quotient space over Z x (Z \ {0}) by
taking F[z] x (F[z] \ {0}) and putting a quotient on it.
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Definition 8.7 (Rational Functions)

The rational functions are defined to be the field of quotients (really just 2-tuples) of the form

_ [ f@)
F“”‘{mm

f@%m@EP%imw#O} (474)

where addition and multiplication is defined in the usual sense.

Theorem 8.28 (Partial Fractions Decomposition)

Let f(z),g(z) € F[x] where deg(f(z)) < deg(g(z)). If g(z) = u(x)v(x) Where u, v are relatively prime,
then there are polynomials a(z), b(z) with deg(a) < deg(u), deg(b) < deg(v) s.

)
f@) _ale) | b)
@) @) @) (475)

By induction, we can prove this for any finite set of irreducible polynomials.

Proof. We describe an algorithm to get this decomposition. There are polynomials s(x),t(z) s.t.
1 = s(z)u(z) + t(x)v(x). Therefore,

— + ) (476)

and we can use the Euclidean algorithm to write

P =+ 5 o) < e o
HOe) — o)+ 28 st < et "

which implies
e = ) o "

Example 8.14

Consider the rational function W Applying the Euclidean algorithm, we find that

1= 32+ 2 +1)(z —1)% — (3 — 4)2° (480)
and so
r+3 (2 +3)Ba® +2x+1)  (z+3)3z—4) (481)
w3(x—1)2 a3 (x —1)2
a2 +7z+3  —1lz+15
= 482
a3 + (x—1)2 (482)

8.7 Exercises
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9 Modules

Now we give a generalization of vector spaces in which the underlying field is replaced by a general ring.

Definition 9.1 (Module)

Given a ring R, a left R-module M is an abelian group (M, +) and an operation - : R x M — M—
called scalar multiplication—such that for all r,s € R and x,y € M, we have

L r(x4+y)=rz+ry.

2. (r+s)x=rz+ sx.

3. (rs) -z =r(sx)

4. 1-2==x.
Note that the “left” refers to the ring elements appearing on the left R x M, and the analogous definition
for right modules can be made.

Before going into any examples, we introduce submodules, which are subsets of modules M that are them-
selves modules under the restricted operations.

Definition 9.2 (Submodule)

Given a R-module M, a submodule N of M is a subgroup which is closed under the action of ring
elements, i.e. rn € N forallr € Ryn e N.

In particular, if R = F'is a field, then modules and submodules are the same as vector spaces and subspaces—
though we haven’t formally defined them yet.

Example 9.1 (Modules)

Let R be a ring.
1. R is a submodule, where scalar multiplication - : R X R is the same as the ring multiplication in
R.
2. Given n € N, the set
R" ={(a1,...,an) | Vi,a; € R} (483)

is an R-module with addition and scalar multiplication defined component-wise. This is called
the free-module of rank n over R.

Theorem 9.1 (Submodule Criterion)

Let R be a ring and M an R-module. A subset N C M is a submodule of M if and only if
1. N #0, and
2. z4+rye N forallr € Rand z,y € N.

9.1 Modules over a PID
9.2 Rational Canonical Form
9.3 Jordan Canonical Form

9.4 Exercises
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10 Vector Spaces

Definition 10.1 (Vector Space)

A vector space over a field F consists of an abelian group (V,+) and an operation called scalar
multiplication
FxV =V (484)

such that for all z,y € V and A\, u € F, we have
LA(z4+y)=X-xz+X-y
2. A +p)r=Nc+p-z
3. (Aw)-x=X-(u-x), which equals (uA) -z = p- (A z) since F is commutative
4. 1.z =x , where 1 is the unity of F’

Definition 10.2

A left R-module M consists of an abelian group (M, +) and an operation called scalar multiplica-
tion
S Rx M — M (485)

such that for all A\, p € R and z,y € M, we have
LA (z4+y)=r-z+Ay
2. A +p)r=As+p-z
3. (M) -z =X-(u-x), not necessarily equaling (uA) -z =p - (A-x)
4. 1-z =z , where 1 is the unity of R
Note that a left R-module is a vector space if and only if R is a field.

Definition 10.3

A right R-module M is defined analogously to a left R-module, except that the scalar multiplication
operation is defined
M xR— M (486)

Definition 10.4 (Algebra)

Let A be a vector space over a field F' equipped with an additional binary operation
Xx:AxA— A (487)

A is an algebra over F if the following identities hold for all x,y,z € A and all A\, u € F.
1. Right distributivity. (z+y) X z=ax X z+y X z
2. Left distributivity. z X (x+y) =zxz+2zxy
3. Compatibility with scalars. (A-x) x (u-y) = (An) - (z X y)

Note that vector multiplication of an algebra does not need to be commutative.

Example 10.1

The set of all n X n matrices with matrix multiplication is a noncommutative, associative algebra.
Similarly, the set of all linear endomorphisms of a vector space V with composition is a noncommutative,
associative algebra.
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Example 10.2

R? equipped with the cross product is an algebra, where the cross product is anticommutative, that
isx Xy = —yXxx. X is also nonassociative, but rather satisfies an alternative identity called the Jacobi
Identity.

Example 10.3

The set of all polynomials defined on an interval [a, b] is an infinite-dimensional subalgebra of the set
of all functions f : R — R defined on [a, b].

Definition 10.5

Similar to division rings, a division algebra is an algebra where the operation of "division" defined
as such: Given any a € A, nonzero b € A, there exists solutions to the equation

A=bz (488)

that are unique. If we wish, we can distinguish left and right division to be the solutions of A = bx
and A = zb.

Definition 10.6

Here are examples of division algebras.
1. R is a 1-dimensional algebra over itself.
2. C is a 2-dimensional algebra over R.
3. There exists no 3-dimensional algebra.
4. Quaternions forms a 4-dimensional algebra over R.

Theorem 10.1 (Eigenvector Conditions for Algebraic Closedness)

A field F is algebraically closed if and only if for each natural number n, every endomorphism of F™
(that is, ever linear map from F™ to itself) has at least one eigenvector.

Proof. An endomorphism of F'™ has an eigenvector if and only if its characteristic polynomial has some
root. (—) So, when F' is algebraically closed, every characteristic polynomial, which is an element
of Flx], must have a root. () Assume that every characteristic polynomial has some root, and let
p € Flz]. Dividing the polynomial by a scalar doesn’t change its roots, so we can assume p to have
leading coefficient 1. If p(x) = ag + a1z + ... + 2", then we can identify matrix

0 O O —aQ
1 0 .. 0 —a;

A=]10 1 .. 0 —a (489)
O 0 .. 1 —a,_1

such that the characteristic polynomial of A is p.

10.1 Modules

Vector space but over a ring.
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10.2 Algebras

Vector space with bilinear product.

10.3 The Algebra of Quaternions

Definition 10.7

The quaternions form an algebra of 4-dimensional vectors over R, with elements of the form
(a,b,c,d) = a+bi+cj+ dk (490)

where a is called the scalar portion and bi + ¢j + dk is called the vector /imaginary portion. The
algebra of quaternions is denoted H, which stands for "Hamilton." H is a 4-dimensional associative
normed division algebra over R.

From looking at the multiplication table, we can see that multiplication in H is not commutative.
i|i|-1] k| -]
ilil-k|[-1]i
k|k|j|-1]-1

Note the identity
i2=52=k*= -1 (491)

The algebra of quaternions are in fact the first noncommutative algebra to be discovered!

Theorem 10.2

H and C are the only finite-dimensional divisions rings containing R as a proper subring.

Definition 10.8

The quaternion group, denoted Qg is a nonabelian group of order 8, isomorphic to a certain 8-element
subset in H under multiplication. It’s group presentation is

Qs = (&,i,j,k| & =e,i* =j> =k* =ijk =e) (492)

Going back to the algebra, we can set {1,7,J,k} as a basis and define addition and scalar multiplication
component-wise, and multiplication (called the Hamilton product) with properties

1. The real quaternion 1 is the identity element.
2. All real quaternions commute with quaternions: aq = ga for all a € R, g € H.

3. Every quaternion has an inverse with respect to the Hamilton product.

1

. . —1 _
(a+bi+cj+ dk) P R

(a —bi — cj — dk) (493)

Note that property 3 allows H to be a division algebra.

Theorem 10.3 (Scalar and Vector Components)

Let the quaternion be divided up into a scalar and vector part with the bjective mapping a + bi + ¢j +
dk — (a, (b, c, d))
q=(r,v),r € R,v € R? (494)
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Then, the formulas for addition and multiplication are

@1+ q2 = (r1,v1) + (r2,v2) = (r1 +r2,v1 + v2)

q1-q2 = (r1,v1) - (re,v2) = (r1ir2 — v1 - V2, 7102 + 7201 + V1 X Vg)

where the - and x on the right hand side represnts the dot product and cross product, respectively.

Definition 10.9

The conjugate of a quaternion ¢ = a + bi + ¢j + dk is defined
4,9 " =a—bi—cj—dk (495)

It has properties
1. q** — q
2. (gp)* =p*q"
q* can also be expressed in terms of addition and multiplication.

" 1 L
= —i(q + iqi + jqj + kqk) (496)

Definition 10.10

The norm of ¢ is defined

lall = VaTa = vag* = Va> + 12 + ¢ + a2 (497)

with properties
1. Scaling factor. ||aq|| = |a||q]]
2. Multiplicative. |[pq|| = [[p|l[4ll

The norm allows us to define a metric
d(p,q) = |lp —dl| (498)

This makes H a metric space, with addition and multiplication continuous on the metric topology.

Definition 10.11

The unit quaternion is defined to be

B

U, = (499)
 lall
Corollary 10.4
Every quaternion has a polar decomposition
q=Ug-lqll (500)
With this, we can redefine the inverse as
1 q*
¢l=—L (501)
llal?
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10.3.1 Matrix Representations of Quaternions

We can represent ¢ with 2 x 2 matrices over C or 4 x 4 matrices over R.

Theorem 10.5

The following representation is an injective homomorphism p : H — GL(2, C).

(502)

p:a+bi+cj+dkn—><a+bl c—l—dz)

—c+di a—1bi

It has properties
1. Constraining any two of b,c,d to 0 produces a representation of the complex numbers. When
¢ =d =0, this is called the diagonal representation.

a+ bi 0 a c a di
0 a—bi)’\—c a/)’\di a

2. The norm of a quaternion is the square root of the determinant of its corresponding matrix

representation.
B a+bi c+di\ 5 T3 T3
|q|\/det(_c+di a—bz‘)‘/(“ +02) + (2 + d?) (503)
3. The conjugate of a quaternion corresponds to the conjugate (Hermitian) transpose of its matrix
representation.
p(q") = pl)? <= a—bi—cj—dk— (a—bz —c—dz) (504)

c—di a+bi

4. The restriction of this representation to only unit quaternions leads to an isomorphism between
the subgroup of unit quaternions and their corresponding image in SU(2). Topologically, the unit
quaternions is the 3-sphere, so the underlying space SU(2) is also a 3-sphere. More specifically,

SU(2)

S =80(3) (505)

Theorem 10.6

The following representation of H is an injective homomorphism p : H — GL(4,R).

a —b —c —d
T B (506)
pramoT e c d a —b
d —c b a
or also as
10 0 0 0 -1 0 O 0 0 -1 0 0 0 0 -1
0 1 00 1 0 0 0 0 O 0 1 0O 0 -1 O
“loo1 oo 0o 0o 1|t 0o o of" o1 0 o (507)
0 0 01 0 0 1 0 0 -1 0 0 10 0 O
It has properties
L p(q*) = p(a)"
2. The fourth power of the norm is the determinant of the matrix
llgll* = det (p(q)) (508)

118/ [196]



Abstract Algebra Muchang Bahng August 2021

3. Similarly, with the 2 x 2 representation, complex number representations can be produced by
restricting 2 of b, ¢, d to 0.

Note that this representation in GL(4,R) is not unique. There are in fact 48 distinct representation of this
form where one of the component matrices represents the scalar part and the other 3 are skew symmetric.
10.3.2 Square Roots of -1

In C, there are two numbers, ¢ and —i, whose square is —1. However, in H, infinitely many square roots of
—1 exist, forming the unit sphere in R3. To see this, let ¢ = a + bi + ¢j + dk be a quaternion, and assume
that its square is —1. Then this implies that

a? —b? —¢* —d* = —1,2ab = 2ac = 2ad = 0 (509)

To satisfy the second equation, either a = 0 or b = ¢ = d = 0. The latter is impossible since then g would be
real. Therefore,
V4 +d=1 (510)

which forms the unit sphere in R3.

10.4 Tensor Algebras

Remember that an algebra is (loosely) a vector space V' with a multiplication operation

X:VxV-—V (511)

Definition 10.12

The tensor algebra of vector space V over field F is

T(V)=PVer=vX eV aevIeve..
n=0
=FaVaVRgVBay®ag..

with elements being infinite-tuples
(a, B*,C"Y,D%P¢ ) (512)

The addition operation is defined component-wise, and the multiplication operation is the tensor prod-
uct
@:TV)xT(V) —T(V) (513)

and the identity element is
I=(1,0,0,...) (514)

Linearity can be easily shown.

The tensor algebra is often used to "add" differently ranked tensors together. But in order to do this
rigorously, we must define the canonical injections

ij VO — T(V), (T ") = (0, ...,0, T 0,...,0) (515)

shown in the diagram

V)
F Vv y®2 @3

119/ [196]



Abstract Algebra Muchang Bahng August 2021

Therefore, with these i;’s, we can implicitly define the addition of arbitrary tensors A € V®™ and B € V&™

" A+ B =in(A) +im(B) e T(V) (516)

along with multiplication of tensors as
A®B=1i,(A) ®ip(B) =in+m(A® B) (517)
We can also redefine the tensor product operation between two spaces to be an operation within T'(V) itself.
(VO @i (VE) =iy (VEIHD) (518)

We can now proceed to define Exterior and Symmetric algebras as quotient algebras.

Definition 10.13

The exterior algebra A(V) of a vector space V over field F is the quotient algebra of the tensor
algebra T(V)
Vv
AV) = ¥ (519)

where I is the two-sided ideal generated by all elements of the form z ® « for z € V (i.e. all tensors
that can be expressed as the tensor product of a vector in V by itself).
The exterior product A of two elements of A(V') is the product induced by the tensor product ® of
T (V). That is, if

m:T(V)— AV) (520)

is the canonical projection/surjection and a,b € A(V) ,then there are o, € T(V) such that a =
m(a),b=7w(B), and
aANb=7(a® f) (521)

We can define this quotient space with the equivalence class

ry=-y®zx (modI) (522)

Definition 10.14

The symmetric algebra Sym(V) of a vector space V over a field F is the quotient algebra of the

tensor algebra T'(V)

A(V) = @ (523)

where J is the two-sided ideal generated by all elements in the form

VOW—w®V (524)

(i.e. commutators of all possible pairs of vectors).

10.5 Exercises
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11 Galois Theory

In general, given a polynomial f(z), we would like to find effective ways to factor it or find its roots. This
depends on which polynomial ring R[z] that we view f(z) as an element of, and finding such a unique
factorization requires us to work in UFDs at least. But solving even one of problems is quite hard with ring
theory alone, and we need to combine our ideas of polynomial rings, groups, and vector spaces to develop
effective means of solving polynomials. This is known as Galois theory.

One nice property where finding the roots and the factorization coincide is when f(z) splits in R[x], and we
usually construct these rings that allow f(x) to split by extending existing rings R into a bigger ring S.

Definition 11.1 (Ring Extension)

A pair of rings R, S where R is a subring of S is called a ring extension, denoted R — S, S/R or
R C S. If we have multiple extensions R C S C T, this is called a tower.

We have already come across several examples of extensions.

Example 11.1 (Ring Extensions)

Listed.
1. Z C Q is a ring extension.
2. Z C Z[i] is a ring extension.
3. Q ¢ R ¢ Cis a ring extension tower.

Now we present the motivation for working with extensions of fields that rings in general. Recall that a field
is trivially a vector space, followed by the more general result.

Theorem 11.1 (Fields are a Vector Space over Subfields)

Let F' be a subfield of K. Then K is a F-vector space.

Proof. A F-vector space has 0, addition, and multiplication by F. K indeed has 0, addition, and we
can multiply any element of K by an element of F'. The extra axioms follow but are too verbose to
write a full proof.

Corollary 11.2

R is an infinite-dimensional vector space over Q.

Proof. The fact that it is a vector space immediately follows from Q — R. For dimensionality, the
outline is to show that {,/p | p prime } are linearly independent. This takes work to prove and won’t
do it.

Therefore, by constructing a subfield F' of a field K, we can model K as a F-vector space (though it may
be finite or infinite-dimensional). This additional structure warrants a name.

Definition 11.2 (Field Extension)

If FF C K are fields, then this is called a field extension. Its degree is the F-dimension of K, denoted
[K : F]| = dimp(K) (525)
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As we concatenate field extensions, sometimes called a tower, the dimensions behave nicely as well.

Theorem 11.3 (Tower Rule)

If F — F — K are two field extensions, then E <— K is a field extension with degree

K : E| =K : E|[E : F] (526)

Proof. Let aq,...a,, be a basis for E over F' and f1,..., 3, be a basis for K over E. We claim that
{a;B;} is a basis for K over F, with multiplication done in the field K. We check linear indepdence.
Let 8 € K be arbitrary. Then by the F-basis, we have

n
,8 = Z l‘jﬁj (527)
j=1
But since x; € E, there are elements
Ty = Zyijai (528)
i=1
and so combining we get
B=> wilaB)) (529)
j=1i=1

To prove linear independence, suppose S = 0. Then we have

0= Z Z%‘j(aiﬁj) = Z (Z%j%)ﬁj (530)
j=11i=1 j=1 Ni=1
Since fi,..., 3, are linearly indpendent, we must have > ", y;;a; = 0 for all j. But since a;’s are

linear independent, this means y;; = 0 for all 4, j.

In fact, it is a natural question to find the “minimal field” F' such that f(x) splits in F[z], which is called
the splitting field of f(z). To do this, we must start with F and extend it to K such that K is a field. This
is done through adjoining an element a to F', getting a larger set F[a]. This guarantees both a ring and
vector space structure but requires another condition (that a be a root of an irreducible polynomial in F[z])
to be a field. Once this is done, we have successfully created a field extension, and finding the splitting field
is not too hard from here.

What’s next? Now that we can construct the splitting field K/F, we want to try and find some symmetries
between its roots. That is, if «, 8 are the roots of some f(x) € F[z], can we find a transformation group G
such that knowing one root allows us to uncover the other roots? There is in fact such a structure out there,
known as the Galois group—an automorphism group on the finite set of roots. This will be our roadmap in
this section.

11.1 Ring Extensions Through Adjoining

We deal with the first problem of constructing ring extensions. We have already seen the idea of taking ring
R and adjoining an element z to it to get a minimal ring containing both R (as a subring) and x. This was
the polynomial ring. Now we can replace the indeterminate x with an element « from a larger ring S/R and
do the exact same thing to get a ring extension of R.
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Definition 11.3 (Adjoining Ring)

Given ring extension R < S with finite & = {aq,...,a,} C S, the ring R adjoined by « is defined
in the two equivalent ways.

1. R[a] is the minimal ring containing R and o.

2. We take the a;’s and map it through all polynomials in R[x1,...,x,].

Rla] = Rlo, ..., o) = {f(aq,...,an) € S| f € Rlz1,...,2,]} C S (531)
3. We can iteratively construct R[a][]

R C Rlay] C Rlag, 0] C ... C Rlag, ..., o] (532)

“Note that if R < S is a ring extension, then R[¢] is a ring, and so it makes sense to write R[a][8] C S. It had better
be the case that this ring is consistent with equivalent constructions.

Proof. We show a few things.
1. R[a] in (2) is a ring. Given two elements ¢,y € F[a], there exists polynomials f,g € F|x] s.t.
¢ = f(a),y = g(«). Since F[z] is a ring, we see that

¢+ = fla)+g(a) = (f+g)(a) (533)
¢-v = fla) gla) = (fg)(a) (534)

Furthermore, it is easy to check that 0 and 1 are the images of o through the 0 and 1 polynomials.
2. (1) = (2). This is pretty obvious since R is a subring of (2) and « is just the image of o under
flx) ==
3. (2) < (8). By induction, it suffices to show that R[«, 8] = R[a][f] = R[5][a].
4. (8) = (1). By induction, it suffices to show that R[] is the minimal field a

What allows us to make this inclusion proper is that the v € K, which does not necessarily have to be in
F, extends this field a bit further, but since we can only map the one element «, it may not cover all of K.
Most of the times, we will work with adjoining rings of univariate polynomial elements.

Fla) ={f(a) e F| fe€ Flz]} CK (535)

Let’s go through some examples.

Example 11.2 (Radical Extensions of v/2)

Let F = Q and K = C. We claim Q[v2] = {a + bv2 | a,b € Q}.
1. Q2] C {a+bVv2]|a,bec Q). Q[v2] are elements of the form

F(V2) = an(V2)" + a1 (V2)" L+ .+ aa(V2)2 4+ a1 V2 + ag (536)

This can be written by collecting terms, of the form a + bv/2.
2. Q[v2] > {a+bv2|a,bc Q}. Given an element a + by/2, this is clearly in Q[v/2] since it is the
image of v/2 under the polynomial f(z) = a + bx.

Given this, we may extrapolate this pattern and claim that Q[v/2 + v/3] consists of all numbers of form
a+ (V2 + v/3)b. However, this is not the case.
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Example 11.3 (Radical Extensions of v/2 + v/3)

Given any element 3 € Q[v/2 + /3], it is by definition of the form

8= Z ap (V2 + V3)F (537)

k=0

Clearly 1,v/2 ++/3 € Q[v/2 + /3] by mapping /2 + /3 through the polynomials f(z) = 1 and f(x) =.
However, we can see that (v2 +v/3)2 =5 + \/GEI and so v6 € Q[v2 + v/3]. Furthermore, we have
(\/5 + \/3)3 = 11v/2 + 9v/3, and so with the ring properties we can conclude that

S[11V2 +9v8) —9(v2+ V3)] = Ve QVa + V3 (538)
—%[(11\/§+9\/§)—11(\/§+ V3)] = V3 eQ[V2 + V3] (539)
(540)

If we go a bit further, we can show that

QIV2+ V3] ={a+bV2+cV3+dV6|a,bc,decQ} (541)

awhere we use V6 as notation for v2 - v/3

Example 11.4 (Showing Two Extensions are Equal)

We claim that Q[\/é, \/3] = Q[\/é + \/3]
1. Q[v6,v/5] C Q[v6 + v/5] because the sum of v/6 and /5 lies in Q[v/6,v/5].
2. Q[\/E-F \/5] C (@[\/6, \/5] We have

11 V5V o
\/5+\/6_\/5+\/6\f—\/6_\/6 V5 € Q[V5 + V6] (542)

which implies that

V6 = (V6 +V5) + (V6 - VB)) € QIV5 + V) (543)
and so V5 = (V6 +V5) — V6 € Q[v5 + V6].

So far, we've gotten used to modeling fields as vector spaces. In general, an adjoining ring R[] is another
ring containing R as a subring. Now if F is a field, then F C F[a] is a ring extension, and since we are
working with the base field F', we can model F[a] as a vector space.

Theorem 11.4 (Adjoining Field is Finite-Dimensional Vector Space)

If F C K is a field and a € K, then
1. Fla] is a finite-dimensional vector space over F.
2. If f(z) = a,a™ + ...+ ag is any polynomial with root a, then {1,«,...,a" '} spans F[a]ﬂ

®Note that this does not mean that it is a basis.
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Proof. An element of F[«] is of the form
fla) = Zakak (544)
k=0

for some f € F[z], and so it is immediate that {a*}xey, spans F[a]. We claim that a”~!*% is in S for
all ¢ > 0. By induction, if i = 1, then

1
a® = 7—(an_1a”71+...+a0) (545)
an
which proves the claim. Now assume that o™, a1 ... a" % € span{l,...,a""'}. Then
a'f(a) =0 = apa" +a, 10" 4 dapat =0 (546)
and so 1
e — (an_la"H_l + ... 4 apat) (547)
n
which means that a™*% € span{1,...,a" "'}, completing the proof.

11.2 Field Extensions

This is nice since we have a vector space structure on F|a] unlike just a ring structure on R[a]. What we
should think is that F[a] ends up becoming both a ring and a vector space, but not yet a field. We would
like to find conditions in which F[a] indeed does become a field, which at this point it is commonly denoted
F(a) (rather than square brakcets to emphasize it is a field). It turns out that it will happen if any only if
« is algebraic.

Definition 11.4 (Algebraic Numbers)

Given a field extension F' C K, an element o € K is algebraic over F if « is some root of f(x) € F [z]ﬂ

By default we have F' = Q.

Example 11.5 (Algebraic Numbers)

We list a few examples.
1. /2 € R is algebraic over Q since it is a root of z2 — 2 € Q[x].
2. 1 € C is algebraic over R since it is a root of 2% + 1 € R[z]. It is also a root of z* + 222 + 1 € R[z].

Note that given an element o € K that is algebraic over F, there may be multiple polynomials f(x) € F[z]
that has « as a root. In fact, this set forms an ideal.

Lemma 11.5 (Polynomials Vanishing at o Forms an Ideal)

Let K/F be a field extension and fix o € K that is algebraic over F. Then the set of polynomials
f(z) € Flz] with root « forms an ideal over F[z].

Proof. Let us denote the set as I. We prove the two properties of ideals.
1. Consider f(z),g(z) € I. Then (f +g)(a) = f(a) +9() =04+0=0 = (f+g)(x

g)(x) el
2. Consider h(z) € Flx], f(z) € I. Then (hf)(a) = h(a)f(a) = h(a)0 =0 = (hf)(z)

IS
el
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Since F is a field, F[z] is a PID, and so it must be generated by some element. The scaling of the coefficients
doesn’t really matter (since we are working in a field so we can always divide the leading coefficient), so we
can assume that it is monic. This is called the minimal polynomial.

Definition 11.5 (Minimal Polynomial)

Let F' C K be a field extension and o € K. The minimal polynomial of « is defined in the equivalent
ways.

1. Tt is the monic polynomial of least degree among all polynomials in F[x] having « as a root.

2. Tt is the generator of the ideal of all polynomials in F[x] with root a.
We claim that it always exists and is unique.

Proof. Take the evaluation homomorphism ev, : F[z] — K and look at the ideal kerev,. Since F[z]
is a PID, call the generator f(z) and normalize the leading coeflicient to 1. We claim that this is the
minimal polynomial. This proves existence.

TBD.

Example 11.6 (Minimal Polynomials)

Let Q C R be a field extension.
1. The minimal polynomial for a = /2 € R in Q[z] is

? —2=(z+v2)(z — V2) (548)
2. The minimal polynomial for o = /2 € R in R[z] is
-2 (549)
3. The minimal polynomial for a = v/2 + /3 in Q[z] is

2 = 1022 +1 = (z — (V2+V3)(z — (V2= V3))(z — (—V2+ V3))(z — (—V2 - V3)) (550)

Note that the minimal polynomial is also irreducible. Let’s prove this.

Lemma 11.6 (Minimal Polynomial is Irreducible)

Let K/F be a field extension. The minimal polynomial f(z) € F[z] of a € K is irreducible in F[z].

Proof. Assume that f(z) is reducible. Then we factor it into f(x) = g(x)h(z), which implies that
0= f(a) = g(a)h(a) = g(a) =0o0r h(a) =0 (551)

since F' is a field and therefore does not contain zero divisors. Choosing both g¢(x),h(x) to be of
degree strictly lower than f(x) would contradict the minimality requirement of f(z), so f(z) must be
irreducible.

Since the minimal polynomial is irreducible, we can see that from Bezout’s identity that the minimal poly-
nomial generates a maximal ideal, and so the quotient ring is actually a field.
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Theorem 11.7 (Quotient Ring of Minimal Polynomial is a Field)

Let F be a field and f(z) € F|x], then

f(z) is irreducible in Flz] <~ is a field (552)

F
(f(x))

Proof. We first claim that f(z) is irreducible if and only if f(x) is a maximal ideal.

1. If f(x) is irreducible, then consider the ideal I = (f(x)) and add some g(x) € F[z] \ I. Since
F[z] is a PID, f(x) is prime, and so ged(f,g) = 1. From Bezout’s identity, there must exist
a(x),b(x) € Flx] s.t. a(z)f(x) + b(z)g(x) = 1, which implies that any larger ideal than (f(z))
must be the entire F[x].

2. If f(x) is reducible, then let f(x) = g(x)h(x). Then (f(z)) C (g(x)) € F[z], and so (f(x)) is not
maximal.

Then with we know that I is a maximal ideal if and only if F[z]/I is a field, and the proof is
complete.

Now we went through all this trouble of determining sufficient conditions for quotient rings to be fields, when
our original goal was on adjoining rings. It seemed like a long detour, but this finally pays off, as now we
have both a necessary and sufficient condition to reach our original goal.

Corollary 11.8 (Conditions For Adjoining Ring to be a Field)

Let FF— K be a field extension and a € K.
1. If « is algebraic over F—i.e. it is the root of some g(x) € F|z]—then F(a) C K is a field.
2. The F-dimension of K [F(a) : F] is the degree of the minimal polynomial of o[]

It is clear that if there exists some f(z) € F[z] that has root «, then it may not be the unigue one. The dimension
resides specifically in the unique minimal polynomial.

Proof. Let f(x) be the minimal polynomial of « of degree n, and we know that g(x) € (f(x)) =
g(x) = h(z) f(x) for some h(z) € F|[x]. Take the surjective ring homomorphism ev, : F[z] — F[a]. We
know from that ker(ev,) = (f(x)), and by the first isomorphism theorem of rings, we have

Fla] Fla]
= ~ Fla 553
o))~ Ferfeva) ~ 11 553
which proves the first claim. For dimension, we know that {1,...,2" 71} is a basis.

Proof. This alternative proof is constructive in that it actually shows how to compute multiplicative
inverses.
It is clear that F[«] is a commutative ring since F is a field. So it remains to show that every nonzero
element of § € Fla] is a unit. By definition 8 = p(«) for some polynomial p € F|x]. Factor f € F|x]
as the product of irreducible polynomials. Then o« must be a root of one of those irreducible factors,
say g(z). Note that g(z) { p(x) since p(a) # 0. Since g is irreducible, we know that ged(g,p) = 1 and
so 3Js,t € Flz] s.t.

1= sptg — 1= s(a)p(a) +ta)g(a) = s(a)p(a) (554)

Therefore we have found a multiplicative inverse s = p~1 € F[a].

Proof. We can also prove it using the vector space structure, though this is for finite-dimensional vector
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spaces. Treating F'[a]as a finite-dimensional vector space over F', let us define the F-linear functiorﬂ
my : Fla] = Fla],  my(B8) = b8 (555)

Since Fla] C K, F|a] is an integral domain. Thus A € Fla] \ {0} s.t. b3 = 0. This means that the
kernel of my, is 0, and so my is injective. By the rank-nullity theorem, it is bijective, and so there exists
afe€ Fla]st. bf=1 = bis a unit.

%linearity is easy to check

Since F'[a] is the smallest ring containing both F' and «, it immediately follows that it is the smallest field
containing F' and «. Therefore, we have unified the two constructions of adjoining fields and quotient rings.

Example 11.7 (Some Adjoining Fields)

Here are some examples.
1. Given any algebraic number o € C, by definition there exists a f(x) € Q[z] with roots a, and so
Q(a) c C
2. Q(v/3i) is a field of dimension 2 since v/3i is a root of the polynomial f(z) = 2% + 3.
3. However, Q[r] is not a field since 7 is a transcendental number. However we will not prove it now.

%In fact it was historically so common to work solely in subfields of C that an algebraic number meant by default
algebraic with respec to the field extension C/F.

Note that we now have the field extension tower F' C Fla] C K. By the tower property, [K : F] = [F :
F(a)][F(a) : F], and so deg f(z) = [F : F(«)] must divide [K : F].

Now recall quotient rings, which do not necessarily preserve the properties of the original ring. That is,
if F is a field, then F/I may not be a field. Using the fundamental ring homomorphism theorem, we can
precisely correlate certain quotient maps with adjoining fields. Recall that given a field extension F C K,
the evaluation function ev,, : F[z] — K defined f(x) — f(«) is a homomorphism.

Example 11.8 (Simple Quotient Rings as Field Adjoined with 1 Variable)

Consider the following.
1. Since 2 + 1 € Zz[z] is irreducible, Z7[z]/(z? + 1) is a field.
2. Since 2% + 1 € R[z] is irreducible of degree 2, so the quotient ring is a field. Furthermore, i € C
is a root of the degree 2 minimal polynomial, so we have the isomorphism

Rlz] Rlz]

ker(ev;) - (2 +1) ~Rli| =C (556)
induced by the evaluation map
0i e 2 o(7(e) (mod (o 1)) = £00) (557)

Therefore R(4) has R-dimension 2, which makes sense since we view C as being isormophic to R2.
3. The evaluation map

ev 5:Qz] = QV2],  ev 5(f) = f(V2) (558)

is a homomorphism. Furthermore, it has a kernel (2 —2) since (22—2) is an irreducible polynomial
in Q[z] containing the root V2. Therefore by the fundamental ring homomorphism theorem we
have

Qe
oy = QVE (559)
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Example 11.9 (Extensions of v/2 and 1)

We claim that
Q[V2,i] = {a+bV2 + ci + d(\/2i) | a,b,c,d € Q} (560)

From the previous example, we know that Q[v/2] are all numbers of the form a + byv/2. Now we take
i € C and map it through all polynomials with coefficients in Z[v/2], which will be of form

F() = (an +bpV2)i" + (@n-1+bp_1V2)i" 7 .+ (a2 +b2V2)i® + (a1 +b1V2)i + (ag +bov'2) (561)

2

However, we can see that since i = —1, we only need to consider up to degree 1 polynomials of form

(a+bV2) + (c+ dV2)i (562)

which is clearly of the desired form. For the other way around, this is trivial since we can construct a
linear polynomial as before.

Example 11.10

We claim Q[\/§+
1. Q[V3+i]
2. Q[v3+1]

i = Q[V3,1].
C Q[v3,1]
O Q[v/3,i]. Note that
(V3+i)? =8 = icQ[V3+i (563)
— (V3+4i)—i=v3eQV3+i (564)

Therefore, Q[v/3 + 4] contains the elements 1, /3,4, which form the basis of Q[v/3, 1].

Example 11.11 (Extensions of V/3i and \/g,z)

We claim that Q[v/3i] € Q[v/3,1].
1. We can see that {1,/3i} span Q[v/3i] as a Q-vector space. Therefore,

V3,i e QV3,i] = V3ieQ[V3,i] (565)
implies that Q[v/3i] C Q[v/3,1].
2. To prove proper inclusion, we claim that i ¢ Q[v/3i]. Assuming that it can, we represent it in the
basis i = by + b1v/37, and so
—1 = (bo + b1V/30)? = (b2 — 3b%) + 2boby V/3i (566)
Therefore we must have 2bgb1v/3 = 0 = by or b; should be 0. If by = 0, then b2 — 30?2 =

—3b? = b? = 1/3, which is not possible since b? € Q. If b; = 0, then by — 3b = bZ > 0, and so
it cannot be —1.

The most significant property is that a field contains inverses. So how do we compute such an inverse?

Example 11.12 (Computing Inverses in Field Extensions)

We can do two problems.
1. Given B =p(a) = o® + a — 1 € Q[a], where « is a root of f(a) = a® + a + 1, we first know that
B must have a multiplicative inverse since Q[a] is a field. Applying the Euclidean algorithm, we
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have
1= {0+ 0f@) ~ @+ 2p(@)} = 5 (0 + 2)p(a) (567)
and so 87! = (a® + o — 1)7! = —%(a? 4 2). We can check that
—%(a2+2)(a2+a—1):—%(a4+a3+a2+2a—2) (568)
= —%(ai” +a—2) (569)
= —2(-3)=1 (570)

2. Given f(x) = 23 + 3 € Q[x], we know (from Eisenstein) that it is irreducible. Therefore we know
that Q[z]/(f(x)) is a field. Furthermore, it contains a root «, and so

———— ~ Flq] (571)

Now take an arbitrary element of the field, say f(a) = a? — 1. Then it must have an inverse call
it g(a) that satisfies
Q[z]

(23 +3)
But by working in the original ring Q[z] and not the quotient, this would look something like.

1= f(a)g(a) in (572)

1= f(2)g(x) + k(@)(«® +1) in Qle] (573)

for some k(«). Note that we are guaranteed to get this form since f(x) is irreducible and so
ged(f,g) = 1. So we use Euclidean division.

2 4+3=(2)(z*—1)+ (z+3) (574)
2 —1=(z-3)(xz+3)+38 (575)
Therefore by substituting we have
8= (x—3)(z*+3)— (2% — 2z — 1)(2® - 1) (576)
and so by taking (mod z3 + 3), we have

1 1 1
1= —~(22—3z—1)(z® -1 - ~(@®-3a—-1
8(1: 3z —1)(z ) = ] 8(a 3a—1) (577)

Example 11.13 (Irreducible Quotient Rings)

On the other hand, if we consider the ring Zs[x]/(x? — 2), then 22 — 2 is irreducible in Zs[z] (just plug
in 0,1,2,3,4), and so since Zj is a field, the quotient ring is a field. Then we have

Zs[x]

=) ~ Z5[V2] = {a + bV2 | a,b € Z5} (578)

Remember that we should not be careless and just mindlessly assume that every quotient ring is a field.
This is only when the ideal is generated by a minimal polynomial. Here is an example where the ideal is
reducible, but fortunately using the chinese remainder theorem, we can first reduce it as a direct product of
quotient rings, and then apply our theorem to represent them as a field structure.
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Example 11.14 (Quotient Ring as Product Rings with Chinese Remainder Theorem)

Consider the following ring Zs[z]/(x? +1). Then 2%+ 1 is reducible since 2 + 1 = (x + 2)(x + 3), which
implies (z? + 1) = (z + 2) N (x + 3), and so by the Chinese remainder theorem, we have
Zs|z] Zs|z] Zs|z] Zs|z]

@Al @rnne+s @ty (o+s oD (579)

11.3 Splitting Fields

Great, so we have established conditions for which a field adjoined with an element becomes another field.
All that is left to do is to find a splitting field.

Remember that by previously establishing that C is algebraically closed, this gives us a “safe space” to work
in, in the sense that if we take any subfield F' C C and find a polynomial f(x) € F[x], we are guaranteed to
find a linear factorization of f in C[z]. Therefore, if K is algebraically closed and F' C K is a field extension,
f(z) € Flx] is guaranteed to split completely into linear factors. This is true for all f(z) € F[z], but now if
we fiz f(x) € F[z], perhaps we don’t need the entire field K to split f(x). Maybe we can work in a slightly
larger field E—such that FF C E C K—where f(x) splits in E. This process of finding such a minimal field
is important to understand the behavior of roots of such polynomials.

Definition 11.6 (Splitting Field)

Given a field extension F C K and a polynomial f € F[x],
1. f splits in K if f can be written as the product of linear polynomials in K[x].
2. If f splits in K and there exists no field ' s.t. I C F C K, then K is called a splitting field

of f[9
We claim that a splitting field always exists for any f(x) € Flz].

%i.e. the splitting field is the “smallest” field that splits f.

Proof. Let us decompose f(z) into irreducible factors over F: f(z) = f1(z)fa(x) - - - fr(z). If all of them
are linear, then F is the splitting field for f(x). Otherwise, we can assume that f(x) is not linear. Then
we can consider the field K7 = F[z]/(fi1(x)), where fi(z) has a root a. Then fi(z) = (x — a)g1(x),
and f(z) has at least one (but maybe more) linear factor over K. If all irreducible factors over K; are
linear, stop, otherwise there is an irreducible factor of degree at least 2, and we can repeat the procedure
and add its root. Since a polynomial of degree n has at most n roots, the process will eventually stop
and all factors will be linear in some extension of F.

It also turns out to be unique but we will prove this at the end of the section.

Example 11.15 (Don’t Need Necessarily Complex Numbers to Split)

Consider the following subfields of C and observe that they are enough to split a given polynomial.

1. Let f(z) = 2? — 1. If f(z) € R[z], it does split in R. In fact, even if we consider it as an element
of Zs[x], it still splits into (x + 1)(x — 1).

2. Let f(x) = 2% —2. If f(x) € Q[z], it doesn’t split in Q since the roots £v/2 & Q, but ++/2 are real
numbers, so f(z) does in fact split in R since it splits into (z + v/2)(z — v/2). However, maybe it
is not the (smallest) splitting field.

3. Let f(x) = 2% + 1. We can see that if we consider it as an element of Q[x] or R[], neither fields
split f(z) since &+ are its roots and therefore are contained in the coefficients of its linear factors.
We know that it definitely splits in C, but can we find a smaller field that splits f(z)? Perhaps.
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So how does one find a splitting field? Note that in the example above, we have found that there were some
roots « of certain polynomials f(z) € Flx] are not contained in F. Therefore, what we want to do is find
the smallest field F' containing both F' and « (plus any other «’s). This is precisely the adjoining field F[a],
which guarantees unique factorization since F[«] is a Euclidean domain.

Lemma 11.9 (Square-Free Extensions as Splitting Field)

If a is not a perfect square in F then F(y/a) is the splitting field of f(z) = 22 — a.

Proof. TBD

We first provide some straightforward examples of computing splitting fields.

Example 11.16 (Straightforward Computation of Splitting Fields)

For some polynomials, finding their roots is trivial.
1. Let f(x) = (2% — 2) € Q[z]. Then the splitting field is Q(+/2).
2. Let f(z) = (22 — 2)(2% — 3) € Q[z]. Then the splitting field is Q(v/2, v/3).

QV2,V3)

/l\

Q(v2 \l‘/ (v3)

Figure 16: Diagram of known subfields of Q(v/2,v/3).

Note that

Example 11.17 (Slightly Harder Computation of Splitting Fields)

Note that often, the splitting field is “smaller” that one might suspect.
1. Let f(z) = 2% + 22 + 2 € Q[z]. Then the roots of f(x) are —1 £, so

f(@) = (z— (=1+0)(z— (=1 -1)) (580)

and we can show that Q[—1 — i, —1+¢] = Q[i] is the splitting field of f. It has dimension 2 since
f(x) is a 2nd degree polynomial that is minimal.
2. Let f(z) = 2% — 22 — 1 € Q[z]. The roots are 1 + /2, and so

fl@) = (2~ (1+V2)(z - (1-V2)) (581)

and so Q[v/2] is the splitting field of f. Since f(x) is a 2nd degree polynomial that is minimal.
3. Let f(x) = 2® — 1 € Q[z]. We can factor

f@)=@-D+)@@*+r+1)(* -z +1) (582)

and the non-rational roots are %@ Thus the splitting field of f is Q[v/3i]. The dimension is
not 6 because f(x) is reducible over Q. It is 2. It is easier to look at this not as a quotient ring,
but use the first theorem to find a minimal polynomial with root v/3i. Indeed, such a polynomial
is 22 + 3, which has degree 2.
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4. Let f(z) = 2* — 2 € Q[z], which has roots {V/2, /2T, ¥/2™T", ¥/2¢°5" } and thus the splitting

field is _ _ _ _
Q(V2, V2e' T, V2T, V2T ) = (V2,¢'T) (583)

The inclusion C is easy to prove, and to prove D, we can see that since we are working in a field,

oni/4 \4/§€2m/4 4 4 2mi 4 Ami 4 6mi
e 7T’L/ :Te@(ﬁ7 \/§€T,\/§€ 4 7\/5@ 4 ) (584)

which implies that v/2 € (@(\4/57 (75624”, \‘7564?, V2e 64“). f(z) is certainly minimal in Q]
containing all roots, so the dimension of the field is 4. It is spanned by the powers of v/2.

Theorem 11.10 (Bounds on Degree of Splitting Field)

A splitting field of a polynomial f(z) € F[x] over F is of degree at most n! over F.

Proof. The polynomial can have at most n roots, call them ay, ..., ay,.
1. Then, assume that F is irreducible and so [Flay] : F] = n.
2. Now factor f(z) = (x — a1)g(x) € Flaq][x]. If g(x)—which has degree n — 1—is irreducible,
[Flon, ag] : Flan]] =n — 1.
We will get the maximal degree at each step if the factored polynomial is irreducible. Then using the
tower property, we have

n

[Floa, ..., o) : Fl = [[[Flea, ..., i1 : Flaa, ..., ai]] = n! (585)
1=0

Example 11.18 (Splitting Field of z? — 1)

Let p be prime, consider the polynomial f(z) = P — 1 over Q. Let w = ¢*™/P_ then w is a root of f(x)

and we have
2P —1=(z—1)(r—w)(z—w?) - (z—wPl), (586)

so all roots of f(x) belong to the extension Q(w). Since the minimal polynomial for w equals xP~! +
...+ 1, we have [Q(w): Q] =p— 1.

Example 11.19 (Splitting Field of 2 — 2, p Prime)

Consider f(z) = 2P — 2 € Q[z]. If v is a root, i.e. of = 2, then ((«a)P = 2, where ( is any pth root of
unity. Hence the p complex roots of f(z) are (/2 for the p roots of unity ¢. It then follows that the
splitting field is Q(%/2,¢). Now to compute the degree of this field extension, note that

[Q(¥2,¢) : Q] = [Q(¥2.¢) : Q(¥2)][Q(¥2) : Q] = (p— L)p (587)

which is true since it is easy to show that [Q[{/2] : Q] = p, and 2 —2 = (z— ¥/2)(xP~ ' +...+1) € Q[¥/2],
where zP~! + ... + 1 turns out to be irreducible—and hence the degree is n — 1. We could have done
this the other way by decomposing

[Q(V2,¢): Q] = [Q(¥2,¢) : Q)][QC) : Q] = (p— 1)p (588)

which would yield the same result as proven in [I1.3]
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QV2,¢) __ .
N
Qv2) ... T QErTYR)
Q(¢)

p
pﬁ(@

Figure 17: Diagram of known subfields of Q({/2, ().

Note that the order in which we added the adjoined the elements to the base field did not matter in the
example above. We now formalize this.

Theorem 11.11 (Extending Isomorphisms of Fields)

Let ¢ : FF' — F’ be an isomorphism of fields.

1. Let f(x) € F[z] be an irreducible polynomial with root a in some field extension K D F.

2. Let f'(x) = ¢(f(z)) € F'[x] and let 8 be a root of f'(z) in some field extension K’ D F”.
Then there is a unique isomorphism ¢ : F[a] — F'[a/] that is an extension of ¢ (i.e. behaves the same
under F') and carries « to «.

K -2 K

|

F—2

Figure 18: Commutative diagram.

Proof. We use induction on the degree n of f(z). Recall that a field (i.e. aring) isomorphism ¢ : FF — F’
induces a ring isomorphism ¢ : F[z] — F'[z]. jSo, if f(z) and f’(z) correspond to one another under
this isomorphism, then the irreducible factors of f(x) € F[x] correspond to the irreducible factors of
f(x) € F'lz].

If f(z) has all its roots in F' then f(x) splits completely in F[z] and f’(z) splits completely in F’[x]—
with its linear factors being the images of the linear factors for f(x). Hence FF = K and F' = K', and
in this case we may take ¢ = ¢. This shows the result is true for n = 1 and in the case where all the
irreducible factors of f(x) have degree 1.

Assume now by induction that the theorem holds for any field field F', isomorphism ¢, and polynomial
f(z) € Flx] of degree < n. Let p(x) be an irreducible factor of f(z) € F[z] of degree at least 2 and let
p'(x) be the corresponding irreducible factor of f/(x) € F'[z]. If & € K is a root of p(z) and 8 € K’ is
a root of p/(z), then we can extend ¢ to an isomorphism ¢’ : F(a) — F'(8).

Let F} = F(«), F{ = F'(fB), so that we have the isomorphism ¢’ : F; — F{. We have f(z) = (z—a) f1(z)
over F with deg f(z) =n—1and f'(z) = (x—0) fi(x). K is a splitting field for f;(z) over F} since: all
the roots of fi(x) are in K and if they were contained in any smaller extension L containing F7y, then,
since F; contains «, L would also contain all the roots of f(z), which would contradict the minimality
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of K as the splitting field of f(z) over F. Similarly, K’ is a splitting field for f{(z) over F. Since the
degrees of f1(z) and f](x) are less than n, by induction there exists a map ¢ : K — K’ extending the
isomorphism ¢’ : F; — F]. This gives the extended diagram.

K- Kk

|,

J AN o

|,

F—*,p

Corollary 11.12 (Splitting Field is Unique)

The splitting field of f(z) € F[z] is unique up to isomorphism.

Proof. Take ¢ to be the identity mapping from F to itself, and K, K’ to be two splitting fields for
f(x) = f'(x).

So far, we have fixed one polynomial and studied the unique splitting field of f(z). Now what if we unfix

f(@)?

Definition 11.7 (Algebraic Closure)

The field F is called an algebraic closure of F' if F is algebraic over F and if every polynomial
f(z) € Flx] splits completely over F. That is, F' contains all the elements algebraic over F.

Lemma 11.13 (Algebraic Closures are Algebraically Closed)

Let F be an algeraic closure of F', then F is algebraically closed.

Proof.

Theorem 11.14

For any field F' there exists an algebraically closed field K containing F'.

Proof.

In integral domains, by taking the field of fractions we can get a nice set of formulas often introduced in
high-school math competitions.

Theorem 11.15 (Viete’s Formulas)

Let R[z] be an integral domain f(z) € R[z], and F be the field of fractions of R. If f(z) splits in an
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algebraically closed field extension K[ then

n

fl@)=ao [J(z — )

i=1
for some aq,...,a, € K, then the coefficients of f can be presented with the formulas

n

ai
E = ——
Q,
i=1 0
az
E Qi O, = ;O

i1 <i2

k
K Ok
Yo e, =1)F=
! ag
1< . <ip, j=1

a1 03...00, = (—1)"%

ao

®Normally we take R = Z, its field of fractions to be Q, and its algebraically closed extension to be K.

(589)

(590)

(591)

(592)

(593)

Proof.

11.4 Finite Fields and Separability of Extensions

One property of polynomials that we have defined—yet have not studied much—was the multiplicity of its
roots. Let’s just introduce a quick definition and then provide a nice theorem to check muliplicity of roots.

Definition 11.8 (Separability of Polynoials)

than 1. A polynomial which is not separable is called inseparable.

A polynomial f(x) € F is separable if it has no repeated roots, i.e. no root of multiplicity greater

Now we introduce the criterion to check separability. We introduce the derivative, which does coincide with
the definition seen in analysis, but note that this is purely algebraic and should not be seen to have any

connection with derivatives in analysis.

Definition 11.9 (Derivative)

operator D, : F[z] — F|x]

The derivative of a polynomial f(z) = ap,2"™ + an_12" 1 + ... + a12 + ag € F[z] is defined as an

D, f(z) = f'(x) = na,z" ' + (n — Dap_12" %+ ... + 2apz + a; € F[z] (594)
Lemma 11.16 (Properties of the Polynomial Derivative)
D, : Flx] — F[z] satisfies the properties.
1. Linearity.
D,(cf)(x) =D, f(x) (595)
Dy(f +9)(x) = Dy f(z) + Dag() (596)
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2. Product Rule.
D, (fg)(x) = f(x)(Dag(2)) + (Duf(2))g(x)

(597)

Proof. Trivial through straightforward computation.

Theorem 11.17 (Conditions for Separability)

Let f(z) € F[z].

divisible by the minimal polynomial for c.

1. f(x) has multiple roots « if and only if « is also a root of D, f(z), i.e. f(z) and D, f(z) are both

2. f(x) is separable if and only if it is relatively prime to D, f(x), i.e. ged (f(a:)7 le(x)) =1.

Proof. We prove bidirectionally.
1. (=). Suppose that « is a multiple root of f(z). Then over a splitting field,

f(x) = (x —a)"g(z)
for some n > 2 and some polynomial g(z). Taking derivatives we get
D, f(z) =n(z — )" 'g(z) + (z — )" Dyg(z)
which implies that « is a root of (D, f)(x).
(z — a)h(zx) for some polynomial h(z) and taking the derivative, we get

D,f(x) =h(z)+ (x —a)Dsh(x) = 0=D,f(a) = h(x)

(x —a)?hi ().

2. (+). Conversely, suppose that « is a root of both f(z) and D, f(x). Then we write f(z) =

and so « is a root of h. Hence h(x) = (x — a)h;(x) for some polynomial hi(x), and so f(z) =

(598)

(599)

(600)

Corollary 11.18 (Separability over Field of Characteristic 0)

is separable if and only if it is the product of distinct irreducible polynomials.

Every irreducible polynomial over a field of characteristic 0 is separable. A polynomial over such a field

f(z) € Q[x] be irreducible and a € C be its root with multiplicity k& > 1. Then
fl@) = (z - a)fg(z)
for some g(x). Taking the derivative we have
f'(2) = k(z — a)*tg(a) + (z — )¢/ (x) = (x — )" (kg(2) + (¢ — a)g'(x))

which also has « as a root. So since (z — «) divides both f and f’, it divides ged(f, f).

Proof. Since every field of characteristic 0 contains Q as a subfield, it suffices to focus on Q. Let

(601)

(602)

By estabalishing a bit of theory of separability, can now detour here to find a classification of all finite fields,
which is quite a powerful result. We have all the tools needed for this. We know that a field—as an integral
domain—has characteristic 0 or prime p. We also know that a field is a vector space, at least over itself. But
now that we have shown that a field can be modeled as a vector space, we can apply this to finite fields.
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Theorem 11.19 (Characteristic Determines Base Field of Vector Space)

Given a field F,
1. If char(F') = p, then F' is a vector space over Z,.
2. If char(F) = 0, then F is a vector space over Q.

Proof.

Definition 11.10 (Frobenius Endomorphism)

Let F}, be a field of characteristic p. Then the map
¢: Fp, = Fp, ¢(a) = a? (603)

is an injective field endormophism, called the Frobenius endomorphism. That is, it satisfies the

following.
(a+b)P =a? + P, (ab)? = aPb? (604)

which is often called the Freshman’s dream.

Proof. We prove the following properties.

1. Addition. We have ,
(@t =3 <z> aP=Fpk (605)

(p) _pp=1.(p—k+1)

It is clear that

606

k k! (606)
is divisible by p for all k # 0, p, so all the middle terms must cancel out to 0.

2. Multiplication.

3. Injectivity.

Therefore, just from the characteristic we can classify all fields as vector spaces over either Q or Z,. Now if
we focus on finite fields, we can do a reverse classification.

Theorem 11.20 (Finite Fields Have Cardinality p?)

Let F be a finite field. Then |F| = p™ for some n € N.

Proof. F' is a vector space over Z, from Since F' has finitely many elements, F' has a finite
spanning set, which implies dimz, ' < +00. Let d be the dimension and {by,...,bq} be the basis. The
elements of F' are

arby + ...+ agbg (607)

with ai,...aq € Z,. Thus there are p? elements of F, so F ~ Zg.

In fact, for every prime power there exists a unique field. Therefore we can create a bijection by proving the
converse.
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Theorem 11.21 (Field for Every p?)

For every prime p and n € N, there exists a field with ¢ = p? elements, unique up to isomorphism.

Proof. Let f(z) = % —x € Zy[z]. Then this polynomial has a splitting field K D Z. Now we claim the
roots of f(x) in K are distinct and form a subfield F,, C K. This will complete the proof since F, C K
and K C F;, = K = F,. Assume «, 8 € K are roots of f(z), and so a? =« and P = f8

1. a+ 8 € K since by a modification of Freshman’s dream, (o« + )P = aoP + P = o + BE

2. (—a)?=(-1)%a% = (—1)%a = —a since —1 =1 or ¢ is odd.

3. af € K since Z, is a field and so (af)? = PP = af.

4. For multiplicative inverses, let a # 0. Then (a™!)P = (aP)~t = a7 L.

5. For all p, 0 and 1 are roots so 0,1 € K.
Now we show that K consists of distinct roots. Certainly 0 € K with multiplicity 1 since f(x) =
x(x971 — x). Now suppose nonzero r € K is a root with multiplicity m. The multiplicity of r is the
multiplicity of 0 of

fla+r) =(@+r)i—(@+r)=at+ri—z—r=a—2z (608)

where the final step follows from 0 = r? — r since » € K. Therefore r has multiplicity 1. Since K|x]
has unique factorization property, it follows that m = 1 and every r is a simple root.
To show that every field with p™ elements is unique, let F' be such a field. We claim that char(F) =
p = Z, C F. We claim that every element of F is a root of f(z) = 27 — x € Zy[z], where
F is the splitting field. Let G = F* be the multiplicative group of units. Since F' is a field, then
|F*| = |F| — 1 = p? — 1, and by constructing the cyclic group (g) C G for any g € G, we know by
Lagrange’s theorem that ¢/ = 14, which implies that for all z € F,

1. Ifa:;éOthenxpd_lzx — 2?' =z andsoz € K.

2. If z =0 then 2?" — 2 =0 and so z € K.
Therefore F' C K with |F| = | K| both finite, and so F = K.

“We induct on n for ¢ = p™. For n = 1, this is trivial by Freshmans dream. Now assume it holds for some n € N.

Then (z+y)P"" " = ((z +y)P" )P = (@ +yP" )P = (@™ )P + (y?" )P = 22" 4y

From this, we can write for every prime p and natural n the finite field of order p™ as Fj». It is clear that if
n =1 then F, ~ Z,. The final result we will show is a hierarchy of subfields.

Theorem 11.22 (Hierarchy of Fields)

For a given prime p, if p™ < p™, then

qu - Fqn < min (609)

11.5 Automorphism Groups

Now we delve into the heart of Galois theory, which considers the relation of the group of permutations of
the roots of f(x) to the algebraic structure of its splitting field. The connection is given by the fundamental
theorem of Galois theory.

As we stated in the beginning of this section, we want to look at symmetries of the roots of a polynomial.
More concretely, given a polynomial f(x) € F[x], we can construct its splitting field K. TBD

More concretely, rather than directly computing all roots aq,...,a, of a polynomial f(z) € F[z]—which
may be extremely hard—we can try to look at a certain transformation group of its permutations—that is,
it’s symmetries. But it’s not just simply

Once we know that field extensions are vector spaces, what constitutes linear maps? A first guess would be

139/



Abstract Algebra Muchang Bahng August 2021

a ring homomorphism, but this may not be true. Therefore, we need some additional constraint.

Definition 11.11 (Field Automorphisms)

Let K/F be a field extension.
1. An F-automorphism of K is a ring homomorphism ¢ : K — K such that o(a) = a for all
acF
2. The set of all F-automorphisms of K under composition is a subgroup of the autormorphism
group of K, called the F-automorphism group of K and denoted Aut(K/F)E]

%Note that we denote it o since it is analogous to a permutation—as we will see soon.
bSometimes—in bad taste—this is introduced as the Galois group, but technically we need some extra conditions. To
minimize confusion, I will refer to this as the automorphism group.

Proof. This is indeed a group under composition. The identity map ¢ € Aut(K/F). The composition
is clearly closed. Now given that o € Aut(K/F), ¢! is also an automorphism that is constant on F,
so it is also in Aut(K/F).

Lemma 11.23 (Linear Map)

An F-automorphism of K ¢ : K — K is a linear map of F-vector spaces.

Proof.

Essentially, the F-automorphism group is a transformation subgroup of the ring automorphism group of K
that doesn’t vary F' C K. Let’s provide a few examples to derive some of the automorphism groups.

Example 11.20 (Computing Aut(Q(v/2)/Q))

Given the field extension Q C Q(+/2), we have for any a,b € Q and ¢ € Aut(Q(+v/2)/Q), we have
pla+0v2) = ¢(a) + ¢(bV2) = a + bp(V2) (610)

So ¢ is completely determined by the value of ¢(v/2). Now let ¢(v/2) = o + 8v/2 for some o, 3 € Q.
We have

2=¢(2) = 9(V2V2) = ¢(V2)* = (a+ fV2)? = (a® +25%) + 205V2 (611)

Therefore o = 0 and o? + 252 = 2. With further casework, we must have « = 0,8 = +1. In
conclusion, there are exactly two Q-automorphisms of Q(v/2).

1. The identity map ¢(a + b\@) =a+ b2, and

2. The conjugation map ¢(a + bv/2) = a — bv/2.

Example 11.21 (Computing Aut(Q(2'/?)/Q))

Given the field extension Q C Q(+/2), let us write ¢ = /2. Then since Q(€) is a vector space with basis
1,&,€2%, we can write any element as a + b + c¢£2, and so by definition an element ¢ € Aut(Q(£)/Q)
must satisfy

$la+ b€ + c§%) = a+bp(€) + c(€)? (612)
So the action is completely determined by the value of ¢(£). Suppose ¢(£) = a + B¢ + &2 for some
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a, 3,7 € Q. Through some derivation we have

2=¢(2) = ¢(%) = (¢(9))® = (a + BE+1€%)° (613)
= (a® +28° + 49%) 4+ 3(a®B + By + V)¢ + 3(af” + By 4+ 7a?)€? (614)

From the linear independence of 1, &, &2 we can see that

o +28% 493 =2 (615)
a?B+ Py +7a=0 (616)
af? + By +ya2 =0 (617)

which turns out to have the only solution « = v = 0,5 = 1. Therefore, the only Q-automorphism of
Q(+/2) is the idnetity map.

Now let’s look at how an F-automorphism acts on the roots of a polynomial. Let f(z) = 2™ + a, 12"~ +
..t ax+ag € Flz], F C K a field extension, and suppose f(z) has roots ai,...,a, lying in K (and
perhaps other roots lying in a further extension). It turns out that any F-automorphism of K must permute
Q1, - .., Qy, SO the roots stay “within” the polynomial.

Lemma 11.24 (F-Automorphims Permute Roots)

Let K/F be a field extension and let o € Aut(K/F).
1. If o € K is algebraic over F—i.e. there exists f(z) € Flx] s.t. f(a) = 0—then o(a) € K is also
a root of f(z)[]
2. Let f(x) € F[z] have roots aq,...,a, € K (with possibly other roots outside of K). Then there
exists a well-defined group homomorphism

¢ Aut(K/F) = Sy 6(0)(d) = j st. olay) = o (618)

3. If K is the splitting field of f(x), then ¢ is injective and so Im(¢) is a subgroup of S,.

“However it may not be a permutation! The next point describes this a bit more precisely.

Proof. Listed.
1. We know that f(«) = 0. Now we can use the ring homomorphism properties to find

a(f(a)) :o(ana" +a,_1a™ ! —|—...—|—a1a—|—a0) (619)
=0(an)o ()" + o(an_1)o()"t +... +o(ar)o(a) + o(ap) (620)
= a4,0()" + ap_10(@)" ... +aro(a) +ap (621)

which implies that f(o(a)) = 0.

2. Now assume that S = {ay,...,a,} is contained in K. We know that ¢(c;) € S. The map
¢ — ¢(a;) is indeed a group homomorphism Aut(K/F) — Perm(S).

3. If K is the splitting field, then K = F[S], and so if ¢ € Aut(K/F) fixes all the «;’s, then it must
fix all of K.

Example 11.22 (Recomputing Aut(Q(2'/3)/Q))

Therefore, we can get a much simpler solution of the Automorphism group of Q(+/2) over Q. Since
¢ = ¥/2 is a root of the irreducible polynomial 3 — 2, any ¢ € Aut(Q[¢]/Q) must carry & to some other
root of 22 — 2. The other roots are in the complex plane and not in Q(+/2), and so ¢ must carry & — &.
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Thus, ¢ must be the identity.

Example 11.23 (Computing Aut(Q(1 + v/2)/Q))

Let f(z) = 22 — 2z — 1 € Q[z], which is the minimal polynomial of 1+ v/2 € R. One root of f(z) is
1++2 € Q(v/2). But we know that there exists a ¢ € Aut(@(\/i)/(@) that conjugates, and so 1 — /2
must also be a root.

Example 11.24 (Computing Aut(C/R))

It follows that Aut(C/R) is a group of order 2 generated by complex conjugation.

So given any field extension K/F, we can associate it with a group Aut(K/F). One can also reverse this
process and associate to each group of automorphisms a field extension. In fact, the subgroup property is
not ecessary, and we can just talk about subsets.

Theorem 11.25

Let K be a field, and let H be a subset of the group of automorphisms Aut(K). Then the collection F
of element of K fixed by all the elements of H is a subfield of K.

Proof. Let h € H and let a,b € F. Then by definition h(a) = a, h(b) = b, and so h(a+b) = h(a)+ h(b),
h(ab) = h(a)h(b), and h(a)~* = a~1. So F is closed, hence a subfield of K.

Theorem 11.26 (Inclusion Reversing Association between Groups and Fields)

Therefore, the association of groups to fields and fields to group are inclusion reversing.
1. If F} C F» C K are two subfields of K, then Aut(K/Fy) C Aut(K/F}).
2. If Hy C Hy C Aut(K) are to subgroups of automorphisms of K with fixed fields F; and Fs,
respectively, then F, C F7.

Proof.

Given a subfield F' of K, the associated group is the collection of F-automorphisms of K. Given a group
of F-automorphisms of K, the associated extension is defined by tagking F' to be the fixed field of the
automorphisms.

1. Given the subfield Q C Q(v/2), the automorphism group is {1, 0}, and given the group, the fixed field
is Q.
Q(v2)>Q —{l,0} —Q (622)

Therefore, there is a duality between the subfield Q and the group {1,0}.
2. Given the subfield Q C Q(+/2), we obtain the trivial group {e}, which induces the fixed field Q(/2).

Q(V2) > Q — {e} — Q(V2) (623)

In here, we lose the duality.

Let’s investigate why we lose the duality for the second example. The trivial group {e} does not have enough
automorphisms to force the fixed field to be Q rather than the full Q(%) This is because the other roots of
the minimal polynomial 2% —2 € Q[x]—which can be the images of /2 under an automorphism—lie outside
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of Q(4/2). We now make precise the notion of fields with “enough” automorphisms. Essentially we want to
count the number of elements in the automorphism group. How do we do this? Well we take a field extension
K/F, take the identity automorphism of F', and see how many ways we can extend it into an automorphism
of K.

Recall [11.11] which states that any isomorphism ¢ : F' — F’ can be extended to an isomorphism ¢ : K — K’
for f'(x) = ¢(f(z)) € F'[z]. We build on this theorem.

Theorem 11.27 (Bound on Number of Field Isomorphism Extensions)

Let FF C K,F" C K' be field extensions with an isomorphism ¢ : F' — F’. Then, the numbers of
extensions ¢ : K — K’ is bounded by [K : F].

Proof. We now show by induction on [K : F] that the number of such extensions is at most [K : F],
with equality if f(z) is separable over F. If [K : F] =1 then K = F, K' = F’, 0 = ¢ and the number
of extensions is 1. If [K : F] > 1 then f(z) has at least one irreducible factor p(z) of degree > 1 with
corresponding irreducible factor p’(x) of f/(z). Let a be a fixed root of p(z). If ¢ is any extension of
¢ to K, then o restricted to the subfield F(«) of K is an isomorphism 7 of F'(«) with some subfield
of K'. The isomorphism 7 is completely determined by its action on «, i.e., by Ta, since o generates
F(«a) over F. Just as in Proposition 2, we see that 7a must be some root § of p’(x). Then we have a
diagram

K——— K

| |

Fla) —— F'(B)

e

o
T

%)

— /

Conversely, for any § a root of p’(x) there are extensions 7 and o giving such a diagram (this is Theorem
13.8 and Theorem 13.27). Hence to count the number of extensions o we need only count the possible
number of these diagrams.

The number of extensions of ¢ to an isomorphism 7 is equal to the number of distinct roots g8 of p'(x).
Since the degree of p(z) and p’(x) are both equal to [F(«) : F], we see that the number of extensions
of v to a 7 is at most [F(«) : F], with equality if the roots of p(x) are distinct.

Since K is also the splitting field of f(z) over F(«), K’ is the splitting field of f/(z) over F'(3), and
[K : F(a)] < [K : F], we may apply our induction hypothesis to these field extensions. By induction,
the number of extensions of 7 to ¢ is < [K : F(«a)], with equality if f(z) has distinct roots.

From [K : F] = [K : F(«o)][F(«) : F] it follows that the number of extensions of ¢ to o is < [K : F].
We have equality if p(x) and f(z) have distinct roots, which is equivalent to f(z) having distinct roots
since p(x) is a factor of f(x), completing the proof by induction.

Corollary 11.28 (Bound on Order of Automorphism Group)

Let K be the splitting field of a polynomial f(x) € F[z]. Then,
|Aut(K/F)| < [E: F] (624)

with equality if f(z) is separable over F'.
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11.6 Galois Extensions and (Galois Groups

If we reach this bound, then this is equivalent to saying that the automorphism group H has “enough”

elements to recover F (given field extension K/F') as the fixed field of H.

Definition 11.12 (Galois Field Extension)

A field extension F' C K is Galois if | Aut(K/F)| = [K : F]—or equivalently, the degree of the minimal
polynomial f(z) € F[z] that splits in K.

Definition 11.13 (Galois Group of Galois Field Extension)

Given a Galois field extension K/F', the automorphism group Aut(K/F) is called the Galois Group,
denoted G(K/F).

Therefore, we can think of an automorphism group as Galois if we have reached the maximal number
automorphisms.

of

Example 11.25 (Simple Examples)

We review the derived Galois groups above and see if the field extensions are Galois.

1. Q(v/2) is a Galois extension of Q. Since we know that G' = G(Q(+/2)/Q) has order 2, which is
the same as the dimension of Q(v/2), i.e. the degree of the minimal polynomial x? — 2 € Q[z].

2. Q(3/2) is not a Galois extension of Q since |G(Q[V/2]/Q)| = 1 but [Q[V/2] : Q] = 3.

3. Let K = Q[v/2,4/3] is the splitting field of f(x) = 2% — 2. Then [K : Q] = 6. G(K/Q) ~ S3 has
order 6 since we showed 6 Q-automorphisms of K, but now we know that there can be no more.

4. Let a = v/2. Q C Q|a] is not a Galois extension. 27 — 2 is a polynomial with root a, and by
Eisenstein 27 — 2 is irreducible. So f(z) = 27 — 2 is the minimal polynomial of o. This means
that the number of Q-embeddings Q[a] — Q] is in bijection with the number of roots of f(x)
in Q[a]. All 7 roots of f(z) are ¥/2e2™%/7 for j = 0,...,6, which has one real root. So there is 1
Q-embedding Q[a] — Q[a]. But [Q[v/2] : Q] = deg f(z) = 7. Since Q[a] ~ Q[z]/(27 — 2), which
are polynomials of degree at most 6.

These examples suggest that K will be a Galois extension of F' whenever K is a splitting field of some
polynomial f(x) € F[z]. To establish this, we must produce [K : F] F-automorphisms of K under these

circumstances.

Theorem 11.29 (Splitting Fields of Separable Polynomials are Galois)

If K is the splitting field over F of a separable polynomial f(x) then K/F is a Galois extension.

Proof. Since K is the splitting field of f(x) over F, we have F[rq,...,r,,] where the r; are the
distinct roots of f(z). We show by induction that there are [F[ry,...,r;] : F] F-embeddings of
Flri,...,7;] = K. For j =1, rq is a root of some irreducible factor fi(z) of f(x).
Fla]

{(f1(2))

and the set of F-embeddings F[ri] — K is in bijection with the set of roots o € K of fi(z). By

hypothesis , f(x) has no repeated roots, which implies that the number of F-embeddings F[ri] — K
is deg f1(x) = [F[r1] : F] which gives the base case. For the inductive step, we know there are

[Flri,...,1j-1] : F] (626)

Flry] ~

(625)
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F-embeddings Frq,...,7j_1] 2, K. For each, we will show that there are exactly [Fri,...,7;] :
Flri,...,7j-1]] extensions of ¢ which completes the proof. Because
Flri,...,rj] 1 F]=Flry,...,r5] : Flre,...,rj | Fri, .. -] F (627)
Let g(z) be the minimal polynomial of r; over F[ry,...,r;—_1]. Since g(r;) = 0, g divides one of the
irreducible factors of f(z) in F[ri,...,r;j_1][z] which implies it has no repeated roots. Then
Elx]
Flri,...,r] = (628)
T {g(@)
The number of E-embeddings is equal to the number of roots in in g which is deg g = F[r1,...,7; : FJ.

It turns out that the converse of the theorem is also true, as we will see later. This gives us a complete
characterization of Galois extensions. The following is immediate.

Corollary 11.30 (Splitting Fields of Q are Automatically Galois)

If K is a splitting field of f(x) € Q[z], then K/Q is Galois.

Proof. All irreducible factors of f(z) € Q[z] has no repeated roots and hence is separable from [11.18
Therefore, from [11.29) since K is the splitting field, K/Q is Galois.

What about the converse? There are two steps to proving that for any Galois field extension F' C K, there
exists a polynomial f(z) € F[x] that splits in K.

Lemma 11.31 (Irreducible Polynomial with Root in Galois Extension Splits)

Let F' C K be a Galois extension of fields. Let f(z) € F[z] be an irreducible polynomial with a root
a € K. Then f(z) splits in K, i.e. all other roots must be in K.

Proof. Let o; for j =1,...,n be the elements of G(K/F), and set a; = 0;(«). Then define

n

hx) =[x - ) € K[a] (629)

i=1

We claim that the coefficients of h(x) are fixed by any element of G(K/F'). This is because by
the coefficients obtained by taking the binomial expansion stay invariant. Therefore, all coeflicients of
h(z) are in F, and so h(z) € F[z]. Since g(x) and h(x) have a common root « € K, and since g(x)
is irreducible in F[z], we have g(z) | h(z). Therefore g(z) as a factor of h(x) which splits in K, also
splits in K[z].

Theorem 11.32 (Every Galois Extension has a Splitting Field)

Let F C K be a Galois extension. Then K is the splitting field of a polynomial f(x) € F[z].

Proof. Let aq,...,0 be a basis for K over F, and for each j = 1,...,k, let g;j(z) € Flz] be an
irreducible polynomial with root a;. Then by |11.31} K is the splitting field g;(z) splits in K, which
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implies that
f(@) =g1(x)...gx(x) € Fla] (630)

also splits in K, and it does in no smaller fields since any splitting field must contain all the a;’s.

When computing Galois groups, it only makes sense to talk about it with respec to Galois field extensions.
Therefore, if we are given a field extension, we must prove that it is a Galois extension, then find the order of
its Galois group, then compute the elements using the theorems we have above. But since we have established
equivalent conditions for a Galois group to exist through polynomials, we can talk about a Galois group w.r.t.
a separable polynomial.

Definition 11.14 (Galois Group of Separable Polynomial)

Given a separable polynomial f(z) € F[z], its Galois group is defined to be the Galois group of the
splitting field of f(x) over F.

If we are given a polynomial f(z) € F[z], when we must find that no irreducible factor of it has repeated
roots, and then we find the splitting field F//K to compute the Galois group. Let’s do some practice.

Example 11.26 (Computing Galois Groups)

Now let’s compute the Galois group of Q(v/2,v/3) over Q.

1. Q(v/2,v/3) is the splitting field of f(z) = (22 — 2)(2% — 3) over Q. Then the field extension
Q C Q(v2,v/3) is Galois.

2. Therefore the Galois group of this extension exists. Since v/2,v/3 are not linearly dependent, we
have [Q(v/2,v/3) : Q] = 4. Thus the Galois group has order 4. Now it remains to compute the 4
elements.

3. Since Q(v/2,V/3) is a Q-vector space of dimension 4, we know that every element is of the form
a+ bv2 + ¢v/3 + dv6. Since

dla—+bV2 + V3 +dvV6) = a+ bp(V2) + co(V3) + dp(V2)p(V3), (631)

every Q-automorphism is determined by the values ¢(2), ¢(3).
4. From |11.24] we know that elements ¢ € G(Q(v/2,v/3)/Q) permute the roots of f(x). We imme-
diately see that if ¢(v/2) = V/3

2=(2) = 6(v2)* = V3 =3 (632)

which is a contradiction. The same logic follows for V2 = +/3,v/3 — £v/2. So it must be the
case that ¢(v/2) = £v/2 and ¢(v/3) = +/3.
Therefore, we are able to deduce that the 4 automorphisms are.
d1(a+bV2+eV3+dV6) =a+bV2+cV3+dve (633)
d1(a+bV2+cV3+dV6e) =a—bvV2+ V3 —dve (634)
d1(a+bV2+ V3 +dV6) =a+bvV2—cvV3—dVe (635)
b1(a+bvV2+ V3 +dV6) =a—bV2 —cV3+dVe (636)

which is isormophic to the Klein 4-group.
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Example 11.27 (Computing Galois Groups of 3 Adjoining Elements)

For Q(v/2,+/3,V/5), follow the same method, as it’s the splitting field of (22 — 2)(2? — 3)(2% — 5).
Consider the automorphisms:

V2 =2 (637)

V33 (638)

V5= V5 (639)
and

V2 V2 (640)

V3 —V3 (641)

VB V5 (642)
and

V22 (643)

V33 (644)

V5= =5 (645)

which generates the group. We can see that this is Z3.

11.7 Fundamental Theorem of Galois Theory

Notice from our previous example that there seems to be a similarity between the known subgroups of the
Klein-4 groups and the known subfields of Q(v/2,+/3). In fact this bijection is not a coincidence, and this is
precisely the statement of the fundamental theorem of Galois theory.

(1} Q(v2,v3)
/ JQ \ / : \
{1,7} {1,07} {1,0} Q(v2) Q(V6) Q(v3)
{1,0,7,07} \ Q /
(a) Group structure diagram (b) Field extension diagram

Figure 19: Lattice diagrams showing group structure and corresponding field extensions

Also take a look at this for the polynomial 2° — 2 € Q[z].
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{e Q(V2,¢)

>

/!

(fy ~f) 7 (2f) Q(V2) QY2 T Q(¢PV2)

3 3
r) N % Q) -
2 0 2\) 0

(a) (b)

Figure 20

Theorem 11.33 (Fundamental Theorem of Galois Theory)

Let K/F be a Galois extension and let G = G(K/F). Then there is a bijection
{Fields E | F C E C K} ~ {Subgroups H | {e} C H C G} (646)

where given automorphism group H, E is the fixed field of all elements in H; and given field F, H is
the corresponding group formed by the elements of G fixing E. Under this correspondence, we have
1. If By ~ Hy, Es ~ Hs, then Ey C By iff Hy C Hy. As a consequence F' ~ G and K ~ {e}.
2. [K:E]=|H|and [E: F]=|G: H|[]
3. K/E is always Galois, with Galois group

G(K/E)=H (647)

4. F is Galois over F' iff H is a normal subgroup of G. If this is the case, then the Galois group is

isomorphic to the quotient group
G(E/F)>2G/H (648)

5. If Ey, F5 correspond to Hy, Hs respectively, then Fy N By ~ (Hy, Hy) and the composite field
FE1FEs ~ Hy N Hy. Hence the lattice of subfields of K containing F' and the lattice of subgroups
are “dual.”

2Note the left is the degree of E over Q while the right is the number of cosets of H in G!

Proof.

Example 11.28

Since all the subgroups of an abelian group are normal, all the subfields of (@(\/5, \/§) are Galois
extensions of Q.

11.8 Galois Groups of Polynomials

Definition 11.15 (Elementary Symmetric Functions)

Let 1,29, ..., x, be indeterminates. The elementary symmetric functions s1, ss, ..., s, are defined
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as
S1=T1+To+ ...+, (649)
Sg = x1To + T1T3 + ... F Tk + Tpo1Ty (650)
f= (651)
Sp = T1T2...Tn (652)

Definition 11.16 (General Polynomial of Degree n)

The general polynomial of degree n is the polynomial
flo) =[]~ (653)

whose roots are the indeterminates x1, ..., z,.

Theorem 11.34

The fixed field of the symmetric group S,, acting on the field of rational functions in n variables
F(zy,...,x,) is the field of rational functions in the eleemntary symmetric functions F(sy,...,s,).

Definition 11.17 (Symmetric)

A rational function f(x1,...,x,) is symmetric if it is not changed by any permutation of the variables
T1y...-Tp-

Theorem 11.35 (Fundamental Theorem on Symmetric Functions)

Any symmetric functions in the variables z1,xo, ..., x, is a rational function in the elementary sym-
metric functions sq, ss, ..., Sy,.

Theorem 11.36

The general polynomial
" — 512" spx 2 4L+ (=1)"s, (654)

over the field F(sy,...,s,) is separable with Galois group .5,,.

The well known discriminant of a quadratic equation
f(z) =ax® +bx+c (655)

is known in the form V = b? — 4ac. However, we will present it in a slightly different manner.

Definition 11.18

The discriminant D(p) of a quadratic polynomial

¢ = apr® + a1z + as € Clx] (656)
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with ¢, ¢y € C as its roots is defined

ay

D(p) = a? — 4agay = af (()
ao

2 40,2

” > = ag((cl +c3)% — 4(:162) = ag(cl —c)? (657)

Clearly, the value of D(p) can tell us three things
1. ¢1,¢0 € R 1 # ¢o. Then ¢ — ¢y is a nonzero real number and D(p) > 0.
2. ¢ =cg € R. Then ¢; — ¢ =0 and D(p) = 0.
3. ¢1,c9 € C,c1 = ¢a. Then, ¢; — ¢2 is a nonzero strictly imaginary number and D(p) < 0.

Definition 11.19

We can generalize this notion of the discriminant to arbitrary polynomials
0 =apr" +a "'+ .. Fap_ 17+ a, €Fz], ag £0 (658)

The discriminant D(p) of the polynomial above is defined

D(p) = ag"* [J(ci = ¢j)* (659)

>

The ag term isn’t very important in this formula, since it does not affect whether D(y) is positive,
negative, or zero.

Definition 11.20

A polynomial
© =apz" + a1zt + ... 4 an_12 + a, € Flz], ag # 0 (660)

where a; = 0 is called depressed. A depressed cubic polynomial is of form

p=2"+pr+gq (661)

Theorem 11.37

Every monic (leading coefficeint = 1) polynomial (and non-monic ones)
o=a"+a1z" ... Fan_ 12 +a, €Fz], ag #0 (662)

can be turned into a depressed polynomial with the change of variable

ai
=y— — 663
v=y— (663)
to get the polynomial
Y=y" + by 2+ ...+ bp_1y + by (664)
Lemma 11.38
A cubic polynomial
© = apz® + ar1x? + azx + as € Rz (665)
with roots c¢1, ¢z, c3 € C has discriminant
D(p) = agler — e2)*(e1 — e3)*(c2 — ¢3)? (666)
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With a bit of evaluation, it can also be expressed in terms of its coeflicients as
D(p) = a?a3 — 4a3as — 4apas + 18agayasas — 27a3a?

Again, three possibilities can occur (up to reordering of its roots).
1. ¢1,¢9,c3 are distinet real numbers. Then D(y) > 0.
2. ¢1,¢9,¢3 ER 1 = ¢a. Then D(p) = 0.
3. c1 € Ricg =¢3 € R. Then D((p) < 0.
Furthermore, the cubic formula used to find the roots of the polynomial is

3l a PP @ ] P ¢
cl*“‘\/zJr 27+4+\/2 27 4

known as Cardano’s formula, after the mathematician Gerolamo Cardano.

(667)

(668)

11.9 Solvable and Radical Extensions
11.10 Exercises

Exercise 11.1 (Shifrin 5.3.3)

respectively,
a. a+1
b. a—1.

The polynomial f(z) = 2% + 1 is irreducible in Zs[x], and so K = Zs[z]/(z? + 1) is a field with
nine elements. Let a € K be a root of f(x). Find irreducible polynomials in Zj[z] having as roots,

Solution. Listed.
1. We can see that
(a+1)2=a’+2a+1=20 = (a+1)?-2a=0
= (a+1)?-20—-2+2=0
— (a+1)*=2(a+1)+2=0
and so f(z) = 2% — 22 + 2 € Z3[z] has a + 1 as a root.
2. Similarly, we have
(a—1)2=a’>-2a+1=-2a = (a—1)2+2a=0
= (a—-1)*+2a-2+2=0
= (a—1)*+2(a—-1)+2=0

and so f(x) = 2% + 2z + 2 € Z3[z] has a — 1 as a root.

(669)
(670)
(671)

(672)
(673)
(674)

Exercise 11.2 (Shifrin 5.3.4)

Construct explicitly an isomorphism

Zolz])(2® + x + 1) = Zoz]/(2® + 22 + 1).
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Solution. Both 23 + z + 1 and 23 + 2% + 1 are irreducible in Zs[z], so both are fields of order 8 (since
the 23 is equivalent to a lower order polynomial) consisting of all polynomials in Zy[x] of degree < 2.
We can construct the isomorphism ¢ sending ¢(f(x)) = f(z + 1). This is a homomorphism since it
maps 1 to 1, and

H(f+9)(@) = (F+9)@+1) = flz+1)+g(x+1) =o(f(x) + d(g(2)) (675)
P((f9)(x)) = (fo)(z +1) = fx+ Dg(z + 1) = o(f () p(9(x)) (676)

It is also bijective since the inverse mapping ¢(f(z)) = f(x —1) = f(z + 1) is well-defined. Finally, we
can see that that considering ¢ as an automorphism over Zs[x], ¢p(z3 +2+1) = (x +1)3+ (z+1)+1 =
23 + 22 + 1, so it maps the ideals to each other. This therefore induces an isomorphism between the
quotient rings. We can explicitly write out the image of each element.

1. $(0) = 0.

O NG LD

Exercise 11.3 (Shifrin 5.3.5)

Let F' be a finite field of characteristic p. Show that every element a € F' can be written in the form
a = bP for some b € F'. (Hint: Consider the Frobenius automorphism.)

Solution. Then F has ¢ = p" elements for some n € N, and in Shifrin we have established through
Frobenius automorphism o(a) = aP that ¢™(a) is the identity, i.e.

a=o0"a)=(aP)" =aP" = (a")? (677)

Therefore, we have found b = o™ € F satisfying the condition.

Exercise 11.4 (Shifrin 5.3.7)

Let ¢ = p", and let f(x) =27 — x.
a. Prove that if g(z) is an irreducible polynomial of degree d in Z,[z], then g(z) divides f(z) if and
only if d|n.
b. Prove that f(z) is the product of all monic, irreducible polynomials in Z,[z] whose degrees divide
n.

Solution. For (a), we prove bidirectionally. Since g(z) is irreducible, F' = Z,[z]/(g(x)) is a field of p?
elements and g(x) is the minimal polynomial of & over Z,. We also know that for any element « in a
field of order p?, it satisfies a?* = a. Additionally, the multiplicative group of units (Zp[x]/{g(x)))* is
a cyclic group of order p? — 1 generated by «. By Lagrange’s theorem, the order of any element of this

multiplicative group must divide p? — 1. Choosing a, we have ' l=1 = o =a.
1. (). Let g(z) divide f(z) = 2" — 2. Then g(a) =0 = f(a)=a? —a =0 = o =a.

Therefore,

a=a =a" (678)

The smallest positive integer m such that o?” = a is m = d as g(x) is the minimal polynomial.
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Since a?" = « and d is the smallest such exponent, we have d | n.
2. (+). Assume that d | n. Consider the field F = Z,[z]/{g(z)), which is a field of order p?. We

also know that for any element a in a field of order p?, it satisfies a?’ = a. Taking = € Z,[x], its
image T € F has the property that ' 7= 0, and so this means that 29" — 7 is in the kernel
of this quotient map. Therefore (xpd —z) €{g(z)) = g(x) | (acpd —z). To prove the final step,
we prove that Vd, n, ' — | 2P —z iff d | n.

Then we have n = kd for some k € N, and so

o =a? =a (679)

and so « is a root of 27" — x. Now assuming that g(x) { f(x), since g(x) is irreducible the GCD
is 1, and so there exists a(x), b(x) s.t.

a(x) f(z) + b(x)g(x) = 1 (680)

But by setting x = «, we get f(«) = 0 from above, and g(«) = 0 by assumption, leading to 0 = 1,
which is a contradiction since 0 # 1 always in fields. Therefore g(z) | f(x).
For (b), we have shown in (a) that the irreducible factors of f(x) are precisely all polynomials in
Z,[x] whose degree divides n. Since Z,, is a field, we can scalar multiply the polynomial—and hence the
leading coefficient—by the multiplicative inverse of the leading coefficient to make it monic. This doesn’t
change the factorization since the leading coefficient of f(x) is also 1. Since Zj[z] is a Euclidean domain,
by unique factorization theorem all such polynomials g(x) must be contained within the product.
It now remains to show that f(z) is square free, i.e. none of its factors have multiplicity greater than
1. Take f and its derivative (where p =0 in Zj,)

n

fle)=a?" —z,  fl@)=pra’ T —1=-1 (681)

It is clear that ged(f, f') = 1 since f’ is constant. Now assume that there is some factor a(x) of
multiplicity at least 2. Then f(z) = a(x)a(z)b(z) for some b(x) € Zy[z]. Taking the derivative gives

(@) = (a(2)d(z) + o' (¥)a(x))b(w) + a(z)*V (x) (682)

= a(z)(d'(z)b(z) + d'(z)b(z) + a(z)V' (z)) (683)
which means that at least a(x) | ged(f, f'), contradicting that the ged is 1. Therefore f is square free.

Finally, since Z,[z] is a Euclidean domain, by the unique factorization theorem all of its factors are
precisely

Exercise 11.5 (Shifrin 7.6.2)

Let F D Q be a field extension. Prove that if f(z) € F[z] is irreducible, then it has no repeated roots
in any field extension of F. (Hint: By Exercise 3.1.15, a repeated root must be a root of both f(x) and
its derivative.)

Solution. Assume that it is irreducible and for contradiction, let f(x) have a repeated root « in some

field extension K O F. Since « is a repeated root, we can write f(z) = (z — a)?g(z) for some
g(x) € K[z]. Then calculating its derivative we get
fl(@) = (z = a)(29(z) + (z — a)g'(2)) (684)

and so « is a root of both f and f’, ged(f(x), f'(z)) has degree at least 1. This means that f(z), f'(z)
share a common factor in F[z]|. Since f(z) was irreducible over F', any nontrivial factor of f(z) in Fx]
must be f(x) itself. Therefore f(xz) | f'(x). However, this cannot be since deg(f'(z)) < deg(f(z)) when
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f(x) is a non-constant polynomial (which is true by definition since f(z) is irreducible). Therefore,
f(x) cannot have a repeated root.

Exercise 11.6 (Shifrin 7.6.10)

Suppose F' C E C K are fields. Prove or give a counterexample:
a. |G(K/F)| < |G(K/E)||G(E/F)|
b. |G(K/F)| =z |G(K/E)||G(E/F)|

Solution. (a) is false, and for a counterexample, take F = Q C E = Q(3/2) C Q(3/2,w) where w is a
cube root of unity not equal to 1. Then

1. G(K/F) has 6 elements as shown in Shifrin Example 7.6.5.

2. G(K/E) has 2 elements (the two automorphisms that fix V/2 and map w to w or w?).

3. G(E/F) has 1 element as shown in Shifrin Example 7.6.5.
and so the inequality doesn’t hold.

Exercise 11.7 (Shifrin 7.6.11)

Let Q C E C K be fields. Give a proof or counterexample for each of the following:
a. If K is a Galois extension of QQ, then K is a Galois extension of F.
b. If K is a Galois extension of QQ, then F is a Galois extension of Q.
c. If K is a Galois extension of F and F is a Galois extension of @, then K is a Galois extension of

Q.

Solution. Listed.

1. True by the fundamental theorem of Galois theory.

2. Not true. Consider Q C E = Q(¥/2) € K = Q(4/2,w), where w is a cube root of unity. K is the
splitting field of 23 — 2 over Q so K is Galois over Q. Also note that from Shifrin Example 7.6.5
the field K for the first two solutions is indeed Galois over Q. E is not Galois over Q as shown
in Shifrin Example 7.6.5.

3. Not true since we can consider the Galois extensions Q C Q(\/i), which was proved to be Galois
in Shifrin, and also Q(v/2) C Q(+/2), which we will prove is Galois. Indeed, Q(+/2) is the
splitting field of the polynomial f(z) = 22 — /2 = (z 4+ v/2)(z — v/2) € Q(v/2)[x] which doesn’t
have repeated roots, and so from lecture (Theorem 3 in April 16 Notes) it is Galois. However,
Q C Q(+/2) is not Galois. Note that Q(v/2) is a Q-vector space with basis {1, v/2, v/4, v/8}, and
so every element can be written as a + b2+ cev/a+d \4/§, and a Q-automorphism must act on it
as

d(a+bV2+ cVa+dV8) = a+bp(V2) + cp(V2)? + dp(V2)? (685)

So ¢ is determined by the value of ¢(v/2). Since v/2 is the root of an irreducible polynomial
f(z) = 2* — 2 € Q[z], any ¢ € G(Q(+v/2)/Q) must take roots to roots. The roots of f(z) is
{i\‘yi, izfyi} Since two of them lie outside of Q(f/ﬁ), the Galois group can have at most 2
elements, which is less than [Q[v/2] : Q] = 4. Indeed, the splitting field of z* — 2 is Q(+/2, ).

Exercise 11.8 (Shifrin 7.6.14)

Suppose f(z) € Q[z] is an irreducible polynomial of degree n. Prove that the Galois group of f(z)
must act transitively on the set of n roots. Give an example to show this statement is false for reducible
polynomials. (Hint: Cf. the proof of Proposition 6.6.)
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Solution. Let f(x) € Q[z] be irreducible of degree n with rq, ..., 7, its roots in a splitting field K. Since
this is over Q, the roots must be distinct. We wish to show that for any two roots r; # r;, there exists
an element 0 € G = G(K/Q) (which is a subgroup of the symmetric group over the roots) such that
o(r;) =rj. Since f(z) is irreducible over Q, the minimal polynomial of each root r; over Q is f(x). For
any root r;, consider the field Q(r;). Since r; is a root of the irreducible polynomial f(x) of degree n, we
have [Q(r;) : Q] = n. For any two roots r;, r;, we can define a Q-isomorphism Q(r;) — Q(r;) by setting
¢(r;) = r; and extending linearly. By the fundamental theorem of Galois theory, this isomorphism ¢
extends to an automorphism o € G of the splitting field K such that o(r;) = r;, and we have found
our desired o.

For a counterexample, consider

f(z) = (2? = 2) (2 — 3) € Q[z] (686)

which is reducible. The roots are ++/2,4++/3 and so the splitting field is K = Q(\@, \/§) which is
a vector space of dimension 4. So the Galois group G = G(K/Q) has order 4 that sends (v/2,v/3)
to (\/5, \/5),([,_\/@(_\/2 \/3)7(—f,—\/§). Since there is no map v2 — /3, G does not act

transitively. Also consider the fact that

2=¢(2) = $(v2)2 = V3 =3 (687)

which is absurd.

Exercise 11.9 (Shifrin 7.6.23)

Let p be prime. Prove that the Galois group of f(x) = 2P — 1 is cyclic. (Hint: Use Exercise 6.1.24.)

Solution. The roots of £P — 1 are the distinct pth roots of unity 1,w, ...,wP~!. Therefore the splitting
field is Q[w], which is Galois. So, for any ¢ € G(Q(w)/Q), ¢(1) = 1 by definition and since it must
map roots to roots, ¢(w) = w* for some 1 < k < p — 1. Now define the map from the Galois group to
(Zy,, x) by

0:¢—k (modp), where ¢p(w) = w" (688)

The map is well defined and a group homomorphism since if ¢;(w) = w** and ¢o(w) = w*2, then
(610 ¢2)(w) = d1 (W) = (WF)r> = Wik (689)

It is injective since if ¢1 # ¢, then they must send to different powers. Finally it is surjective since for

any k € Zj;, we can define ¢, (w) = w” and extend linearly. Therefore, ¢ is an isomorphism, and the

Galois group is cyclic.
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12 Affine and Projective Spaces

12.1 Affine Spaces

Modeling the space of points as a vector space can be unsatisfactory for a number of reasons.
1. The origin 0 plays a special role, when it doesn’t necessarily need to have one.
2. Certain notions, such as parallelism, are handled in an awkward manner.

3. The geometries of vector and affine spaces are intrinsically. That is,

GL(V) C GA(V) (690)

In the ordinary Euclidean geometry, one can define the operation of the addition of a point and a vector.
That is, the "sum" of a point p and a vector x is the endpoint of a vector that starts at p and equals z. We
formalize it in the following definition.

Definition 12.1

Let V' be a vector space over field F. The affine space associated to V is a set S with an operation
of addition 4 : § x V. — S satisfying

l.p+(z+y)=(p+z)+yforpe S,z,yecV

2. p+ 0= p where p € S, 0 is the zero vector

3. For any p,q € S, there exists a unique vector = such that p + 2z = ¢
Elements of the set S are called points. The vector in condition 3 is called the vector connecting
points p and ¢, denoted pg. The dimension of an affine space is defined as the dimension of the
corresponding vector space.

The first condition implies that
pq+qr =pr for all p,q,r € S (691)

Every vector space V' can be regarded as an affine one if we view vectors both as points and as points and
define the operation of addition of a vector to a point as addition of vectors. Under this interpretation, the
vector pq is the difference between the vectors p and q.

Definition 12.2

Conversely, if we fix a point o (the origin) in an affine space S, we can identify a point p with its
position vector op. Then, addition of a vector to a point just becomes the addition a vectors. This
identification of points with vectors is called the vectorization of an affine space.

Definition 12.3

A point o (the origin) together with a basis {e1,...,e,} of the space V is called a frame of the affine
space S. Each frame is related to an affine system of coordinates in the space S. That is, a point p
would get the coordinates equal to those of the vector op in the basis {eq,...,e,}. It is easy to see that
1. Coordinates of the point p 4+ x are equal to the sums of respective coordinates of the point p and
the vector z.
2. Coordinates of the vector pg are equal to the differences of respective coordinates of the points g
and p.

Linear combinations of points are not defined in the affine space since the values of linear combinations are
actually dependent on the choice of the origin. However, an analogous structure can be.
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Definition 12.4

The barycentric linear combination of points py, ..., pr € S is a linear combination of the form
p= Z Aip;, where Z =1 (692)
i i

This linear combination is equal to the point p such that

op =Y _ N\iopi (693)
i
where o € S is any origin point.
Definition 12.5
In particular, the specific barycentric combination of points where A\y = ... = Ay = % is called the

center of mass of the collection of points p;.

Definition 12.6

Let po,p1,...,pn be points of an n-dimensional affine space S such that the vectors popy, ..., Dopn are
linearly independent (that is, forms a basis). Then, every point p € S can be uniquely presented as

p= Z x;p;, where Z ;=1 (694)
i=0 i=0

This equality can be rewritten
n
pop = Z TiPopi (695)
i=1
implying that we can take the coordinates of the vector pgp in the basis {Dop1, ..., PoPn} as 1, ..., Tp.
Then, x( is determined as

zo=1-> (696)
=1

The numbers xg, x1,..., T, are called the barycentric coordinates of the point p with respect to
Po, P14y Pn-

Definition 12.7

A plane in an affine space S is a subset of the form
p=po+U (697)

where pg is a point and U is a subspace of the space V. Note that we can choose any point pg in the
plane in this representation. U is called the direction subspace for P.

Lemma 12.1

If the intersection of two planes in an affine space is nonempty, then the intersection is also a plane.
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Theorem 12.2

Given any k41 points of an affine space, there is a plane of dimension < k passing through these points.
If these points are not contained in a plane of dimension < k, then there exists a unique k-dimensional
plane passing through them.

Definition 12.8

Points pg, p1, ..., px € S are affinely dependent if they lie in a plane of dimension < k, and affinely
independent otherwise. It is clear that the points py, ..., px are affinely independent if and only if the
vectors popi, ---, PoPk are linearly independent.

Theorem 12.3

Points pyg, ..., px € S are affinely independent if and only if the rank of the matrix of their barycentric
coordinates (with respect to some predetermined affinely independent points) equals k + 1.

It is easy to see that the previous theorem is true, since the determinant represents the hypervolume of
the parallelopiped spanned by the vectors pop1, ..., DoPx, which must be nonzero if they are indeed affinely
independent.

Corollary 12.4 (Menelaus’ Theorem)

Let points x, y, z line on the sides bc, ca, ab of the triangle abc or their continuations.

c
-7 - /‘%‘/ /
Y -
R
-7 a b
Suppose that they divide these sides in the ratio
ArLip:lv:1

respectively. Then, the points x,y, z lie on the same line if and only if

Apy = —1

Proof. By the previous theorem, the points z,y, z are linearly dependent (i.e. lies on a line) if and only
if the matrix of barycentric coordinates of x,y, z with respect to a, b, ¢, which is

0 1A
L MDA
pn+1 0 pn+1 (698)
1 v 0
v+1 v+1
has nonzero determinant. The determinant of the above matrix is 0 if and only if Aur = —1.
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Corollary 12.5 (Ceva’s Theorem)

In the triangle above, the lines ax, by, cz intersect at one point if and only if

Apr =1 (699)

Proof. The proof can be done using barycentric coordinates.

Theorem 12.6

A nonempty subset P C S is a plane if and only if for any two distinct points a,b € P, the line through
a and b also lies in P.

Theorem 12.7

Given an inhomogeneous system of linear equations of form
Ax=b (700)

the set of solutions is an affine plane of dimension n — r, where n is the number of variables and r is
the rank of the matrix A. More precisely, given that the plane is in the form P = py + U, pg is one
solution and U is the set of vectors that satisfy the homogeneous system

Az =0 (701)

Let us observe the relative position of two planes.

Theorem 12.8

Given two planes
Pr=p1+U1,Po =p2+Us

P and P, intersect if and only if
pip2 C UL+ U2 (702)

where Uy + U, is the set of all vectors of form uy + us, where uy € Uy, us € Us.

Now, consider the class of functions on an affine space corresponding to the class of linear functions on a
vector space.

Definition 12.9

An affine-linear function on an affine space S is a function f : S — F such that
flo+z)=f(p)+afz), peSzeV (703)

where «, called the differential, is a linear function on the vector space V. Let o € S be a fixed origin.
By setting p = o0, we can express an affine linear function in vectorized form as

fx)=a(z)+0b, beF (704)

where b = f(0). This implies the following coordinate form of f.

fl@)=b+ Z a;7; (705)
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A particular case of affine-linear functions are constant functions, where the defining characteristic is the
zero differential.

Theorem 12.9

Given that dim .S = n, affine-linear functions on S form a (n + 1)-dimensional subspace on the space
of all linear functions on S.

Theorem 12.10

Barycentric coordinates are affine-linear functions.

Theorem 12.11

Let f be an affine-linear function. Then
/ < T m) =Y A f ) (706)

for any barycentric linear combination ), X\;p; of points p1, ..., p.

Definition 12.10

An affine space associated with a Euclidean vector space is called a Euclidean affine space. The
distance p between two points in a Euclidean space is defined as

p(p,q) = [|pdgl| (707)

This definition of p satisfies the axioms of a metric space.

12.2 Convex Sets

Let S be an affine space over the field of real numbers and V', the associated vector space.

Definition 12.11

The (closed) interval connecting points p,q € S is the set
pg={Ap+(1-Ag[0<A<1} (708)

Geometrically, we can think of this as the straight line segment connecting point p with point gq.

Definition 12.12

A set M C S is convex if for any two points p,q € S, it contains the whole interval p, g.

Clearly, the intersection of convex sets is convex. However, the union of them is not.

Definition 12.13

A convex linear combination of points in S is their barycentric linear combination with nonnegative
coefficients.
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It is clear to visualize the following theorem.

Theorem 12.12

For any points py, ..., pr in a convex set M C S, the set M also contains every convex linear combination
p=Y_N\ip; (709)
i

Furthermore, for any set M C S, the set conv M of all convex linear combinations of points in M is
convex.

Definition 12.14

Given M C S, the set conv M is the smallest convex set containing M. It is called the convex hull of
M.

Definition 12.15

The convex hull of a system of affinely independent points pg, p1, ..., P, in an n-dimensional affine space
is called the n-dimensional simplex with vertices po, ..., pn.

It is clear that the interior points of a simplex is precisely the set of all points whose barycentric coordinates
with respect to the vertices are all positive.

Example 12.1

Here are common examples of simplices.
1. A 0-dimensional simplex is a point.
2. A 1-dimensional simplex is a closed line interval.
3. A 2-dimensional simplex is a triangle.
4. A 3-dimensional simplex is a tetrahedron.

Theorem 12.13

A convex set M has interior points if and only if aff M = S.

Definition 12.16

A convex set that has interior points is called a convex body. Clearly, every convex body in n-
dimensional affine space S is n-dimensional.

The set of interior points of a convex body M, denoted M°, is an open convex body.

Definition 12.17

For any nonconstant affine-linear function f on the set 5, let

Hy={peS|flp)=0}
Hf ={pe S| f(p)=>0}
Hy ={peS|flp) <0}

v
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The set Hy is a hyperplane, and H]T, H are called closed half spaces.

Definition 12.18

A hyperplane H is a supporting hyperplane of a closed convex body M if M C H}' and Hy contains

at least one (boundary) point of M. The half space HJT is then called the supporting half-space of
M.

Theorem 12.14

A hyperplane H that passes through a boundary point of a closed convex body M, is supporting if and
only if HNM° = 0.

A key theorem of convex sets is the following separation theorem.

Theorem 12.15 (Separation Theorem)

For every boundary point of a closed convex body, there exists a supporting hyperplane passing through
this point.

This theorem leads to the following one.

Theorem 12.16

Every closed convex set M is an intersection of (perhaps infinitely many) half-spaces.

Definition 12.19

A polyhedron is the intersection of a finite number of half-spaces. A convex polyhedron which is also
a body is called a convex solid.

Example 12.2

A simplex with vertices pg, p1, ..., P, iS a convex polyhedron since it is determined by linear inequalities
x; >0 for ¢ =0,1,...,n, where xg, x1, ..., T, are barycentric coordiantes with respect to pg, p1, .-+, Pn-

Example 12.3

A convex polyhedron determined by linear inequalities 0 < x; < 1 for ¢ = 1,...,n, where 1, ..., x, are
affine coordinates with respect ot some frame, is called an n-dimensional parallelopiped.

Definition 12.20

A point p of a convex set M is extreme if it is not an interior point of any interval in M.
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Theorem 12.17

A bounded closed convex set M is the convex hull of the set E(M) of its extreme points.

We can create a stronger statement with the following theorem.

Theorem 12.18 (Minkowski-Weyl Theorem)

The following properties of a bounded set M C S is equivalent.
1. M is a convex polyhedron.
2. M is a convex hull of a finite number of points.

Definition 12.21

A face of a convex polyhedron M is a nonempty intersection of M with some of its supporting hyper-
planes. Given that dim aff M = n,

1. A O-dimensional face is called a vertex.

2. A 1-dimensional face an edge.

3. ...

4. An (n — 1)-dimensional face a hyperface.

Therefore, if a convex polyhedron is determined by a system of linear inequalities, we can obtain its faces
by replacing some of these inequalities with equalities (in such a way that we do not get the empty set).

The following theorem demonstrates that in order to find its faces, it suffices to consider only the hyperplanes
Hy,,...Hy,.

Theorem 12.19

Every face I' of the polyhedron M is of the form

rsz(ﬂHfj) (710)

JjeJ

where J = {1,2,...,m}

Theorem 12.20

The extreme points of a convex polyhedron M are exactly its vertices.

The following theorem is used often in linear programming and in optimization.

Theorem 12.21

The maximum of an affine-linear function on a bounded convex polyhedron M is attained at a vertex.

12.3 Affine Transformations and Motions

Let S and S’ be affine spaces associated with vector spaces V and V', respectively, over the same field F.
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Definition 12.22

An affine map from the space S to the space S’ is a map f : S — S’ such that

flp+a)=fp) +ox), peSzeV (711)

for some linear map ¢ : V.— V’. It follows that

o9 = f(»)f(q), p,ge S (712)

Thus, f determines the linear map ¢ uniquely. Similarly, ¢ is called the differential of f, denoted df.

Theorem 12.22

Let f:S — S and g: 8" — S” be two affine maps. Then the map
gof:8—8" (713)

is also affine. Also
d(go f)=dg-df (714)
where dg and df are the differentials of g and f, respectively.

For F = R, the differential of an affine map is a particular case of a differential of a smooth map in analysis.
That is, the differential is the linear approximation of the function f.

Theorem 12.23

An affine map is bijective if and only if its differential is bijective.

Definition 12.23

Similar to linear transformations between vector spaces, bijective affine transformations are called
isomorphisms of affine spaces. Affine spaces are isomorphic if there exists an isomorphism between
them.

Corollary 12.24

Finite-dimensional affine spaces over the same field are isomorphic if and only if they have the same
dimension.

Definition 12.24

An affine map from an affine space S to itself is called an affine transformation. Bijective affine
transformations form a group called the affine group of S, denoted GA(S).

It follows that given affine space S with associated vector space V', the projection map
d: GA(S) — GL(V) (715)
is a group homomorphism. It’s kernel is the group of parallel translations, called Tran(.S).

ta:p—p+a, acV (716)
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Theorem 12.25

For any f € GA(S) and a € V,
ftaf ™" = tas(a) (717)

Definition 12.25

A homothety with the center o and coeflicient A is an affine transformation defined as
flo+z)=0+ Xz (718)
In its vectorized form, it is expressed
flx)=Xx+b, beV (719)

A homothety with coefficient —1 is called a central symmetry.

The group of affine transformations determines the affine geometry of the space. The following theorem
shows that all simplices are equal in affine geometry.

Theorem 12.26

Let {po, ..., pn} and {qo, ..., gn } be two systems of affinely independent points in an n-dimensional affine
space S. Then there exists a unique affine transformation f that maps p; to ¢; for i = 0,1, ..., n.

Proof. Tt is easy to see once we realize that there exists a unique linear map ¢ of the space V that maps
the basis {Dop1, .., DoPn } to the basis {Goqr, ..., GoGn }. If we vectorize S by taking py as the origin, the
affine transformation in question has the form

f(x) = ¢(z) + Podo (720)

Corollary 12.27

In real affine geometry all parallelopipeds are equal.

Definition 12.26

A motion of the space S is an affine transformation of S whose differential is an orthogonal operator
(i.e. an origin preserving isometry). Every motion is bijective.

Motions of a Euclidean space S form a group denoted Isom.S. A motion is called proper (orientation
preserving) if its differential belongs to SO(V) and improper otherwise.

Lemma 12.28

The group Isom S is generated by reflections through hyperplanes.

Definition 12.27

Let M be a solid convex polyhedron in an n-dimensional Euclidean space. A flag of M is a collection
of its faces {Fy, F1, ..., F,,_1} where dim F, = k and Fy C Fy; C ... C Fj_1.
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Definition 12.28

A convex polyhedron M is regular if for any two of its flags, there exists a motion f € Sym M mapping
the first to the second, where

SymM = {f €IsomS | f(M)= M} (721)

Two dimensional regular polyhedra are the ordinary regular polygons. Their symmetry groups are known
as the dihedral groups.

Three dimensional regular polyhedra are Platonic solids, which are the regular tetrahedron, cube, octahe-
dron, dodecahedron, and icosahedron.

Definition 12.29

A real vector space V' with a fixed symmetric bilinear function « of signature (k,1), where k,I > 0
and dimV = k + [, is called the pseudo-Euclidean vector space of signature (k,l). The group
of a-preserving linear transformations of V is called the pseudo-orthogonal group and is denoted
O(V,a). In an orthonormal basis, the corresponding matrix group is denoted Ok, .

12.4 Quadrics

Planes are the simplest objects of affine and Euclidean geometry, which are determined by systems of linear
equations. The second simplest are quadratic functions. These types of objects are studied futher in algebraic
geometry.

Definition 12.30

An affine-quadratic function on an affine space S is a function @ : S — F such that its vectorized
form is

Q(z) =qlx)+1l(z)+c (722)

for a quadratic function ¢, linear function [/, and constant c.

12.5 Projective Spaces

Definition 12.31

An n-dimensional projective space PV over a field F is the set of one-dimensional subspaces of an
(n + 1)-dimensional vector space V over F. For every (k + 1)-dimensional subspace U C V, the subset
PU C PV is called a k-dimensional plane of the space PV.

1. 0-dimensional planes are the points of PV.

2. 1-dimensional planes are called lines

3. ..

4. (n — 1)-dimensional planes are called hyperplanes

Definition 12.32

RP! is called the real projective line, which is topologically equivalent to a circle.
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Example 12.4

The real projective space of R? is the set of all lines that pass through the origin. It is denoted RP?
and called the real projective plane.

Example 12.5

RP? is diffeomorphic to SO(3).

Example 12.6

The space RP" is formed by taking the quotient of R"*!\ {0} under the equivalence relation
x ~ Az for all real numbers A # 0 (723)

The set of these equivalence classes is isomorphic to RP".

12.6 Exercises
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13 Representations

We will assume that V' is a finite-dimensional vector space over field C.

Definition 13.1

The general linear group of vector space V', denoted GL(V'), is the group of all automorphisms of V' to
itself. The special linear group of vector space V', denoted SL(V') is the subgroup of automorphisms
of V with determinant 1.

When studying an abstract set, it is often useful to consider the set of all maps from this abstract set to a
well known set (e.g. GL(V)).

Definition 13.2

A representation of an (algebraic) group G is a homomorphism
p:G— GL(V) (724)

for some vector space V. That is, given an element g € G, p(g) € GL(V'), meaning that p(g)(v) € V.
Additionally, since it is a homomorphism, the algebraic structure is preserved.

p(g1 - g2) = p(g1) - p(g2) (725)

where - on the left hand side is the abstract group multiplication while the - on the right hand side is
matrix multiplication. To shorten the notation, we will denote

gv =p(g)v, veV (726)
Since p is a group morphism, we have
92(910) = (g2g1)v = p(g2)(p(91)(v)) = (p(g2)p(91)) (v) (727)
Additionally, since g (that is, p(g)) is a linear map,
g(A1v1 + A2v2) = A1 gu1 + Aagv2 (728)

Usually, we refer to the map as the representation, but if the map is well-understood, we just call the
vector space V' the representation and say that the group acts on this vector space.

Example 13.1

The group GL(2,C) can be represented a by the vector space C?, or explicitly, by the group of 2 x 2
matrices over C with nonzero determinant.

GL(2,C) “% Mat(2, C) (729)

This is a trivial representation.

We now show a nontrivial representation of GL(2,C).
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Example 13.2

We take Sym?C?, the second symmetric power of C2. Note that given a basis x1, 2 € C?, the set
{z1 021,21 © 22,72 © T2} (730)

forms a basis of Sym?C? = dim Sym?C? = 3. So, we want to represent GL(2,C) by associating its
element with elements of GL(Sym?2C?). More concretely, we are choosing to represent a 2 x 2 matrix
over C with a 3 x 3 matrix group (since GL(Sym?>C?) ~ GL(3,C). Clearly,

p(9)(z1 ®21) = g(21) © g(z1) € Sym>C?
p(g)(z1 © x2) = g(71) © g(2)
p(9)(z2 © T2) = g(x2) © g(72)

To present this in matrix form, let us have an element in GL(2,C)

A= <Z Z) (731)

We evaluate the corresponding representation in GL(Sym?C?). Using the identities above, we have

p(9)(z1 © 1) = g(21) © g(21)

= (az1 + cx2) © (azx1 + cx2)

= a2x1 ®x1 + 2acx1 © 29 + 02x2 ® To
p(9)(x1 © z2) = g(z1) © g(22)

= (az1 + cx2) © (bxy + dxs)

=abzr; ® 21 + (ad + bc)x1 © T9 + cdry © X9
p(g)(z2 © 22) = g(72) © g(x2)

= (bx1 + dxs) © (bxy + dxs)

=022, Oz + 2bdzy © T3 + 228 © 19

And this completely determines the matrix. So,
a b a ab b?
p (c d) = |2ac ad+bc 2bd (732)
c? cd d?

is the 3 x 3 representation of A in GL(Sym?C?).

We continue to define maps between two representations of G.

Definition 13.3

A morphism between 2 representations

p1:G — GL(WY)
ps: G —s GL(Va)

of some group but not necessarily the same vector space is a linear map f : V3 — V5 that is compatible
with the group action. That is, f satisfies the property that for all g € G

foeg=gof (733)
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Again, we use the shorthand notation that g = p(g), meaning that the statement above really translates
to fop(g) =p(g) o f. This is equivalent to saying that the following diagram commutes.

Vi p1(9) W
f lf

v p2(9) v

Definition 13.4

Let V be a representation of G. A subrepresentation is a subspace W C V such that for all g € G
and for all w € W,
p(g)(w) € W (734)

Example 13.3

V and {0} are always subrepresentations of V.

We now introduce the "building blocks" of all representations.

Definition 13.5

A representation W is irreducible representation if {0} and W are the only subrepresentations of
w.

Lemma 13.1 (Schur’s Lemma)

Let V4, V5 be irreducible representations and let f : V4 — V5 be a morphism (of representations).
Then, either

1. f is an isomorphism.

2. f=0
Furthermore, any 2 isomorphisms differ by a constant. That is,

fi=Af2 (735)

Proof. ker f is clearly a vector space. Furthermore, it is a subrepresentation (since it is a subspace of
Vi) = kerf =V orkerf=0. If ker f =V, then f = 0 and the theorem is satisfied. If ker f = 0,
then f is injective, and Im f is a subrepresentation of Vo =— Imf =0or Im f =V5. But Im f # 0
since f is injective, so Im f =V, = f is surjective = f is bijective, that is, f is an isomorphism
of vector spaces. So, the inverse f~! exists, and this map f~! satisfies

f opa(g) =pi(g)o ft (736)

To prove the second part, without loss of generality, assume that the first isomorphism is the identity

mapping. That is,
fi=1ud (737)

Since we are working over the field C, we can find an eigenvector of fo. That is, there exists a v € 1
such that
fa(v) =M (738)
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Now, we define the map
FVi— Vo, f=fa— AN (739)

Clearly, ker f # 0, since v € ker f. That is, we have a map f between 2 irreducible representations that
has a nontrivial kernel. This means that f =0 = fy = Afi.

Theorem 13.2 (Mache’s Theorem)

Let V be finite dimensional, with G a finite group. Then, V can be decomposed as
V=V (740)
i

where each V; is an irreducible representation of G.

Proof. By induction on dimension, it suffices to prove that if W is a subrepresentation of V', then there
exists a subrepresentation W/ C V such that W& W’ = V. So, if V isn’t an irreducible representation,
it can always be decomposed into smaller subrepresentations W and W’ that direct sum to V. Now,
we define the canonical (linear) projection

T V—W (741)
Then, we define the new map
- - 1 _
7r:V—>W,ﬂ(v)Eﬁzp(gMWowop(g) ' (742)
g€eg

This "averaging" of the group elements are done so that this mapping is a map of representations. This
implies that
V=Wekern (743)

meaning that V' can indeed be decomposed into direct sums of subrepresentations.

13.1 Exercises
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14 Lie Groups and Lie Algebras

Definition 14.1

A Lie group is a group G that is also a finite-dimensional smooth manifold, in which the group
operations of multiplication and inversion are smooth maps. Smoothness of the group multiplication

p:GxG—=G, uay) =ury (744)

means that p is a smooth mapping of the product manifold G x G into G. These two requirements can
be combined to the single requirement that tahe mapping

(z,y) — x 1y (745)

be a smooth mapping of the product manifold into G.

Definition 14.2

A Lie Algebra is a vector space g with an operation called the Lie Bracket

[]:raxg—g (746)
Satistying
1. Bilinearity: [ax + by, 2] = alx, z] + bly, 2], |z, ax + by] = a[z, z] + bz, y]
2. Anticommutativity: [z,y] = —[y, 2]

3. Jacobi Identity: [z, [y, 2]] + [y, [z, 2]] + [z, [z,9]] = 0
Clearly, this implies that g is a nonassociative algebra. Note that a Lie Algebra does not necessarily
need to be an algebra in the sense that there needs to be multiplication operation that is closed in g.

Example 14.1

A common example of a Lie Braket in the algebra of matrices is defined
[A,B] = AB — BA (747)

called the commutator. Note that in this case, the definition of the Lie bracket is dependent on the
definition of the matrix multiplication. Without defining the multiplication operation, we wouldn’t
know what AB or BA means. Therefore, we see that the Lie algebra of n x n matrices has three oper-
ations: matrix addition, matrix multiplication, and the commutator (along with scalar multiplication).
But in general, it is not necessary to have that multiplication operation for abstract Lie algebras. g
just needs to be a vector space with the bracket.

Example 14.2

The set of all symmetric matrices is a vector space, but it is not a Lie algebra since the commutator
[A, B] is not symmetric unless AB = BA.

We will first talk about groups of matrices as a more concerete example before we get into abstract Lie
groups. Recall that the matrix exponential map is defined
AP

exp : Mat(n, C) — mat(n,C), exp(A) = e’ = Z o

p=>0

(748)
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Note that this value is always well defined. This lets us define
exp(tA) = e =T +tA + %t2A2 + %t?’A?’ + ... (749)
where if ¢ is small, we can expect a convergence. Note that exp maps addition to multiplication. That is,
we can interpret it as a homomorphism from
exp:g—G (750)

where g is the Lie algebra and G is the Lie group (which we will treat just as a matrix group). To find the
inverse of the exponential map, we can take the derivative of e*4 at ¢t = 0. That is,
d ia o Lok
— = — b ARFL =A
(dte > =0 <Z Kl
= k=0

t=0

So, the mapping

d

— G — 751

d| G—g (751)
maps the Lie group back to the algebra. We can interpret this above mapping by visualizing the Lie Algebra
as a tangent (vector) space of the abstract Lie group G at the identity element of the Lie group. The
visualization below isn’t the most abstract one, but it may help:

[

Figure 21: The Lie algebra can be visualized as the tangent space at the identity.

For example, say that the Lie group G is a unit circle in C, then the Lie algebra of G is the tangent space at
the identity 1, which can be identified as the imaginary line in the complex plane {it | t € R}, with

it > exp(it) = e = cost + isint (752)
g
1
g

So, analyzing the Lie group by looking at its Lie algebra turns a nonlinear problem to a linear one; this is
called a linearization of the Lie group. The existence of this exponential map is one of the primary reasons
that Lie algebras are useful for studying Lie groups.
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Example 14.3

The exponential map
exp: R — R 2+ e” (753)

is a group homomorphism that maps (R, +) to (R*, x). This means that R is the Lie algebra of the
Lie group R+.

Theorem 14.1

If A and B are commuting square matrices, then
eAMB = A B (754)
In general, the solution C' to the equation
etel =e¢ (755)
is given by the Baker-Campbell-Hausdorff formula, defined

1 1 1
C=A+B+ §[A’B] + E[A, [A, B]] — E[B, [A,B]] + ... (756)
consisting of terms involving higher commutators of A and B. The full series is much too complicated
to write, so we ask the reader to be satisfied with what is shown.

The BCH formula is messy, but it allows us to compute products in the Lie Group as long as we known the
commutators in the Lie Algebra.

Therefore, we can describe the process of constructing a Lie group from a Lie Algebra (which a vector space)
as such. We take a vector space V' and endow it the additional bracket operation. We denote this as

g=W.[>]) (757)

Then, we take every element of g and apply the exponential map to them to get an another set G. We then
endow a group structure on G by defining the multiplication as

G XG G, et B =B (758)

where A x B is defined by the BCH formula up to a certain kth order. Since the * operation is completely
defined by the bracket in the Lie algebra, it tells us how to multiply in the Lie group. This process can be
made more abstractly, depending on what A, B and [-, -] is, beyond matrices.

14.1 Lie Algebras of Classical Lie Groups

Definition 14.3 (General Linear Group)

The general linear group, denoted GL(V), is the set of all bijective linear mappings from V to itself.
Similarly, GL,,(F), or GL (n,F) is the set of all nonsingular n x n matrices over the field F. Due to the
same dimensionality of the following spaces, it is clear that GL(V) ~ GL(F") ~ GL, (F). The special
linear group, denoted SL,, (F) or SL(n,F), is the set of n x n matrices a with determinant 1. SL,, (F)
is a subgroup of GL,,(FF), which is a subset of the ring of all n x n matrices over field F, denoted L,,(IF).
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Definition 14.4 (Translation Group)

The group of all translations in the space V' is denoted Tran V. Its elements are usually denoted as t,,
where u is the vector that is being translated by. It can also be interpreted as shifting the origin by
—u. It is clear that TranV ~ V.

Definition 14.5 (General Affine Group)

The general affine group is the pair of all transformations

GA(V) = Tran(V) x GL(V) (759)

Definition 14.6 (Isometries)

The Euclidean group of isometries in the Euclidean space E” (with the Euclidean norm), denoted
IsomE” or E(n), consists of all distance-preserving bijections from E™ to itself, called motions or
rigid transformations. It consists of all combinations of rotations, reflections, and translations. The
special Euclidean group of all isometries that preserve the handedness of figures is denoted SE(n),
which is comprised of all combinations rotations and translations called rigid motions or proper
rigid transformations.

Definition 14.7 (Orthogonal Group)

The orthogonal group, denoted O(n), consists of all isometries that preserve the origin, i.e. consists
of rotations and reflections. The special orthogonal group, denoted SO(n), is a subgroup of O(n)
consisting of only rotations. We can see that

B Isom E™

Ofn) = TranV

(760)

Definition 14.8 (Transitive)

A transformation group G is called transitive if for any x,y € X, there exists a ¢ € G such that

y = ¢(x).

Example 14.4

Tran(V') and GA(V) are transitive groups.

Definition 14.9 (Congruence Classes)

Let X be a set and G its transformation group on X. The way we define G determines the geometry
of X. More specifically, a figure F; C X is equivalent or congruent to F» C X iff there exists ¢ € G
such that Fy = ¢(Fy) (or equivalently, Fy = ¢(F3)). This is an equivalence relation since

1. F~F.

2. F~H = H~F.

3. F~HH~K — F~K
Two figures that are in the same equivalence class are known to be congruent with respect to the
geometry of X induced by G.
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Clearly, if two figures are congruent in Euclidean geometry, then they are congruent in Affine geometry, since
E(n) C GA(n).

14.1.1 Lie Algebras of SL(2,R) and SL(2,C)

Given the group SL(2, R), there must be a corresponding Lie algebra of matrices such that g = e? € SL(2, R).
We attempt to find this Lie algebra. Let g € SL(2,R), with g = e”. So, if det ¢ = 1, what is the corresponding
restriction on A in the algebra? We use the following theorem.

Theorem 14.2

det (e?) = eT* ) (761)

Proof. Put A in Jordan Normal Form: A = S71JS = A" = S71J"S = eap(4d) =
S~lexp(A)S == det(exp(A)) = dete’. But since J is upper trianglar, J" is upper triangular
—> ¢’ is upper triangular, which implies that

dete’ = H et =TT (D) = Tr(4) (762)

since trace is invariant under a change of basis.

So, det (e) =1 = Tr(A) = 27in for n € Z. Since we want to component connected to the identity, we
choose n = 0 meaning that Tr (4) = 0. And we are done. That is, the Lie algebra of SL(2,R) consists of
traceless 2 x 2 matrices, denoted sloR. sloR has basis (chosen arbitrarily)

{H_((l) —01)’X‘<8 (1)>Y—<? 8)} (763)

and the identity in the Lie algebra is the zero matrix, which translates to the 2 x 2 identity matrix in the

Lie group.
erp (8 8) =1 (764)

We must not forget to define the bracket structure in slbR, so we define it as the commutator, which gives
the identity

[H X]=HX —XH=2X

[HY]=HY —-YH =-2Y

X, Y]=XY-YX=H

Note that regular matrix multiplication is not closed within this Lie algebra. For example,

XY = (é 8) (765)

is clearly not traceless. However, the bracket operation keeps the matrices within this traceless condition (and
thus, within this algebra), so you can’t just stupidly multiply matrices together in a Lie algebra. Remember
that regular matrix multiplication does not have anything to do with the Lie bracket and does not apply
to this group. This algebra also simplifies the multiplicative inverse of a group to a simple additive inverse,
making calculations easier.

Similarly, the Lie algebra of SL(2,C) also has the same basis

-, )= )0 9)

but we choose the field to be C, meaning that we take complex linear combinations rather than real linear
ones.
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14.1.2 Lie Algebra of SU(2)
g€ SU(2) = detg=1 = TrA =0. We also see that by definition e*,

(eMt = A" and (M) t=e4 (767)

which implies that AT = —A. That is, the unitary condition implies that the Lie algebra elements in su(2)
are traceless, anti-self adjoint 2 x 2 matrices over C.

Definition 14.10

The Pauli matrices are the three matrices

{G”’ B <? (1)> Ty = ((z) _oz> )0z = <(1) _01> } (768)

Note that with some calculation,

[05,0y] = 2io,
loy,0:] = 2i0,

02,04 = 2ioy,

To identify the basis of su(2), we take the Pauli matrices and let
i (0 —i/2
Ae =500 = (—i/2 0 )
i (0 —1/2
Ay = =500 = (1/2 0 )
i (=2 0
272 =\ 0 /2

be the basis of su(2). Clearly, A,, A,, A, are all traceless, anti-self adjoint 2 x 2 matrices. Moreover, they
also satisfy

&
I

I3

8

y A
[AyvAZ] =A
[A,,A]=A

Y

However, note that the algebra su(2) consists of all real linear combinations of A,, A,, A,. That is, su(2) is
a 3 dimensional real vector space, even though it has basis elements containing complex numbers.

However, we can always complexify this space by simply replacing real scalar multiplication in su(2) with
complex scalar multiplication. By complexifying s1(2), the Lie group SU(2) formed by taking the exponential
map on this complexified space is actually identical to SL(2,C). Indeed, this is true because first, the basis
{H,X,Y} of sl,C and the basis {4, Ay, A,} of su(2) span precisely the same subspace in the vector space
Mat(2,C), meaning that the two Lie algebras are the same vector space. Secondly, the bracket operation
[-,-] in both sloC and su(2) are equivalent since the operation defined to be the commutator in both cases,
resulting in the similarities in the bracket behaviors.

[H, X]=2X < [A;,A)]=A4,
[HY]=-2Y < [A4,,A,]=A4,
(X,)Y]=H < [A.,A;]=A,

Therefore, the complexification of SU(2) and SL(2,R) both leads to the construction of SL(2, C).
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SL(2,R
( )\SL(z,C)
SU(2) _—

complexify

We can interpret the "real forms" of SL(2,C) as "slices" of some complex group. However, this does not
mean that the real version of these groups are equal. That is,

SL(2,R) # SU(2) (769)

14.1.3 Lie Algebra of SO(3)
It is easy to see that for SO(2), it is easy to see that its Lie algebra s0(2) has

()
ol (0 )0 (0 2)

meaning that the dimension of SO(2) is 1. By adding a component, we can get a rotation in R3.

as its only basis, since

00 O 1 0 0
R,=[0 0 —1| = ef»=|0 cosf —sind
01 0 0 sinf cos@
0 0 1 cosf 0 —sinf
R,=[0 00] =M= 0 1 0
-1 0 O sinf 0 cosf
0 -1 0 cos) —sinf O
R.=|1 0 0] = ef**=|sinf cosf® 0
0O 0 0 0 0 1

That is, ef*=, efv, and e generates a rotation around the z,y, and z axis, respectively, which completely
generates the group SO(3). Therefore, the Lie algebra so(3) consists of the basis

{Rz, Ry, R} (772)

The bracket structure (again, defined as the commutator) of this Lie algebra is

[Rs, Ryl = R,
[Rvaz] =R,
[R.,R;] =R,

which is similar to the brakcet structure of su(2). Therefore, SO(3) and SU(2) have the same Lie algebra,
which is the algebra of dimension 3 with the same bracket structure. Note that Lie algebras are uniquely
determined by the bracket structure and dimension. However, having the same Lie algebra does not imply
that the groups are identical (obviously) nor isomorphic. For example,

cos2m —sin2wr O
exp(2rR,) = | sin2r  cos2r 0| =1 (773)
0 0 1
while
exp(2mA,) = exp(—ino,) = exp( —am <(1) _01> ) =1 (774)
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There is discrepancy by a factor of —1. In fact, it turns out that

_suE)

SO(3) = ——= 775
(3)= 2% (775)
We justify this in the following way. Let v € R3 have components (x,y, ). Consider

M =zo, +yo, + 2o, (776)

M is clearly traceless and MT = M. Now, let S € SU(2) and let M’ = S™*MS. Then, Tr M’ = Tr S~ M S =
TrM =0 and (M)t = (S7MS)T = STMT(S~1)T = S7LMS = M’'. Therefore, since M’ is self adjoint and
traceless, it can be expressed in the form

doy +yo,+ 7o, (777)

for some (2',y’, 2’). Now, since
M? = (—2® —9? — 22)I (778)

we have
(MI)2 _ S—IMQS _ (—.’L‘Z _y2 _Z2)I

_ (7I'2 o y/2 o Z/Q)I

So, 22 + y? + 22 = 22 + 2 + 22, implying that the lengths of v stayed the same. (The proof of linearity
of S is easy.) Therefore, the transformation M — M’', ie. (x,y,z) — (2/,y,7') is a linear transformation
preserving length in R? (with respect to the usual inner product and norm) = it is in SO(3). If we have

S = (01 _01) (779)

then M’ = M, which explains why SO(3) is a coset deviating by both I and —I. Visually, if we let SU(2)
be a circle, points that are diametrically opposite of each other are "equivalent" in SO(3). That is, SU(2) is
a three-dimensional sphere, and g and —g are identified onto the same element in SO(3). This map

p:SU(2) = SO(3) (780)
in which 2 points are mapped to 1 point is a surjective map with

kerp = {I,—TI} (781)

SU(2) g

-9

We can in fact explicitly describe exponential map from s0(3) to SO(3) with the following lemma.

Lemma 14.3 (Rodrigues’ Formula)

The exponential map exp : s0(3) — SO(3) is defined by

N sin @ (1 —cos®)
= oI A B
e costlz + 0 + 0

(782)
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where
0 —c b a’> ab ac
A=|c 0 —al|,B=|ab b b (783)
-b a 0 ac be 2

This formula has many applications in kinematics, robotics, and motion interpolation.

Theorem 14.4

The Lie algebras for the following classical Lie groups are summarized as follows.
1. sl,R is the real vector space of real n x n matrices with null trace.
2. so(n) is the real vector space of real n x n skew-symmetric matrices.
3. gl,R is the real vector space of all real n x n matrices.
4. o(n) = o(n)

Note that the corresponding groups GL(n,R),SL(n,R), gl,R,sl,R are Lie groups, meaning that they are
smooth real manifolds. We can view each of them as smgoth real manifolds embedded in the n? dimensional
vector space of real matrices, which is isomorphic to R™ .

Theorem 14.5

The Lie algebras glg, s[,R, 0(n),s0(n) are well-defined, but only
exp : s0(n) — SO(n) (784)

is surjective.

Theorem 14.6

The Lie algebras for the following classical Lie groups are summarized as follows.

1. sl5C is the real (or complex) vector space of traceless complex n x n matrices.

2. u(n) is the real vector space of complex n x n skew-Hermitian matrices.

3. su(n) =unskC. It is also a real vector space.

4. gl,,C is the real (or complex) vector space of complex n X n matrices.
Note that even though the matrices in these Lie algebras have complex coefficients, we have assigned
them to be in a real vector space, which means that we are only allowed to take real linear combinations
of these elements. That is, the field we are working over is R (this does not contradict any of the axioms
for vector spaces). For example an element A in u(n) or su(n) must be anti-self adjoint, but iA is self
adjoint.

Similarly, the Lie groups
GL(n,C),SL(n,C), g!,,C, sL,C (785)

are also smooth real manifolds embedded in Mat(n,C) ~ C"* ~ R2"’. So, we can view these four groups as
manifolds embedded in R*"".

Note some of the similarities and differences between the real and complex counterparts of these Lie groups
and algebras.

1. o(n) =so(n), but u(n) # su(n).

2. exp : gl,R — GL(n,R) is not surjective, but exp : gl,,C — GL(n,C) is surjective due to the spectral
theorem and surjectivity of exp : C — C*.

3. The exponential maps exp : u(n) — U(n) and exp : su(n) — SU(n) are surjective.
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4. Still, exp : sl,C — SL(2,C) is not surjective. This will be proved now.

Theorem 14.7

exp : sloC — SL(2,C) is not surjective.

Proof. Given M € SL(n,C), assume that M = e? for some matrix A € sl,C. Putting A into the
Jordan Normal Form J = NAN ! means that J can either be of form

I N (I T (0 N O N

which is also in JNF in SL(2, C). But a matrix P € SL(2,C) may exist with JNF of

K= <_01 _11) (787)

which is not one of the 2 forms. So, K € Imexp = exp is not surjective.

Theorem 14.8

The exponential maps

are surjective.

14.1.4 Lie Algebra of SE(n)

Recall that the group of affine rigid isometries is denoted SE(n). That is,
SE(n) =S0(n) x TranR" (788)

We can define the matrix representation of this affine transformation as such. Given an element g € SE(n)
such that

g(x) = Rz + U, ReSO(n),U € TranR" (789)
we define the representation
_ (R U
p:SE(n) - GL(n+ L,R), p(g) = 0 1 (790)

where R is a real n X n matrix in SO(n) and U is a real n-vector in Tran R™ ~ R"™. We would then have

()-8 D) - (e

Clearly, SE(n) is a Lie group, and the matrix representation p of its Lie algebra se(n) can be defined as the
vector space of (n+ 1) x (n + 1) matrices of the block form

A= (53 g) (792)

where € is an n X n skew-symmetric matrix and U € R". Note that there are two different exponential maps
here: one belonging to the abstract Lie group SE(n) and another belonging to the concrete, matrix group
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GL(n + 1,R). This can be represented with the commutative diagram.

se(n) ——=— SE(n)

Js l

gl R = GL(n + 1, R)

Lemma 14.9

Given any (n + 1) x (n + 1) matrix of form

QU
A= (0 0) (793)
where €2 is any matrix and U € R",
Ok Qly
k _

oo () -

where Q° = I,,, which implies that
Q k
A_ (€ VU o Q
E>1

Theorem 14.10
The exponential map

exp : se(n) — SE(n) (796)

is well-defined and surjective.

14.2 Representations of Lie Groups and Lie Algebras

Let G be an abstract group and let
p:G— GL(V) (797)

be the representation of G. Then, let g be the Lie algebra of G, and gl(V') be the Lie algebra of GL(V).
Then, p induces another homomorphism

0:9—gl(V) (798)
where the bracket structure (in this case, the comutator in the matrix algebra) is preserved.
o([X,Y]) = [o(X), o(Y)] (799)

We can visualize this induced homomorphism with the following commutative diagram, which states that
poerp=expony.

G —2 GL(V)

ea:pT EIPT

g —— gl(V)

Note that there are very crucial differences between p and g. First, p is a homomorphism between groups,
while g is a homomorphism between vector spaces. Additionally, GL(V) is a group, not a linear space, while
gl(V) is a linear space. Finally, note that GL(V) is restricted to only matrices with nonzero determinants,
while the elements of gl(V) can be any matrix.
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Example 14.5

The representation of SE(n) to GL(n 4 1R and se(n) to gl, ;R induces the second homomorphism
0:gl, R— GL(n+1,R).

Definition 14.11

The direct sum of representations is a representation. That is, if U is a representation and V is a
representation, then U @ V is a representation. That is, if

pr:G—=U, pi(g) = (Z; Zj) (800)
and
p2 GV, palg) = (Z; 52) (801)

are two representations of the same group element g € G, then

Up U2 0 0

us U 0 0
(pL@p2):G=UBY), (mep)9) =]y o vy

0 0 V3 V4

(802)

is a bigger representation of g in U & V.

Definition 14.12

V is irreducible if the only subspaces which are representations are only V and {0}.

For our case, we will consider that any representation can be written as a direct sum of irreducible repre-
sentations. We will now proceed to find an irreducible representation of sl5C. This means that we want to
find the smallest (lowest dimensional) vector space V' such that there exists a representation

0:56LC — gl(V) (803)
We will write, as shorthand notation, that
H=p(H),X =0(X),Y = oY) (804)

Clearly, H, X, Y € gl(V) ~ gl(C™). By the spectral theorem, we can find an orthonormal basis of eigenvectors
€1, €3, ..., ey Of the mapping H such that

He; = \je;, \; € C (805)

Since [H, X] = 2X, it follows that HXe; — XHe; = 2Xe; — H(Xe;) = (A + 2)(Xe;) = Xe,; for all
1 =1,2,...,n are also eigenvectors of H with eigenvalue (\; + 2), or Xe; = 0. So, X is a "ladder operator"
that maps each eigenvector e; with eigenvalue \; to a different eigenvector e; with eigenvalue A\; = \; + 2.
Having nowhere to be mapped to, the eigenvector with the largest eigenvalue (which must exist since V' is
finite dimensional) will get mapped to the 0 vector by X. Let us denote this eigenvector having the maximum
eigenvalue m, as v,,.

Similarly, [H,Y] = —2Y implies that

implying that Y maps each eigenvector e; with eigenvaue A; to another eigenvector e; with eigenvalue
Aj = A\ — 2, except for the eigenvector with smallest eigenvalue, which gets mapped to 0. Since Y clearly
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maps each eigenvector to a different eigenvector that has a strictly decreasing eigenvalue, we can construct
a basis of V' to be
{/U’VVL7 YU77L7 YQ/U77L7 YS/U’"L? A Ynilv’fﬂ} (807)

(remember that Y™v,, = 0). So, elements of sloC acts on the space V with basis above. To continue, we
introduce the following theorem.

Theorem 14.11

XYiv, =j(m—j+1)Y "y, (808)

Proof. By induction on j using bracket relations.

V is n-dimensional. Since Y"v,, =0 and Y 1u,), = 0, we use the theorem above to get
0=XY"vp=n(m—-—n+1)Y" v, = m-n+1=0 (809)
So, n = m 4+ 1, which means that the eigenvalues of H are

m,m—2m—4,....m—2n—1)=—-m (810)

and we are done. We now classify the 1, 2, and 3 dimensional irreducible representations of sl;C.

1. When n =1 (i.e. dimension is 1), m =n — 1 = 0, meaning that the greatest (and only) eigenvalue is
0. That is,
HUOZO, )(’l}():O7 Y’UOZO (811)

which is the trivial representation of sl,C. Explicitly, we can completely define the representation
(which is a linear homomorphism) with the three equations.

o(H) = (0), o(X) = (0), oY) = (0) (812)

2. When n =2 and m = 1. We now look for a 2 dimensional irreducible representation. The eigenvalues
are 1 and —1, with {v;,v_1} as a basis of 2 dimensional space V. Then we have

H’U1 =V, H’l),l = —V_1
X’Ul :0, X'U_1 =1
Y?]l =vV-1, YU_l =0

which explicitly translates to the representation ¢ being defined

=00 (0

3. When n = 3 = m = 2, the basis is {v_a, v, v2} with eigenvalues 2,0, —2, and the irreducible
representation g is defined

2 0 0 0 01 0
o(H) = 0 ,oY)=[1 0 0],0X)=10 0 1 (814)
01 0 0 0 0

4. The same process continues on for n = 4,5, ..., and this entirely classifies the irreducible representations
of 5[2@.
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14.2.1 Tensor Products of Group Representations

Definition 14.13

If V and W are two different representations of a group G, then we know that V & W is also a
representation of G. Furthermore, the tensor product space V ® W also defines a representation of G.
That is, given representations

pv 1 G — GL(V)
pw : G — GL(W)

The homomorphism py ® pw : G — GL(V ® W) is also a representation of G, which is defined

(pv @ pw)(9)(v ® w) = pv(g)(v) @ pw (g)(w) (815)
or represented in shorthand notation,

9(v @ w) = (gv) @ (gw) (816)

We know that exp(H) acts on V and W since it is an element of GL(V) and GL(W). This means that

exp(H)(v @ w) = (exp(H)(v)) @ (exp(H)(w)) (817)
If H (= py(H) or pw(H)) has an eigenvalue A on v in V and eigenvalue p on w in W, then

exp(H)(v @ w) = (¢*v) @ (efw) = Mo @ w (818)

That is, eigenvalues of H add on tensor products.

Example 14.6

Recall that the 2 dimensional representation V of sloC has eigenvalues 1 and —1 (with corresponding
eigenvectors e; and e_1). So, V ® V has eigenvalues

(D) +(-1)=-2, (-1)+1=0
1+(-1)=0, 1+1=2

Therefore, the eigenvalues of V ® V is —2 (geometric multiplicity of 1), 0 (geometric multiplicity of
2), and 2 (geometric multiplicity of 1), (Notation-wise, the n-dimensional irreducible representation of
5l5C is denoted n.) which means that

22=3a1 (819)

We can decompose V ® V into its symmetric and exterior power components. Sym?V has basis (of
eigenvectors)
{e_1@e_1,e_10er, e10er} (820)

where the corresponding eigenvalues are —2, 0, and 2, respectively. So, dim Sym?2V = 3, which means
that Sym?V = 3. As for the exterior power component of V', A2V has basis {e_; Ae;} with eigenvalue
=0 = dim A%V = 1, meaning that A2V = 1. Therefore,

VeV ==Sym*VaeAV =301 (821)
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14.3 Topological Decompositions of Lie Groups

Definition 14.14

Let us define
1. S(n) is the vector space of real, symmetric n x n matrices.
2. SP(n) is the set of symmetric, positive semidefinite matrices.
3. SPD(n) is the set of symmetric, positive definite matrices.
Note that SP(n) and SPD(n) are not even vector spaces at all.

Lemma 14.12

The exponential map
exp: S(n) — SPD(n) (822)

is a homeomorphism. One may be tempted to call S(n) the Lie algebra of SPD(n), but this is not the
case. S(n) is not even a Lie algebra since the commutator is not algebraically closed. Furthermore,
SPD(n) is not even a multiplicative group (since matrix multiplication is not closed).

Recall from linear algebra the Polar Decomposition. We express this result in a slightly modified way.

Theorem 14.13 (Polar Decomposition)

Given a Euclidean space E™ and any linear endomorphism f of E™, there are two positive definite
self-adjoint linear maps hy, ho € End(E™) and g € O(n) such that

f=gohi=hzoyg (823)
That is, such that f can be decomposed into the following compositions of functions that commute.

E» ha Er

T 27

E’I’L En

This means that there is a bijection between Mat(n,R) and O(n) x SP(n). If f is an automorphism,
then this decomposition is unique.

Corollary 14.14

The two topological groups are homeomorphic.

GL(n,R) = O(n) x SPD(n) (824)

Corollary 14.15

For every invertible real matrix A € GL(n,R), there exists a unique orthogonal matrix R and unique
symmetric matrix S such that
A = Re”® (825)

— there is a bijection between GL(n,R) and O(n) x S(n) ~ R*"+1/2 Moreover, they are homeo-
morphic. That is,
GL(n,R) ~ O(n) x S(n) ~ O(n) x R*n+1)/2 (826)
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This essentially reduces the study of GL(n,R) to the study of O(n), which is nice since O(n) is compact.

Corollary 14.16

Given a real matrix A, if det A > 0, then we can decompose A as

A= Re® (827)
where R € SO(n) and S € S(n).
Corollary 14.17
There exists a bijection between
SL(n,R) and SO(n) x (S(n) Nsl,R) (828)

Proof. A € SL(n,R) = 1 =detA = det Rdete’ = dete® = dete® =T =1 = TrS =
0 = SeS(n)nsR.

Definition 14.15

Let us define
1. H(n) is the real vector space of n x n Hermitian matrices.
2. HP(n) is the set of Hermitian, positive semidefinite n x n matrices.
3. HPD(n) is the set of Hermitian, positive definite n x n matrices.
Similarly, HP(n) and HPD(n) are not vector space. They are just sets.

Lemma 14.18

The exponential mapping
exp: H(n) = HPD(n) (829)

is a homeomorphism.

However again, HPD(n) is not a Lie group (multiplication is not algebraically closed) nor is H(n) a Lie
algebra (commutator is not algebraically closed). By the polar form theorem of complex n x n matrices, we
have a (not necessarily unique) bijection between

Mat(n,C) and U(n) x HP(n) (830)

which implies that
GL(n,C) =2 U(n) x HPD(n) (831)

Corollary 14.19

For every complex invertible matrix A, there exists a unique decomposition
A=Ue® (832)
where U € U(n) and S € H(n), which implies that the following groups are homeomorphic.
GL(n,C) =2 U(n) x H(n)
~ U(n) x R
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This essentially reduces the study of GL(n,C) to that of U(n).

Corollary 14.20

There exists a bijection between

SL(n, C) and SU(n) x (H(n) Nsl,C) (833)

Proof. Similarly, when A = Ue®, we know that |det U| = 1 and Tr S is real (since by the Spectral
theorem, every self adjoint matrix has a real spectral decomposition). Since S is Hermitian, this implies
that dete® > 0. If A € SL(n,C), then det A=1 = dete® =1 = S € H(n)Nsl,C.

14.4 Linear Lie Groups

We will assume that the reader has the necessary background knowledge in manifolds, chart mappings,
diffeomorphisms, tangent spaces, and transition mappings.

Recall that the algebra of real n x n matrices Mat(n,R) is bijective to R”z, which is a topological space.
Therefore, this bijection

i (R, 75) = Mat(n, R) (834)
induces a topology on Mat(n,R), defined
v = {U € Mat(n,R) | e 1 (U) € 75} (835)
With this, consider the subset
GL(n,R) C Mat(n,R) (836)
where
GL(n,R) = {z € Mat(n,R) | detx # 0} (837)

This set, as we expect, is a multiplicative group.

Definition 14.16

The general linear group, denoted GL(n,R) is the set of n x n matrices with nonzero determinant.
The more technical definition is that GL(n,R) is really just the automorphism group of R,

GL(n,R) = Aut(R") (838)

but it is customary to assume a basis on R™ in order to realize GL(n,R) as a matrix group. Note that
the procedure of assuming a basis on R”™ is the same as defining a representation of the abstract group
GL(n,R). Both assigns a real n X n matrix to each element of GL(n,R).

In this way, we can view GL(n,R) as a topological space in R”Q, and it is fine to interpret GL(n,R) as a
matrix group rather than an abstract group.

Since the matrix representation of GL(n,R) is always well defined, the abstract subgroups of GL(n, R), which
are SL(n,R),O(n), and SO(n), also have well defined matrix representations (that we are all familiar with).
Additionally, since there exists a bijection

Mat(n,C) = C" =~ R2" (839)

we can view GL(n, C) as a subset of R2"” meaning that the subgroups SL(n,C),U(n), and SU(n) of GL(n, C)

can also be viewed as subsets of R2"°. This also applies to SE(n) since it is a subgroup of SL(n + 1,R). We
formally state it now.
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Theorem 14.21

SE(n) is a linear Lie group.

Proof. The matrix representation of elements g € SE(n) is

o(g) = (}Sg Uf) . R, € 50(n),U, € R" (840)

But such matrices also belong to the bigger group SL(n+1,R) = SE(n) C SL(n+ 1,R). Moreover,
this canonical embedding

1:SE(n) — SL(n+ 1,R) (841)
is a group homomorphism since
) RS RV +U
Z(P(gl '92)) = ( 0 1 )

R U\ (S V . .
and the inverse is given by
-1
R U R —-R7WU RT —RTU
(0 1) _(0 1 )‘(0 1 ) (842)

is also consistent between the inverse operation in SE(n) and SL(n + 1,R). Therefore, SE(n) is a
subgroup of SL(n + 1,R), which is a subgroup of GL(n + 1,R).

Note that even though SE(n) is diffeomorphic (a topological relation) to SO(n) x R™, it is not isomorphic
(an algebraic relation) sicne group operations are not preserved. Therefore, we write this "equality" as a
semidirect product of groups.

SE(n) =S0(n) x R" (843)

Therefore, all of the classical Lie groups that we have mentioned can be viewed as subsets of RY (with the
subspace topology) and as subgroups of GL(N,R) for some big enough N. This defines a special family of
Lie groups, called linear Lie groups.

Definition 14.17

A linear Lie group is a subgroup of GL(n, R) for some n > 1 which is also a smooth manifold in R,

Theorem 14.22 (Von Neumann, Cartan)

A closed subgroup G of GL(n,R) is a linear Lie group. That is, a closed subgroup G of GL(n,R) is a
smooth manifold in R™".

Definition 14.18

Since a linear Lie group G is a smooth submanifold in RY, we can take its tangent space at the identity
element I, which is defined

T;G={p0)|p: I CR—G,p0) =1} (844)
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where p is a path function on G.

Note that we haven’t mentioned anything about the exponential map up to now. We mention the relationship
between this map and the Lie algebra with the following theorem.

Theorem 14.23

Let G be a linear Lie group. The set g defined such that
g={X € Mat(n,R) | !X € GVt € R} (845)
is equal to the tangent space of G at the identity element. That is,
g="T1G (846)
Furthermore, g is closed under the commutator

[A,B]= AB — BA (847)

This theorem ensures that given a linear Lie group G, the tangent space g exists and is closed under the
commutator. We formally define this space.

Definition 14.19

The Lie algebra of a linear Lie group is a real vector space (of matrices) together with a algebraically
closed bilinear map
[A,B]= AB — BA (848)

called the commutator.

The definition of g given in the previous theorem shows that
exp:g— G (849)

is well defined. In general, exp is neither injective nor surjective. Visually, this exponential mapping is what
connects the Lie algebra, i.e. the tangent space of manifold G to the actual Lie group G. To define the inverse
map that maps Lie group elements to Lie algebra ones, we can simply just compute the tangent vectors of
the manifold G at the identity I by taking the derivative of arbitrary path functions in G. That is, for every
X € T7G, we define the smooth curve

vx it etX (850)

where yx(0) = I. If we take the derivative of this curve, with respect to ¢t at t = 0, we will get the tangent
vector X corresponding to that group element g = eX. More visually, we just need to take the collection of
all smooth path functions v on manifold G such that «(0) = I. Then, taking the derivative of all these paths
at t = 0 will produce the collection of all tangent vectors at the identity element. We show this process in
the following examples.

Theorem 14.24

The matrix representation of sl,R is precisely the set of traceless n x n matrices.

Proof. Clearly, sl,R is a vector space since it is a Lie algebra. So, X € s[,R — ¢X € s[,,R for all
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teR = dete!® =1forallt R, for all X € s[,R. But we use the identity
dete!® = T (X)) — 1 = ¢Tr(tX)

= Tr(tX)=0
= Tr(X)t=0 = TrX =0

We now provide an alternative, better proof. We first need a lemma.

Lemma 14.25

det’(I) = Tr. That is, the differential of the det operator, evaluated at the identity matrix, is equal to
the trace. That is, given any matrix 7" in the vector space of matrices,

Proof.

det(I)(T) = Vo det(T)
det (I +eT') —det I

= lim
e—0 €
d —
— im et(I+eT)—1
e—0 £

Clearly, det(I + (7)) € R[e], where the constant term of the polynomial approaches 1 and the linear
term (coefficient of ¢) is TrT". So,

VrydetI =lim...+TrT =TrT (851)
e—0

This means that the instantaneous rate at which det changes at I when traveling in direction 7" is directly

oo DT P

Proof. Let R : R — SL(n,R) such that R(0) = I. Then, by definition, InR C SL(n,R) =
det (R(t)) =1 for all ¢ € (—¢,¢). Compute the derivative of the mapping det oR.

(detoR)(t) =1 = det (R(t)) - R'(¢)
— det(I) = det (R(t)) = 0

We now use the previous lemma get that

det (R'(0)) = det(I) =0 = T R'(0) =0 (852)

Theorem 14.26

The matrix representation of so(n) is precisely the set of antisymmetric matrices.

Proof. Let R : R — SO(n) be a arbitrary smooth curve in SL(n) such that R(0) = I. Then, for all
t € (—¢,e),
RORMT =1 (853)

Taking the derivative at t = 0, we get

R (0)R(0)T + ROOR'(0)" =0 = R'(0) + R(0)" =0 (854)
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which states that the tangent vector X = R’(0) is skew symmetric. Since the diagonal elements of a
skew symmetric matrix are 0, the trace is 0 and the condition that det R = 1 yields nothing new. This
shows that o(n) = so(n).

We have only worked with linear Lie groups so far. The reason that linear Lie groups are so nice to work
with is because they have well defined matrix representations. This allows us to have concrete structures on
these groups and their Lie algebras.

1. A linear Lie group is concretely defined as a submanifold of RV, while a general one is an abstract
manifold.

2. The Lie bracket with regards to a linear Lie group is defined to be the commutator
[A,B] = AB — BA (855)
but for elements that are not matrices this doesn’t make sense.
3. The exponential map from the algebra to the group is defined
et = i %A’“ (856)
k=0
but if A is not a matrix, then exp cannot be defined this way.

We seek to generalize these concepts to abstract Lie groups, but we will do this in the next section.

14.4.1 Lie Algebras of SO(3) and SU(2), Revisited

Example 14.7

The Lie algebra s0(3) is the real vector space of 3 x 3 skew symmetric matrices of form

0 —-d ¢
d 0 -b (857)
—c b 0

where b, ¢, d € R. The Lie bracket [A, B] of s0(3) is also just the usual commutator.
We can define an isomorphism of Lie algebras v : (R?, x) — s0(3) (where x is the cross product) by
the formula

0 —d c
Yv(b,e,dy=1d 0 —=b (858)
—c b 0
where, by definition,
P(uxv) = [¢(u), ¥(v)] (859)
It is also easily verified that for all u,v € R3,
Y(u)(v) =ux v (860)

Example 14.8

Similarly, we can see that su(2) is the real vector space consisting of all complex 2 x 2 skew Hermitian
matrices of null trace, which is of form

(861)

i(do’l + coo + bg3) — ( ib c—+ Zd)

—c+1id —ib
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where 01,092,053 are the Pauli spin matrices. We can also define an isomorphism of Lie algebras ¢ :
(R3, x) — su(2) by the formula

i 1 ib c+1id
ga(b,c,d)—§(d0'1+60'2+50'3)—§ (—C-‘rid —ib ) (862)
where, by definition of ismorphism, we have
p(uxv) = [p(u), p(v)] (863)

We now restate the connection between the groups SO(3) and SU(2). Note that letting 6 = /b2 + ¢ + d?,

we can write
1

A
0

1 ib c+1id
(dUl + cooy + b0'3) = 5 <C+ id —ib ) (864)
such that A2 = I. With this, we can rewrite the exponential map as

exp : su(2) — SU(2), exp(ifA) = cosOI +isinfA (865)

As for the isomorphism ¢ : (R3, x) — su(2), we have

_ 1 ib c+id) .0
o(b,e,d) = B (c+ id  —ib ) = 2§A (866)
Similarly, we can view the exponential map exp : (R, x) — SU(2) as

exp(fv) = (867)

Example 14.9

The lie algebra se(n) is the set of all matrices of form

B U
( 0 0) (868)
where B € so(n) and U € R™. The Lie bracket is given by
B U\ (C V\ [(C V\(B U\_(BC-CB BV-CU (869)
0 O 0 O 0 O 0 0) 0 0

14.5 Abstract Lie Groups

Definition 14.20

A (real) Lie group G is a group G that is also a real, finite-dimensional smooth manifold where group
multiplication and inversion are smooth maps.

Definition 14.21

A (real) Lie algebra g is a real vector space with a map

[,]:gxg—g (870)

called the Lie bracket satisfying bilinearity, antisymmetricity, and the Jacobi Identity.
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To every Lie group G we can associate a Lie algebra g whose underlying vector space is the tangent space of
G at the identity element. Additionally, the exponential map allows us to map elements from the Lie algebra
to the Lie group. These concrete definitions in the context of linear Lie groups is easy to work with, but has
some minor problems: to use it we first need to represent a Lie group as a group of matrices, but not all Lie
groups can be represented in this way.

To do this, we must introduce further definitions.

Definition 14.22

Let M; (mj-dimensional) and M, (mo dimensional) be manifolds in RY. For any smooth function
f: My — My and any p € M7, the function

f;:; : Tle — Tf(p)Mg (871)

called the tangent map, derivative, or differential of f at p, is defined as follows. For every
v € T, M; and every smooth curve 7 : I — M; such that v(0) = p and v'(0) = v ,

fp(0) = (f079)(0) (872)

The map f; is also denoted df, and is a linear map.

Definition 14.23

Given two Lie groups G; and G, a homomorphism of Lie groups is a function
f:G1 =Gy (873)

that is both a group homomorphism and a smooth map (between manifolds G; and Gs). An isomor-
phism of Lie groups is a bijective function f such that both f and f~! are homomorphisms of Lie
groups.

Definition 14.24

Given two Lie algebras g; and go, a homomorphism of Lie algebras is a function
fio1— g2 (874)
that is a linear homomorphism that preserves Lie brackets; that is,
f([A, B]) = [f(A), f(B)] (875)

for all A, B € g. An isomorphism of Lie algebras is a bijective function fsuch that both f and f~!
are homomorphisms of Lie algebras.

Theorem 14.27

If f:G1 — Gy is a homomorphism of Lie groups, then

froo— g2 (876)

is a homomorphism of Lie algebras.

We have explained how to construct the Lie bracket (as the commutator) of the Lie algebra of a linear Lie
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group, but we have not defined how to construct the Lie bracket for general Lie groups. There are several
ways to do this, and we describe one such way through adjoint representations.

Definition 14.25

Given a Lie group G, we define a left translation as the map

Ly,:G— G, Lo(b) = ab (877)
for all b € G. Similarly, the right translation is defined

Ry:G =G, Ry(b) =ba (878)

for all b € G.

Both L, and R, are diffeomorphisms. Additionally, given the automorphism
Ry1Ly=Ry10L,, Ry-1L,4(b) =aba™" (879)

the derivative
(Ry—1Ly);:g— g (880)

is an ismorphism of Lie algebras, also denoted

Ad,:g—9g (881)

Definition 14.26

This induces another map a — Ad,, which is a map of Lie groups
Ad: G — GL(g) (882)
which is called the adjoint representation of G. In the case of a linear map, we can verify that
Ad(a)(X) = Ady(X) =aXa™! (883)

for all @ € G and for all X € g.

Definition 14.27

Furthermore, the derivative of this map at the identity

Ad} g — gl(g) (884)
is a map between Lie algebras, denoted simply as

ad: g — gl(g) (885)
called the adjoint representation of g. It is easily visualized with the following commutative diagram.

G 24, GL(g)

empT EIPT

g — gl(g)

We define the map ad to be
ad(A)(B) = |A, B] (886)
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where [A, B] is the Lie bracket (of g) of A, B € g. We can actually conclude something stronger about
this mapping. Since the Lie bracket of g satisfies the properties of the bracket, the Jacobi identity of
[-,-] implies that ad is a Lie algebra homomorphism.

[, [y, 2]] + [y, [z, 2]] + [2, [=, 9]
= [z, ad(y)(2)] + [y, ad(2)(z)] + [z, ( )w)] =0
= ad(z) (ad(y)(2)) + ad(y) (ad(z)(x)) + ad(z)(ad
= ad(z)ad(y)(z) — ad(y ) d(f) ad(ad(z)(y)) (=
= (ad(z)ad(y) — ad(y)ad(z))(z) = ad(ad(z)(y)) ()
= [ad(2), ad(y)](2) = ad([%y])(z)
= [ad(2), ad(y)] = ad([z,y])

Therefore, ad preserves brackets and thus ad is a Lie algebra homomorphism. That is,

(
(

ad([A, B]) = [ad(A), ad(B)] (887)

Note that the bracket on the left side represents the bracket of g, while the bracket on the right
represents the Lie bracket from the Lie algebra gl(g). The fact that ad is a Lie algebra homomorphism
indicates that it is a representation of g, which is why it’s called the adjoint representation.

Definition 14.28

This construction finally allows us to define the Lie bracket in the case of a general Lie group. The Lie
bracket on g is defined as
[A, B] = ad(A4)(B) (888)

We would also need to introduce a general exponential map for non-linear Lie groups, but we will not do it
here.

14.6 Exercises
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