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Chapter 1

Modules

Modules are a generalization of the concept of a vector space to any ring of scalars. But while
vector spaces make for a great first example of modules, many of the basic facts we are used
to from linear algebra are often a little more subtle over a general ring. These differences
are features, not bugs. We will introduce modules, study some general linear algebra, and
discuss the differences that make the general theory of modules richer and even more fun.

1.1 Basic assumptions

In this class, all rings have a multiplicative identity, written as 1 or 1 is we want to emphasize
that we are referring to the ring R. This is what some authors call unital rings; since for us
all rings are unital, we will omit the adjective. Moreover, we will think of 1 as part of the
structure of the ring, and thus require it be preserved by all natural constructions. As such,
a subring S of R must share the same multiplicative identity with R, meaning 1z = 1g.
Moreover, any ring homomorphism must preserve the multiplicative identity. To clear any
possible confusion, we include below the relevant definitions.

Definition 1.1. A ring is a set R equipped with two binary operations, + and -, satisfying:

(1) (R,+) is an abelian group with identity element denoted 0 or Og.
(2) The operation - is associative, so that (R,-) is a semigroup.

(3) For all a,b,c € R, we have
a-(b+c)=a-b+a-c and (a+b)-c=a-c+b-c.
(4) there is a multiplicative identity, written as 1 or 1g, such that 1-a =a =a- 1 for all
a€ R.

To simplify notation, we will often drop the - when writing the multiplication of two
elements, so that ab will mean a - b.

Definition 1.2. A ring R is a commutative ring if for all a,b € R we have a-b=10-a.



Definition 1.3. A ring R is a division ring if 1 # 0 and R\ {0} is a group under -, so
every nonzero r € R has a multiplicative inverse. A field is a commutative division ring.

Definition 1.4. A commutative ring R is a domain, sometimes called an integral domain
if it has no zerodivisors: ab=0=a =0 or b = 0.

For some familiar examples, M,,(R) (the set of n x n matrices) is a ring with the usual
addition and multiplication of matrices, Z and Z/n are commutative rings, C and Q are
fields, and the real Hamiltonian quaternion ring H is a division ring.

Definition 1.5. A ring homomorphism is a function f: R — S satisfying the following:
o fla+0b)= f(a)+ f(b) for all a,b € R.
o f(ab) = f(a)f(b) for all a,b € R.

[ ] f(]-R) - ]-S‘

Under this definition, the map f: R — My(R) sending a [a 8 preserves addition and

0

multiplication but not the multiplicative identities, and thus it is not a ring homomorphism.
Exercise 1. For any ring R, there exists a unique homomorphism Z — R.

Definition 1.6. A subset S of a ring R is a subring of R if it is a ring under the same
addition and multiplication operations and 1z = 1g.

So under this definition, 2Z, the set of even integers, is not a subring of Z; in fact, it is
not even a ring, since it does not have a multiplicative identity!

Definition 1.7. Let R be a ring. A subset [ of R is an ideal if:
e [ is nonempty.
e (I,+) is a subgroup of (R, +).
e For every a € [ and every r € R, we have ra € [ and ar € I.

The final property is often called absorption. A left ideal satisfies only absorption on the
left, meaning that we require only that ra € [ for all r € R and a € I. Similarly, a right
ideal satisfies only absorption on the right, meaning that ar € I for all r € R and a € I.

When R is a commutative ring, the left ideals, right ideals, and ideals over R are all the
same. However, if R is not commutative, then these can be very different classes.

One key distinction between unital rings and nonunital rings is that if one requires every
ring to have a 1, as we do, then the ideals and subrings of a ring R are very different
creatures. In fact, the only subring of R that is also an ideal is R itself. The change lies in
what constitutes a subring; notice that nothing has changed in the definition of ideal.

Remark 1.8. Every ring R has two trivial ideals: R itself and the zero ideal (0) = {0}.

A nontrivial ideal I of R is an ideal that I # R and I # (0). An ideal I of R is a
proper ideal if [ # R.



1.2 Modules: definition and examples

Definition 1.9. Let R be a ring with 1 # 0. A left R-module is an abelian group (M, +)
together with an action R x M — M of R on M, written as (r,m) — rm, such that for all
r,s € R and m,n € M we have the following:

o (r+s)m=rm+ sm,

o (rs)m =r(sm),

e 7(m+n)=rm+rn, and
o lm=m.

A right R-module is an abelian group (M, +) together with an action of R on M, written
as M x R — M, (m,r) — mr, such that for all r,s € R and m,n € M we have

o m(r+s)=mr-+ms,

o m(rs) = (mr)s,

e (m+n)r =mr+nr, and
e ml=m.

By default, we will be studying left R-modules. To make the writing less heavy, we will
sometimes say R-module rather than left R-module whenever there is no ambiguity.

Remark 1.10. If R is a commutative ring, then any left R-module M may be regarded as
a right R-module by setting mr := rm. Likewise, any right R-module may be regarded as a
left R-module. Thus for commutative rings, we just refer to modules, and not left or right
modules.

Lemma 1.11 (Arithmetic in modules). Let R be a ring with 1g # Or and M be an R-module.
Then Ogm = 0y and (—1g)m = —m for all m € M.

Proof. Let m € M. Then
ORm = (OR + OR)m = ORm + ORm.

Since M is an abelian group, the element Ogm has an additive inverse, —0zrm, so adding it
on both sides we see that
0 M = 0 RM.

Moreover,
m+ (—1g)m =1gm + (—=1g)m = (1g — 1g)m = Ogm = Oy,

so (—1g)m = —m. O



Typically, one first encounters modules in an undergraduate linear algebra course: the
vector spaces from linear algebra are modules over fields. Later we will see that vector spaces
are much simpler modules than modules over other rings. So while one might take linear
algebra and vector spaces as an inspiration for what to expect from a module, be warned
that this perspective can often be deceiving.

Definition 1.12. Let F be a field. A vector space over F'is an F-module.

We will see more about vector spaces soon. Note that many of the concepts we will
introduce have special names in the case of vector spaces. Here are some other important
examples:

Lemma 1.13. Let M be a set with a binary operation +. Then
(1) M is an abelian group if and only if M is a Z-module.

M i ' = = M i
(2) is an abelian group such that nm :=m+---+m = 0y for allm € if and only

n times
if M has a Z/n-module structure.

Proof. First, we show 1). If M is a Z-module, then (M, +) is an abelian group by definition of
module. Conversely, if (M, +) is an abelian group then there is a unique Z-module structure
on M given by the formulas below. The uniqueness of the Z action follows from the identities
below in which the right hand side is determined only by the abelian group structure of M.
The various identities follow from the axioms of a module:

(im=1+ 41 - m=1-m+-+1-m=m+-+m ifi>0
H—/ . ~ J N P D)

7 A 7

i-m=—(—i)-m=—(m+---+m) if i <0.

\ —1

We leave it as an exercise to check that this Z-action really satisfies the module axioms.
Now we show 2). If M is a Z/n module, then (M, +) is an abelian group by definition,
—_—— _

(-

N~
n

n
Conversely, there is a unique Z/n-module structure on M given by the formulas below,
which are analogous to the ones above:

(Mmmzmh+~+MJm:wmm+m+mn@:m+m+m ifi >0
O~m:0M i i Z
[l -m=—(=[i],) - m=—(m+-+m) if i < 0.

These formulas are well-defined, meaning they are independent of the choice of representative
for [i],,, because of the assumption that nm = 0),. Again checking that this Z/n-action really
satisfies the module axioms is left as an exercise. O



The proposition above says in particular that any group of the form
G=7"xZ)dy x ---xZL]dp,

is a Z-module, and if £ = 0,m > 1 and d; | n for 1 < ¢ < m then G is also a Z/n-module. In
particular, the Klein group is a Z/2-module.

In contrast to vector spaces, for M a module over a ring R, it can happen that rm = 0
for some r € R and m € M such that r # 0z and m # 0,;. For example, in the Klein group
K, viewed as a Z-module we have 2m = 0 for all m € Kj.

Example 1.14. (1) The trivial R-module is 0 = {0} with 0 = 0 for any r € R.

(2) If R is any ring, then R is a left and right R-module via the action of R on itself given
by its internal multiplication.

(3) If I is a left (respectively, right) ideal of a ring R then [ is a left (respectively, right)
R-module with respect to the action of R on I by internal multiplication.

(4) If R is a subring of a ring S, then S is an R-module with respect to the action of R
on S by internal multiplication in S.

(5) If R is a commutative ring with 1 # 0, then R[xq,...,z,] is an R-module for any n > 1.
This is a special case of (4).

(6) If R is a commutative ring and G is a group, then R[G] is an R-module. This is a
special case of (4).

(7) If R is a commutative ring, let M,,(R) denote set of n x n matrices with entries in R.
Then M, (R) is an R-module for n > 1, with the R-action given by multiplying all the
entries of the given matrix by the given element of R.

(8) The free module over R of rank n is the set

1
R" = Sl meR1<i<n

T'n

with componentwise addition and multiplication by elements of R, as follows:

r1 ) T+ r1 7Ty
+ || = : andr | @ | =
Tn r T+ 7T Tn T
We will often write the elements of R" as n-tuples (r1,...,7,) instead. Notice that R

is the free R-module of rank 1.
(9) More generally, given a collection of R-modules {A;}, the abelian group
EB A; = {(a;); | a; € A, a; =0 for all ¢ but finitely many}

is an R-module with the R-action r(a;) := (ra;).



1.3 Submodules and restriction of scalars

Definition 1.15. Let R be a ring and let M be a left R-module. An R-submodule of M
is a subgroup N of M satisfying rn € N for all r € Rand n € N.

The submodules of an R-module M are precisely the subsets of M which are modules in
their own right, via the same R-action as we are considering for M.

Exercise 2. Show that if V is a submodule of M, then N is an R-module via the restriction
of the action of R on M to the subset N.

Example 1.16. Every R-module M has two trivial submodules: M itself and the zero
module 0 = {0y/}. A submodule N of M is nontrivial if N # M and N # 0.

Lemma 1.17 (One-step test for submodules). Let R be a ring with 1 # 0 and let M be a left
R-module. A nonempty subset N of M is an R-submodule of M if and only if rn+n' € N
for allr € R and n,n’ € N.

Proof. The One-step Test for subgroups says that if for all n,n" € N we have n’ —n € N,
then N is a subgroup of M. By Lemma 1.11, by taking r = —1 we get rn +n’ = n’ —n,
and by assumption this is an element of N. Therefore, N is a subgroup of M. As a
consequence, 0y, € N. By taking n’ = 0, we see that for all n € N and all » € R we have
rn=1rn-+n’ € N, and thus we can now conclude that N is a submodule of M. O

Example 1.18. Let R be a ring and let M be a subset of R. Then M is a left (respectively,
right) R-submodule of R if and only if M is a left (respectively, right) ideal of R.

Exercise 3. Let R be a ring and let A and B be submodules of an R-module M. Then the
sum of A and B,
A+B:={a+b|lac Abe B},

and A N B are both R-submodules of M.

Exercise 4. Let R be a commutative ring with 1 # 0, let I be an ideal of R and let M be
an R-module. Show that

[M;:{ijmk|n20,jkel,mk€]\/[for1<k<n}

k=1
is a submodule of M.

Example 1.19. When R is a field, the submodules of a vector space V' are precisely the
subspaces of V. When R = Z, then the class of R-modules is simply the class of all abelian
groups, by Lemma 1.13. The submodules of a Z-module M coincide with the subgroups of
the abelian group M.

Definition 1.20. Let R be a ring with 1 # 0 and let M be an R-module. Given elements
mi,...,my, € M, the submodule generated by mq,...,m, is the subset of M given by

Rm1+"'+Rmn::{Tlml‘{’"'_l_rnmn|T1;"'7TTLGR}‘



Exercise 5. Let R be a ring with 1 # 0 and M be an R-module. Given my,...,m, € M,
the submodule generated by myq,...,m, is indeed a submodule of M. Moreover, this is the
smallest submodule of M that contains mg,...,m,, meaning that every submodule of M
containing my, ..., m, must also contain Rmi + --- + Rm,,.

Definition 1.21. Let R be a ring with 1 # 0. An R-module M is cyclic if there exists an
element m € M such that
M = Rm :={rm | r € R}.

Given an R-module M, the ring R is often referred to as the ring of scalars, by analogy
to the vector space case. Given an action of a ring of scalars on a module, we can sometimes
produce an action of a different ring of scalars on the same set, producing a new module
structure.

Lemma 1.22 (Restriction of scalars). Let ¢: R — S be a ring homomorphism. Any left
S-module M may be regarded via restriction of scalars as a left R-module with R-action
defined by rm := ¢(r)m for anym € M. In particular, if R is a subring of a ring S, then any
left S-module M may be regarded via restriction of scalars as a left R-module with R-action
defined by the action of the elements of R viewed as elements of S.

Proof. Let r,s € R and m,n € M. One checks that the axioms in the definition of a module
hold for the given action using properties of ring homomorphisms. For example:

(1 + s)m = §(r + s)m = (6(r) + (s))m = $(r)m + ¢(s)m = rm + sm.
The remaining properties are left as an exercise. [

Note that the second module structure on M obtained via restriction of scalars is induced
by the original module structure, so the two are related. In general, one can give different
module structures on the same abelian group over different, possibly unrelated, rings.

Example 1.23. If ] is an ideal of a ring R, applying restriction of scalars along the quotient
homomorphism ¢: R — R/I tells us that any left R/I-module is also a left R-module. In
particular, applying this to the R/I-module R/I makes R/I a left and right R-module by
restriction of scalars along the quotient homomorphism. Thus the R-action on R/I is given
by

r-(a+1):=ra+1I.

Example 1.24. Given any ring R there exists a unique ring homomorphism Z — R, by
Exercise 1. Thus any R-module can be given the structure of a Z-module by restriction
of scalars along this unique map. Note also that a module over any ring is in particular
an abelian group, so we can always regard any R-module as a Z-module by forgetting the
R-action and focusing only on the abelian group structure. These two constructions — the
restriction of scalars to Z and the forgetful functor' — actually coincide.

The next example explains why restriction of scalars is called a restriction.

Example 1.25. Let R be a subring of S, and let :: R — S be the inclusion map, which
must by definition be a ring homomorphism. Applying restriction of scalars to an S-module
M via i is the same as simply restricting our scalars to the elements of R.

!This is a concrete abstract nonsense construction that we will discuss in Homological Algebra next Fall.
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1.4 Module homomorphisms and isomorphisms

Definition 1.26. Given R-modules M and N, an R-module homomorphism from M to
N is a function f: M — N such that for all r € R and m,n € M we have

o fim+mn)=f(m)+ f(n)
o f(rm)=rf(m).

Remark 1.27. The condition f(m + n) = f(m) + f(n) says that f is a homomorphism
of abelian groups, and the condition f(rm) = rf(m) says that f is R-linear, meaning that
it preserves the R-action. Since f is a homomorphism of abelian groups, it follows that

f(0) = 0 must hold.

Definition 1.28. Let M and N be vector spaces over a field F'. A linear transformation
from M to N is an F-module homomorphism M — N.

Example 1.29. Let R be a commutative ring and M be an R-module. For each » € R, the
multiplication map p,: M — M given by p,.(m) = rm is a homomorphism of R-modules:
indeed, by the definition of R-module we have

pr(m+n) =r(m+n) =rm+rn = p.(m) + p,(n),

and
wr(sm) =r(sm) = (rs)m = (sr)m = s(rm) = sp,.(m).

Definition 1.30. An R-module homomorphism h: M — N is an R-module isomorphism
if there is an R-module homomorphism g : N — M such that ho g =idy and g o h = idy,.
We say M and N are isomorphic, denoted M = N if there exists an isomorphism M — N.

To check that an R-module homomorphism f: M — N is an isomorphism, it is sufficient
to check that it is bijective.

Exercise 6. Let f: M — N be a homomorphism of R-modules. Show that if f is bijective,
then its set-theoretic inverse f~!': N — M is an R-module homomorphism. Therefore, every
bijective homomorphism of R-modules is an isomorphism.

One should think of a module isomorphism as a relabelling of the names of the elements
of the module. If two modules are isomorphic, that means that they are essentially the same,
up to renaming the elements.

Definition 1.31. Let f: M — N be a homomorphism of R-modules. The kernel of f is
ker(f) = {m € M | f(m) = 0}.
The image of f, denoted im(f) or f(M), is
im(f) = {f(m) | m e M}.

Exercise 7. Let R be aring with 1 # 0, let M be an R-module, and let N be an R-submodule
of M. Then the inclusion map i: N — M is an R-module homomorphism.
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Exercise 8. If f: M — N is an R-module homomorphism, then ker(h) is an R-submodule
of M and im(f) is an R-submodule of N.

Definition 1.32. Let R be a ring and let M and N be R-modules. Then Hompg(M, N)
denotes the set of all R-module homomorphisms from M to N, and Endg(M) denotes the
set Hompg (M, M). We call End(M ) the endomorphism ring of M, and elements of End(M)
are called endomorphisms of M.

The endomorphism ring of an R-module M is called that because it is a ring, with
multiplication given by composition of endomorphisms, 0 given by the zero map (the constant
equal to 0), and 1 given by the identity map. However, two homomorphisms from M to N
are not composable unless M = N, so Homg(M, N) is not a ring,.

When R is commutative, Homg(M, N) is, however, an R-module; let us describe its
R-module structure. Given f,g € Homg(M, N), f + g is the map defined by

(f +9)(m) == f(m) + g(m),

and given r € R and f € Homg(M, N), r - f is the R-module homomorphism defined by

(r- f)(m) :=r- f(m) = f(rm).
The zero element of Homp (M, N) is the zero map, the constant equal to Oy.

Lemma 1.33. Let M and N be R-modules over a commutative ring R. Then the addition
and multiplication by scalars defined above make Homg(M, N) an R-module.

Proof. There are many things to check, including:

e The addition and the R-action are both well-defined: given f,g € Homg(M, N) and
r € R, we always have f + ¢g,rf € Homg(M, N).

e The axioms of an R-module are satisfied for Homg (M, N).
We leave the details as exercises. O

We will see later that for an n-dimensional vector space V over a field F', there is an
isomorphism of vector spaces End (V') = M, (F'). This says that every linear transformation
T :V — V corresponds to some n x n matrix. However, the story for general R-modules is
a lot more complicated.

Lemma 1.34. For any commutative ring R with 1 # 0 and any R-module M there is an
isomorphism of R-modules Homg(R, M) = M.

Before we write a formal proof, it helps to think about why this theorem is true. What
does it mean to give an R-module homomorphism f: R — M? More precisely, what
information do we need to determine such an f? Do we need to be given the values of f(r)
for every r € R? Since f is a homomorphism of R-modules, for any » € R we have

flr) = f(r-1) =rf(1),
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so the value of f(1) completely determines which R-module homomorphism we are talking
about. On the other hand, we can choose any m € M to be the image of 1, since thanks to
the axioms for modules, the function

f(r)=rm

is a well-defined R-module homomorphism for any m € M. In summary, to give an R-module
homomorphism R — M is the same as choosing an element m € M, and Homg(R, M) = M.

Proof. Let f: M — Hompg(R, M) be given for each m € M by f(m) = ¢, where ¢,, is the
map defined by ¢,,(r) = rm for all » € R. Now we have many things to check:

e f is well-defined, meaning that for any m € M, its image f(m) = ¢,, is an element of
Hompg(R, M), since

O (1 +12) = (r1 + r2)m = rim + r9m = G (r1) + Gpu(r2)
G (r1re) = (rim2)m = ri(rom) = r1¢m(r2)
for all ri,79 € R.

e f is an R-module homomorphism, since
Gmymy (1) = 1(my 4 ma) = 1My + 1My = Gy (1) + Gmy (1)
Grm (1) = 1(r'm) = (rr"ym =1 (rm) = r' ¢ (r)

e f is injective, since ¢,, = ¢,y implies in particular that ¢,,(1g) = ¢, (1g), which by
definition of ¢_ means that m = m/.

e [ is surjective, since for ¢» € Hompg (R, M) we have ¢(r) = ¢(rlg) = ri(1g) for all r € R,
SO P = Py(15):

This shows that f is an R-module isomorphism. [

Definition 1.35. Let R be a commutative ring with 1z # Ogz. An R-algebra is a ring A

with 14 # 04 together with a ring homomorphism f: R — A such that f(R) is contained in
the center of A.

Given an R-algebra A, the R-algebra structure on A induces a natural R-module struc-
ture: given elements r € R and a € A, the R-action is defined by

r-a:= f(r)a,

where the product on the right is the multiplication in A. Similarly, we get a natural right
R-module structure on A, and since by definition f(R) is contained in the center of A, we
obtain what is called a balanced bimodule structure on A. We will discuss these further in
Homological Algebra next Fall.
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Example 1.36. Let R be a commutative ring with 1z # 0z. The ring Rz, ..., z,] together
with the inclusion map R < R[xy,...,z,] is an R-algebra. More generally, any quotient of
Rlzy,...,x,] is an R-algebra.

The ring of matrices M, (R) with the homomorphism r — 7, is also an R-algebra, as is
the group ring R[G] for any group G with the inclusion of R into R[G] given by r — reg.

Lemma 1.37. Let R be a commutative ring with 1 # 0 and let M be an R-module. Then
Endg(M) is an R-algebra, with addition and R-action defined as above, and multiplication
defined by composition (fg)(m) = f(g(m)) for all f,g € Endg(M) and all m € M.

Proof. There are many things to check here, including that:
e The axioms of a (unital) ring are satisfied for Endg(M).

e There is a ring homomorphism f: R — Endg(M) such that f(1g) = lgndayar) = idy
and f(R) C Z(Endg(M)).

We will just check the last item and leave the others as exercises. Define f: R — Endg(M)
by f(r) = ridy;. Notice that this is the map g, from Example 1.29. Then
f(r+s)=(r+s)idy =ridy +sidy = f(r) + f(s)
and
frs) = (rs)idy = (rida) o (sidar) = f(r)f(s)

show that f is a ring homomorphism. Moreover, idy € Z(Endg(M)), and once can check
easily that p, € Endg(M): given any other g € Endgr(M), and any m € M, since g is
R-linear we have

(g 0 pr)(m) = g(pr(m)) = g(rm) = rg(m) = (ur © g)(m).
This shows that f(R) C Endg(M). O

Remark 1.38. Let R be a commutative ring with 1 # 0 and let M be an R-module. Then
M is also an Endg(M)-module with the action ¢m = ¢(m) for any ¢ € Endg(M), m € M.

Definition 1.39. Let R be a ring, let M be an R-module, and let N be a submodule of M.
The quotient module M/N is the quotient group M /N with R action defined by

r(m+ N):=rm+ N
for all r € R and m+ N € M/N.

Lemma 1.40. Let R be a ring, let M be an R-module, and let N be a submodule of M. The
quotient module M /N is an R-module, and the quotient map q: M — M/N is an R-module
homomorphism with kernel ker(q) = N.

Proof. Among the many things to check here, we will only check the well-definedness of
the R-action on M, and leave the others as exercises. To check well-definedness, consider
m+ N =m'+ N. Then m —m’ € N, so r(m —m/) € N by the definition of submodule.
This gives that rm —rm’ € N, hence rm + N = rm’ + N. O
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Definition 1.41. Given an R-module M and a submodule N of M, the map ¢: M — M/N
is the canonical quotient map, or simply the canonical map from M to N.

Example 1.42. If R is a field, quotient modules are the same thing as quotient vector
spaces. When R = Z, recall that Z-modules are the same as abelian groups, by Lemma 1.13.
Quotients of Z-modules coincide with quotients of abelian groups.

Theorem 1.43. Let N be a submodule of M, let T be an R-module, and let f : M — T be
an R-module homomorphism. If N C ker f, then the function

M/N — 1

m+ N+—— f(m)

is a well-defined R-module homomorphism. In fact, f: M/N — T is the unique R-module
homomorphism such that foq = f, where g: M — M/N denotes the canonical map.

We can represent this in a more visual way by saying that f is the unique R-module
homomorphism that makes the diagram

A

\ y
ol
q L7 af

M/N

M T

commute.

Proof. By 817, we already know that f is a well-defined homomorphism of groups under +
and that it is the unique one such that f o ¢ = f. It remains only to show f is an R-linear
map:

fr(m+ N)) = f(rm+ N) = f(rm) = rf(m) = rf(m + N).
where the third equation uses that f preserves scaling. O]

Theorem 1.44 (First Isomorphism Theorem). Let N be an R-module and let h : M — N
be an R-module homomorphism. Then ker(h) is a submodule of M and there is an R-module
isomorphism M/ ker(h) = im(h).

Proof. 1f we forget the multiplication by scalars in R, by the First Isomorphism Theorem
for Groups, we know that there is an isomorphism of abelian groups under +, given by

o : M/ ker(h) —— im(h)
m + ker(f) ——— h(m).

It remains only to show this map preserves multiplication by scalars. And indeed:

h(r(m + ker(h))) = h(rm + ker(h)) by definition of the R-action on M/ ker(h)
h(rm) by definition of A
rh(m) since h is an R-module homomorphism
= rh(m + ker h) by definition of h.



15

Theorem 1.45 (Second Isomorphism Theorem). Let A and B be submodules of M, and let
A+B={a+blaec Abe B}. Then A+ B is a submodule of M, AN B is a submodule of
A, and there is an R-module isomorphism (A+ B)/B = A/(AN B).

Proof. By Exercise 3, A+ B and AN B are submodules of M. By the Second Isomorphism
Theorem for Groups, there is an isomorphism of abelian groups

h: A/(ANB)— (A+ B)/B

a+(ANB)—a+ B

It remains only to show h preserves multiplication by scalars:
h(r(a+ (ANB)))=h(ra+ ANB)=ra+ B =r(a+ B) =rh(a+ (AN B)). O

Theorem 1.46 (Third Isomorphism Theorem). Let A and B be submodules of M with
A C B. Then there is an R-module isomorphism (M/A)/(B/A) = M/B.

Proof. From 817, we know that B/A is a subgroup of M/A under +. Given r € R and
b+ A € B/A we have r(b+ A) = rb+ A which belongs to B/A since rb € B. This proves
B/A is a submodule of M/A. By the Third Isomorphism Theorem for Groups, there is an
isomorphism of abelian groups

(M/A)/(BJA) —— M/B

(m+A)+ B/A——m+ B

and it remains only to show this map is R-linear:

h(r((m+ A) + B/A)) =h(r(m+ A) + B/A) = h((rm + A) + B/A)
=rm+ B =r(m+ B)
=rh((m+ A) + B/A). o

Theorem 1.47 (Lattice Isomorphism Theorem). Let R be a ring, let N be a R-submodule
of an R-module M, and let q: M — M /N be the quotient map. Then the function

{R-submodules of M containing N} ——s {R-submodules of M/N}
K K/N

s a bijection, with inverse defined by
U HT):=¢q(T)={a€eM|a+NecT}

for each R-submodule T of M/N. Moreover, ¥ and W~ preserve sums and intersections of
submodules.



16

Proof. From 817, we know there is a bijection between the set of subgroups of M and that
contain NV and subgroups of the quotient group M /N, given by the same map ¥. We just
need to prove that these maps send submodules to submodules. If K is a submodule of M
containing N, then by the Third Isomorphism Theorem we know that K /N is a submodule
of M/N. If T is a submodule of M /N, then 7~!(T) is an abelian group, by 817. For r € R
and m € 7 1(T), we have 7(m) € T, and hence w(rm) = rm(m) € T too, since T is a
submodule. This proves 7—1(T) is a submodule. O

We come to a very important class of examples which will help us study linear transfor-
mations using module theory.

Lemma 1.48 (F[z]-modules). Let F' be a field. There is a bijection
{V an F[z]-module} <— {V an F-vector space and T € Endp(V)}.

Proof. It V is an F[x] module then V' is an F-vector space by restriction of scalars along the
inclusion F' < F[z]. Let T': V' — V be defined by T'(v) = zv. To show that T € Endg(V),
note that for any ¢ € F' and v, vy, vy € V' the axioms of the F[z]-module give us

T(vy +vq) = x(v1 + v2) = 2vy + 2vy = T(v1) + T'(ve) and T'(cv) = x(cv) = c(av).

Conversely, let V' be an F-vector space and T" € Endg(V). We claim that the action of

of Flz] on V given by
f(@)o = (f(T))(v)

satisfies the axioms for a module (exercise!). Alternatively, we can explain this module
structure in a more conceptual way, as follows. Consider the evaluation homomorphism
¢ Flz] = Endp(V), o(f(zx)) = f(T). Since V is an Endp(V)-module by Remark 1.38,
then V is also an F[z]-module by restriction of scalars along ¢; the F[z] action is the one
we described above:

f(@)v = o(f)(v) = (f(T))(v)
Finally, one can check that the two constructions above are inverse to each other. O

Notation 1.49. We shall denote the F[z]-module structure on an F-vector space V induced
by T € EHdF(V) by Vr.

Example 1.50. The proposition above says that if we fix an F-vector space V' then any
linear transformation 7" gives a different F'[x] module structure on V. For example,

e for T = 0 the F|x] module V carries an action given by scaling by the constant
coefficient of f, that is if f(z) = a™2"™ + -+ + ag then

f(z)v = (f(0))v = agv for all f € F[z].

e for T the “shift operator” that takes T'(e;) = e;_1, where e; is the i-th standard basis

U1 [V 1]
vector, the F'[x] module V7 is has the action ™ Un—m | _ | Un
Up—m+1 0

L v 1 L0
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1.5 Module generators, bases and free modules

Definition 1.51. Let M be an R-module. A linear combination of finitely many elements
ai,...,a, of M is an element of M of the form rym+1+---+r,m,, for some r{,...,7, € R.

Definition 1.52. Let R be a ring with 1 # 0 and let M be an R-module. For a subset A of
M, the submodule of M generated by A is

RA = {riay + - +mra, |n >0, € R,a; € A}.

We M is generated by A if M = RA. If M is an F-vector space, we say that M is spanned
by a set A instead of generated by A.

A module M is finitely generated if there is a finite subset A of M that generates M.
If A = a has a single element, the module RA = Ra is called cyclic.

Exercise 9. Let M be an R-module and let A C M. Then RA is the smallest submodule
of M containing A, that is

RA = ﬂ N.

ACN,N submodule of M

Exercise 10. Being finitely generated and being cyclic are R-module isomorphism invari-
ants.

Example 1.53. Let R be a ring with 1 # 0.
(1) R = Rl is cyclic.
(2) R® R is generated by {(1,0),(0,1)}.

(3) Rz] is generated as an R-module by the set {1,z, 2% ... 2", ...} of monic monomials

in the variable z.
(4) Let M = Z[z,y]. M is generated by

e {1,x,y} as a ring,
o {1,y,9% ...,y", ...} as an Z[z]-module, and
o {x'y | i,j € Z=o} as a group (Z-module).

Lemma 1.54. Let R be a ring with 1 # 0, let M be an R-module, and let N be an R-
submodule of M.

(1) If M is finitely generated as an R-module, then so is M/N.
(2) If N and M/N are finitely generated as R-modules, then so is M.

Proof. The proof of (2) will be a problem set question. To show (1), note that if M = RA
then M/N = RA, where A= {a+ N |a € A}. O



18

Definition 1.55. Let M be an R-module and let A be a subset of M. The set A is linearly
independent if whenever ry,...,r, € R and ay, ..., a, are distinct elements of A satistying
riay + - +rpa, =0, then ry = --- =r, = 0. Otherwise A is linearly dependent.

Definition 1.56. A subset A of an R-module M is a basis of M if A is linearly independent
and generates M. An R-module M is a free R-module if M has a basis.

We will later see that over a field, every module is free. However, when R is not a field,
there are R-modules that are not free; in fact, most modules are not free.

Example 1.57. Here are some examples of free modules:
(1) If we think of R as a module over itself, it is free with basis {1}.
(2) The module R @ R is free with basis {(1,0), (0,1)}.

(3) The R-module R[z] is free, and {1,x, 22 ... 2", ...} is a basis.
(4)

4) Let M = Z[x,y]. Then {1,y,vy* ...,y", ...} is a basis for the Z[z]-module M, and
{2y’ | i, € Z=o} is a basis for the Z-module M.

Example 1.58. Z/2 is not a free Z-module. Indeed suppose that A is a basis for Z/2 and
a € A. Then 2a = 0 so A cannot be linearly independent, a contradiction.

Lemma 1.59. If A is a basis of M then every nonzero element 0 = m € M can be written
uniquely as m = riay + - - - + rpa, with a; distinct elements of A and r; # 0.

Proof. Suppose that if m # 0 and A;, A, are finite subsets of A such that

m:Zraa:Zsbb

a€A; be Ay

for some r,, s, € R. Then

S st Y nas Y sa=o

a€A1NA> ac€A1\Az a€Ax\Aq

Since A is a linearly independent set, we conclude that r, = s, for a € A; N As, r, = 0y for

a€ A\ Ay, and s, = 0 for a € Ay \ A;. Set
BZ:{CLEAlmA2|7”a§£OR}.

m = E 7o

is the unique way of writing m as a linear combination of elements of A with nonzero
coefficients. O

Then

Theorem 1.60. Let R be a ring, M be a free R-module with basis B, N be any R-module,
and let j : B — N be any function. Then there is a unique R-module homomorphism

h: M — N such that h(b) = j(b) for all b € B.
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Proof. We have two things to prove: existence and uniqueness.
Existence: By Lemma 1.59, any 0 # m € M can be written uniquely as

m =riby + -+ 71,0,
with b; € B distinct and 0 # r; € R. Define h: M — N by

h(riby + - 4+ 1pby) = r1j(by) + - +1r0j(by)  if by + - 41,0, #0
h(0p) = On

One can check that this satisfies the conditions to be an R-module homomorphism (exercise!).

Uniqueness: Let h : M — N be an R-module homomorphism such that h(b;) = j(b;).

Then in particular h: (M, +) — (N, +) is a group homomorphism and therefore h(0,,) = Oy
by properties of group homomorphisms. Furthermore, if m = r1b; + --- 4+ r,b, then

h(m) = h(riby + -+ +rpby) = r1ih(by) + - - + 1,h(by,) = r1j(by) + -+ + 7,5 (bn)
by the definition of homomorphism, and because h(b;) = j(b;). O

Corollary 1.61. If A and B are sets of the same cardinality, and fix a bijection j : A — B.
If M and N are free R-modules with bases A and B respectively, then there is an isomorphism
of R-modules M = N.

Proof. Let g : M — N and h : N — M be the module homomorphisms induced by the
bijection j : A — B and its inverse j~! : B — A, which exist by Theorem 1.60. We will show
that h and ¢ are inverse homomorphisms. First, note that goh : N — N is an R-module
homomorphism and (goh)(b) = g(571(b)) = j(j(b)) = b for every b € B. Since the identity
map idy is an R-module homomorphism and idy(b) = b for every b € B, by the uniqueness
in Theorem 1.60 we have g o h = id,,. Similarly, one shows that h o g = idy,. [

The corollary gives that, up to isomorphism, there is only one free module with basis A,
provided such a module exists. But does a free module generated by a given set A exist? It
turns out it does.

Definition 1.62. Let R be a ring and let A be a set. The free R-module generated by A,
denoted Fr(A) is the set of formal sums

Fr(A) ={ria1 +---+rpa, | n>0,1 € R,a; € A}
= {Z rqa | re € R, 1, = 0 for all but finitely many a} ,

acA

with addition defined by

(Z W) + (Z saa> = (ra + s0)a

acA acA a€A

and R-action defined by

: (Z ) = S (rraa

acA
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Exercise 11. This construction Fr(A) results in an R-module, which is free with basis A,
and Fr(A) = @P,c4 R

Theorem 1.63 (Uniqueness of rank over commutative rings). Let R be a commutative Ting
with 1 # 0 and let M be a free R-module. If A and B are both bases for M, then A and B
have the same cardinality, meaning that there exists a bijection A — B.

Proof. You will show this in the next problem set (at least in the case where M has a finite
basis). O

Definition 1.64. Let R be a commutative ring with 1 # 0 and let M be a free R-module.
The rank of M is the cardinality of any basis of M.

Example 1.65. Let R be a commutative ring with 1 # 0. The rank of R™ is n. Note that
by Corollary 1.61, any free R-module of rank n must be isomorphic to R".

Earlier, we described the R-module structure on the direct sum of R-modules; this is how
we construct R", by taking the direct sum of n copies of the R-module R. This construction
can also be described as the direct product of n copies of R. However, the direct sum and
direct product are two different constructions.

Definition 1.66. Let R be a ring. Let {M,}.cs be a collection of R-modules. The direct
product of the R-modules M, is the Cartesian product

H Ma = {(ma)aEJ | mg € Ma}

acJ

with addition defined by

(ma)ae] + (na)aeJ = (ma + na)aGJ

and R-action defined by
7(Ma)acs = (rMa)acs-
The direct sum of the R-modules M, is the R-submodule @ae ; M, of the direct product
[1,c; M, given by

@ M, = {(ma)aes | mq = 0 for all but finitely many a}.

aeJ

Exercise 12. The direct sum and the direct product of an arbitrary family of R-modules
are R-modules.

Example 1.67. Suppose that |A| = n < oo. Let Mj,..., M, be R-modules. The direct
product module M; x --- x M, is the abelian group M; x --- x M, with ring action given
by r(mi,...,m,) = (rmq,...,rm,) for all r € R and m; € M;. Comparing the definitions
we see that

My x---xXM,=M&---® M,.

If M; = R for 1 <i < n, then we denote R" =R x---x R=R®--- O R.

-~ -~
n n
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It is useful to talk about maps from the factors/summands to the direct product/ direct
sum and conversely.

Definition 1.68. For ¢ € J the inclusion of the i-th factor into a direct product or direct
sum is the map

m ifa=1
v My — M, or v;: M; — Mg, ti(m) = (mg)aees, where m, = .
1 D M) = () i,

aeJ aeJ

For ¢ € J the i-th projection map from a direct product or a direct sum module is

o H M, — M; or m; : @Ma — M;, 7 (Mma)acs) = m;.

aeJ acJ

Lemma 1.69. Projections from direct products or sums of R-module, inclusions into direct
products or sums of R-modules, and products of R-module homomorphisms are R-module
homomorphisms. Furthermore, inclusions are injective, projections are surjective, and

T; Ol = ldMl .
Also, 1;(M;) is an R-submodule of the direct product/sum which is isomorphic to M.

Note, however, that ¢; o m; # id.



Chapter 2

Vector spaces and linear
transformations

2.1 Classification of vector spaces and dimension

Recall that for a subset A of an F-vector space V', the span of A, denoted span(A), is the
subspace generated by A:

span(A) = {Z ca; |n>0,¢ € Fa; € A}
i=1

Lemma 2.1. Suppose I is a linearly independent subset of an F-vector space V and v €
V' \ span(I), then I U{v} is also linearly independent.

Proof. Let wy, ..., w, be any list of distinct elements of /U{v} and suppose that > . c;w; =0
for some ¢; € F. If none of the w;’s is equal to v, then ¢; = 0 for all 7, since [ is linearly
independent. Without loss of generality, say w; = v. If ¢; = 0 then ¢; = 0 for all ¢ by the
same reasoning as in the previous case. If ¢; # 0, then

Cv
v = Z c_iwi € span([),

i>2
contrary to assumption. This proves that I U {v} is a linearly independent set. O

To prove that every vector space has a basis, we will need to use Zorn’s Lemma. Before
we recall what Zorn’s Lemma says, let’s recall some notation:

Definition 2.2. A poset is a set S with an order relation < such that for all elements
x,y,z € S we have

e r <,
o if r <yandy < zthen z <z, and

o if r <yandy< xthen z=y.

22
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A totally ordered set is a poset (T, <) such that for all z,y € T either x <y or y < z.

Example 2.3. Given a set X, the collection P(X) of all subsets of X forms a poset with <
defined to be set containment C. Unleess X is empty or a singleton, the poset P(X) is not
totally ordered.

Definition 2.4. Let (A, <) be a poset, meaning that A4 is a set with a partial order <. A
subset B of A is totally ordered if for all b,b' € B either b < V' or b/ < b; a totally ordered
subset of A is sometimes called a chain. We say a subset B of A has an upper bound in A
if there exists an element ug € A such that b < ug for all b € B. We say A has a maximal
element if there exists m € A such that whenever x € A and m < x then m = x.

Axiom 2.5 (Zorn’s Lemma). If A is a nonempty poset such that every totally ordered
subset B C A has an upper bound in A, then there is a maximal element m € A.

Some mathematicians refuse to accept Zorn’s Lemma into their axiom system. We will
at least pretend to be mathematicians who do. Fun fact: Theorem 2.6 is actually equivalent
to the Axiom of Choice, meaning that if one replaces the Axiom of Choice in the ZFC axioms
for set theory by Theorem 2.6, that does not change set theory — and one would then be
able to deduce the Axiom of Choice.

If we accept Zorn’s Lemma, we can now show that every vector space has a basis.

Theorem 2.6 (Every vector space has a basis). Let V' be an F-vector space and assume
I C S CV are subsets such that I is linearly independent and S spans V. Then there is a
subset B with I C B C S such that B is a basis.

Before we prove this theorem, note that a corollary of Theorem 2.6 is that every vector
space has a basis; in particular, this says that every module over a field is free!

Corollary 2.7. Every vector space V' has a basis. Moreover, every linearly independent
subset of V' is contained in some basis, and every set of vectors that spans V' contains some
bastis.

Proof. For this first part, apply the theorem with I = () and S = V. For the second and
third, use I arbitrary and S =V and I = () and S arbitrary, respectively. O

Example 2.8. R has a basis as a Q-vector space; just don’t ask me what it looks like.

We will not prove Theorem 2.6. But before we give a formal proof, let’s first give a
heuristic proof. To so that, start with I. If span(/) = V', then B = I does the job. If not,
then since span(S) = V, there must be a v € S\ span([). Let I’ :== I U {v}. Then I’ C S
and, by Lemma 2.1, I’ is linearly independent. If span(I’) = V', we have found our B, and if
not we construct I” from I’ just as we constructed I’ from I. At this point we would like to
say that this process cannot go on for ever, and this is more-or-less true. But at least in an
infinite dimensional setting, we need to use Zorn’s Lemma to complete the proof rigorously.

Proof of Theorem 2.6. Let P denote the collection of all subsets X of V such that I C X C S
and X is linearly independent. We make P into a poset by the order relation given by set
containment C. We note that P is not empty since, for example I € P.



24

Let 7 be any nonempty chain in P. Let Z = (J, Y. We claim Z € P. Given
21y, 2m € Z, for each © we have z; € Y; for some Y; € T. Since T is totally ordered,
one of Y7,...,Y,, contains all the others and hence contains all the z;’s. Since Y; is linearly
independent, this shows zy, ..., 2, are linearly independent. Thus Z is linearly independent.
Since T is non-empty, Z O I and hence Z € P. It is an upper bound for 7 by construction.

By Zorn’s Lemma, P has a maximal element B, which we claim is a basis for V. Note
that B is linearly independent and I C B C S by construction. We need to show that it
spans V. Suppose not. Since S spans V', if S C span(B), then span(B) would have to be all
of V. So, there is at least one v € S such that v ¢ span(B), and set X := B U {v}. Clearly,
I C X C S and, by Lemma 2.1, X is linearly independent. This shows that X is an element
of P that is strictly bigger than B, contrary to the maximality of B. O]

Corollary 2.9. Let F' be a field and W be a subspace of the F-vector space V.. Then every
basis of W' extends to a basis of V', that is, if B is a basis of W then there exists a basis B
of V such that B is a subset of B.

Proof. Apply Corollary 2.7 with B = I and S = V. Since B is a basis of W, B is linearly
independent, and B remains linearly independent when regarded as a subset of V. O

Remark 2.10. It is not true that, with the notation of the previous Corollary, if Bis a
basis of V' then there exists a basis B of W such that B is a subset of B. For instance, take
F=R,V=R? B={(1,0),(0,1)} and W the subspace spanned by (1, 1).

Definition 2.11. A vector space is finite dimensional if there is spanned by a finite subset.

Thanks to Theorem 2.6, this is equivalent to the property that it has a finite basis. In the
language of modules, a finite dimensional vector space is just a finitely generated F-module.

The following is an essential property of vector spaces that eventually will allow us to
compare bases in terms of size.

Lemma 2.12 (Exchange Property). Let B be a basis for the vector space V' and consider
any finite set of linearly independent vectors C' = {cy,..., ¢y} in V. Then there are distinct
vectors by, ..., by, in B such that (B \ {b1,...,bn})UC is also a basis V.

Proof. Using induction on k, we will show that for each k with 0 < k < m there are distinct
vectors by, ..., by in B such that (B\ {by,...,bc})U{c1,...,cx}) is also a basis of V. In the
base case, k = 0, there is nothing to show. The terminal case, k = m, gives us the desired
statement.

For the inductive step, assume B’ = (B \ {b1,...,bx})U{c1,...,cr}) is also a basis of V.
Since ¢, € V, we can write

n k
Chk+1 = Z Aibi + Z i€
i=1 i=1

for some scalars \;, pi; € F and some elements b; € B\ {b1,...,by}. Note that since C' is
linearly independent, at least one of the scalars \; is nonzero. Let iy be such that \;, # 0,
and notice that solving for b;, from the displayed equation gives that b;, € span(B”) where
B" = (B'\ {bi,}) U{cks1}). Now we can “replace” b;, by ¢, since the previous statement
implies span(B”) = span(B’) = V and moreover B” is linearly independent since otherwise
B’ would be linearly dependent. O
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Next, we will show that all bases of the same vector space have the same cardinality. We
will only prove this under the assumption that V' is finite dimensional, though it is true even
if V' has infinite dimension.

Theorem 2.13 (Dimension Theorem). Any two bases of the same vector space have the
same cardinality.

Proof of the finite dimensional case. Suppose V is finite dimensional. Then it has a finite
basis B. Let B’ be any other basis, and note that we cannot yet assume B’ is necessarily
finite. Let {ci,...,¢n} be any m-element subset of B for any m. An immediate consequence
of Lemma 2.12 is that m < |B|, since otherwise we could not find m distinct elements of
B to replace the ¢;’s by. Since every finite subset of B’ has cardinality no larger than |B],
this proves that B’ is finite and |B’| < |B|. By symmetry, we obtain |B| < |B|" too, hence
equality follows. O

Definition 2.14. The dimension of a vector space V', denoted dimg (V') or dim(V), is the
cardinality of any of its bases.

Example 2.15. dimp(F™) = |{e1,€2,...,e,}| =n.
Theorem 2.16 (Classification of finitely generated vector spaces). Let F' be a field.

(1) Every finitely generated vector space over F' is isomorphic to F™ for n = dimp (V).
(2) For any m,n € Zso, F™ = F™ if and only if m = n.

Proof. To show (1), let V' be a finite dimensional F-vector space. Then F has a finite
spanning set S and by Theorem 2.6 there is a basis B C .S for V. Notice that B is necessarily
finite and V = F'B. Set |B| = n and B = {by,...,b,}. By Theorem 1.60, there is a linear
transformation f: F™ — V such that f(e;) = b; as well as a linear transformation g: V' — F™
such that ¢g(b;) = e;. Then both fog:V — V and gof : F — F™ are linear transformation
which agree with the identity map on a basis. Hence by the uniqueness part of Theorem 1.60
we have f og =1idy and g o f = idps. Therefore, these maps are the desired isomorphisms.

To show (2), let ¢ : F™ = F™ be a vector space isomorphism and let B be a basis of F™.
We claim that ¢(B) is a basis for F™. Indeed, if

m

f: cip(b;)) =0 then ¢ (Z cibi> =0, so Zm: cibi =0
i=1 i=1

i=1
since ¢ is injective. But B is linearly independent, so we must have ¢; = 0 for all 1 <7 < m.
If v € F™, then since B spans F we have

7 (v) = Zcib,-
i=1
for some ¢;. Thus
v="> cipb),
i=1

which shows ¢(B) spans F™. By the Dimension Theorem, we have

dimp(F") =n = |p(B)| = |B| = m. O
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Remark 2.17.

(1) The same proof as in part (1) of Theorem 2.16 above shows that every finitely generated
free R-module is isomorphic to R™ for some n > 0.

(2) Part (2) of the Classification Theorem can be extended to modules over commutative
rings as stated in Theorem 1.63; this is a problem in Problem Set 3.

(3) The Classification Theorem yields that dimension is an isomorphism invariant.

Corollary 2.18. Two finite dimensional vector spaces V and V' over the same field F are
isomorphic if and only if dimp(V') = dimp(V’).

Proof. By Theorem 2.16, V' and V' are both of the form V' = F™ and V' = F" while
F™ 2= F" if and only if m = n. m

A word on infinite-dimensional vector spaces.

Example 2.19. Consider the vector space F[x]. This cannot be a finite dimensional vector

space. For instance, if {f,..., f,} were a basis, then setting
M = max {deg(f;)}
we see that the element 21 is not be in the span of {f1,..., f,}. We can find a basis for this

space though. Consider the collection B = {1, z, 2%, ...}. This set is linearly independent and
spans F[z], thus it forms a basis for F'[x]. This basis is countable, so dimp(F[z]) = Ry = |N]|.

Example 2.20. Consider the real vector space
V=RV=RxRxRx-:--.

This space can be identified with sequences {a,} of real numbers. One might be interested
in a basis for this vector space. At first glance, the most obvious choice for a basis would
be E = {ey,e,...}. It turns out that £ is the basis for the direct sum @, R. However,
it is immediate that this set does not span V', as v = (1,1,...) can not be represented as a
finite linear combination of these elements. Since v is not in span(F), then by Lemma 2.1
we know that £'U{v} is a linearly independent set. However, this new set £'U{v} does not
span V either, as (1,2,3,4,...) is not in the span of £ U {v}. We know that V" has a basis,
but it can be shown that no countable collection of vectors forms a basis for this space, and
in fact dimg (RY) = |R].

We now deduce some formulas that relate the dimensions of various vector spaces.
Theorem 2.21. Let W be a subspace of a vector space V. Then
dim(V) = dim(W) + dim(V/W).

Here the dimension of a vector space is understood to be either a nonnegative integer or
oo, and the arithmetic of the formula is understood to follow the rules n+o00 = 0o = oo+ 00
for any n € Z-o. We leave the proof for Problem Set 4.
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Example 2.22. Consider the vector space V' = R? and its subspace W = span{e;}. Then
the quotient vector space V/W is, by definition,

V/W = {(z.y) + W | (2,y) € R*}.
Looking at each coset we see that

(z,y) + W = (z,y) + spanf{er} = {(z,9) + (¢,0) | a € R} = {(L,y) | t € R},

so (x,y) + W is geometrically a line parallel to the z-axis and having the y-intercept y. It is
intuitively natural to identify such a line with its intercept, which gives a map

V/W — span{es} (z,y) + W — (0,y).
It turns out that this map is a vector space isomorphism, hence
dim(V/W) = dim(span{es}) = 1
and we can check that
dim(W) + dim(V/W) =141 =2 = dim(V).

If V- and W are both infinite dimensional vector spaces, it can happen that V/W is finite
dimensional but also that it is infinite dimensional.

Example 2.23. Let V' = Flz|, which we saw in Example 2.19 is an infinite dimensional
vector space over F. Fix a polynomial f with deg(f) = d, and note that the ideal (f) of F[x]
generated by f is also an F-vector subspace of F'|x] via restriction of scalars. We will show
later that dim(F'[z]/(f)) = d. In contrast, the subspace E of all even degree polynomials in
F[z] together with the zero polynomial, then dim(F[z]/E) = cc.

Definition 2.24. Let T: V' — W be a linear transformation. The nullspace of T is ker (7).
The rank of T is dim(im(7)).

Corollary 2.25 (Rank-Nullity Theorem). Let f: V — W be a linear transformation. Then
dim(ker(f)) -+ dim(im(f)) = dim(V).
Proof. By the First Isomorphism Theorem for modules we have V/ker(f) = im(f), thus
dim (V/ker(f)) = dim(im(V)).
By Theorem 2.21, we have
dim (V') = dim(ker(V)) + dim (V/ ker(f)) .

Thus
dim(V) = dim(ker(V)) + dim (V/ ker(f)) = dim(ker(V)) + dim(im(V")).
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2.2 Linear transformations and homomorphisms be-
tween free modules

Exercise 13. If W is a free R-module with basis C' = {¢,...,¢,} and w € W, then w can

be written uniquely as w = Z;n:l ajc; with aq,...,a,, € R.

Definition 2.26 (The matrix of a homomorphism between free modules). Let R be a com-
mutative ring with 1 # 0. Let V be a finitely generated free R-modules of rank n, and let W
be a finitely generated free R-module of rank m. Let B = {by,...,b,} and C = {c1,...,cn}
be ordered bases of V,W. Given an R-module homomorphism f : V — W, we define
elements a;; € R for 1 <i<m and 1 < j < n by the formulas

f(bz) = Z Qj;Cj. (221)

j=1
The matrix
a1 Q12 Q1n
a a a
[f]c - 2,1 2,2 2.n
B — :
Am1 Qm2 *° Qmn

is said to represent the homomorphism f with respect to the bases B and C.

Remark 2.27. By Exercise 13, the coefficients a;; in equation 2.2.1 are uniquely determined
by the f(b;) and the elements of C. The coefficients a;,; corresponding to f(b;) form the ith
column of [f]§. Note that [f]§ is an m x n matrix with entries in R.

Definition 2.28. Let V and W be finite F-vector spaces of dimension n and m with ordered
bases B and C respectively and let f : V — W be a linear transformation. The matrix [f]$

is called the matrix of the linear transformation f with respect to the bases B and C.

Example 2.29. If idy : V — V is the identity automorphism of an n-dimensional free
R-module V, then for any basis B of V' we have idy (b;) = b; for all i and hence

[idy]5 = L.

Example 2.30. Let P; denote the the F-vector space of polynomials of degree at most 3
(including the zero polynomial) and consider the linear transformation d : Py — P given by
taking the derivative d(f) = f'. Let B = {1,x,2% 23}. Then

01 00
5 0020
00 00
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Example 2.31. Let F' be a field and consider a linear transformation f: V' — W, where
V =F" and W = F™. Consider also the standard ordered bases B and C, i.e. b =¢; € V
and ¢; = e; € W. Then for any

l

L

F(Dub) = >,

Each f(b;) can be written uniquely as a linear combination of the ¢;’s as in (2.2.1):

f(bi) = Z a;,iCj-

in V we have

Then we get
flv) = E li (E :aj,icj> = E (E :aj,ili) Cj-

In other words, we have

a/ a/ ... a
2 il a; a;z o a;’n .
1 ’ ,7'L .
fw) = : =1 . —_— I =[fl5 v
Zi am,ili m,1 Am2 - Gmn ln

Then for any

FO liby) = Z Lif (bi)-

Each f(b;) is uniquely expressible as a linear combination of the ¢;’s, say

F:) = azicy.
j

in V we have

Then we get
f(U) = Z lz (Z ajvicj> = Z (Z aj,ili) Cj.

In other words, we have
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where
@11 Q12 - Qip
a a ) a
[f]C _ 2,1 2,2 2,n
B — . .
Am,1 Qm2 *° Amn

and [f]% - v denote the usual rule for matrix multiplication.

This says that any linear transformation f: F™ — F™ is given by multiplication by a

matrix, since we noticed above that f(v) = [f]G - v. The same type of statement holds for

free modules over commutative rings, and we will show it below in Theorem 2.32.

Theorem 2.32. Let R be a commutative ring with 1 # 0. Let V and W be finitely generated
free R-modules of ranks n and m respectively. Fizing ordered bases B for V and C for W
gies an isomorphism of R-modules

Homp(V, W) 2 M,,.(R) [~ [f5.

If V.= W, so that in particular m = n, and B = C, then the above map is an R-algebra
isomorphism Endg (V) = M, (R).

Proof. Let ¢ : Homg(V,W) — M,,,.(R) be defined by ¢(f) = [f]S. We need to check
that ¢ is a homomorphism of R-modules, which translates into [f + ¢]§ = [f]S + [9]§ and
NG = A[f]G for any f,g € Homg(V,W) and X € R. Let A = [f]§ and A’ = [g]. Then

(f +9) (i) = f(bi) + g(bs) = Z ajicj + Z a;;cj = Z(%‘,i +aj;)c;

gives [f +g]§ = A+ A’ and

(AS)(bi) = A (Z %z’%’) = (Aazi)e

J

gives [Af]§ = MA. We leave the proof that for f,g € Endp(V) we have [f o g|5 = [f]E[g]5
as an exercise.

Finally, the argument described in Example 2.31 also works for any ring R, and it can
be adapted for any two chosen basis B and C, showing that ¢ is a bijection. [

Corollary 2.33. For any field F and finite F-vector spaces V' and W of dimension n and
m respectively, dim(Homp(V, W)) = mn.

Proof. The isomorphism Homp(V, W) = M,, ,(F) gives

dim (Homp(V,W)) = dim (M, ,(F)) = mn.
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2.3 Change of basis

Definition 2.34. Let V be a finitely generated free module over a commutative ring R, and
let B and C be bases of V. Let idy be the identity map on V. Then [idy]$ is a matrix called
the change of basis matrix from B to C.

In Theorem 2.39 we will show that [idy/|§ is invertible with inverse ([idv]g)_l = [idy]8.

Example 2.35. Consider the subspace V' = P, of F[z] of all polynomials of degree up to 2,
and the bases B = {1,z,2°} and C' = {1,z — 2, (x — 2)?} of V. We calculate the change of
basis matrix. We have

ldv(l)zl,
idy(z)=2-1+1-(z—2),
idy(z?) =4-14+4-(z—-2)+1-(z—2)

1
Thus, the change of basis matrix is given by [idy]G = [0
0

Lemma 2.36. If V,W, U are finitely generated free R-modules spaces with ordered bases B,
C,and D, and if f:V — W and g: W — U are R-module homomorphisms, then

lg o f15 = l915 - [f]C-
Proof. Given v € V| we have
(fog)(v) = flg()) = f(lg)zv) = [fle(lg]zv) = ([flelg)z)v,

so [fogl3 = [f15l9]3- O

Definition 2.37. Let V' be a finitely generated free module over a commutative ring R.
Two R-module homomorphisms f,g : V — V are similar if there is a bijective linear
transformation h : V' — V such that ¢ = ho f o h~!. Two n x n matrices A and B with
entries in R are similar if there is an invertible n x n matrix P such that B = PAP~!.

Remark 2.38. For elements A, B € GL,(R), the notions of similar and conjugate are the
same.

Theorem 2.39. Let V. W be finitely generated free modules over a commutative ring R, let
B and B’ be bases of V', let C and C' be bases of W, and let f : V — W be a homomorphism.
Then

/15 = lidw]€ [f)5lidv] 5 (2.3.1)

In particular, if g: V — V is an R-module homomorphism, then [g]5 and [g]5, are similar.

Proof. Since f =idy of oidy, by Lemma 2.36 we have

A5 = lidwle [f15lidv]5
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SettingV =W, B=C, B' = C’,and f = idy in (2.3.1) we have [idy]2, = [idy] 3 [idy]E[idy]5.
Notice that [idy]5 = [idy]8 = I is the identity matrix, so the previous formula says that

I = [idy]5 Iidy]5,.

Setting P = [idy]2, we notice that the previous identity gives P~1 = [idy]%,.
Now set V=W,B =C,B" =" and f = g in (2.3.1) to obtain

9] = [idv]E [o)Blidv]E = PlolgP . O
We now come to certain special changes of basis and their matrices:

Definition 2.40. Let R be a commutative ring with 1 # 0, let M be a free R-module of
finite rank n, and let B = {by,...,b,} be an ordered basis for M. An elementary basis
change operation on the basis B is one of the following three types of operations:

1. Replacing b; by b; + rb; for some ¢ # j and some r € R,

2. Replacing b; by ub; for some ¢ and some unit v of R,

3. Swapping the indices of b; and b; for some i # j.

Definition 2.41. Let R be a commutative ring with 1 # 0. An elementary row operation
on a matrix A € M,,, ,(R) is one of the following three types of operations:

1. Adding an element of R times a row of A to a different row of A.
2. Multiplying a row of A by a unit of R.

3. Interchanging two rows of A.

Definition 2.42. Let R be a commutative ring with 1 # 0. An elementary matrix over
R is an n x n matrix obtained from [,, by applying a single elementary row operation:

1. Forr € Rand 1 <i,j < nwith i # j, let E; ;(r) be the matrix with 1s on the diagonal,
r in the (7, j) position, and 0 everywhere else.

2. For u € R* and 1 <i < n let F;(u) denote the matrix with (i,7) entry u, (j,7) entry
1 for all j # 4, and 0 everywhere else.

3. For 1 <4,j < n with i # j, let E(; ) denote the matrix with 1 in the (i, j) and (j, %)
positions and in the (I,[) positions for all [ ¢ {4, j}, and 0 in all other entries.

Remark 2.43. Let E be an n X n elementary matrix.

e [ is the change of basis matrix [idy]5,, where B is any basis of V' and B’ is the basis
obtained from B by the corresponding elementary basis change operation.

o If A e M, (R), then the product matrix E'A is the result of performing the corresponding
elementary row operation on A.

e If B € M,,,(R), then the product matrix BE is the result of performing the corresponding
elementary column operation on B.
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2.4 A warning on the differences between vector spaces
and general free modules

Many of the nice theorems we showed about vector spaces, basis, and dimension do not
extend well to general free modules over a commutative ring. Most importantly, Theorem 2.6,
which says that for a vector space V every linearly independent set can be extended to a
basis and every set that spans V' contains a basis, does not hold in general, even in simple
cases.

Example 2.44. Let R = Z and consider the free R-module R. The set {2} is linearly
independent but it is not a basis for R; given any other element n € R, {2,n} is necessarily
linearly dependent, since n-2 —2-n = 0. Thus we cannot extend {2} to a basis of this free
module.

Conversely the set {2, 3} spans the free module R = Z, but it is not linearly independent,
and the subsets {2} and {3} do not generate the entire free module R.

The failure of Theorem 2.6 leads to the failure of other properties we might expect.
For example, one can show that Theorem 2.6 implies that if W is a subspace of V', then
dim(W) < dim(V'). But when R is a general commutative ring, submodules of free modules
do not have to be free, so we can’t even talk about dimension; and if we count the number
of generators needed, even cyclic modules might have submodules that are not cyclic.

Example 2.45. Let R be a ring an [ be an ideal that is not principal. For example, we
can take R = k[z,y| with k a field and I = (z,y). Then the R-module R is cyclic, while the
submodule I needs at least 2 generators.

Moreover, submodules of free modules are not necessarily free:

Example 2.46. Let k be a field and R = k[z]/(2?). The submodule I = (z) of the free
module R is not free: it is cyclic, generated by x, but ann(/) = () is nontrivial, and thus /
is not free.



Chapter 3

Finitely generated modules over PIDs

We have seen that every module over a field is free. In contrast, whenever R is a commutative
ring that is not a field, we can always construct modules that are not free. We will see that,
however, every module is still a quotient of a free module. Describing that quotient explicitly
is to give a presentation for the module, similarly to how we gave presentations for groups.
We will study the particular case of finitely generated modules over PIDs in more detail.

3.1 Every module is a quotient of a free module

Lemma 3.1. Given any ring R with 1 # 0, any direct sum of copies of R is always a free
R-module.

Proof. Suppose that F' = @,_, R is a direct sum of copies of R indexed by some set A. The
tuples
e; = (aj)jen witha; =0forall j #iand a; =1

generate F', since we can write any element as

(Ci)iEA = Z Ci€;.

1€EA

Notice that by definition ¢; # 0 for only finitely many ¢, so the sum on the right has finitely
many nonzero terms. Moreover, the e; are linearly independent, and thus they form a basis
for F. O

We will show in the next chapter that every when R is a field, every R-module is free.
In contrast, we will also see that if R is a commutative ring that is not a field, there always
exists an R-module that is not free — in fact, given a ring R that is not a field, one can give
a very concrete recipe for building nonfree modules.

However, even though not all modules are free, what is true is that every R-module can be
written as a quotient of a free module, as follows. Given a module M, first take a generating
set for M, say T' = {m; };ca. Notice that a generating set always exists: for example, we can
take I' = M, though of course that is a bit of an overkill, since it’s quite likely that some
elements can be obtained from linear combinations of others.

34
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Next, we construct a free module on the set A; more precisely, we take a free module on
as many generators as generators for M that we picked. Now the map

@R;)M
ieA

(r;) —— Z rim;.

(IS

Notice this map actually makes sense: the tuples (r;) have only finitely many nonzero entries,
and thus ) ,_, r;m; is a (finite) linear combination of our chosen generators. Moreover, since
we chose the m; to be generators for M, this map « is surjective. It is also easy to check that
it is an R-module homomorphism: in fact, this is the R-module homomorphism we would
get from Theorem 1.60 by setting e; — m;.

By the First [somorphism Theorem,

M = @ R/ ker .
ieA
This shows the following;:

Theorem 3.2. Fvery R-module is a quotient of a free R-module.

Notice that the map 7 we constructed above depends on a choice of generating set for M.
Given the map 7 corresponding to the set of generators I' = {m;}, each element in ker(7) is
a relation among the generators for M: the tuple (r;) is a relation for the generators {m;}

if
Z Tm; = O
icA
A nonzero relation among the m; tells us that the set {m;} is linearly dependent. Thus we
see that
7 is injective <= {m;} is linearly independent <= {m;} is a basis for M.

In particular, the existence of such a map 7 that is injective is equivalent to M being
free. Since 7 is always surjective (as long as {m;} forms a generating set for M, we can now
rephrase this as

7 is an isomorphism <= {m,} is a basis for M.

The module M is free if and only if we can find a basis for M, thus M if M is free then
M is isomorphic to a direct sum of copies of R. Since we have already shown that a direct
sum of copies of R is free, we conclude the following:

Theorem 3.3. An R-module is free if and only if it is isomorphic to a direct sum of copies

of R.
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3.2 Presentations for finitely generated modules over
noetherian rings

Writing a given R-module M as a quotient of a free module is giving a presentation for
M. In 817, we studied presentations for groups; these consisted of a set of generators and
a set (normal subgroup) of relations among these generators. Presentations are important
for modules as well. In this case, the relations are encoded by a matrix, or equivalently by
a homomorphism between a pair of free modules. We study below how the change of basis
techniques can be applied to unravel the structure of a module starting with its presentation.

Definition 3.4. Let R be a commutative ring with 1 # 0, let A € M,,,(R), and let
ta: R — R™ be the R-module homomorphism represented by A with respect to the
standard bases. Notice that this homomorphism is given by the rule t4(v) = Av. The
R-module presented by A is the R-module R™/im(t4).

The R-module M presented by A € M,,, ,,(R) has m generators and n relations. Each row
of A corresponds to a generator for M, while each column encodes a relation among those
generators. More precisely, the relations among the m generators are themselves generated
by the n generators of im(¢,4), which are the images of the standard basis of R" by t4.

Example 3.5. The Z-module M = Z/6 is presented by
z5% 7,

since M = Z/im(ts) = Z/(6). Notice here we abused notation and wrote 6 instead of the
1 x 1 matrix [6].

Example 3.6. Let R = k[x,y], where k is a field, and I = (z,y). The R-module M = R/I
has 1 generator, m = 1 + I, so we can write a presentation for M of the form F 2 R for
some free module F' and some R-module homomorphism p. To find such an F', we need to
ask about the relations among the generators of M. For any a € I, we have the relation
am = 0, so I is the module of relations for this presentation of M.

How many generators does the module of relations have? In this case, we need 2: the
relations xm = 0 and ym = 0 generate all the relations, since for any a € I, we can write
a = rx + sy for some x,y € R, and thus am = 0 can be rewritten as r(xm) + s(ym) = 0,
which is a linear combination of the two relations xm = 0 and ym = 0. Finally, we have the
following presentation for M:

R? M R.

Indeed, the image of [z y| is (z,y), and M = R/(x,y).

Conversely, we might be given a matrix and ask about what module it represents; one
thing to keep in mind is that some presentations might be inefficient, either by having more
generators or more relations than necessary. We want to answer to key questions: given a
presentation for a module, how to find a more efficient presentation; and how to decide if two
different presentations actually give us isomorphic modules. Keeping these goals in mind,
let’s try a more elaborate example.
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Example 3.7. Consider the matrix

What Z-module M is presented by A? Formally, M is the quotient module M = Z*/im(t ),
where t4: Z% — Z* is defined by t4(v) = Av. Since Z* is generated by its standard basis
elements {ey, €9, €3, ¢4}, we deduce as in Lemma 1.54 that M = Z*/im(t,) is generated by
the cosets of the e;. To keep the notation short, we set m; = e; +1im(t4).

Let N =im(t4) and note that N is the submodule of Z* generated by the columns of A:

2 1 0
3 9 5

N=R 11122l |7 = R{2€1 +3€2 + es, €1 +9€2 —2€3+€4,5€2+7€3+2€4}.
0 1 2

Since N maps to 0 under the quotient map ¢: Z* — M = Z*/N, the relations of M can
be written as

2m1 + 3m2 + ms =0
mi1+9me —2ms+my =0
5m2 + 7m3 + 27714 =0.

We can now see that this is a rather inefficient presentation, since we can clearly use the
first equation to solve for for ms = —2m; — 3my. This implies that M can be generated
using only my, ms and my, that is

M = R{mq, my, mz, ma} = R{my, ma, ma}.
This eliminates the first equation and the latter two become

5m1 + 15m2 + my =0
—14m2 — 16m2 + 2m4 =0

Now we can also eliminate my, i.e leaving just two generators mq, mo that satisfy
—24my — 46my = 0.

Another way to do this is to look at the matrix A and use elementary row operations to
“make zeros” on the 1st and 2nd columns, as follows:

2 1 0 0 5 -—14 0 0 —24
A 39 5 . 0 15 -16 . 0 0 —46

1 =2 7 1 -2 7 1 0 13

0 1 2 0 1 2 01 0

Eliminating the generators mg and m4 amounts to dropping the first two columns (which
are the 3rd and 4th standard basis vectors) as well as the last two rows. As we will prove
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soon, this shows that the Z-module presented by A is isomorphic to the Z-module presented

by
—24
B- [_ 46] |
We can go further. Set m/ := my + 2my. Then m/ and ms also form a generating set of
M. The relation on mq, msy translates to

—24m’1 + ng =0
given by the matrix

C_ﬂﬂﬂw_{fﬂ.

Note that we have done a row operation (subtract twice row 1 from row 2) to get from B to
C. Continuing in this fashion by subtracting 12 row 2 from row 1 we also form

Dz&ﬂ@C:By

The last matrix D presents the module M’ = Z?/im(tp) with generators a, b, where
a=e +im(tp), b=ey+im(tp)

and relation 2a = 0. This module M’ is isomorphic to our original module M. As we will
see, this proves M =2 Z @ Z/2. An explicit isomorphism between M’ and Z & Z/2 is given
by sending Z? — Z & Z/2 by the unique Z-module homomorphism defined by

e; — (1,0) and ey — (0, [1]2).

Now notice that the kernel of this homomorphism is the submodule (2e2)Z = im(¢p). Then
the first isomorphism theorem gives M’ = Z?/im(tp) X Z & Z/2.

Lemma 3.8. Let R be a commutative ring with 1 # 0, A € My, ,(R) and B € M, ,(R) for
some m,n,m',n’ > 1. Then A and B present isomorphic R-modules if B can be obtained
from A by any finite sequence of operations of the following form.:

(1) an elementary row operation,
(2) an elementary column operation,

(3) deletion of the jth column and ith row of A if Ae; = e;, that is, if the jth column of A
18 the vector e;,

(4) the reverse of 3: insertion of a row and column satisfying Ae; = e;,
(5) deletion of a column of all 0’s,

(6) the reverse of 5: insertion of a column of all 0s.
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Proof. 1t is sufficient to show that each individual operation gives an isomorphism, as the
composition of isomorphisms is an isomorphism.

For operations (1) and (2), consider matrices A and A" where A’ is obtained from A by the
given elementary row/column operation, and set M = R™/im(t,) and M’ = R™ /im(t ).
We need to prove that there is an isomorphism M = M'.

In case (1), where we have an elementary row operation, let E be the corresponding
elementary matrix. Since A" = FA, the isomorphism £ : R" — R™ maps im(A) bijectively
onto im(A’). Thus @ induces an isomorphism

M = R™/im(t,) = R™/im(ts) = M’

In case (2), where we have an elementary column operation, let E be the corresponding
elementary matrix. Since A’ = AE and since E is an isomorphism, we have

im(tA/) = im(tAE) = im(tA e} tE) = im(tA)

and so m =m’ and M = R"/im(t4) = R™ /im(t,) = M’. In fact, note that for this one
we get equality, not merely an isomorphism.

For case (3), we have m’ = m — 1 and ' = n — 1. Since R™ is free, by the UMP for free
modules there is a unique R-module homomorphism p: R™ — R™ ! sending

/ !
61 H 61,...761'71 '% 6271
e;— 0
I /
Citl P> €y vy €y > €0

Similarly, there is a unique R-module homomorphism ¢: R® — R"! sending

/ /
61 )_> 61,...,63'_1 )_> 6]_1,
€5 O,
/ /
€41 > €y yEn = €,_q-

Here the elements e; are part of a standard basis for R" or for R™, while the elements ¢
are part of a standard basis for R"~! or for R™~!. Then the diagram

R —A L Rm

| |
n—1 m—1
commutes by the definition of A’. In particular, p(im(t4)) C im(t4/) and so p induces an
R-module homomorphism
p: M — M,
and we claim p is bijective.
Since p is onto, so is p. Suppose m € ker(p). Then m = v +im(t,4) for some v € R™ and
p(v) € im(ta ). Say p(v) = A'w. Since q is onto, w = ¢(u) for some u. Then

p(v — Au) = p(v) — pA(u) = p(v) — A'q(u) = p(v) — A'w = p(v) — p(v) =0,
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and thus v — Au € ker(p). Now, the kernel of p is clearly Re;, so that v — Au = re; for some
r. Finally, since Ae; = e;, we have A(re;) = re; = v — Au and hence v = A(u + re;), which
proves v = ta(u + re;) € im(t4) and hence that m = 0.

For (5), it is clear that the columns of A’ generate the same submodule of R™ as do the
columns of A, and thus M = M’.

Finally, for operations (4) and (6), since the isomorphism relation is reflexive, the state-
ments of parts (3) and (5) show that parts (4) and (6) are true as well. O

Which modules have presentations? The discussion in Section 3.1 shows that the answer
is every module. But if we want to make the presentation be finite (that is, so that the
matrix describing the module has finitely many rows and columns) then we need to restrict
ourselves to finitely generated modules. This in general does not suffice to guarantee that
there will only be finitely many generators for the submodule of relations.

It might seem like no submodule of a finitely generated module could ever fail to itself
be finitely generated, but indeed this happens!

Example 3.9. Let k be a field and R = k[z1, x9, . . .| be a polynomial ring in infinitely many
variables. When we think of R as a module over itself, it is finitely generated — by the
element 1. However, there are submodules of R that are not finitely generated: for example,
the ideal (x1, o, ...) generated by all the variables.

Definition 3.10 (Noetherian ring). A ring R is noetherian if every ascending chain of

ideals
LClLCIl3C---

eventually stabilizes: there is some N for which I,, = I,,,; for all n > N.

The following characterization of noetherian rings is the key to guaranteeing that sub-
modules of finitely generated modules are also finitely generated.

Theorem 3.11. A commutative ring R is noetherian if and only if every ideal of R is finitely
generated.

Many rings are noetherian.
Example 3.12.
a) Every field k is noetherian, since (0) and k are the only ideals.

b) If R is a principal ideal domain (PID), then by definition every ideal is generated by a
single element, and hence R is noetherian.

c¢) If R is noetherian, then you will show in Problem Set 5 that every quotient of R is also
noetherian.

For more examples, the following famous theorem is useful.

Theorem 3.13 (Hilbert Basis Theorem). If R is a noetherian ring, then so is Rlxy, ..., x,)
for all integers n > 1.
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In the interest of time, and since we really won’t need it in this class, I will not give a
proof of the Hilbert Basis Theorem. Combining the facts above together gives the following
very nice fact:

Corollary 3.14. Let k be a field and let I be an ideal in S = k[, ..., x,] for somen > 1.
Then the ring S/I is noetherian.

This includes a large collection of the rings that are of most interest in the fields of
commutative algebra and algebraic geometry. In contrast, above we saw an example of a
ring that is not noetherian:

Example 3.15. Let k be any field and R = k[z1, x5, . . .] be the polynomial ring in arbitrarily
many variables. Then R is not noetherian: the ideal (z1, x9, . ..) generated by all the variables
is not finitely generated. Alternatively, we can see that the ascending chain of ideals

(z1) € (w1, 22) C (21, 22,23) C -+
does not stop.

Theorem 3.16. Let R be a commutative ring. If R is a noetherian ring, then every sub-
module of a finitely generated module is also finitely generated.

Proof. We will first prove that for each n > 1, every submodule of R" is finitely generated.
The base case n = 1 holds by Theorem 3.11, since a submodule of R! is the same thing as
an ideal of R. Assume n > 1 and that every submodule of R"~! is finitely generated. Let
M be any submodule of R™. Define

7: R - R!

to be the projection onto the last component of R". The kernel of 7 may be identified
with R"~1, and so N := ker(m) N M is a submodule of R"~!. By assumption, N is finitely
generated. The image 7(M) is a submodule of R!, that is, an ideal of R, and so it too
is finitely generated by Theorem 3.11. Furthermore, by the First Isomorphism Theorem
M/ ker(m) = n(M). By Lemma 1.54, we deduce that M is a finitely generated module.

Now let T' be any finitely generated R-module and N C T any submodule. Since T is
finitely generated, there exists a surjective R-module homomorphism ¢: R™ — T for some n.
Then ¢~ '(N) is a submodule of R" and hence it is finitely generated by the case we already
proved, say by element vy, ...,v, € ¢ (V). We claim that q(v;),...,q(v,) generate N.
Given any a € N, since ¢ is surjective we can find some b € ¢~!(N) such that ¢(b) = a.
Since vy, . . ., vy, generated ¢~ (N), we can find ¢y, ..., ¢, € R such that

b=civ1+ -+ vy = c1q(v1) + -+ cmq(vm) = qlcrvr + -+ + o) = ¢(b) = a. O

In fact, the converse of Theorem 3.16 is also true. More precisely, a commutative ring
R is noetherian if and only if every submodule of a finitely generated module is also finitely
generated.
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Remark 3.17. Let R be a commutative ring. Note that R is a module over itself and a
submodule of R is exactly the same thing as an ideal. This module R is always finitely
generated as an R-module: 1 generates R, for example. If R is not noetherian, then by
Theorem 3.11 R has an ideal I that is not finitely generated. Then [ is a submodule of a
finitely generated module that fails to be finitely generated.

Theorem 3.18. Any finitely generated module M over a noetherian ring R has a finite
presentation given by an m X n matriz A, that is, there is an isomorphism

M = Rm/ im(tA),
where tx: R" — R™ is the map on free modules ta(v) = Av induced by A.

Proof. Let M be a finitely generated module over a noetherian ring. We start by following
the general argument we described in Section 3.1: we choose a finite generating set y1,...vym,
of M and obtain an R-module map 7: R™ — M that sends e; to y;, by using the UMP for
free modules. Since every element in M is given as a linear combination of the y;, the map
7 is surjective. Notice, however, that this representation as a linear combination of the y; is
not necessarily unique, so 7 might have a nontrivial kernel.

Since R™ is finitely generated and R is noetherian, by Theorem 3.16 the submodule
ker(m) is also finitely generated, say by z1,...,z,. This too leads to a surjective R-module
map ¢g: R" — ker(m) that sends e; — z;. The composition of g: R" — ker(m) followed by
the inclusion of ¢: ker(w) < R™ is an R-module homomorphism ¢t = to0 ¢ : R* — R™ and
hence by Theorem 2.32 we know t is given by a m x n matrix A = [t]§ with respect to the
standard bases of R™ and R" respectively, meaning t = t 4.

It remains to show that M = R™/im(t4). First note that since t4 = 1o g and g is
surjective we have

im(t4) = im(c o g) = t(im(g)) = e(ker(m)) = ker(m).
By the First Isomorphism Theorem we now have

M = im(r) = R™/ker(n) = R™/im(t ). O

3.3 Classification of finitely generated modules over
PIDs

Since any PID is a noetherian ring, any finitely generated module M over a PID has a
finite presentation matrix A. We will discuss a canonical form for such a matrix A and the
consequences it has on determining the isomorphism type of M.

Theorem 3.19 (Smith Normal Form (SNF)). Let R be a PID and let A € M, ,(R). Then
there exist invertible matrices P and Q) such that M = PAQ = [a;;] satisfies the following:
all nondiagonal entries of M are 0, meaning a;; = 0 if ¢ # j, and the diagonal entries of M
satisfy

an | agg | ass|---.
Moreover, the number £ of nonzero entries of M is uniquely determined by A, and the nonzero
diagonal entries aqq, ..., am are unique up to multiplication by units.
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Remark 3.20. Elementary row and column operations correspond to multiplication by
elementary matrices, which are invertible, and that the composition of invertible matrices is
invertible. So whenever we apply elementary row and column operations, we can translate
it into multiplication by an invertible matrix on the left or the right, respectively.

To transform a matrix A into its Smith Normal Form, we will use a sequence of steps that
all correspond to multiplication by invertible matrices. Many of those steps will actually be
elementary row and column operations, which correspond to multiplication by an elementary
matrix. Elementary matrices are invertible, and a product of invertible matrices is invertible,
and so any finite sequence of elementary row and column operations can be described by
multiplication by an invertible matrix. However, in general not every invertible matrix can
be obtained as a product of elementary matrices. In fact, there are examples of PIDs R
and matrices A for which the Smith Normal Form cannot be obtained by simply taking a
sequence of elementary row and column operations. However, it is not easy to give such
an example, in part because when our PID R is nice enough, the Smith Normal Form can
in fact be obtained by simply taking a sequence of elementary row and column operations.
This is the case for Euclidean domains: over such rings, the Euclidean Algorithm for finding
the ged of two elements works, and it’s the key step we will need to find a Smith Normal
Form. When R is a general PID, however, we need to work a little harder.

Before we prove Theorem 3.19, let’s see how to classify modules over PIDs using the Smith
Normal Form for their presentation matrix. First, we need a lemma on how to interpret the
module presented by a matrix in Smith Normal Form; we leave the proof as an exercise.

Lemma 3.21. Let R be a commutative ring with 1 # 0, let m > n, let A = [a;;] € My, . (R)
be a matrix such that all nondiagonal entries of A are 0, and let M be the R-module presented
by A. Then M = R™ " @ R/(a11) @ -+ ® R/(ann).

Theorem 3.22 (Classification of finitely generated modules over a PID using invariant
factors). Let R be a PID and let M be a finitely generated module. Then there exist r > 0,
k > 0, and nonzero nonunit elements dy, .. .,dy of R satisfying dy | do | -+ | di such that

M=ZR ®R/(d)®--- & R/(dy).
Moreover r and k are uniquely determined by M, and the d; are unique up to associates.

Proof. By Theorem 3.18, M has a presentation matrix A. By Theorem 3.19, A can be
put into Smith Normal Form B, where the diagonal entries of B are b,...,b, and satisfy
by | by | - | b. Moreover, k is unique and the d; are uniquely determined up to associates
(ie, up to multiplication by units) by A, hence by B. By Theorem 3.18, M is isomorphic to
the module presented by B. By Lemma 3.21, this is isomorphic to

M=R @R/(b)®---®R/(by).

Finally, some of these b; might be units; let d;|---|dy be the nonunits among the b;, and
note that if  is a unit, then R/(u) = (0). We conclude that

M=R @®R/(d)®---® R/(dy),
as desired. U
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Definition 3.23. Let R be a PID, let » > 0,k > 0, and let dq, ..., d; be nonzero nonunit
elements of R satisfying dy | dy | -+ | dy. Let M be any R-module such that

M=R ®R/(d)®---®R/(d).
We say M has free rank r and invariant factors di, ..., dx.
Notice that the invariant factors of M are only defined up to multiplication by units.

Remark 3.24. The classification theorem can be interpreted as saying that M decomposes
into a free submodule R" and a torsion submodule Tor(M) = R/(dy) & --- & R/(dy).

Corollary 3.25 (Classification of finitely generated abelian groups). Let G be a finitely
generated abelian group. Then

G=Z"®Z/n & - BZL/ny

for some r > 0, k > 0, and n; > 2 for all i, satisfying ni1 | n; for all i. Moreover, the
integers r, k, and ny,...ng are uniquely determined by G.

Example 3.26. Consider the Z-module M presented by the matrix

1 6 5 2
A=12 1 -1 0
30 3 0

We can obtain the Smith Normal Form as follows:

16 5 2 1 6 5 2 1 0 0 0
A= 12 1 —1 of E=222R g 11 —11 —4| = |0 =11 —11 —4
30 3 0] M 0 —18 12 —6 0 —18 —12 —6
10 0 0 1 0 0 0 10 0 0
C2C4 0 4 —11 —-11 C3—C3+2C2 4 _3 1 C2C4 0 1 _3 _4
0 —6 —12 —18] “7MN g 6 0 0 00 0 —6
1 00 O 1 0 0 O] 1 000
Slo1 o0 ol &% o1 0 ol &€= 10100
000 —6 00 —6 0 0060
Thus the Smith normal form of A is
100 0]
M=1010 o],
00 6 0

with invariant factor d; = 6. Notice that the two ones are not invariant factors: we only
care about nonunits. Therefore we have

M = Z/(1) & Z/(1) & Z/(6) = Z/(6).
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Here is a spinoff of the classification theorem.

Theorem 3.27 (Classification of finitely generated modules over a PID using elementary
divisors). Let R be a PID and let M be a finitely generated module. Then there exist r > 0,
s > 0, prime elements py,...,ps of R (not necessarily distinct), and ey, ..., es = 1 such that

M~R ®R/(p) @& R/(p).

Moreover, r and s are uniquely determined by M, and the list pi*, ..., p% is unique up to
associates and reordering.

Proof. First, write M in invariant factor form M = R"® R/(d;) & --- @ R/(d;). Then write
each invariant factor as a product of prime powers

Ti4+1

d; = H p;jv

Jj=ni
and recall that by the CRT we have
R/(d;) = R/(pi;') @ -+ & R/ (puii).

Substituting into the invariant factor form gives the desired result. Uniqueness follows from
the uniqueness of the invariant factor form and of the prime factorizations of each d;. m

Definition 3.28. Let R be a PID, let r > 0, s > 0, py,...,ps be prime elements of R, and
let e1,...,es > 1. Let M be the R-module M = R" & R/(pf*) ®--- D R/(pe). The elements
Pty ..., pS of R are the elementary divisors of M.

Careful that a particular prime might appear repeatedly in the elementary divisors of a
particular module.

Example 3.29. When R = Z and M = 7Z/(6), we can write M = 7Z/(2) & Z/(3), so the
elementary divisors are 2 and 3.

Corollary 3.30. Let G be a finitely generated abelian group. Then there exist r,s = 0,
prime integers pq, . ..,ps, and positive integers e; > 1 such that

G=Z"®ZL/p! & - BL/p%.
Moreover, r, p;, and e; are all uniquely determined by G.

We have yet to show Theorem 3.19: every matrix over a PID has a Smith Normal Form.
We will need a few auxiliary lemmas.

Definition 3.31. Let R be a PID and let a4, ...,a, € R. The greatest common divisor or
ged of ay, ..., a,, denoted ged(ay, ..., a,), is a generator for the principal ideal (aq, ..., a,).
Given a matrix A € M,, ,,(R), gcd(A) is the ged of the entries of A. We adopt the convention
that gcd(0,0) = 0 and thus if A is the matrix of all zeroes, then ged(A) = 0.

Notice that the greatest common divisor is only defined up to multiplication by a unit.
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Lemma 3.32. Let R is a PID. Let A € M, ,(R) be any matriz and let P € M,,(R) and
Q € M,(R) be invertible matrices. Then ged(A) = ged(PA) = ged(QA). In particular, if
B € M, »(R) and B is obtained from A by a finite sequence of elementary row and column
operations, then ged(A) = ged(B).

Proof. First, suppose that n = 1, meaning that A is a column, say

by
and let PA= | :
bm
We need to show that (ai,...,a,) = (bi,...,by). On the one hand, each b; is a linear
combination of the a;, so (by,...,by,) C (al, ...y ap). On the other hand,
ay bl
— PY(PA) =P | :
Ay, bm
so each a; is a combination of the b;, and a; € (b, ...,b,). We conclude that we have an
equality of ideals (ai,...,ay) = (b1,...,bn), and thus multiplying a column vector by an

invertible matrix does not change the greatest common divisor of the entries.
Now given A € M,,, »(R), if we denote the ith column of A by A;, we have

PA=[PA, - PA,].

Since the ged of each column remains the same, the ged of all the entries does not change.
To show that ged(AQ) = ged(A), note that transposing a matrix does not change its ged
nor the fact that its invertible, so we can apply what we have already shown:

ged(AQ) = ged((AQ)") = ged(QTAT) = ged(A”) = ged(A).

Finally, applying elementary row and column operations corresponds to multiplying by
an elementary matrix on the left or right, and elementary matrices are invertible. ]

Lemma 3.33. Let R be a PID and x,y € R. There exists an invertible 2 x 2 matriz

P € My(R) such that
B[]

Proof. By definition of greatest common divisor, (z,y) = (ged(x,y)), so there exist a,b € R
such that ax + by = ged(z,y). Write g := ged(z,y) and h = ged(a,b). Then ax + by is a
multiple of gh, but since ax + by = g and R is a domain, we conclude that h must be a unit,
and (a,b) = (h) = (1). In particular, we can find ¢,d € R such that ad — bc = 1. Finally,

b +cy € (z,y) = (9), s0 a b [z
F o Bl= L)
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Now we can apply the row operation that adds —e times the first row to the second row: by

setting
P 1 Of]a b] a b
" |l—e 1| |lc d| |c—ea b—de|’

T |9
Pl L
Finally, one can easily check that

e I ] -

By transposing the matrices in Lemma 3.33, we can show that there exists an invertible
2 x 2 matrix () such that

we get

[35 y] Q= [gcd(x,y) O] )

Exercise 14. Show that for any ¢ > 1 and any commutative ring R, the ideal generated by
the ¢ X ¢ minors of a matrix with entries in R is unchanged by row and column operations.

We are now finally ready to show that every matrix over a PID can be put into Smith
Normal Form.

Theorem 3.19. (Smith Normal Form) Let R be a PID and let A € M,,,,(R). There
exist invertible matrices P and @ such that M = PAQ = [a;;] satisfies the following: all
nondiagonal entries of M are 0, meaning a;; = 0 if 7 # j, and the diagonal entries of M
satisfy

a11 |6L22|a33 | SR

Moreover, the number ¢ of nonzero entries of M is uniquely determined by A, and the
nonzero diagonal entries a1, ..., ay are unique up to multiplication by units.

Proof. Before we begin, note that we will apply a sequence of steps that correspond to
multiplication by an invertible matrix on the left or right, and by Lemma 3.32, none of these
steps will change the ged.

To prove existence of such a matrix M, we claim we can multiply A on the right and the
left by invertible matrices to transform it into a matrix of the form

g 0

0 B
for some (n — 1) x (m — 1) matrix B, where g = ged(A). If our claim holds, then we are
done: notice that ¢ divides every entry of B, since ged(A) = ged(g, B) by Lemma 3.32, and

so by applying this fact to B, and then over and over again, we arrive at a matrix of the
desired form M. Notice moreover that if C' is an invertible matrix, then so is

b ]
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To construct a matrix in the form above, let a be the upper left (1,1) entry of A. First,
we are going to show that we can turn A into a matrix of the form

o o

with the same ged as A. If a happens to divide all the entries on the first row and column,
then we can simply apply elementary row and column operations to get to the desired
form. Suppose there exists b on the first column such that a 1 b. Then we may apply an
elementary row operation switching rows so that b = ay; is on the first column, second row.
By Lemma 3.33, we can now find an invertible matrix C' € My(R) such that

-]

p;:{c 0].

Consider the m x m matrix

0 [m—2

Note that PA has (PA);; = ged(a,b) and (PA)y; = 0, so this step replaces a by ged(a, b)
and b by 0. By Lemma 3.32, ged(PA) = ged(A). We can keep repeating this until the top
left corner entry divides every entry on the first column, and this process must stop after at
most m — 1 steps, since there are only m elements on the first column.

Similarly, if there exists b on the first row that a does not divide, we can repeat this
process by instead multiplying A on the left by an invertible matrix, until we zero out all
the remaining entries on the first row and column. Finally, we arrive at a matrix of the form

a 0

b 5
If @ = ged(A), we are done. If not, then we can find some entry b = a;; such that a 1 b.
We can then add the jth column to the first column, which puts b into the first column
without affecting a, since the remainder of the top row is zero. But this brings us back to
the previous situation, and we have already shown that we can replace the top left corner
by ged(a, b).

At each step, we replace a by some ¢ with is both a divisor of a and a multiple of ged(A).

Our ring R is a UFD, so there are finitely many factors of a/ ged(A), and this process must
stop. This shows that we can eventually replace A by

0 3]

Now it remains to show the uniqueness portion of the theorem. For any ¢ and any matrix
B, let ged,(B) denote the ged of all the ¢ x ¢ minors of B. By Exercise 14, ged; is unchanged
by row and column operations, so ged,(A) = ged,(M).

For a matrix of the form M, the only minors that are nonzero are those where the choices
of columns and rows are the same, and hence the only nonzero ¢ x ¢ minors of M are g, - - - gs,
for some s; < --- < s;. Since gs, - - - g5, divide each other, it follows that
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In particular, the largest value of ¢ such that some ¢ X ¢ minor of A is nonzero is £. Also, we
have

ged; (A)
9i=
ged;_1(A)
This proves uniqueness, for it shows that ¢, g1, ..., g, are all defined from A directly, without
any choices. O]

Example 3.34. Consider the PID R = k[z]|, where k is any field, and the matrix

r—1 0
A= { 1 z-— 2] '
The first row has already been zeroed out, but unfortunately z — 1 does not divide 1. In this
case, though, we can see that ged(A) = 1, so we can switch the first and second rows to get

1 xr—2
z—1 0 '

Now we zero out the rest of the first row and first column using row and column operations:

1 T —2| R2-R2—(@-1R1 |1 T —2 c2—02—(z—2)C1 |1 0
x—1 0 10 —(z—1)(x—2) 0 —(z—1)(z—2)|"

This is a Smith Normal Form. If we prefer to not have that negative sign, we can multiply
the second row by —1, to obtain

1 T —2| R2-R2-(@-1)R1_ |1 T — 2 c2—C2—(z—2)Cc1 |1 0
x—1 0 0 —(xz—1)(z—2) 10 (z—=1)(z—2)|"

There is only one invariant factor, which is (x — 1)(z —2). The k[z]-module M presented by
Ais
M = kla]/((z = 1) (2 - 2)).

If we prefer to write this in terms of elementary divisors, our module has two: = — 1 and
x — 2, and it is isomorphic to

M = klz]/(x — 1) & klz]/(z — 2).



Chapter 4

Canonical forms for endomorphisms

4.1 Rational canonical form

Recall that given an F-vector space V with dimp(V) = n and an ordered basis B for V' we
have proven in Proposition 2.32 that Endz(V) = M, (F) via the maps t — [t]5 and A — t4.
Recall also from Lemma 1.48 that to give a finitely generated module over F[x] is the same
data as a finite dimensional vector space V' and a linear transformation V" — V:

Definition 4.1. Let F' be a field, let V' be a finite dimensional vector space over F', and let
t:V — V be a linear transformation. The F[z]-module V; is defined to be the vector space
V' with the unique F'[z]-action satisfying xv = t(v) for all v € V. That is,

(rpz”™ 4+ +ro)v=r"t"(v) +---+rov forall r,z" +---+ry € Flx].

Theorem 4.2. Let F' be a field, let V be an F-vector space of dimension n, lett: V — V be
a linear transformation, let B be an ordered basis for V., and let A = [t]5. Then the matriz
xl, — A € M,,(F[z]) presents the F|x]-module V;.

Proof. Let B = {by,...,b,} be any basis for VV, and note that B is a generating set for V; as
a module over F[z]. As we described in Section 3.1, V; can then be written as a quotient of
F[z]™. More precisely, let ey, ..., e, denote the standard F[z|-basis for the free F'[x]-module
Flz|™, and let 7: Flz]™ — V; be the surjective F[z]-module homomorphism sending e; to b,.

That is,
m((g1(2),- - gn(x _7T<Zgz > Zgz b—Zgz

By the First Isomorphism Theorem, we have V; = F|z]"/ker(m). On the other hand, the
matrix xl, — A determines a map

ter,—a: Flz]" — Flz|",
and to show that V; = F[x]"/im(t,;,_4) it suffices to show that im(¢,;,_4) = ker(7). Now

(moter_a)(e:) = 7((xLy—A)es) = (L, — A)m(e;) = (2L, — A)b; = aby— Ab; = t(b;)—t(b;) = 0.
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This proves im(z1, — a) C ker(w). It follows by Theorem 1.43 that there is a surjection of
F[z]-modules
W= Flz]"/im(z1, — A) - V,.

We may also regard this as a surjection of F-vector spaces. Since dimg(V;) = n and the map
above is surjective, we have dimp(W) > n, which follows from the Rank Nulity Theorem.
To establish that the map above is an isomorphism, it suffices to show that dimg(W) < n.

Denote by ¢; = ¢; + im(z1, — A) the image of the standard basis of F[z]" in W. The
1th column of x1,, — A gives the relation xc; = v; in W, where v; is the i-th column of A. It
follows that p(z)c; = p(A)c; in W for any polynomial p(z). Thus a typical element of W,
given by > g;()c;, is equal to g1(A)er + - -+ + g (A)c,. Such an expression belongs to the
F-span of ¢q,...,¢c, in W; that is; ¢q,..., ¢, span W as an F-vector space. Therefore, we
have the desired inequality dimg(WW') < n, which completes our proof. O

Corollary 4.3. Suppose F is a field, V is an F-vector space, and t: V — V is a linear
transformation. There exist unique monic polynomials g1|---|gx € F[z] of positive degree
and an F[x]-module isomorphism

Vi = Flz]/(g1) & -~ & Flz]/(gx)-

The polynomials gy, . . ., g, are both the invariant factors of the F[x|-module V; and the entries
on the diagonal of the Smith normal form of xI,, — [t|5 for any basis B of V.

Proof. Theorem 4.2 says that xI,, — [t|5 presents the F|z]-module V;, and the remainder of
the statement is an immediate application of the Classification of finitely generated modules
over PIDs to this special case once we show that there is no free summand. Note that F[z]
is an infinite dimensional vector space over F, while V; is a finite dimensional vector space.
If V; had a free summand, then it would contain an infinite linearly independent set over F,
and thus it could not be finite-dimensional. O]

Definition 4.4. The polynomials gy, . . ., gx in Corollary 4.3 are called the invariant factors
of the linear transformation t.

Example 4.5. Let
11

Then

0 rx—1

We could compute the invariant factors of t: Q% — Q? by appealing to the Smith Normal
Form of xl, — A, but let us try another way. Let

di 0
0 dy
be the Smith Normal Form of I, — A. Recall from the proof of Theorem 3.19 that d; is the

ged of the entries of Iy — A and dydy = det(zI, — A). Thus dy = det(zl, — A) = (v — 1)?
and d; = 1. Therefore the only invariant factor of ¢4 is (z — 1)
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You will show the following lemma in Problem Set 6:

Lemma 4.6. For a monic polynomial f(z) = 2™ 4+ a,_12" ' + -~ ayx + ag with n > 1, the
classes of 1,x,..., 2" form a basis for F|z]/(f(z)) regarded as an F-vector space. Relative
to this basis, the F-linear operator I, : Flx]/(f(x)) — F[z]/(f(x)) defined by l,(v) = zv is
gwen by the following matriz:

0 0 --- 0 —ag

1 0 - 0 —a 0 -~ 0 —a
Cf)=10 1 0 e = |

. . . . . n—1

Do e : —a,_,

0 -~ 0 1 —an 1]

Definition 4.7. In the setup of Lemma 4.6, the matrix C'(f) is called the companion
matrix of the monic polynomial f.

Definition 4.8. Given square matrices Ay, ..., A,, with entries in a ring R, not necessarily
of the same size, we define A; ® --- @ A,, to be the block diagonal matrix

A 0 - 0
0 Ay - 0
0 -~ 0 A,

Remark 4.9. If f : V; — Wj and g : V5 — W, are linear transformations, then the map
feg: ViV, - Wy e W, given by (f®g)(a,c) = (f(a),g(c)) is a linear transformation. If
B; is a basis for V; and C; is a basis for W;, and ¢; : A; < A; @ Ay are the natural inclusions,
then B = 11(By) U t2(By) is a basis for V; @ Vi, C = 11(C) U 15(Cs) is a basis for Wy & W,
and .
flg, 0
@ gl = {[ 51 .

Theorem 4.10 (Rational Canonical Form). Let F be a field, V' a finite dimensional F-vector
space, and t: V — V an F-linear transformation. There is a basis B of V' such that

C(g1) 0 0o .- 0
ME=clye ec@)=| | @ Lo 0
00 0 o)
where g1, ..., g are the invariant factors of t, meaning they are monic polynomials of positive
degree such that g1 | g2 | -+ | gx. Moreover, the polynomials ¢, ..., gy are unique.

Proof. By Corollary 4.3, V; = @le F[z]/(g:(x)) for some unique g¢; as in the statement.
Set V; = F[z]/(g;(x)) and note that V;, = V; & --- & V;. The map [, : V; — V; given by
multiplication by = preserves each summand in this decomposition: [,(V;) C V;. Thus if we
choose a basis B; of each summand V; and set B = Ule ti(B;), by Remark 4.9, B is a basis
of V; and [t]} = [tln]p & - & [t|Vk]g’;. The result now follows from Lemma 4.6. O
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Definition 4.11. In the setup of Theorem 4.10, the matrix C'(g1) ® - - - ® C(gx) is called the
rational canonical form (RCF) of the linear transformation ¢. The rational canonical form
of a matrix A € M,,(F) is defined to be the rational canonical form of the endomorphism ¢4
represented by A with respect to the standard basis of F™.

11
01
factor of Iy — A is (z — 1)?, the Rational Canonical Form of ¢4 is

Example 4.12. Let A = { € My(Q) as in Example 4.5. Because the only invariant

ROF(A) = C(x —1)?) = C(a® — 20+ 1) = ﬁ _21}

We will later show that two matrices have the same Rational Canonical Form if and only
if they are similar.

4.2 The Cayley-Hamilton Theorem

Definition 4.13. Let F be a field and let A € M,,(F"). The characteristic polynomial of
A is the polynomial c4 = det(z1, — A).

Definition 4.14. Let V be an F-vector space of dimension n, and let ¢t : V' — V be a linear
transformation. The characteristic polynomial of ¢, denoted ¢;, is the characteristic
polynomial ¢4 for a matrix A = [t]B with respect to some ordered basis B of V.

Characteristic polynomials are well-defined.

Remark 4.15. We need to check that the characteristic polynomial of a linear transforma-
tion is invariant under base changes. More precisely, we need to check that if we choose two
different basis B and B’ for V, then the matrices A = [t]% and C = [t]5, have the same
characteristic polynomial. First, recall that A and C' are similar matrices, by Theorem 2.39,
so C' = PAP™! for some invertible matrix P. Moreover, diagonal matrices are in the center
of M,,(R), meaning they commute with other matrices, and thus we have the following:

det(zI, — C) = det(xI,, — PAP™)
= det(P(zI, — A)P™1)
= det(P) det(x1, — A) det(P™1)
= det(xl, — A).

We conclude that A and B have the same characteristic polynomial.

Remark 4.16. For any matrices A and B, cagp = cacp.

Definition 4.17. Let F' be a field and let A € M,,(F'). The minimal polynomial of A,
denoted m 4, is the unique monic polynomial that generates the principal ideal

{f(z) € Fla] | f(A) = 0}.
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Definition 4.18. Let V be an F-vector space of dimension n, and let £: V' — V be a
linear transformation. The minimal polynomial of ¢, denoted my, is the unique monic
polynomial generating the ideal annpp,)(V;) in the PID Fx].

Lemma 4.19. Let F be a field. Let V be an F-vector space of dimension n with basis B and
lett : V — V be a linear transformation. The minimal polynomial ma of A = [t]B satisfies
ma = My.

Proof. Since m,4 and m; are both monic, it’s sufficient to show anng,)(V;) = (ma). Indeed,

feampy (Vi) < f(r)v=0foralveV,

<~ f(A)v=0forallveV,

= ker(f(4) =V,

<= rank(f(A)) =0 by the Rank-Nulity Theorem
— f(A)=0

<~ f € (ma) by definition of m4. O

Remark 4.20. If m(z) is the minimal polynomial of an endomorphism ¢ and f(z) is another
polynomial such that f(z) annihilates V;, then f(z) € ann(V;) = (m(x)), and thus m(z)|f(x).

Similarly, suppose that m(x) is the minimal polynomial of a matrix A and f(z) is another
polynomial such that f(A) = 0. By Lemma 4.19, we know that m(z) is also the minimal
polynomial of the linear transformation ¢ : v — Aw, and that f(z) also annihilates V;. Thus
we can also conclude that m(z) | f(x).

Lemma 4.21. Let F be a field, let V be a finite dimensional F'-vector space, and t: V — V'
be a linear transformation with invariant factors ¢i|---|gx. Then ¢, = g1 -+ gr. and my = gi.

Proof. The product of the elements on the diagonal of the Smith Normal Form of x[,, — A
is the determinant of zI, — A. Thus the product of the invariant factors g;---g of V;
is the characteristic polynomial ¢; of ¢t. Notice here that we chose our invariant factors
g1, - -, gk to be monic, so that g; - - - g, is monic, and thus actually equal to ¢; (not just up
to multiplication by a unit).

By Problem Set 5, annpp(V;) = (gx), and since g, is monic we deduce that m; = g,. O

We can now prove the famous Caley-Hamilton theorem.

Theorem 4.22 (Cayley-Hamilton). Let F' be a field, and let V be a finite dimensional F -
vector space. If t :' V. — V is a linear transformation, then m; | ¢;, and hence ¢;(t) = 0.
Similarly, for any matrizv A € M, (F') over a field F we have ma|ca and cy(A) = 0.

Proof. Let A = [t]B for some basis B of V. Note that the statements about A and ¢ are
equivalent, since by definition ¢4 = ¢;, while my4 = m; we have f(A) = 0 if and only if
f(t) = 0. So write m =my =m; and ¢ = ¢4 = ¢;.

By Lemma 4.21, m = g, and ¢ = ¢ - - - gx, so m | ¢. By definition, we m(A) = 0. Since
m|c, we conclude that ¢(A) = 0. O



5}

Remark 4.23. As a corollary of the Cayley-Hamilton Theorem, we obtain that the minimal
polynomial of ¢: V — V has degree at most n = dim(V'), since m; divides ¢;, which is a
polynomial of degree n.

Lemma 4.24. Let F' be a field and let V' be a finite dimensional F'-vector space. Ift .V —V
is a linear transformation, then c; | my.

Proof. Since g; | g, for 1 <i < k, we have ¢; = g1 -+ g1, | gf = mF. O]
It follows that ¢; and m; have the same roots, not counting multiplicities.

Definition 4.25. Let V be t: V — V be a linear transformation over a field F'. A nonzero
element v € V satisfying t(v) = Av for some A\ € F'is an eigenvector of ¢t with eigenvalue .
Similarly, given a matrix A € M,,(F'), a nonzero v € F" satisfying Av = Av for some A € F
is an eigenvector of A with eigenvalue .

Theorem 4.26. Let f € F. The following are equivalent:
(1) X is an eigenvalue of t.

(2) X\ is a root of ¢;.
(3) A is a root of my.

Proof. By the Cayley-Hamilton Theorem, my|c;, and thus (3) = (2). On the other hand, by
Lemma 4.24 we know that ¢; | m¥, so if ¢;(\) = 0 then m;(\)* = 0, and since we are over a
field, we conclude that m;(A) = 0. This shows (2) = (3).

Finally, to show that (1) < (2), notice that the scalar A\ € F' is an eigenvalue of A if and
only if there is a nonzero solution v to (Al,, — A)v = 0. This happens if and only if A\J,, — A has
a nontrivial kernel, or equivalently if AT — A is not invertible. Thus A € F' is an eigenvalue
of A if and only if it is a root of its characteristic polynomial c4(z) = det(xI,, — A), meaning

CA<)\) =0. ]
Theorem 4.27. Let F be a field and let A, A" € M,,(F'). The following are equivalent:

(1) A and A" are similar matrices.
(2) A and A" have the same Rational Canonical Form.

(3) A and A" have the same invariant factors.

Proof. To show (1) = (2), suppose A is similar to A’. Then there exists an invertible matrix
P such that A’ = PAP~!, and thus

xl, — A = xI,PAP™' = P(zI, — A)P ",

Thus the matrices xI,, — A and x1,, — A" are also similar. Moreover, by definition we see that
similar matrices have the same Smith normal form, and thus A and A’ have the Rational
Canonical Form. The invariant factors can be read off of the Rational Canonical Form, and
thus (2) = (3).

Finally, to show (3) = (1) notice that if A and A’ have the same invariant factors then
there is an isomorphism of F[z]-modules F}" = F},, which implies by a homework problem
in Problem Set 6 that A and A’ must be similar. O
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Example 4.28. Let us find the minimal and characteristic polynomials of 7' : R? — RR?
given as rotation by 60 degrees counter-clockwise. We could write this down as matrix and
compute its characteristic polynomial, but a simpler way is to notice that 7% = —1I,, and
so T satisfies the polynomial 2* + 1 = (x + 1)(z? — 2 + 1). Its minimal polynomial must
therefore divide 3 + 1. Since 23 +1 = (z + 1)(2? — x + 1) and 2% — z + 1 is irreducible in
Rlz], we conclude that the minimal polynomial of T', which we know has degree at most 2,
must be either x +1 or 22 — 2 + 1. If my =  + 1, then T would be —I,, which is clearly
incorrect. So the minimal polynomial of 7" must be 22 — x + 1. By Cayley-Hamilton, this
polynomial must divide the characteristic polynomial, and since the latter also has degree
two, we conclude that
cr(z) =2 —x + 1.

Since this is irreducible, in this example we have no choice for how to form the invariant
factors: there must just be one of them, cr(z) itself. So

C*—x+1)= [(1) _11}

is the rational canonical form of 7.

Example 4.29. Let’s find the minimal polynomial of

1100
0110
0011
0 001

By the Cayley-Hamilton Theorem, mu(x) | ca(z). The polynomial ca(z) is easy to
compute since this matrix is upper-triangular:

ca(z) = det(zly — A) = (z — 1™

So ma(z) = (z — 1)’ for some j < 4. By brute-force, we verify that (A — I,)? # 0 and thus
it must be the case that m4(z) = ca(x) = (x — 1)%.

Example 4.30. Let’s find the minimal polynomial of

oo o
e e R S
o~ oo
—_—_— O O

As in the previous example, ca(z) = (z — 1)* and so by the Cayley-Hamilton Theorem
ma(x) = (z — 1)7 for some j < 4. This time we notice that (A — I4)> = 0 and so, since
(A — 1) # 0, we have m4(z) = ca(x) = (x — 1)%



57

4.3 Jordan canonical form

We now turn to the Jordan canonical form. To motivate it, let us do an example.

Example 4.31. Let us consider

00 8
A=1|1 0 —12| =C((x —2)*) € M3(Q).
00 6
This means we can interpret this matrix as arising from the linear transformation [, on
V = Qlal/(x - 2)°
given by multiplication by x. Recall that the basis that gives the matrix A is
B = {1,722}

But notice that

B ={(z—2)2-2,1}
is also a basis of V', and indeed seems like a more pleasing one. Let us calculate what the
operator T' does to this alternative basis. We could work this out by brute force, but a
cleaner way is to first compute what the operator 7" =T — 2idy does. It is clear that 7" is
multiplication by x — 2, and hence T” sends each basis element to the previous one, except
for the first which is sent to 0. That is the matrix of 7" is

010
0 01
0 00
and hence the matrix for 7" is T" + 215:
2 10
J3(2) = [0 2 1
0 0 2

This is a Jordan Block.
Definition 4.32. Let F' be a field, let n > 0, and let r € F. The Jordan block J,(r) is

the n x n matrix over F' with entries satisfying the following:
r ifi=y
0 otherwise.

Thus a Jordan block looks like
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Theorem 4.33 (Jordan Canonical Form Theorem). Let F' be a field, let V be a finite
dimensional vector space, and lett : V — V be a linear transformation satisfying the property
that the characteristic polynomial ¢; of t factors completely into linear factors over F. Then
there is an ordered basis B for V such that

Jey(r1) 0 0 0
15 = dt) @iy = | | e X
0 0 0 J(r)
such that each r; € F is a root of the characteristic polynomial ¢; and each e; > 1. Moreover,
the polynomials (x — Tl)“é. .y (@ =71, are the elementary divisors of the F|x]-module V;,

and this expression for [t|5 is unique up to ordering of the Jordan blocks.

Proof. The key point is the following: the assumption that ¢ completely factors into linear
terms guarantees that the elementary divisors of ¢ are of the form (z — r)¢. The proof then
follows along the lines of Example 4.31. First write V; in terms of the elementary divisors,
as follows

Vi= Flal/((x —=r)?) @ -+ @ Fla]/((x —rs)™).

Then pick bases B} = {(x — r;)%~1, ..., o — r;, 1} for each of the summands and set
B = Ju(B)).
i=1

All that remains to show is that the matrix representing multiplication by x on each summand
is Je,(r;). More precisely, we want to compute the matrix representing the F-linear trans-
formation 7: F[z]/((z — r)¢) = Flx]/((x — r)¢) in the basis B = {(z — 7)1, ...,z —r,1}.
Let 7" := T — r - id, and note that

TG =0

and

T((z—r))=(z—r)+t foralli <e—1.

Thus the first column of [T"]5 is zero, and each of the remaining ordered basis vectors is
taken to the previous basis vector, so that

(T3 =

Since T = T’ + rid, we conclude that [T]5 is indeed given by the Jordan block J.(r), as
desired. ]
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Definition 4.34. Let I be a field, V' be a finite dimensional vector space, and let ¢t : V — V
be a linear transformation satisfying the property that the characteristic polynomial ¢; of ¢
factors completely into linear factors and has elementary divisors (x — 71), ..., (x — 7)%.
The matrix Je,(r1) @ --- @ J.,(rs) is a Jordan canonical form (JCF) of t.

A Jordan canonical form for A € M,,(F') is a Jordan canonical form for the linear
transformation t4: F™ — ™ such that A = [t]% in the standard basis E of F™.

The same matrix may fail to have a JCF when interpreted as a matrix with entries in a
smaller field while it has a JCF when interpreted as a matrix with entries in a larger field.

Example 4.35. We revisit the example of the rotation by 60° but extend scalars to C. That
is, start with a matrix A with ca(z) =2 — 2+ 1= (z — w)(z — W) where w = HT‘/“E’Z Since
the minimal polynomial of A is m4 = 2% — 2 + 1, we deduced in Example 4.28 that the only
invariant factor of A is 22 — x + 1, and hence the RCF of A is C(z? — z + 1). On the other
hand, over C the polynomial m, factors, say as 22 —z + 1 = (x — w)(z — w), and thus by
the CRT

Clr])/(2* — 2+ 1) 2 C[z]/(z — w) ® Clz]/(z — W).

Therefore,

0 w

A~ Clz—w)®Clz —T) = {“’ 0}.

The latter matrix is the JCF of A, and in this case the JCF is a diagonal matrix. Notice
that if we consider A € Ma(R) then the characteristic polynomials fails to factor into linear
factors. Hence A € My(R) does not have a JCF.

Definition 4.36. Let F' be a field, let V be a finite dimensional vector space, and let
t:V — V be a linear transformation. Then ¢ is diagonalizable if there is a basis B for V'
such that the matrix [¢t]5 is a diagonal matrix. Let A € M,,(F). Then A is diagonalizable
if A is similar to a diagonal matrix.

Theorem 4.37. Let F' be a field, let V' be a finite dimensional vector space, and consider a
linear transformationt : V — V. The following are equivalent:

(1) t is diagonalizable.
(2) t has a Jordan canonical form A and A is a diagonal matriz.

(3) t has a Jordan canonical form and all elementary divisors are of the form x — r with
rekF.

(4) Each invariant factor of t is a product of linear polynomials with no repeated linear
factors.

(5) The minimal polynomial of t is a product of linear polynomials with no repeated linear
factors.
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Proof. Note that a diagonal matrix is an example of a matrix in JCF. By the uniqueness of
the JCF, (1) holds if and only if (2) holds. Moreover, the equivalence of (2) and (3) follows
by definition. A matrix has a JCF if and only if its invariant factors factor completely.
In this case, the elementary divisors are constructed by decomposing each invariant factor
into powers of distinct linear polynomials. This gives that (3) holds if and only if (4) holds.
Finally, since the minimal polynomial is one of the invariant factors and every other invariant
factor divides it, we get the equivalence between (4) and (5). O



Chapter 5

Field Extensions

One motivation for studying field extensions is that we want to build fields in which certain
polynomials have roots. Here is a classical example going back to Gauss: while over R the
polynomial f = 2% + 1 € R[z] has no roots, if we want a field in which f does have a root
we need to consider C = R(i) = {a + bi | a,b € R}.

Here’s another example that has already come up in this class: the polynomial g =
r?—z+1 € Q[z]. We know that this has a root w = 1+T\/§’ € C. But if we look for the smallest
field containing Q in which 22—z +1 has a root we obtain the field Q(w) = {a+bw | a,b € Q}.

So here’s our goal: starting from a smaller field F' and an irreducible polynomial f € F[z],
we want to build a larger field L. One way to do this is to take a root a of f and adjoin
it to I obtaining the field L = F(a), which is the collection of all expressions that one can
build using addition, subtraction, multiplication and division starting from the of elements
of FFU{a}. Another way to build a larger field L from a smaller field F' and an irreducible
polynomial f € F[z] is to let L = F[z]/(f(z)). We will show below that these two ways of
creating larger fields are one and the same.

Throughout, we will need some results about irreducible polynomials from 817.

Theorem 5.1. Let F' be a field and f € F[z]. An element o € F' is a root of f if and only
if f=(x—a)g for some g € Fx].

Theorem 5.2 (Eisenstein’s Criterion). Suppose R is a domain and let n > 1, and consider
the monic polynomial

fx)=a"+ap 12" '+ + a1 +ag € R[]
If there exists a prime ideal P of R such that ag,...,a,_1 € P and ay ¢ P?, then f is
irreducible in R|x].
Theorem 5.3 (Gauss’ Lemma). Let R be a UFD with field of fractions F. Regard R as a
subring of F' and R[x] as a subring of F[z] via the induced map R[x] — F[z]. If f(z) € R[z]
is wrreducible in R[z], then f(z) remains irreducible as an element of F|x].
Theorem 5.4. Let R be a UFD with field of fractions F. Regard R as a subring of F' and
R[z] as a subring of F[x] via the induced map R[x] — F[z]. If f(x) € R|x] is irreducible
in Flz| and the ged of the coefficients of f(x) is a unit, then f(x) remains irreducible as an
element of R[z].

61
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5.1 Definition and first properties

Definition 5.5. A field extension is an inclusion of one field F' into a larger field L, making
F into a subfield of L. We sometimes write F' C L and sometimes L/F to signify that L is
a field extension of F'.

So a field extension is just another name for a subfield, but the emphasis is different. We
think of F' as coming first and L later.

Remark 5.6. If FF C L is a field extension, then L is in particular an F-vector space. This
is a special case of the more general fact that if ¢: R — S is a ring homomorphism, then S
is a left R-module via r - s := ¢(r)s by restriction of scalars.

Definition 5.7. The degree of a field extension L/F is
[L: F):=dimp(L).
A field extension is finite if its degree is finite.
Here are some examples.
Example 5.8. Since C = R(i) = {a + bi | a,b € R}, we have [C: R] = 2.

Example 5.9. We have [R : Q] = oo. In fact, to be more precise we should say that [R : Q]
is the cardinality of R, but in general we lump all infinite field extensions together when
talking about degree, and just write [L : F] = oc.

Now we show that for any field F' and any nonconstant polynomial f with coefficients in
F, there exists a field extension of F' in which the polynomial f has at least one root.

Theorem 5.10. Let F be a field, p € Flzx] with deg(p) > 1, and L = F[z|/(p). If p is

wrreducible, then

(1) L/F is a field extension via the map

F—— L
[+ ).
(2) The degree of the extension is [L : F] = deg(p).

(8) The element T := x + (p) € L is a root of p in L.

Proof. First, note that (p) is a nonzero principal ideal in F'[z]. Recall that over a PID, ideals
generated by an irreducible element are maximal. Since p is irreducible, we conclude that
(p) is maximal, and thus F[z]|/(p) is a field.

We regard L as a field extension of F' via the canonical map F' — L sending f € F to
the coset of the constant polynomial f. This map is not technically an inclusion map, but
since it is an injective map we can pretend that it is an inclusion by identifying F' with its
image under this map. Note that injectivity of this map follows from the fact that (p) is a
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proper ideal of F[z|, and thus every nonzero constant a € F' is taken to a nonzero element
in L = Flz]/(p)-

You showed in Problem Set 6 that if deg(p) = n, then the classes of 1, z, ..., z"~! modulo
(p) form basis for L regarded as an F-vector space. Therefore, [L : F|] = deg(p). Moreover,
we can extend the inclusion F' C L to an inclusion F[z] C L]z|, and thus we can regard p as
belonging to L[z]|. Setting T = = + (p) € L, the element T is a root of p(z) € L[z] since

n

p(7) = p(x) + (p(x)) = 0. 0

Example 5.11. The polynomial f(z) = z? + 1 is irreducible over R. Theorem 5.10 says
that f has a root in the extension R[z|/(z* + 1), and indeed, R[z]|/(z* + 1) = C, where f
factors completely into linear factors: f(x) = (x —i)(x +1). In fact, R[z]/(z* + 1) = R[q].

Now that we know that there exists a field extension of F' in which p(z) has a root, we
may wonder about the smallest such extension.

Definition 5.12. Let F' C L be a field extension and o € L. We write F'(«) for the smallest
subfield of L that contains all of ' and a.

In contrast with the previous definition, we will also consider the smallest ring containing
F and a.

Remark 5.13. Since the intersection of any two subfields of L is again a subfield, F'(a)
exists and is given by

Fla) = ()] E.
E field
FU{a}CECL

Definition 5.14. Let F' C L be a field extension and a € L. We write

Fla] = {f(a) | | € Flz]}.

Remark 5.15. Note that any subring of L containing F' and o must contain all products of
a and elements of F', and all linear combinations of such things. Thus F[a] is the smallest
subring of L containing F' and a. Note that our notation does not include L, since in fact
F[a] does not actually depend on the choice of L as long as L 3 «.

Here is another way to describe this field F'(«). We leave the proof for Problem Set 7.

Lemma 5.16. If F' C L is a field extension and o € L, the field F(«) is the fraction field
of Flo] = {f(a) | f € Flz|}: more precisely,

_ [yl x), f(x z], f(a
Plo) = { 49| ), ) € Flol i) # 0}

Soon we will give an even better description for F'(«) in the case where « is the root of
a polynomial p € F[z].

Definition 5.17. A field extension L/F is called simple if L = F(a) for some element «
of L. We call such an a a primitive element for the extension.
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If L/F is a simple field extension, note that there might be many different elements o € L
such that L = F(«). Thus primitive elements are not necessarily unique.

Example 5.18. The extension R C C is simple, and i is a primitive element: C = R(4). For
another choice of primitive element, take —i.

We can generalize this to adjoining a subset instead of a single element.

Definition 5.19. If FF C L is a field extension and A is any subset of L, the subfield
generated by A over F, denoted F'(A), is the smallest subfield of L that contains all of
F. If A={ay,...,a,} is a finite set, we write F'(ay,...,a,) for F(A).

Remark 5.20. Again, since the intersection of any two subfields of L is again a subfield,
F(A) exists and is given by
F(A)= (] E

EDF,A

Example 5.21. Regard Q as a subfield of C and let F = Q(v/2,v/3). Setting E = Q(v/2),
we can also think of F as F' = E(v/3). We will see shortly that F = {a + bv/2 | a,b € Q}.
In other words, E is the set of Q-linear combinations of 1 and v/2, so [F : Q] = 2.

. 2 . . . . .
Since V3~ € Q C FE, every element in F' can be rewritten as an E-linear combination of

1 and v/3:
F={a+BV3|a,fcE}={(a+bV2)+ (c+dV2)V3|a,b,c,decQ}.

and On the other hand, E # F, so we conclude that [F': E] = 2.
We claim that F is in fact a simple extension of Q; more precisely, that Q(v/2++/3) = F.
Set 3 := /2 + /3. Note that 82 = 5+ 2v/6 and

8 = 5V2 4+ 5v3 + 4V3 4+ 6v2 = 11v2 + 9V3.

So 5(8* —98) = V2, and hence V2 € Q(f). Likewise, V3 = —3(8* — 118) € Q(f). So
Q(8) = Q(v2,v/3). This shows that Q(v/2,v/3)/Q is simple and v2 + /3 is a primitive

element of this field extension.

This example is an illustration of the Primitive Element Theorem, which we might or
might not have time to prove this semester: every finite extension of QQ is simple.

Next we will show that if « is a root of a given polynomial p(z) € F|x], then F(«) is
determined by p(z) up to isomorphism.

Theorem 5.22. Let L/F be a field extension and let p(x) € Flx] be an irreducible polyno-
mial. If p has a root a € L, then there is an isomorphism ¢ with ¢|p = idg and

Flx]
6) F(a)

r+ (p(x)) ——a

f(@) + (p(x)) —— f(a).
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Proof. Let ¢ : F[z] — F(a) be the evaluation homomorphism that sends z — «; more
precisely, ¢(f(z) := f(a), and the restriction of this map to F' is the identity on F. Since
p(a) = 0, we have (p(z)) C ker(¢ %), and since (p(z)) is a maximal ideal and ker(¢) # F|z],
we conclude that (p(:v)) = ker(¢).

Now by Theorem 1.43 we get an injective ring homomorphism

(p(2))

such that o(f(x) + (p(x))) = ¢(f(x)) = f(a).

It remains to be shown that ¢ is surjective. We will actually show more, namely that
im(¢) = Fla] = F(a). Note first that by the definition of ¢ above, the image of ¢ on F[z]
is Flo]. However, since ¢ is injective the image of ¢ is a field contained in F(«), and since
the smallest field containing F|a] is F(a), we must in fact have im(¢) = F(«). O

o: — F(a)

Let’s formalize the extra information we have obtained in the course of proving the
theorem. First we used the following useful fact:

Remark 5.23. If ¢ : F' — L is an injective ring homomorphism and F' and L are fields then
the image of ¢ is a subfield of L.

Corollary 5.24. Let L/F be a field extension and let p(x) € Flz]| be irreducible having a
root a € L. Then Fla] = F(«).

Corollary 5.25 (Uniqueness of F(«)). Let p(z) € F[x] be irreducible and let o and [ be
two roots of p(x) in some extensions L and K of F. Then F(a) = F(8), so that the two
roots are algebraically indistinguishable.

Example 5.26. Taking p(z) = 22+ 1 € R[x] with roots @ = i and 8 = —i in C, we actually
obtain equal fields R( ) = C = R(—i). But Corollary 5.25 gives that there is an interesting

isomorphism ¢ : C =4 C that sends i to —i. In general, we have ¢(a + bi) = a — bi for
a,beR.

Example 5.27. Another example illustrating Corollary 5.25 is that Q(v/2) and Q(—+/2)
are isomorphic fields. In fact, the are equal: Q(v/2) = Q(—+/2). But again Corollary 5.25

gives that there is an interesting isomorphism ¢ : Q(v/2) — Q(—v/2) = Q(v/2) that sends
V2 to —v/2. In general, we have o(a+ b\/ﬁ) =a—+/2fora,beQ.

The two examples above preview the central idea of Galois theory.

Example 5.28. In Example 5.21, we showed that Q(\/_ \/_) (\/§ + \/§) We want to
find a polynomial p € Q[z] such that Q(V2+ v3) = Q[x]/(p(x)). Set =2+ /3.

Note that we have 82 = 5+ 2v/6 and 8* = 49+ 201/6 and hence $* — 103>+ 1 =0. So 3
is a root of z* — 1022 4 1. It can be shown that this polynomial is irreducible. How? First,
Gauss’ Lemma says that it is sufficient to show that it is irreducible in Z[z].

Suppose that f does factor. Then that factorization will be preserved when we go modulo
p for any prime p. We will use this to show that f has no linear factors. When we go modulo
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3, we claim that f has no roots: indeed, Fermat’s Little Theorem says that a®> = a for all
a € Z/(3), so our polynomial becomes

f@)=a* -2 +1=2-2*+1=1.

Since there are no roots modulo 3, we conclude that f has no linear factors over Z either.
Thus if f factors over Z, it must factor as a product of degree 2 polynomials, which we can
assume to be minimal. Suppose

f(z) = (2% + az + b)(2® + cx + d).

These coefficients must satisfy the following system of equations:

a+c =0
b+d+ac =—-10
ad + be =0
bd =1.
The first equation tells us that a = —¢, so 0 = ad + bc = a(d — b), and since Z is a domain,

we conclude that d = b. Moreover, b*> = 1, so b € {—1,1}. Finally, we have
b+d+ac=—-10 = a*>=1042.
But neither 8 nor 12 are squares in Z, so this is impossible.

The previous example partially illustrates a nice trick: to show that a polynomial over
Q is irreducible, we need only to show it is irreducible over Z, and to do that, it is sufficient
to show that the polynomial is irreducible modulo a prime. In what follows, we will be very
interested in irreducible polynomials, and we might want to use this type of tricks. Before
we move on, let’s see another example of this technique.

Example 5.29. Consider the polynomial f(z) = z* — 102*> — 19 € Q[z]. We claim it is
irreducible, and thanks to Gauss’ Lemma it is sufficient to show that f is irreducible over
Z. 1f f is reducible over Z, it must also be reducible over Z/(p) for all primes, since going
modulo p will preserve the fact that f factors. Modulo 3, our polynomial becomes

f(x) = a* + 227 + 2.

Repeating the trick from Example 5.28, since z* and 2? take the same values over Z/(3), we
see that for any a € Z/(3) we have

fla)=a*+2a*> +2=3a>+2=2#0.

Thus f has no roots modulo 3, and thus it has no linear factors. Thus if it is reducible, it
must be a product of two degree 2 factors, say

f(z) = (2% + ax + b)(2* + cx + d).

These coefficients must satisfy the following system of equations:

a—+c =0
b+d+ac =2
ad + be =0
bd = 2.

Since a = —c¢, we get a(d —b) = ad+bc =0 = b= d. Thus the last equation tells us that
b? = 2, but all squares modulo 3 are 0 or 1, so this is impossible.
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5.2 Algebraic and transcendental extensions

Definition 5.30. For a field extension F' C L and o € L, we say « is algebraic over F' if
f(z) = 0 for some nonconstant polynomial f(x). Otherwise, « is transcendental over F.

Example 5.31. The element ¢ € C is algebraic over R, since i> + 1 = 0. In fact, every
element of C is algebraic over R, and we will soon see why. In contrast, the numbers 7 and
e of R are transcendental over Q, though these are both deep facts.

Theorem 5.32. Suppose L/F is a field extension and o € L.
(1) The set I :={f(x) € Flz|| f(a) = 0} is an ideal of F|x].

(2) I =0 if and only if o is transcendental over F. Equivalently, I # 0 if and only if o is
algebraic over F.

(3) If « is algebraic over F, meaning I # 0, then the unique monic generator mq p(z) of
the ideal I s irreducible.

(4) If « is algebraic over F', then there is an isomorphism of fields
F(a) = Flz]/(mor(x))
sending F identically to F' and sending x to .

(5) The element « is algebraic over F' if and only if [F(«) : F] < co. In this case,

[F(a) : F] = deg(ma,r(x)).

(6) The element « is transcendental over F if and only if [F(«) : F| = co. In this case,
there is an isomorphism of fields between F(«) and the field of fractions of Flz]:

Flo) = Fa) = {9 |9 £ 0}

sending F identically to F and sending x to «.

Proof. The set [ is the kernel of the evaluation homomorphism that maps x + «. This map
is a ring homomorphism, and thus I must be an ideal of F[z]. The content of (2) follows by
definition of algebraic and transcendental elements.

To show (3), assume I # 0 and let p be its unique monic generator. Suppose p = fg.
Since p(a) = 0 in F' and F is a field (and thus a domain), either f(a) = 0 or g(a) = 0.
Therefore, either f(z) € I or g(z) € I. This proves (p) is a prime ideal and hence p is a
prime element. Since F[z] is a PID, it follows that p is irreducible.

The statement of (4) is already Theorem 5.22.

Let’s show (5). If a is algebraic over F', then (4) shows that

[F(a) : F] = deg(ma,r(z)) < oco.
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For the converse, if [F'(«) : F| < oo, then the infinite list 1, o, @, . .. of elements of F'(«) must
be F-linearly dependent. Thus ag + a;a + - - - a,™ = 0 for some n and some ag,...,a, € F
not all zero. This shows « is the root of a nonzero polynomial.

To show (6), the map ¢ defined as in (4) is injective. Since the target is a field L and
F[z] is an integral domain, by the UMP of the fraction field ¢ can be extended to the field
of fractions of F[z], so there is a homomorphism of fields ¢ : F(z) — L. The image of this
field map is

{f(a) | g.f € Flal, /( >¢o},

which is precisely F'(a) by Lemma 5.16. The map is injective since it is a field homomorphism
that is not identically zero. ]

Definition 5.33. Let ' C L be a field extension and « € L, and consider the ideal

I'={f(x) € Flz]| f(a) =0}

from the previous theorem. The unique monic generator m,, p(z) for I is called the minimal
polynomial of « over F.

Remark 5.34. Note that the minimal polynomial of a over F, if it exists, must divide
every polynomial in F[z] that has « as a root. Also, it can be characterized as the monic
polynomial in F[z] of least degree having « as a root.

Example 5.35. Note that the minimal polynomial of i over R is m;g(z) = 2% + 1.

Theorem 5.36 (The Degree Formula). Suppose F' C L C K are field extensions. Then
[K: F]=[K:L|[L:F].
In particular, the composition of two finite extensions of fields is again a finite extension.

Proof. Let A C K be a basis for K as an L-vector space and let B C L be a basis for L as
an F-vector space. Consider the subset of K given by

AB :={ab|a € A be B}.

First, we claim that AB is a basis of K as an F-vector space. For a € K, we have a =), l;a;
for some aq,...,a,, € A and ly,...,l,, € L. For each i, [; is an F-linear combination of a
finite set of elements of B. Combining these gives that a is in the F-span of AB. To prove
linear independence, it suffices to prove that if a4, ..., a,, and by, ..., b, be distinct elements
of A and B respectively, then the set {a;b;} is linearly independent. Suppose i Jijaib; =0
for some f; ; € F'. Since the b; are L-linearly independent and

Z fi,jaibj = Z (Z f@j%’) bj

J

and f;;ja; € L, we get that, for each j, ) . fija; = 0. Using now that the a; are F-
linearly independent, we have that for all 7 and all 7, f;; = 0. This proves that the set
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{a;ibj | i=1,...,m,j =1,...,n} is linearly independent over F', and hence AB is linearly
independent over F'.

In particular, this shows that the elements of the form ab with a € A and b € B are all
distinct, so |AB| = |A| - |B|. Since AB is a basis for L over K, we conclude that

[K: F]=[K: L|[L: F]. O

Example 5.37. In Example 5.21 we showed that Q(v/2,v/3) = Q(B) with 8 = v/2 + /3.
We claim that mgg(x) = z* — 22 + 1. By the Degree Formula, we have

Q(B) - QI =1QB): E][E: Q] =2-2=4.

Thus mgg(z) has degree 4. We already know that 8 is a root of 2* — 1022 + 1, hence this
polynomial is divisible by the minimal polynomial of 3. Since they are both monic and have
degree 4, it must be that mgg(z) = z* — 1022 + 1. Arguing this way, there is no need to
check this polynomial is irreducible; it must be by Theorem 5.32 (3).

Definition 5.38. A field extension F' C L is algebraic if every element a € L is algebraic
over F'.

Definition 5.39. We say an extension of fields F' C L is finite if it has finite dimension.
Note: this is not a statement about the number of elements in the fields F' and L.

Example 5.40. The extension R C C is finite, since [C : R] = 2.

Lemma 5.41. Every finite extension of fields is algebraic.

First proof. Let K C L be a finite field extension, and let a € L. Since the extension is
finite, any infinite set of elements in L must be linearly dependent over F. In particular, the
set

{a" | n >0}

is linearly dependent. Does there exists n such that
{1,a,d? ...,a"}
is linearly dependent. Writing an equation of linear dependence, say
bpa™ +---+bja+by =0

for some b; € F, we might as well assume that b, # 0 (otherwise, replace n by the largest
value of 7 such that b; # 0), and thus after multiplying by b.'! we conclude that we can write
a™ in terms of the lower powers of a. In particular, a is algebraic over F. O

Proof using the Degree formula. Let K C L be a finite field extension, and let a € L. By
the Degree Formula, we have

[L: K] =[L: K(a)][K(a) : K],

and thus K C K(a) must be finite. By Theorem 5.32 (5), @ must be algebraic over K. [
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The converse if false, as shown by the following example:

Example 5.42. Let Q denote the set of complex numbers that are algebraic over Q, which
is by definition an algebraic extension of Q. However, we claim that Q is not finite over Q.

First, let p any prime integer, n > 0 be any integer, and consider the polynomial 2™ — p
over Q[z]. By applying Fisenstein’s Criterion with the prime ideal (p), we conclude that
x™ — p is irreducible over Z. By Gauss’ Lemma, 2" — p is also irreducible over Q.

Now Q contains the subextension Q(a), where a is a root of 2™ — p. Since 2" — p is
irreducible over Q, it is the minimal polynomial of a over Q, and thus by Theorem 5.32 (5) we
conclude that the degree of this extension is [Q(a) : Q] = n. Thus Q contains subextensions
of Q of arbitrarily large degree. By the Degree Formula applied to Q C Q(a) C Q, if Q had
finite degree over Q then that degree would be divisible by n for all n. We conclude that
Q: Q) = cc.

Theorem 5.43. Given field extensions F C L C E, L/F and E/L are both algebraic if and
only if E/F is algebraic.

Proof. (<) Suppose F' C E is algebraic. Every element in L is in £ as well, and thus it is
algebraic over F'; thus F' C L is algebraic. Moreover, any element o € E is algebraic over F'
by assumption, so it satisfies a polynomial with coefficients in F'. But any polynomial with
coefficients in F' is also a polynomial with coefficients in L, and thus « is algebraic over L.

(=) Fix a € E. We need to prove « is a root of some monic polynomial with coefficients
in F'. This is surprisingly hard to prove directly, and in fact the proof we will give is rather
nonconstructive.

Since « is algebraic over L, it is a root of some polynomial a,z"+- - -+a1x+ag € L[z]. Note
that this polynomial belongs to F'(aq, .. ., a,)[z] too, and so « is algebraic over F'(ay, ..., ay,).

Consider the chain of field extensions

F C F(ap) C F(ag,a1) € -+ C F(ag,ay,...,a,) C Flag,...,an, ).

Each a; € L is algebraic over F' for all i, and « is algebraic over F'(ag,as,...,a,), so each
step in our tower of extensions consists of adding an algebraic element to the previous field.
By Theorem 5.32; each step in this chain has finite dimension. By the Degree Formula,

[F(ag,...,an,@): F] = [F(ag,...,an,«): F(ag,...,a,)] - [F(ag) : F|

is finite. Moreover, if we reorder the tower above to start from F' C F(«), by the Degree
Formula we have

[F(a) : F][F(ag,...,an, «) : F(a)] = [Flag,...,an, a) : F] < 0.
Therefore, [F(«) : F] is finite. By Theorem 5.32 (5) again, « is algebraic over F. O

In the proof of Theorem 5.43, we also showed the following corollary of the Degree
Formula:

Corollary 5.44. If aq,...,a, are algebraic over F, then F' C F(ay,...,a,) is a finite
algebraic extension.
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5.3 Algebraically closed fields and algebraic closure

Definition 5.45. For any field extension F' C L, we define the algebraic closure of F' in
L to be the set B
Fp ={a € L]« is algebraic over F'}.

Lemma 5.46. For any field extension F' C L, the set F'1, is a a subfield of L that contains F.
Moreover, it is the largest subfield of L that is algebraic over F.

Proof. First, note that every element in a € F satisfies the monic polynomial x — a, and
thus F C Fr, which is in particular nonempty. The claims that £/ C F; and that Fy, is the
largest subfield of L that is algebraic over F' follow from the definition of F.

It remains to show that F, is a field: we need to show that F is closed under addition,
multiplication, and taking additive and multiplicative inverses. Let o, 3 € F . Since a and 3
are algebraic over F' and consequently /3 is algebraic over F'(a), we have that [F(«) : F] < oo
and [F(a, ) : F(a)] < co. Thus by the Degree Formula the extension F(a, 8)/F is finite,
and hence algebraic by Lemma 5.41. It follows that every element of F(a, ) is algebraic
over F. In particular o & 3, a3, and o' (if a # 0) are elements of F(a,3) C Fy. ]

The notion of algebraic closure is closely related (pun intended) to being algebraically
closed.

Definition 5.47. A field L is algebraically closed if every polynomial f(z) € L[x| that is
not a constant has a root in L.

This is equivalent to the condition that every nonconstant polynomial splits completely
into linear factors.

Example 5.48. The Fundamental Theorem of Algebra says that any polynomial in C[z]
completely factors as a product of linear terms, thus C is an algebraically closed field.

Lemma 5.49. If F C L is a field extension with L algebraically closed, then Fp is also
algebraically closed.

Proof. Let f € F[x] be a nonconstant polynomial. Since F; C L, f € L[x], and thus f has
aroot in L, say a € L. Since « satisfies a polynomial in F' [z], it must then be algebraic over
Fp. Thus Fy C Fp(a) is an algebraic extension, and F C F C Fp(a) is a composition
of two algebraic extensions. By Theorem 5.43, F C Fy(a) is algebraic. By definition, this
says that a is algebraic over F, and thus o € F';. Therefore, f has a root over F, and F,
is algebraically closed. O

Remark 5.50. In contrast, if L /F' is a field extension with L not algebraically closed, then
F1, need not be algebraically closed. For example, think of the extremal case when F = L,
where we must have F'; = F', which is not algebraically closed by assumption.

Example 5.51. Lemma 5.49 shows that the field Q defined in Example 5.42 is algebraically
closed.

Definition 5.52. Given a field F', a field L is called an algebraic closure of F'if ' C L is
an algebraic field extension and L is algebraically closed.
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Remark 5.53. Let L be an algebraic closure of F. Since L is algebraically closed by
definition, by Lemma 5.49 we conclude that F', is algebraically closed. On the other hand,
since F' C L is algebraic by definition, we conclude that F;, = L. This explains why we say
L is an algebraic closure of F.

Example 5.54.

1) Since [C : R] = 2, the extension R C C is finite, and thus by Lemma 5.41 the extension
R C C must also be algebraic. Moreover, C is algebraically closed by the Fundamental
Theorem of Algebra. Thus C is an algebraic closure of R.

2) By Lemma 5.49, an algebraic closure inside an algebraically closed field is algebraically
closed. Thus Q¢ = {z € C| z is algebraic over Q} is an algebraic closure of Q.

Next we will show that every field has a unique algebraic closure, so we can talk about
the algebraic closure of a field. To do that, we first need a lemma.

Lemma 5.55. If L/F is an algebraic field extension and every nonconstant polynomial
f(z) € Flz] splits completely into linear factors in Lx], then L is algebraically closed and
hence is an algebraic closure of F.

Proof. Suppose g(x) € L[z| is not constant. We need to prove g has a root in L. We may
form a (possibly trivial) algebraic extension L C FE such that g(x) has a root a in £. Note
that E/F is algebraic and hence « is algebraic over F'. So « is a root of some f(z) € F|[z].
But then f(z) = [[,(x — B;) € L[z] and it follows that o must one of the f3;, and hence
belongs to L. O]

We are going to use one more technical result, which will also be helpful to us later.

Theorem 5.56. Let F' be a field, f be an irreducible nonconstant polynomial, and consider
a field isomorphism 0: F — F'. Consider the isomorphism 0 : Flz] — F'[z] induced by 6,
and let f' = 0(f) € F'[z] be the polynomial corresponding to f. Let o be any root of f in
some field extension L of ', and o/ be any root of ' in some field extension L' of F'. Then
there exists a field isomorphism

-~

0: F(a) = F'(d)
that extends the map 0 and sends « to o'.

Proof. The key point is that

Flz]/(f) = F(a)
via a map that is the identity on F' and sends x to «, as we saw in Corollary 5.25. Thus we
have

F(a) = Flz]/(f) = F'la]/(f) = F'(d/)
with the middle isomorphism induced by 6. Tracking through these maps shows that it
extends # and sends « to o'

a=z+(f)—=x+(f)—d.
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We are now ready to show that every field has an algebraic closure, and that algebraic
closures are unique up to isomorphism.

Theorem 5.57 (Existence and uniqueness of algebraic closures). For any field F, there
exists an algebraic closure of F. If L and L' are two algebraic closures of the same field F,

then there exists a field isomorphism ¢ : L = L' such that olp = idp.

Proof of existence of algebraic closures. First, we reduce the proof of existence to the follow-
ing:

Claim: There is an algebraic field extension F' C L such that every nonconstant polyno-
mial in F[z] has at least one root in L.

Let us assume the claim holds. By using this fact repeatedly, we may form a tower of

field extensions
F=FRCkHCFHC---

such that, for all i, the extension F; C Fj,, is algebraic and every nonconstant polynomial in
F;[x] has at least one root in Fj,;. At each step, we apply the claim to F; to construct Fj;.

Let E := U;F;. One can show E is a field and F' C F is algebraic (exercise). Given
[ € F[z], by assumption f has a root « in F}, and hence f factors as f(x) = (x — a)g(z)
for g(z) € Fi[z]. But then g has a root in F; and hence factors in Fp[z]. Repeating this
we see f splits completely into linear factors in F,[z], where n = deg(f), and thus f splits
completely into linear factors in F[z|. By Lemma 5.55, F' is an algebraic closure of F'

Proof of Claim: Let S be the collection of all nonconstant polynomials with coefficients
in F', and for each f € S, pick an indeterminate y;. Now we form the rather large polynomial
ring R = Flys | f € S]. Let I be the ideal generated by f(ys). We claim that I is a proper
ideal. If not, then 1 € I, so we would have an equation of the form

1= glf1<yf1) +--+ gmfm(yfm)

in R. There exists finite extension E of F' in which each f; has a root «;: by Theorem 5.10,
fi has a root «a; in some extension of F, and F(a,...,q,) is a finite extension of F' by
Corollary 5.44. Evaluating the above equation by setting ys, = «;, we get 1 = 0, which is
impossible. This shows that I must be a proper ideal.

Since [ is a proper ideal, it is contained in some maximal ideal m. The quotient ring
K := R/m is a field, and the composition F' < R — K is a ring map F' — K between two
fields, and thus must be injective. By a slight abuse of notation, we will think of this map
as an actual inclusion. For any f € S, in K we have f(ys) = 0, so the image 7y € K of
yr € R is a root of f. We have constructed a field extension F' C K such that every f € S
has a least one root in K.

We are not quite done since it is not clear that K is algebraic over F. For each f € S,
pick a root By € K of f. Let L =F(5;| f € S) C K. Then L is algebraic over F' and every
member of S has at least one root in L. O

Proof of uniqueness of algebraic closures. Suppose L and L' are two algebraic closures of F'.
Let S be the set of pairs (£, i) where F is a subfield of L that contains F' and i : E' < L' is
a ring homomorphism with i|r = idp. Make S into a poset by declaring that (E,7) < (E’,d’)
whenever £ C E' and i'|p = 1.
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One can show (exercise!) that S satisfies the hypotheses of Zorn’s Lemma, and hence it
has a maximal element (£,7). We claim E must equal L. If not, we can find o € L\ E.
Let p(x) = mqp and set E' := i(E). So i maps E isomorphically onto E’. Let p'(z) be
the polynomial in E’[z] corresponding to p(x) via i, and pick any root o’ of p/(z) in L. By
Theorem 5.56, there is an isomorphism E(«) — E’(a’) extending the isomorphism 4. Since
E(a) C L, and by assumption «a ¢ E, this contradicts the maximality of (F,1).

Thus we have a field extension F' C i(L) C L' with i(L) = L via an isomorphism that
fixes F'. It follows that i(L) is also an algebraic closure of F'. Since L'/F is algebraic, we
must have i(L) = L’. Thus ¢ is surjective, and thus an isomorphism. O]

We will then be able to talk about not just an algebraic closure of F' but the algebraic
closure of F', so we can simplify our notation a bit.

Definition 5.58. Given a field F', we will write F for its algebraic closure inside an alge-
braically closed field extension of F'.

By Theorem 5.57, F is defined only up to isomorphism.
Example 5.59. The field C is the algebraic closure of R, so we write R = C.

Example 5.60. In Example 5.42, we defined Q as the set of complex numbers that are
algebraic over Q. In our notation from this chapter, this is what we denote by Qg, the
algebraic closure of Q in C. Since C is an algebraically closed field, this is the algebraic
closure of Q, which explains our notation Q from Example 5.42. This field Q is sometimes
called the field of algebraic numbers.

Remark 5.61. Earlier we used the notation Fj, to denote the algebraic closure of F in L. If
L is an algebraically closed field, then by Lemma 5.49 we know that Fj is also algebraically
closed, and since it is by definition algebraic over F, then F; is an algebraic closure of F,
so in fact this is the algebraic closure of F' (defined only up to isomorphism).

In contrast, if L is not an algebraically closed field, we saw in Remark 5.50 that Fj is
not necessarily algebraically closed. In particular, ' is not necessarily an algebraic closure
of F, and thus F;, and F might denote completely different things.

From now on, many constructions will happen inside an algebraic closure of a given field,
and we will use the notation F'.

Remark 5.62. Every algebraically closed field is infinite. Indeed, if F' is a finite field, say
F ={a4,...,a,}, then the polynomial

(x—ay)-(xr—a,) +1€ Flx]

has no roots in F. In particular, the algebraic closure of any finite field is infinite.
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5.4 Splitting fields

Definition 5.63. Let F' be a field and let f € F[z] be a nonconstant polynomial. A
splitting field of f over F' is a field extension F' C L such that f splits completely into
linear factors in L[z]|, and f does not split completely into linear factors over any proper
subfield of L that contains F'.

A splitting field of f is given by adjoining all the roots of f.

Lemma 5.64. If F' C E is a field extension such that f € F|x] factors in E[z]| as

n

f= cH(m— ;)

i=1
for some c,c, ..., € E, then F(oy, ..., ) is a splitting field for f over F.

Proof. Note that c is just the coefficient of f in degree n, and thus ¢ € F. Thus f(z) also

factors as
n

f(2) = ][z~ a)

=1

in F(aq,...,a,)x]. Hence, given some splitting field L of f over F, by the minimality

condition in the definition, we must have L C F(ay,...,a,). However, the splitting field
L must contain all roots of f in order for f to split completely in L[z], so we also have
F(ay,...,a,) C L. O

Remark 5.65. Note that there may be repetitions in the list o, ..., a,, but that does not
affect the validity of anything here.

Theorem 5.66 (Existence of splitting fields). Let F' be a field and f € F|x] a nonconstant
polynomial. There exists a splitting field L for f over F.

Proof. Let F be an algebraic closure of F', which exists by Theorem 5.57. Let ay, ..., am be
the roots of f in F. By construction, F(ay, ..., ) is a splitting field of f. n

Example 5.67.

a) As a silly example, if f already splits into linear factors over Flz|, then F itself is the
splitting field of f over F.

b) The splitting field of f = 2%+ 1 over R is C: the roots of f are i and —i, and R(i, —i) = C.

c¢) Let ¢ be any irreducible quadratic polynomial in R[z]. You will show in problem set 10
that the splitting field of ¢ is C.

Remark 5.68. In general, to form a field extension given by adjoining all the roots of
two polynomials g; and g, amounts to forming a splitting field of their product g;gs. This
naturally generalizes to any number of polynomials gi,...,g,: to adjoin all the roots of
g1, - - -, gn is the same as forming the splitting field of g; - - - gy,.
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It seems intuitive that by adjoining all the roots of f € Flx| to F, we will get a unique
field (up to isomorphism). That is, it seems intuitive that splitting fields are unique up to
isomorphism. This is indeed true, but the proof is a bit technical. We will actually show
something a bit stronger.

Theorem 5.69. Let F' be a field, f be a nonconstant polynomial, and a field isomorphism
0: F — F'. Consider the isomorphism 0: F[z] — F'[z] induced by 0, and let f' = 6(f) €
F'[x] be the polynomial corresponding to f. Suppose L is a splitting field of f over F and L’
is a splitting field of ' over F'. Then there is a field isomorphism 0:L— 1 extending 0.

Proof. We proceed by induction on the degree n of f. If f is linear, then so is f’, and in
this case L = F and L' = F’. We have shown this already in Corollary 5.25.

Let p be any irreducible factor of f, and let o € L be any one of the roots of p. Let
p = é(p) be the irreducible polynomial in F'[z] that corresponds to p, and let &’ be any one
of the roots of p/. By Theorem 5.56, there is an isomorphism

¢: F(a) = F'(a)

extending # and sending « to /.

In F(«), f factors as f = (r — a)g, and in F'(a/). Moreover, since ¢ extends 6 and
¢(a) = o, it follows that ¢(z — a) =  — . Therefore, the corresponding polynomial
f' = o(f) factors as f' = (x — a/)g’, and we have

(z —a)p(g) = ¢(x — a)d(g) = ¢((z — a)g) = 6(f) = [' = (x — a)g".

Since F” is a domain, we conclude that ¢(g) = ¢'.

Since L is a splitting field of f over F', f factors completely over L and thus so must g.
Moreover, any other field £ O F(«) containing all the roots of g would also contain «, and
thus all the roots of f, and thus £ = L. Thus L is a splitting field for g over F'(«), and L'
is a splitting field of ¢’ over F'(a/): Since deg(g) < deg(f) = n, it follows by induction that
there is a field isomorphism 0: L — L' that extends ¢ and hence extends 6. m

Corollary 5.70 (Uniqueness of the splitting field of f(x) over the base field F'). Any two
splitting fields L and L' of f(x) € F|x] over F are isomorphic via an isomorphism ¢ : L — L'
that fizes F, i.e. ¢|p = idp.

Proof. Apply part (2) of Theorem 5.69 to 6 = idp. ]

We will now be referring to the splitting field of F', rather than a splitting field, thanks
to the uniqueness result above.

Corollary 5.71. If L is the splitting field over F of an irreducible polynomial f(x) € F[z]
and if a, 8 € L are any two roots of f, then there is a field automorphism s: L — L such
that s|p = idp and s(a) = 5.

Proof. We basically already proved this, but since it is of large importance, let’s do so again:

Since «, f are roots of the same irreducible polynomial, by Corollary 5.25 there is an
isomorphism 7 : F(a) — F(f) such that 7|r = idr and 7(a) = . We have two field maps,
the inclusion F(a) <+ L and the composition of F(a) = F(3) < L, and realize L as the
splitting field of f over F(a) in two different ways. Since splitting fields are unique, by
Corollary 5.70, an isomorphism such as s exists. O
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Example 5.72. Let L be the splitting field of 23 —2 over Q, so L = Q(+v/2, €2™/3+/2, e*™/3:/2).
Corollary 5.71 says that there is a field automorphism s of L such that

s(e2m/3/2) = 4mil3 /3,

In fact, complex conjugation gives such an isomorphism.
Corollary 5.71 also says that there is a field automorphism 7 of L such that

7_(\3/5) _ €2m/3\3/§,
but it is not as clear what map this 7 is.
Example 5.73. The splitting field of f(z) = 2* — 522 + 6 = (22 — 2)(2® — 3) is

Q(V2.—V2,v3,-V3) = Q(vV2,v3) = Q(V2 + V3).

Note that we have shown the last equality in Example 5.21. This is an example where the
splitting field of f € F[z] is not the algebraic closure of F: we showed in Example 5.37
that [Q(v/2 + v/3) : Q] = 4, while in Example 5.42 we showed that [Q : Q] = co. Thus
QW2 ++V3) C Q.

Lemma 5.74. For every field F' and every nonconstant polynomial f € F[z| of degreen > 1,
every splitting field L for f over F satisfies [L : F] < nl.

Proof. By Corollary 5.70, splitting fields are unique up to isomorphism, so we just need to
show that there exists a splitting field L for f over F' with [L : F] < nl.

Intuitively, we just need to adjoin all the roots of f, which is possible since we already
know we can adjoint a root of any polynomial. More formally, we start by showing that there
is a field extension E/F such that f splits completely in E[x], but without the minimality
condition. Proceed by induction on the degree n of f. In the base case, n =1, so f is linear
and so I/ = F works.

Assume [ has degree n > 1. We proved in Theorem 5.10 that there exists a field extension
K of F such that f has a root a. In K|[z] we have f = (x — «)g with deg(g) = deg(f) —1 =
n — 1. By induction, there is a field extension E of K with [E : K] < (n — 1)! in which ¢
splits completely. Then f also splits completely in £ and by the Degree Formula

[E:F|=[E: K|[K:F] < (n—1)n=nl

Finally, let

f(2) =] - )

be the factorization of f in E[z], and set L = F(aq,...,a,). By Lemma 5.64, L is a splitting
field of f over F. By the Degree Formula,

[E: F(ag,...,q)][Flaq,...,0n) : F]=[E: F]<n! = [F(a,...,a,): F]<nl. O

The degree of the splitting field of f can be n!, but it can also be much smaller.
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Example 5.75. Let us find the splitting field L of 2* — 2 over Q, and the degree of this
27i
field. Its roots in C are /2, (3v/2, and (2v/2, where (3 = e . So

L =Q(V2,GV2,GV2).
It is useful to simplify this a bit, by noting that

_GV2

(3= 2 €L
and thus
L =Q(V2,¢).

We know from Lemma 5.74 above that [L : Q] < 3! = 6. We claim it is exactly 6. First,
we have
QCQ(V2) C L.
Moreover, z° — 2 is irreducible over Q, and /2 satisfies this polynomial, so it must be the
minimal polynomial of ¥/2 over Q. Thus [Q(\?’/i) : Q] = 3. Note that Q(\?’/?) C R but (3 is
not real, so Q(v/2) C L has degree at least two. The Degree Formula shows that

[L:Q]=[L:Q(V2)[Q(V2): Q] >3-2=6.
By Lemma 5.74, [L : Q] < 6, so we conclude that [L : Q] = 6.

Example 5.76. Let f(x) = 2" — 1 € Q[z]. Then f splits completely in C[z], and its n
many roots are the nth roots of 1. One of these is ¢, := e*™/™. Notice that every other nth
root of 1 is a power of this one. Thus Q((,) is the splitting field of ™ — 1 over Q. This is
a somewhat special example: upon adjoining one of the roots of f we got all the others for
free. This happens in other examples too, but it is certainly not a general principle.

In particular, we see that the degree of Q C Q((,) is at most n, far less than the bound of
n! given by Lemma 5.74. In fact, it is at most n—1, since f factors as (z—1)(z" '+ -+2+1),
and hence the minimum polynomial of (, is a divisor of 2"t 4 .- + 2 + 1.

When n = p is prime, then one can show that 2P~ + ...+ x + 1 is irreducible, and hence
it must equal the minimum polynomial of ,. So, in this case, the degree of Q C Q((,) is
exactly p — 1. However, the degree of Q C Q((,) can be smaller that n — 1 in general; for
example, when n =4, ¢, =i and [Q(4) : Q] = 2. Note that 23 + 22 + x + 1 factors as

P tr+l=@2+D(x+1)
and m; g(z) = 2% + 1.
Example 5.77. In Problem Set 9, you showed that the splitting field F' of f = 2*+5 € Q|z]
is a degree 8 extension of Q, and again 8 < 4! = 24. This is also an example where adding
one root does not give us the entire splitting field: since f is irreducible over QQ, which one
can show via Eisensteins’ Criterion, then for any root a of f we must have [Q(«a) : Q] = 4,

but since [F : Q] = 8, then Q(«) must not contain at least one of the other roots of f.
Here is another interesting feature of this example: let

= 671'1'/4\4/57 Oy = 63Wi/4%, - €5ﬂi/4%, ay = 6771'1'/4\4/57

and note that these are the four roots of f. You showed in Problem Set 9 that Q(a;+ay) C R,
but since ay, . .., a4 ¢ R, this says that none of the roots (including a;; and a is in Q(ag +ay).

This is in stark contrast with the example Q(v/2 4+ v/3) = Q(v/2, v/3) from before.
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5.5 Separability

Definition 5.78. Let R be a commutative ring. The characteristic char(R) of R is defined
to be the smallest positive integer n such that
7’L1R:1R++1R:0F
—_—

if such and integer exists, and 0 otherwise.
Example 5.79. Here are some familiar examples: char(Z) = 0 and char(Z/n) = n.

Definition 5.80. Given a field F', its prime field is the subfield of F' generated by 1p.
More precisely, the field
Frac ({klp | k € Z}).

You proved the following lemma in Problem Set 8:
Lemma 5.81. Let F' be a field.
a) The prime field of F is isomorphic to exactly one of the fields Q or Z/p.

b) The characteristic char(F') is either O or a prime number p.

In prime characteristic p, the most important tool we have at our disposal is the Frobenius
endomorphism x — xP. This is a simple but very powerful tool. The fact that the pth power
map is a ring homomorphism is known as the Freshman’s Dream.

Lemma 5.82 (Freshman’s Dream). If R is a commutative ring of prime characteristic p,
then the function
F:-R—R

c——— F(c)=¢P
s a ring homomorphism.

Proof. Since

(a+b)P = ; (Z) kb

p

k) are divisible by p for any 1 < k£ < p — 1, it follows that

(a+b)P =a”+ P,

and the binomial coefficients (

Because we also have (ab)? = aPb? by commutativity of R, and F(1) = 17 = 1, the function
F'is a ring homomorphism, as desired. [

Remark 5.83. Let R be a commutative ring of prime characteristic p. Since End(R) is
closed under composition, the eth iterate of the Frobenius endomorphism F*°, given by

Fe=Fo...0oF:R— >R
e times
r— Fe(z) = 2"

is also a ring homomorphism.
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We are now ready to talk about separability.

Definition 5.84. Let F' be a field, f € F[z] be a monic polynomial, and « be a root of f
in some field extension L of F. The multiplicity of « in f is the number of times z — «
appears in the factorization

f=1]=-5)
of f in some (equivalently, any) splitting field of f.
Definition 5.85. A polynomial f € F[x] is separable if the multiplicity of every root of f
in Fis 1.
Example 5.86. The polynomial z® — 1 is separable in R[x] because it has 3 distinct roots

in C, namely 1, (3, and (2, but not in Z/3[z], since z* — [1]3 = (x — [1]3)?.

Definition 5.87. For any field ' and f = a,2"+- - -+a1x+ao € F[z], define its derivative
to be
' =na,z" '+ (n — Dap_12" 2 + - 4 2a0x + a;.

Remark 5.88. The derivative is an F-linear map F[z] — F[z]: indeed, for any f,g € Fx],
we have

(f+9)'=f+g¢ and (af) =af
for all a € F.

Remark 5.89. If F'is a field of characteristic 0, then every nonconstant polynomial f € F[z]
has f’ # 0; in fact, deg(f’) = deg(f) — 1. In contrast, in prime characteristic p the condition
f" =0 does not imply f is constant. For example, (z?)" = paP~! = 0.

Lemma 5.90 (Criteria for separability). Let F' be a field and f € F|[z].

a) Given a root « of f in some field extension L of F, the multiplicity of o in f is at least

2 if and only if f'(o) = 0.
b) A polynomial f is separable if and only if ged(f, f') =1 in Flx].
c) If f is irreducible in Fx], then f is separable if and only if f' # 0.
Proof. Let L be the splitting field of f.

a) If f=(x—a)?g(x)in L[z], then f'(z) = 2(x — a)g(x) + (z — a)?*g(z), so f'(a) = 0.

Conversely, if f = (r — a)h(x) and h(a) # 0, then f'(x) = h(z) + (z — a)h/(z) does not
have a as a root.

b) By 1), f is separable if and only if f has no common roots with f’. By a problem in
Problem Set 9, we have ged(f, f') = 1 if and only if f and f’ have no common roots in F.

c) Since the degree of f’ is strictly less than the degree of f and f is irreducible, we have
that ged(f, f') # 1 if and only if f' = 0. O
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Definition 5.91. An algebraic field extension L/F is separable if for every o € L the
minimal polynomial m, r of o over F' is separable. An extension that is not separable is
sometimes called inseparable.

Exercise 15. Let ay, ..., a, be algebraic elements over F', and let L := F(ay, ..., q,). Show
that the extension F' C L is separable if and only if m,, r is separable for every <.

Definition 5.92. A field F' is perfect if every algebraic extension of F' is separable.

Remark 5.93. Every irreducible polynomial in F'[x] is separable if and only if every algebraic
field extension L/F is separable.

Corollary 5.94 (Every field of characteristic zero is perfect). Let F' be a field of characteris-
tic zero. Every irreducible polynomial in Fx] is separable and every algebraic field extension
L/F is separable.

Proof. For every a € L, its minimal polynomial m,, r is nonconstant. Since char(F") = 0,
m,, p 7 0. Since m,, r is irreducible in F'[z], Lemma 5.90 implies m, () is separable. [

Example 5.95. The characteristic zero extension Q C Q(\/Z \/5) is algebraic, and thus
separable by Corollary 5.94.

Lemma 5.96. Let F be a field with prime characteristic char(F) = p.

a) If b is an element of F' that is not a pth power of an element of F' and L is an algebraic
extension of L that contains a root of P — b, then F' C L is not separable.

b) If every element of F is the pth power of another element of F, then every algebraic
extension F' C L is separable.

Proof.

a) In general, for such F' and b, let « be a root of 2P — b in some field extension of F' and
let L := F(«). We claim that F' C L is not separable; specifically, we claim m := m, g is
not separable. Since « is a root of 2”7 — b, we have m | 27 —b. In L|z], by the Freshman’s
Dream we have

(x—a)f =aP —af = 2P —b.

If follows that m must divide (x — «)? in L[x] and hence m must have the form (z — a)

for some 1 < i < p. But ¢ # 1 since @« ¢ F. Thus « is a multiple root of m and m is
irreducible in Fz].

b) Given an irreducible polynomial ¢ € F[z], if ¢ = 0, then we must have that ¢ is a sum
of terms of the form bx™?, for some m > 0 and b € F. By assumption, for each such
term, we have b = ¢? for some ¢ € F, and thus each term of ¢ has the form (cz™)?. By
the Freshman’s Dream, ¢ = ¢P for some polynomial ¢ € F|[x]. But this is impossible
since ¢ is irreducible. We conclude that ¢’ # 0, which by Lemma 5.90 implies that ¢ is
separable. This shows that every irreducible polynomial over F' is separable, and thus
every algebraic extension over F' is separable. O]
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Remark 5.97. Let F' be a field of prime characteristic p. The condition that every element
in I’ is a pth power of another element in F' is equivalent to saying that the Frobenius map
is surjective. We can write this more succinctly as F? = F. Lemma 5.96 says that a field of
prime characteristic p is perfect if and only if FP = F.

Example 5.98. Let p be a prime and ¢ be a variable, let F' = Z/p(t), and consider the field
L = F[z]/(2? —t). The element ¢t € F' is not a pth power of any element in F, and F' C L
is an extension containing a root of the polynomial z? — ¢t. By Lemma 5.96, FF C L is an
inseparable extension. Moreover, the field F' is not perfect.

Theorem 5.99 (Finite fields are perfect). Every algebraic field extension of a finite field is
separable.

Proof. Problem Set 10. m

We have shown that fields of characteristic 0 and fields K of characteristic p such that
K = KP are separable.



Chapter 6

Galois theory

An approximate definition of Galois Theory is the study of the symmetries enjoyed by the
roots of a polynomial. As a simple example, the polynomial z? + 1 € R[z] has two roots,
and there are essentially indistinguishable from an algebraic point of view — which root is
v/—1 and which is the negative of it? It makes no difference, really.

For another example, consider p(z) = 2% — 2 € Q[z], which has three roots. As we will
soon learn, these roots of 2 — 2 are as symmetric as possible over Q. On the other hand,
q(r) = 2* — 2 € Q[z] has four roots, and we will soon see that these four root are not as
symmetric as possible over Q.

Before starting the chapter, you might want a reminder of group actions. Below we
include some of the definitions we will need for your convenience, though it is highly recom-
mended that you read through the relevant portion of the 817 notes.

Definition 6.1. For a group (G,-) and a set S, an action of G on S is a function

GxS—8,

typically written as (g,s) — ¢ - s, such that
e g-(¢-s)=(g99) sforall g,¢ € Gand s € S, and

e cg-s=sforall seSs.

Let Aut(S) denote the set of automorphisms of the set S, which is a group under com-
position of functions. A group action of G on S is a group homomorphism G — Aut(S).

Definition 6.2. An action of a group G on a set S is called faithful if the associated group
homomorphism is injective. Equivalently, an action is faithful if and only if for a given g € G,
whenever g - s = s for all s € S, it must be that g = eg.

Definition 6.3. A group action of (G,-) on S is transitive if for all p,q € S there is a
g € G such that ¢ = g-p. Equivalently, an action is transitive if Orbg(p) = S for any p € S.

Definition 6.4. Let G be a group acting on a set .S. The equivalence relation on S induced
by the action of G, written ~¢, is defined by s ~¢g §" if and only if there is a ¢ € G such that
s’ = g - s. The equivalence classes of ~¢ are called orbits, specifically the equivalence class

Orbg(s) ={g-s| g € G}

is the orbit of S. The set of equivalence classes with respect to ~¢ is written S/G.

83
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6.1 Group actions on field extensions

Definition 6.5. Let K be a field. The automorphism group of K, denoted Aut(K), is
the collection of field automorphisms of K, with the binary operation of composition.

Definition 6.6. Let K/F be a field extension. The automorphism group of K/F’, denoted
Aut(K/F), is the collection of field automorphisms of K that restrict to the identity on F,
with the binary operation of composition.

Exercise 16. Let K/F be a field extension. Then Aut(K) is a group under composition of
maps, and Aut(K/F) is a subgroup of Aut(K).

Some books write Gal(L/F) for Aut(L/F), and call it the Galois group of L over F'. We
will reserve that notation for a special type of finite extensions — those that are Galois — and
use only Aut(L/F') for the general case.

Example 6.7. The automorphism group Aut(C/R) has two elements: the identity map and
the map given by complex conjugation. The fact that each of these is an element of Aut(C/R)
amounts to the fact that complex conjugation commutes with addition and multiplication
of complex numbers. To see these are all the automorphisms, suppose 7 € Aut(C/R). Since
T|g = idg, then for any z = a + ib € C we have 7(z) = a + br(i). Moreover,

—1=7(=1) = 7(i-i) = 7(i) - 7(0),
and so 7(i) = +i.

Example 6.8. For any squarefree integer d, the group Aut(Q(+v/d)/Q) also has two elements:
the identity and the map defined by a + bv/d — a — bv/d. The details are similar to the
previous example, so we leave them as an exercise.

Remark 6.9. Let L be a field and let ¢ € Aut(L). Then the UMP of polynomial rings
gives that there is an induced ring homomorphism (—)?: L[x] — L[x] such that for each
q=az" +---+ay € K[z], we have

¢’ (x) = o(ay,)z" + -+ o(ap).
If o € Aut(L/K) and ¢ € K|z], then ¢° = q.
Lemma 6.10. Let K/F be a field extension, o € Aut(K/F), and q € F[x].
a) For all c € K, we have o(q(c)) = q(o(c)).
b) If « € K is a root of q, then o(«) also is a root of q.
Proof.

a) By assumption, ¢ is a homomorphism and it restricts to the identity on F. Thus for any
polynomial ¢ = a,z" + - - - + ag € F[z], we have

o(qc)) =olac” + -+ ag) = o(ap)o(c)" + -+ o(ag) = ano(c)" + -+ + ag = q(o(c))
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b) If v is a root of f, then

q(o(a)) by a)

showing that o(«) is also a root of q. O

We now come to the main idea connecting field extensions and groups. It concerns the
action of the group of automorphisms of a splitting field of a polynomial on the set of roots
of that polynomial.

Theorem 6.11. Let L be the splitting field of a polynomial f € F|x]. Let S be the set of
distinct roots of f in K, and let n :=|S]|.

a) The group Aut(L/F) acts faithfully on S, via
o-b:=0o(b)
for allo € Aut(L/F) and b € S, and hence Aut(L/F) is isomorphic to a subgroup of S,.
b) If f € Flx] is an irreducible polynomial, then Aut(L/F) acts transitively on S.

Proof.

a) Let G = Aut(L/F). To see that the the action above is well-defined, notice that if b € S
then o(b) € S by Lemma 6.10. Now we have

o-(d"-b)=0c(c'(b)) = (cod")(b) forallod €GbeS,

lg-b=1idg(b)=b foralloc € Gand b€ S,
so the given formula does indeed define an action of G on S.

This action is faithful: if ¢ fixes all the roots aq, ..., a, of f, then it fixes every element of
F(ay,...,a,) = L. Thus the corresponding group homomorphism Aut(L/F) — Aut(S)
is injective. On the other hand, the group of automorphisms on a set of n elements is
isomorphic to S, so we have an inclusion of Aut(L/F') into S,, and thus Aut(L/F) is
isomorphic to a subgroup of S,,.

b) Let a, 8 be any two roots of f. By Theorem 5.69, there is an isomorphism 6: F'(a) — F([3)
that fixes F'.

Our polynomial factors both as f = (r — a)g and f = (z — B)h. Since f = f and
(r — )’ = x — 3, we must have ¢ = h. Theorem 5.69 applies, showing there is an
automorphism o : L — L that extends 6. In particular, o fixes F', since ¢ extends # and
0 = idp, so 0 € Aut(L/F). Moreover, since o extends 6 we have o(a) = 0(a) = .
This proves the action is transitive on the set of roots of any irreducible polynomial. [J

Soon we will show that if f € F[z] is separable but not necessarily irreducible, and L is
the splitting field of f, then the orbits of the action of Aut(L/F) on the set of roots of f are
precisely the sets of roots of the same irreducible factor of f. But to do so, we will need a
little bit of Galois theory.
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Corollary 6.12. Let L be the splitting field of a polynomial f € F[x] with n distinct roots.
Then | Aut(L/F)| < nl.

Proof. We showed in Theorem 6.11 that Aut(L/F) is isomorphic to a subgroup of S, and
thus it as at most |S,| = n! elements. O

We will give an improved version of this result soon.

Exercise 17. Let F be a field and L = F(ay,...,a,), where a4, ...,a, are elements in
some extension of F' that are algebraic over F. Each element o € Aut(L/F) is uniquely
determined by o(ay),...,0(ay,).

A typical question that arises from Theorem 6.11 is to explicitly identify the automor-
phisms of a splitting field extension as a subgroup of the symmetric group.

Example 6.13. Let L be the splitting field of f = 2 — 2 € Q[z] and G := Aut(L/Q).
Recall from Example 5.75 that L = Q(3/2,¢), where ¢ = ¢?™/3, and that [L : Q] = 6. Let
us write the roots of f as

a1 = \3/57 Qg = (o, a3 = <204L

From Theorem 6.11, G acts transitively on {a1, as, a3}, and hence G is isomorphic to a
subgroup of Ss.

The restriction of complex conjugation to L determines an element s of G or order 2,
since L is closed under complex conjugation. We have

s(ar) = g, s(ag) = as, s(as) = az

and so s corresponds to the permutation (23) € Ss.

Since the action of G on the roots of f is transitive, there is also an element 7 € G such
that 7(a;) = ag. Such a 7 corresponds to either (12), (123) of S3. Either way, 7 and s
generate all of Ss.

We conclude that |G| = 6, the maximum possible, and G is isomorphic to S3. You
should think of this as saying that the roots of 2 — 2 are as interchangeable as possible,
since Aut(L/Q) is as large as possible.

Example 6.14. Let L be the splitting field of f = 2* — 2 over Q. The roots of f are
a=V2, a=in, a3=-—a, a=—ix,
and L = Q(aq,1). Let us start by computing [L : Q]. Consider the chain of extensions
Q C Qo) € L =Q(ay)(4).

The extension Q C Q(«;) has degree 4, since ! — 2 is irreducible,' and the extension
Q(a;) C L has degree at most 2, since i is a root of the degree 2 polynomial x* + 1. Since
Q(a1) € R and L contains elements that are not real, the extension Q(«;) C L cannot be
trivial, and thus it must have degree exactly 2. We conclude that [L : Q] = 8.

!By using Eisenstein’s Criterion with the prime 2 to show f is irreducible over Z, and Gauss’ Lemma to
show that f must then also be irreducible over Q.
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Set G := Aut(L/Q). We know G is isomorphic to a subgroup of S,. Since L = Q(ay, 1),
by Exercise 17 any 7 € G is uniquely determined by what it does to a; and 7. Such a 7 must
send oy to a root of f, and thus to one of «a, ..., as. Moreover, since i is a root of 2% + 1,
so is 7(i), by Lemma 6.10, and thus 7 must send i to +i. By combining the possibilities for
7(om) and 7(i), we have at most 8 possibilities, so |G| < 8. In particular, G corresponds to
a proper subgroup of Sy, and so the roots of z* — 2 do not have as many symmetries as are
conceivable.

Claim: |G| = 8 and G is isomorphic to the subgroup of Sy generated by (24) and (1234).

Let s be the map obtained by restricting complex conjugation to L, and note that indeed
s € Aut(L/Q). This map s corresponds to (24) € Sy.

Now consider the field extension Q(i) C L. Since [L : Q] = 8 and [Q(7) : Q] = 2, by the
Degree Formula we must have [L : Q(i)] = 4. Since L = Q(i)(c), the degree of m,, g(;) must
be 4. In particular, this shows that z* — 2 remains irreducible as a polynomial in Q(i)[z].
So L is the splitting field of the irreducible polynomial z* — 2 over Q(i), and we may thus
apply Theorem 6.11 to get that there is an element 7 € Aut(L/Q(i)) such that 7(a;) = as.
We may regard 7 as an element of Aut(L/Q) too. Such a 7 satisfies 7(i) = i, so

T() = (i) = iT(v) = i = as.

A key point here is that if we had merely taken 7 to be an element of Aut(L/Q) sending a4
to am, we would have no idea what 7 does to as: it was key to define 7 € Aut(L/Q(7)) as we
did. We also get 7(a3) = ay and 7(ay) = ay, so T corresponds to the permutation (1234).

The proves that G is isomorphic to a subgroup of S, that contains (24) and (1234).
Since the subgroup generated by these two elements has order 8 and |G| < 8, then G must
be the subgroup ((24),(1234)) of S,, and |G| = 8.

Finally, we claim that this subgroup of S, is isomorphic to Dg. Indeed, consider a square
with

Let p € Dg be the clockwise rotation by 7 and 7 € Dy is the reflection across the line
determined by the vertices 1 and 3. On the vertices of the square, the element p sends 1 + 2,
2+ 3,34, and 4 — 1. Similarly, 7 switches the vertices 2 and 4. One can check that
the map

G — Dy
(1234)——p
(24)——T

determines an isomorphism.
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6.2 Automorphism groups of finite field extensions

We will now focus on finite field extensions and their automorphism groups. We start by
giving a much better upper bound on the order of the automorphism group of a finite field
extension.

Theorem 6.15. Let L/F be a finite field extension. Then
|Aut(L/F)| < [L: F).

If L is the splitting field of a separable polynomial in Fx], then
| Aut(L/F)| = [L: F].

Proof. We proceed by induction on [L : F|. In the base case, [L : F] = 1, and thus L = F,
so Aut(L/F) is the trivial group, and both statements hold.
Now let n > 1 and suppose that | Aut(L/F)| < [L : F] holds for all L and F such that
[L:F] <n. Let [L: F|]=n. Picka € L\F and let m = m, p, and consider F(«)/F.
Note that H = Aut(L/F(«)) is a proper subgroup of G = Aut(L/F"). By induction, we
have |H| < [L : F(«)]. We claim that it suffices to prove [G : H] < [F(«) : F]. Indeed, using
the Degree Formula and the fact that |G| = |H| - [G : H], if [G : H] < [F(«) : F) then

|G| =|H|-[G:H <[L: F(a)][F(a): F]=[L:F].
To show that [G : H] < [F(«) : F], consider the function

G/H = {cosets of H in G} —— {roots of m in L}
gH: g(a).

By Lemma 6.10, for any g € G the element g(«) is also a root of m. For any h € H, we have

Thus V¥ is well-defined. Moreover, for any g¢;, go € G we have
V(g1 H) = V(gpH) <= gi(a) = go(@) <= g5 'q1(a) =«
which is equivalent to saying that g, 'g; fixes F(a), and equivalently
93’ € H < g1H = g, H.

This proves that the function ¥ is injective.
By Theorem 5.32, deg(m) = [F(«) : F)|. Thus V is an inclusion of G/H into a set with
at most [F(«) : F] many elements. Therefore,

(G H| = |G/H| < [F(a) : F).
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Now suppose that f is separable, so that
f= cH(x — ;) € L[z}
i=1

with a; # o for i # j and L = F(oy, ..., ap).

Set a = ay and let m be the irreducible factor of f that has o as a root. Notice m = m,, p.
As before, we consider F(«) and set H = Aut(L/F(«)) < Aut(L/F) = G. Note that L is
also the splitting field of

9=l a) e Fla)i

over F'(«), and g is also separable. By induction |H| = [L : F(«)], and it remains to show
that

G : H|] = [F(«a) : F] = deg(m).
Since f is separable, so is m, so deg(m) is exactly the number of distinct roots of m. Showing
that [G : H] = deg(m) amounts to the assertion that the injective map V¥ is also surjective.
This holds since G acts transitively on the roots of m, as shown in Theorem 6.11. O

The finite field extensions whose automorphism group is as large as possible are very
important, and are the main subject of this final chapter.

Definition 6.16. A finite field extension F' C L is Galois if | Aut(L/F)| = [L : F]. In this
case we write Gal(L/F') for Aut(L/F), and say Gal(L/F) is the Galois group of L over F.

Example 6.17 (a nonexample). We claim that field extension Q C Q(+/2) is not Galois.
Indeed, suppose s € Aut(L/Q). Then s is entirely determined by where it sends /2 and it
must send this element to another root of 2° — 2. But the other two roots of this polynomial
are not real, and hence not in L. So s(+/2) = v/2 and s = id.

This shows Aut(L/Q) is the trivial group, so Aut(L/Q) =1 < 3 =[L : Q]. In particular,
the extension is not Galois.

Theorem 6.15 tells us how to construct Galois extensions:

Corollary 6.18 (First construction of Galois extensions from splitting fields). If L is the
splitting field of a separable polynomial f € Flx|, then L/F is Galois.
Definition 6.19. Let f € F[z] be a separable polynomial with splitting field L. The Galois
group of f is Gal(L/F).

We will need the following notation.
Definition 6.20. If G is subgroup of Aut(L), the subfield of L fixed by G, denoted L€,
is by definition

LY :={ac L|s(a)=a, forall s € G}.

Note that the textbook writes this as Lg.
Exercise 18. If G is subgroup of Aut(L), show that L% is a subfield of L.

Example 6.21. Let G = Aut(C/R). Then C¢ is the subgroup of complex numbers fixed
by all the elements in Aut(C/R), which we saw in Example 6.7 has only two elements, the
identity and the conjugation map s. Therefore, C% is the set of complex numbers fixed by
conjugation, and thus CA"(C/®) = R,
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6.3 The Fundamental Theorem of (Galois Theory

The following is an important theorem with many corollaries. In fact, the Fundamental
Theorem of Galois Theory, which we will state shortly, will follow from this result.

Theorem 6.22 (Artin’s Theorem). Let L be any field. If G is a finite subgroup of Aut(L),
then LC is a subfield of L, the extension L/LC is finite and Galois, and Gal(L/L%) = G.

Note that we really do mean equality here: both G and Gal(L/L%) are subgroups of
Aut(L), and the theorem states that they coincide. The containment G C Gal(L/L®) is
clear: if ¢ € G, then by construction o fixes every element of L% and hence o € Gal(L/L%).
The point of the theorem is that the extension LY C L is always Galois and that if o € Aut(L)
fixes every element of LY then o must belong to G.

We will not prove Artin’s Theorem right away. Instead, we will first deduce some of its
consequences, including the Fundamental Theorem of Galois Theory. We will then illustrate
the Fundamental Theorem with many examples and give some consequences of it too. Only
then will we circle back to prove Artin’s Theorem.

Example 6.23. The group G = {id¢, 0}, where ¢ is complex conjugation, is a finite sub-
group of Aut(C). Artin’s Theorem tells us that C¢ C C is finite and Galois with Galois
group G. It follows that [C: C¢] = |G| = 2. We already knew all this, since C¢ = R.

As we head towards the Fundamental Theorem of Galois Theory, we start by stating a
few helpful corollaries of Artin’s Theorem. These will also allow us to show that finite Galois
extensions are precisely the splitting fields of separable polynomials.

Corollary 6.24. Let L/F be any Galois extension. Then F = LG E/F),
Proof. Note that F C LEUL/F) holds by definition, and so
[L: F] = [L: LEAL/P)[LCaL/F) . p
by the Degree Formula. But Artin’s Theorem gives
[L: LEE/F)] = | Gal(L/F)|,

and we also know that [L : F] = |Gal(L/F)|. Therefore, [L%@/F) . F] = 1 and thus
F — [Gal(L/F) O

Example 6.25. We know from Example 6.14 that L = Q({l/z i) is Galois over Q with Galois
group Dg. More precisely, this identification is given by writting

o =2, a=iv2, az3=-—V2, a;=—iv2
and labelling the four corners of a square with «y, ..., ay, counter-clockwise. Consider
ﬂ =opt 0y

and v = ay - - - ay4. Then each of § and ~ are fixed by every Galois automorphism and hence
by Corollary 6.24 8 and v must be rational. In fact, one can easily see that § = 0 and v = 2,
but notice that the exact same reasoning would apply in general to the sum of roots and the
product of roots in the splitting field of any separable polynomial.
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Corollary 6.26. Let F' C L be a Galois extension. For every a € L, m, p is separable and
all of its roots belong to L. Moreover, Gal(L/F) acts transitively on the set of roots of mq p.

Proof. Let a € L and consider the orbit a; = «, ..., @, of @ under the action of Gal(L/F).
Set

f=@—oa1) - (r—anm).

For any 7 € Gal(L/F), since T permutes the elements of any orbit then

[T=(@=1(@))--- (& —7(am)) = [.

This proves that f has all its coefficients in the field FE(/F) which by Corollary 6.24
coincides with the field F. Thus f € F[x]. Moreover, by construction f is separable. Since
ais a root of f, the minimal polynomial m, » must divide f, and thus m, r is also separable
and has all its roots in L.

Finally, this also shows that all the roots of m, r are on the orbit of o with respect to
the action of Gal(L/F'), and thus Gal(L/F') acts transitively on the set of roots of mg, p. O

Remark 6.27. Note that any irreducible polynomial over F' with a root in L is the minimal
polynomial of some element in L. So Corollary 6.26 says in particular that if F'/L is Galois
and f € F' is any irreducible polynomial, then Gal(F'/L) acts transitively on the set of roots

of f.

Corollary 6.28. A finite field extension L/F is Galois if and only if L is the splitting field
of some separable polynomial with coefficients in F.

Proof. We already proved before in Theorem 6.15 that if L is the splitting field of some
separable polynomial f € F[z], then F' C L is Galois.

For the reverse direction, suppose that F' C L is a Galois extension. In particular, it is a
finite extension, so L = F(f31,...,[3,) for some f,..., 3, € L; for example, the §; could be
chosen to be an F-basis of L.

By Corollary 6.26, each mg, p is separable and all of its roots belong to L. Moreover,
if ; is a root of mg, p and i # j, then we claim that ~; is not a root of mg, r. Indeed, if
mg, p(B;) = 0, then mq, p|mq, F, but they are both monic irreducible polynomials over F,
so we must have mq, r = Mg, r.

Let mq,...,mg be the distinct polynomials among the mg, ¢, and set

g = Hmz
i=1

Since distinct m; do not share any common roots and all the m,; are separable, their product
g is also separable. Moreover, all of the roots of g belong to L, and hence the splitting field
of g is contained in L. Since §; is a root of g for all ¢, L = F(f,...,5,) must be precisely
the splitting field of g. O

Theorem 6.29. Let L be the splitting field of a separable polynomial f € F|x]. The orbits
of the action of Aut(L/F) on the set S of roots of f are the subsets of S that are the roots
of the same irreducible factor of f.
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Proof. For each b € S, the orbit of b is
Orbau(z/r)(b) = {o(b) | o € Aut(L/F)}.

Since b is a root of f, there exists an irreducible factor p € F[x] of f such that b is a root of
p. Since p € F[z], by Lemma 6.10 we know that o(b) is a root of p for any o € Aut(L/F).
Thus the orbit of b is contained in the set of roots of p in L.

By Corollary 6.28, F' C L is a Galois extension. By Corollary 6.26, Gal(L/F) acts
transitively on the set of roots of p. Thus every root of p is in the orbit of b under the action
of Aut(L/F). We conclude that the orbit of b is precisely the set of roots of p. ]

Definition 6.30. Given a field extension F' C L, an intermediate field is a subfield F of
L that contains F, so that FF C E C L.

Corollary 6.31. If F' C L is Galois, then for any intermediate field E the extension E C L
s Galois.

Proof. This follows from Corollary 6.28: if L is the splitting field over F' of a separable
polynomial f € F[z], then L is also the splitting field over E of the same polynomial f, but
now viewed as a polynomial in F. O]

Remark 6.32 (Warning!). In the setting of Corollary 6.31, note that £ need not be Galois
over the original field F. For example, L = Q(~/2,¢*"/?) is Galois over F' = Q but we saw
in Example 6.17 that £ = Q(+/2) is not Galois over Q. Nevertheless, Corollary 6.31 says
that L is Galois over E.

Definition 6.33. Let E; and E, be two subfields of K. The composite of E; and E,
denoted FEiF,, is the smallest subfield of K containing both E; and Fs; more precisely, it is
the intersection of all the subfields of K that contain both E; and Ej.

Example 6.34. Let £ = Q(v/2) and F = Q(+/2). We claim that the composite of £ and F

is the field L = Q(W) On the one hand, V2 = \6/53 € L and V2 = \(752 € L,so E,F CL.
On the other hand, any subfield of L containing both £ and F' must contain

5 =95 = V2.

|
[\
[SIE
Wl
|
[\
]
I
[\

SIS

Thus L = EF.

Remark 6.35. Let F' C L be a field extension and consider two intermediary fields E; and
Ey. If By = F(ay,...,a,) and Ey = F(By,...,Bm), then E1Ey = F(aq, ..., an, B1y- -y Bm)-
If aq,..., 0 is a basis for Ey/F and 4, ..., By, is a basis for Ey/F, then o,;3; is a generating
set for £ FE5 over F', so

[ElEQ . F] < [El . F][EQ . F]
Notice, however, that the inequality might be strict.

We are finally ready for the Fundamental Theorem of Galois Theory:
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Theorem 6.36 (Fundamental Theorem of Galois Theory). Suppose L/F is a finite Galois
extension. There is a bijection

{intermediate fields E, with F C E C L} +—~— {subgroups H of Gal(L/F)}
E U(E) = Gal(L/E)
V(H) = L1 H.

Moreover, this bijective correspondence enjoys the following properties:
(a) U and V™! each reverse the order of inclusion.

(b) U and U=t convert between degrees of extensions and indices of subgroups:

[Gal(L/F): H] = [L" : F] <= [Gal(L/F):Gal(L/E)] = [E: F).

(¢) Normal subgroups correspond to intermediate fields that are Galois over F':

o [f N <G then LN /F is Galois.
e If E/F is Galois, then Gal(L/E) is a normal subgroup of Gal(L/F).

(d) If E = L~ for a normal subgroup N < Gal(L/F), then Gal(E/F) = Gal(L/F)/N.
(e) If Hy, Hy are subgroups of G with fized subfields Ey = L™ and Ey = L2, then

® E1 N EQ = L<H1’H2> and Gal(L/E1 N EQ) = <H1, H2>

[ ] ElEQ = LHlmH2 and Gal(L/ElEg) = H1 N HQ.

Proof. First, we need to check that both functions are well-defined. For each intermediary
field E, we know from Corollary 6.31 that L/FE is also Galois, and hence it makes sense to
write Gal(L/FE); moreover, any o € Gal(L/FE) is an automorphism of L that fixes E, and
thus ' C FE, so 0 € Gal(L/F). This shows that ¥ is well-defined. Conversely, given a
subgroup H of Gal(L/F), L* is a subfield of L by Exercise 18.

Next, we need to check that U and ¥~! are indeed inverse functions. Given a subgroup
H of Gal(L/F), we have Gal(L/L*) = H by Artin’s Theorem. Thus

VoV (H)=W(L")=Gal(L/L") = H.

Conversely, given an intermediate field F, L/E is Galois by Corollary 6.31, and hence
LGL/E) — B by Corollary 6.24. Thus

U o W(E) = U(Gal(L/B)) = LS = B,

This establishes the fact that ¥ is indeed a bijective correspondence.
Now we check that W satisfies the given list of properties. For brevity, set G := Gal(L/F).
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The fact that the correspondence is order reversing follows from the definitions. Given
intermediate fields £} C FE,, any automorphism of L that preserves Fy must also preserve
E,, thus Gal(L/Es) O Gal(L/E;). Conversely, if Hy < Hy < Gal(L/FE), then every
x € L that is fixed by every ¢ € Hy must also be fixed in particular by every element of
H,y, so L2 D L,

By definition of Galois extension, [L : F| = |G|. By Artin’s Theorem, for any subgroup
H < G the extension L7 C L is also Galois, and thus by definition [L : L¥] = |H|.
Using the Degree Formula, we have

[L: F] G|

[LH:F]:W:W:[G:H].

So if H=V(F) = Gal(E/F), then L¥ = E and the formula above can be rewritten as

[Gal(L/F) : Gal(L/E)] = [E : F].

Suppose E is an intermediate field that is Galois over F'. Fix ¢ € G and a € E. Since
E/F is Galois, by Corollary 6.26 the polynomial m, r is separable and all of its roots
are in £. By Lemma 6.10, o(«) is also a root of m, r, and thus o(a) € E.

Suppose 7 € Gal(L/FE). For any o € E we have o(a) € E, so 7(o(«)) = o(a). Thus

This proves that 0~ '70 € Gal(L/FE) and hence that Gal(L/FE) <G. We have shown that
if £ is Galois over F', then the corresponding subgroup Gal(L/FE) of G is normal.

For the converse, consider a normal subgroup N <G and the corresponding intermediate
field £ = LV, so that N = Gal(L/E). We will show that E is the splitting field over F
of a separable polynomial in F[z], and hence is Galois over F' by Corollary 6.18.

Pick any a € E and set m := mq, r. By Corollary 6.26, m is separable and all of its
roots belong to L. We claim that all the roots must in fact belong to E. Since m is
irreducible and L/F is Galois, by Corollary 6.26 G acts transitively on the set of roots
of m. Thus, given be any other root S € L of m, there is a ¢ € G with o(a) = (. Since
N is normal, for any 7 € N we have o7’ = 70 for some 7/ € N. But 7/ € N fixes F, so
7'(a)) = a. Therefore,

B=o0(a) =07'(a) =T10(a) = 7(B)
which shows that (3 is also fixed by N. But then 8 € LY = E. Therefore, E contains all

the roots of m, r, and thus £ must contain the splitting field of m, r.

We have E = F(aq,...,q) for some a1, ..., € E. If my, ..., m, are the distinct poly-
nomials among mq, r, - . ., Mq,, r, then £ is the splitting field of the separable polynomial
my -+ -my,. By Corollary 6.28, E is Galois over F'.

If £ = L" for a normal subgroup N < Gal(L/F), then Gal(E/F) = Gal(L/F)/N.
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Let E = LY for a normal subgroup N of G. We want to show that Gal(E/F) is
isomorphic to G/N.

For each o € GG, we claim that o(E) C E. By Lemma 6.10, for all & € E the element
o(a) is also a root of m, p. But since E/F is Galois, it must contain all of the roots
of my r, by Corollary 6.26, so o(a) € E. Thus o(E) C E, so the restriction of o to E
determines an injective field homomorphism o|g : E — E. Since o|p = idp, this map is
also a linear transformation of vector spaces over F. But F is a finite vector space over
F, and any injective linear transformation £ — E must be bijective. We conclude that
o|g is an automorphism of E. We thus have a well-defined function

¢:G—— Gal(E/F)

o——¢(0) = 0|g.

Moreover, this map is a group homomorphism by construction. The kernel is the sub-
group of G of automorphisms that restrict to the identity on F, which is precisely V.
Hence we have an induced injective group homomorphism

¢:G/N — Gal(E/F).
But |N| = | Gal(E/F)| < 0o, so this map ¢ must be an isomorphism.

Let H; and H, be subgroups of G with fixed fields F; = L' and E, = L2,

First, we will show that £ N Ey = L0H2) - Given any o € Ey N By, 0(a) = « for all
o€ Hyand all 0 € Hy, since a € Ey and o € Es, so a € L2 and FyNE, C LHLH2),
Conversely, if a € LUH2) then o(a) = a for all o € (Hy, Hy), so in particular o(a) =
for all o € H; and thus o € L7i = E;. We conclude that F; N By = L{H1:H2),

Now let us show that £y E, = L#1"2_ Since L/F is a finite extension, then by the Degree
Formula both of the extensions F/F and E,/F are finite. Let £y = F(aq,...,®,) and
Ey=F(p1,...,0Bm), so that EyEy = F(ay,...,an, 81, ..., Bm). For any o € Hy N Hy we
have o(o;) = o, and o(f;) = B; for each i. Since o|p is completely determined by its
values on the a; and f;, by Exercise 17, but since o restricted to £y FEy agrees with the
identity map on the generators, o|g, g, = idg, g,- We conclude that EyFEy C LHinHz,

Moreover, given any o € Gal(L/E} E,), its restriction to E Es is by definition the iden-
tity. Thus its restriction the subfields E; and Es of E;FE5 must also be the identity, and
therefore we have o € Gal(L/FE,) = H, and ¢ € Gal(L/Ey) = H,. We conclude that
o € Hy N Hy. Thus Gal(L/E1Es) < Hy N Hy. Since V¥ is order reversing, we conclude
that 1 Ey, D LT17H2  giving us the desired equality. O

This bijection ¥ in Theorem 6.36 is sometimes called the Galois correspondence.

Corollary 6.37. The Gallois correspondence induces a lattice isomorphism between the lat-
tice of intermediate fields of a Galois extension L/F and the dual of the lattice of subgroups
of Gal(L/F).

This is just a fancy way to rephrase the fact that intermediate fields correspond to

subgroups in an order-reversing bijection.
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Example 6.38. Let L be the splitting field of 2* — 2 over Q. Let us use the Fundamental
Theorem of Galois Theory to list all intermediate fields for L/Q and to determine which are
Galois over Q. By Example 6.14, we know G := Gal(L/Q) corresponds to the 8 element
subgroup of Sy generated by o = (24) and 7 = (1234), where we number the roots of 2% —2
as

a1 = \4/57 Qg = i()él, 3 = —Q4, a4 = —i(ll.

We saw in Example 6.14 that this group is isomorphic to Dg, and we can make this isomor-
phism explicit by labeling the four corners of a square 1, 2, 3, 4 counterclockwise, so that
is rotation by 90 degrees and o is reflection about the line joining vertices 1 and 3.

The subgroup lattice and intermediate field lattice are represented below, with normal
subgroups and Galois extensions highlighted by boxes. The subgroups are

{e} = ((24),(1234))

Hy = ((24)) = ((13)(24))

Hy = ((13)) = ((1234))

Hy = ((12)(34)) = ((13),(24))

Hy = ((14)(23)) = ((12)(34),(14)(23))

{e} Q(ay, 1)

N N/ \\ \/ /
N \//

The intermediate fields are the fixed subfields of L associated to each of these subgroups.
The group G corresponds to Q and e corresponds to L = Q(ay, ). Set E; = L

The field F; has degree 4 = [G : H;| over Q. Since «; and ag belong to E; and
[Q(a) : Q] = 4, we must have Ey = Q(«y). Likewise, Fy = Q(ay).

The field E3 also has degree 4 over Q. Let

6::a1+0¢2:(1—|—i){7§€E3.

If [Q(B) : Q] = 2, then £ would be fixed by a subgroup of index 2 that contains (12)(34),
and the only possibility is Hs. But (14)(23) sends 8 to ay+a3 = —f # . So we must have
[Q(B) : Q] = 4 and hence F3 = Q(f). We claim that F, = Q((1 —i)ay), Es = Q(v/2,4), and
E; = Q(+/2), and leave it as an exercise.

The field Eg has degree [G : Hg] = 2 over Q, and so we merely need to find a single
nonrational element of L fixed by 7. Since 7(i) = i, we get Fg = Q(¢). Similarly, the field
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Ejy also has degree 2 over Q and so we just need to find a single nonrational element fixed
by the two generators of Hg. Note that

109 = g0y = ’L\/§,

and so iv/2 is fixed by both (12)(34) and (14)(23). Thus Eg = Q(iv/2).

Finally, we note that G, {e}, Hs, Hg, H7, Hg are normal subgroups of Dg, since Hj is the
center of Dg and each of Hg, H7, and Hg has index two. Some messy checking reveals
these to be the only normal subgroups of G. It follows from the Fundamental Theorem that
Q, L, B, Eg, B, Es are the only intermediate fields that are Galois over Q.

As an example, to see directly that Ej5 is not Galois over Q, note that (1 + z){l/i is a root
of 2* 4 4, which is irreducible; but (1 —4)v/2 is also a root of this polynomial and it is not
in Ejs.

Remark 6.39. Let F' C L be a Galois extension and consider an intermediate field £ such
that E'/F is Galois, with corresponding normal subgroup N := Gal(E/F)<Gal(L/F). Part
(d) of the Fundamental Theorem says there is an isomorphism Gal(E/F) = Gal(L/F)/N.
In fact, the proof shows that the map

¢:G——Gal(E/F)

o——¢(o) =0ol|g.

is surjective. This says that every 7 € Gal(E/F) can be lifted to some o € Gal(L/F), so
that 7 = o|g.

Notice that while the proof shows that for every 7 € Gal(E/F) there exists 0 € Gal(L/F)
such that 7 = o|g, the proof is very much nonconstructive. In specific examples, one can
sometimes determine o explicitly by using some of the other tricks we have discussed.

6.4 Solvable polynomials and solvable groups

Galois’ theory has many fun applications. There are some famous questions in geometry
whose impossibility is shown via Galois theory methods:

e Trisecting an angle: is it possible to trisect any given angle using only a compass and
a straightedge?

e Doubling the cube: using only a compass and straightedge, and given a cube, is it
possible to construct a cube whose volume is exactly twice the volume of the original
cube?

e Squaring the circle: Using only a compass and straightedge, is it possible to construct
a square with the same area of a given circle?

All these challenges turn out to be impossible, which one can show using Galois theory.
Unfortunately, we will not be proving these here. Instead, we will focus on another famous
classical question which is behind the origins of Galois theory:
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Question 6.40. Does there exist a formula for the roots of a polynomial of of degree n with
rational coefficients using only addition, subtraction, multiplication, division, and taking
radicals?

The formulas for the roots of polynomials of degree 2, 3, and 4 have been known for
hundreds of years, and they involve only sums, products, quotients, and square roots, cube
roots, and fourth roots. It turns out that there are polynomials for which no such formula
exists; in fact, there is no general formula for polynomials of degree 5.

The first ingredient we need is to better understand the process of taking roots. With
that in mind, we will now discuss the Galois groups of the splitting fields of polynomials of
the form 2™ — a. These calculations will be used to prove what Galois himself sort of proved:
if the roots of a polynomial can be expressed using iterated radicals, then the Galois group
of its splitting field must be a solvable group.

Definition 6.41. A primitive nth root of unity over an arbitrary field F' is an element ¢
in the splitting field K of 2™ — 1 over F (or in the algebraic closure F') such that ¢ generates
the (multiplicative) subgroup of K:

() = {a € K |a" =1} < (K*,).
Exercise 19. Show that for every field K, every finite subgroup of K* is cyclic.

Remark 6.42. In particular, the subgroup p.,(K) of K* of roots of 2 — 1 is a cyclic group.
As a consequence, a primitive nth root of unity always exists.

Remark 6.43. Let F' be any field and let K be the splitting field of 2™ — 1 over F'. Note
that if ¢ is a generator of u, (K), then in particular F'({) C K contains all the roots of 2™ —1,
and thus F(¢) must be the splitting field of ™ — 1.
Note also that p,(K) is a cyclic group of finite order, say p,(K) = Z/d. Moreover, ( is
a generator of p,(K). By a result from Math 817, the complete list of primitive nth roots
of unity is
¢" such that ged(i,d) = 1.

Example 6.44. When F = Q, the element e*™/" € Q is a primitive nth root of unity.
Moreover, the primitive nth roots of unity over Q are precisely the elements of the form
e/ with for any j with ged(n, j) = 1.

Remark 6.45. Note that if char(F') 1 n, the polynomial 2™ — 1 € F[z] is separable by
Lemma 5.90, since its derivative is nz"~! # 0 and hence ged(naz™ !, z" — 1) = 1. In this
case, |, (K)| =n and so

pn(K) = {1,¢,¢% . 1)
However, if char(F') | n then p,(K) can have fewer than n elements. For example, if F' is

any field of characteristic 2, the polynomial 2> — 1 = (z — 1)? has a unique root over F": the
unique second root of unity is 1.

Theorem 6.46. Let F be a field and n a positive integer with char(F) {n, and let ( € F
be a primitive nth root of unity. The extension F C F(() is Galois and Gal(F(C)/F) is
isomorphic to a subgroup of (Z/n)*. In particular, Gal(F'(C)/F) is an abelian group.
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Proof. By Remark 6.45, F'(¢) is the splitting field of 2™ — 1 over F'. As observed above, the
polynomial 2™ — 1 is separable, and thus F'(¢)/F is Galois by Corollary 6.28.

Given any o € Gal(F(¢)/F), by Lemma 6.10 o(() is also an nth root of unity. One can
check this explicitly by noting that

o(Q)" =ao((") =o(1) = 1.

Moreover, we claim that o(¢{) must also be a primitive nth root of unity. Notice that
since 1,(,¢%, ..., (" are distinct, then the elements 1,05((),o(¢)?,...,0({)" ! must also be
disctinct, since o(¢!) = o(¢)" for all I.

This proves that o(¢) = ¢? for an integer j (unique modulo n) such that ged(j,n) = 1.
Thus we have a well-defined function

O: Gal(F(C)/F) — (Z/n)"

o—-——P(0) = where o(¢) = (/.
Given any other 7 € Gal(F(¢)/F), let 7(¢) = ¢". Then

(ro0)(¢) = 7(¢?) = 7(¢) = ¢,

This proves that ®(7 o0 0) = ®(7) - ®(0), so ® is a group homomorphism.
If §(0) = 1, then o fixes ( and hence must be the trivial automorphism. This shows that
® is injective. O

Corollary 6.47. For any n > 1, Gal(Q(e*™/™)/Q) = (Z/n)*.

Sketch of proof. Consider the injective group homomorphism

O: Gal(F(C)/F) —— (Z/n)"

c—-——P(0) =3 where j satisfies o(¢) = (/.

we constructed in the proof of Theorem 6.46. We claim that ® is an isomorphism.
To show that homomorphism must be surjective, one shows that the degree of the

minimal polynomial of e2™/™ is precisely the number of elements of (Z/n)*, and thus
| Gal(Q(e?™/m /Q)| = |(Z/n)*|. We skip this detail. O

We now cover the Galois groups of polynomials of the form 2™ — a in the case where the
base field contains all the nth roots of unity.

Theorem 6.48. Let F' be a field, a € F, and consider a positive integer n such that F
contains a primitive nth root of unity and char(F) tn. Let L be the splitting field of " — a
over F'. Then L/F is Galois and Gal(L/F) is isomorphic to a subgroup of Z/n, and hence
it 1s cyclic.

Proof. If a = 0, then L = F and Gal(L/F) is the trivial group, so the result is trivially true.
If a # 0, then

ged(z™ — a,naz™ ') =1,
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and hence z" — a is separable by Lemma 5.90. By Corollary 6.28, we conclude that F' C L
is Galois.

Let a be a root of 2™ — a in L, and let ( € F' be a primitive nth root of unity. Then
the roots of 2" — a are (‘o for j = 0,...,n — 1, and L = F(«a). Also, the elements ¢/« for
Jj=0,...,n—1 are all distinct, and thus for each o € Gal(L/F') we have o(a) = (Ya with
7 well-defined modulo n. Define

¢: Gal(L/F) ——Z/n
o—-——®(0)=j where o(a) = {/a.

Notice that such integer j is unique module n. Let 7(a) = (*a. Note that ¢ € F and hence
that it is fixed by 7. Then

(roo)(a) =7(a) =Ca=¢"a,

so W is a group homomorphism. It is injective since ¥(o) = 0 implies that o(a) = (a = «,
so o fixes a and hence all of L. n

We are interested in understanding when we can write a formula for all the roots of a
given polynomial using only the usual elementary operations and radicals. We formalize this
idea as follows:

Definition 6.49. For a field F' of characteristic 0, we say f € F[z] is solvable by radicals
over F' if there exists a finite chain of field extensions

F=KRCFHCFKC---Ck,

such that f splits completely in F,, and for each i the field extension F; C F;,; is the
splitting field of an polynomial of the form z™ — a; for some positive integer n; and some
element a; € F;.

Note that a; = 1 is allowed here, so that some of the steps may involve adjoining nth
roots of unity. Roughly speaking, f is solvable by radicals if each of its roots can be written
by an expression involving sums, products, and iterated nth roots of elements of F'. Granted,
such an expression may perhaps be extremely complicated.

Example 6.50. The polynomial f = az?+bx +c € Q] is solvable by radicals over Q since

its roots are
—b+Vb% —4ca

2a

Explicitly, take F} to be the splitting field of 22 — (b* — 4ac); indeed, f splits completely in
F.

Example 6.51. The polynomial f = z*+ bz?+ ¢ € Q[z] is solvable by radicals over Q since
its roots are

i\/—bﬂ:\/bz—élc
5 )
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Explicitly, we could set Fy to be the splitting field of 2% — (b — 4¢) over Q, Fy to be the
splitting field of z% — <_b+— V2172_46> over I, and Fj to be the splitting field of 2% — (‘b_— V2”2_4C

over Fy. It’s not clear if F3 = F5 or F3 C Fy, but either way the tower given shows that f is
solvable by radicals.

The notion of solvable polynomial has a group theoretic counterpart.

Definition 6.52. A group G is solvable if there is a sequence of subgroups

such that for all 0 < ¢ < k— 1 we have N; < N;;; < G and the quotient groups N;,1/N; are
abelian.

Example 6.53. One can show that every group G with |G| < 60 is solvable.

Remark 6.54. Suppose that G is a finite simple group. Recall that this means that G has
no nontrivial normal subgroups. Then the only sequence of normal subgroups of G is

{6} d G>

and thus G is solvable if and only if GG is abelian. But the only simple abelian groups are
Z/(p) for p a prime, so G = Z/(p) for some prime p.

Example 6.55. The groups As and S are not solvable. To see why, recall that As is a
finite simple group and it is not abelian, and thus by Remark 6.54 we conclude that Ay is
not solvable. As for Sj, its only nontrivial normal subgroup is As, but both A5 and S5 are
not abelian, so S5 is not solvable.

Example 6.56. We claim that the group Sy is solvable. To see that, consider the subgroup
V= {e, (12)(34), (14)(23), (13)(24)}
and the following sequence of subgroups:
{e} IV QA, D8,

Since V' has order 4 and any group of order 4 is abelian, then V' is abelian. In fact, one can
show that V' = Z/2 x Z/2. Moreover, the quotients Sy/A4 and A4/V have order 2, and thus
are abelian.

It turns out that there is a close relationship between solvable groups and solvable poly-
nomials. In what follows, char(F') = 0 is not a necessary assumption, but we included it to
make both the statement and the proof simpler.

Theorem 6.57. Assume F' is a field of characteristic 0. If f € F|x] is solvable by radicals,
then the Galois group of the splitting field of f € F[x] is a solvable group.
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Sketch of proof. For a suitable n, we may assume there is a tower
F=FRCFkHC---CF,
such that
e The splitting field L of f satisfies L C F},.
e The splitting field of 2™ — 1 over F'is F}.
e For each i > 1, F,, is the splitting field of 2% — a; € Fj[z], where a; € F; and d; | n.

Note that d; | » means that F; contains all the d;th roots of 1, and thus Theorem 6.48
applies to the extension Fj;/F; for each i > 1.
It turns out that there is an extension E such that

F=FRCFRC-CF,CE
and E/F is Galois with a chain of normal subgroup inclusions
Gal(E/F,,) < Gal(E/F,,_1) < Gal(E/F,,_2) J--- < Gal(E/F)) I Gal(E/F).
The key point is that by Theorem 6.46 and Theorem 6.48, the groups
Gal(Fi1/F;) = Gal(E/F;)/ Gal(E/Fiyy) fori=0,...,m—1

are all abelian. These properties imply that Gal(E/F') is a solvable group, and in turn this
implies that Gal(L/F') is solvable. O

In characteristic 0, the converse of Theorem 6.57 is also true: if the Galois group of f is
solvable, then f is solvable by radicals.

Theorem 6.58. Every polynomial f € Qx| of degree at most 4 is solvable by radicals.

The main point is that if L is the splitting field of a polynomial of degree at most 4, then
Gal(L/Q) <S4, and that every subgroup of Sy is solvable. Indeed, formulas for the roots of
polynomials of degree 2, 3, and 4 have been known for hundreds of years, and they involve
only sums, products, quotients, and square roots, cube roots, and fourth roots.

We can now prove a theorem that has fascinated mathematicians and nonmathematicians
alike for many centuries: the fact that the general quintic cannot be solved. More precisely,
there is no formula involving only radicals, sums, and products for the zeroes of a general
polynomial of degree 5 with rational coefficients. The key point turns out to lie in group
theory: Sy is not a solvable group, and there are polynomials f € Q[z] of degree 5 such that
the Galois group of the splitting field of f over Q is Ss.

Theorem 6.59. If f € Q[z] is any degree 5 irreducible polynomial with exactly 3 real roots,
then f is not solvable by radicals.
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Proof. Let L be the splitting field of f. By Theorem 6.57, it suffices to prove Gal(L/Q) is
not a solvable group. In fact, we show it is isomorphic to Ss.

Let aq, as, a3 be the three real roots of f and let ay, as the two complex ones. Note that
@y = as. Using this ordering of the roots, we identify Gal(L/Q) as a subgroup of Sj, and
will identify an element of Gal(L/Q) sending «; to «; with a permutation sending i to j.

Let o denote complex conjugation. Note that o € Gal(L/Q), since o preserves Q and
aq, az, and ag, and it switches oy and ag. This element of Gal(L/Q) corresponds to the
transposition (4,5) € Ss.

Since [Q(aq) : Q] = 5, by the Degree Formula 5| [L : Q]. But the extension is Galois, so
5| | Gal(L/Q)]|. Since 5 is prime, there is an element 7 € Gal(L/K) of order 5 by Cauchy’s
Theorem. Such an element is necessarily a 5-cycle. The result follows since any 5-cycle and
any transposition necessarily generate all of S5 (exercise).

Finally, we claim that S5 is not solvable. First, S5 is not abelian, so the series

Hy = {e} < S5

does not work since the unique quotient is not abelian. Moreover, as proven in Math 817,
the only nontrivial normal subgroup of S5 is A5 and As has no nontrivial normal subgroups.
Hence the only possible composition series for S5 would be

Hy = {e} < A5 < S5,
but in this series the quotient As/{e} = As is not abelian. O

Example 6.60. The polynomial f(z) = x° — 4z + 2 is not solvable by radicals over Q.
One can show it is irreducible in Q[z] by the usual combination of Eisenstein’s Criterion
and Gauss’ Lemma. Moreover, we claim that this polynomial has exactly 3 distinct real
roots. Unfortunately, we cannot show this directly by presenting such roots, exactly because
f is not solvable by radicals. One could check this informally by graphing f and checking
that indeed it crosses the z-axis three times, and noting that all irreducible polynomials
over a field of characteristic zero (thus perfect) are separable. If we wanted to check this
more carefully, we could use some elementary calculus: f’(z) = 5z* — 4 has precisely two
roots and changes signs at these roots. It follows that f must have exactly 3 real roots. By
Theorem 6.59, f is not solvable by radicals.

However, there are irreducible polynomials of degree 5 that are solvable by radicals.

Example 6.61. The polynomial 2° — 1 € Q[z] is solvable by radicals; indeed, its roots are
all 5th roots of unity over Q.

We can check this using Galois Theory. By Corollary 6.47, the splitting field L of 2° — 1
over Q satisfies Gal(L/Q) = (Z/5)*. In particular, Gal(L/Q) is abelian and thus solvable.

More details on the other applications of Galois Theory we mentioned in the beginning
of this section can often be found in any standard book on the subject.
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6.5 The primitive element theorem

Let ' C L be a field extension. Recall that an element 6 so that L = F(0) is called a
primitive element for the a simple extension F' C L.

Lemma 6.62. If L/F is a finite extension with F' infinite, then L = F(0) if and only if
there are only finitely many subfields of L containing F'.

Proof. First we show if there are only finitely many subfields of L containing F' then L is
simple. It’s sufficient to show F'(«, () is simple for any «, 3 € L and then the statement
about L will follow by induction on the dimension of L. Consider the intermediate fields
E. = F(a+ ¢p) for ¢ € F. Since there are only finitely many intermediate subfields, but
infinitely many ¢ € F' we have

F(a+c¢f) = Fla+ ¢ B) =: E for some ¢ # ¢

Then
a+cf—(a+dB)=(c—)BEE,

so 8 € E and similarly « € E, thus £ = F(a + ¢f) = F(a, ).

For the converse, suppose L = F'() is simple and let f = mg p. Let E be an intermediate
field and g(z) = mgp. Then g | f in Elx], so g is an irreducible factor of f. Consider £’
to be the field obtained by adjoining the coefficients of g to F. Since g = my g = my g/, we

have
[F(0) : E] = [F(0) : E'] = deg(g).

Since F' C E, the Degree Formula gives £ = E’. So all intermediate fields are generated by
the coefficients of the irreducible factors of f. m

Definition 6.63. Let L/F be a finite separable extension. The Galois closure of L over F
is the smallest (with respect to containment) Galois extension of F' containing L, meaning

= () K
FCK Galois
FCLCK
Remark 6.64. We should check that every finite field extension has a Galois closure. For
example, one can pick a basis {1, ..., 5, } for L over F' and take K to be the splitting field of
the product of the minimal polynomials of 31,...,5,. Then L C K will be the splitting field
of a separable polynomial, hence Galois. This shows that the set indexing the intersection
above is not empty, so the Galois closure exists as defined.

Theorem 6.65 (Primitive Element Theorem). If F' C L is a finite and separable extension,
then L is simple over F', meaning L = F(0) for some 0 € L.

Proof. If F'is a finite field then so is L. Since L is finite, then (L*,-) is a cyclic group by a
homework problem. Let 6 be a generator for this multiplicative group. Then L = F(#).
Now suppose F' is infinite. Let K be the Galois closure of L over F. Then G = Gal(K/F)
is finite and has finitely many subgroups, thus by the Galois correspondence there are finitely
many subfields of K, hence also of L, containing F'. By Lemma 6.62 it follows that /' C L
is simple. O
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Corollary 6.66. If F' C L is a finite extension with F' perfect, then L = F(0) for some 6 € L.

Proof. By definition, if F' is a perfect field then every finite extension of F' is separable.
By the Primitive Element Theorem, F' is simple over F. Also, recall that every field of
characteristic zero is perfect, by Corollary 5.94. m

In particular, if L/F is a finite extension of fields of characteristic zero, then L is simple
over F. The most important special case of this, or at least the one we keep encountering,
is that every finite extension of QQ is simple over Q. On the other hand, our proof of the
Primitive Element Theorem is not constructive, and it doesn’t tell us how to find a primitive
clement for a given finite extension. We saw in Example 5.21 that Q(v/2,v/3) = Q(v/2++/3);
nevertheless, it is not always true that Q(«, 5) = Q(a + ), as we saw in Example 5.77.

Theorem 6.67. Fuvery finite Galois extension is simple.

Proof. Let F C L be a Galois extension. By Corollary 6.26, for every a € L the minimal
polynomial m, r is separable, so F' C L is separable. By the Primitive Element Theorem, L
is simple over F'. O

For extensions of perfect fields of characteristic zero, this is just a very special case
of Corollary 6.66. In this case, we can also prove that the extension is simple directly
from Lemma 6.62: if ¥ C L is Galois, then Gal(L/F') is finite, and thus it has finitely
many subgroups, which by the Galois correspondence says that F' C L has finitely many
intermediate fields. By Lemma 6.62, this implies that F' C L is simple.

To construct an example of a finite field extension that is not simple, we need an infinite
field of prime characteristic that is not perfect.

Example 6.68. Let L = Z/p(s, t) be the fraction field of the polynomial ring in two variables
Z/pls,t], and consider the subfield K = Z/p(s,t). We claim that this is a finite extension
that is not simple. First, note that

{s'¥|0<i,j<p—1}
is a basis for L over K, so [L : K] = p*. Now let o € L, meaning a rational function
_ fsh
9(s,t)

for some polynomials f,g € Z/p[s,t]. For any a € Z/p we have a”? = a by Fermat’s Little
Theorem, so by the Freshman’s Dream we have f(s,t)? = f(s?,t?) and g(s,t)? = g(s?,tP).

Therefore,
Y
g(s,t)p g(sP,17)
Thus 2P — o? € K|[z], and since « is a root of this polynomial we conclude that
[K(a) : K] < deg(a® — o) = p.
Thus K(«) # L for all « € L.
However, not every finite separable extension is Galois.

Example 6.69. We showed in Example 6.17 that Q C Q(+/2) is not Galois. However, the
minimal polynomial of /2 over Q is 2 — 2, which is separable, and thus by Exercise 15 the
extension Q C Q( \3/5) is separable.
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6.6 The proof of Artin’s Theorem

We now embark on a proof of Artin’s Theorem. A key ingredient is the “linear independence
of characters”, which is useful in other contexts as well, such as representation theory.

Definition 6.70. For a group G and field F', a character of G with values in F is a group
homomorphism of the form
x:G— F*.

Example 6.71.

1) If G = C,, cyclic of order n, with generator z, then the UMP for cyclic groups says
there is a unique group homomorphism G' — C* sending x + (,, and hence z* — (’.
This is an example of a character.

2) If K and F are two fields and ¢ : K — F'is a field map, then ¢ restricts to a character
¢ K* — F*.

Note that the set Fun(G, F') of all functions from G to F'is an F-vector space and that
the characters f GG are elements of this vector space. Therefore it makes sense to talk about
linear independence for sets of characters. A point to observe here is that arbitrary linear
combinations ) . [;x; are not, in general, group homomorphisms.

Definition 6.72. For GG and F' and characters x1, ..., x», We say these characters are linear
independent if whenever > " | l;x; = 0 (the constant map 0), we must have [; = 0 for all .
Making this even more explicit: xi,..., X, are linear independent if given [; € F' such that

Yo lixi(g) =0 for all g € G, we must have I; = 0 for all 7.

Theorem 6.73 (Linear Independence of Characters). Let G be a group, F be a field, and let
X;: G —= F* forj=1,...,m be a finite list of distinct characters, meaning that for alli # j
we have x;(g) # x;(g) for at least one g € G. Then X1, ..., Xm are linearly independent.

The Theorem is sort of a Sophomore’s dream, since it is saying that if a list of a certain
sort of vectors in a certain vector space has no repetitions, then the vectors are linearly
independent.

Proof. We proceed by induction on m.
Base case: When m = 1, since x1(g) # 0 for all g then lyx; = 0iff [; = 0.
Induction Step: Suppose m > 1 and that Y .*, [;x;(g) = 0 for all g € G for some [; € F.
Suppose

> Ly =0. (6.6.1)
=1

Evaluating (6.6.1) at hg for g, h € G and using that y; are group homomorphisms gives

0= ZliXi<hg) = Z Lixi(h)xi(g) forall g,h € G. (6.6.2)
=1 i=1
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Multiplying (6.6.1) by x1(h) gives

0= x1(h) (Zm: lixi(g)> for all g, h € G. (6.6.3)

Subtracting (6.6.2) from (6.6.3) we get we get

m

0= x1(h) (Z lin‘(g)) - ZliXi(h)Xz‘(g) = Z (xa(h)li = xi(h)li) xi(g) for all g,h € G.

1=

Fixing h, the equation above gives a linear dependence between xo,...,Xm,. Using the
induction hypothesis we conclude that

xi1(W)l; — xi(R)l; =0 forallhe G

for all 4, including @ = m. Since x1(h) # xm(h), we get I, = 0, and hence (6.6.1) reduces to

m—1
Z lixi(g) =0, forall ge€@.
i=1

Using the induction hypothesis again it follows that [; = 0 for all 7. m

Example 6.74. Let G = C),,, generated by x, and define

Xj:G———C

B x4(2) = G = eI

for j =0,...,n — 1 by xs(z) = ¢J = €?™/7, These are distinct, and hence by Theorem 6.73
they must be linearly independent.

We now restate Artin’s theorem:

Theorem (Artin’s Theorem). Let L be any field and G any finite subgroup of Aut(L). Then
LY is a subfield of L, L)LY is a finite Galois extension and Gal(L/L%) = G.

Proof of Artin’s Theorem. Let G be a finite subgroup of Aut(L) for a field L. In Exercise 18,
we left proving that L is a subfield of L as an exercise. We will prove the remaining
statements. We need to prove L/L® is a finite extension and that [L : L¢] = | Aut(L/L%)|.

We start by showing that it suffices to show that [L : L¢] = |G|. If [L : LY = |G]
does indeed hold, then in particular L/L® is a finite extension. By Theorem Theorem 6.15,
since LY C L is finite then | Aut(L/L%)| < [L : L¢]. Since [L : LY = |G|, then we obtain
| Aut(L/L9)| < |G,

On the other hand, any element in G fixes LY by definition, so G < Aut(L/L%). But
| Aut(L/L%)| < |G| and these are both finite groups, so G = Aut(L/L%). From the inequality
before we now conclude that | Aut(L/LY)| = [L : LY], and thus the extension is Galois.
Finally, this gives Gal(L/L%) = Aut(L/L%) = G.
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It remains to prove that [L : LY = |G|. Let n = |G| and G = {074, ...,0,} with oy = id}.
By Theorem 6.15, we know that [L : LY > n. We want to show that equality holds. If
[L : L¢] > n, then we can find n + 1 many L%linearly independent elements wi, ..., w, 1
in L. Consider the system of n equations with n + 1 unknowns

o1(wi)xy + -+ 01 (Wpt1)Tpyr =0
0_2((")1)3:1 ++ 0—2(wn+1)xn+1 =0
on(w))xy + -+ op(Wps1)Tper = 0.

Since there are fewer equations than unknowns, this system has a nontrivial solution. Among
these, choose the solution that has the least number r of nonzero components; by reordering
the w; we may assume this solution has the form (a4, ...,a,,0,...,0) with a; # 0 for all 7.
By scaling, we may assume a, = 1. Since o7 = idg, the first equation says that

ajwy + -+ ap_qwr—1 + w, = 0.

If all the a; belong to L then this equation of linear dependence would contradict the linear
independence of wy,...,w,1. Thus a; ¢ L for some i. Reordering again, we may assume
ay; ¢ LY. Since a, = 1, note in particular that this shows r > 1. We thus have

or(wi)ay + -+ or(w—1)a,—1 + o1(w,) =0

oa(wr)ay + -+ + oa(wr_1)ar—1 + oa(w,) =0

on(wr)ar + -+ op(wr_1)a,1 + op(w,) =0
Now, since a; ¢ L%, there is a k with oy(a;) # a;. Apply o to the jth row to obtain
okoj(wi)ok(ar) + - + okoj(wr—1)og(ar—1) + oxo;(w,) =0
Since G is a group, as j ranges over all possibilities, 0,0, ranges over all elements of G. Thus
oi(wr)ok(ar) + -+ + oi(wn)ok(ar—1) + oi(w,) =0 forall 1 <7< n.
For each i, subtracting this equation from the 7th equation in the previous system yields
oi(wi)(ay — ox(ar)) + - -+ oi(wr—1)(ar—1 —ox(a;)) =0 forall 1 <i< n.

Since a; — ok (ay) # 0, this is a nontrivial solution to original system of equations with fewer
than r nonzero components, which is a contradiction. O
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