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Chapter 1

Modules

Modules are abelian groups with an additional structure. The reader should
prove the assertions below, using what has already been established for (abelian)
groups. Throughout R is a ring with unity 1.

1.1 Definition of Module and Basic Results

Let R be a ring with unity 1. A left R-module is an abelian group M together
with a function RxM — M, described by (r,m) +— rm = rm for all r € R
and m € M, such that

‘(m+m')=rm+rm,

(M.1) r

(M2) (r+1')}m = ram+1'm,
(M.3) (rr')-m = r-(r'-m), and
(M

4) I'm=m

for all r,7" € R and m,m’ € M. If R does not have a unity then the module
axioms are (M.1)—(M.3). The function RxM — M is referred to as the module
action.

Suppose that M is a left R-module. Then the module action restricts to a
group action of R* on M. For r € R we define o, : M — M by

or(m) =rm

for all m € M. By (M.1) the function o, is an endomorphism of the (additive)
group M.

Let A be an (additive) abelian group and let End (A) be the set of all group
endomorphisms of A. Since the composition of group homomorphisms is a group
homomorphism, End (A4) is a monoid under composition. Since A is an abelian
group, the sum of f, g € End (A) defined by function addition

(f +9)(a) = fla) + g(a)
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for all @ € A is a group endomorphism of A. With function addition and
composition End (A) is a ring with unity Id 4.
We have noted that o, € End (M). By virtue of (M.2)—(M.4) the function

7m: R — End (M)

defined by 7(r) = o, for all r € R, is a homomorphism of rings with unity; that
is
7(r+1")=0p1p = 0p +0op =7(r) +m(r'),

7(rr') = opp = op00, = w(r)on(r’),

for all r,r’ € R and
71'(1) =01 = Id]y[.

Observe that r-m = o,(m) = w(r)(m) for all r € R and m € M.

Conversely, suppose that A is an abelian group and 7 : R — End (4) is
a homomorphism of rings with unity. Such a map is called a representation of
R. Note A is a left R-module where r-a = m(r)(a) for all »r € R and a € A.
Compare with actions of groups.

Lemma 1.1.1 Let M be a left R-module. Then:
(1) 0-m =0 for allm e M.
(2) 0=0 for all T € R.

3) =(r-m) = (=r)m=r-(—m) forallr €r and m € M.

PRrROOF: Mimic the proof of the analogous lemma for rings. O

Actually the analogous lemma for rings is a special case of Lemma 1.1.1.

Example 1.1.2 A ring R with unity is a left R-module by r-m = rm for all
r,m € R, where rm is the product of v and m in R.

1.2 Submodules

Throughout M be a left R-module. A submodule of M is an (additive) subgroup
N of M such that r-n € N forallr € Rand n € N.

Lemma 1.2.1 Let M be a left R-module. Then:
(1) M and (0) are submodules of M.

(2) If Ny,..., N, are submodules of M then the sum of subgroups N1+---+ N,
s a submodule of M .

(3) The intersection of a non-empty family of submodules of M is a submodule
of M.
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(4) Suppose that N is a submodule of M. Then the quotient group M/N is a
left R-module with r-(m+ N)=r-m+ N for allr € R and m € M.

PROOF: The (additive) subgroup (0) of M is a submodule by virtue of part
(2) of Lemma 1.1.1. By virtue of results from group theory, a good part of
the proofs (2) and (3) are done. If A is an abelian group and B,C < A then
B+ C < Asince B+ C = C + B. Thus by induction, if By, -+, B, < A then
By + .-+ B, < A. The intersection of a non-empty family of subgroups of a
group is a subgroup.

We show the function Rx(M/N) — M/N of (4) is well-defined. Suppose
that r € R and m + N =m’ + N, where m,m’ € M. Then m —m’ € N which
implies r-(m —m') € N. But

r-(m—m')=r(m+ (—m)) =r(m)+r(—m') =rm—rm

by part (3) of Lemma 1.1.1. Therefore r-m + N = r-m/ + N. The remaining
details of the proofs of parts (2)—(4) are left to the reader. O

By parts (1) and (3) of the preceding lemma every subset S of M is contained
in a smallest submodule of M denoted by (S). Let N be a submodule of M.
Then a subset S of N generates N, or N is generated by S, if N = (S). The
submodule N is finitely generated if N = (S) for some finite subset S of N and
N is cyclic if N is generated by a singleton set. Observe that

({m})=Rm={rm|r € R}
for m € M (we use m = 1-m € R-m), and
({m1,...,my}) =Rmi+- -+ Rm,
for my,...,m, € M. Generally for a non-empty subset S of M
S)Yy={rimi+--+remg|€>1,r,...,7¢ €R, my,...,my € S}.

There is a submodule test analogous the the “one-step” subgroup test in
(additive) groups.

Lemma 1.2.2 A subset N of M is a submodule if and only if
(1) N #0 and
(2) n—rn' €N foralln,n’ € N and r € R.

O
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1.3 Module Homomorphisms

Let M, M’ be left R-modules. A module homomorphism f : M — M’ is a
homomorphism of (additive) groups which also satisfies f(r-m) = r-f(m) for all
r € R and m € M. Since the following results hold for group homomorphisms
there is very little to add to prove them.

Proposition 1.3.1 Let f : M — M’ be a module homomorphism. Then:
(1) If N is a submodule of M then f(N) is a submodule of M.
(2) If N’ is a submodule of M’ then f~1(N’) is a submodule of M.
(3) Ker f is a submodule of M and Im f is a submodule of M'.
O
Since module homomorphisms are group homomorphisms:
Proposition 1.3.2 Let f : M — M’ be a module homomorphism. Then f is
injective if and only if Ker f = (0). O
There is an “algebra” of module homomorphisms.
Proposition 1.3.3 Let M, M’, and M" be left R-modules. Then:
(1) The identity map Idps : M — M is a module homomorphism.

(2) The composition of module homomorphisms f : M — M’ and f' :
M' — M" is a module homomorphism f'of : M — M".

(3) Suppose that f : M — M’ is a module isomorphism. Then f=1: M’ —
M is a module isomorphism.

O

At this point the reader should be able to reformulate the isomorphism
theorems for groups to apply to modules and supply the few additional details
for their proofs.

Example 1.3.4 Regard R as a left R-module according to Example 1.1.2 and
letme M. Then fp, : R— M defined by

fm(r) =1rm (1.1)
for allr € R is an R-module homomorphism.

For a non-empty subset S of M the subset of R defined by

anng(S)={re R|rm=0V me S}
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is the annihilator of S. When S = {m} is a singleton set we set anng(m) =
annp({m}). Observe that

Ker f,, = anng(m)

and is thus a submodule (left ideal) of R. Since Im f,, = R-m and Ker f,, =
anng(m), by the First Isomorphism Theorem for modules there is an isomor-
phism of left R-modules

R/anng(m) ~ R-m.

Example 1.3.5 Let N be a submodule of M. Then the projection w : M —
M/N is a module homomorphism and Kerm = N.

We know that 7 is a group homomorphism. The calculation
w(rm)=rm+ N =r-(m+ N)=rmx(m)

for all » € R and m € M completes the proof that 7 is a module homomorphism.

Just as normal subgroups are the kernels of group homomorphisms, submod-
ules are the kernels of module homomorphisms. The assertion follows by part
(3) of Proposition 1.3.1 and Example 1.3.5.

1.4 Finite Direct Sums and Finitely Generated
Free Modules

Let My,..., M, be left R-modules. Then the Cartesian product of abelian
groups Mi x---x My is a left R-module with

r-(mi,...,mg) = (rmy,...,rms)

for all r € R and (mq,...,ms) € My x---xMs. The R-module M;x---x M is
referred to as a direct sum (external) of My, ..., Ms. Note for a permutation o
of {1,..., s} that the bijection

Myx- - xMg; — Mg(l)x---xMa(s)

given by
(m17 RS ms) e (mU(l)a s 7m0'(s))

is an isomorphism of left R-modules.
Suppose that Mq,..., M, are submodules of a left R-module M. Then the
abelian subgroup

M1—|—~~~—|—Ms:{m1—|—-~~—|-ms|mi€Mi v ISZSS}

is a submodule of M. By definition M is the direct sum (internal) of My, ..., My
if

(DS.1) M =M; +---+ M, and
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(DS.2) whenever my € My,...,ms € Ms and m; + - - - + ms = 0 then necessarily
mp =---=mg=0.

Thus M is the direct sum of M, ..., My if and only if the homomorphism of
left R-modules

Mlx...st—>M (ml,...,ms)'_’m1+"'+ms (12)

is an isomorphism. For this map is surjective if and only if (DS.1) holds and it
is injective, or equivalently its kernel is (0), if and only if (DS.2) holds.

Suppose that M is the direct sum of My,..., M. Then we write M =
Mi&---®M,; and m® - - - ®my for my + - - - + mg. Since the function of (1.2) is
bijective, every element m € M can be written uniquely as m = m1® - - - my,
where m; € M; for all 1 <7 <s.

Lemma 1.4.1 Let My, ..., M be submodules of a left R-module M. Then the
following are equivalent:

(1) M =M@ - OM;.

(2) M =M +---+M; and if s > 2 then (M1—|—~~-+]\/4\i+'--—|—Ms)ﬂMi = (0)
for all 1 <1 <s, where = means summand omitted.

Now regard R as a left R-module under multiplication and for s > 1 set
R® = Rx---xR (s R’s). A left R-module M is finitely generated and free if
R% ~ M as left R-modules for some s > 1.

Suppose that M is finitely generated and free and let f : R® — M be an
isomorphism of left R-modules. For 1 <i < slet ¢, = (0,...,1,...,0) be the
s-tuple with all entries 0 except for the i** one which is 1 and set m; = f(e;).
Let (r1,...,7s) € R®. Since

(r1y... 1) =717€1 + - g€
it follows that
flri, .. rs) =remy + -+ remg. (1.3)
Thus
(F.1) every m € M can be written m = ry-mq+- - -+rs-mg for some ry,...,7rs €
R and
(F.2) for ry,...,rs € R the equation r1-mj +---+7rsms =0 implies r; = - -+ =
re = 0.

Since the map f of (1.3) is bijective, for m € M the expression of (F.1) is unique;
that is if r1-mq + -+ + rg-mg = 71-mq + -+ 4+ rl-ms, where r;,7; € R for all
1<i<s,thenry =vr],...,rs =1

Let M be a left R-module. A subset B = {mq,...,ms} of M is a finite
basis for M if (F.1) and (F.2) hold. Suppose that my,...,ms € M are any
elements. Then the function f : R® — M defined by (1.3) is a homomorphism
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of R-modules. Therefore M is a finitely generated and free if and only if it has
a finite basis.

Warning: Bases are written as sets, but they are really indexed sets. For
example, M = R has basis {m;}, where m; = 1. Although {m1} = {m1,mo}
as sets, where mg = myq, the latter is not a basis for M since 1my + (—1)mg = 0.
This important point is usually not emphasized in Linear Algebra texts.

1.5 Products and Direct Sums of Modules, Free
Modules

We define the structures of this section in terms of those of the preceding section.
Suppose that My,..., M, are left R-modules and regard them as the indexed
family {M,};cr, where I = {1,...,s}. Note that (mq,...,ms) € Mx - xM;
can be regarded as the function f : I — U;c; M; given by f(i) = m; for all
i € I. Observe that f(i) € M; for all i € I.
Let
P={f:1— UjeM;|f(i) € M; forallieI} (1.4)

Then P is a left R-module where

(f+9)@) = f(i) +g() and  (r-f)(i) =r(f(7)) (1.5)

forall f,g e P,i€ I, and r € R. The function F': P — Mj X --- XM, defined
by
E(f) = (f(1),..., f(s))

for all f € P is an isomorphism of left R-modules. Thus we can think of the
Cartesian product My x --- XM, as a set of certain functions on an index set.
This point of view leads to a generalization of Cartesian products of R-modules
(and other structures as well).

Let I be any non-empty set and {M;};c; be a family of left R-modules
indexed by I. Then P defined by (1.4) is a left R-module with structures
defined by (1.5) and is referred to as a product of the family {M;};cr.

A direct sum (external) of {M;};cr is realized as a certain submodule of P.
For f € P we set

supp f = {i € I'| f(i) # 0}.

Let S be the set of all functions f € P which have finite support, that is supp f
is a finite set. Then 0 € S. For f,g € P and r € R note that

supp (f —r-g) C (supp f)U(supp g).

Therefore f,g € S and r € R implies f —r-g € S. Thus S is a submodule of P
by Lemma 1.2.2. The module S is referred to as a direct sum (external) of the
family {M;}ier.

Now suppose {M; };¢cs is an indexed family of submodules of a left R-module
M. Then M is the direct sum (internal) of the indexed family {M,}icr if
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(DS.3) for m € M there are iy,...,is € I such that m € M;, +---+ M;_ and
(DS4) My, + -+ M;, = M;,®---®M,_ whenever iy,...,is € I are distinct.

Suppose M is the direct sum (internal) of the indexed family {M,};c;. We
write M = @, ;M;. Let S be the direct sum (external) of {M;};c; constructed
above. For each ¢ € I observe that the function

pi: My — S

defined for all m € M; by
_ N mo =1
wmy ={ 597
is an injective homomorphism of left R-modules. Observe that

5=, 50

is a direct sum (internal) and there is an isomorphism of R-modules

5@ )=~ M~
determined by ¢;(m) +— m for all i € I and m € M;. Thus up to isomorphism
there is no distinction between external and internal direct sums.

We now generalize the notion of finitely generated free module. A left R-
module M is called free if there is an indexed set {m;};cs of elements of M such
that

(F.3) for every m € M there are i,...,is € I and rq,...,7s € R such that
m=ry-my +---+rsmg and

(F.4) for all finite lists of distinct elements 41,...,is € I the (indexed) set
{mi,,...m;_} is a basis for R-m;;, +---+ R-m,_.

An indexed subset of elements {m; };c; which satisfies (F.3) and (F.4) is called
a basis for M.

Lemma 1.5.1 Suppose that M is any left R-module and {m;};cy is an indexed
subset of elements of M. Then the following are equivalent:

(1) {m;}ier is a basis for M.

(2) M = @,;c;Rm; and for each i € I the R-module homomorphism fu,, :
R — R-m; defined by (1.1) is an isomorphism.

The notions of product, direct sum (external), and free module will need to
be refined so that they can be described abstractly, that is without having to
resort to specific constructions.
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Tensor Products

Throughout R, S are rings with unity. The notations pM and Np signify that
M is a left R-module and N is a right R-module.

2.1 Definition of a Tensor Product and Basic
Properties

Let A, B, and L be abelian groups. A function ¢ : AXxB — L is bi-additive
if o( ,b): A— Land ¢(a, ):B — L are group homomorphisms for all
b€ B and a € A. Suppose Mr and gN. Then a function ¢ : MxN — L is
R-balanced if it is bi-additive and p(m-r,n) = @(m,rn) for allm € M, r € R,
and n € N.

A pair (1, A) is called a tensor product of Mr and gN if:

(TP.1) A is an abelian group and ¢ : M xN — A is R-balanced, and

(TP.2) if L is an abelian group and ¢ : M x N — L is R-balanced then there is
a unique group homomorphism ® : A — L which satisfies ®or = .

Theorem 2.1.1 Suppose Mr and gRN. Then:
(1) There is a tensor product of Mg and gpN.

(2) Suppose that (1, A) and (', A") are tensor products of Mr and rN. Then
there is a unique group homomorphism ® : A — A’ which satisfies ®or =

7.

(3) A is generated by Ima.

Suppose that Mz and g N. By the preceding theorem there is a unique (up
to isomorphism) tensor product (¢, A) of Mg and pN. Usually A is denoted by
M®&pgN and ¢ is given implicitly by «(m,n) = m®n for all m € M and n € N.
The abelian group M ®gN is informally referred to as the tensor product of Mg
and gN. The fact that ¢ is balanced translates to

11
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(1) (m+m")®n =men + m'dn,
(2) m(n+n') =men+ men’, and
(3) mr®n = m®rn

for all m,m’ € M, n,n’ € N, and r € R.
Thinking of the tensor product operation as a multiplication, the ring R can
be thought of as an identity element.

Proposition 2.1.2 Suppose M. Then the function M — M®grR defined by
m +— m®]1 for all m € M is an isomorphism of abelian groups.

The “left” version the preceding proposition is left to the reader to prove: If
rM then the function M — R®prM given by m +— 1®m for all m € M is an
isomorphism of abelian groups.

Thinking of direct sum as addition, the right distributive law holds for tensor
product and addition.

Proposition 2.1.3 Let Lr, Mg, and gN. There is an isomorphism of abelian
groups (LOM)RpN — (LRRN)B(M®gN) determined by ((Em)@n — ({@n)d(men)
forallte L. me M, andn € N.

The “left distributive law” is formulated: For L, gM, and rN there is an
isomorphism of abelian groups L&r(M®N) — (L&rM)®(LR®rN) given by
(@(m®dn) — (lem)d(len) for all £ € L, m € M, and n € N.

One can establish the following corollary to Proposition 2.1.3 by induction
on s:

Corollary 2.1.4 Let MiR,...,Msr and gN. Then there is an isomorphism
of abelian groups (M1®- - - ®M;)QpN — (M1QrN)® - - ®(M;®@rN) given by
(m1®- - -Bms)@n — (M1N)d- - -B(Mms@n).

Proposition 2.1.5 Suppose f : Mp — M}, and g : kRN — rN’ are module
homomorphisms. Then there is a map of abelian groups f®g : MRrN —
M'®@grN' defined by (f®g)(m®n) = f(m)®g(n) for allm e M andn € N.

The function f®g is referred to as a tensor product of maps.

To proceed we need the notion of bimodule. An (R, S)-bimodule is an abelian
group M with with a left R-module and a right S-module structure such that
the associative law

r-(m-s) = r-(m-s)

holds for all r € R, m € M, and s € S. We use the notation pMg to denote
that M is an (R, S)-bimodule.

Lemma 2.1.6 Suppose sMp and gRN. Then s(M®grN), where s-(m®n) =
(ssm)®@n forallse S, me M, andn € N.
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Likewise if Mg and gNg then (M®gN)g, where (m®n)-s = m®(n-s) for all
meM,ne N,and s € S.

Suppose that R is a subring of S. Then gSg by left and right multiplication
in S.

Corollary 2.1.7 Suppose that R is a subring of S and gM. Then s(SQ@rM)
where s-(s'@m) = ss'@m for all s,s' € S and m € M.

Proposition 2.1.8 Suppose that R is a subring of S and rM is a finitely
generated free left R-module with basis {m1,...,ms}. Then SQrM is a finitely
generated free left S-module with basis {1@my, ..., 1@m}.

The tensor product is associative in the following sense:

Proposition 2.1.9 Let Lr, Mg, and sN. Then there is an isomorphism of
abelian groups (LOrM)RsN — LRgr(M®gN) where ({@m)@n — £R(men)
foralll e L. me M, andn € N.

2.2 When R is Commutative

Throughout this section R is commutative. If gM then Mp where m-r = r-m
for all m € M and r € R. With these structures gMpg. Likewise if Mg then
rM, where rm = m-r for all r € R and m € M, and with these structures
RMR-

Let gL, pM, and gN. A function ¢ : LxM — M is R-bilinear (or just
bilinear) if it is bi-additive and

p(rm,n) = p(m,rn) =rpim,n)

forall r € R, m € M, and n € N; that is ¢ is an R-module homomorphism in
each variable. Using the (R, R)-bimodule structure on L we have r(L&gM) by
Lemma 2.1.6. The tensor product, when R is commutative, satisfies a slightly
different universal mapping property.

Theorem 2.2.1 Let gRM and gN and (,A) be a tensor product of gM and
rN. Then:

(1) A has a left R-module structure such thatv: MxN — A is bilinear, and

(2) if (¢/, A’) is a pair which satisfies (1) then there is a unique homomorphism
of R-modules ® : A — A’ such that ®or =1'.

If RM and gN are finitely generated and free then so is M@prN.

Proposition 2.2.2 Suppose that rRM and rN are finitely generated free mod-
ules with bases {m; }1<i<s and {n;}1<j<; respectively. Then MQrN is a finitely
generated free left R-module with basis {m;®n;<i<s1<j<t-

Since R is commutative the tensor product operation is commutative in the
following sense:
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Proposition 2.2.3 Suppose that gk M and rN. Then there is an isomorphism
of left R-modules MQrN — N®grM given m®n — n®@m for all m € M and
n € N.

2.3 N-fold Tensor Products; Multilinear Forms

Throughout this section R is commutative. Suppose that n > 1, gMy, ..., gM,
and g N. Then a function ¢ : My x---xM, — N is n-linear if it is a homomor-
phism of R-modules in each variable. We define M1®pg- - -QrM, inductively
by

My con=1;

(Mi®g- - QrMy—1)®rM, : n>1

and we define + : My x---xM, — M1®pg---®rM, inductively by

Mi®p- - -@rMy = {

( 2 --® ) . mi :on=1;
“m Mn) = (Mm@ - @mp_1)@my, : n>1
Let M = M1®p: - -®@rMs.

Theorem 2.3.1 Suppose that n > 1 and gpM;, ..., gM,. Then the pair (1, M)
defined above satisfies the following:

(1) M is a left R-module and v : My x---x M, — M is n-linear, and

(2) 4if (+/, M) is a pair which satisfies (1) then there is a unique homomorphism
of left R-modules ® : M — M’ which satisfies Por =1/,



Chapter 3

Projective and Injective
Modules

Throughout R is a ring and all rings have a unity. Also A4, ..., F and X are
left R-modules. Recall that abelian groups are left Z-modules.

3.1 Exact Sequences and the Short Five Lemma
Consider a sequence of R-module homomorphisms
A2 ploc (3.1)

The sequence is exact at B if Im o = Ker 8. Observe that Ima C Ker g if and
only if Boa = 0. Thus if the sequence (3.1) is exact then Soa = 0. Generally a
sequence of R-module homomorphisms is exact if every subsequence of the type
(3.1) is exact.

Lemma 3.1.1 Suppose that A —— B and B L, ¢ are R-module homomor-
phisms. Then:

(1) 0 — A -% B is exact if and only if o is injective.

(2) B P00 s ezact if and only if B is surjective.

B3)0—A-%B B, 0 — 0 is eact if and only if o is injective, (3 is
surjective, and Im a = Ker .

A exact sequence of the form 0 — A — B — C' — 0 is called a short
exact sequence.

Example 3.1.2 If A =5 B is a R-module homomorphism then
0 — Kera — A - Ima —0

1 a short exact sequence, where 1 is the inclusion.

15
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Example 3.1.3 The direct sum A®B gives rise to a short exact sequence
0— A A®B " B — 0,
where 1(a) = (a,0) for all a € A and w(a,b) =b for all (a,b) € A®B.
Lemma 3.1.4 (The Short Five Lema) Let
0 - A B - C - 0

0 - D - F - F - 0

be a diagram of R-module homomorphisms whose rows are short exact sequences
and whose squares commute. Then:

(1) If o,y are injective then 3 is injective.
(2) If a,v are surjective then (3 is surjective.

(3) If a,v are isomorphisms then [ is an isomorphism.

3.2 Split Exact Sequences

Proposition 3.2.1 Let A —> B and B - A be R-module homomorphisms.

(1) Suppose that moy = Ida. Then 7 is surjective, j is injective, and B =
Ker 7&®Im j.

(2) Suppose that m is surjective and B = Kern@®B" for some submodule B"”
of B. Then there is an R-module homomorphism 7 : A — B such that
moy =1ds and Imy = B”.

(3) Suppose that j is injective and B = B'®Im ) for some submodule B’ of
B. Then there is an R-module homomorphism 7’ : B — A such that
7'op=1ds and Kern’ = B’.

Theorem 3.2.2 Let 0 — A — B A, C — 0 be a short exact sequence.
Then the following are equivalent:

(1) B =ZXKerB®B" for some submodule B" of B.

(2) B=B'®Ima for some submodule B' of B.

(3) There exists an R-module homomorphism C — B such that 3oj = Id¢.
(4) There exists an R-module homomorphism B —— A such that moa = Id 4.

A short exact sequence such that any of the equivalent conditions of the
preceding theorem are satisfied is called a split short ezact sequence.
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3.3 Hompg(A, ) and Projective Modules
Observe that Hompg (X, A) is an abelian group, where

(f +9)(@) = f(z) +g(z)

for all f,g € Hompg(X,A) and 2 € X. Suppose that A -~ B is a R-module
homomorphism. If f € Homp(X,A) then o.(f) = aof € Homp(X, B) and

Homp(X,A) 2% Hompg(X, B) is a group homomorphism. A sequence of R-
module homomorphisms

A p-te
gives rise to the sequence of group homomorphisms
Hompz (X, A) = Hompg(X, B) 25 Hompz (X, C)

and

Broa, = (o). (3.2)
Proposition 3.3.1 [f0 — A - B L, C is exact then

0 —> Homp(X, A) 2% Homp(X, B) 2 Hompg(X, C)
1s exact for all left R-modules X .

Sketch of proof. Since « is injective it follows that a is also. Since A ——

B -2 Cis exact, foa = 0 which means f.oa, = 0, = 0 by (3.2). Thus
Im o, C Ker ;. It remains to show that Ker 8, C Im a.
Let P be a left R-module and suppose that

B2 c—o

is exact. Then
Hompg(P, B) 2% Homp(P,C) — 0

is exact if and only if for all R-module homomorphisms P -2+ C' there is an
R-module homomorphism P L, B such that B«(f) = Bof = g. The module

P is projective if whenever B 2, C' is a surjective R-module homomorphism
and P -4 C is any R-module homomorphism, then there is an R-module

homomorphism P L, B such that Bof =g.
Theorem 3.3.2 Let P be a left R-module. Then the following are equivalent:
(1) P is projective.

(2) If0 — A% B L0 — 0 s a short ezact sequence of left R-modules
then

0 — Homp(P, A) 2 Hompg(P, B) 2% Homp(P,C) — 0

is a short exact sequence of abelian groups.
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(3) Ewvery short exact sequence of the form 0 — A — B — P — 0 splits.

(4) If B — P is a surjective homomorphism of R-modules, then B = B'&B”
is the direct sum of submodules, where P ~ B".

The proof of (4) implies (1) uses the fact that free R-modules are projective.
This is a consequence of perhaps the most basic characterization of projective
modules:

Proposition 3.3.3 Let P be a left R-module. Then P is projective if and only
if P is isomorphic to a direct summand of a free R-module.

3.4 Hompg( ,A) and Injective Modules

Suppose that A %5 B is a R-module homomorphism. If f € Hompg(B, X) then

o*(f) = foa € Homp(A,X) and Homp(B, X) AN Homp (A, X) is a group
homomorphism. A sequence of R-module homomorphisms

Al
gives rise to the sequence of group homomorphisms
Homp(C, X) £, Homp(B, X) o, Homp (A, X)

and

a*off* = (foa)*. (3.3)

Proposition 3.4.1 IfA - B 2, ¢ — 0 is exact then

0 — Hompg(C, X) 2= Homp(B, X) > Homp(A, X)
is exact for all left R-modules X .

Sketch of proof. Since 3 is surjective it follows that 8* is injective. Since
A B2 s exact, Boa = 0 which means a*o3* = 0* = 0 by (3.3). Thus
Im 8* C Ker a*. It remains to show that Ker a® C Im 3*.

Let I be a left R-module and suppose that

0— A5 B

is exact. Then
Homg(B,I) 2= Homp(A,I) — 0

is exact if and only if for all R-module homomorphisms A I there is an
R-module homomorphism B — T such that o*(g) = goaw = f. The module I
is injective if whenever A =~ B is an injective R-module homomorphism and
AL T any R-module homomorphism, then there is an R-module homomor-
phism B - I such that goa = f.
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Theorem 3.4.2 Let I be a left R-module. Then the following are equivalent:
(1) T is injective.

(2) If0 — A% B 2, ¢ —0 s a short exact sequence of left R-modules
then

0 — Hompg(C, I) 2 Homp(B, ) = Hompg(A, I) — 0
is a short exact sequence of abelian groups.

(3) Ewvery short exact sequence of the form 0 — I — B — C' — 0 splits.

(4) If I — A is an injective homomorphism of R-modules, then A = A'®A”
is the direct sum of submodules, where I ~ A",

The proof of (4) implies (1) uses Theorem 3.5.3.

3.5 Baer’s Criterion and Consequences

Proposition 3.5.1 (Baer’s Criterion) Let I be a left R-module. Then the
following are equivalent:

(1) T is injective.

(2) If L is a left ideal of R every R-module homomorphism L — I can be
extended to a module homomorphism R — 1.

A left R-module A is divisible if for all b € A and non-zero r € R there is an
a € D such that r-a = b.

Corollary 3.5.2 Let R be a PID. Then:
(1) A left R-module is injective if and only if it is divisible.
(2) Quotients of injective R-modules are injective.

(3) Every left R-module is isomorphic to a submodule of an injective R-module.

Theorem 3.5.3 FEvery left R-module is isomorphic to a submodule of an injec-
tive R-module.
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Chapter 4

The Tensor, Symmetric,
and Exterior Algebras

Throughout R is a commutative ring, all rings have a unity, and M is a left
R-module. We will construct several R-algebras generated by M and consider
them in detail when M is finitely generated and free.

4.1 R-algebras and Graded R-algebras

An R-algebra is a ring with unity A which is also a left R-module such that
r-(ab) = (r-a)b = a(r-b) (4.1)

for all » € R and a,b € A. A homomorphism of R-algebras f: A — B is a
homomorphism of rings with unity and left R-modules.

Example 4.1.1 The ring of nxn matrices A = M,,(R) with coefficients in R
is an R-algebra with the usual matriz “scalar product”.

Example 4.1.2 Suppose that R is a subring of S which lies in the center of S.
Then S is an R-algebra under multiplication; that is r-s = rs for all v € R and
seSs.

Special cases of this example include:

Example 4.1.3 Suppose R is commutative. The ring of polynomials R[x1, . .., Ty]
is an R-algebra under multiplication.

Example 4.1.4 Suppose that R is commutative. Then R is an R-algebra under
multiplication.

Let A be an R-algebra and denote the multiplication map by m’ : AxA —
A. We continue with the convention of writing products m’(a,b) = ab for all

21
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a,b € A. By (4.1) it follows that m’ is R-bilinear. Thus by Theorem 2.2.1 there
is a unique R-module map m : A g A — A such that m(a®b) = m/(a,b) = ab
for all a,b € A. Since the ring A is an R-algebra,

we can describe the multiplication in A by the R-linear map m : AQrA — A. ‘

Suppose that A is an R-algebra. Then a left ideal L of A is a submodule
of A as r-a =r-(la) = (r-1)a for all r € R and @ € L. Thus if I is an ideal
of A then with the quotient structures A/I is an R-algebra. An R-algebra A is
called graded if A = @, A, is the direct sum (internal) of submodules such
that

(GR.1) 1 € Ag, and
(GR.2) A, A, C Apyyy for all myn > 0.

Suppose that A = @, A, is a graded R-algebra. Then an ideal of A is
graded if I = @@ ;INA,. In this case:

Lemma 4.1.5 Suppose that A = @, (A, is a graded R-algebra and I is a
graded ideal of A. Then A/I is a graded R-algebra with (A/I), = A, + I for
allm > 0.

The algebras in following will be graded.

4.2 The Tensor Algebra of M

For a non-negative integer n we define

R : n=0;
n _ ’
®RM_{ M®p---@rM : n>0 (n M's).

Set T"(M) = @M and T(M) = ;- ,T™(M). Then the left R-module T'(M)
is an algebra with unity 1 € R where

(m1®. . .®mr)(n1®. . '®7ls) =m® QMmN Q- - -Qng

for all r,s > 1 and my,...,my,n1,...,ns € M. Let 1+ : M — T(M) be the
inclusion.

Theorem 4.2.1 The pair (1, T(M)) satisfies the following:

(1) T(M) is an R-algebra and v+ : M — T(M) is a homomorphism of left
R-modules, and

(2) If (¢, A) is a pair which satisfies (1) then there is a unique homomorphism
of R-algebras ® : T(M) — A which satisfies Por = .
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Any pair (1, A) which satisfies the conditions of the theorem is called a tensor
algebra of M.

By virtue of Theorem 4.2.1 any two tensor algebras (¢, A) and (', A’) on M
are isomorphic; there exists a unique R-algebra homomorphism & : A — A’
such that ®or = /. See Theorems 2.1.1 and 2.2.1. Usually a tensor product
of M is denoted (v, T(M)) and is informally represented by the algebra T'(M).
Observe that the algebra T(M) is a graded R-algebra with T'(M),, = T"(M)
for all n > 0.

Let (2, T(M)) be the tensor algebra which we constructed at the beginning of
this section. Using it we can construct polynomial algebras in non-commuting
indeterminates. Let X = {x1,...,x,} be a finite non-empty set with n elements
and let M be a free left R-module with basis X. Using Proposition 2.2.2 and
induction the left R-module T'(M),, = @M is free with basis

{74, ® @i, }1<in, i <ns

or equivalently

(@i i h<in, i<, (4.2)
as x;, ® - -Qx;,, = Tiy -k, . Write R{z ...,x,} = T(M) and let 3 : X —
R{z1,...,z,} be the restriction 5 = 1|x.

Corollary 4.2.2 The pair (3, R{z1,...,2,}) satisfies the following:
(1) R{z1,...,x,} is an R-algebra and j: X — R{x1,...,z,} is a set map,
and
(2) if (p,A) is a pair which satisfies (1) then there is a unique R-algebra
homomorphism ® : R{x,...,x,} — A which satisfies oy = .

Observe that R{z1,...,z,} is a graded R-algebra where R{z1,...,z,}0 = R
and R{x1,...,Zn}m is the free submodule with basis described in (4.2).

Any pair which satisfies the conditions of the Corollary is called a a polyno-
mial algebra in non-commuting indeterminates 1, ..., Ty.

4.3 The Symmetric Algebra of M

Let (3,T(M)) be the tensor algebra of M constructed above. Let I be the ideal
of T(M) generated by the differences
men —n®n = mn —nm

for all m,n € M. Then I is a graded ideal of T(M) and thus the quotient
S(M) =T(M)/I is a graded R-algebra, where S(M),, = T(M), + I for all
m > 0. Observe that S(M) is commutative. Let

1: M — S(M)

be the composite
M L T(M) — T(M)/I = S(M)

where the second function is the projection.
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Theorem 4.3.1 The pair (1, S(M)) satisfies the following:

(1) S(M) is a commutative R-algebra and v+ : M — S(M) is a homomor-
phism of left R-modules, and

(2) If (¢, A) is a pair which satisfies (1) then there is a unique homomorphism
of R-algebras ® : T(M) — A which satisfies Por = .

Any pair (2, A) which satisfies the conditions of the theorem is called a symmetric
algebra of M.

By virtue of Theorem 4.2.1 any two symmetric algebras (z, A) and (¢/, A") on
M are isomorphic; there exists a unique R-algebra homomorphism ® : A — A’
such that ®oz =1¢'. See Theorems 2.1.1 and 2.2.1. Usually a symmetric algebra
on M is denoted (2, S(M)) and is informally represented by the algebra S(M).

Let X = {x1,...,2,} as above and let (3, R{z1,...,2,}) be the pair of
Corollary 4.2.2. Let I be the ideal of R{x1,...,xz,} generated by the differences

a:i:cj — SCj$1',

where 1 < 4,5 < n, and set R[x1,...,2,] = R{x1,...,2n}/]. Let 2 : X —
R[z1,...,z,] be the composite

XLR{ml,...,xn} — R{z1,...,xn}/I = Rlx1,..., 2]

where the second function is the projection. Since ¢ is injective we will iden-
tify x; with +(z;) and think of z1,...,x, as elements of R[xy,...,z,]. Indeed
R[z1,...,z,] is the ring of polynomials in commuting indeterminates with co-
efficients in R.

Corollary 4.3.2 The pair (1, R[x1,...,2,]) satisfies the following:

(1) Rlzy,...,xn] is a commutative R-algebra and v+ : X — Rlxy,...,x,] is a
set map, and

(2) if (p,A) is a pair which satisfies (1) then there is a unique R-algebra
homomorphism ® : R[x1,...,x,] which satisfies Por = .

Observe that the algebra R[z1,...,z,] is graded with R[xq1,...,2,]o0 = R
and R[x1,...,Zy]m is the free submodule with basis

{ahal ol |0< by, . by, and £y + by + o+ Ly = m}

for m > 0.

4.4 The Exterior Algebra of M

Let (3, T(M)) be the tensor algebra constructed in Section 4.2 and let J be the
ideal of T'(M) generated by
mem
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for all m € M. Then J is a graded ideal of T(M) and thus the quotient
A(M) =T(M)/J is a graded R-algebra. For mq,...,m, € M set

miA- - -Amy = mi®@- - -Qmy, + J

Since
mAm =0

for all m € M it follows that mAn = —(nAm) for all m,n € M. Let
1: M — AN(M)

be the composite
M~ (M) — T(M)/J = AN(M)

where the second function is the projection.
Theorem 4.4.1 The pair (1, A(M)) satisfies the following:

(1) A(M) is an R-algebra and v : M — A(M) is a homomorphism of left
R-modules which satisfies 1(m)? = 0 for allm € M, and

(2) If (p, A) is a pair which satisfies (1) then there is a unique homomorphism
of R-algebras ® : N(M) — A which satisfies Por = .

Any pair (2, A) which satisfies the conditions of the theorem is called an exterior
algebra of M.

By virtue of Theorem 4.2.1 any two exterior algebras (z, A) and (+/, A’) of M
are isomorphic; there exists a unique R-algebra homomorphism ® : A — A’
such that ®oir = 4'. See Theorems 2.1.1 and 2.2.1. Usually an exterior algebra
on M is denoted (2, A(M)) and is informally represented by the algebra A(M).

Observe that 4 is injective. We will identify m € M with +(m). We have notes
that A(M) is graded with A"(M) = (A(M),, = T(M), + J for all » > 0. Note

that A"(M) consists of all sums of the form mjA--- Am,., where my,...,m, €
M.

The left R-module A" (M) together with the map 4, : M x --- xM — A" (M)
from the R-fold Cartesian product given by 2,.(mq,...,m,) = miA--- Am, sat-

isfies a universal mapping property. Let N be a left R-module. An R-linear
map ¢ : Mx---xM — N from the r-fold Cartesian product is alternating if
@(-..,m,m,...)=0for all m € M.

Theorem 4.4.2 The pair (1., \"(M)) satisfies the following:
(1) A™(M) is a left R-module and v, is an alternating R-linear map and

(2) of (', M') is a pair which satisfies the conditions of (1) then there is a
unique homomorphism of left R-modules ® : A"(M) — M’ such that
Doy =7,

When M is finitely generated and free then A(M) is as well.
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Proposition 4.4.3 Suppose that M is finitely generated and free with basis
{m1,...,mn}. Then:

(1) A™(M) = (0) forr >n and
(2) A™(M) is a free left R-module with basis

{mp N Amy |1 <y <dg < -+ <ip <n}
) ) n
for 1 < r <mn; this basis has (r) elements.

The existence and uniqueness of the determinant function follows by There-
orem 4.4.2 and Proposition 4.4.3. Let R be a field and think of the elements
of M = R™ as column vectors. Then the determinant of nxn matrices can be
thought of a function det : M x - -- x M — R which is linear each column (that
is n-linear) and is alternating. Let {e1,...,en} be the standard basis for R™.
Then the element ejA--- Ae,, forms a basis for A"(M). Therefore there exists
a unique linear map Det : A"(M) — R which satisfies Det(e1A-- - Ae,) = 1.
Observe that

det = Detoz,

is n-linear and alternating. Thus a determinant function exists.

Suppose that det’ : Mx---xM — R is any determinant function. Then
is a unique linear map Det’ : A"(M) — R such that det’ = Det’os,.. But
1 = det’(eq,...,e,) = Det’(e1A---Ae,) means that Det’ = Det. Therefore
det’ = det.



Chapter 5

Finitely Generated Modules
over A PID

Throughout this chapter R is a commutative ring with unity and g M, rM’.

5.1 Generalities

A torsion element of M is an m € M such that r-m = 0 for some non-zero
r € R. The set of torsion elements of M is denoted by Tor(M). Observe that
0 € Tor(M); in particular Tor(M) # 0. If f : M — M’ is a homomorphism
of left R-modules then f(Tor(M)) C Tor(M’). The module M is torsion free if
Tor(M) = {0}.

Lemma 5.1.1 Suppose that R is an integral domain. Then:
(1) Tor(M) is a submodule of M.
(2) If M is free then M is torsion free.

(3) If f: M — M’ is a homomorphism (respectively isomorphism) of left
R-modules then the restriction f|royar) : Tor(M) — Tor(M') is a homo-
morphism (respectively isomorphism) of left R-modules.

PRroOF: To show part (1) we have noted that Tor(M) # (). Let m,m’ € Tor(M)
and " € R. By definition there are non-zero r,7’ € R such that r-m = 0 =
r’-m/. Since R is an integral domain rr’ # 0. The calculation

rr’-(m —r"-m") =7"-(r-m) — (rr")-(r'-m") =" 0 — (rr"")-0=0

shows that m — r/-m’ € Tor(M). Therefore Tor(M) as submodule of M by
Lemma 1.2.2.

To show part (2) assume that M is a free left R-module and let {m;};cs be
a basis for M. Suppose that m € Tor(M). Then r-m = 0 for some non-zero

27
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re€ R Nowm =ry-my, +---+rsm;, wherery,...,rs € Rand i1,...,i5 €1
are distinct. Since

O=rm=rri-m; +---+rrsm,,

it follows that rr; = --+ = rrg = 0. Since R is an integral domain and r # 0
necessarily r; = --- = rg = 0 from which m = 0 follows. Therefore Tor(M) =
{0}. Part (3) is left to the reader. O

The commutative ring R is a free left R-module under multiplication. Sup-
pose that Tor(M) = {0}. Then if r,a € R and r # 0, the equation ra = 0
implies ¢ = 0. Thus R is an integral domain. In light of part (2) of Lemma
5.1.1 we have a characterization of those commutative rings with unity which
are integral domains in terms of modules.

Corollary 5.1.2 The following are equivalent:
(1) R is an integral domain.
(2) All free left R-modules are torsion free.

Suppose that M is a finitely generated free left R-module and let {my,...,ms}
be a basis for M. Let M be a maximal ideal of R. Then F = R/M is a field and
is also a left R-module by r(r' + M) =rr' + M forallr € Rand ' + M € F.

Let f: M — R® be the isomorphism of left R-modules given by the rule
rimy + -+ 4+ remg — (r1,...,75). Then the composition of isomorphisms of
abelian groups

ForM 'Y For(R® - @R) — (FOrR)® - ®(FOrR) — F® - OF

is easily seen to be composition of isomorphisms of left F-modules; thus the com-
posite is an isomorphism of vector spaces FQrM ~ F*° over F. See Propositions
2.1.5, 2.1.3, and 2.1.2. We have shown that Dimp(F®pgM) = s. Therefore any
two (finite) bases for M have the same number of elements. Let rank(M) denote
their common cardinality.

Now suppose that M is any left R-module. A subset {mq,...,ms} of M is R-
independent if whenever r1,...,7s € R and ri-m1 + - -+ 4+ r5-mg = 0 necessarily
rp = --- = rg = 0. Note that finite non-empty subsets of bases of free left
R-modules are R-independent.

If M has no R-independent subsets we set rank(M) = 0. Suppose M has
an R-independent set of finite cardinality n and no other independent subset of
M has larger cardinality. In this case we define ind(M) = n. Otherwise we set
ind(M) = oco.

Lemma 5.1.3 Suppose that R is an integral domain and let M be a finitely
generated free left R-module of rank n. Then any R-independent subset of M
has at most n elements. Thus ind(M) < rank(M).
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PrOOF: Let F be the field of quotients of R. We may assume that R is a
subring of F' and we regard F' as a left R-module by multiplication in F.

Let {m1,...,my,} be a basis for M and let j : M — F™ be the composition
of injective R-module homomorphisms

M:R-m1@~~~®R~mn—>R@~~~@R—>F€B~-~@F:Fn,

where the first map is the isomorphism given by r1-mq+- - +rp-my — (r1,...,75)
and the second is the inclusion.

Suppose that {z1,...,2zs} is an R-independent subset of M. We may as-
sume s > 1. Since 7 is an injective R-module homomorphism it follows that
{9(x1),...,5(xs)} is an R-independent subset of F". To conclude the proof we
need only show that this R-independent subset of F™ is in fact linearly inde-
pendent subset of the vector space F™ over F.

a ay
Suppose that —, ..., — € F and
by bs

(ZI) J(@) + -+ (Zs) )(zs) =0.

Multiplying both sides of this equation by b;---bs; we obtain
biby -+ bsar)(w1) + -+ + by -+ by 1bsasy(ws) =0,
or equivalently
J(brba - -bgar-zy + -+ by -+ by_1bsas ) =0,
where ~ means factor omitted. Since 7 is injective

biby -+ -byar-ay + -+ by - by_1bsasas = 0.

~

Since {z1,...,zs} is R-independent it follows that by---b;- - -bsa; = 0 for all 1 <
1 < s. Since R is an integral domain a; = - -- = as = 0; hence Mo 0.

b1 bs
0

Corollary 5.1.4 Suppose that R is an integral domain and M is a finitely
generated free left R-module. Let N be a finitely generated free submodule of M .
Then rank(N) < rank(M).

PRrROOF: By Lemma 5.1.3 we have rank(N) = ind(N) < ind(M) = rank(M). O

Apropos of the preceding corollary, when R is a field then rank(N) =
rank(M), that is DimgN = DimgM, implies that N = M. When R is not
a field this is not always the case.

Suppose that R is an integral domain which is not a field and let a € R be a
non-zero non-unit. Let M be a finitely generated free left R-module with basis
{m1,...,my}. Then

a-M ={am|me M}
is a free submodule with basis {a-m1, . .., a-my, }; thus rank(a-M) = n = rank(M).
Since a is not a unit a-M # M.
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5.2 The Structure of Finitely Generated Mod-
ules over a PID, Existence

Throughout this section R is a Principal Ideal Domain (a PID). Let M be a
free left R-module with basis {m,...,m,}. We will be interested in certain
R-module homomorphisms ¢ : M — R. A basic example: let 1 < i < n and
let ¢; be the “projection” map defined by ¢;(r1-mi + -+ + ry,-my,) = r; for all
rymi+ -+ r,m, € M.

The following lemma is the heart of the proof of the main result of this
section.

Lemma 5.2.1 Let M be a finitely generated free left R-module and suppose
that N is a non-zero submodule of M. Then there exists a ¢ € Hompg(M, R)
and a non-zero m € M such that:

(1) If ¢’ € Homg(M, R) and p(N) C ¢'(N) then o(N) = ¢'(N),
(2) p(m) =1 and M = KerpdR-m, and

(3) ¢(N) = Ra for some non-zero a € R and N = (NNKerp)®R-(a-m).

ProoOF: For ¢’ € Homp(M, R) the image ¢'(N) of the submodule N under ¢’
is a submodule, and thus an ideal, of R. Consider the collection of ideals

S={¢'(N)|¢' € Homg(M, R)}

of R. Now (0) € S; therefore S # (). Since R is a PID it is a Noetherian ring.
Thus there is a maximal element ¢(N) € S. We have shown part (1).

Since N # (0) it follows that ¢(N) # (0). To see this let {my,...,m,} be a
basis for M. By assumption there is a non-zero m’ =ry-m; +--- +r,ms € N.
Thus 0 # @;(m’) € ¢;(IN) for some projection map ; described above.

Since R is a PID we may write ¢(IN) = Ra for some a € R. Then a # 0
since p(N) # (0). Now suppose that m’ € N satisfies p(m’) = a. Let ¢’ €
Homp (M, R) and let d be a greatest common divisor of ¢(m’) and ¢'(m’). Then
d = zp(m) +ye'(m') = (o +y¢')(m') = ¢"(m') for some z,y € R, where
' =z +y¢. Now ¢” € Homg(M, R). Since d divides ¢(m’) we have

p(N) = Ra = (p(m)) C (d) = (¢"(m")) C ¢"(N) (5.1)

which means that all of terms of (5.1) are equal since ¢(NV) is maximal. In
particular ¢(m') and d are associates. Therefore

p(m")¢' (m) (5:2)

as d|p’(m') also.
Using the basis for M described above, write m’ = ry-my + -+ + rp-m,
where r1,...,7r, € R. Considering the projections described above we conclude
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by (5.2) that ¢(m')|r; for all 1 < i < s. Therefore m" = @(m’)-m, that is
m’ = a-m, for some m € M. Since p(m') # 0, the calculation

p(m') = p(p(m’)-m) = p(m’)p(m)

shows that p(m) = 1.

Let y: R — M be the R-module homomorphism determined by (1) = m.
Then oy = Idg. Thus M = Kerp@R-m by part (1) of Lemma 3.2.1. We have
completed the proof of part (2). Since Imy|y = ¢(N) = Ra and

9(Ra) = 3((Ra)1) = Ra-3(1) = Ra-m = R-(a-m) = R-m’ C N,

Imj|ge € N and the equation v|yoj|rs = Idg, holds. By part (1) of Lemma
3.2.1 again we conclude N = (NNKerp)®R-(a-m) . Part (3) is established. O

Proposition 5.2.2 Let M be a finitely generated free left R-module and suppose
that N is a non-zero submodule of M. Then there is a basis {m1,...,my} for M
and for some 1 < s < n non-zero ay,...,as € R such that {a1-mq,...,asms}
is a basis for N and ayl|as---las. In particular N is a finitely generated free
submodule of M.

ProOOF: We continue with the notation of Lemma 5.2.1. Since M is torsion
free by part (2) of Lemma 5.1.1, non-zero submodules of M have non-empty
R-independent subsets. Using Lemma 5.1.3 we see that rank(M) > ind(N) >
ind(NNKerg) + 1; thus N is finitely generated and free by induction on ind(N).

Suppose that Keryp = (0). Then {m} is a basis for M and {a-m} is
a basis for N. Thus we may assume Kerg = (0). We have shown that
all non-zero submodules of M are finitely generated and free, in particular
Kerp. Since rank(Keryp) = rank(M) — 1, by induction on rank(M) there is
a basis {ma,...,m,} for Kerp and non-zero as,...,as for some 2 < s < n,
if NNKerp # (0), such that {asma,...,as-ms} is a basis for NNKery and
aslas - - - |as. In either case {mq,...,my} is a basis for M, where m; = m.

Set a; = a. Suppose that NNKery = (0). Then {a;-m;} is a basis for N.
We are done with s = 1.

Suppose that NNKerg # (0). Then {ai-my,...,asms} is a basis for

N = (NnKerp)®R-(a;-m1) = R-(a;-m1)B(NNKerp).

Let ¢ = o1 + 2, where ¢1,..., @, are the “projections” defined for our basis
for M. Then ¢’ € Hompg(M, R). Since ¢'(a1-mq) = a it follows that a € ¢'(N).
Thus ¢(N) = Ra C ¢'(N) which means Ra = ¢'(N) by part (1) of Lemma
5.2.1. Thus ay = ¢'(az'ms) € ¢'(N) = Ra means a; = a divides ag. This
concludes our proof. [J

For a homomorphism of left R-modules f : M — M’ let f : M/Kerf —
M’ be the induced homomorphism of R-modules defined by f(m+Kerf) = f(m)
for all m + Kerf € M/Kerf.

Theorem 5.2.3 Let M be a finitely generated left R-module. Then M = F®T,
where:
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(1) F =(0) or is a finitely generated free submodule of M, and
(2) T =(0) or for some s > 1 there are ni,...,ns € M such that

T=Rnm®- - ®Rns; and R # ann(ny) 2 --- 2 ann(ng) # (0).

PrROOF: Since M is finitely generated there is a finitely generated left R-module
F and a surjective homomorphism of left R-modules f : F — M. Let N =
Kerf.

If N = (0) then f is an isomorphism and thus M is free. Take FF = M and
T = (0) in this case. Suppose that N # (0). By Proposition 5.2.2 there is a basis

{m1,...,my} for M and for some 1 < s < n there are non-zero as,...,as € R
such that {ai-mq,...,as-ms} is a basis for N and aq|ag---|as. If s < n set
as41 = -+ = ap = 0 for convenience. Then

N = R.(al.ml)@ e @R.(as.ms) = R.(al.ml)® ‘e @R(anmn)

as R-(asy1msy1) =+ = R-(ap-my,) = (0).
Let

F=Rm&- - - ®Rm, - Rmi/Ra;-mi&®---SR-my/Ran-my
be the homomorphism of left R-modules given by
r1-Mi® - - Brymy, — (r1-my + Rag-mq)® - - - &(rp-my + Rag-maq).

Using the composite of isomorphisms
——1 _
M F/N % R-my/Ray-m1@® - - - ®R-m,,/ Ra,-m,,
R-my/Ray;-m1@®---®R-ms/Rasms;®R/(0)®---®BR/(0) : s<mn;

R-mi/Ray-mi® - ®R-ms/Ras-ms T os=n
Rm® - -dRMsPBRB---BR : s < n;

1

le@@Rms : s=n

where m; = m; + Rai-m; for all 1 <14 < s, a direct sum decomposition M =
TOF = F&T can be constructed as required. Two comments. Note that
ann(m;) = Ra; for all 1 < ¢ < s. If a; is a unit then R-m; = Ra;m; =
R-(a-;m;) = (0) and thus this summand can be omitted. O

5.3 The Structure of Finitely Generated Mod-
ules over a PID, Uniqueness

We continue with the conventions of the preceding section. First a convenient
working principle.
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Lemma 5.3.1 Let M be a left R-module and suppose that I is an ideal of R
such that I C anng(M). Then M is a left R/I-module where (r + I)-m = r-m
forallr+I€ R/I andm e M.

Theorem 5.3.2 Let M = F®T = F'&T’ be direct sum decompositions as
described in Theorem 5.2.3. Then:

(1) F~F.
(2) T =T = Tor(M).

(3) Suppose that Tor(M) = Rni1@---®Rns = Rni®--- ®R-n), where R #
ann(nq) 2 --- 2 ann(ns) # (0) and R # ann(n}) D --- D ann(nl,) # (0).
Then s = s’ and ann(ny) = ann(n}),...,ann(ng) = ann(n.).

PrROOF: Since R is an integral domain there is a non-zero a € R such that
an; =0 for all 1 <¢ < s Thus a-T = (0), which means that T C Tor(M), and

aM =aF®aTl =aF.
Using part (2) of Lemma 5.1.1 we calculate
Tor(M) = Tor(F)®Tor(T) = (0)@Tor(T) C T

from which we deduce that Tor(M) = T. Therefore T/ = Tor(M) also and
F ~aF =aM =aF ~F'. We have established parts (1) and (2). Part (3)
will take some care.

Let Tor(M) = Rni®---®R-n, be as in part (3). Choose ay,...,as € R
such that ann(n;) = (a;) for all 1 < i < s. Then the a;’s are non-zero non-units
and aylas - - |as. Observe that

anngTor(M) = (as). (5.3)

We will eventually prove (3) by induction on the number of factors in a fac-
torization of as into irreducibles. This number, of course, depends only on the
ideal anngTor(M).
Let p € R be irreducible and consider the quotient M,, = Tor(M)/p-Tor(M).
Observe that
Mp =Rm® - - DR,

where 7, = n; + p-Tor(M) for all 1 < i < s, since
p-Tor(M) = Rpni® - - BRpns. (5.4)

Also note that Rp-M = (0). Therefore M, has the left R/Rp-module structure
of Lemma 5.3.1. Since R/Rp is a field M is a vector space over R/Rp.

We next observe that R-7; = (0) if and only if p and a; are relatively prime.
For Rm; = (0) if and only if R-n; C Rp-n; if and only if 1-n; = xp-n,; for some
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x € R. This equation holds if and only if 1 — 2p € ann(n;) = Ra; which is the
case if and only if 1 = xp + ya; for some y € R. Thus:

Dimpg, g, M, is the number of a;’s such that pla;. (5.5)

Now let Tor(M) = R-ni&--- @R-nl, beasin part (3) alsoand let af,...,al, € R

) Yl

be non-zero non-units such that ann(n}) = (a}) for all 1 < i < s’. We make
the interesting observation that (as) = (a}/) by (5.3), or equivalently ann(ns) =

ann(n’,). Note that
p-Tor(M) = Rpn & - ®Rpnl,. (5.6)

Without loss of generality we may assume s’ < s. Let p € R be an irreducible
such that p|a;. Then
s = Dimp/g,Mp < s’

by (5.5). Therefore s’ = s and p|a) also.

Suppose that p-Tor(M) = (0). Since the a;’s nd a}’s are not units it follows
that ann(n;) = --- = ann(ng) = (p) = ann(n}) = --- = ann(n)).

Suppose that p-Tor(M) # (0). There are non-zero by,...,bs,b},..., 0, € R
such that a; = b;p and a; = b}p for all 1 < i < s. Observe that ann(p-n;) = (b;)
and ann(p-n}) = (b)) for all 1 < i < s. Note that (bs) = ann(p-Tor(M)) and
bs has one fewer factors in an irreducible factorization than does as. Note that
b; is a unit if and only if Rp-n; = (0) and likewise b} is a unit if and only if
Rp-nl; = (0). Therefore by induction on the number of irreducible factors of as,
we conclude that the number of zero terms in (5.4) and (5.6) are the same and
(b;) = (b)) for all 1 < i <s. Thus (a;) = (a}) for all 1 <4 < s as required. [J



Chapter 6

Basic Field Theory

Field theory is about pairs of fields, a field K and a subfield F. Usually K is
called an extension of F, or an extension field of F and F' is referred to as the
base field. The field of rational numbers Q and the finite fields ¥, = Z/pZ,
where p is a positive prime integer, play an important role in field theory.

6.1 Basics

Note that K is a left F-module under multiplication. With this structure K is
an algebra over F. In particular K is a vector space over F. The degree of K
over F is Dimp K and is denoted by [K : F|. If [K : F] = DimpK < oo then K
is a finite extension of F'; otherwise K is an infinite extension of F.

Suppose that E is a subfield of K and ' C E. Then FE is an extension of
F and K is an extension of E. The importance of the following can hardly be
overstated.

Lemma 6.1.1 Suppose that E is a subfield of K and FF C E. If E is a finite
extension of F' and K is a finite extension of E then K is a finite extension of
F and

[K:F|=[K:E|[E:F.

PrROOF: Let m = DimpFE and n = DimgK. Let {ai,...,a,} be a basis for
E as a vector space over F' and let {b1,...,b,} be a basis for K as a vector
space over F. Then {aibj}1gigm,1§jgn is a basis for K as a vector space over
F' which has mn elements. [

Let a € K. For f(x) € F[z] let f(a) € K be obtained by replacing x by a
in f(z). The substitution map 7, : F[z] — K defined by 7, (f(z)) = f(a) for
all f(z) € Fz] is a homomorphism of F-algebras.

Since K is an abelian group it is a left Z-module. Let f : Z — K be the
homomorphism of abelian groups defined by f(m) = m-1 for all m € Z. since

(m-a)(n-b) = mn-ab and m-(ab) = (m-a)b = a(m-b)

35
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for all m,n € Z and a,b € R it follows that K is a Z-algebras as well. In
particular f is a ring homomorphism.

Now Ker f = nZ for a unique non-negative integer n, called the characteristic
of K. Observe that Im f belongs to any subfield E of K since F is an additive
subgroup of K and 1 € E. Thus the characteristic of K is the characteristic of
any subfield of K.

Lemma 6.1.2 The intersection of any non-empty family of subfields of K is a
subfield of K.

PROOF: Let £ be any non-empty family of subfields of K and let L = (.o E.
Thus L\O = (g £\0. Since the intersection of a non-empty family of sub-
groups is a subgroup, L is an additive subgroup of K and L\0 is a multiplicative
subgroup of K\0 = K*. As a0 = 0 = Qa for all @ € K we conclude that L is
closed under multiplication. [J

Let S be a subset of K. By virtue of the preceding lemma there is a unique
smallest subfield of K which contains S, called the subfield of K generated by
S. In particular the subfield Ky of K generated by {1}, called the prime field
of K, is contained in all subfields of K. Thus Kj is the smallest subfield of K
and is contained in F'.

Lemma 6.1.3 Let Ky be the prime field of K. Then:
(1) If the characteristic of K is n =0 then Ky ~ Q as fields.

(2) If the characteristic of K is n > 0 then n is prime and Ko ~ F,, as fields;
in particular Ky is finite.

PRrOOF: First of all Im f C K since Ky is a subfield of K. Suppose that the
characteristic of K is n = 0. Then f is injective. Since K is a field, there is ring
homomorphism f : Q — K from the field of fractions of Z to K. Since f is a
homomorphism of rings with unity Kerf = (0). Therefore f is injective. Since
Imf is a subfield of K it follows that Imf = Kj.

Suppose that the characteristic of K is n > 0. Let f : Z/nZ — K be the
induced injective ring homomorphism. Since the domain of f is finite, Imf is
a finite subring of a field. Thus Imf is a finite integral domain which means
Imf is a subfield of K. Therefore Imf = Ky and Z/nZ ~ K is a finite field.
Necessarily n is prime. OJ

By virtue of the preceding lemma the characteristic of a finite field is a
positive prime integer.

Suppose that R is a subring of K and F' C R. Since FR C RR C R it
follows that R is an F-subspace of K.

Lemma 6.1.4 Suppose that FF C R C K, where R is a subring of K. If
DimpR < oo then R is a extension field of F.
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PrOOF: We need only show that any non-zero a € R has a multiplicative
inverse in R. Observe that the function f : R — R defined by f(r) = ra for
all » € R is an injective endomorphism of the vector space R over F. Since R
is finite-dimensional necessarily f is bijective. Therefore there is an x € R such
that za = f(z) =1. O

Let S be a subset of K. Then F[S] denotes the subring of K generated by
FUS and F(S) denotes the subfield of K generated by the same. When S = {a}
is a singleton we set

Fla] = Fl{a}] and F(a) = F({a}).
Since subfields are subrings Fla] C F(a).
Proposition 6.1.5 Leta € K.

(1) Suppose that the set of powers {1,a,a?, ...} is linearly independent over F.
Then there are F-algebra isomorphisms F|x] — Fla] and F(z) — F(a)
determined by x — a, where F(x) is the field of quotients of the polynomial
algebra Flz]. In particular DimpFla] = oo and Fla] is a proper subset of
F(a).

(2) Suppose that the set of powers {1,a,a?,...} is linearly dependent over F.
Then Dimp Fla] < 0o and Fla] = F(a).

PRrROOF: We give the basic outline. Consider the substitution map m, : F|z] —
K. Observe that 7, is injective if and only if the set of powers {1,a,a?,...}
is linearly independent over F'. The proof of (1) follows in short order at this
point.
Suppose that the set of powers is linearly dependent and consider a depen-
dency relation
ag+aa+---+apa”™ =0,

where ag,...,a, € F and a,, # 0. Then n > 1 and f(a) = 0 where f(z) =
ap + a1z + -+ + apz™ € Flz]. Now all elements in F[a] have the form g(a)
for some g(z) € Flz]. For g(z) € F[z], by the Division Algorithm there are
q(z),r(z) € Flz] such that g(z) = q(z) f(z)+7r(x), where r(z) = 0 or Degr(z) <
Degf(xz) = n. The calculation

gla) = ma(g(x)
= ma(q(x)
= ma(q(x)
= q(
= q(a
-

shows that {1,a,...,a" '} spans F[a] as a vector space over F. Therefore F[a]
is a extension field of F' by Lemma 6.1.4; in particular F[a] = F(a). O
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If {1,a,a?,...} is linearly independent over F then a is transcendental over

F. If the set of powers is linearly dependent over F' then a is algebraic over F.
O

There are various useful ways of expressing what algebraic over F' means.

Corollary 6.1.6 For a € F the following are equivalent:

(1) a is algebraic over F.

(2) Fla] is a field.

(3) Fla] is a finite extension field of F.

(4) Fla] is a finite-dimensional vector space over F.
(5)

5) f(a) =0 for some non-zero f(z) € Flx].
When f(x) € Flz]\0 satisfies f(a) =0 then [Fla] : F| < Degf(x).

Corollary 6.1.7 Suppose that a € K is algebraic over F' and n = [Fla] : F].
Then {1,a,...,a" 1} is a basis for Fla] as a vector space over F.

PROOF: We need only show that the set {1,a,...,a" '} is linearly independent
over F. Suppose that agl +a1a+ -+ an_1a” "' = 0, where aq,...,a,_1 € F.
Then f(a) = 0, where f(z) = ap + a1z + -+ + ap_12" 1. Thus f(z) = 0 by
Corollary 6.1.6. Therefore ag = - - - = a,—1 = 0 which shows that the n-element
set {1,a,...,a" 1} is linearly independent. [J

6.2 Algebraic Elements and Algebraic Extensions

Suppose that a € K is algebraic over F and let 7, : F[z] — K be the sub-
stitution map. Then Im 7, = Fla] and is a finite-dimensional vector space over
F by Corollary 6.1.6. Since F[z] is an infinite dimensional vector space over F'
it follows that 7, is not injective. Therefore Kerm, # (0). The unique monic
generator mp ,(z) € F[z] of Kerm, is called the minimal polynomial of a over
F and the degree of a is Dimp Fla] = [F[a] : F].

Proposition 6.2.1 Let a € K be algebraic over F. Then:
(1) mpq(x) is a monic irreducible polynomial of F[x].

(2) Degmp,(x) = DimpFla] and is the degree of a over F. In particular
Degmp () has positive degree.

(3) If K is a finite extension of F then Degmp ,(x) divides [K : F).
Suppose that f(z) € Flx]. Then:
(4) f(a) =0 if and only if mp q(x) divides f(x).
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(5) Suppose that f(x) is monic and either f(x) is irreducible or Deg f(x) =
DimpFla]. Then f(z) = mpq(x) if and only if f(a) = 0.

PrOOF: We continue with our discussion preceding the statement of the propo-
sition. The substitution map m, : F[z] — Fla] induced an isomorphism of
F-algebras 7, : Flz]/Kerm, — Fl[a]. Since Fla] is a field Ker 7, = (mpq(z))
is a maximal ideal of F[z]. Therefore mp,(x) is irreducible. We have shown
part (1). Part (2) is a result of the calculation

DimpFla] = Dimp (F[z]/Ker mq) = Dimp (Fz]/(mpq(x))) = Degmp (z).

Part (3) follows by part (2) and Lemma 6.1.1. Let f(z) € F[z]. Then
f(a) = 0if and only if f(z) € Kerm, = (mp4(2)) if and only if mpg,(z) divides
f(z) which establishes (4).

Suppose that f(z) is monic and f(a) = 0. Then f(z) = g(z)mpq(x) for
some g(z) € F[z] by part (3). Now mp4(x) is not a unit since it has positive
degree by part (2). If f(z) is irreducible or Degf(z) = DimpgF/[a], in which
case Degf(x) = Degmp,(x) by part (1), then g(x) is a constant. But then
g(xz) =1 as both f(x) and mp,(z) are monic. Since mp,(a) = 0, part (5) is
now established. O

The field K is an algebraic extension of F' if all elements of K are algebraic
over F. Note that F' is an algebraic extension of itself.

Theorem 6.2.2 Let E be a subfield of K and suppose that F C E.
(1) If [E: F] < o then E is an algebraic extension of F.

(2) Suppose that ay,...,a, € K are algebraic over F. Then ay,...,a, € L
for some finite (algebraic) extension field L of F.

(3) Suppose that E is an algebraic extension of F and K is an algebraic ex-
tension of E. Then K is an algebraic extension of F'.

ProOF: For a € E note that Fla] C E and therefore dimpFla] < DimpE.
Thus if [E : F] < co then a is algebraic over F' by Corollary 6.1.6.

We prove part (2) by induction on n. Assume the hypothesis of part (2). If
n = 1 the L = F[aq] suffices by Corollary 6.1.6. Suppose n > 1 and there is
a finite extension field L C K of F such that ay,...,a,-1 € L. By Corollary
6.1.6 there is a non-zero polynomial f(x) € F[z] such that f(a,) = 0. Since
F C L we have f(z) € L[z]. Therefore L = Lja,] is a finite extension field of
L by Corollary 6.1.6. Thus aq,...,a, € L and L is a finite extension field of F
by Lemma 6.1.1.

Assume the hypothesis of part (3) and let a € K. Since a is algebraic over
E there is a non-zero polynomial f(z) € E[z] such that f(a) = 0 by Corollary
6.1.6. Let ag,...,a, € E be the coefficients of f(z). By part (2) there is a finite
extension field L of F' in F such that ag,...,a, € L. Therefore f(z) € L[z]
which means that L[a] is a finite extension field of L by Corollary 6.1.6. Thus
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Lla] is a finite extension of F' by Lemma 6.1.1. Since a € La] it follows that a
is algebraic over F' by part (1). Therefore K is an algebraic extension of F. [J

The proof of part (2) of the preceding theorem yields:

Corollary 6.2.3 Suppose that a € K is algebraic over F and E is a subfield of
K such that F C E. Then a is a algebraic over E.

Let K414 be the set of all elements in K which are algebraic over F'.
Theorem 6.2.4 Let E be a subfield of K and suppose that FF C E. Then:
(1) Kag is a subfield of F' which is an algebraic extension of F.
(2) Suppose that E is an algebraic extension of F. Then E C Kq.

(3) Suppose that E is an algebraic extension of Kqg. Then E = Kgq,.

PRroor: Since F' is an algebraic extension of itself, it follows that F' C Ky,.
Suppose that a,b € K. Then there is an algebraic extension L C K of F
which contains a,b by part (2) of Theorem 6.2.2. Thus L C Ky,. Since L is a
field @ £ b, ab, and a~! when a # 0, all belong to L C K. Therefore Ky is a
subfield of K. We have established part (1). Part (2) follows by definition. As
for part (3), suppose E is an algebraic extension of K4;4. Then E is an algebraic
extension of F' by part (3) of Theorem 6.2.2 which means E' C K, by part (2).
Since Kqy C E by assumption, ' = Kg4. O

6.3 Constructible Numbers

Let Q and R be the fields of rational and real numbers respectively. We will
show that that the impossibility of certain geometric constructions boils down
to the nature of a certain subfield C' of R which is an algebraic extension of Q.
Observe that all subfields of R are extensions of Q as the latter is the prime
field of R.

Let E be a subfield of R. We say that E satisfies (*) if there are subfields
FEy, ..., E,. of R such that

Q:EOQQETZE and [Ei+1:Ei]S2 forall 0 <i<r.

For such an E note that [E : Q] = 2° for some ¢ > 0 by Lemma 6.1.1. By part
(1) of Theorem 6.2.2 we see that E is an algebraic extension of Q.

Lemma 6.3.1 Let F1,...,E, be subfields of R which satisfy (*). Then there
is a subfield E' of R which satisfies (*) and Eq,...,E, C E'.

PROOF: By induction on n it suffices to establish the lemma for n = 2. Suppose
that E, E’ are subfields of R which satisfy (*) with Q = Fy,...,E, = FE and
Q = Ej,...,E, = E' respectively. We will construct, by induction on r’, a
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sequence of subfields E, 1, ..., E.» = E” of R such that E” satisfies (*) with
Ey,...,E 4 and E! C E,; for all 1 < ¢ < r/. Note that E,E’ C E” in any
case; if ' =0 then £/, =Q C E, = E".

Suppose 7’ > 0. Now E' = E/,_, satisfies (*) with Ef,...,E/,_;. By induc-

tion on 7’ there are subfields E,i1,..., E,, /1) = E” such that E” satisfies
(*) with Eo, ..., B, (v_1y and E; C E,y; forall 1 <i <¢' — 1.
Since [E!, : E/,_;] < 2 we can write E/, = E!,_,[a] for some a € E/,.

Now the minimal polynomial f(z) = mp:, (z) has degree 1 or 2 by part (2)
of Proposition 6.2.1. Since f(z) € El_,[z] C E,1_1[z] and f(a) = 0, by
Corollary 6.1.6 we conclude that E, ., = F,i,_1[a] is an extension field of
E,1,_1 of degree 1 or 2. Observe that E/, = E/,_,[a] C Ery,_1]a] = Erqp.
Let E” = E,1,.. Then E” satisfies (*) with Ey,...,E,y,» and E; C E,4;

for all 1 < i < r’. Thus our proof follows by induction on r’. [J

Theorem 6.3.2 Let C be the union of all subfields of R which satisfy (*).
Then:

(1) C is a subfield of R which is an algebraic extension of Q.

(2) If a1,...,a, € C then there a subfield E of C' which satisfies (*) and
ai,...,an € E.

(3) If E C C is a subfield which is a finite extension of Q then there is a
subfield E' of C which satisfies (*) and E C E'.

(4) Suppose that E is a subfield of R which is an extension of C and [FE :
C)<2. Then E=C.

(5) If a € R satisfies a linear equation a1x + ag = 0 or a quadratic equation
agz?+a1x+az = 0 with coefficients in C, with non-zero leading coefficient,
then a € C.

PrOOF: By the commentary preceding the statement of Lemma 6.3.1 the el-
ements of C are algebraic over Q. Suppose that a,a’ € C. Then there are
subfields F, E’ of R which satisfy (*) such that a € E and o’ € E’. By Lemma
6.3.1 there is a subfield E” of R which satisfies (*) and E, E’ C E”. Thus
E" C C. Since a,a’ € E" it follows that a + a’,aa’, and a~! when a # 0,
belong to E”, and hence belong to C. Therefore C is a subfield of R. We have
established part (1).

Let ay,...,a, € C. Then there are subfields E,..., E, of R which satisfy
(*) where a; € E; for all 1 <4 < n. By Lemma 6.3.1 there is a subfield E’ of
R which satisfies F1, ..., E, C E’ and which satisfies (*). The latter condition
implies £ C C and the former aq,...,a, € E’. Part (2) is established. Part
(3) follows from part (2) where ay,...,a, form a spanning set for E as a vector
space over Q.

To show part (4), suppose that E is a subfield of R which is an extension
field of C and satisfies [F : C] < 2. Then E = Cla] for some a € E. By part (2)
of Proposition 6.2.1 the minimal polynomial f(z) = mc¢ ,(x) € C[z] has degree
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1 or 2. The coefficients of f(z) are contained a subfield E’ of C' which satisfies
(*) by part (2). In paricular f(x) € E’[z]. Since f(a) = 0 it follows that E’[a]
is a field and Dimg: E'[a] < 2 by Corollary 6.1.6. Since E’ satisfies (*) it follows
that E’[a] does also. Thus E’[a] € C which means that a € C and therefore
E =Cla] C C. As C C FE by assumption, E = C. Part (5) follows by Corollary
6.1.6 and part (4) with E = Cla]. O

By the comments preceding Lemma 6.3.1 and part (3) of Proposition 6.2.1
we have:

Corollary 6.3.3 For a € C the degree of a over Q is a power of 2.

We now turn to points in the plane R? constructed by straightedge (ruler
without marks) and compass. The concept of constructible from a subset of R?
indicates how to construct new points by straightedge and compass from given
points in the plane.

Suppose that S € R2. A point p € R? is constructible from S if p is:

(CPS.1) the intersection of two different lines determined by points in S; or

(CPS.2) an intersection point of a line as in (CPS.1) and a circle centered at a
point in S and whose radius is the distance between two points in S; or

(CPS.3) an intersection point of two different circles as described in (CPS.2).
A constructible point is a point p € R? such that:
(CP.1) p=(0,0); or
(CP.2) p=(1,0); or

(CP.3) for some r > 1 there is a sequence of points

Po = (070)a P11 = (170)7 pb2y---s Pr =D
such that p;11 is constructible from {pg, p1,...,p;} forall 1 <i <r.

Compare this definition with (*).

We claim that all constructible points belong to C'xC. To do this we need
only show that a point p € R? constructible from S = C'xC belongs to S.

Let (a,b), (a’,b') € S be distinct points. Then a,b,a’,b’ € C. Suppose L is
a line which is determined by these two points. If a = @’ then £ has equation

T =a. (6.1)
If a # a' then L has equation
y=mx +b, (6.2)
where v b
m=—¢cC

a —a
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since C' is a field.
Now suppose that C is the circle centered at (a,b) and passes through (a’, b').
Then C has equation
(z—a)® + (y —b)* =12, (6.3)
where
r?=(a—d)+(b-V)ecC

since C is a field.
Consider two lines £, £ as above which intersect in one point. The point of
intersection p = (x,y) satisfies the pair of equations

r = a
y = mx+Db,
where a,m,b € C, or
y = mz+b
y = mz+V,

where m,b,m/, b’ € C' and m # m’. In the second case

) b —b
r=———— and thus y:—m< ; )—H).

m' —m m —m

Thus in either case x,y € C since C' is a field. Thus p € S.

Consider the intersection of a circle and line as above. There will be one or
two intersection points. Let p = (z,y) be one of them. Then the coordinates of
p satisfy

(z—a)?+(y—-b)? = r?
x = c
where a,b,r2,c € C, or
(z—a)?+(y—-b)? = r?
Y = mx-+tec,

where a,b,72,m,c € C. Our two cases come from (6.1) and (6.2) respectively.
In the first case

r=c and y*>—2yb+ (b + (c—a)®*—1r?) =0.
In the second
(1+mHa? +2(m(c—b) —a)x + (a®> + (c = b)* —r*) =0 (6.4)

and
y? — 20y + (b + (x — a)* — 1) = 0. (6.5)

In either case z,y € C by part (5) of Theorem 6.3.2.
Suppose that C and C’ are two circles as above which intersect in one or two
points, and let p = (z,y) be one of the points of intersection. The reader is
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left with the exercise of showing that the details of establishing x,y € C follow
those in the circle and line case. This concludes our proof that all constructible
points lie in S = C'xC.

A number r € R is constructible if |r| is the length of a line segment connect-
ing two constructible points. Suppose that (a,b), (a’,b’) are these two points.
Then a,b,d’,t/ € C and

r?=(a—a)*+H-0)2

which gives rise to a quadratic equation 12 —c = 0, where ¢ = (a—a’)?+ (b—b')>.
Thus r € C by part (5) of Theorem 6.3.2 again. We have shown:

Lemma 6.3.4 Any constructible number belongs to C' and is thus algebraic over
Q of degree 2¢ for some £ > 0.

Now for some technical details regarding doubling the unit cube and trisect-
ing the 60° angle by straightedge and compass. These come down to whether
or not there is a constructible number which satisfies 2> = 2 and whether or
not cos 20° is constructible.

There is exactly one real solution to z° = 2, denoted 2'/3. Since z° — 2 €
Q[z] is irreducible by the Eisenstein Criterion (with p = 2), we conclude that
2% —2 = mgq g1/3(x). Therefore 2!/3 has degree 3 over Q which means that it is
not constructible by Lemma 6.3.4.

We show that cos20° is not constructible. First:

cos 30 = 4cos® ) — 3cos . (6.6)

PROOF: Since
cos(a + b) = cosacosb — sinasinb

and
sin(a 4+ b) = sinacosb + cosasinb

for all a,b € R we calculate

cos30 = cos(20+0)
= co0s 26 cosf — sin 20 sin 0
(cos? @ — sin? 0) cos @ — (2sin @ cos #) sin @
= cos®f — 3sin?fcosh
= cos®# — 3(1 — cos® ) cos f

= 4cos® — 3cosh.

O

When 6 = 20° note that cos30 = cos60° = 1/2. Thus cos20° is a root of
8% — 6z — 1.
82° —6x — 1€ Q[x]  is irreducible (6.7)
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PROOF: Since the degree of f(z) = 82% — 6x — 1 is 3 it follows that f(z) is
irreducible over Q if and only if f(z) has no root in Q.
Suppose that r € @ is a root of f(z) and set

r=2r—1.
Then 1
r = §(r +1)
and the calculation
0 = 8°—6r—1

= (r+1P®=3(r+1)—1

= (r+1)((r+1)>-3) -1
= (r+D(r*+2r—2)—1
= ¥ +32-3

shows that
r+3r2—3=0.

Thus 2® + 322 — 3 € Q[z] is reducible. But by the Eisenstein Criterion (with
p = 3) the polynomial 23 + 322 — 3 is irreducible over Q. This contradiction
means that f(x) has no root in Q after all. Therefore f(z) = 82%—6x—1 € Q|z]
is irreducible. O

Therefore cos20° is an algebraic over Q of degree 3. Thus cos20° is not
constructible by Lemma 6.3.4.

We have not determined the constructible numbers. This is a slightly more
complicated exercise. It turns out the C is in fact the set of constructible
numbers.

6.4 Splitting Fields and Algebraic Closures

Throughout K is an extension field of F'. Suppose that a € K is algebraic over
F. Then p(a) = 0 for some non-zero p(x) € F|[z] which has positive degree by
Corollary 6.1.6. Conversely:

Lemma 6.4.1 Let p(z) € Fx] have positive degree. Then there is an extension
field K of F such that p(a) = 0 for some a € K.

ProOF: The ideal I = (p(z)) is proper since p(x) is not a unit. Therefore
I is contained in a maximal ideal M of F|[x] by Zorn’s Lemma. Since M is
maximal K = F[z]/M is a field. Since M is proper MNF = (0). Hence
the ring homomorphism j : F — K given by j(r) = r + M has kernel (0)
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and is therefore injective. Thus we may regard F' as a subfield of K via the
identification of r € F with 5(r) € K.
Let a = x + M and write p(x) = ag + - - - + ana™. The calculation

pla) = (ag+ M)+ -+ (an + M)+ M)"
= (ag+ M)+ -+ (anz" + M)
(ag + - +aa™) + M
p(z) + M
= M

which shows that p(a) = 0. O

Minimal polynomials are monic irreducible. By the proposition all monic
irreducible polynomials p(z) € F[z] are minimal polynomials. See part (5) of
Proposition 6.2.1.

A polynomial p(z) € Flz]| splits into linear factors over K if there are
¢ ay,...,ar € K, where r > 1, such that p(z) = ¢(x —ay) -+ (z — a,). Ob-
serve that ¢ € F'. This section is all about splitting into linear factors.

The field F' is algebraically closed if it has no algebraic extensions other than
itself. There are several ways of expressing this property.

Theorem 6.4.2 The following are equivalent for the field F':
(1) F is algebraically closed.
(2) Ewery polynomial in F[z] of positive degree has a root in F.

(3) Ewery polynomial in Flx] of positive degree splits into linear factors over
F.

PrOOF: Part (1) implies part (2). Suppose that F' is algebraically closed and
let p(z) € F[z] have positive degree. By Lemma 6.4.1 there is a field extension
K of F which contains a root a of p(z). Thus FJ[a] is an algebraic extension
of F by Corollary 6.1.6 and part (1) of Theorem 6.2.2. Hence F[a] = F' which
means that a € F.

Suppose that part (2) holds and let p(x) € F[z] have positive degree. Then
p(a1) = 0 for some a; € F. Thus p(z) = (z — a1)p1(z) for some non-zero
pi(x) € Flz]. Either Degp(x) = 0, in which case pi(x) = ¢ € F, or 0 <
Deg p1(x) = Degp(xz) — 1. Part (3) holds by induction on Degp(x). We have
shown that part (2) implies part (3).

Part (3) implies part (1). Suppose that all polynomials in F[z] split into
linear factors over F. Let K be an algebraic extension of F' and let a € K.
Then p(a) = 0 for some p(z) € F[z] of positive degree by Corollary 6.1.6.
By assumption there are ¢, aq,...,a, € F for some r > 0 such that p(z) =
c(xr —ayr) - (x—a.). As p(a) = 0 necessarily a = a; € F for some 1 < i < 7.
Therefore KX C F which means that K = F'. I

An algebraic closure of F' is an extension field K of F' such that:
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(AC.1) every polynomial in F'[z] of positive degree splits into linear factors over
K and

(AC.2) the roots in K of polynomials in F'[x] of positive degree generate K as an
extension field of F.

Theorem 6.4.3 An extension field K of F is an algebraic closure of F if and
only if:

(1) K is an algebraic extension of F and

(2) K is an algebraically closed field.

PRrROOF: Let K be an algebraic closure of F'. Since K, is an algebraic extension
of F by part (1) of Theorem 6.2.4, and roots of polynomials of positive degree
in Flz] are contained in K4 by Corollary 6.1.6, it follows that Kq, = K.
Therefore K is an algebraic extension of F'.

Suppose that E is an algebraic extension of K. Then E is an algebraic
extension of F' by part (3) of Theorem 6.2.2. Let a € E. Then mp,(z) =
c(x —ay) -(x — a,), where ¢,aq,...,a, € K, by definition of algebraic closure.
As mp,(a) = 0 necessarily ¢ = a; € K for some 1 < ¢ < r. Therefore E C K
which means E = K. We have shown that K is algebraically closed. Thus if K
is an algebraic closure of F' then (1) and (2) hold.

Conversely, suppose that (1) and (2) hold. Then K consists of roots of poly-
nomials of positive degree by (1) and Corollary 6.1.6. By (2) every polynomial in
F[z] of positive degree splits into linear factors over K. Thus K is an algebraic
closure of F' by definition. [

Suppose that ¢ : F — F’ is an isomorphism of fields (which is to say
an isomorphism of rings with unity). For f(z) = apz™ + -+ + ap € Flx] let
fo(x) = o(an)z™ + -+ o(ag) € F'[z]. The function & : Flzx] — F'[z] given
by f(x) — f,(z) for all f(z) € F[z] is a ring isomorphism.

Generally a homomorphism ¢ : F — R of rings with unity is is injective.
For Kero # F as 0(1) = 1 # 0 which means Kero = (0) as F' is a simple ring.

Lemma 6.4.4 Suppose that o : F — F' is an isomorphism of fields, K = F|[d]
and K' = F'[a'] are algebraic extensions of F' and F' respectively, and fy(x) =
mpr o (x), where f(x) = mpq(x). Then o extends to a unique isomorphism of
fields 7 : K — K’ such that 7(a) = a’.

PROOF: By assumption g(mpg,(x)) = mps o (); consequently o((mpq(x))) =
(mps o (z)). Now & induces an isomorphism of rings 7 : Flz]/(mp.(x)) —
P[]/ (e (2)) given by £(2)+(mpa(2)) — £()+mp (). Since Ker m, =
(mpq(x)), the substitution map m, : F[z] — Fla] induces an isomorphism of
rings 7, : Fz]/(mpq(x)) — Fla] given by f(x) + (mpq(x)) — f(a). Let 7 be
the composition of ring isomorphisms

-1

Fla] ™= Fla]/(mpa(z)) — F'la]/(mp 0 (2) =5 F'ld].
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Then 7 extends o and 7(a) = a’. Uniqueness follows since FU{a} generates
Fla] as a ring. O

Every field is has a unique algebraic closure. One technical comment before
we launch into the proof.

Suppose that K’ is also an extension field of F. An isomorphism of F-
algebras o : K — K’ is a ring isomorphism which is also F-linear. Linearity
means o(a) = o(al) = ao(l) = al =a for a € F. Thus:

Remark 6.4.5 A function o : K — K’ of extension fields of F is an F-
algebra isomorphism if and only if it is a ring isomorphism such that o(a) = a

foralla € F.
We isolate the basic step in the proof part (1) of Theorem 6.4.8.

Lemma 6.4.6 For the field F there is an extension K such that every polyno-
mial in F[x] of positive degree has a root in K.

ProOF: Let X be the set of polynomials in F[z] of positive degree and let
(1, F[X]) be the free commutative algebra on X. (Corollary 4.3.2 can be gener-
alized to any non-empty set.) Write «(f(x)) = zy for f(z) € X.

Let I be the ideal of F[X] generated by the f(z)’s, where f(z) € X. We
claim that I is a proper ideal of F[X]. If not, there are a1, ...,a, € F[X] and
Zfy,..., &y, such that

1:alfl(:vfl)+-~-+a1f,,(xfr). (68)

Using Lemma 6.4.1 it follows by induction on r there is an extension E of F
and ay,...,a, € E such that fi(a1) =--- = fr(a,) = 0. Let ¢ : X — F be
any function such that p(f;(x)) = a; forall 1 <i<randlet ®: F[X] — E
be the F-algebra homomorphism determined by ®o: = ¢. Note that

O(fi(zs,)) = fi(@(zg,)) = fi(@(u(fi(2)))) = file(fi(x))) = flai) =0

for all 1 <i <r. Applying ® to both sides of (6.8) we have

1 = Q(aafilzg,)+-- +arfe(zy,))
= Q(a)®(fi(zp,)) + -+ @(ar)@(fr(2y,.))
= B(an)0+ -+ B(a1)0
— 0,

a contradiction. Therefore I is a proper ideal of F[X].

Now we can pick up with second line of the proof of Proposition 6.4.1 which
shows that I is contained in a maximal ideal M of F[X], that K = F[X]/M
is a field, that via 5 : F — K defined by j(r) = r + M we can regard F as a
subfield of K, and finally that z; + M € K is a root of f(z) € X. O

Next we isolate the basic step in the proof of part (2) of Theorem 6.4.8
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Lemma 6.4.7 Suppose that K is an algebraic extension of F and K' is an
algebraically closed extension of F'. If F # K then any ring isomorphism
o: F — F' can be extended to a ring homomorphism 7 : E — K', where E
18 a subfield of K which properly contains F'.

PROOF: Let a € K\F'. Since a is algebraic over F' it follows by Corollary 6.1.6
that E = F[a] is a finite extension field of F. Note that F' is a proper subset of
F since a ¢ F.

Let f(z) = mpq(x). Then f,(z) € F'[z] is irreducible. Since K’ is alge-
braically closed f,(x) has a root a’ € F’. Therefore E' = F'[d/] is a finite
extension of F’ by Corollary 6.1.6 and f,(x) = mp o (z) by part (5) of Propo-
sition 6.2.1. By Lemma 6.4.4 there is an ring isomorphism 7 : £ — E’ of o
which extends o. [

Theorem 6.4.8 The field F
(1) has an algebraic closure K, and

(2) if K’ is also an algebraic closure of F then there is an F-algebra isomor-
phism o : K — K.

PrOOF: We first show part (1). By Lemma 6.4.6 there is a chain of extension
fields FF = Fy C F; C F5 C --- such that for all n > 0 any polynomial in F},[x]
of positive degree has a root in Fj, ;. Note that K = U2 F;, is an extension
field of F.

Let p(z) € F,[x] be of positive degree. Then p(ai) = 0 for some a3 € Fy 4.
Thus p(z) = (z — a1)p1(x), where p(z) € F,,11]x]. By induction on Degp(z) it
follows that p(x) splits into linear factors over some F}, y,,, hence over K. Thus
K contains an algebraic closure of F'.

To show part (2), we first note that K and K’ are both algebraic extensions
of F' and are algebraically closed by Theorem 6.4.3. Consider the set S of all
pairs (o, E), where E is a subfield of K and an extension of F and ¢ : E — K’
is a homomorphism of F-algebras. Note that S # () since (Idp, F) € §. We
partially order S by (0,E) < (¢/,E') if EC E’ and o'|g = 0.

By Zorn’s Lemma S has a maximal element (o, F). By Lemma 6.4.7 we
deduce that E = F. Now By considering 0=! : 0(E) — K we deduce that
o(E) = K’ by Lemma 6.4.7 again. [J

Suppose that S is a non-empty subset of polynomials in F[z] which have
positive degree. Then a splitting field for S over I is an extension field K of F'
such that

(SF.1) Every f(x) € S splits into linear factors over K and

(SF.2) K is generated as an extension field of F' by the roots of the f(z)’s in S
which lie in K.



50 CHAPTER 6. BASIC FIELD THEORY

Thus an algebraic closure of F' is a splitting field for the set of all polynomials
in F[z] of positive degree. Since algebraic closures exist and are unique splitting
fields in general exist and are unique.

Corollary 6.4.9 Let S be a non-empty set of polynomials in Flx] of positive
degree. Then:

(1) There is a splitting field K for S over F.

(2) Suppose that K' is also a splitting field for S over F. Then there is an
isomorphism of F-algebras 7 : K — K'.

PROOF: As for existence, let E be an algebraic closure of F'. Then the subfield
K of E generated by F' and the set of all roots in E of polynomials in S evidently
is a splitting field of S over F.

As for uniqueness, let K, K’ be splitting fields of S over F' and let E, E’ be
algebraic closures of K, K’ respectively. Since K is an algebraic extension of F
and F is an algebraic extension of K it follows that E' is an algebraic extension
of F by part (3) of Theorem 6.2.2. Therefore E, and likewise E’, is an algebraic
closure of F' by Theorem 6.4.3.

By part (2) of Theorem 6.4.8 there is an F-algebra isomorphism o : F —
E’. Since o(S) = S it follows that o(K) = K’. Let 7 be the restriction
ol : K — K'. O

When S = {f(z)} is a singleton set then we call a splitting field for S over
F a splitting field for f(x) over F. The existence and uniqueness the splitting
field in this case can be done by induction and does not depend on the existence
of an algebraic closure.

There is a degree estimate for the splitting field when S is a singleton set.

Lemma 6.4.10 Let f(xz) € F[z] have positive degree, let pi(z), - ,pr(x) €
F[z] be the distinct irreducibles in a factorization of f(x), and suppose that K
is a splitting field for f(x) over F. Then

[K : F] < (Deg p1())!-- - (Deg py ()"

PrOOF: Without loss of generality we may assume f(x) and py(z),...,p.(z) are
monic. Thus f(z) = p1(z)™ - p,.(x)", where nq,...,n, are positive integers.
The roots of f(x) in K are the roots of fo(x) = p1(x) - - - pr(x). We may therefore
assume f(x) = fo(x).

To complete the proof, we show by induction on r that the degree estimate
of the lemma holds for f(z) = p1(z) - - pr(x), where p1(z),...,pr(z) € F|x] are
any polynomials of positive degree. This reduces to the case r = 1. For suppose
r> 1, let f'(x) = p1(x) - pr—1(z). Since f(z) = f'(x)p,(z) splits into linear
factors over K it follows that f’(z) does as well. Let K’ be the extension of F'
in K generated by the roots of f'(x). Then K’ be a splitting field of f'(x) over
F and K is a splitting field of p,(z) over K'. As [K : F] = [K : K'|[K’ : F] by
Lemma 6.1.1 the degree estimate holds by induction.
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We have reduced the proof to showing that [K : F] < Deg f(x)!. This we
do by induction on Deg f(z). Since K is a splitting field of f(x) over F then
f(a) =0 for some a € K.

Let K’ = Fla]. Then K’ is a field extension of F' and [K’ : F| < Deg f(x)
by Corollary 6.1.6. Now f(x) = (z — a)f'(z), where f'(x) € K'[x]. Suppose
Deg f(x) = 1. Then f'(z) = 1 and a € F. Therefore K = F and thus [K :
F] =1 = Deg f(x)!. Suppose Deg f(z) > 1. Then 0 < Deg f'(x) < Deg f(x).
Since f(z) = (x — a)f'(x) splits into linear factors over K it follows that f'(x)
does as well. Thus K is a splitting field of f/(z) over K’. By Lemma 6.1.1 and
induction on Deg f(z) we have

[K: F] =K : K'][K": F] < (Deg f'(x)!)(Deg f(z)) = ((Deg f(x)—1)!)(Deg f(z))

which means [K : F] < Deg f(z)!. This concludes the proof. [J

6.5 Separability

Recall that F'is a Z-module. We write na = n-a for n € Z and a € F'. Since in
fact F' is a Z-algebra
na =n-a =n-(la) = (n-1)a (6.9)

is the product of n-1 in the prime field of F' and a. If the characteristic of F' is
0 then n-1 = 0 if and only if n = 0. In the characteristic 0 case we identify n
with n-1 and regard Z as a subring of F'. Recall that the prime field of F' is Q.
Suppose that the characteristic of F' is p > 0. Then n-1 = 0 if and only if
pln. In the characteristic p > 0 case the prime field of F' is Z-1 = F,, which is
the field of p-elements. In any event, since F' is an integral domain, by (6.9):

Lemma 6.5.1 Let0#a € F.
(1) If the characteristic of F is 0 then na =0 if and only if n = 0.
(2) If the characteristic of F' is p > 0 then na = 0 if and only if p|n.
O

6.5.1 Formal Derivatives and Separability

Let f(z) = apa™ + - -+ a1z + ap € Flz]. Then the formal derivative function
D, : F[z] — Flx] is given by

D, (f(z)) = na,z" '+ - +ay.

Note that the usual rules of Calculus for the derivative of functions of a single
variable carry over: D, is linear and the Leibnitz rule

D.(f(x)g(x)) = Da(f(2))g(x) + f(x)Da(g(x))
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holds for all f(z), g(x) € Flz].

Let f(x) € Flx] be of positive degree and let K be a splitting field of f(x)
over F'. Then f(x) = ¢(x —a1)™ --- (x —a,)", where ¢ € F, where ay,...,a, €
K are distinct, and nq,...,n, > 1. The polynomial f(x) is separable if ny =

- =mn, = 1. Observe that the notion of separability does not depend on the
splitting field by part (2) of Corollary 6.4.9.

One further point. The notation D, does not indicate a domain. We could
write Dy g for D, to do this. In practice there is no need. For if K is an
extension of F' then D, k|p[y] = D F-

Proposition 6.5.2 Let f(x) € F[x] have positive degree. Then the following
are equivalent:

(1) f(z) is separable.
(2) f(z) and D, (f(x)) are relatively prime.

PRrROOF: Let K be a splitting field of f(x) over F. Part (1) implies part (2).
Suppose that f(z) is separable. Then f(z) =c(x—a;)--- (z—a,), where c € F
and aq,...,a, € K are distinct. Since

Do(f(@) = eclx—a)-(z—a)-(z —a,),

i=1

where “7” means factor omitted, we see that D, (f(x))(a;) #0forall1 <i <r.

Suppose that d(z) € F[z] is monic and divides both f(x) and D,(f(z)).
Since d(x) divides f(z) it follows that d(z) = (v — a1)™ --- (¢ — a,)™ where
m; =0 or m; =1 for all 1 <i <r. For all such 7 observe that d(a;) # 0 since
d(x) divides D, (f(z)) and D,(f(x))(a;) # 0. Therefore m; = --- = m, =0
which means that d(z) = 1.

Part (2) implies part (1). Assume that f(z) and D,(f(z)) are relatively
prime in F[z]. Then a(x)f(z) + b(x)D.(g(x)) = 1 for some a(x),b(x) € Flx].
Therefore f(x) and D, (f(x)) are relatively prime in K[x].

Suppose that f(z) = (z — a)?g(z), where a € K and g(z) € K[z]. The
calculation D, (f(z)) = 2(z — a)g(x) + (x — a)?D,(g(z)) shows that a is a root
of D.(f(z)) as well as of f(x). This means (z — a) divides both f(z) and
D, (f(x)), a contradiction. Thus (z — a)? does not divide f(z) for all @ € F.
Thus f(z) is separable. O

Corollary 6.5.3 Let p(x) € F[z] be irreducible. Then:
(1) p(x) is separable if and only if D, (f(x)) # 0.
(2) p(x) is separable if the characteristic of F is 0.
PRrROOF: Part (2) follows from part (1). To show part (1) we note that D, (p(z)

0 or Deg D, (p(x)) < Degp(x). Thus since p(z) is irreducible, p(x) and D, (p(x))
are relatively prime if and only if D, (f(z)) # 0. O



6.5. SEPARABILITY 93

Continuing with the corollary, what does it mean for D, (f(z)) = 0?. Nec-
essarily the characteristic of F' is p > 0. Write

p(x) =ana”™ + -+ a1x 4+ ag € Flz],
where a,, # 0. Then
0= D,(f(@) = na,a™ 4+ +a

means that whenever 1 < ¢ < n and ay # 0 then p|¢. Let k be the largest
positive integer such whenever 1 < ¢ < n and ay # 0 then p*|¢. Then n = p*m
for some m > 1 and

p(z) = apkmmcpkm + apk(m,l)xpk(m—l) L apkmpk + ap.
Let
Psep(T) = aprpna’™ + ap’“(m—l)l’nF1 + o apex + ag.
Then )
p(x) = psep(xp )

Observe that psep(x) is irreducible; a non-trivial factorization of pgep(x) gives
rise to a non-trivial factorization of p(x). Also Dy(psep(x)) # 0. Therefore
Psep(x) is separable by the preceding corollary.

An element a € K is separable if it is algebraic over F' and its minimal
polynomial mp ,(x) is separable. The extension K of F'is separable if it consists
of separable elements. Thus separable extensions are algebraic extensions.

Proposition 6.5.4 Let K be an algebraic extension of F. Then:

(1) K is a separable extension of F if the characteristic of F is 0.

(2) Suppose that the characteristic of F is p > 0 and let a € K. Then a?" s
separable for some k > 0.

O

6.5.2 The Frobenius Map and Finite Fields

Throughout this section F' has characteristic p > 0. All finite fields fall into this
category. Let F), denote the prime field of F'.

The Frobenius map F : F — F, defined by F(a) = a? of all a € F, plays a
very important role in characteristic p.

Lemma 6.5.5 The Frobenius map in an injective ring endomorphism of F'.

Proor: F(1) = 1» = 1. Let a,b € F. Then (ab)” = a™b" for all n €
Z; therefore F(ab) = (ab)? = aPb? = F(a)F(b). By the binomial theorem

(arnp =Y

Z <]l?> a?~“b*. Now p! = <]l?> (p—0)! for all 0 < ¢ < p. Note p
=0
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divides the left hand side of this equation. When 1 < ¢ < p neither factorial on
the right hand side is divisible by p; therefore p divides the integer <;Z) By
part (2) of Lemma 6.5.1 we have (¢ + b)? = aP + b?, or equivalently F(a +b) =
F(a)+ F(b). Since a € Ker F if and only if a? = 0 if and only if a = 0, the last
equivalence following since F' is an integral domain, the ring endomorphism F
is injective. [J

The field F' is perfect if F is surjective; that is if the injection F : FF — F
is a bijection. Thus F' is perfect if it is finite or algebraically closed.
For m > 1 observe that F™(a) = a?” for all a € F by induction on m.

Corollary 6.5.6 Let n > 1. Then the set of roots R of f(x) = aP" —x in F is
a subfield of F. If f(x) splits into linear factors over F then |R| = p™.

PrOOF: R = {a € F|F"(a) = a}. Since F" is a ring endomorphism of F' by
virtue of Lemma 6.5.5, it is easy to see that R is a subring of /. Now F, C R
since a? = a for all a € F,,. Therefore R is a subfield of F' by Lemma 6.1.4.

Suppose that f(z) splits into linear factors over F. To show that |R| = p™ we
need only show that f(z) is separable. Since f(z) and D, (f(z)) = p"a? " ~!1 -1 =
—1 are relatively prime, by Proposition 6.5.2 it follows that f(x) is separable.
O

There is a more elementary reason why the R of the preceding corollary is
a subfield of F.

Remark 6.5.7 Suppose that R is a finite subset of any field E such that 1 € R
and R is closed under addition and multiplication. Since 1 € R both R and
R\O are not empty. Since non-empty finite subsets of a group which are closed
under the operation are subgroups, R is an additive subgroup of E and R\0 is
a multiplicative subgroup of E*. Therefore R is a subfield of E.

Now suppose that F is finite and K is a finite extension of F. Let n = [K : F)

and suppose that {my,...,m,} is a basis for K over F. Since there are |F|"
linear combinations of the form aymy + --- + a,m,, where ay,...,a, € F,
|K| = |F|EF (6.10)

With F' = F,, the preceding specializes to
K| = plFFel. (6.11)

Let n = [K : Fp]. Then K* is a (multiplicative) group of order p™ —1. Therefore
a?"~1 =1, or equivalently a?” —a = 0, for all a € K*. Note that a = 0 satisfies
the preceding equation also. Therefore the p” elements of K are roots of 27" —zx.

This means
P —x = H(m—a). (6.12)
aceK

Summarizing:
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Proposition 6.5.8 Let K be a finite field. Then the characteristic of K is
p >0 and:

(1) |K|=p™ for somen > 1.
(2) K is the splitting field of 27" — 2 over F,,.

(3) Suppose that K' is also a field of cardinality p™. Then K and K' are
isomorphic as fields.

Proor: We need only establish part (3). By part (2) both K and K’ are
splitting field of the same polynomial over F,; therefore they are isomorphic as
fields by part (2) of Corollary 6.4.9. O

Theorem 6.5.9 Let F be a finite field and let n be a positive integer. Then
there exists an extension field K of F' of degree n.

PROOF: |F| = p™ for some m > 1 by (6.11). By (6.10) it suffices to construct an
extension of F which has p™" elements. Let K be a splitting field of 2™ —
over F' and let R be the set of roots of this polynomial in K. Then R is a
subfield of K with p™" elements by Corollary 6.5.6. It suffices to show that
F C R. (This will show that K = R, an observation not necessary for the
proof.)

Let a € F*. Then a?” = a, or equivalently e~ = 1. Since z" — 1 =
(x —1)q(x), where g(x) =1+ z +---+ 2"~ ! € Z[z], we have on substitution of
p™ for x the equation p™™ — 1 = (p™ — 1)q(p™). Therefore the integer p™ — 1
divides p™* — 1. Since a?”~! = 1 it follows that a?” ~! = 1, or equivalently
a?"" = a. Thus a is a root of zP"" — z. We have shown a € R. Since 0 is root
as well, F C R. J

With ' = F,, the previous theorem gives:

Corollary 6.5.10 Let p,n be positive integers, where p is prime. Then there
exists an finite field with p" elements. [

Corollary 6.5.11 Let F be finite field and let n be a positive integer. Then
there is an irreducible polynomial p(z) € Flx] of degree n.

PRrROOF: Let K be an extension of F' of degree n as guaranteed by Theorem
6.5.9. We use the fact that the finite group K* is cyclic. Let a be a generator
of K*. Then K = Fl[a] and therefore p(z) = mp q(r) meets our requirements
by part (2) of Proposition 6.2.1. [

Corollary 6.5.12 An algebraically closed field is infinite. O
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6.6 Cyclotomic Extensions

In this section we study finite subgroups of the multiplicative group F'*, partic-
ularly when F' is an algebraically closed field of characteristic 0. We first show
that finite subgroups of F'* are cyclic.

Suppose that G is any finite group. Then

3™ nap(d) = |G, (6.13)

d||G|

where ng is the number of cyclic subgroups of G of order d and ¢ is the Euler
p-function. For a cyclic group of order |G| observe that ng’s are equal to 1.
Therefore

> eld) =G (6.14)

al|q|

as well.

Lemma 6.6.1 All finite subgroups of F* are cyclic.

PrOOF: Let G be a finite subgroup of F'* and suppose that ng # 0. Then
G has a cyclic of order d. Let H be any such subgroup. Since a? = 1 for all
a € H, it follows that H is the set of roots of z¢—1 in F. Therefore ng = 1. We
have shown each ng in (6.13) is either 0 or 1. Since the values of ¢ are positive
integers, njg| = 1 in light of (6.14). Therefore G' contains an element of order
|G| which means that G is cyclic. O

For a positive integer n let u,, be the set of all a € F such that a™ = 1. Then

[in is a subgroup of F and consists of the roots of 2™ — 1 in F. An n'* root of

unity in F is an element of ju,; a primitive nt" root of unity in F is an element

of u, of order n. By Lemma 6.6.1 the u,,’s run over the finite subgroups of F'*.
By the lemma

|pen| divides n. (6.15)

When |u,| = n is explained by the next result.
Proposition 6.6.2 Let n be a positive integer. Then:

(1) |pn| = n, or equivalently F has a primitive n'" root of unity, if and only
if ™ — 1 is separable and splits into linear factors over F.

(2) Suppose that F is algebraically closed. Then |u,| = n if and only if the
characteristic of F is does not divide n. (Thus u, is cyclic of order n in
characteristic 0.)

PROOF: Since p, is the set of roots of ™ — 1 in F, it follows that |u,| = n if
and only if 2" —1 =], (z —w). This is the case if and only if 2™ — 1 splits
into n distinct linear factors over F'. We have shown part (1).
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Assume that F' is algebraically closed. Then z™ — 1 splits into linear factors
over F. Since 2 — 1 and D, (2" — 1) = nz"~! are relatively prime if and only
if nz"~! # 0, part (2) follows by Proposition 6.5.2 and Lemma 6.5.1. [J

From this point on F' is an algebraically closed field of characteristic 0. The
prime field of F' is therefore Q. For a € K* we use the customary notation |a|
for the order of a.

Let n be a positive integer. Then p,, is a cyclic group of order n by Lemma
6.6.1 the previous proposition. Let

bn(z) = H (= Q).
CEn,[Cl=n

Thus the indexing set of the product is the set of primitive n'” roots of unity

in F. The polynomial ¢, () is the nt" cyclotomic polynomial. Since
1= [[@-w) =] J[ @-w)
WE n d|ln wEuy ,|w|l=d

we have

2" =1 =[] ¢al2). (6.16)

d|n
Observe that
p1(x) =2 —1. (6.17)

If p is a positive prime then

p(z) =14z + 2P ! (6.18)
since

(-1 +z+ 2P =aP — 1= ¢, (2)d,(x)

by (6.16).

Proposition 6.6.3 Let n be a positive integer. Then the monic polynomial
on(z) € Z[x] and has degree p(n).

PROOF: Since the number of generators of a cyclic group of order n is p(n)
the degree assertion follows. To show ¢, (z) € Z[x] we proceed by induction on
n. The proposition is true for n = 1 by (6.17). Suppose that n > 1 and the
proposition is true for positive integers m < n. We may assume n is not prime
by (6.18). Thus 2™ — 1 = f(x)¢n(z), where f(x) € Z[z], by (6.16). By the
following lemma ¢,,(z) € Z[z]. Thus the proposition holds by induction. O

Lemma 6.6.4 Let R be a subring of a commutative ring S, suppose f(x) € R|x]
and is monic, g(x) € S[z], and f(x)g(x) € Rlx] and is monic. Then g(x) € R[z]
and is monic.
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PrROOF: We may write f(x) =ag+ -+ 2™, where m > 0 and ag,...,am—1 €
R. By assumption g(z) # 0. Thus g(x) = by + - -+ + bya™, for some n > 0
where bg,...,b, € S and b, # 0. For 0 < ¢ < n the coefficient of z™** in
f(x)g(x) = agbo + - + ambpx™ ™ is

be + am—1bey1 + - = ambe + am—1be41 +--- € R.

When ¢ = n we have b, = a;,bp, =1 € R. If 0 </l <n and by,,b,-1,...,be11 €
R then by € R. O

By the preceding proposition ¢, (z) € Q[z]. The last assertion of this section
is that ¢, (z) is an irreducible polynomial of Q[x].
One technical comment before the proof. Let p be a positive prime and

Z[z] — F,[z] be the homomorphism (f(x) — f(z)) which reduces coefficients

mod p. Then f(zP) = f(z)’ for all f(z) € Z[z] since the Frobenius map of
F,(z) is a ring endomorphism and a? = «a for all a € F,,.

Theorem 6.6.5 The cyclotomic polynomial ¢,,(x) is an irreducible polynomial

of Qlz].

PROOF: Since ¢, (x) is a primitive polynomial in Z[z], by the Gauss Lemma to
show that ¢, (x) is an irreducible polynomial of Q[z] we need only show that it
is an irreducible polynomial of Z[z].

Write ¢p,(x) = f(x)g(z) where f(x),g(z) € Z[z] and f(z) is irreducible.
Since ¢, (z) is monic we may assume both are monic. Now f({) = 0 for some
primitive n*” root of unity ¢. Since f(x) is irreducible in Q[z] by the Gauss
Lemma, it follows that f(x) = mq ¢(x) by part (5) of Proposition 6.2.1.

Let p be a positive prime which does not divide n. Then (P is a primitive
nt" root of unity. Since ¢, (¢?) = 0 either f(¢?) = 0 or g(¢?) = 0. We will show
that f(¢?) = 0.

Suppose that ¢(¢?) = 0. Then f(z) divides g(zP) in Q[z] by part (4) of
Proposition 6.2.1 and thus f(x) divides g(zP) in Z[x] by Lemma 6.6.4. Therefore
f(x) divides g(zP) = mp in Fp[z]. Since 0 < Deg f(z) = Deg f(z) it follows
that f(x) and g(x) have a common irreducible factor. Now ¢, (z) = f(z)g(x)
divides z™ — 1 in Z[z] by Proposition 6.6.3 and (6.16). Therefore f(z) g(z)
divides 2 —1 = 2™ — 1 in F,[x]. Now the latter is separable by Lemma 6.5.1

and Proposition 6.5.2. Thus f(z) and g(x) can have no common irreducible
factor. This contradiction shows that f(¢?) = 0.

Now the primitive n!” roots of unity are the ¢(™’s, where 1 < m < n and
is relatively prime to n. Considering the prime factorization of such an m > 1
we see that f(¢™) = 0 since f(¢?) = 0 for all positive primes p not dividing n.
Therefore ¢,,(x) divides f(x) which means that ¢, (z) = f(z) = mq,¢(z). O

An extension of E of Q in F is cyclotomic if E = Q(({) for some root of
unity ¢ € F. Since such a ( is algebraic over Q it follows that Q(¢) = Q[¢] by
Corollary 6.1.6.

Corollary 6.6.6 Let ¢ € F be a root of unity and n = |¢|. Then [Q[(]: Q] =
p(n) and mq.c(x) = ¢n(z).



Chapter 7

Galois Theory

Let K be a field. In this chapter we study the relationship between subfields of K
and subgroup of the group Aut(K) of ring automorphisms of K under function
composition. For 0,7 € Aut(K) we denote composition by juxtaposition. We
will refer to the elements of Aut(K') simply as automorphisms of K.

7.1 A Correspondence Between Certain Subfields
of K and Certain Subgroups of Aut(K)

An element a € K is fized by 0 € Aut(K) if o(a) = a in which o fizes a. Let
S be a non-empty subset of K. Then o fizes S pointwise if o fixes all of the
elements of S.

For a non-empty subset S of K let

S'={o e Aut(K)|o(a) =a Va€eS}

be the subset of Aut(K) consisting of all automorphisms which fix S pointwise.
For a non-empty subset S of Aut(K) let

S'={a€eK|oa)=a VoeS}

be the subset of K consisting of the elements fixed by all of the automorphisms
of S.

Lemma 7.1.1 Let S,T be non-empty subsets of Aut(K) or non-empty subsets
of K. Then:

(1) ScC 9.
(2) If SCT then S" 2 T".

(3) 5" =5".

59



60 CHAPTER 7. GALOIS THEORY

PrOOF: Parts (1) and (2) follows directly from definitions. Observe that S” # ().
Now S/ C §"” and S C S” by part (1). By part (2) the second inclusion implies
S"D S thus §' = S". O

A non-empty set of Aut(K) or K is closed if it has the form S’ for some
non-empty subset of K or Aut(K) respectively. By part (3) of the preceding
lemma S is closed if and only if S = S”. By part (2) the operation S — S’ is
inclusion reversing; thus S — S” is inclusion preserving. Using parts (1) and
(2) we observe that S” is the smallest closed subset containing S. Thus S +— S”
can be thought of as a closure operation.

Corollary 7.1.2 The function

{closed subsets of Aut(K)} — {closed subsets of K}

given by
S S

is an inclusion reversing bijection with inverse given by T — T'. O

The image of a closed subset of K under an automorphism is closed and the
conjugate of a closed subset of Aut(K) is closed.

Lemma 7.1.3 Let 0 € Aut(K). Then:
(1) If S is a non-empty subset of Aut(K) then o(S') = (6So~1)".

(2) If S is a non-empty subset of K then 0S’a~! = o(S).

PROOF: Let S be a non-empty subset of Aut(K). Since o is a permutation of
K there is a unique subset T' of K such that (¢Soc~!) = o(T). Let e € K.
Then e € T if and only if (o707 t)(0(e)) = o(e) for all 7 € S if and only if
o(r(e)) = o(e) for all 7 € S if and only if 7(e) = e for all 7 € S if and only if
e€ S’ Thus T = S’. We have shown part (1).

Let S be a non-empty subset of K. Since conjugation by o is a permutation
of Aut(K) there is a unique subset T of Aut(K) such that cTo =1 = o(S)". Let
7 € Aut(K). Then oro~! € o(9)" if and only if oro~1(a(e)) = o(e) for all
e € S if and only if o7(e) = o(e) for all e € S if and only if 7(e) = e for all
e € S if and only if 7 € S’. Therefore T = S’ and part (2) follows. O

Closed subsets are familiar algebraic objects.
Lemma 7.1.4 For the group Aut(K) and the field K :
(1) If S is a non-empty subset of Aut(K) then S’ is a subfield of K.

(2) If S is a non-empty subset of K then S’ is a subgroup of Aut(K).
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PROOF: Let G = Aut(K) and 0 € G. Then K? = {a € K|o(a) = a} is
a subfield of K. If S is a non-empty subset of G then S’ = N,csK? and is
thus a subfield of K by Lemma 6.1.2. To show part (2) let @ € K. Then
G® = {0 € G|o(a) = a} is a subgroup of G. If S is a non-empty subset of K
then 8" = NeesG® and is therefore a subgroup of G. O

Remark 7.1.5 K is a closed subfield of K as K = {Idx}’'. Note that Aut(K) =
{0} and (Idx) = K’ are closed subgroups of Aut(K).

For a subfield F' of K let Aut(K/F) = F’ denote the subgroup of all auto-
morphisms of K which fix F' pointwise. We make the important observation that
these automorphisms are F-linear. Thus Aut(K/F) is the group of F-algebra
automorphisms of K.

Proposition 7.1.6 Let F be a subfield of K and f(x) = ag+---+apz™ € Flx]
have positive degree. Suppose that the set S of roots of f(x) in K is not empty.
Then S is finite and:

(1) o(S) =S foralloc € Aut(K/F); thus all such o permute the roots of f(x)
n K.

(2) Suppose that F is closed and f(x) is monic and irreducible in F[x]. Then
J(@) =[lcq(x —5) and S = {o(s) |0 € Aut(K/F)} for all s € S.

PROOF: Let a € S and o € Aut(K/F). From
0=f(a)=ao+- -+ ana"
we calculate
0=0(f(a)) =0(ap) +---+o(an)o(a)" =ag+ -+ ano(a)" = f(o(a))

which shows that o(a) € S. Since S is finite and o is injective o(S) = S. We
have established part (1). As for part (2), let T be a non-empty subset of S
such that o(T) =T for all 0 € Aut(K/F). S is such a subset by part (1). Set

9(@) = [J @@ —9).

seT

Then g(x) divides f(z) in K[z] and for o € Aut(K/F) we have

a(g(@) = [z —o(s) = [] (@~ s) = g(x)

seT seT

since o(T) = T. Thus g(x) € F"[z]. Suppose further f(z) is monic. Then g(x)
divides f(z) in F”[x] by Lemma 6.6.4. If F is closed then g(z) divides f(z) in
F. If in addition f(z) is irreducible in F[z] then g(xz) = f(z) and thus S =T.
We have established part (2). O

Algebraic extensions of closed subfields are rather special.
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Corollary 7.1.7 Let F be a closed subfield of K and suppose that K is an
algebraic extension of F. Then:

(1) mpq(x) splits into distinct linear factors over K for all a € K.
(2) K is a separable splitting field over F'.

(3) Suppose that p(x) € F[z] is irreducible and has a root a in K. Then p(x)
splits into linear factors over F.

PrROOF: Note that p(x) is a non-zero scalar multiple of mpg ,(x) by part (5) of
Proposition 6.2.1. Parts (2) and (3) follow by part (1) which in turn follows by
part (2) of the preceding proposition. [J

An algebraic extension K of F is a mormal extension if every irreducible
p(z) € Flz] which has a root in K splits into (not necessarily) distinct linear
factors over K. Thus the extension K of F' of Corollary 7.1.7 is a normal
extension.

7.2 Degree Estimates

Let S, T be subgroups of Aut(K) or subfields of K. Suppose that S C T and
[T : S] < oo. In this section we show that [T': S] > [S” : T']. As a consequence
T is closed if S is closed.

For a non-empty set X the set F(X, K) of all functions from X to K is a
vector space over K with

(f+9)(=@) = f(x)+g(z) and  (af)(z) =a(f(z))
forall f,g e F(X,K),z€ X, and a € K.
Proposition 7.2.1 Suppose that F, E are subfields of K such that F C E and
[E:F]<oo. Then [F' : E'l < oo and [E: F] > [F': E'].

PRrROOF: Observe that the set Homp(F, K) of F-linear maps from E to K is a
K-subspace of F(E, K).

Let n = [E : F] and let {e1,...,e,} be a basis for E over F. For 1 <i<n
let ¢’ : E — K be the F-linear map determined by e’(e;) = §; ;. We first show
that that {e1,...,e,} is a basis for Homp(E, K) over K.

Let ay,...,a, € K. Then Y1 | a;e" € Homp(E, K) and

O aie’)(e;) = a; (7.1)
i=1
for all 1 < j < n from which we deduce

F=> flee (7.2)
i=1
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for all f € Homp(E, K) as the F-linear functions on both sides of (7.2) agree
on the basis {e1,...,e,} for the vector space E over F. The set {e1,...,e,} is
a basis for Homp(F, K) over K as it is independent by (7.1) and it spans by
(7.2). Therefore

Dimy Homp(E, K) = [E : F]. (7.3)

Now F’ O E' since F C E. Suppose that o,7 € F'. Then o|g = 7|g if and
only if oE' = 7E’. For o|g = 7|g if and only if o(e) = 7(e), or equivalently
77lo(e) = e, for all e € E, which is the case if and only if 77'0 € E’, or
equivalently o E’ = TE".

Let o1,...,0,, € F' and suppose o1 F’,...,0,,FE' are distinct left cosets of
E’ in F’. By the conclusion in the preceding paragraph o1|g,...,om|Es are
distinct elements of Homp(F, K). To complete the proof of the proposition we
need only show that {o1|g,...,0m|g} is linearly independent. For suppose this
is the case. Then m < [E : F] by (7.3). Thus E’ has at most [E : F] left cosets
in F’ which means that [F’ : F’] is finite and [F' : E'] < [E : F].

Now since o1|g,...,om|E are distinct, injective, and 01(0) = -+ = 6,,,(0) =
0, we see that o1|gx,...,0m|gx : E* — K* are distinct homomorphisms of
multiplicative groups. That {o1|g, ..., om|r} is linearly independent follows by

the next lemma. O

Lemma 7.2.2 Let G be a multiplicative group and x1,...,Xm : G — K* be
distinct group homomorphisms. Then {x1,...,Xm} S a linearly independent

subset of F(G, K).

PROOF: Suppose that {xi,...,xm} is linearly dependent. Since yx; # 0, nec-
essarily m > 1 and there is an 1 < r < m such that {x1,...,Xxr—1} is linearly
independent and {x1, ..., X,} is linearly dependent. Therefore

Xr = a1X1 + -+ Ar—1Xr—1 (74)

for some aq,...,a,—1 € K, not all of which are 0. Suppose a;, # 0.
Let g, h € G. Applying both sides of (7.4) to g and hg yields

xr(9) = a1x1(9) + -+ + ar—1xr—1(9) (7.5)

and
xr(R)xr(9) = a1x1(h)x1(g) + -+ + ar—1xr-1(h)Xr—1(g) (7.6)

respectively. Multiplying both sides of the equation of (7.5) on the left by x,(h)
and subtracting the resulting equation for that of (7.6) yields

0=ai(x1(h) = xr(h)x1(g) + -+ + ar—1(xr—1(R) = xr(R))Xr-1(9)-

As this equation holds for all g € G we have

0=ai(x1(h) = xr(R))x1 + -+ ar—1(xr-1(h) = Xr(h)) Xr—1
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from which

ar(x1(h) = xr(h)) = -+ = ar—1(xr-1(h) = xr(h)) = 0

follows by independence. Thus x;, (k) = x»(h) since a;, # 0. Since this equation
holds for all h € G we conclude that x;, = X, a contradiction. Therefore
{X1,--+,Xm} is a linearly independent after all. OJ

A homomorphism x : G — K* from a multiplicative group G to the group
of invertible elements of K is a character of G.

Proposition 7.2.3 Suppose that H, L are subgroups of Aut(K) such that H C
Land [L:H] <oco. Then [H' : L'l < oo and [L: H| > [H' : L'].

PROOF: Suppose 0,7 € L. Then o H = 7H implies o(a) = 7(a) for all a € H’.
For the coset equation is equivalent to 7~!'c € H which implies 7710 (a) = a,
or o(a) =7(a), for all a € H'.

Let m = [L : H] and o1 H,...,0,H list the distinct left cosets of H in L.
Suppose that n > m and ¢;,...,¢, € H'. To prove the proposition we need
only show that {¢,...,¢,} is linearly dependent over L’. To this end we may
assume that ¢1,..., 0, # 0.

g1 (&)

Forl <i<msetz; = € K™. Since n > m the set {z1,...,2,}
is linearly dependent over K. Since z; # 0 there is an 1 < r < n such that
{z1,...,2,—1} is linearly independent and {xzi,...,z,} is linearly dependent
over K. Therefore

Ty =a1T1 4+ + Q1 Tr_1 (7.7)

for some aq,...,a,_1 € K.
Let 0 € L. Then oo1H,...,00,H runs over the set of left cosets of H in
L. Therefore there is a permutation w € S,, such that oo; H = o,,;)H for all
1 <7< m. Thus
o(o1(4:)) w1 (4:)

J(Jm (él)) Ow(m) (El)
for all 1 <147 < m by our first observation in the proof. Thus applying o € L to
both sides of the equations in the linear system which (7.7) represents results
in replacing the coefficients a; by o(a;) and then permuting the rows. Thus
xr =o(ar)xy + -+ o(ar_1)Tr—1. (7.8)
Subtracting the equation of (7.7) from that of (7.8) results in

0= (o(a1) —ar)r1 + -+ (0(ar-1) — Gr_1)Tr_1
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and thus o(a1) —a; = -+ = o(ar—1) — a,—1 = 0 by independence. Since
these last equations are true for all o € L we have shown that a; € L’ for all
1<i¢<r-—1. Since 0y,...,0, are L'-linear, revisiting (7.7) we conclude that

oi(ly) = oilarly + -+ ar_16_1)

forall 1 < i <m. Thus ¥, = a1¥1 + --- + a,_1¢,—1 which translates to the
dependency relation

arly + -+ ar—1lr—1+ (=1)6, =0
with coefficients in L’. Thus {¢;,...,£,} is linearly dependent over L’. OJ
Now for the main result of the section.

Theorem 7.2.4 Let S, T be subfields of K or subgroups of Aut(K). Suppose
that S C T, [T :S] < oo and S is closed. Then T is closed, [S': T'] < oo, and
[T:S8]=[9:T.

PRrROOF: Combining Propositions 7.2.1 and 7.2.3, and using Lemmas 7.1.1 and
6.1.1, we have

[T:8)>[S:T)>[T":8")=[T":8]=[T":T|T:S].
The equalities in the calculation are equalities and [T : T] =1. O

Corollary 7.2.5 A finite subgroup H of Aut(K) is closed and |H| = [K : H'].

ProoF: Since (Idgx) = K’ and is thus closed, by the previous theorem H is
closed and |H| = [H : (Idg)] = [(Idx)' : H'| = [K : H']. O

7.3 Galois Extensions and the Fundamental The-
orem of Galois Theory

We begin with a technical lemma in order to establish an important equivalence.

Lemma 7.3.1 Let K be a finite extension of F which is a splitting over F,
suppose that p(x) € Flz] is irreducible with roots a,a’ € K. Then there is a
o € Aut(K/F) such that o(a) =a'.

PrOOF: We may assume that p(z) is monic. Thus p(x) = mp4(2) = mpq ()
by part (5) of Proposition 6.2.1. The identity map of F extends to a ring
isomorphism 7 : F[a] — F[a’] such that 7(a) = o’ by Lemma 6.4.4. Let E be
an algebraic closure of K. Then 7 extends to a ring homomorphism o : K — FE
by Lemma 6.4.7. By assumption K is the splitting field of a non-empty set S
of polynomials of F[z]| of positive degree. Let R C K be the set of roots of
the polynomials in S. Since f(x) € S splits into linear factors over K, o(R) is
the set of roots in E of the polynomials in 5(S). Since o(a) = a for all a € F,
a(f(z)) = f(z) for all f(z) € S. Thus (S) = S which means o(R) = R and
thus o(K) = K. O
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Theorem 7.3.2 Let K be a finite extension of F. Then the following are equiv-
alent:

1) |Aut(K/F)| = [K : F].

3

(1)

(2) F is a closed subfield of K.

(3) K is a separable splitting field over F'.
(4)

4) K is the splitting field of a separable polynomial over F.

ProOOF: Using Lemma 6.1.1 and Theorem 7.2.4 we compute
[K:F|=[K:F'|[F":F]=[F":K'||[F":F]=[F:K'|[F":F]

and thus
[K : F] = |Aut(K/F)|[F" : F). (7.9)

In particular Aut(K/F) is finite. The equivalence of parts (1) and (2) follows
from (7.9). Part (2) implies part (3) by part (3) of Corollary 7.1.7.

Assume the hypothesis of part(3). Since K is a splitting field over F' there
is a non-empty family of polynomials S of positive degree in F[x] which factor
into linear factors over K and whose roots generate K as an extension of F.

Consider the extensions Ey(,) of F' in K which are generated by the roots
of a product f(z) of polynomials in S. Note that f(z) splits into linear factors
over K. Since [K : F| = DimpK is finite there is a maximal such extension
Ef(z). Let g(xr) € S. Then f(x)g(x) is the product of polynomials in S and
Ef(2)g(z) 2 Fp). Therefore Et(y)4(2) = Ff(z) which means the roots of g(x)
are contained in Ey (). We have shown FEy,y = K.

We have shown that K is the splitting field of f(x) over F. Write f(z) =
p1(x)™ - p.(x)", where py(x),...,p-(x) are distinct irreducibles of F[z] and
n1,...,n. > 0. Then each p;(x) splits into linear factors over K and roots
of f(z) in K are the roots of fo(z) = p1(x)---pr(z) in K. Therefore K is a
splitting field of fy(z) over F. Now if p;(z),p;j(z) have a common root a € K,
then p;(z) = mp,(z) = p;(x), a contradiction. Now each p;(x) has a root in K
and thus the linear factors of p;(z) are distinct since K is a separable extension
of F. Therefore fy(z) is a separable polynomial. We have shown part (3) implies
part (4).

To complete the proof we need only show part (4) implies part (1). Suppose
that K is a splitting field of a separable polynomial f(x) € F[z]. We may
assume f(z) has a monic irreducible factor p(x) € F[z] of degree greater than
1; else all of the roots of f(z) in K are in F' and thus K = F.

Let p(z) € F[z] be such a monic irreducible factor of f(x). Then p(x) splits
into distinct linear factors over K since f(x) does. Let S be the set of roots of
p(z) in K and fix a € S. Observe that

|S| = Degp(z) = [Fla] : F] > 1. (7.10)
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Let E = Fla]. Regarding f(z) € E[x] we see that K is the splitting field of a

separable polynomial with coefficients in E. Since [K : F| = [K : E][E : F] >

[K : E], by induction on [K : F] it follows that |[Aut(K/FE)| = [K : E].
Consider the group action of G = Aut(K/F) on S by evaluation

o-s=o0(s)

for all 0 € G and s € S. Then G-a = S by Lemma 7.3.1. Let G, be the
stabilizer of a. Then G, = Aut(K/E). From the formula [G : G,] = |G-a| we
deduce |G| = |G,||G-a| which translates to

|Aut(K/F)| = [Aut(K/E)||S| = [K : E][E : F] = [K : F].

This concludes our proof. [J

A finite extension K of F' which satisfies any of the equivalent conditions of
the preceding theorem is called a Galois extension of F'. In this case the notation
G(K/F) is used for the group Aut(K/F) and is called the Galois group of K
over F'.

Finite subgroups of Aut(K) are Galois groups.

Proposition 7.3.3 Let K be a field, suppose that H is a finite subgroup of
Aut(K), and let F = H'. Then

(1) [K : F] is finite.
(2) K is a Galois extension of F.
)

(3) H=G(K/F).
ProOOF: By Corollary 7.2.5 we have that H is closed and |H| = [K : H'] = [K :
F]. Since H is closed H = H” = Aut(K/H') = Aut(K/F). O

Let E be a subfield of K and let S be a non-empty subset of Aut(K). Then
S is stable under S if o(E) = E for all 0 € S. We are now in a position to state
a version of the Fundamental Theorem of Galois Theory.

Theorem 7.3.4 Let K be a finite Galois extension of F'. Then:
(1) There is a inclusion reversing bijection
{ subfields of K which extend F } — { subgroups of Aut(K/F) }

given by E — Aut(K/FE) whose inverse is given by H — H'. Under the
bijection stable subfields correspond to normal subgroups.

Let E be a subfield of K which extends F'. Then:

(2) K is a Galois extension of E.
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(3) E is a Galois extension of F if and only if E is stable under G(K/F). In
this case the restriction map 7 : G(K/F) — G(E/F), which his given by
w(o) = ol|g, is surjective, has kernel G(K/E) and induces an isomorphism
G(K/F)/G(K/E) ~G(E/F).

PRrROOF: PrROOF: Parts (1) and (2) follow by Lemma 7.1.4, Lemma 7.1.3, Corol-

lary 7.1.2, and Theorem 7.2.4. To show part (3), first of all suppose that F is a
Galois extension of F. Let a € E. Then mpg,(x) splits into linear factors over
E by part (1) of Corollary 7.1.7. Thus the set of roots S of mp,(z) lies in E.
Let 0 € G(K/F). Then o(S) = S by part (1) of Proposition 7.1.6; therefore
o(E) C E. Since o is an injective F-linear map and E is finite-dimensional,
o(E) = E. We have shown that if E is a Galois extension of F' then F is stable
un G(K/F).

Conversely, suppose that E is stable under G(K/F) and consider the group
homomorphism 7 : G(K/F) — Aut(E/F) be defined by n(c) = o|g. Now
K is a Galois extension of F' by part (2) and Kerm = G(K/E). From the
calculation

G(K/F)| = [Ker, |[Imn| = |G(K/E)[[Aut(E/F)|
we deduce, using (7.9) and Lemma 6.1.1, that
[K:F|=[K:FE]lmn|<[K:E||JAwE/F)|<[K:E|E:F|=[K:F]

from which [Im 7| = |[Aut(E/F)| = [E : F] follows. Thus E is a Galois extension
of F by Theorem 7.3.2 and 7 is surjective. The remainder follows by the First
Isomorphism Theorem for groups. [J

7.4 The Galois Group of a Finite Field

We use the results of Sections 6.5.2 and 7.3 without particular reference.
Let F be a finite field. Then the characteristic of F' is a positive prime p
and F,, is a the prime field of F. Recall that |F| = p™, where n = [F': F,], and

" —r= H(acfa).

acF

Thus F is the splitting field of a separable polynomial in F,[x] and consequently
is a finite Galois extension of F,, by Theorem 7.3.2. Observe that |G(F/F,)| =
[F:F,] =n.

The Frobenius map F : F' — F' fixes the elements of F,, pointwise since
a? = a for all a € F,. Therefore F € G(F/F,). Let m > 0. Then F™(a) = a?"
for all @ € F. In particular 7™ = Idp. Suppose 1 < m < n. Then F™ # Idp;
for the fixed points of F™ are the roots of 2" — z which do not exceed p™ in
number. We have shown F has order n which means

G(F/Fyp) = (F).
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Since G(F/F,) is cyclic it is abelian.
Recall that there is a bijection

{positive divisors of n} — {subgroups of (F)}

given by
d— (F9),

and
d|d" if and only if (F9¢) D (.7:(1,)

for positive divisors d,d’ of n. Let
Fay = (F%) = {roots of 2?" —zin F.}
Then |Fg)| = p? and there is a bijection
{positive divisors of n} — {subfields of F'}

given by
d— Fg.

Observe that
d|d" if and only if Fi4 C F(ar.

7.5 Galois Closures and Simple Extensions

Every finite separable extension is contained in a finite Galois extension.

Proposition 7.5.1 Let E be a finite separable extension of F' and let S be the
set of minimal polynomials mp ,(x), where a € E.

(1) An extension K of E which is a finite Galois extension of F contains a
splitting field of S over F.

(2) A splitting field K of S over F which is also an extension of E is a finite
Galois extension of F.

PROOF: Suppose that K is an extension of E which is a finite Galois extension
of F. Then a € E is a root of the irreducible mp,(x) € Flx]. Since F is a
closed subfield of K it follows that mp () splits into linear factors over K by
part (2) of Proposition 7.1.6. We have shown part (1).

Suppose that K is a splitting field of S over F’ which is also an extension of
E. Since FE is a finite extension of F' there are distinct mp o, (2),...,mp,, () €
F[z], where aq,...,a, € F, some of whose roots generate F as an extension
of F. Now f(z) = mpg,(x) - -mpg, (x) € Flz] is the product of separable
polynomials which split into linear factors over K. If a € K is a common root
of mp 4, (7) and mp,,(x) then mp o, () = mpo(z) = mpq, (2) by part (5) of
Proposition 6.2.1 which means ¢ = j. Therefore f(z) is separable.
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Let K’ be the extension of F' in K generated by the roots of f(z) in K.
Then F C K', K’ is a splitting field of f(z) over F, and thus K’ is a Galois
extension of F' by Theorem 7.3.2. By part (1) it follows that K/ = K. O

Let E be a finite separable extension of F'. A Galois closure of E over F is
a splitting field K of {mp,(z)|a € E} over F which is also an extension of E.
Any two Galois closures of E over F are isomorphic as F-algebras by part (2)
of Corollary 6.4.9.

Suppose that K is an extension of E which is also a finite Galois extension
of . Then K contains a unique Galois closure of E over F' by the previous
proposition.

Let K be an extension field of F. Then K is a simple extension of F if
K = (a) for some a € K. Finite separable extensions are simple.

Theorem 7.5.2 Suppose that K is a finite separable extension of F'. Then:
(1) There are only finitely many subfields E of K with F C E C K.

(2) K is a simple extension of F.

PRrROOF: Suppose first of all that K is finite. Then K has finitely many subfields
period. It is a simple extension of F' since K* is cyclic by Lemma 6.6.1.

Suppose that K is infinite. Then F' is infinite since Dimg K = [K : F] is
finite by assumption. Let K be a Galois closure of K over F'. Then K has only
finitely many subfields S such that FF C E C K by Theorem 7.3.4; thus the
same is true for K. It remains to show that K is a simple extension of F.

Among the simple extensions of F' in K choose one Fla] of the largest di-
mension over F. Let b € K. Since F is infinite, by part (1) there are distinct
t,t" € F such that Fla + tb] = Fla +t'b]. As

/ !
0 t'(a+tb) — t(a + t'b) € Fla+ 1],
t—t

if follows that F[a] C Fla + tb]. Thus Fla] = Fla + tb] by maximality. The
calculation

(a+t'b) — (a+tb)
t—t

b= € Fla + tb] = Flal.

shows that K = F[a]. O

7.6 The Galois Group of a Cyclotomic Exten-
sion
We use the results of Sections 6.6 and 7.3 without particular reference.

Let n > 1 and K = Q(¢,) be a cyclotomic extension of Q generated a
primitive n*" root of unity ¢ = ¢,,. Recall that

mq ¢(z) = 1T (=)

1<m<n, (m,n)=1
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as the ("’s run over the elements of K* of order n. Thus K is the splitting field
of a separable polynomial over Q and consequently is a finite Galois extension
of Q by Theorem 7.3.4. Recall that [K : Q] = ¢(n) = |G(K/Q)|. Since
o € G(K/Q) is determined by the value o(¢), and o permutes the roots of
mq ¢(z) in K, there is a bijection

w2, — G(K/Q)

determined by
m()(¢) = ¢".

We will show that 7 is a group homomorphism. This will mean G(K/Q) ~ Z*
and as a result is an abelian group.

Let ¢{,m € Z) and let ¢-m denote their product which is determined as
follows. Write m = gn + r, where ¢, € Z and 0 < r < n. Necessarily r € Z*.
Then ¢-m = r. Since (" = 1 we have

m(Em)(¢) = ¢ = ("= = ()™ = w()(r(m) () = (w()om(m))(C)

which shows that 7(¢-m) = w(£)ow(m).

It can be shown that every finite abelian group is the quotient of ZX for
some n > 1. Thus by virtue of Theorem 7.3.4 every finite abelian group is the
Galois group of some finite Galois extension of Q.

7.7 The Galois Group of a Separable Polynomial

Suppose that f(z) € F[z] is a separable polynomial and K is a splitting field
of f(z) over F'. Then K is a finite Galois extension of F' by Theorem 7.3.4. A
Galois Group of f(x) over F is G(K/F). Since any two splitting fields of f(x)
over F' are isomorphic as F-algebras their Galois groups are isomorphic. We
shall refer to a Galois group of f(x) over F as the Galois group of f(x) over F.

Let S be the set of roots of f(z) in K. Then o(S) = S for all 0 € G(K/F)
by part (1) of Proposition 7.1.6. Since S generates K as an extension of F' the
group homomorphism

7 : G(K/F) — Sym(S)

defined by 7(0) = o|s is injective. Let n = Deg f(x). Since f(z) is separable
over K, and K is a splitting field of f(z) over F,
n = Deg f(z) = IS].

We will identify Sym(S) with S,, and think of Gal(K/F') as a subgroup of S,,.
In particular
[K : F] = |G(K/F)| divides n!. (7.11)

When f(z) is irreducible, by Lemma 7.3.1 the group G(K/F) is transitive on
S, meaning that if a,a’ € S then there is a ¢ € G(K/F) such that o(a) = a'.
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Let aq,...,a, list the roots of f(x), set
6= HlSKan(aj —a;) and D = 6.

Let 0 € G(K/F). Since o permutes S it permutes the collection of 2-element
subsets of S. Therefore o(§) = £+ which means (D) = D. Since G(K/F) = F
we have shown

DePF.

By definition D is the discriminant of f(x). Observe that if o is a 2-cycle then
o(d) = —4.

Suppose from this point on that f(x) € F[z] is irreducible. We will examine
G(K/F) for certain small values of n. Note that

n divides |G(K/F)| (7.12)
by Proposition 6.2.1.
Example 7.7.1 n=1. Then K = F and G(K/F) = (Idp).

Example 7.7.2 n=2. Then G(K/F) = S,.

See (7.11) and (7.12).

Example 7.7.3 n =3 and the characteristic of F is not 2. Then:
(1) G(K/F) =83, if 6 ¢ F;
(2) G(K/F)= A3, if6 € F.

To see this, we first note by (7.11) and (7.12) that either G(K/F) = Az or
G(K/F) = S5. Suppose § € F. Then o(§) = 0, and thus o(d) # —¢, for all
o € G(K/F). Therefore G(K/F') has no 2-cycles which means G(K/F) = As.

Suppose § ¢ F. Then o(§) # 0 for some o € G(K/F) which must be a
2-cycle. Thus G(K/F) = Ss.

Example 7.7.4 n = p > 3 is prime and F = Q, and f(z) has exactly p — 2
real roots. Then G(K/Q) = S,.

By (7.11) and (7.12) it follows that G(K/Q) is a subgroup of S, and contains
a p-cycle. Without loss of generality we may assume that K is a subfield of C.
Complex conjugation must permute the two non-real roots of f(x). (The fact
that C is algebraically closed is shown below.) Thus G(K/Q) has a 2-cycle. By
a nice exercise in group theory one can show that G(K/Q) contains all of the
2-cycles of Sp; therefore G(K/Q) = S,,.

When n = 5 the polynomial f(z) = 2° — 2pz + p € Q] satisfies these
requirements. By the Eisenstein Criterion f(z) is irreducible. The polynomial
f(z) has exactly three real roots by results of Calculus. For since f(—p) < 0,
f(0) >0, f(1) < 0, and f(p) > 0, it follows that f(z) has at least three real
roots. On the other hand f(x) has 2 critical points which means that f(z) has at
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most three real roots. Thus f(x) has exactly three real roots. The significance
of this example will be seen in the following section.

We end with a proof of the Fundamental Theorem of Algebra; namely that
the field C of complex numbers of algebraically closed. The proof we give is a
beautiful application of Galois theory and is based on two facts about the field
of real numbers R:

(R.1) Every polynomial of odd degree with real coefficients has a real root;
(R.2) Every non-negative real number has a real square root.

As a consequence of (R.1) there are no finite extensions K of R of odd degree
except K = R. For let K be an extension of R of odd degree and let a € K.
Then mg ,(z) has odd degree by part (3) of Proposition 6.2.1. By results of
Calculus mp ,(x) has a real root b. Thus mg ,(z) = mgr ,(z) =  — b by part
(5) of the same which implies a = b € R.

As a consequence of (R.2) the field C has no extensions K of degree 2. For
let K be such an extension. Then K = C[a] for some a € K. By completing
squares we may choose a such that mc ,(z) = 2% — z for some z =1 + si € C,
where r, s € R. But this polynomial is not irreducible as z has a square root in
C; namely ¢ + di, where ¢ and d are real square roots of the non-negative real

numbers
7+ V2 + 82 d —r+Vr2+s?
2 an 2
respectively, chosen so that c¢d and s have the same sign. This contradiction
shows that C has no extensions of degree 2.

Suppose that E is a finite extension of C. Then F is a finite extension of R
which is separable since the characteristic of R is 0. Let K be a Galois closure
of E over R and let H by a Sylow 2-subgroup of G(K/R). Since [H' : R] =
[R': H"] = [G(K/R) : H] is odd it follows that [G(K/R) : H|] = 1. Therefore
G(K/R) is a 2-group which means G(K/C) is as well since G(K/C) < G(K/R).

Suppose |G(K/C)| > 1. Then G(K/C) has a subgroup H of index 2. But
then 2 = [G(K/C) : H] = [H' : G(K/C)'] = [H' : C] since K is a Galois
extension of C. This contradiction shows that |G(K/C)| = 1. Therefore K = C
which forces E = C. We have shown:

Theorem 7.7.5 The field C of complex numbers is algebraically closed. [

7.8 Cyclic and Radical Extensions

Let K be a finite field extension of F. Then K is a cyclic extension of F' if K is
a Galois extension of F' and G(K/F) is a cyclic group. The field K is a simple
radical extension of F if for some o € K and positive integer n the field K = F[a]
and o™ € F. If there is a chain of subfields F' = Ky C K; C --- C K, = K such
that K; is a simple radical extension of K;_4 for all 1 < i < r the K is a radical
extension of F. Recall that u, denotes the multiplicative subgroup of K* of
nt® roots of unity.
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7.8.1 Cyclic Extensions

Here we explore the connection between cyclic and simple radical extensions.
Let a € F. We denote a root of X™ — a € F[z] by Va.

Proposition 7.8.1 Let K be a finite field extension of F'.

(1) Suppose that K is a cyclic extension of F of degree n and F contains a
primitive nt? root of unity ¢. Then K is a simple radical extension of F.

Suppose E is a subfield of K which is an extension of F, a € E and Va € K is
a root of ™ — a € Elz|, and u, C E. Then:

(2) E[%a) QFE' and E'/E[%/a)" is a cyclic group.

(3) If E is a closed subfield of K then E[%/a] is a cyclic extension of E.

PROOF: Assume the hypothesis of part (1). Then K is a Galois extension of F

and G(K/F) = (o) is cyclic of order n. By Lemma 7.2.2 the set {Idf,o,...,0" "1}

is linearly independent over K. Therefore Z;:Ol ('o? # 0 which means Z?;ol Ciot(b) #
0 for some b € K. Let a denote this sum. Since

Z<z+1 z+1 Z<Z z —

it follows that o%(a) = (~a, and thus o?(a™) = (T"a™ = o, for all 0 < i < n.
In particular o™ € F. As 2" —a™ = [[}Z Ol(x C'a) and lies in F[z], by part (2)
of Proposition 7.1.6 and parts (5) and (2) of Proposition 6.1.6 it follows that
z" —a™ =mp () and K = F[a]. We have shown part (1).

To show part (2), assume the hypothesis for E. Let 0 € E'. Let b € K be a
root of ™ — a in K. Then b = (%V/a, where ¢ € u,,. Let 0 € E’. Then o(V/a) is
aroot of 2" —a € K by part (1) of Proposition 7.1.6. Therefore o(V/a) = (,V/a
for a unique (, € p,. Since (, € pu, C E it is easy to see that

7 B — py,

defined by (o) = (, is a group homomorphism. Recall that u,, is a finite cyclic
subgroup of K* by Lemma 6.1.1. Therefore Im7 is cyclic. Since E[V/a] is
generated by V/a as a field extension of E, it follows that Kerm = E[V/a]’ and
part (2) now follows.

To show part (3), we first note that K is a Galois extension of E by part
(2) of Theorem 7.3.4. Our calculations above show that E[V/a] is stable under
E' = G(K/E). Therefore E[%/a] is a Galois extension of E and G(E[V/a]/E) ~
G(K/E)/G(K/E[Y/a]) by part (3) of the same. At this point part (3) follows
by part (2). O
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7.8.2 Radical Extensions

Here we connect the concept of the roots of solvable by radicals with the concept
solvable group. Throughout this section all fields have characteristic zero.

Let F be a field and f(x) € F[z] be a polynomial of positive degree. Then
f(x) is solvable by radicals if some splitting field of f(x) over F has a finite
radical extension.

Observe that if E, E’ are splitting fields of f(x) over F' and F has a finite
radical extension K then E’ has a finite radical extension K’. For let K and
K’ be algebraic closures of K and E’ respectively. Then K and K’ are alge-
braic closures of F' and thus there is an F-algebra isomorphism 7 : K — K'.
Evidently 7(K) is a radical extension of K’. See part (3) of Theorem 6.2.2,
Theorem 6.4.3, and part (2) of Theorem 6.4.8.

Theorem 7.8.2 Let E be a finite radical extension of F'. Then:
(1) E has an extension K which is a finite radical Galois extension of F.
(2) G(K/F) is a solvable group.

(3) Suppose that L is a splitting field of a polynomial f(x) € F[z] of positive
degree which is solvable by radicals. Then G(L/F') is solvable.

PRrROOF: By assumption there is a chain of subfields F' = Ey C E; C --- C
FE,. = E, elements aq1,...,a, € E, and positive integers ni,...,n, such that
E; = E;_1]a;] and a]* € E;_; for all 1 <4 < r. We may assume a; # 0 for all
1< <r.

Let M be a Galois closure of E over F' and set

r

f@)=TIC TI @™ —o(a)).

1=1 ceG(M/F)

Then 7(f(x)) = f(z) for all o € G(M/F). Therefore f(z) € F[z] since F is a
closed subfield of M.

Choose a splitting field N of f(x) over M let K be the extension of F
generated by the roots of f(z) in N. Then K is an extension of F and is a
splitting field of f(z) over F. In particular K is a Galois extension of F' by
Theorem 7.3.2.

Consider a factor ™ —b of f(x). Since f(x) splits into linear factors over K
it follows that ™ — b does also. By assumption b # 0. Since the characteristic
of K is zero D, (™ — b) = ma™ ! # 0. Therefore 2™ — b is separable over K
by Proposition 6.5.2. Let %/b be a root of 2™ —b in K. Then the multiplicative
subgroup py, of K* has order m and 2™ —b =[], (z—( /).

Let Ko = F' and let K be the extension of F' generated by tin,...n,. Then K
is a stable subfield of K. Thus K| < K{ and K{/K{| = G(K/Ky)/G(K/K;1) ~
G(K1/Ky) by part (3) of Theorem 7.3.4. But the latter is an abelian group as
noted in Section 7.6.
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It is easy to see that there is a chain of subfields Ko C --- C K, = K,
elements by,...,bs € K, and positive integers my,..., ms; which are among
ni,...,n,. such that K; = Ki—l[bi] and b;nL € K,y foralll <i<s. In
particular K; C Ky. Observe that p,,, C K;_; for all 1 < ¢ < s since p,, C
tnym, C K1. Therefore G(K/F) is solvable by part (2) of Proposition 7.8.1.
We have shown parts (1) and (2).

To show part (3), let K be an extension of L which a finite radical Galois
extension of F' as guaranteed by part (1). Since L is a splitting field of a
polynomial over F' it follows that L is stable under G(K/F) by part (1) of
Proposition 7.1.6. Therefore L is a Galois extension of F' and G(L/F) is a
quotient of G(K/F) by part (3) of Theorem 7.3.4. Since homomorphic images
of solvable groups are solvable, G(L/F') is solvable.

Example 7.8.3 Let p be a positive prime integer. Since the permutation group
Ss is not solvable, the polynomial f(z) = x° — 2px + p € Q[x] is not solvable by
radicals. See the discussion following Example 7.7.4.



Chapter 8

Introduction to
Representations of Algebras

Throughout R is a ring with unity and M, N are left R-modules.

8.1 Representations of Groups, Rings, and Al-
gebras

Let X be a non-empty set. Then the group Sym(X) of permutations of X under
composition is a basic example of a group. Note that this group arises from a
simpler structure, namely a non-empty set. Let G be a group. One may think
of a group homomorphism 7 : G — Sym(X) as a representation of G. Note
that representations of G in this sense are in bijective correspondence with left
actions by G.

Let A be an abelian group. Then the set of group endomorphisms End(A)
of A is a ring with unity under pointwise addition of functions and function
composition. Note that this ring arises from a simpler structure, namely an
abelian group. Let R be ring with unity. One may think of a ring homomorphism
m: R — End(A) as a representation of R. Note that representations of R in
this sense are in bijective correspondence with left module actions by R.

Now let V' be a vector space over a field F'; thus V' is an abelian group with
additional structure. Then the set of linear endomorphisms End(V') of V' is an
F-algebra under the usual vector space operations on functions and function
composition. Note that this algebra arises from a simpler structure, namely a
vector space over F. Let A be an algebra over F'. One may think of an algebra
homomorphism 7 : A — End(V') from an algebra A over F' as a representation
of A. Note that representations of A in this sense are in bijective correspondence
with the left module actions by A which satisfy the additional property

alav) = (aa)v = a-(aw)

7
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foralla € F, a € A, and v € V. When V is n-dimensional the identification
End(V) = M,,(F) with the algebra of nxn matrices over F is frequently made.

8.2 Completely Reducible Modules

A left R-module M is completely reducible if for all submodules N of M there
is a submodule N’ of M such that M = N@&N’. Thus (0) and simple left
R-modules are completely reducible.

Lemma 8.2.1 Submodules and quotients of completely reducible modules are
completely reducible.

PROOF: Suppose that M is a completely reducible left R-module and N is
a submodule of M. Then M = N@&N’ for some submodule N’ of M. Since
M/N =~ N’ as left R-modules, and N’ is a submodule of M, to prove the
lemma we need only show that submodules of completely reducible modules are
completely reducible. Thus we need only show that N is completely reducible.

Let N be a submodule of N. Then M = N"®&N"" for some submodule N’
of M. We show that N = N”"@®&(NNN"") to complete the proof. The calculation

N//m(NmN///) g N”ﬁN”l — (O)

Shows that N"N(NNN"") = (0). Let n € N. Then n = n”@®n’ for some
n"” € N” and n'” € N". Since n"' = n —n" € NNN'"" it follows that N =
N"” 4+ (NNN""). Therefore N = N"®&(NNN""). O

Lemma 8.2.2 Suppose that M is a non-zero completely reducible left R-module.
Then M contains a simple left R-module.

PROOF: Since M # (0) there is a non-zero m € M. By Lemma 8.2.1 the
submodule R-m is completely reducible. By Zorn’s Lemma R-m contains a
proper maximal left R-submodule L. Since R-m = LON' for some submodule
N’ of R-m and the quotient R-m/L ~ N’ is a simple left R-module, N’ is a
simple submodule of R-m, hence of M. [J

Non-zero completely reducible modules are explained in terms of simple
submodules.

Theorem 8.2.3 Let M be a non-zero left R-module. Then the following are
equivalent:

(1) M is completely reducible.
(2) M is the direct sum of simple submodules.

(3) M is the sum of simple submodules.
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PRrROOF: Part (1) implies part (2). Suppose that M is completely reducible.
Since M # (0) it contains a simple submodule by Lemma 8.2.2. By Zorn’s
Lemma there is a non-empty family S of simple submodules of M maximal
with respect to the property that ) ¢ s S is direct. Now (3 _gcs S)ON = M
for some submodule N of M. If N # (0) then N contains a simple submodule
S’ by Lemmas 8.2.1 and 8.2.2. This is not possible as S is a proper subset of
SU{S'} and 3 geguqsry S is direct. Therefore N = (0); hence M = > ¢ 55
and is a direct sum. Part (2) implies part (3) as direct sums are sums.

Part (3) implies part (1). Suppose that M is the sum of simple submodules.
Let N be a submodule of M. By Zorn’s Lemma there is a submodule N’ of M
maximal with respect the property that NNN’ = (0). Thus N + N’ = NgN'.
Let S be a simple submodule of M. Then (N 4+ N’ )NS = S, in which case
S C N+ N',or (N+ N)NS = (0), in which case (N + N')+ S = (N +
NY®S = (NON" DS = NO(N'®S). But the latter implies NN(N'®S) = (0),
a contradiction. Therefore S C N + N’ for all simple submodules S of M. We
have shown that N + N’ = N®N’ contains the sum of all simple submodules
of M, hence NON' = M. O

8.3 Maschke’s Theorem

Let G be a finite group, let F' be a field, and let FG be the group algebra of
G over F. Observe that the linear map € : FG — F determined by €(g) = 1
for all g € G is an algebra homomorphism. We regard F'G as a left FFG-module
under multiplication.

Theorem 8.3.1 Let G be a finite group and FG be the group algebra of G over
a field F. Then the following are equivalent:

(1) All left FG-modules are completely reducible.
(2) FG is a completely reducible left FG-module.

(3) The characteristic of F is zero or is p > 0 and p does not divide |G|.

ProOOF: Part (1) implies part (2). To show part (2) implies part (3), let

A:Zg.

gea
Then gA = Ag = A = e(g)A for all g € G which means
al = e(a)A = Aa
for all @ € FG. Observe that
€(A) = |G|-1r;

thus part (3) is equivalent to e(A) # 0.
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Suppose that F'G is a completely reducible left F'G-module. Then FG =
LoKer € for some left ideal L of FG. Write 1 = £®¢’, where £ € L and ¢/ € Kere.
Let a € FG. Then a — €(a)l € Kere and the latter is a two-sided ideal of FG.
Therefore (a — €(a)1)¢ € LNKer € = (0) which means

al = e(a)l
for all @ € FG. Thus, as ¢(¢') =0,
A=Al=A~+A'"=€e(A)l+ Ae(l') = e(A)

which means e(A) # 0.

Part (3) implies part (1). Assume the hypothesis of part (3). Let M be a
left FG-module and suppose that N is a submodule of M. Let p: M — N
be a linear projection onto N; that is a linear map such that p(n) = n for
alm € N. If : : N — M is the inclusion, then po: = Idy. Therefore
M = Kerp®lm: = Kerp®dN. To complete the proof we need only find a
projection which is a module map.

Define Py : M — N by

Po(m) =Yg~ p(gm)
geG

for all m € M. Then P, is a map of left FFG-modules since for all h € G we
have

Py(h-m)

he ()" b tg  plg-(hem))

geG

= (Y _(gh)""p((gh)-m)

geG

= (Y g plgm)

geaG

For n € n observe that

Po(n)=> g " plgn) =Y g "(gn) =D n=IGln.

9geG geG geG

Therefore P = (|G|-1r) " Py is the desired projection. OJ

8.4 The Wedderburn Theorem

The ring structure of the group algebra F'G of the previous section is given in:
Theorem 8.4.1 The following are equivalent for a ring R:

(1) All left R-modules are completely reducible.
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(2) All left R-modules are projective.
(3) All left R-modules are injective.

(4) R is the direct product of matriz rings over division rings.

ProoOF: We will establish the equivalence of part (1) with parts (2) and (3).
This will be an exercise in definitions basically.

Suppose that all left R-modules are completely reducible. Let P be a left
R-module, let 7 : B— C and f : P — C module maps, where 7 is surjective.
Since B is completely reducible B = Ker 7@ A for some submodule A of C. The
restriction 7|4 : A — C'is an isomorphism. Thus g : P — B defined by
g = (m|a)tof is an R-module map which satisfies 7og = f. Therefore P is
projective.

Now let I be a left R-module, 2: A — B and f: A — I be module maps,
where 1 is injective. Since B is completely reducible B = Im#®N for some
submodule N of B. Since ¢ is injective 3 : A — Im+ defined by j(a) = u(a)
for all @ € A is an isomorphism. Thus g : B — I defined by g(:(a)®n) =
f(7t(a))) = f(a) for all 1(a)®n € B satisfies gor = f. Therefore I is injective.

Conversely, suppose that IV is a submodule of M. Consider the projection
m: M — M/N which is surjective. If M/N is projective then there is an
R-module map j : M/N — M such that moy = Idy;n. Therefore M =
Ker 7@Im y = N@Im 3.

Consider the inclusion 3 : N — M, which is injective. If N is injective
then there is an R-module map : 7 : M — N such that moj = Idy. Therefore
M = Kerm®Im j) = Ker t®N.



