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CHAPTER 1

Group Theory

1. Day 1
DEFINITION 1.1. The Cartesian product of two nonempty sets S and T is
SxT=A{(s,t)|seS,teT}.
DEFINITION 1.2. A binary operation on a set S # ) is a function pu: Sx S — S.

DEFINITION 1.3. A semigroup is a nonempty set S coupled with an associative
binary operation S x S — S denoted (s,s’) — ss’.

DEFINITION 1.4. A monoid is a semigroup M with a two-sided identity element
ey, sometimes denoted e.

ExXaMPLE 1.5. M ={0,1,2,...} under +. This is a monoid.

EXAMPLE 1.6. M = {0,1,2,...,n} where n is fixed, under + where a+b :=
min{a + b,n}. This is a monoid.

DEFINITION 1.7. Fix a set S # () and set
M (S) = {formal words s182--- S, | $1,82,...,5- € S and r > 0}

where the case r = 0 produses the “empty word” denoted e. (Formally, M (S) =
(U2, 8" U {e} € SM U {e}.) Define multiplication on M(S) by concatenation
(s152---8;)(s1Sy -+ 5.,) = 8189+ - S,81Sh -5, and e(s182---5,) = 81828, =
(s152---sr)e. (The second part is automatic.) This gives M (S) the structure of
a monoid with identity element e, called the free monoid on S. We consider S as
a subset of M(S) by thinking of S as the set of all words in M (S) with a single

character.

DEFINITION 1.8. A homomorphism of monoids is a function f: M — N where
M and N are monoids such that f preserves multiplication and identities. Abbre-
viations: hom, hom of monoids, or monoid hom.

PROPOSITION 1.9. Let S be a nonempty set and M a monoid. Given a function
f: 8 — M, there exists a unique monoid homomorphism F: M(S) — M such that
F(s) = f(s) foralls € S, that is, such that F|g = f, that is, such that the following
diagram commutes:

/s
|
~
M.
PRrROOF. Define F'(e) = ey and F(s152---s,) = f(s1)f(s2) - f(sr). Check
that this is a well-defined function satisfying the desired properties. O

7



8 1. GROUP THEORY

ProproOSITION 1.10. The identity element of a monoid is unique.

PROOF. e =ee’ =¢'. O

DEFINITION 1.11. A group is a monoid G such that every element a € G has a
two-sided inverse in G. A group is abelian if its operation is commutative.

PRrROPOSITION 1.12. Let S be a semigroup. If S admits a left identity and every
element of S admits a left inverse, then S is a group.

PrOOF. Let e € S be a left identity and fix a € G. There exists elements
b,c € S such that ba = e = ¢b. Then

b(ab) = (ba)b=¢eb =1
and so
ab = e(ab) = (cb)(ab) = ((cb)a)b = (c(ba))b = (ce)b = c(eb) = cb = e.
Thus, b is a two-sided inverse for a. Furthermore,
ae = a(ba) = (ab)a = ea =a

and so e is a two-sided inverse for S. O

The next example shows that we have to be careful about applying the previous
result.

EXAMPLE 1.13. Let X be a set and M = {functions f: X — X}. Then M is a
monoid under composition of functions. An element f € M has a left inverse if and
only if f is injective, and f has a right inverse if and only if f is onto. In particular,
there are elements of M which have a left inverse but not a right inverse, and vice
versa.

EXERCISE 1.14. Let G be a group and fix a,b,c € G.

(a) If ab = ac, then b = c.

(b) If ba = ca, then b = c.

(¢) The inverse of a in G is unique. [Assume that b and b’ are inverses for a, and
show b = b'.] [Once this is shown, we write a~! for the unique inverse of a
in G\

@ (@) =a.

(e) (ab)~t=b"ta L.

(f) If a®> = a, then a = e.

2. Day 2

EXERCISE 2.1. Let G be a group. If a? = e for all a € G, then G is abelian.
REMARK 2.2. Let S be a semgroup. Given elements a, b, c € S, the product abc

is unambiguous because of the associative law: a(bc) = (ab)c. What about more
general products like abed and so on?



2. DAY 2 9

DEFINITION 2.3. Let S be a semigroup and fix elements aq,...,a, € S. The
product ay . ..a, = H?Zl a; is defined inductively:

0

Hai =€
i=1

1

Hai =ax
i=1

n n—1

Hai = <H ai> an, for n > 1.
i=1 i=1

REMARK 2.4. Pages 27-28 of Hungerford’s text discuss the issue of “mean-
ingful products” and Theorem 1.6 of Hungerford’s text shows that the product
a...a, = H?zl a; can be computed with any order of parentheses. This is called
the Generalized Associative Law. Read this part of the text. Also, read 1.8 and
1.9, which discuss exponentiation.

EXERCISE 2.5. (Generalized Commutative Law) Let .S be a commutative semi-
group and fix elements aq,...,a, € S. For any permutation iy,...,i, of 1,... n
show that a;, ...a;, =a1...an.

DEFINITION 2.6. A homomorphism of groups is a function f: G — H where G
and H are groups and f(gg’) = f(g9)f(¢’) for all g,¢' € G.

REMARK 2.7. Note that we do not require that f preserves identities or inverses.
We’'ll show next that this is automatic.

THEOREM 2.8. If f: G — H is a homomorphism of groups, then f(eq) = en,
and f(a=t) = f(a)~! for alla € G.
PrOOF. We have f(eg)? = fleq)f(ec) = flegea) = f(eq), and so Exer-

cise [1.14{ff) implies f(eq) = em. Hence, we have f(a)f(a™!) = f(aa™') = f(eq) =
ey which shows that f(a™!) satisfies the defining property of f(a)~!, that is,

fla™t) = fa). O

REMARK 2.9. (False “proof” of f(eq) = en.) We have f(eq)f(a) = f(ega) =
f(a), so f(eg) = ey. This doesn’t work because f is not surjective.
Note that this proof can be fixed: f(eq)f(a) = f(a) implies

flec) = flec)f(a)f(a)™" = f(a)f(a) ™" = en.

This is essentially the proof of a> = a == a = e, so this is essentially the same
proof as the one above.

PROPOSITION 2.10. Let M be a monoid and set
G ={m € M | m has a two-sided inverse in M}.
Then G is a group under the operation on M.

PROOF. First, we note that G # () because ej; € G: e]}[l =ep.

Next, observe that G is closed under the operation on M. This is the case
because, for all z,y € G the proof of Exercise @ shows that the product zy
has a two-sided inverse in M, namely the element y~'z~!. Thus, zy € G.



10 1. GROUP THEORY

The associativity of the operation on G is inherited from M. The fact that eps
is an identity on G follows from the fact that ejs is the identity on M.
For each x € G, we have 27! € M and (z7!)'=2e M = z71eG. O

EXAMPLE 2.11. Let k be a field, e.g., Kk = Q or R or C. The set of n x n
matrices M = M,, (k) with entries in k is a monoid under matrix multiplication. In
the notation of Proposition the group G of invertible n x n matrices is denoted
G = GL,(k), and is called the general linear group.

DEFINITION 2.12. Let S be a semigroup and T C S a nonempty subset. For
an element s € S, define the left and right cosets of s to be

sT:={ste S|teT} Ts:={tseS|teT}

and for s,s" € S, define
sTs' :={sts' € S|teT}.

REMARK 2.13. Let S be a semigroup and 7" C S a nonempty subset. For
elements si1,...,8m,8,...,8, € S the Generalized Associative Law (2.4) shows

r n

that the set sy - s, Taj -+ - s, is unambiguous.

DEFINITION 2.14. Let G be a group. A subgroup of G is a subset H C G which
is itself a group under the operation for G. If H is a subgroup of G, we write
H < G. If H is a subgroup of G and H # G, then H is a proper subgroup of G, and
we write H < G. If H < G and, for all h € H and all g € G we have ghg™! € H,
then H is a normal subgroup of G, and we write H < G. When H is a proper
normal subgroup of G, we write H < G.

EXERCISE 2.15. If H < G, then ey = e, and for all h € H the inverse of h in
H is the same as the inverse of h in G.

THEOREM 2.16. If H < G, then the following conditions are equivalent:
() H<G;

ii) for all g € G, we have gHg~' C H;

(iii) for all g € G, we have gHg™! = H;

(iv) for all g € G, we have gH = Hg;

v) for all g € G, there exist h,k € G such that gH = Hh and Hg = kH.

Proor. The implications (ji) = and == == are clear.
= . H=gg 'Hgg ! C gHg ' C H implies equality at each step.
V) = @

—-

=

Set e = e¢ = ey. Fix g € G and h € H. Then there exists
k € G such that gH = Hk. Since e € H, we have g = ge = h1k for some h; € H,
and so k = hflg. Since gh = hok for some hy € H, we have ghg™! = hokg™! =
hohilgg~ = hohi' € H. O

3. Day 3

ExampLE 3.1. If G is abelian, then H < G if and only if H < G.
{e} <G and G <G.

For each integer n, we have nZ < Z.

PRrROPOSITION 3.2. Let G be a group. A nonempty subset H C G is a subgroup
if and only if gh=' € H for all g,h € H.
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PROOF. We first show eg € H. Since H # 0, there exists ¢ € H, and so our
assumption implies eq = gg~* € H.

It follows easily that e is an identity on H under the multiplication from G.

To see that H is closed under inverses, fix g € H. Since eg € H, our assumption
implies g~! = egg™! € H.

To see that H is closed under the operation of G, fix g,h € H. Since h™! € H,
our assumption implies gh = g(h~!)~! € H.

Finally, H inherits associativity from G. ]

DEFINITION 3.3. Assume H < G. We obtain an relation ~ on G given by a ~ b
if and only if ab™! € H.

EXERCISE 3.4. Assume H < G and fix a,b € G. Recall that a ~ b if and only
ifab=! € H.
(a) The relation ~ is an equivalence relation.

(b) a~bif and only if b € aH.
(c) If H < G, then the following conditions are equivalent:

(i) a~b;
(il) Ha = Hb.
(iil) aH = bH;

DEFINITION 3.5. Assume H < G. Let G/H be the set of equivalence classes
of G under ~, and let g € G/H denote the equivalence class of g:

g={a€G|a~g}
Equivalently, Exercise shows that G/H is the collection of cosets of the form
gH and g = gH.
Note the following:
geg.
g = a if and only if g ~ a.
g=-ceif and only if g € H.

THEOREM 3.6. Assume H < G. The assignment gh := gh wﬁ/H s well-
defined and makes G/H into a group with e,y = eg and (g)~' =g~ 1.

ProoF. To show well-definedness of the multiplication, fix g, h,a,b € G such
that g = @ and h = b. We need to show gh = ab. The condition § = @ implies
g ~ a, and so ga~' € H. Writing a = ga~! € H, we have g = aa. Similarly, with
B =hb"! € H, we have h = b. Since H < G and 8 € H, we have aBa~! € H,
and so

-1 -1,-1 -1, -1 -1
gh(ab)™" = ghb~™"a™" = aafBbb™ a™" = &aﬁa € H.

€H cH
It follows that gh ~ ab and so gh = g'h’.
Associativity is inherited from G:
g(hk) = ghk = g(hk) = (gh)k = ghk = (gh)k
The identity in G/H is eg:
geg =gea =g eacg=ead=4g

And we have (g)~! =g~ 1

99 ' =gg9 ' =%z =eq/u “lg=g7lg=¢c =eq/u-
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d

DEFINITION 3.7. Let f: G — H be a group homomorphism. The kernel of f
is Ker(f) = f~!(eg). The homomorphism f is a monomorphism if it is injective.
The homomorphism f is an epimorphism if it is surjective. The homomorphism f
is an isomorphism if it is bijective. If there is an isomorphism ¢g: G — H, then we
say that G and H are isomorphic and write G = H.

EXERCISE 3.8. [First Isomorphism Theorem] Let f: G — H be a group homo-
morphism.
(a) Ker(f) < G and Im(f) < H.
(b) The function f: G/ Ker(f) — Im(f) given by g — f(g) is a well-defined
group isomorphism and so Im(f) = G/ Ker(f).
(¢) f is a monomorphism if and only if Ker(f) = {eg}.

EXERCISE 3.9. Let G be a group, and let {H) | A € A} be a collection of
subgroups of G.
(a) NyHy < G.
(b) If Hy QG for all A € A}, then NyHy < G.
(¢) Give an example of a group G with subgroups H and K such that H U K is
not a subgroup of G.

DEFINITION 3.10. Let G be a group and X C G a subset. The subgroup of G
generated by X, denoted (X)), is the intersection of all subgroups H < G such that
XCH If X ={x,...}, we write (X) = (z1,...). The group G is cyclic if there
exists g € G such that G = (g).

ExaMPLE 3.11. If G is a group, then (#) = {e} and (G) = G.

4. Day 4

ExaMPLE 4.1. Let H < G.

(a) The function 7: G — G/H given by g — 7 is a well-defined epimorphism of
groups with Ker(r) = H. (E.g., Z — Z/nZ.)

(b) 7 is an isomorphism if and only if H = {eg}.

(¢) An example of a group G and a normal subgroup {eg} # H < G such that
G/H=G: Let G=2Z0Z%Z& - and H={0}BZSZ&---.

PROPOSITION 4.2. Let G be a group and X C G a subset.
(a) X C(X)<G.
(b) (X) is the unique smallest subgroup of G containing X .
() (X)={[[l_, @i |r=0andz; € X oraz;' € X fori=1,...,7}.

PROOF. This follows from the definition of (X) and Exercise [3.9(a)).

(]E[) Let X C H < G. It suffices to show that (X) C H. This is immediate from
the definition because H is among the subgroups intersected to obtain (X).

Set H={[[}_,x;|r>0andx; € X oraz;' € X fori=1,...,7}.

To show (X) C H, it suffices to show that H is a subgroup of G containing
X; then apply part (b). We have H # () because e = H?:l x; € H. Fix elements
H:=1~TiaHf:1yi € H with z; € X or xi_l € Xfori=1,...,rand y; € X or
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yi_1 € X fori=1,...,s. We see easily that

<zljl xi) (E yi>1 N (f[l ”C) (11 y;ﬂ-) €H.

Hence, Proposition [3.2) implies H < G. And X C H because z; € X implies
xr, = H;lei € H.

Next, we show (X) D H. We know X C (X). Since (X) is a subgroup,
z; € X C (X) implies z;* € (X). Since (X) is closed under products, this implies
that elements []/_, z; are in (X). That is, H C (X). O

EXERCISE 4.3. If H < Z, then H = nZ = (n) for some n > 0.

THEOREM 4.4. Let G be a group. If g € G, then either (g) = Z or (g) = Z/nZ
for somen > 1.

PROOF. Let f:Z — (g) be given by m — ¢™. This is a well-defined group
epimorphism, so Exercise implies Z/ Ker(f) = Im(f) = (g).

The condition Ker(f) < Z implies Ker(f) = nZ for some n > 0, by Exercise[4.3]
If n =0, then (¢) = Z/Ker(f) = Z/{0} = Z. If n > 0, then (g) = Z/Ker(f) =
Z/nZ. O

DEFINITION 4.5. Let G be a group and H < G. The order of G is the cardi-
nality |G|. The index of H in G is

[G: H] = the number of distinct cosets of H in G.

THEOREM 4.6 (Lagrange’s Theorem). Let G be a finite group. If H < G, then
|G| = [G: H]|H|; in particular, |H| | |G|.

5. Day 5

PrOOF. We first show, for all g € G, that |[gH| = |H|. Let p,: H — gH be
given by h +— gh. By definition, ¢, is onto, and it is 1-1 because gh = gh/ =
h="h.

Let G/H = {gH | g € G}. (Note that we're not assuming that H is a normal
subgroup, so G/H is just a set.) Since ~ is an equivalence relation, G is the disjoint
union of its cosets:

gHeG/H
Thus, we have
Gl= > |gH|= ) [H|=[G:H|H|
gHEG/H gHEG/H

O

DEFINITION 5.1. Let G be a group, and fix a subset ) # S C G. The normalizer
of S'in G is

Ng={r€G|aSz~' =S}
If S = {z}, then we write Ng = N,.

THEOREM 5.2. Let G be a group. If § #S C G, then Ns < G.
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PRrROOF. We have e € S since eSe™! = eSe = S.
For xz,y € Ng, we have xy € Ng because

zyS(zy) ' = zySy a7t =2S27 = S.
For x € Ng, we have 27! € Ng because
e S )t =27 S = eSS e = S,
Now apply Proposition O
DEeFINITION 5.3. If G is a group with subgroups H, K < G, then
HK ={hk|he€e Hand k € K}.
ExAMPLE 5.4. If G is a group with subgroups H, K < G, then HK may not

be a subgroup of G.
For each integer n > 1, the symmetric group on n letters is

Sy, = {bijections f: {1,...,n} — {1,...,n}}.
In S3, set o = (12) and 6 = (23). Check that
H = (o) = {(1), 0}
K :=(5) ={(1),6}
HK ={(1),0,6,00} ={(1),(12),(23),(123)}
Then HK is not a group because §,0 € HK and do = (132) ¢ HK.

THEOREM 5.5. Let G be a group with subgroups H K < G. If H C Nk, then
HK <G.

PROOF. Since e € H and e € K, we have e = ee € HK.
For hikq, hoks € HK, we have
hiky(hoke) ™" = hikiky thy' = hihy ' hokiky 'hy 't € HK.
——
cH €K
Now apply Proposition (3.2 (I

EXAMPLE 5.6. If G is abelian, then Ng = G for all() # S C G, andso HK < G
for all H, K < G.

THEOREM 5.7. Let G be a finite group with subgroups H, K < G. Then |HK| =
[HI||K|/|H N K]

PROOF. Define pu: H x K — HK by the formula (h,k) — hk. This map is
onto by definition.

Claim: pu(hq, k1) = pu(ha, ko) if and only if hy = hya™! and ky = ak; for some
ac HNK.

(<=) If such an a € H N K exists, then

,u(hz, k‘g) = ,U(hlail, Clkl) = hlaflakl = hlkl = ,U(hl, kl)
(=) If u(h1, k1) = p(ho, ko), then hiky = hoks and so hy 'hy = koky ', Set
——  ——
€H eK

a = hy'hy = keky " which is in H N K, and check that hy = hya™! and ko = ak;.

For all h € H and k € K, set

Lng={(ha ',ak) |ac HNK}.
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The claim implies
|HK| = the number of distinct Ly, j.
Also, H x K is the disjoint union of the Ly, ;. Also,

|Lh,k| = ‘HﬂK|
Hence,
H||K|=|HxK|= Y |Lnl= Y [HNK|=|HK|HNK|.
distinct distinct
L,k L,k

6. Days 6 and 7

ExAMPLE 6.1. Let G and H be groups. The Cartesian product G x H is a
group under the “coordinatewise” operation

(9:7)(g", 1) = (99', hh)

with egx g = (eg,em) and (g,h) "t = (g7, h~1).

Let ig: G — G x H be given as ig(g) = (g9,en ). Then ig is a group monomor-
phism. Furthermore, Im(ig) < G x H and (G x H)/Im(i¢) = H.

Let ig: H — G x H be given as ig (h) = (eg, h). Then iy is a group monomor-
phism. Furthermore, Im(ig) <G x H and (G x H)/Im(ig) = G.

(We often identify G and H with their images in G x H, in which case the
isomorphisms read (G x H)/G = H and (G x H)/H = G.

EXAMPLE 6.2. Let G and H be groups.

Let idg: G — G be given by idg(g) = g. This is the identity isomorphism on
G; it is a group isomorphism.

Let f: G — H be given by f(g) = ep for all g € G; it is a group homorphism.

DEFINITION 6.3. Let G be a group, and fix a subset ) # S C G. The centralizer
of S'in G is
Zs={g€G|gs=sgforall se S}
The center of G is

Z(G)=Za={9€G|gg =g'gforall ¢ €G}.

THEOREM 6.4. Let G be a group, and fix a subset ) #S C G. Then Zg < G
and Z(G) 4 G.

PROOF. e € Zg because es = s = se.
For z,y € Zg we have xy € Zg because xys = zsy = sxy.
For x € Zg, we have ™1 € Zg because

z lse =0 'es =5 =sz '

1 1

and so cancellation implies z7 2 = sx™".
It follows that Z(G) = Zg < G, so we need to check normalcy: for x € Z(G)
and g € G, we have g = gz and so grg~* = x99~ ! =z € Z(G). O

EXAMPLE 6.5. Let G be a group, and fix a subset ) # S C G. Then Zg < Ng.
THEOREM 6.6 (Second Isomorphism Theorem). Let H, K < G with K C H.
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(a) K<H

(b) H/K < G/K

(¢c) The function 7: G/K — G/H given by 7(gH) = gK is a well defined group
epimorphism with Ker(t) = H/K. In particular, (G/K)/(H/K) = G/H.

PROOF. (a) easy.

([B) 1t is straightforward to show that H < G implies H/K < G/K: H/K
is nonempty because H is; it is closed under the operation in G/K because H is
closed under the operation in G; and it is closed under inverses in G/K because H
is closed under inverses in G.

For h € H and g € G, we have ghg~! € H because H < G, and so

ghg ' =ghg~" = ghg~' € H/K.

Well-definedness. If gK = aK, then ga=! € K C H, and so gH = aH.

It is straightforward to check that 7 is a group epimorphism. For the kernel:
gK € Ker(r) if and only if gH = eH = H if and only if g € H if and only if
gK € H/K. The final statement follows from the First Isomorphism Theorem (3.8

G/H =Im(r) = (G/K)/Ker(r) = (G/K)/(H/K).
(]

THEOREM 6.7. Let H, K < G with H C Ng.

(a) K QHK

(b HhK < H

(¢) The function ¢p: H/(HNK) — (HK)/K given by ¢(h(HNK)) = hK is a well
defined group isomorphism. In particular, H/(HNK) = (HK)/K.

PRrROOF. @ Recall that HK < G because H C Ng by Theorem [5.50 Since
e € H, we have K = eK C HK. Tt follows easily that K < HK. For normalcy, fix
hk € HK and k' € K. Then

hkk' (hk) ™' = hkk'E ' h ' ChKh™' = K
eK

where the last equality comes from h € H C Ng.

() and (d) As above, we have H < HK < G. Let m: H — (HK)/K be given
by m(h) = hK. One checks readily that 7 is a well-defined group homomoprhism.

We claim that 7 is surjective with Ker(w) = H N K. Once this is done, we will
have H N K < H by Exercise . Furthermore, Exercise then implies
that the function 7: H/(H N K) — (HK)/K given by 7(h(H N K)) = w(h) = hK
is a well-defined group isomorphism and so H/(HNK) = (HK)/K.

m is surjective: for each hk € HK, we have

hkK = hK = 7(h).
To see Ker(n) D HNK, fixke HNK:

To see Ker(r) C HN K, fix € Ker(r) € H. Then x € H and () = epg/k,
that is, zK = K. Hence, x € K andso z € H N K. O

Day 7
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THEOREM 6.8. Let H, K < G such that HNK = {e} and HK = G. If H C Zg
(that is, if hk = kh for all h € H and all k € K ), then the function f: Hx K — G
given by f(h,k) = hk is an isomorphism,

ProOF. The function is well-defined. It is surjective because G = HK. It is a
homomorphism because

F((hR) (R K)) = F(RR KE') = hIVER = hEW'E = f(h, k) f(H,K).
The first equality in the next sequence is by definition:

Ker(f) ={(h,k) e Hx K | hk =e} = {(e,e)} = {enxx}-

For the second equality, the containment O is easy. For the containment C, if
hk=e,then k"' =he€ HNK = {e} impliessh=eand k=h"l =e¢ ! =e.
Hence, f is injective by Exercise 1 in assignment 2, that is, Exercise [3.8(|c). O

EXERCISE 6.9. Let f: G — G’ be a group homomorphism.

(a) If H < G’, then f~}(H') < G.

(b) If H' < G, then f~(H') < G.

(c) If H' < G, then the function f: G/f~Y(H') — G'/H' is a well-defined group
monomorphism

THEOREM 6.10. Let K < G and let m: G — G/K be the group epimorphism
m(g) = gK.

(a) There is a 1-1 correspondence
{H<G|KCH}+— {H <G/K}
given by
Hv— H/K
7Y (H') «— H’
(b) There is a 1-1 correspondence
(HQG|KCH} — {H <G/K}
given by
H+— H/K
N H') — H’

PROOF. This follows from the Second Isomorphism Theorem [6.6] (and the ideas
in its proof) and Exercise 0

DEFINITION 6.11. A group G # {e} is simple if its only normal subgroups are
G and {e}. See Example

EXERCISE 6.12. If G is a simple abelian group, then G = Z/pZ for some prime
number p.
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7. Day 8

DEFINITION 7.1. Let G be a group. A tower of subgroups of G (or a normal
series in G) is a chain {e} = G, < Gp—1 < -+ < Gy = G. Each group Gy /Gj41 is
a factor of the series. The series is abelian if each factor is abelian. The series is
cyclic if each factor is cyclic. If each nontrivial factor is simple, then the series is
called a composition series. A normal series {¢} = H,, < H,—1 <--- < Hy=G
is a refinement of the original series if there is a sequence ky < ko < --- < k, such
that Hy, = G for j=1,...,n.

The group G is solvable if it has an abelian normal series.

Two normal series in G are equivalent if they have the same nontrivial factors
up to reordering and isomorphism.

LEMMA 7.2. Let H H',K < G. If H' < H C Ny, then H'K < HK.

PRrROOF. Theoremimplies H'K < G and HK < G, and so the containment
H'K C HK implies H'K < HK. By Theorem|6.7|[a]), it suffices to show H C Ny g
because then we will have H/ K < HH'K = HK.

Fix h € H. Because H' < H, we have hH'h~' = H’. And H C Ng implies
hKh™! = K. Hence, we have

hH'Kh™ = hH'h *hKh™' = H'K
and so H'K < HK. O

THEOREM 7.3 (Jordan-Ho6lder Theorem). If G is a group, then any two normal
series have equivalent refinements.

PRrROOF. Consider normal series

(731) {6} = Gn S] Gn—l S] Sl Go =G
and

The plan is to augment ([7.3.1)) by inserting a sequence of the following form at each
step:

Giy1 = (HmnNGr)Gri1 < (Hm—1NGp)Grq1 < -+ < (Ho N Gi)Grg1 = Gy
This will be a refinement of (7.3.1]). We will then find a similar refinement of (|7.3.2))

which and we will show that these refinements are equivalent.
For each k =0,...,n — 1, we have a normal series

{e} =HnNGr < Hy 1 NG <--- <HyN G = Gy,
by Exercise [3.9([b)).

The condition Gr11 < Gy, implies H; 1 N Gy € Gy € Ng,,. Hence, we may
apply Lemmawith H =H;,NGy <H;_1NGy = H and K = Gy in order to
conclude

(HiNGr)Gry1 < (Hi—1 N Gr)Grya.

Furthermore, we have
Gk+1 = {B}Gk_H = (Hm n Gk)Gk-H and G = GpyGry1 = (Ho N Gk)Gk+1
and so

Gri1 = (Hn NGr)Gry1 < (Hpmo1 NGE)Gryr < -+ < (Ho N Gr)Grg1 = Gi.
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Putting these sequences together for K = 0,...,n — 1 yields a refinement
(733) {6} = (Hm n anl)Gn g---d (H1 n Go)G1 d (HO N Go)Gl =Go=G
of the normal series (7.3.1)).

Similarly, the series
(7.34) {e} = (Hmn-1NGr)Hy << (HoNG1)H, < (HoNGo)H, = Hy =G
is a refinement of the normal series ((7.3.2]).
To show that the series (7.3.3) and (7.3.4)) are equivalent, it suffices to show
(GiNH;)Gipn ., (H;jNGi)Hj
(GiNHjy1)Giv1  (H;jNGip1)Hjia
since this will give the bijection between the factors.
Set H=G;NHjand K = (G; N Hj;41)G;41. Then
HK = (GiNH;)(GiNHj11)Giy1 = (GiNH;)Gitq
and so Theorem implies
(GinH;)Giyw  HK ~ H G; N Hj
(GiNHjt1)Gis1 K ~HNK (GiNHj:1)Giy1 NG;NH;
Similarly, we have
(G:NHj)Hj11 ~ G; N H;
(Giy1NHj)Hjy1  (Giga N Hj)Hj NG N H;j
so it suffices to show
(GiNH;j11)Git1NGiNH; = (Gip1 NHj)Hj 1 NGy N Hj.
“C” Fix an element
a€(GiNHj41)GiyiNGNH; C(GiNHj41)Gig1 = Gig1 (G N Hjqq).

The last equality holds because G; N H;y1 € G; € Ng,,. It follows that a = By
for some 8 € Gi1 and v € G;N Hjq1. Then 8 = = H; because o € H; and
v te Hji1 C Hj. It follows that

a=pve (Gi+1 N Hj)Hj+1 NG; N Hj.
This establishes “C”, and “2” is verified similarly. O

8. Day 9

COROLLARY 8.1. If G is a group, then any two composition series in G are
equivalent.

PRrOOF. By Theorem [7.3]it suffices to show that any composition series
{e}:GnanflggGO:G

is equivalent to any refinement of itself. Suppose that the refinement has one
additional subgroup
Gry1 < H 4 Gy

Since H/Gr+1 9 Gi/Gry1 and Gi/Gry1 is simple, we have either H/Gpy1 =
{ea,/cusr} or H/Gry1 = G /Gry1. That is, we have H = Gy1 or H = Gy, 50 no
new nontrivial factors were introduced.

The result follows by induction on the number of new subgroups introduced to
make the refinement. O
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Every group has a normal series: {e} < G. The next example show that not
every group has a composition series.

EXAMPLE 8.2. The subgroups of Z are all of the form nZ with n > 0, and
Z/nZ is simple if and only if n is prime. If n > 1, then nZ = Z. Hence, given a
normal series

{0} =nmZ dny 1 Z -+ AngZ =7
if ny—1 # 0 then
Non1Z) 1L = N1 Z/{0} 1y 1 Z =7
and this group is not simple. Hence the normal series is not a composition series.

COROLLARY 8.3. Assume that G is solvable. If G has a composition series
{e} =G, <Gy <--- <Gy =G, then there exist prime numbers py,...,pn such
that Gi—1/G; 2 Z/pZ fori=1,...,n.

PROOF. Since G is solvable, it has an abelian series. By Theorem the
abelian series and composition series have equivalent refinements. However, the
composition series has only trivial refinements, so the factors in the composition
series are all abelian and simple. Exercise [6.12] gives the desired conclusion. a

DEFINITION 8.4. Let G be a group. A commutator in G is an element of the
form zyx~1y~! for some x,y € G. If X is the collection of commutators in G, then
the commutator subgroup is GM) = [G, G| = (X).

An automorphism of G is an isomorphism G — G.

THEOREM 8.5. Let G be a group.
(a) If ¢ is an automorphism of G, then ¢(|G,G]) = |G, G].
(b) [G,G] €G.
(¢) G/|G,G] is abelian.
(d) G is abelian if and only if [G,G] = {e}.
PROOF. (&) For z,y € G, we have p(zyz—'y™) = p(z)o(y)p(z) " L
Hence, ¢(X) C X, and it follows that ¢([G,G]) = ¢((X)) C (X) =[G, G].
Exercise 4(a) from assignment 3 shows that ¢! is an automorphism of G, and
so the previous paragraph implies ¢ ~1([G,G]) C [G, G] and so
[G,G] = (¢ (G, G)) € »(G,G)) € [G,G]
and hence (|G, G]) =[G, G].
Fix an element x € G. We need to show z[G, Gzt = [G,G]. Let ¢.: G —

G be given by ¢, (y) = zyx~!. Exercise 4(a) from assignment 3 shows that ¢, is
an automorphism of G, and hence part @ implies

z[G,Gla™! = ¢4((G, G]) = [G,G].
For 7,7 € G/|G, G], we have

oY)~

and SOT §y =7 T.

(d) If G is abelian, then zyz~'y~! = {e} for all 2,y € G and so [G,G] =
(eya—ty) = (e) = {e}.

Conversely, if [G,G] = {e}, then G/[G,G] = G/{e} = G. Part says that
G/|G, G] is abelian, so the isomorphism G/[G, G] = G implies that G is abelian. O
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9. Day 10

REMARK 9.1. We sometimes call G/[G, G| the “abelianization” of G.

LEMMA 9.2 (Universal property for group quotients). Let f: G — H be a
homomorphism of groups, and let K I G. TFAE.
(i) K CKer(f);
(ii) The function f: G/K — H given by f(g) = f(g) is well-defined.
When these conditions are satisfied, the map f is a group homomorphism.
PROOF. == If g = h, then gh~! € K C Ker(f) and so

en = f(gh™) = fg)f(h)~
which implies f(g) = f(h).

(i) = () If k € K, then k = eg € G/K and so
f(k) = f(k) = f(eG) = f(ec) = en)
which implies k € Ker(f).

It is straightforward to show that f is a group homomorphism. O

REMARK 9.3. Let 7: G — G/K be the canonical epimorphism. In condition
we say “f factors through 7”. In symbols, this mean f = fm, in which case we say
that the following diagram commutes

G—=G/K

RN

H.

It is straightforward to show that f is the unique function g such that f = gr. A
compact way to write the existence and uniqueness statements is with a dashed
arrow.

G—=G/K

[
EN
\ y

H

THEOREM 9.4 (Universal property for the abelianization of a group). Let G be
a group, and let m: G — G/[G,G] be the canonical epimorphism. For each abelian
group A and each group homomorphism f: G — A there exists a unique group
homomorphism f: G/|G,G] — A making the following diagram commute.

G ——=G/[G,G]
|

p LH!?
A
ProoOF. By Lemma [9.2] and Remark it suffices to show [G, G] C Ker(f).

For this, it suffices to show that, for each z,y € G, we have xyz~ly~! € Ker(f),

which we show in the following computation:
flayz=ly™) = F@) f) f(@) " f ()~ = F) (@) f) " fly)™
= fW)fy)~" = ea.
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LEMMA 9.5. If H < G such that G/H is abelian, then [G,G] C H.

PrOOF. Let f: G — G/H and n: G — G/[G,G] be the canonical epimor-
phisms. Because G/H is abelian, Theorem implies that there exists a unique
group homomorphism f: G/[G,G] — G/H making the following diagram com-
mute.

G —=G/[G,G]
|
) ‘|( 37
G/H.
The fact that the diagram commutes says that f(g) = f(g), so Lemma implies
[G,G] C H. O
DEFINITION 9.6. Set G(®©) = G. Recall that G") = [G,G]. For n > 2, induc-
tively define G = [G(»~1) G(—1)].
REMARK 9.7. G g G and G~V /G™ is abelian by Theorem
THEOREM 9.8. A group G is solvable if and only if G = {e} for some n.
PRrROOF. First assume that G(™) = {e} for some n. Then the sequence

{e} = G gD g...gG0 =qg

is normal abelian series, and so G is solvable.
Now, assume that G is solvable and let

{e}:Gnan—lggGO:G

be an abelian normal series. Assume without loss of generality that G; # G;_1 for
each 1.

Claim: G® C G; for i =0,...,n. (Once this is shown, we are done since then
{e} € G™ C G,, = {e} implies G = {e}.)

Proof of claim: By induction. The case i = 0 is by definition: G(*©) = G = G,.
For the inductive step, assume G*) C G},. Then we have

G*HD — [ W] C [Gy, Gi] C Gryr.

The first containment is by definition. The second containment follows from the
hypothesis G*) C G},. The third containment is from Lemma O

DEFINITION 9.9. G is perfect if GV = G.
THEOREM 9.10. If G is simple and non-abelian, then G is perfect.

PrOOF. We have G(V) < G. Since G is simple, this implies either GV = G or
G = {e}. Because G is non-abelian, Theorem [8.5(d)) implies G!) # {e} and so
GY =aG. 0
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10. Day 11

THEOREM 10.1. Let H <G and let {e} =G, <Gp_1 <--- <Gy =G.
(a) We have {e} = HNG, < HNGp,1 <---<HNGy=HNG = H and
HNG; 4G; for alli.
(b) (HNG,)/(HNGiy1) is isomorphic to a normal subgroup of G;/Git1.
(c) If G;/Giy1 is simple, then (H N G;)/(H N Giy1) is simple or trivial.
(d) If G;/G;41 is abelian, then (H N G;)/(H N Giy1) is abelian.

PRrROOF. @ Argue as in Exercise to show that H < G and G;51 < G
imply HN Gi+1 4HNG; <G,

(]E[) We have H N G; < G; by part @, and we have G; C Ng,,, because
Gi+1 < G;. Hence, Lemmaimplies (HNG;)G;+1 < G;G; 1 = G;. Furthermore,
Theorem implies

HnG; HNG; ~ HNG)Gi q G;
HﬂGZ;H B (HﬂGZ‘) N Gi+1 - Gi+1 = Gi+1
where the last bit is from Theorem [6.10)(b).
and @ From part . (Il

THEOREM 10.2. Let H < G and let {e} =G, < Gp—1 <-4 Gy =G.

(a) H QG;H for each i.

(b) (7} = (Gu )/ H < (Gos H)/H - Q (GoH)/H = (GH)/H = G/H.

(¢) There ezists a group epimorphism F: G;/G;11 — [(GiH)/H]/|(Gi+1H)/H].
(d) If Gi/Git1 is simple, then [(G:H)/H|/|(Gi+1H)/H)] is simple or trivial.

(e) If G;/Giy1 is abelian, then [(G;H)/H|/|(Git+1H)/H] is abelian.

PROOF. We have {e} < G; C Ny because H < G. Thus, Lemma
implies H = {e}H < G;H.

(]E[) We have G;11 < G; € Ny because H < G. Thus, Lemma implies
Giy1H < G;H. Theorem [6.10|(b) implies (G;41H)/H < (G;H)/H.

Theorem gives the first isomorphism in the next sequence

(GZH)/H ~ G.H _ Gi(Gi_HH) ~ G,
(GipnH)/H — GimH  GipnH  — GiNGiH
The second isomorphism is from Theorem [6.7(|c). This yields an isomorphism
h: Gi/(Gi NG H) — [(Gi:H)/H|/[(Gi+1H) /H].

We have G411 C G;NG;+1H C Gy, and G411 < G;. Hence, Lemma (9.2 implies
that the function f: G;/Giy1 — G;/(GiNG;+1H) given by g — 7 is a well-defined
group homomorphism. This map is also clearly onto and hence is an epimorphism.
It follows that the composition F = hf: G;/Git+1 — [(G:H)/H]/[(Gix1H)/H] is a
group epimorphism.

(d) Since G;/Gi1 is simple and Ker(F) < G;/Gi11, we have either Ker(F) =
G;/Giy1 or Ker(F) = {€}. In either case, we have

Gl/(GZ n Gi+1H) = Im(F) = (Gl/Gerl)/Ker(F)
If Ker(F) = {e}, then
Gi/(GiNGip1H) = (Gi/Giy1)/ Ker(F) = (Gi/Giv1)/{e} = Gi/Git
which is simple. If Ker(F) = G;/G;41, then
Gi/(GiNGitH) = (Gi/Git1)/ Ker(F) = (Gi/Gi+1)/(Gi/Git1) = {e}
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which is trivial.
(ED Because G;/G;4+1 is abelian and F' is an epimorphism, it follows that
(G:H)/H|/[(Gi+1H)/H] is abelian. O

THEOREM 10.3. Let H < G.

(a) G has a composition series if and only if H and G/H have composition
series.

(b) G is solvable if and only if H and G/H are solvable.

PROOF. (a) “ <= " Assume that H and G//H have composition series
{e}:HnanflggHO:H
{E}:ngKm—l S] QKOZG/H
Theorem [6.10{(b]) implies that K7 = G1/H for some G; < G, and Theorem [6.6(c)
implies
(G/H)/Ky = (G/H)/(G1/H) = G/G\.
Hence, G/G, is simple or trivial. Similarly, K; = G;/H for some G; < G;_1, and
G;-1/G; is simple or trivial. It follows that the concatenated series
{e}:Hnan—lg"'gHO:H:GmQGm—l<]"'<]G0:G
is a composition series for G.
“ =" Assume that G has a composition series

{e} =G, <G,-1 <9 <Gy =G.

Theorem [10.1{ja) and show that H has a composition series. Theorem [10.2][b])
and (d)) show that G/H has a composition series.
(b)) is proved similarly. O

THEOREM 10.4. If G is a finite group, then G has a composition series.

PROOF. We proceed by strong induction on n = |G|. The case n = 1 is trivial.

Let n > 1 and assume that every finite group G’ with |G’| < n has a composition
series. If G is simple, then the normal series {e} < G is a composition series. If
G is not simple, then there is a normal subgroup H < G such that H # {e}
and H # G. Since H C G, we have |H| < |G| = n, so H has a composition
series by our induction hypothesis. On the other hand, Lagrange’s theorem implies
|G/H| = |G|/|H| < |G| = n and so G/H also has a composition series by our

induction hypothesis. Now apply Theorem @ O
11. Day 12

Group actions.

DEFINITION 11.1. Let G be a group and S a set. A (left) group action of G on
S is a function p: G x S — S (written gs = u(g, s)) such that g(hs) = (gh)s and
es = s for all g,h € G and all s € S. When there is a group action of G on S, we
say “G acts on S” or “S is a G-set”.

Assume that G acts on S. The orbit of an element s € S is the set orb(s) =
Gs = {gs € S| g € G} C 5. The stabilizer of an element s € S is the set
Gs={g€G|gs=s} CG. Note that Gs < G for all s € S.

Group actions are everywhere.
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EXAMPLE 11.2. S, acts on {1,2,...,n} by 7k = 7(k)
ExampPLE 11.3. G acts on G by gh = gh.

EXAMPLE 11.4. G acts on G by conjugation: g -h = ghg~'. The orbit of h
under this action is the conjugacy class of h and is denoted C'(h).

This can also be described in terms of the conjugacy relation on G: h' ~ h if
and only if b/ = ghg™! for some g € G. When h ~ h’ we say that h and b’ are
conjugate. This is an equivalence relation, and the equivalence class of h is exactly

C(h).
EXAMPLE 11.5. If H < G, then G acts on H by conjugation: g-h = ghg—!.
EXAMPLE 11.6. If S = {subgroups of G}, then G acts on S by conjugation.

ExampLE 11.7. If H < G and G/H = {left cosets of H in G}, then G acts on
G/H by g(hH) = (gh)H. (Note that we are not assuming H < G.)

ProrosITION 11.8. If G acts on a set S, then there is a 1-1 correspondence
Gs < G/Gs given by gs — gGs.

PRrROOF. The following argument shows well-definedness and bijectivity of the
correspondences: gs = hs if and only if s = g~ 'hs if and only if g~ 'h € G, if and
only if hGs = gGs. [

PropPoOSITION 11.9. If G is a finite group acting on a set S, then for all s € S
we have |Gs| | |G|.

PROOF. Proposition implies |Gs| is the number of distinct cosets of G in
G. That is, |Gs| = [G, G|, and so Lagrange’s Theorem says |G| = |Gs|[G, Gs] =

DEFINITION 11.10. Let G be a group acting on sets S and S’. A func-
tion p: S — S’ is a homomorphism of G-sets or “preserves the action of G” if
©(gs) = gp(s) for all g € G and all s € S. An isomorphism of G-sets is a bijective
homomorphism of G-sets.

PRrROPOSITION 11.11. Let S be a G-set and fix s € S. There is an isomorphism
of G-sets p: Gs — G/Gy given by gs — gG.

PROOF. Proposition [I1.8 shows that ¢ is a well-defined bijection. We need to
show that ¢ is a homomorphism of G-sets:

©(g(g's)) = v((99")s) = (99")Gs = g(g'Gs) = geo(g's).
0

PrOPOSITION 11.12. If S is a G-set, then S is the disjoint union of its distinct
orbits.

PROOF. Since es = s for all s € S, we have s € Gs C UyesGt, and so S C
UtesGt C S which implies S = Uy sGt.

Claim: GsNGs # 0 = Gs = Gs'. (This will complete the proof.) If
gs = ¢'s’, then for all h € G, we have hs = hg~'gs = hg~'g’s’ € Gs’. Hence, we
have Gs C Gs’. By symmetry, we have Gs' C Gs and so Gs = Gs'. O

THEOREM 11.13 (Class equation). Let G be a finite group.
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(a) |G| =>_|C(g)| where the sum is taken over all distinct conjugacy classes in

G.
(b) |G| = |Z(G)|+ > |C(g)| where the sum is taken over all distinct conjugacy
classes C(g) # {g} in G.

PRrROOF. @ By Example and Proposition G is the disjoint union of
its distinct conjugacy classes.

() From part (@) it suffices to show that C(g) = {g} if and only if g € Z(g). If
C(g) = {g}, then hgh=! = g for all h € G and so g € Z(G). The converse is even
easier. O

DEFINITION 11.14. Let p be a prime number. A finite group G is a p-group if
|G| = p™ for some integer n.

COROLLARY 11.15. If G # {e} is a finite p-group, then Z(G) # {e}.

PRrROOF. Suppose Z(G) = {e}. Each conjugacy class C(g) is an orbit of a G-
action on G. Hence, Proposition and Lagrange’s theorem imply |C(g)| =
G/Gy| = [G,Gy] = |G|/|G4| = p™ for some n,. If C(g) # {g}, then [C(g)] > 1
and so p | |C(g)|. The class equation says |G| = |Z(G)| + > |C(g)| where the sum
is taken over all distinct conjugacy classes C(g) # {g} in G and so

p" =G| =12(@)|+ ) _|C(9)| = Z(G)| + pk = 1 + pk

for some integer k. This is impossible. (]

12. Day 13

DEFINITION 12.1. Let H, K < G and set
[H K] = (hkh™'k™' | h € H and k € K).
Set G(py = G and G(1) = GW. For n > 2, inductively define
G(n) = [GvG(n—lﬂ = (xyx’lyfl | r € G and y e G(n—1)>'
G is nilpotent if G,y = {e} for some n.

THEOREM 12.2. Let H < G. Then |G, H| = {e} if and only if H C Z(G). In
particular, if G # {e} is nilpotent, then Z(G) # {e}.

ProoOF. Assume H C Z(G). Then, for all h € H and all g € G, we have
ghg™'h™' = e and so [G, H] = {(e) = {e}.

Assume [G,H] = {e}. Let h € H. Then, for all and all g € G, we have
ghg™th~! € [G, H] = {e} and so ghg7*h~! = e and gh = hg. This holds for all
g € G, and so h € Z(G). This holds for all h € H, and so H C Z(G).

Assume G is nilpotent and let m = min{n > 1 | G,y = {e}}. Then {e} =
Gim) = (G, G(mm—1)] implies {e} # G(m_1) € Z(G). O

We'll see in an exercise that nilpotent implies solvable. The next example shows
that the converse fails to hold in general.

EXAMPLE 12.3. Sj3 is solvable by an exercise. But S3 is not nilpotent because

Z(83) = {(1)}.
If A is abelian, then Ay = [A, A] = {e} and so A is nilpotent.

LEMMA 12.4. Guy1) € Gy <G for alln >0, and so G(,41) < Gp)-



12. DAY 13 27
PRrROOF. By induction on n.

Base case n = 0: G(1y) = [G,G] € G = G ).
Induction step. Assume n > 0 and G(,41) € G,) < G. Then

Gnt2) =[G, Gy C (G, G| = Gngny-
For g € G'and h € G(,,41) we have

ghg 'h7 € [G, GG ns1) = Gni2)Gnt1) = Glas1)
and so G 41y < G. O
EXERCISE 12.5. If ¢: G — H is a group epimorphism, then ¢(G(™) = H™

and (G () = Hyy,) for each n > 0. In other words, if K < G, then (G/K)™ =
{9K € G/K | g€ G™} and (G/K)n) = {gK € G/K | g € Gy}

The next result shows, in particular, that G,)/G(,+1) is abelian.
LEMMA 12.6. G(n)/G(n+1) - Z(G/G(nJrl))-

PROOF.

(G/G (n11): G/ Gngy] = G, Gyl /Gnt1) = Gng1) /G nr1) = {€}

and so Theorem implies G ()/Gn+1) € Z(G/Gn+1))- O

DEFINITION 12.7. Let Zy(G) = {e} and for k > 1 let Z;(G) be the unique nor-
mal subgroup of G containing Zj_1(G) such that Zx(G)/Zx—1(G) = Z(G/Z;-1(Q)).
This makes sense by Theorem [6.10((b) because Z(G/Zy;—1(G)) I G/Zy—1(G).

REMARK 12.8. The construction of Z,(G) yields a “tower”
{e} = Zo(G) QZ4(G) Q-

such that each quotient Z,11(G)/Z,.(G) = Z(G/Z,(G)) is abelian. Lemmas
and yield another “tower”

LG G =6

such that the quotient G(,)/G(n41) € Z(G/G(ny1)) is abelian. We will see in
Theorem that the first tower terminates at G if and only if the second tower
terminates at {e}.

LEMMA 12.9. For k,m > 0, we have Zy11m(G)/Zm(G) = Zi(G/Zm(G)).
ProoF. Use induction on k.

Base case, k = 0: Zo(G/Zmn(G)) = {Zn(G)} = Zn(G)/Zm(G).
Base case, k = 1: Z1(G/Zmn(G)) = Z(G/Zn(G)) = Zim+1(G)/Zn(G).
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Inductive step: Assume r > 1 and Z,41m(G)/Zn(G) = Z,.(G/Z(G)) for all
m > 0 and all groups G. Then
Zr-‘rl(G/Zm(G)) -7 < G/Zm(G) )
Z1(G/Zm(G)) "\Z1(G/Zn(G))

= G/Zm (G) ase case =
‘Z’“<Zl+m<0>/zm<a>> & k=1l

[inductive hypothesis]

~ 7, <Z1+,Gn(G)) [isomorphsim theorem]
= Z;::’(Lég) [inductive hypothesis|
= Z;ji:?g;}é i”géc);) [isomorphsim theorem]
= Zr+le+(g(/§3n/ (Zé’;gG) [base case k = 1].

Tracing through the isomorphisms, this gives
Zr+1(G/Zm(G)) ZT+1+m(G)/Zm(G)

Z(G/Zn(G) — Zi(G/Zm(G))
and so Theorem [6.10((a) implies Z,11(G/Zm(G)) = Zri14m(G)/Zm(G). O
13. Dayl4

LEMMA 13.1. If Gy = {e} and Gu_1y # {e}, then Ge—;) € Z;(G) for
7=0,...,n.

PrROOF. By induction on j.

Base case j = 0: G,y = {e} = Zo(G).

Induction step Assume j > 0 and G,—;) € Z;(G). Lemma says
Gn—j—1)/Gn—j) € Z2(G/Gnj))

and this yields the containment

(Gn—j-1)/CGn-s)>Z;(G)/Gn—j)) c Z( G/G -y >
<Z\z

Zi(G)/Gn—j) (G)/G )
G
27— isomorphism theorem
(Zj(G)> [ ]
Zi11(G) .
= definition
2,@) efinition

Zi41(G)/Gn—j) : ;
T [isomorphism theorem].
Zj(G)/Gn—j
Tracing through the isomorphisms, we have
Gin—j-1)/Gn—i) € Zj+1(G)/G (n—j)
and 80 G(—j—1) € Z;11(G). O
LEMMA 13.2. IfG(,) = {e} and G(,,—1) # {e}, then Z,(G) = G and Z;(G) # G
forj=0,...,n—1.
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PROOF. By Lemma we know Z,(G) = G.

Set n = n(G) = min{m > 0 | G,y = {e}}. We proceed by induction on n(G).

Base case n(G) = 0: trivial.

Assume n > 1 and that the result holds for all groups H such that n(H) < n.

Claim: n(G/Z(G)) < n. Lemma implies G(,,—1y € Z1(G) = Z(G), so

(G/Z(G))(n-1) =192(G) € G/Z(G) | g € G-y} [Exercise [12.5]
={2(G)} [Gn-1) € Z(G)]
= {e}-
This proves the claim.

Claim: n(G/Z(G)) = n — 1. Tt suffices to show that j < n — 1 implies
(G/Z(G))y) # {e}. (This is vacuous if n = 1.) Assume j < n — 1 and suppose
(G/Z(G))(j) = {E} Then

{e} = (G/2(G)y) = {92(G) € G/Z(G) | g € Gy}
implies G(jy € Z(G) and so G(;11) = [G,G(j] = {e} by Theorem m This
implies 7 +1 > n and so j > n — 1, a contradiction.

Now, our induction hypothesis applied to G/Z(G) implies Z;(G/Z(G)) #
G/Z(G) for all j < n — 1. Hence, Lemma yields the second equality in the
next sequence

G/2(G) # Z;(G)2(G)) = Z;(G/21(G)) = Zj11(G)/21(G) = Zj11(G)/Z(G)
and so Z;;41(G) € G when j <n —1. O

LEMMA 13.3. If Z,(G) = G and Z,_1 # G, then G;) € Zn,_j(G) for j =

0,...,n.

N

Proor. By induction on j.

Base case j = 0: Gy = G = Z,(G).

Induction step. Assume j > 0 and G(;) C Z,_;(G). By definition we have
Zn—i(G)/)Zy-j—1(G) = Z(G/Zp,—;j—1(G)) and so

{e} =1G/Zn—j1(G), Zy—j(G) ) Zy—j—1(G)]
= (92972 " Zn_j1(G) € G/Zn_; 1(G) | g € G,z € Zn_j(G)).
It follows that all such gzg~'z~*
Zn-j—1(G) 2 [G, Z,—j(G)] 2 [G,G 1] = Gj41)

as desired. O

LEMMA 13.4. If Z,,(G) = G and Z,—1 # G, then G,y = {e} and Gy # {e}
forj=0,....n—1.

are in Z,_;_1(G), and so

Proor. By Lemma we know G(,) = {e}. Let j < n and suppose that
G(j) = {e}. Then Lemma implies Z;(G) = G and hence Z,_1(G) = G, a
contradiction. Thus, we have G ;) # {e} for j =0,...,n — 1. O

THEOREM 13.5. Let G be a group. Gy = {e} if and only if Z(G) = G.
PRrROOF. Lemmas[13.2] and [3.4 O
COROLLARY 13.6. G is nilpotent if and only if Zi(G) = G for some k.
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PROOF. G is nilpotent if and only if G(;) = {e} for some k if and only if
Z(G) = G for some k. O

COROLLARY 13.7. Every finite p-group G is nilpotent.

PrROOF. We need to show Z;(G) = G for some k. If Z1(G) = G, then we're
done. If Z1(G) # G, then p < |Z1(G)| < |G| = p". Tt follows that G/Z1(G) is a
p-group of order less than p™. By induction on |G|, we have

Zk(G) ) Z1(G) = Zi-1(G/Z1(G)) = G/ Z:1(G)
for some k, and so Zx(G) = G. O

14. Day 15

Symmetric and alternating groups.

DEFINITION 14.1. Let n > k > 1. A cycle of length k or a k-cycle in S, is

an element of the form (m; mg ... my) € S,. Two cycles (m; ma ... my) and
(mh m5 ... m},) in S, are disjoint if {my,mo,...,mp} N {mi,mh,...,mp,} = 0.
If 01 and o5 are disjoint cycles, then o109 = g201. We say the number s occurs in
the cycle (m; ma ... my) if s = m; for some i.

Every element o € S, has a disjoint cycle decomposition: There exist cycles
01,02, - ,0. € S, such that

(1) 0 =0102---0y;
(2) the cycles o; and o, are disjoint whenever i # j;
(3) each s =1,...,n occurs in (exactly) one of the o;.

Such a decomposition is unique up to the order of the factors.
REMARK 14.2. The proof of existence and uniqueness of disjoint cycle decom-

positions is a tedious exercise in bookkeeping. See Hungerford, p. 47, Theorem 6.3.
It follows from the existence that S, is generated by its cycles.

ExampLE 14.3. Compute a disjoint cycle decomposition for some o € Sg.

PRrROPOSITION 14.4. Two elements in S, are conjugate if and only if their dis-
joint cycle decompositions have the same number of k-cycles for each k.

PROOF. (= ) Let 0,7 € S,, where 7 has disjoint cycle decomposition

T = (ml,l m172 e m17k1)(m271 m2,2 e m27k2) e (mhl ’ITLT?Q e mnkr).

We claim that o7o~! has the following disjoint cycle decomposition:

oo = (g(may) o(m) .. olmag)) - (0(my) o(mes) .. o(m,s,)).

This follows in part from the next computation:

J(T(ks,t+1)) if t < ks

oo (0(kst)) = o(7(ks;t)) = {J(T(ksyl)) if t = k.

Furthermore, this decomposition is disjoint as o is bijective: o(m; ;) = o(my ;) if
and only if m; ; = my ;. It follows that the disjoint cycle decompositions of 7 and
oro~! have exactly the same number of k-cycles for each k.
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(<= ) Let 0,7 € S,,, and assume that the disjoint cycle decompositions of o
and 7 have the same number of k-cycles for each k:
T = (ml,l mi2 ... m17k1)(m271 ma2 ... m27k2) R (mnl mr2 ... mnkr)
g = (1171 11,2 . 117161)(1271 1272 ZQ,kQ) e (lr,l lng lr,k7‘)~

Define 6 € S,, by the formula 6(m; ;) = l; ;. Because we have disjoint cycle de-

compositions, ¢ is a well defined bijection of {m11,m12,...mp .} = {1,2,...,n}
to itself. Furthermore, the computation of the previous paragraph shows that
o =4676"1, so that ¢ and 7 are conjugate. O

COROLLARY 14.5. In Sy, let

H = {(1), (12)(34), (13)(24), (14) (23)}.
Then H < .5;.

PROOF. Check by hand that H < G. Proposition [I4.4] implies that H =
C((12)(34))u{(1)}, and furthermore that C((1 2)(3 4))6~! = C((1 2)(3 4)) and

5{(1)}6=1 = {(1)} for each § € S,. It follows that H6~! = H for each § € Sy, and
so H < .5;4. O

PROPOSITION 14.6. S, is generated by 2-cycles.

PrROOF. We know that S,, is generated by its cycles, so we need to show that
each cycle (my mgy ... my) € S, can be written as a product of cycles:

(m1 mo ... mk) = (m1 mg)(mg mg) tee (mk,1 mk)

PROPOSITION 14.7. S, is generated by 2-cycles of the form (k k+1).

Proor. By Proposition it suffices to show that every 2-cycle (I m) can
be written as a product of 2-cycles of the form (k k + 1). Assume without loss of
generality that I < m: otherwise rewrite (I m) = (m 1).

Proceed by induction on m — I. The case m — [ = 1 is trivial, so assume that
m — 1 > 1. Then

(Im)=m-1m)(Im-—1)(m—1m).
Our induction hypothesis implies that (I m — 1) can be written as a product of
2-cycles of the form (k k + 1), and so the display shows that the same is true of
(I m). O

LEMMA 14.8. Letn > 5, and let H < G < S,,. If G contains all the 3-cycles
of Sy, and G/H is abelian, then H contains all the 3-cycles of Sy,.

PRrROOF. For distinct k1, ..., ks between 1 and n, we have
(k1 ko k3) = (k1 ky k) (k3 ko ks) (k1 ks ka) (k3 ks k2)
= (ky kg k3)(ko ko ks)(ky kg k3) " (ks ks ko)™

€[G,d
CH
where the containment C is because G/H is abelian; see Lemma g

THEOREM 14.9. Ifn > 5, then S, is not solvable.
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PROOF. Suppose that G is solvable and fix an abelian tower
{e} =G, <G—1 9G <G =0G.

By induction on 4, Lemma [14.§] implies that each G; contains all the 3-cycles, and
so (123) € G,, a contradiction. O

15. Day 16

DEFINITION 15.1. Define an action of S,, on the polynomial ring C[X1, ..., X,,]
by the formula

(Uf)<X17 oo aXn) = f(Xa*1(1)7 s ?Xafl(n))
and set
F(Xy,....X,) = Hj<k(Xj — Xp).
Then for o € S,, we have
(JF)(Xla v 7Xn) = Hj<k(XU_1(j) - Xo_l(k)) = :l:F(le .. 7Xn)

It follows that S, acts on the set {F, —F} in the same manner. Define the alter-
nating group on n letters to be the stabilizer of F' in S,,:

A, =(Sn)Fp={0€S,|cF =F}.

THEOREM 15.2. A, is a subgroup of S, such that [S, : A,] = 2, and so
A, <S,. Furthermore, A, contains no 2-cycles.

PROOF. Since A, is the stabilizer of a group action, it follows that A, < Sy;
see Definition [IT.1] Furthermore, Proposition implies

[Sn : An] = |Sn/An‘ = |Sn{F}| = |{F77F}| =2

and it follows from an exercise that A4,, < 5,.

One checks readily that (1 2)F = —F and so (1 2) ¢ A,,. For each (I m) such
that [ # m, we know that (I m) is conjugate to (1 2) by Proposition Since
(12) ¢ A, <5, it follows that (I m) € A,,. O

THEOREM 15.3. Let n > 2.

(a) Let o € S,, and let 0 =11 --- 7, = m1 - -5 where each T; and 7; is a 2-cycle.
Then r and s have the same parity, that is, r is even if and only if s is even.

(b) o € A, if and only if o is a product of an even number of 2-cycles.

(¢c) A, is generated by the set of products of two 2-cycles.

(d) A, is generated by {products of two disjoint 2-cycles} U {3-cycles}.

PROOF. (ED Proposition shows that o can be written as a product of 2-
cycles. Theorem [15.2] implies 7, F' = —F = 7; F' for each i, and so

oF=m-1.F=(-1)"F

and similarly, o F' = (—=1)°F. Hence, (—1)" = (—1)® and so r and s have the same
parity.

@ o € A, if and only if cF = F. Hence the proof of part @ shows that
o € A, if and only if (—1)"F = F if and only if r is even.

Part now follows. Part @ also follows because each product of two 2-cycles
is either disjoint, or a 3-cycle, or the identity. g
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LEMMA 15.4. Letn > 5, and let {(1)} # N < A,,. If 0 € N such that ¢ moves
five or more elements, then there exists § € N such that 6 # (1) and & moves fewer
elements than o.

PROOF. Let 0 = 11 - - - 7 be a decomposition into disjoint cycles.

Case 1: 7; is an s-cycle for some j and some s > 5, say 7; = (m1 ma ... my).
Set v; = (ma2 m1 m3 ... ms_g ms Mg_1), and for r # j set v, = 7,.. It follows that
the permutation

a ="y = (M1 me)(Mms—1 ms)o(my ma)(ms—1 ms) € N

because (my mo)(ms—1 ms) € A, and 0 € N < A,. The element 6 = ca € N
satisfies the desired conditions:

First, §(m1) = o(a(mq)) = o(ms3) = my4 and so § # (1).

Also, 6(mga) = o(a(msz)) = o(m1) = ma. By construction, § only differs from o

by what happens to myq, ..., ms. Also, 0 moves each mq, ..., ms. Hence, it follows
that § moves fewer elements than o.
Case 2: 7; is a 4-cycle for some j, say 7, = (m1 me mg m4). Set y; =

(my ms3 myg ma), and for r # j set v, = 7,.. As above, it follows that
a =71k = (m3 myg ma)o(mz my my) € N

and the element § = oo € N satisfies the desired conditions.

Case 3: Each 7, has length < 3, and two distinct 7, have length 3. Since
the 7, are disjoint, assume that 71 = (m; mg m3) and 75 = (mg ms mg). Set
y1 = (mq mga my) and v2 = (m3 mg ms), and for r > 2 set v, = 7,.. As above, set
=17, and the element § = o € N satisfies the desired conditions.

Case 4: Each 7, has length < 3, and there is a unique 7; of length 3, say
71 = (m1 ma ms). Since o moves at least five elements and each 7, # 7 is a 2-
cycle and o € A,,, we know that o contains at least two 2-cycles: say 7o = (m4 ms)
and 73 = (mg mr). Set 71 = (m1 m3 my) and 2 = (myg mg) and y3 = (ms my),
and for r > 3 set 7, = 7,.. As above, set & =71 -k, and the element § = ca € N
satisfies the desired conditions.

Case 5: Each 7, has length < 2. Since o moves at least five elements, we know
k> 3. Sinceo € A,, Theoremimplies k > 4,say 11 = (m1 ma), T2 = (Mg my),
T3 = (ms mg), and 74 = (m7 mg). Set a = (my ma m3)o(my m3 ma), and the
element § = ca € N satisfies the desired conditions. O

LEMMA 15.5. Let n > 5, and let {(1)} # N < A,,. Then N contains either a
3-cycle or a disjoint product of two 2-cycles.

PROOF. By repeated application of Lemma [I5.4] we see that N contains a
permutation o # (1) that moves at most four elements. It follows that o is either a
2-cycle, a 3-cycle, a 4-cycle, or a disjoint product of two 2-cycles. Since o is in A,,,
Theorem [15.3]implies that o is a 3-cycle or a disjoint product of two 2-cycles. [

THEOREM 15.6. If n > 5, then A, is simple.

PROOF. Assume {(1)} # N < A,,. We want to prove N = A,,. By Lemmal[15.5
we have two cases.

Case 1: N contains a 3-cycle (m; mg mg) € N. Since n > 5 we can choose
my, ms < n distinct from mq, ma, ms.
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Claim (a): N contains all 3-cycles 7 € S,,. Proof: Proposition implies that
T = o(my my m3z)o~! for some o € S,,. If 0 € A,, then 7 € N because N < A,,.
If o € A, then o(my ms) € A,, and so

7 =o(my my mz)o !

1

(
o(myg ms)(mg ms)(my me mg)a_1
o(myg ms)(my mg m3)(my ms)o~
= (0/(my ms))(my my mg)(o(my ms))~"

e N.
This proves the claim.

Claim (b): N contains all disjoint products of two 2-cycles. Proof: If mq, ma, ms, my
are distinct, then the previous claim implies

(m1 mg)(mg m4) = (m1 mo m3)(m2 ms m4) € N.

Now, Theorem says that A, is generated by the set of all products of two
2-cycles. This says that A, is generated by

X = {disjoint products of two 2-cycles in S, } U {all 3-cycles in S,, }

Our two claims show X C N and so A4, = (X) C N C A,,. This concludes the
proof for case 1.

Case 2: N contains a disjoint product of two 2-cycles (my ms)(ms my4) € N.
The proof of Claim (a) above shows that N contains every disjoint product of two
2-cycles. In particular,

(152)=(12)(34)(34)(15) e N

and we are done by Case 1. (]

16. Day 17

Sylow Theorems.

DEFINITION 16.1. Let G be a finite group. Let p be a (positive) prime number,
and write |G| = p"m where p{m. A p-Sylow subgroup or Sylow p-subgroup of G is
a subgroup H < G such that |H| = p™.

DEFINITION 16.2. The order of an element g € G is

lgl = {g)| = inf{n > 1| g" = e}.

In other words, |g| = oo if g™ # e for all m > 1, and |g| = m < o0 if g™ = e and
g™ # e when 1 < n <m.

If |G| < oo, then |g| < oo for all ¢ € G, and Lagrange’s Theorem implies
|9l | |G| and moreover |G/(g)| = |G|/lg]-

If |G| = oo, then G may contain elements of finite order and elements of infinite
order, e.g., if G =Z x Z/27.

LEMMA 16.3. If G is a finite abelian group and p is a positive prime number
such that p | |G|, then G contains an element of order p.
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PRrROOF. Proof by induction on |G|/p.

Base case: |G|/p = 1. Then |G| = p and so G = Z/pZ. Thus, any generator of
G has order p.

Induction step: Assume the result holds for all finite groups G’ such that p | |G|
and |G'|/p < |G|/p. Fix e # g € G. If p | |g|, then ¢l91/? has order p. So, assume
p1lgl Thenp | [Gl/lgl = IG/ig)l. Also, g #e = |G/ig)| < IGl. and 50
|G/{9)|/p < |G|/p. The induction hypothesis implies that there exists an element
h € G such that h € G/(g) has order p. Lagrange’s Theorem can be used to show
p = |h| | |h|. Hence, h!"/? has order p. O

THEOREM 16.4 (Sylow Theorem I). If G is a finite group and p is a positive
prime number, then G has a p-Sylow subgroup P < G.

PRrROOF. Write |G| = p™m where p{m.

Step 0. If n =0, then P = {e} works. If m = 1, then P = G works.

Step 1. G is cyclic, say, G = (a). Then the subgroup P = (a™) works.

Step 2. We prove the result by induction on |G|/p. The base case |G|/p =1
follows from Step 0.

Induction step: Assume the result holds for all finite groups G’ such that p | |G|
and |G'|/p < |G|/p. If G has a proper subgroup H < G such that p™ | |H|, then the
induction hypothesis implies that H has a subgroup P such that |P| = p™; then H
is also a p-Sylow subgroup of G. So, assume that p™ { |H| for all proper subgroups
H < @. Lagrange’s Theorem implies that p | [G : H] for all proper subgroups
H < G,and sop | [G: Z,] for all g € G — Z(G). Recall that Z; is the centralizer
of g from This is exactly the stabilizer G, of g under the conjugation action.
Hence, Proposition [11.8|implies

(G2 2] =[G Gy] = |G/ G| = |orbg(g)] = [C(9)]-

It follows that p | |C(g)] for all g € G\ Z(G). Hence, the Class Equation [T1.13|(b)
implies p | |Z(G)|. Lemma yields an element g € Z(G) of order p. Hence,
we have {e} # (g) < G. Since |(g)| = p, Lagrange’s Theorem implies |G/{g)| =
p"~'m. Hence, the induction hypothesis provides a subgroup H < G/(g) of order
p"~!. (Unless n = 1, in which case we can use H = {€}.) Then H = P/(g)
for some subgroup P < G containing g. Finally, Lagrange’s Theorem implies

|P| = [H|[(g)| = p™ 0

THEOREM 16.5 (Sylow Theorem ). Let G be a finite group, and let P be a
p-Sylow subgroup of G. Then a subgroup Q < G is a p-Sylow subgroup of G if and
only if Q is conjugate to P.

PrOOF. (<) If Q is conjugate to P, then |Q| = |P|, and so @ is a p-Sylow
subgroup of G.

(=) Assume that @Q is a p-Sylow subgroup of G, and let S denote the set of
conjugates of P. Then G and @ both act on S by conjugation. We need to show
QeSs.

Claim: There exists an element P’ € S such that Q € Np/. Proof of claim:
Proposition shows S = orbg(P) < G/Gp = G/Np. Hence, we have |S| =
[G : Np], and since P C Np we know that p { |S|. However, since @ acts on
S, Proposition shows that orbg(P’) < Q/Qp, and so every Q-orbit in S has
either 1 element or the number of elements is divisible by p by Lagrange’s Theorem.
Since S is the disjoint union of its @Q-orbits, we see that there exists an element
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P’ € S such that the Q-orbit of P’ has exactly one element, namely P’. Hence,
Q C Np:.

From Theorem we have Q < QP' < G, and Theorem implies |QP'| =
|Q||P’|/|Q N P’|. Tt follows that

P QP 1QIIP'| = p™.
Hence |QP'| = p* for some n < k < 2n. However, QP’ < G implies |QP’| | |G| =
p™m; since ged(m, p) = 1, we have |QP’| = p”. We have Q C QP’ and |Q| = p™ =
|QP’|, and so @ = QP’. Also, we have P’ C QP' = Q and |P’'| = p™ = |Q|, and so
Q = P’ € S, and we are done. ]

17. Days 18 and 19

THEOREM 17.1 (Sylow Theorem III). Let G be a finite group and p a positive
prime number. Write |G| = p™m where ptm, and let v be the number of p-Sylow
subgroups of G. Then r =1 (mod p) and 7“|m.

PROOF. Let P be a fixed p-Sylow subgroup of G and let S denote the set of
conjugates of P, that is, S is the set of all p-Sylow subgroups of G. Let P act on
S by conjugation.

Claim: P is the unique fixed point in S under this action. In other words, for
each a € G, we have b(aPa~1)b~! = aPa~! for all b € P if and only if aPa~! = P.

Proof of claim: ( <= ) IfaPa~! = P, then, for all b € P we have b(aPa~1)b~! =
bPb~! = P =aPa!. (=) Assume b(aPa~1)b=! = aPa~*! for all b € P. Then
P C N,p,-1 and so the argument of Theorem implies P = aPa~!. This proves
the claim.

Since S is the disjoint union of its orbits, we have

r=1 —I—Z|orbp(Q)\

where the sum is taken over all distinct P-orbits orbp(Q) # {P}. Proposition [I1.§]
shows |orbp(Q)| = [P : Pg], and so p||orbp(Q)| for each orbp(Q) # {P}. The
displayed equation shows r = 1 + pk for some k, and so r =1 (mod p).

Letting G act on S, we have S = orbg(P) and so

r = |orbg(P)| =[G : Gp]||G|. =p"m.
The congruence r =1 (mod p) implies ged(r,p) = 1 and so r‘m. (]

THEOREM 17.2. If G is a finite group and H < G is a p-subgroup, then there
exists a p-sylow subgroup P < G such that H < P.

PROOF. Let S be the set of p-sylow subgroups of G and let H act on S by
conjugation. There is at least one fixed point under this action, call it P. (If there
is no fixed point, then the proof of Theoremshows p“ orby (Q)| for each Q € S
and so p||S| = 1+ pk; contradiction.) It follows that H < Np and so HP < G. As
in the proof of Theorem we have HP = P, and so H C HP = P. O

The next result generalizes one of our favorite exercises: If H < G and [G :
H] =2, then H < G.

PROPOSITION 17.3. Let G # {e} be a finite group, and let p be the smallest
positive prime number dividing |G|. If H < G and [G : H] = p, then H < G.
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PROOF. Suppose that H is not a normal subgroup of G. Let S be the set of
conjugates of H in G, and let Perm(S) denote the set of permutations of S. For
all g € G, let ¢,: S — S be given by K — gKg~'. It is routine to show that each
¢g € Perm(S) and that the map ¢: G — Perm(S) given by g — ¢, is a group
homomorphism.

Proposition [11.§] shows |S| =[G : Ny]. Since H C Ny, we have p =[G : H] >
[G : Nu]. Because [G : Ng]||G|, this implies [G : Ng] =1 or [G : Ny] = p. Since
H is not a normal subgroup of G, we have Ny # G; hence

p=[G:Nyg|<[G:H]=p
and so |S| =[G : Ng] = p. Thus, there is an isomorphism ¥: Perm(S) — S,.

The equality p = [G : Ny| = [G : H] implies Ny = H. It follows that, for all
g € G—H we have gHg~! # H. In particular, for all g € G — H we have ¢, # idg
and so Ker(¢) C H.

Claim: Ker(¢) = H. Suppose not. Then Ker(¢) C H, and so

(G : Ker(¢)] =[G : H|[H : Ker(¢)] = p[H : Ker(¢)].

The composition ¥¢: G — S, shows that the group G/Ker(¢) = G/ Ker(¥¢) is
isomorphic to Im(¥¢) < Sp. In particular, we have

plH : Ker(¢)] = [G : Ker(¢)] = |G/ Ker(9)][|S,| = pl.
It follows that [H : Ker(¢)]|(p — 1)!. Since [H : Ker(¢)] # 1, there is a prime ¢ < p
such that ¢|[H : Ker(¢)]|G. It follows that ¢||G|, contradicting the minimality of
.
It follows that H = Ker(¢) < G, a contradiction. O

The next result generalizes Lemma [16.3

ProPOSITION 17.4. If G is a finite group and p is a prime number such that
p“G\, then G contains an element of order p.

Proor. Let P < G be a p-Sylow subgroup. By Corollary we know
Z(P) # {e}. Lagrange’s Theorem implies |Z(P)|||P| = p*, and so the condition
|Z(P)| > 1 implies p||Z(P)|. Lemma shows that Z(P) contains an element of
order p, and this is an element of GG of order p. ([

ProproOSITION 17.5. Let N and H be normal subgroups of a finite group G. If
ged(|N|,|H|) =1, then nh = hn for alln € N and all h € H.

PRrROOF. For all n € N and all h € H, we have nhn~! € H because H < G,
and so nhn~'h~! € H. Lagrange’s Theorem implies |nhn*1h’1||\H|. Similarly,
m~'ht € N = nhn'h7! € N = [|nhn 'h7Y||N|. It follows that
Inhn~'h=!|| ged(|N|,|H|) = 1, and so nhn™'h™! =e. O

PRrROPOSITION 17.6. Let p and q be prime numbers such that 1 < p < q and
|G| = pq. Let s denote the number of p-Sylow subgroups of G.
(a) There is a homorphism : Z/pZ — Aut(Z/qZ) such that G = Z/qZ x., Z/pZ.
(b) If s # q, then G = Z/(pq)Z.

PROOF. @ Let P < G be a p-Sylow subgroup, and let @ < G be a ¢g-Sylow
subgroup. Since |P| = p, we have P = Z/pZ, and similarly we have Q = Z/qZ.
In particular, every nonidentity element of P has order p, and every nonidentity
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element of ) has order ¢q. Because p and ¢ are distinct primes, it follows that
PNQ = {e}.

Since [G,Q] = p and p is the smallest prime number dividing |G|, Proposi-
tion implies @ < G. In particular, P C Ng and so PQ < G. Moreover,

[PQ[ = [PlIQI/IPNQ| = |Pl|Q| = pg = |G|

and so G = PQ.

Since @ < G an exercise yields the following. For each x € P the map ¢,.: Q —
Q given by y +— xyz~! is a well-defined automorphism of Q. The assignment
¢(x) = ¢, describes a homorphism ¢: P — Aut(Q), and G = @ x4 P. The
isomorphisms P 2 Z/pZ and Q = Z/qZ yield the desired conclusion.

(B) Theorem implies
s||GI/|P| = pa/p = q.

Since s # ¢, we have s = 1. Hence P < G, and Proposition [I7.5] implies zy = yx
for all x € P and all y € Q. In particular, the homomorphism ¢ from the proof of
part @ satisfies ¢, = idg for all z. The exercise on semi-direct products implies

GE2Qxy PE2QXxP=Z/qL X L/pL =Z/(pq)Z
where the last isomorphism follows from the fact that ged(p, q) = 1. O
Structure theorems for finitely generated abelian groups.

REMARK 17.7. When G is an abelian group, we will use additive notation for
the operation. Hence, we write g + h instead of gh for the operation, —g instead of
g~ ! for the inverse of g, 0 instead of e for the identity in G, and ng instead of g"
when n € Z.

DEFINITION 17.8. Let {G,}aca be a set of abelian groups. The product
[Ioca Ga is the cartesian product with operation defined coordinatewise. In other
words,

[Ioca Ga = {sequences (g,) such that g, € G, for each o € A}
(9a) + (ha) = (ga + ha)
—(9a) = (—9a)
O, G = (0c.)

These operations are well-defined and endow [][,. 4 Go with the structure of an
abelian group. The direct sum is the subgroup

BacAGa = {(9a) € [Taca Ga | ga = 0 for all but finitely many a € A} <[] cq Ga-

If A=0,then [, cp Ga = BacoGa = {0}. If Ais finite, then [] .4 Go = PacaGa-

18. Day 20

DEFINITION 18.1. Let G be an abelian group and {Gy }aca a set of subgroups
of G. Set 3 c 4 Ga = (UaecaGa) < G.

PROPOSITION 18.2. Let G be an abelian group and {Gy}taca a set of subgroups
of G. Assume that G = ., Gao. Assume that, for all n € N and all distinct
elements ag, o, ..., € A we have Goy Ny iy Go, = {0}. Then G = @acaGa.
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PROOF. Define ¢: @qeca Go — G by the formula ¢((ga)) = >, ga- The fact
that only finitely many of the g, are nonzero says that the sum is finite. Check
that this is a well-defined abelian group homomorphism.

¢ is surjective: Let g € G. The assumption G = ) . 4 G implies that there
exist n € N and a1,...,a, € A and g,, € G,, such that g = Zigai. Fora € A
such that o & {aq,...,a,} set g, = 0. It follows that

P((9a)) =20 9a =2 190 =9
and so ¢ is surjective.
p is injective: Let (go) € Ker(yp) and suppose (go) # (0). Let gags-- - 9a,
be the distinct nonzero components of (g,). Note that n > 1 because otherwise
0% 9o = nea 9o =0, a contradiction. Then

Jao = = 2ie1 Jai € Gag NI, Ga, = {0}
and so gg = 0, a contradiction. Thus, (g,) = (0) and so ¢ is injective. O

DEFINITION 18.3. Given any set A and any abelian group G, set G = @,caG

the direct sum of A many copies of G. An abelian group G is free if there exists a
set A such that G = Z4) = @,caZ. In ZM, for each 3 € A, let e; = (dap) where

5o 1 ifa=p
TN0 ita#s

That is, e is the sequence with 1 in the 5 spot and 0 everywhere else.
Be warned that a free group is not usually the same as a free abelian group.

DEFINITION 18.4. Let G be an abelian group. A basis for G is a subset B C G
such that, for all 0 # g € G there exist unique m € N, distinct by, ..., by, € B, and
Ny, ..., € Z — {0} such that g = 327 np,b;. We sometimes write 307 b
in place of Y% | np,b;.

EXAMPLE 18.5. Let A be a set. The set {e; | 8 € A} is a basis for ZA,
Be warned that not every abelian group has a basis.

EXAMPLE 18.6. If n is an integer n > 2, then Z/nZ does not have a basis.
Indeed, for each element m € Z/nZ, we have nin = 0 and so no subset of Z/nZ is
linearly independent over Z.

The next proposition contains the universal property for free abelian groups
and the fact that the universal property characterizes free abelian groups up to
isomorphism.

PRrROPOSITION 18.7. For an abelian group G and a function e: A — G, TFAE:
(i) there is an isomorphism @: ZY) — G such that p(e,) = e(a) for each o € A;

(ii) €(A) is a basis for G;

(iii) for each abelian group H and each function f: A — H, there is a unique
abelian group homomorphism F: G — H making the following diagram com-
mute:

A——aG

|
\ | 3P
PNy

H.
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PROOF. = (). Let ¢: Z® — G be such an isomorphism. The set
{e, | o€ A} CZM is a basis for Z(4). Because ¢ is an isomorphism, the set
€(A) =p({e, e A} CC

is a basis for G.
== . Define F': G — H by the formula

Ia (Zinitc nae(a)) _ Zinitc naf(a).

The fact that e(A) is a basis for G shows that F' is a well-defined abelian group
homomorphism. The next computation shows that the diagram commutes: for
8 € A, we have

F(e(B) = F (Xoq bape(@)) = 2o dapf(a) = f(B).
For the uniqueness, assume that F’: G — H is another homomorphism such that
F'(e(B)) = f(B) for all B € A. Then

F (Zinite nae(a)) _ Zf;nite na ' (e(a)) = Zinite N f(a) = F (Zinite nae(a)>

= . Let f: A — Z™) be given by f(a) = e,. Condition yields
an abelian group homomorphism F: G — Z(*) such that F(e(3)) = f(8) = e, for

all 8 € A. Hence, F (Zgnite nae(a)) = 20y e . Because Z() has a basis

(0% «@
{e,}aca, the implication — (jiii) shows that there exists a unique abelian
group homomorphism ¢: Z(4) — G such that ¢(e,) = e(a) for each o € A.
It follows that @F = ids because of the uniqueness condition in : The map
pF: G — G satisfies

(PF)(e(@) = p(F(e(a))) = p(eq) = €(a).

In other words, the following diagrams commute:

A—=@ A——=G
| |
Y Y
G G.

Since there is a unique abelian group homomorphism making the diagram commute,
we have oF = idg. Similarly, applying condition to Z(Y, the uniqueness
statement shows Fp = idy) and so F' and ¢ are inverse isomorphisms. O

19. Day 21

Here is a restatement of the universal property for clarification.

COROLLARY 19.1. Let G be a free abelian group, and let B C G be a basis
for G. For every abelian group H and every subset {hy}rep C H, there exists a

unique abelian group homomorphism F: G — H such that, for each b € B, we have
F(b) = hy. O

DEFINITION 19.2. Let G be an abelian group. G is torsion if, for each g € G
there exists n € N such that ng = 0. G is torsion-free if, for each 0 # g € G the
map N — G given by n — ng is injective.

Note that there are groups that are not torsion and not torsion-free: Z®(Z/27Z).
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THEOREM 19.3. Let G be a torsion group. For each prime number p, set
Gp={9€G|p*g=0 for somen € N}. Then each G, < G and G = &,G).

PROOF. First we show G, < G. Because p’0 = 0 for all j € N, we have 0 € G.
Fix g,h € G, and let m,n € N such that p™g = 0 = p™h. With r = max{m,n},
we have p"g = 0 = p"h. Hence, p" (g —h) =p"g—p"h=0and so g —h € G,. Now
apply the subgroup test.

Next we show G' = @®,G). We will use Proposition[I8.2] so there are two things
to check.

(1) G =>,Gp. Fix g € G. Because G is torsion, there exists n > 2 such
that ng = 0. Write n = p"m where p t m. Then ged(p”,m) = 1 and so there are
integers a,b € Z such that ap” + bm = 1. It follows that ap”g + bmg = g and
m(ap”g) = 0 = p"(bmg). That is, we can write g = g, + ¢’ where g, € G, and
mg' = 0.

Using the Fundamental Theorem of Arithmetic, write n = pj*---plm where
the p; are distinct primes. By induction on m, using the previous paragraph, we
can write g = g, + ...+ gp,, for some g,, € Gp,. This shows G =3 G,.

(2) For all n € N and all distinct prime numbers pg, p1,...,pn, we have Gp, N
Yo Gp, = {0}. Suppose go € Gp,NY i Gp,,say go = >, g; with g; € G,,,. For
each i = 0,...,n there exists a; > 1 such that p{’g; = 0. Let m = p{*---p% and
note that ged(pg®, m) = 1. Hence, there are integers ¢, d € Z such that cpg® +dm =
1. By construction and assumption, we have

mgo =m3 i gi = 0= pg°go
and so
go = 1go = (cpy” + dm)go = cp;°go + dmgo = 0
as desired. [l

COROLLARY 19.4. If G is a finite abelian group, then G = Gp, ® --- ® Gp,
where pi,...,pn are the distinct prime factors of |G|.

PROOF. @ is finite, so every element of G has finite order. Hence, G is torsion
and so G = @,G,. If p t |G|, then G, = {0}: otherwise, there exists an element
0 # g € G, and so p||g]||G|, a contradiction. O

Here’s something important that does not follow from the “usual” axioms of
set theory. See Hungerford pp. 12-15 for a discussion.

The Axiom of Choice. The Cartesian product of a family of nonempty sets
indexed over a nonempty set is nonempty.

For an important reformulation, we need some terminology.

DEFINITION 19.5. A partially ordered set is a nonempty set A with a relation
< (called a partial ordering on A) which is reflexive (for all a € A, we have a < a),
transitive (for all a,b,c € A, if a < b and b < ¢, then a < ¢) and antisymmetric (for
all a,b € A, if a <band b < a, then a = ).

ExXAMPLE 19.6. If A C R, then A is a partially ordered set under the usually
ordering <.

If S is a set and A is a set of subsets of S, then A is a partially ordered set
under inclusion.
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DEFINITION 19.7. Assume that A is a partially ordered set. Two elements
a,b € A are comparable if either a < b or b < a. An element ¢ € A is mazimal in A
if, for every a € A which is comparable to ¢, we have a < ¢. If ) # B C A, then an
upper bound of B in A is an element a € A such that, for all b € B, we have b < a.
B is a chain if every two elements in B are comparable.

Assuming the “usual” axioms of set theory, the following is equivalent to the
Axiom of Choice. For a proof, consult a book on set theory.

Zorn’s Lemma Let A be a nonempty partially ordered set such that every
chain in A has an upper bound in A. Then A contains a mazximal element.

Here is a useful application of Zorn’s Lemma.

LEMMA 19.8. Let G be an abelian group and G' < G. The set H = {H < G |
G' N H = {0}} has a mazimal element.

PROOF. First, we have {0} € H, and so H # 0. The set H is partially ordered
with respect to inclusion, so it suffices to show that every chain C in H has an upper
bound in H.

We claim that K = UgecH is an upper bound for C in H. (Then the result
will follow from Zorn’s Lemma.) There are three things to check:

(1) K < G: We use the subgroup test. C is a chain, so it is nonempty. For
each H € C, we have H < G and so 0 € H C K implies 0 € K. Let h,h/ € K. We
need to show h —h' € K. By definition, there exist H, H' € C such that h € H and
h' € H'. Since C is a chain, either H C H' or H' C H. Assume that H C H’'. (The
other case is similar.) Then h € H C H and ' € H' andso h—h € H C K.

(2) G'NK ={0}: GNK =G N(UgecH) =Ugec(G'NH) =Upgec{0} = {0}.

(3) For all H' € C, we have H' C K. This is true by the definition: H' € C
implies H' C UgecH = K. O

20. Day 22

THEOREM 20.1. Let G be an abelian group. Assume that p is a prime number
such that p"G = {0} and p"~1G # {0} for some n > 1. Then there exists H < G
such that G 2 Z/p"Z & H.

PROOF. By the choice of p and n, there exists 0 # g € G such that |g| = p™.
Hence (g) = Z/p"Z and so it suffices to find H < G such that G = (¢g) ® H. By
Proposition it suffices to find H < G such that G = (g)+ H and (g)NH = {0}.

Lemma implies that the set H = {H < G | (g9 N H = {0}} contains a
maximal element H with respect to inclusion. By construction, we have (g) N H =
{0}.

Suppose G 2 (g) + H, and fix k € G — ({9) + H).

Suppose pk € (g) + H. Then we have pk = rg + h for some r € Z and h € H.
Then

0=p"k=p""'(pk) =p" lrg+p""'h
and so
p"lrg=—p"'he (g)n H = {0}
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and so p"~rg = 0. Since |g| = p", it follows that p|r. Write r = ps for some s € Z.
Then

pk=1rg+ h =psg+ h.
Let k' = k—sg. Then k' &€ (g)+ H: otherwise k', sg € (g)+ H implies k = k' +sg €
(9) + H, a contradiction. Also,
pk! = pk —psg = pk —rg=h € H.

Claim: ((¥") + H) n (g) = {0}.
An element of ((k') + H) N (g) has the form tk’ + h’ = ug with b’ € H and
t,u € Z. We need to show ug = 0. We have

tk' =ug—h' € (g) + H.
Also,
th' =tk —tsg = th=1tk' +tsge (g) + H
and so p|t; say t = pv with v € Z. Then
ug=h +tk' =hn" +pok’ =nh' +vh € H.

Since ug € (g) we have ug € (g) " H = {0} and so ug = 0.

Since k' ¢ H, we have H C (k') + H, so the claim violates the maximality of H.
Thus, pk ¢ (g) + H. Since p"G = 0, there exists m € N such that p™k € (g) + H
and p™~ 'k & (g) + H. That is, z = p™ 1k is an element of G such that z &€ (g) + H
and pz € (g) + H. Thus, the above argument again yields a contradiction, and so
the element k cannot exist. O

PROPOSITION 20.2. Ewvery subgroup of Z™ is free of rank < n.

PrOOF. By induction on n. If n = 1, then every subgroup H < Z is H = mZ
for some m € 7Z. Therefore,

0} =7 ifm=0
Lo
S \mz=7z' ifm#£o.

Assume n > 1 and assume that every subgroup of Z"~! is free of rank < n— 1. Let
K < Z", and define f: Z" — Z by the formula f(a1,...,a,) = a,. Check that f is
a homomorphism with Ker(f) = Z"~! @ {0} = Z"~L. Tt follows that f(K) < Z, so
f(K) =mZ for some m € Z. If m = 0, then K C Ker(f) = Z""!, so our induction
hypothesis implies that K is free of rank < n — 1. So, we assume that m # 0. Fix
an element k € K such that f(k) = m.

Claim: K = (KNZ" 1)+ (k). The containment “D” is clear. For the contain-
ment “C” fix an element h € K. Then f(h) = rm for some r € Z, so f(h—rk) = 0.
Hence, we have h —rk € Ker(f) N K =Z"'N K, and so h € (K NZ""1) + (k).

Claim: (K NZ" 1) N (k) = {0}. Write k = (ky,..., k), and let

h=(hi,...,hn_1,0) € (KNZ" 1) N (k).
Since h € (k), we have
(hl,...,hnfl,()) =h=sk= (skl,...,skn)

for some s € Z, and so 0 = sk, = sm. Since m # 0, we have s = 0 and so
h =sk=0.
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Using the two claims, Proposition implies K = (K NZ"1) & (k). Since
KNZ* 1 <Z" ! wehave KNZ" ' = Z* ! for some k —1 < n — 1. Also, since
k # 0, we have (k) =2 Z and so

K= (Knz' Yo (k) =z 1oz =7*
as desired. ([
21. Day 23

REMARK 21.1. Fix integers n,k > 1 and let h: Z* — Z" be a group homomor-
phism. We can represent h by an n X k matrix with entries in Z as follows. Write

elements of Z* and Z" as column vectors with entries in Z. Let ey, ..., e, € Z* be
the standard basis. For j = 1,...,k write
ai,j
hiej) = | o
anj

Then h is represented by the n x k matrix

ail oAl ot A1k
1) = (@ig) = [ ain o ais o aia
An,1 * Gn,j o Gnk

in the following sense: For each vector

we have
r ay,j ai;l o Alk 71
h(;)=h(2jrjej)=Ejrjh(ej)=2m< : >=< : : )()
Tk An,j an,1 *** Qn,k Tk

We have elementary basis operations on the e;:
(1) Replace e; with —e;;
(2) Interchange e; and ey;
(3) Replace e; with e; + re; for some r € Z and [ # j.

These correspond to the appropriate elementary column operations on the matrix
(ai,5), in the following sense. Applying one of the elementary basis operations to the
e; yields an isomorphism ®: Z* — Z* such that the following diagram commutes

7k (ai,j) an

@i: l—
(bi,5)

zk —>17"

where (b; ;) is the matrix obtained by applying the corresponding elementary col-
umn operation to the matrix (a; ;). And, conversely, if (b; ;) is obtained from
(a; ;) by an elementary column operation, then the corresponding elementary basis
operations on the e; yields a commutative diagram as above.
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Let f1,...,f, € Z" be the standard basis. The elementary basis operations on
the f; correspond similarly to the elementary row operations on the matrix (a; ;).
Furthermore, if we repeatedly apply elementary row and column operations to
the matrix (a; ;) to obtain the matrix (¢; ;), then this yields a commutative diagram

7k (aij) on

@i: wl:
(ci,5)

Ik ——=7".

We say that an n x k matrix (d; ;) with integer entries is equivalent to (a; ;) if it
can be obtained from (a; ;) using a (finite) sequence of elementary row and column
operations.

PROPOSITION 21.2. Fiz integers n > k > 1 and let h: ZF — 7™ be a group
monomorphism. There exists a commutative diagram of group homomorphisms

ol | wlg

Zk h > 7n

such that the matriz representing b’ is “diagonal”, that is, [h'] = (d; ;) where d; ; =
0 when i # j. Furthermore, (d; ;) may be constructed so that dl’l‘d2,2| cee |dk’k.

PROOF. Let [h] = (a; ), and let A denote the set of all s € N such that a finite
number of elementary row and column operations applied to (a; ;) yields a matrix
with s in the upper left corner.

Claim: A # (). Because h is a monomorphism, there is a nonzero entry in the
first column of (a; ;). Hence, matrix operations can be applied to yield a matrix
with a positive entry in the first column, and then to yield a matrix with a positive
entry in the 1,1 entry.

Because A is a nonempty set of natural numbers, it has a minimal element.
Apply the necessary row and column operations to yield a new matrix (b; ;) such
that by ; is the smallest element of A.

Claim: by,1 < |b; ;| for all b; ; # 0. Suppose not, say 0 < |b; j| < b1 1. Elemen-
tary matrix operations would then yield an equivalent matrix with |b; ;| in the 4, j
spot, and then an equivalent matrix with |b; ;| in the 1,1 spot. This contradicts
the minimality of by ; in A.

Claim: b1’1|bi’j for all ¢,j. Use the division algorithm to find integers g, such
that b; ; = gbi,1 +7 and 0 <7 < by 1. If r # 0, then elementary matrix operations
can be applied to yield an equivalent matrix with r in the 1,1 spot; this would
contradict the minimality of by ; in A. Hence, r = 0 and so by ; |bi,j.

It follows that elementary matrix operations yield an equivalent matrix (c; ;)
such that r # 1 implies ¢; , = 0 and ¢, ; = 0 and such that c¢; ; ’Ci,j for each 1, j.

Repeating this process to appropriate “submatrices” of (¢; ;) yields the desired
matrix, and Remark yields the desired commutative diagram. O
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PROPOSITION 21.3. Let h: K — N and I/: K/ — N’ be abelian group homo-
morphisms. Given a commutative diagram of group homomorphisms

K _h N
@lw wlN
h/
K/ > N/
there is an isomorphism a: N/Im(h) =N N'/TIm(h').
PRrROOF. Let a: N/Im(h) — N’/Im(h') be given by
a(z +Im(h)) = ¥(z) + Im(R').
Claim: « is well-defined. Fix z,y € N such that z + Im(h) = y + Im(h). Then
x —y € Im(h), say x —y = h(z) with z € K. Then
U(x) = U(y) = ¥(z —y) = U(h(z)) = h'(2(2)) € Im(H)
and so U(x) + Im(h') = ¥(y) 4+ Im(h').
Since ¥ is a group homomorphism, one checks readily that « is also a group
homomorphism. (The fact that « is a well-defined group homomorphism can also
be shown using the universal property for group quotients in Lemma )

Since ¥ and & are isomorphism, we have a second commutative diagram of
abelian group homomorphisms

Indeed, for k¥’ € K’ we have
V(@ (K))) = h'(2(2TH (k') = I'(K') = W (¥~ (W (K)))
and so h(®~1(K")) = U—L(R/(K')).

Thus, the above argument shows that the map 8: N'/Im(h’) — N/Im(h) given
by B(z'+Im(h')) = =1 (2’)+Im(h) is a well-defined abelian group homomorphism.
Direct computation shows fa = idy, () and af = idy/ /). Hence, « is an
isomorphism with inverse (. (I

22. Day 24

Here is the Fundamental Theorem for Finitely Generated Abelian Groups.

THEOREM 22.1. If G is a finitely generated abelian group, then G is a direct
sum of cyclic groups. Moreover, there is an isomorphism
GEZ/AWZ&® - SL/dZ DL
such that each d; > 1 and d1’d2’ . |dk,
Proor. Let {g1,...,9n} C G be a generating set for G. The map f: Z" — G
given by f(mq,...,my) =Y. m;g; is a well-defined group epimorphism. We have

Ker(f) < Z", so Proposition yields an isomorphism hy: ZF => Ker(f) for
some k < n. Let e: Ker(f) — Z" be the natural inclusion, and set h = ehy: Z* —
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Z™. Since hy is an isomorphism and ¢ is a monomorphism, we know that h is a
monomorphism.
Proposition yields a commutative diagram of group homomorphisms

@iu \I/\Lﬁ

such that [h'] = (d;;) where d;; = 0 when i # j and d171}d2)2’~-~|dk7k. Let
f1,.... £, € Z" be the standard basis. Then we have

G=7"/Ker(f) first isomorphism theorem
=7"/Im(h) construction of h
=~ 7" /Im(h') Proposition 21.3]
=Z"/(dyf1,. .., difk) assumptions on A’
~7/d 12D DL dp kL DL Exercise.
This is the desired conclusion. (I

COROLLARY 22.2. Let G be a finitely generated abelian group and set Gy =
{9 € G|ng =0 for somen € Z}. If G is generated by n elements, then there exists
an integer 0 < 1 < n such that G = Gyor & 7.

ProoOF. Using Theorem [22.1| we have
0 L)\ B L)L B L S G

such that each d; > 1 and d1|d2| s ‘dk.

Note that (g7, - -,k Gkt1,--->9n) € (BF_Z/d;Z) ® Z"F is a torsion element
if and only if gr+1 = --- = g, = 0. That is, we have

(BFZ/diZ) ® L F)ior = (D124 Z/diZ) ® {0}
Since ¢ is an isomorphism, we have
Gror = (B4 Z/diZ) ® L F)ror) = (D1 Z/diZ) @ {0})

and so
G = (D=1 Z/diZ) © Z"F) = p(D[1 Z/diZ) ® p(Z"7F) = Gror D Z7F
as desired. 0

Given a finitely generated abelian group, there are several ways to write Gyoy.
Each one has its own utility. Since Gy, is finite (exercise) the final results from
this chapter show some of the ways.

PROPOSITION 22.3. Let G be a finite abelian group. If p is a prime number
such that p"G = {0} for some n > 1, then there exist ny,...,n, € N such that
GgZ/pnlz@...@Z/pan.

PRroOOF. By induction on |G|, using Theorem m O

COROLLARY 22.4. Let G be a finite abelian group and p1,...,ps the distinct
prime divisors of |G|. There are m11,..., M1 5y ;N2 1y« 3Ny v vy Ms1y---y Ny, €
Ny i
N such that G = ®3_, @j;lJ Z/p; L.
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PROOF. By Theorems [19.3] and Proposition 22.3] O

COROLLARY 22.5. If G is a finite abelian group, then there are dy,...,d € N
such that

GEZ/MWZ&® - DL/dYZ
and d1|d2| e |dk

PRrROOF. By Theorem [22.1] using the fact that a finite group cannot have an
infinite direct summand. O



CHAPTER 2

Category Theory

1. Day 1

DEFINITION 1.1. A category C is a collection (or class) Ob(C) of “objects”
such that, for every pair A, B in Ob(C) there is an associated set Morc (A, B) of
“morphisms” satisfying the following properties:

(1) If A, B,C, D are in Ob(C), and either A # C or B # D, then Mor¢(A, B) and

Mor¢(C, D) are disjoint;

(2) If A, B, C are in Ob(C), there is a map Mor¢ (B, C')xMor¢ (A, B) — Mor¢ (A4, C),

called a law of composition and denoted (f,g) — f o g;

(3) The law of composition is associative; and
(4) For each A in Ob(C), there is an element i4 € Mor¢(A, A) such that for all

f € Morc(A, B) and g € More(C, A) we have foigs = fandigqog=g.

Instead of writing f € Mor¢(A, B), we often write “f: A — B is a morphism in C”.

ExXAMPLE 1.2. The category of sets: sets is the category whose collection of
objects is exactly the collection of all sets and such that, for sets A, B the set
Morgets(A, B) is the set of all functions f: A — B. We set i4 =ida: A — A and
f o g is the composition of functions.

EXAMPLE 1.3. The category of groups: gps is the category whose collection of
objects is exactly the collection of all groups and such that, for groups A, B the
set Morgps(A, B) is the set of all group homomorphisms f: A — B. We set i4 =
idg: A — A and fog is the composition of functions. Note that, in verifying that
gps is a category, we use the fact that the composition of two group homomorphisms
is another group homomorphism.

EXAMPLE 1.4. The category of abelian groups: ab is the category whose col-
lection of objects is exactly the collection of all abelian groups and such that, for
abelian groups A, B the set Mor,,(A, B) is the set of all (abelian) group homo-
morphisms f: A — B. We set ig = idg: A — A and f o g is the composition
of functions. (Similarly, we have the categories of finite groups, finitely generated
groups, finitely generated abelian groups, finite abelian groups, etc.)

ExampPLE 1.5. The category of topological spaces: top is the category whose
collection of objects is exactly the collection of all topological spaces and such that,
for topological spaces A, B the set Morop (A, B) is the set of all continuous functions
f:A— B. Wesetig =ids: A — A and f o g is the composition of functions.
Note that, in verifying that top is a category, we use the fact that the composition
of two continuous functions is another continuous function.

ExaMPLE 1.6. The category of complex manifolds: man is the category whose
collection of objects is exactly the collection of all complex manifolds and such

49
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that, for complex manifolds A, B the set Morman(A, B) is the set of all complex
differentiable functions f: A — B. We set i4 = idg: A — A and f o g is the
composition of functions. Note that, in verifying that top is a category, we use the
fact that the composition of two differentiable functions is differentiable function.

ExAMPLE 1.7. Categories with one object correspond precisely to monoids.

Let M be a monoid. Let C be the category with Ob(C) = {M} and Mor¢ (M, M) =
M. This is a category with one object.

Conversely, let D be a category with one object A. Then Mor¢(A, A) is a
monoid with multiplication given by the law of composition.

EXAMPLE 1.8. Categories C such that Ob(C) is a set and | Mor¢ (A4, B)| < 1 for
all A, B € Ob(C) correspond precisely to partially ordered sets.
Let S be a set partially ordered by <. Let C be the category such that Ob(C) =
S and
Mor¢ (A4, B) = {{(A’B)} ?f A<B
0 if AZ B.

Let the law of composition be given by (A, B)o (B,C) = (A,C) when A < B < C.

Conversely, let D be a category such that Ob(D) is a set and | Morp (4, B)| < 1
for all A, B € Ob(D). We make Ob(D) into a partially ordered set by declaring
A < B when Morp (A, B) # 0.

2. Day 2

DEFINITION 2.1. The opposite category: If C is a category with law of compo-
sition o, define C°P as Ob(C°P) = Ob(C) and Morcer (A, B) = Mor¢(B, A) with law
of composition f x g := go f. Note that C°P = (C°P)°P.

DEFINITION 2.2. Functors: Functors are “maps” between categories that re-
spect the structure of the categories. Let C and D be categories.
A covariant functor F': C — D is a “rule of assignment”:
(1) for each object A in Ob(C), the rule F' associates an object F(A) in Ob(D);
(2) for each morphism f: A — B in Mor¢(A, B), the rule F' associates a morphism
F(f): F(A) — F(B) in Morp(F(A), F(B));
(3) for each object A in Ob(C), if i4 is the identity morphism in Mor¢ (A4, A), then
F(ia) = ip(a), the identity morphism in Morp(F'(A), F/(A));
(4) for all objects A, B,C in Ob(C) and all morphisms g: A — B in Mor¢(A, B)
and f: B — C in Mor¢(B, C'), we have F(fog) = F(f)o F(g); in other words,
given a commutative diagram in C

A—2>p

N

C

the associated diagram in D also commutes:

F4) 2% p(B)

F
F& l o

F(C).
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Condition () is the “functoriality” of F. Condition (2)) (do not reverse the direction
of the arrows) is what makes F' covariant.
A contravariant functor G: C — D is a “rule of assignment”:

(1) for each object A in Ob(C), the rule G associates an object G(A) in Ob(D);

(2) for each morphism f: A — B in Mor¢(A, B), the rule G associates a morphism
G(f): G(B) — G(A) in Morp(G(B), G(A));

(3) for each object A in Ob(C), if i4 is the identity morphism in Mor¢ (A4, A), then
G(ia) = iga), the identity morphism in Morp(G(A), G(A));

(4) for all objects A, B,C in Ob(C) and all morphisms g: A — B in Mor¢(A, B)
and f: B — C in More(B, C), we have G(f og) = G(g) o G(f); in other words,

given a commutative diagram in C

A—2>p

N

C
the associated diagram in D also commutes:

a4 <Y q(B)

G
G:m T )

G(O).

Condition is the “functoriality” of G. Condition (reverse the direction of
the arrows) is what makes D contravariant.

ExXAMPLE 2.3. Forgetful functors: we define a rule of association F': gps — sets
that associates, to each group G, the underlying set F'(G) where we “fnget” the
group operation. For each homomorphism f: G — H in Morgys(G, H), we let
F(f): F(G) — F(G) in Morgs(F(G), F(H)) denote the underlying set-theoretic
function where we “forget” that f respects the groups operations: remember that
we have forgot the group structures. This is a covariant functor.

Similar forgetful functors are constructed ab — gps (forget the commutativity
of the operation), man — top (forget the manifold ‘structure and only remember
the topological structure), etc.

ExaMPLE 2.4. The abelianization functor F': gps — ab: For each group G,
set F(G) = G/[G,G] where [G,G] is the commutator subgroup; see Section
For each group homomorphism ¢: G — H, Theorem implies that the following
function is a well-defined abelian group homomorphism: G/[G,G] — H/[H, H]
given by g+ f(g). Denote this map by F(y): F(G) — F(H).

This is a covariant functor, as follows. We have verified conditions (I]) and
from Definition It remains to check conditions and .

Let idg: G — G be the identity homomorphism on a group G. We show

that F(idg) = idp(g): F(G) — F(G): for each g € F(G) = G/[G, G], we have

F(idg)(9) = idg(g9) =9 = idp)(9)-
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Let ¢: G — H and ¢: H — K be group homomorphisms. We show that
F(ipop) =F(i) o F(p):

F(yop)(g) = op)(g) =1(e(9)

F) o F(p)(9) = F(¥)(F(9)(9)) = F(¢)(p(9)) = ¢ (2(9))-

EXAMPLE 2.5. Hom functors: Let C be a category and fix an object A in C.

We define a covariant functor Fa: C — sets. For each object B in Ob(C), we
set F'4(B) = Mor¢ (A4, B). For each morphism f: B — C in Mor¢(B, C), the law
of composition yields a function F4(f): Morc(A, B) — Morc(A,C) by the rule
g — f og; this is how we define Fa(f): Fa(B) — Fa(C). The fact that iog=g
for all G € Mor¢ (A, B) shows that Fa(ip) = ip,(p). The associativity of the law of
composition justifies the functoriality of Fa: Fa(fog) = Fa(f)oFa(g). In practice
we write Home (A, —) = Fa: Home (A, B) = Fa(B) and Home (A, f) = Fa(f).

We define a contravariant functor G4: C — sets. For each object B in Ob(C),
we set G4(B) = More(B, A). For each morphism f: B — C in Mor¢(B,C), the
law of composition yields a function G4 (f): Mor¢(C, A) — More (B, A) by the rule
g — go f; this is how we define G4(f): GA(C) — G4(B). In practice we write
Home (A, —) = G4: Home (A, B) = G4(B) and Home (A, f) = Ga(f).

EXAMPLE 2.6. A “non-functor”: For each group G, let Z(G) denote the cen-
ter of G. We show that this operation cannot be made into a covariant functor
Z: gps — ab. Let h: Z/27Z — S; be given by h(0) = (1) and h(1) = (12). This
is a group homomorphism. Let g: S3 — S3/A3 be the natural epimorphism, and
let f: S3/As — Z/2Z be the (unique) isomorphism. With f’ = f o g, we have
f/ oh = idz/gz.

Since Z/27 is abelian, we have Z(Z/2Z) = Z/27Z. On the other hand, we have
seen that Z(S3) = {(1)}. Suppose that there is a covariant functor Z: gps — ab
such that Z(G) is the center of G for each group G. The homomorphisms f’ and h
yield a commutative diagram in gps

7)27 — 8,

i‘% lf

Z/27.
Since Z is a functor, we have a commutative diagram in ab

Z(h) Z(h)

2(2/22) 25 7(54) 7/22 2" (o
Zm lzm i% lzm

Z(Z/2Z) ARYA

Since the target of Z(h) is {0}, we have Z(h) = 0; and similarly, we have Z(f') = 0.
Hence, the functoriality of Z yields
idz/gz = Z(ldz/gz) = Z(f’ (¢] h) = Z(f/) o Z(h) = 0 [¢] 0 = O

This is a contradiction, and so there is no way to make Z into a functor.



CHAPTER 3
Ring Theory

1. Day 1

DEFINITION 1.1. A ring is a nonempty set R with two binary operations “+”
and “” such that (R,+) is an abelian group, (R,-) is a semigroup, and (R, +,)
satisfies both distributive laws:

r(s+1t)=rs+rt (r 4 s)t = st + st.

A ring R is commutative if the multiplication - is commutative.

A ring R has identity if there is a (two-sided) multiplicative identity 1z € R.
(Note that we do not assume the existence of multiplicative inverses.)

A field is a commutative ring with identity 1z # Og such that every nonzero
element in R has a (two-sided) multiplicative inverse in R.

EXAMPLE 1.2. Under the usual addition and multiplication of integers, Z is a
commutative ring with identity; it is not a field.

Under the usual addition and multiplication, @Q, R, and C are fields.

Under the usual addition and multiplication of matrices, M2(R) is a ring with
identity that is not commutative. (More generally, this holds for M, (R) where
n > 2 and R is any commutative ring with identity.)

Under the usual addition and multiplication of integers, 27 is a commutative
ring without identity.

ExAMPLE 1.3. Fix an integer n > 2. Define multiplication in Z/nZ by the
formula @ - b = ab. (Note that this is well-defined.) Under the usual addition in
Z/nZ, this multiplication endows Z/nZ with the structure of a commutative ring
with identity. Furthermore, Z/nZ is a field if and only if n is prime. (Exercise.)

PROPOSITION 1.4. Let R be a ring.
(a) The additive identity in R is unique.
(b) If R has (multiplicative) identity, then the multiplicative identity in R is
UNLQUE.
(c) For each r € R, we have Ogr =0r = r0R.
(d) Assume that R has identity. Then R = {0g} if and only if 1g = Og.

Proor. (ED and (]ED: Proposition

(c) 0r = (0+0)r = 0r+0r = 0 = Or. The other equality is verified similarly.

(d) The implication “ =" is immediate. For “ <=" assume 1 = 0. For each
r € R, we have r = 1r = 0r = 0. O

ExaMpPLE 1.5. Group rings: Let G be a group with operation written multi-
plicatively, and let R be a ring with identity. Let R[G] be the group RS written

53
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additively. The elements of R[G] are finite formal sums »_ 749 with the ry € R,
and addition is given by

(deG r9g) + (dec 899) = ZgGG(rg + sg)9-
Define multiplication on R[G] by the formula

(dec ng)(zheg sph) = Zg7hEG(Tgsh)(gh)'

This is a ring with identity 1gr;g) = 1reg. The ring R[G] is commutative if and
only if R is commutative and G is abelian. (Exercise.)

DEFINITION 1.6. Let R and S be rings. A function f: R — S is a homomor-
phism of rings or ring homomorphism if it respects the addition and multiplication
on the rings: for all r,7’ € R, we have f(r+r') = f(r)+f(r') and f(rr') = f(r) f(r').

If R and S are rings with identity, then f is a homomorphism of rings with
identity if it is a ring homomorphism and f(1g) = 1g.

EXAMPLE 1.7. When f: R — S is a ring homomorphism and the rings R and
S both have identity, we may have f(1gr) # 1s. For example, this is so for the ring
homomorphism f: R — M(R) given by f(r) = (§9).

ExAMPLE 1.8. Direct products of rings; see Deﬁnition Let {Rx}xen be
a nonempty set of nonzero rings.

The product [], Ry is a ring with addition and multiplication defined coordi-
natewise: (ry) + (ry) = (ra +74) and (r)(r}) = (rarh)-

The product [], Ry has identity if and only if each Ry has identity. <= : If
1g, € Ry is a multiplicative identity, then the sequence (1g,) is a multiplicative
identity for [], Rx. == : If (r)) is a multiplicative identity for [], R, then r is
a multiplicative identity for Ry.

Similarly, the product [], Ry is commutative if and only if each Ry is commu-
tative.

2. Day 2

PROPOSITION 2.1. Let R be a ring and let r,s,t € R.
If r+s=r+t, then s=t.
r has a unique additive inverse in R, denoted —r.
—(=r)=r.
(=r)s = —(rs) = r(=s).
If R has identity, then (—=1g)r = —r = r(—1g).
r)(—s) =rs.
0

rallay,...,am,b1,...,b, € R, we have

(a)
(b)
()
(d)
()
(f)
)

(=
(8) F
(i, ai)(Z?:I bj) =>im, Z?:l aibj.

PROOF. Exercise [1][1.14|(a)).

(b) Exercise |1}i1.14](c).
(c) =+ (—r) = 0, so r satisfies the defining property for —(—r). Now use

(d) rs + (—r)s = (r + (—r))s = 0s = 0. This explains the first equality, and
the second one is explained similarly.

() —r = —(1r) = (—1)r by part (d). This explains the first equality, and the
second one is explained similarly.
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(f) (=r)(=s) =r(=(=s)) =rs.

(g) First, we show a(3_7_, bj) = (3°)_, ab;) by induction on n: For n > 2, we
have
a(327_1 bj) = a(bi +357_5 bj) = abi +a 375 5 bj) = aby + 3775 aby) = (30, abj).

Next, we show (3772 a;)(3°7_, bj) = 2272, 35—, a;b; by induction on m. The
base case m = 1 is in the previous paragraph. For m > 2, we have

(it @) (35— by) = (a1 + 3075 i) (25—, by)
= a3 by) + (s ai) (271 by)
= Z?:l arb; + 3270, Z?=1 aibj
= iny Z;‘L:I aibj.
(Il

DEFINITION 2.2. Let R be a ring. For r,s € R, define r — s = r + (—s).
A subset S C R is a subring if it is a ring with respect to the addition, sub-
traction, and multiplication on R.

EXAMPLE 2.3. nZ is a subring of Z.

EXAMPLE 2.4. Let S = {(59) € Ma(R)|r € R} C Ms(R). Then S is a subring
of My(R).

REMARK 2.5. If S is a subring of R, then 0g = Op as follows: s € S = 0O =
s —s € 5, and since O is an additive identity on R it is also an additive identity
on S.

EXAMPLE 2.6. Let S = {(59) € Ma(R)|r € R} C Ms(R). Then S is a subring
of M5(R). Note that S and M>(R) are both rings with identity, but they do not
have the same identity.

PROPOSITION 2.7. (Subring test) Let R be a ring and S C R a subset. Then
S is a subring of R if and only if it satisfies the following conditions:
(1) S #0;
(2) S is closed under the subtraction from R;
(3) S is closed under the multiplication from R.

Proor. Like the subgroup test, Proposition ([

ProrosITION 2.8. If f: R — T is a ring homomorphism, then Im(f) is a
subring of T.

PROOF. Use the Subring Test as in the proof of Exercise [1)i3.8|(al). O

DEFINITION 2.9. Let R be a ring. A subset I C R is a (two-sided) ideal if
(I,+) < (R,+) and, for all ¢ € T and all r € R, we have ar € I and ra € I.
In particular, when I is a two-sided ideal of R, the quotient R/I is a well-defined
additive abelian group.

EXAMPLE 2.10. For each integer n, the set nZ is a two-sided ideal in Z.

In Q, the set Z is a subring; it is not an ideal.

The only ideals of Q are {0} and Q. More generally, if k is a field, then the
only two-sided ideals of k are {0} and k. (Exercise.)
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REMARK 2.11. If I is an ideal in R, then Og € I because s € § — 0r =
s—seS.

PROPOSITION 2.12. (Ideal test) Let R be a ring and I C R a subset. Then I
is an ideal of R if and only if it satisfies the following conditions:

(1) I#0;
(2) I is closed under the subtraction from R;
(3) Forallr € R and all a € I, we have ra € I and ar € 1.

PRrROOF. Like the Subring Test. (]

ProrosITION 2.13. If f: R — T is a ring homomorphism, then Ker(f) is an
ideal of R.

PROOF. Use the Ideal Test as in the proof of Exercise [13.8{(a)). O

PROPOSITION 2.14. Let R be a ring and I C R a two-sided ideal.

(a) Define a product on the quotient R/I by the formula 7 -3 = 7s. This is
well-defined and makes R/I into a ring.

(b) If R is commutative, then so is R/I.

(¢) If R has identity 1, then R/I has identity 1g/; = 1g.

(d) The natural map w: R — R/I given by r — T is a surjective ring homomor-
phism with kernel I.

(e) If R has identity, then 7w is a homomorphism of rings with identity.

PROOF. (@) If =1’ and $ = &/, then r — 7/, s — s’ € I and so

rs—r's =rs—r's+r’s—r'd =@ —r)s+r' (s—5)el

N—— ~——
el el
—_——— N———
el el
el

which implies 78 = r’s’. The remaining properties of R/I follow from the corre-
sponding properties for R. For instance, once half of distributivity:

T(E+1t) =r(s+t)=rs+rt =75 +TL.

(b)) See Exercises 2.

(<) 17 = 1r =7 etc.

(d) 7 is a well-defined surjective additive abelian group homomorphism by
Example . And it is a ring homomorphism because 7(rs) =78 =7 -5 =
m(r)m(s).

(@ 1r/r =1r = 7(1r). O

PRrROPOSITION 2.15 (First Isomorphism Theorem). Let f: R — S be a ring
homomorphism.
(a) The function f: R/Ker(f) — Im(f) given by T — f(r) is a well-defined
isomorphism of rings and so Im(f) = R/ Ker(f).
(b) f is a monomorphism if and only if Ker(f) = {0g}.

PRrROOF. As in Exercise 3.8 O
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3. Day 3

Here is the ideal correspondence for quotients, and the third isomorphism the-
orem.

THEOREM 3.1. Let R be a ring and I C R an ideal. Let m: R — R/I be the
ring epimorphism w(r) =T. There is a 1-1 correspondence

{ideals J C R | I C J} «— {ideals J' C R/}
given by
Jr— J/I
ﬂ_—l(Jl) P J/
If J is an ideal of R such that I C J, then the function 7: R/I — R/J given
by T(r + 1) = r+ J is a well-defined ring epimorphism with Ker(r) = J/I; in

o

particular, there is a (well-defined) ring isomorphism (R/I)/(J/I) — R/J.
PROOF. As in Theorems [ll6.6] and 610l O

EXAMPLE 3.2. Let n > 2. The ideals of Z/nZ are exactly the sets of the form
mZ/nZ = {@ | m|a} for some m|n. And (Z/nZ)/(mZ/nZ) = Z/mZ.

Here are three important ways to combine ideals.

PROPOSITION 3.3. If {Ix}xea is a nonempty set of ideals in a ring R, then
Naealn is an ideal in R. In particular, if I,J are ideals of R, then so is I N J.

PROOF. As in Exercise [1l3.91 (I

EXAMPLE 3.4. If m,n € Z, then mZ NnZ = lem(m, n)Z.

DEFINITION 3.5. Let X be a subset of a ring R. The ideal generated by X is the
intersection of all ideals of R containing X; it is denoted (X). If X = {x1,..., 2.},
then we write (X) = (z1,...,x,).

PROPOSITION 3.6. Let X be a subset of a ring R.

(a) The set (X) is an ideal of R that contains X.
(b) (X) is the smallest ideal of R containing X .
(c) Assume that R has identity. Then

(X) = {finite sums of the form 37, >, aijxibij | a;j,bi; € R and x; € X}
In particular, if x € R, then
(z) = {finite sums of the form . ajxb; | aj,b; € R}.
(d) Assume that R is commutative and has identity. Then
(X) = {finite sums of the form Y, c;x; | ¢; € R and z; € X }.
In particular, if ¢ € R, then
(x) ={cx | c € R}.
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PROOF. (a)) The set of all ideals of R containing X is nonempty because R is
an ideal of R containing X. Now apply Proposition [3.3
If J is an ideal of R containing X, then J is one of the ideals in the
intersection defining (X). Hence (X) C J.
For the first equality, set

I = {finite sums of the form >, > a; jib; ; | a;;,bi; € R and z; € X}.

We need to show (X) = I.

“D” For each ideal J containing X, the fact that J is an ideal implies that
every finite sum of the form ), Zj a; jxib; ; is in J. In particular, every such sum
is in the intersection of all the ideals of R containing X. Hence, the containment.

“C” It is straightforward to show that [ is an ideal of R. Because R has identity,
we have X C I. Hence, [ is one of the ideals in the intersection defining (X), and
so (X)CI.

The second equality is a special case of the first one.

@ The first equality follows from part and the following computation:

200205 @i Tibig = 30, >0 (aisbigwi) = 30,325 @i jbig ).
————
Cq
The first equality uses the commutativity of R, and the second one uses the gener-

alized distributive law from Proposition [2.1)(g]).
The second equality is a special case of the first one. (I

EXAMPLE 3.7. In Z, we have (n) = nZ. If m,n € Z, then (m,n) = ged(m,n)Z.
DEFINITION 3.8. Let I4,...,I, be ideals of a ring R. Their sum is
Yli=h+ - +L={>;a|aj€l;j=1...,n}
In particular, for ideals I and J, we set
I+J={a+blacl,be J}.

ProrosITION 3.9. Let I1,...,1I, be ideals of a ring R.
(a) The sum 3_; 1; is an ideal of R.
(b) The sum ., I; contains Iy for each k=1,...,n
(c) We have 3, 1; = (U;jl;). In particular, 3, I; is the smallest ideal of R
containing U;I;.
(d) For ideals I,J,K in R, we have I +J)+K==I+J+K=1+(J+K).

PRrROOF. @ Use the ideal test and the generalized distributive law.

(b)) Use the fact that O € I, for each k.

(c) Let = € >°;1;. Then there exist a; € I; such that 2 = } . a;. Each
a; € UjIl; C (U;I;), so the fact that (U;I;) is closed under sums implies z =
Zj a; € (U]IJ) Hence Zj Ij - (U]Ij)

For the reverse containment, note that > 1 20 for each [, and therefore
>4 € U;I;. Since (U;l;) is the smallest ideal containing U;1;, it follows that
22515 2 (UI).

The second statement follows from the first one by Proposition (]ED

(d) This follows from the associativity and (generalized) commutativity of ad-
dition. O
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EXAMPLE 3.10. In Z, we have mZ + nZ = (m,n) = ged(m,n)Z.
DEFINITION 3.11. Let I1,..., I, be ideals of a ring R. Their product is

Hjljzll...ln
= {finite sums of elements of the form a; ---a, | a; € I;,j =1,...,n}.

In particular, for ideals I and J, we set

IJ = {finite sums of elements of the form ab|a € I,b € J}.

4. Day 4

ProOPOSITION 4.1. Let I4,..., I, be ideals of a ring R.
(a) The product []; I; is an ideal of R.
(b) We have Hj Ii={a-an|a;€l,j=1,...,n}). In particular, Hj I; is
the smallest ideal of R containing the set {a1---an |a; € I;,j=1,...,n}.
(¢) Forideals I, J, K in R, we have (IJ)K = I(JK) =I1JK.
(d) If J is an ideal of R, then J(3_, 1;) = > ,(JI;) and (3_; 1;)J = >, (1;J]).
(e) If R is commutative and o € Sy, then [[; 1; =[], Lo(j-

Proor. @ Use the ideal test and the generalized distributive law.
(]E[) Let ¢j € I for j =1,...,n. Then

c-rep€{ar-ran|aj€l;,j=1,...,n}
CHar---anlajel;j=1,...,n})=J

Since ({a1---an | aj € Ij,j =1,...,n}) is closed under finite sums, it follows that
every finite sum of elements of the form ¢;---¢, is in J. From the definition of
[1; 1;, we conclude [, I; C J.

On the other hand, Hj I; is an ideal that contains each product ¢; - - - ¢, with
cj € I;. Since J is the smallest such ideal, it follows that Hj I; o J.

The second statement follows from the first one by Proposition @

Check (IJ)K C IJK directly from the definitions using associativity of
multiplication. Check (IJ)K 2O IJK by showing that every generator of IJK is in
(IJ)K. The equality I(JK) = IJK is verified similarly.

(d) To show J(32; 1) € >2;(J1;), show that every generator of J(3_; I;) is in
>-;(JI;). For J(3 . 1;) 2 > ,(JI;), show directly that every element of 3 (J1;)
is in J(3_; I;) using the (generalized) distributive law. The equality (3_; 1;)J =
>_;(I;J) is verified similarly.

@ This follows similarly from the (generalized) commutative law. O

EXAMPLE 4.2. If m,n € Z, then (mZ)(nZ) = mnZ.

DEFINITION 4.3. Let R be a ring and P C R an ideal. P is prime if P # R
and, for all ideals I,J C R, if IJ C P, then either I C P or J C P.

EXAMPLE 4.4. 0Z is a prime ideal of Z. If 0 # m € Z, then mZ is a prime
ideal of Z if and only if m is a prime number. (These are the prototypes.)

PRroOPOSITION 4.5. Let R be a ring and P C R an ideal.

(a) Assume that, for all a,b € R, if ab € P, then either a € P or b € P. Then
P is prime.
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(b) If R is commutative and P is prime, then, for all a,b € R, if ab € P, then
either a € P orb € P.

PRrROOF. (ED Let I,J C R be ideals such that IJ C P and I € P. We need to
show that J C P. Let a € I — P. For all b € J, we have ab € IJ C P; since a ¢ P,
our hypothesis implies b € P. Thus, J C P.

() Let a,b € R and assume that ab € P. Since P is an ideal, we have (ab) C P.
Since R is commutative, we have (a)(b) = (ab) C P; Exercise. Since P is prime,
either (a) C P or (b) C P, and so either a € P or b € P. O

DEFINITION 4.6. An integral domain is a nonzero commutative ring with iden-
tity such that, for all 0 # a,b € R we have ab # 0.

EXAMPLE 4.7. Z is an integral domain. Every field is an integral domain, e.g.,
Q, R and C.

PROPOSITION 4.8. Let R be a nonzero commutative ring with identity. An ideal
I C R is prime if and only if R/I is an integral domain.

PROOF. “ == "7 Assume that I is prime. Then I C R and so R/I # 0. Also,
because R is commutative with identity, so is R/I. Let 0 # a+ I,b+1i € R/I.
Then a,b ¢ I and so ab & I because I is prime. Hence (a + I)(b+1) =ab+1#0
and so R/I is an integral domain.

“<«=" Assume R/I is an integral domain. In particular, we have R/I # 0 and
sol CR. Leta,be R—P. Then0#a+1,b+1¢€ R/I. Since R/I is an integral
domain, we have 0 # (a + I)(b+ I) = ab+ I and so ab ¢ I. Proposition
implies that I is prime. (I

DEFINITION 4.9. An ideal m C R is mazimal if m # R and m is a maximal
element in the set of all proper ideals, partially ordered by inclusion. In other
words, m is maximal if and only if m # R and, for all ideals I C R, if m C I, then
either I =mor I = R.

EXAMPLE 4.10. 0Z and 6Z are not maximal ideals of Z because 0Z C 6Z C
37 C 7Z. In fact, mZ is maximal if and only if m is prime.

5. Day 5

PROPOSITION 5.1. Let R be a nonzero ring with identity. For every ideal I C R,
there is a mazimal tdeal m C R such that I C m. In particular, R has at least one
mazimal ideal.

Proor. Fix anideal I C R. We use Zorn’s Lemma to show that I is contained
in some maximal ideal m of R. Let A denote the set of all ideals J such that
I C J C R. Partially order A by inclusion. Since I # R, we have I € A and so
A # (). In order to be able to invoke Zorn’s lemma, we need to show that every
chain C in A has an upper bound in A.

Let K = UjeceJ. We will be done once we show that K is an ideal of R such
that K # R. Indeed, then K O J D I for all J € C and so K € A and K is an
upper bound for C in A.

We use the ideal test to show that K is an ideal of R. Since 0 € I C K, we
have K # . Let a,a’ € K = UjecJ. Then there are J,J € C such that a € J
and a’ € J'. Since C is a chain, either J C J' or J' C J. Assume without loss of
generality that J C J'. Then a,a’ € J' and so a —a’ € J' C K since J’ is an ideal.
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Now let € R and b € K. There is an ideal J” € C such that b € J”. Since J"
is an ideal, we have rb € J” C K. Similarly, we see that br € K, and so K is an
ideal.

Suppose K = R. Then 1g € K. It follows that 1g € J"” for some J"” € C and
so J"” = R by an exercise. This contradicts the fact that J"” € C.

Zorn’s Lemma implies that C has a maximal element m. It is straightforward
to check that m is a maximal ideal of R that contains I.

For the final statement, note that (0) # R and so (0) is contained in some
maximal ideal m’. Hence, R has at least one maximal ideal. (Il

PROPOSITION 5.2. Let R be a nonzero commutative ring with identity.
(a) An ideal I is mazimal if and only if R/ is a field.
(b) Every mazximal ideal of R is prime.

PROOF. @ If I is maximal, then there are no ideals J such that I C J C R.
The ideal correspondence shows that R/I has only two ideals, I/ and R/I. Hence,
R/I is a field by an exercise.

Conversely, assume that R/ is a field and let J be an ideal such that I C J C R.
Hence, J/I is an ideal of R/I. Since R/I is a field, the same exercise shows that
R/I has only two ideals, I/I and R/I. Hence, either J/I = I/I or J/I = R/I.
That is, either J =TI or J = R, so I is maximal.

(b) If m € R is a maximal ideal, then R/m is a field. Hence, R/m is an integral
domain and so m is prime. O

PROPOSITION 5.3. Let R be a monzero commutative ring with identity. Let
I C R be an ideal and let m: R — R/I be the ring epimorphism w(r) = 7.

(a) There is a 1-1 correspondence
{prime ideals P C R|I C P} «— {prime ideals P' C R/I}
given by
P~ P/I
7 (P «— P
In other words, the ideal J/I C R/I is prime if and only if J is a prime ideal
of R.

(b) There is a 1-1 correspondence
{mazimal ideals m C R | I C m} «— {mazimal ideals m' C R/I}
given by
mr—m/]
7t m') —m'.

In other words, the ideal J/I C R/I is maximal if and only if J is a mazimal
ideal of R.

PRrOOF. (ED Using the ideal correspondence, it suffices to verify the last state-
ment. Theideal J/I C R/I is prime if and only if (R/I)/(J/I) = R/J is an integral
domain, and this is so if and only if J is prime. The isomorphism comes from the
Third Isomorphism Theorem.
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() As in part (@), changing “prime” to “maximal” and “integral domain” to
“field”. ([

EXAMPLE 5.4. The prime ideals of Z/427Z are 27 /427,37 /427, TZ /427 because
42 = (2)(3)(7). These are exactly the maximal ideals of Z/427Z as well.

Next: Chinese Remainder Theorem. But first, a lemma.

LEMMA 5.5. Let R be a nonzero commutative ring with identity, and fix ideals
Ii,....,I, CR IfI; + I;y = R for all j # k, then I; + Ngx;1;, = R for all j.

Proor. We prove the case j = 1; the other cases are obtained by rearranging.
Assume without loss of generality that n > 3.

We prove that I; +N._,I; = R by induction on [. (The case | = n will give
the desired result.) The base case | = 2 holds by assumption. Assume [ > 3 and
6L + ﬂéc;lzlk = R. The induction hypothesis implies that there exist a € I; and
b € Ni_L T such that 1 = a +b. Our assumption implies that there exist a’ € I
and b’ € I; such that 1 = a’ +¥'. Since a,a’ € I, we have aa’,ab’,a’b € I; and so
aa’ + ab' +a’b € I,. Since b € ﬁi;lgfk we have bb' € ﬂfc_:glk; and since b’ € I}, we
have bV’ € I;; hence bb' € N _, I, Hence, we have

1=1-1=(a+b)(d +V)=(ad' +ab +a'b)+ bV €Il +nk sl
N————— —~
el 6(‘1%:2116

and it follows that Iy + N, _,I; = R. O

EXAMPLE 5.6. For instance, the lemma says that 3Z + (5Z N 7Z) = Z because
32+ 57 =7 and 3Z + 77 = 7.

THEOREM 5.7 (Chinese Remainder Theorem, version 1). Let R be a nonzero
commutative ring with identity, and let Iy, ..., 1, be ideals of R.

(a) The function 0: R/(N}_yI;) — [[;_ R/I; given byT — (r+I1,...,7+1,) is
well-defined. Furthermore, it is a 1-1 homomorphism of rings with identity.

(b) IfIj+ Iy = R for all j # k, then 0 is an isomorphism and N}_;1; = H?zl 1;.

PROOF. (&) The map ®: R — [[j-, R/Ij given by r v (r + Ii,...,7 + I,
is a well-defined homomorphism of rings with identity. From the definition, it
follows that Ker(®) = N7_, I;. Hence, the result follows from the First Isomorphism
Theorem.

() For the first conclusion, it suffices to show that ® is surjective. Let (ry +
ILi,....rn+ 1I,) € ]_[?:1 R/I;. For each j = 1,...,n, the previous lemma shows
that there exist a; € I; and b; € N« 1y such that r; = a; 4 b;. Since a; € I;, we
have ry+1; = bj +1;. For [ # 7, since bj € Npzily C I, we have bj + 0L =0+1,.
With b = b1 + ... + b, it follows that b+ I; = r; + I; for each j, and so ®(b) =
(ri+ I, yrn + In).

For the second conclusion, we argue by induction on n. The case n = 1 is
trivial, so assume that n > 2 and ﬁ?;lll ;= H?:_ll I;. From the previous lemma,
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we know R = NIZ1I; + I, = [[}Z} I; + I, and so
Ny Iy = (m;?;ffj) ni,
n—1
=Lz L) N1

— R(IT}Z L) N L]

= ML= 15+ LT 5) 0 2
— [T LTS 1) 0 L) + (LT L) N 4]
g[n’” AIEARSIAI) )

N

5= L]+ (152 1))
= H?:l IJ

From a homework exercise, we know H?=1 I; € N7_,1; so we have equality. g

6. Day 6

DEFINITION 6.1. If T is an ideal in R, we write a = b (mod I) if a — b € I.
This is an equivalence relation on R.

COROLLARY 6.2 (Chinese Remainder Theorem, version 2). Let R be a nonzero
commutative ring with identity, and let I, ..., I, be ideals of R such that I;+I;, = R
for all j # k. For allr,...,r, € R there exists b € R such that b = r; (mod I;)

for 3 =1,...,n. Furthermore, b is uniquely determined up to congruence modulo
the ideal N7, I; = [[_, I;.

PROOF. The first statement is a reformulation of the surjectivity of # in the
previous theorem. The second statement corresponds to the injectivity of 6. O

The “traditional” Chinese Remainder Theorem is the special case where R = Z.
Note that the proof of Theorem [5.7|(b)) gives an algorithm for solving a system of
congruences.

COROLLARY 6.3 (Chinese Remainder Theorem, version 2). Let my,...,m, € Z
such that ged(mj,my) =1 for each j # k. For allr1,...,r, € Z there exists b € Z
such that b = r; (mod mj) for j =1,...,n. Furthermore, b is uniquely determined
up to congruence modulo m = myq -+ - My,. O

Here is one way that integral domains are like fields. Note that we are not
assuming that a has a multiplicative inverse.

PROPOSITION 6.4. Let R be an integral domain. If a,b,c € R such that ab = ac,
then either a = 0, then b= c.

PROOF. ab = ac implies a(b — ¢) = 0. Since R is an integral domain, either
a=0o0rb—c=0. g

DEFINITION 6.5. Let R be a nonzero commutative ring with identity. An
element u € R is a unit if it has a multiplicative inverse in R. An element p € R is
prime if it is a nonzero nonunit and (p) is a prime ideal in R. An element ¢ € R is
irreducible if it is a nonzero nonunit and, g has only trivial factors, that is, for all
a,b € R, if ¢ = ab then either a or b is a unit.
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For elements a,b € R, we say a is a factor of b or a divides b if there exists
¢ € R such that b = ac; when a divides b, we write a}b.

An ideal I is principal if it can be generated by a single element, that is, if
there exists an element r € R such that I = (r).

EXAMPLE 6.6. The units in Z are +1. The prime elements are exactly the
prime numbers (positive and negative), and same for the irreducible elements.

In a field, every nonzero element is a unit. Hence, a field has no prime elements
and no irreducible elements.

In Z/(6), the units are 1,5 = —1; the prime elements are 2,3,4 = —2. The
element 2 is not irreducible because 2 = 2 - 4. The element 3 is not irreducible
because 3 = 3 - 3. The element 4 is not irreducible because 4 = 2 - 2.

EXERCISE 6.7. Let R be a nonzero commutative ring with identity, and let
a,b € R. The following conditions are equivalent:
(a) alb;
(b) b € (a);
(c) (b) € (a).

PROPOSITION 6.8. Let R be a nonzero commutative ming with identity. Let
x € R be a nonzero nonunit. Then x is prime if and only if, for all a,b € R, if
p’ab, then p|a or p|b.

PROOF. From the characterization of prime ideals from Proposition (p) is
prime if and only if for all a,b € R, if ab € (p), then either a € (p) or b € (p). Now
use Exercise O

7. Day 7

PROPOSITION 7.1. Let R be an integral domain. If p € R is prime, then p is
irreducible.

PrROOF. Assume that p is prime, and suppose p = ab for some a,b € R. Then
p’ab, so the fact that p is prime implies p|a or p|b. Assume p|a; we need to show
that b is a unit. Since p{a and a|p7 we have (a) = (p) = (ab). Since R is an integral
domain, an exercise implies that b is a unit. O

REMARK 7.2. Example shows that the assumption “R is an integral do-
main” is necessary: In Z/(6), the element 2 is prime but not irreducible.

ExaMPLE 7.3. Not every irreducible element is prime, even in an integral do-
main. To see this, let R[z2, 23] be the set of polynomials of the form ag + a2 +
azx® + agz* + -+ with ag,a2,a3,a4,... € R. That is, R[z?, 23] is the set of all
polynomials with real-number coefficients and zero linear term. This is an integral
domain. (Use the subring test to show that R[z? x3] is a subring of the ring of
polynomials R[z] with real number coefficients. Because R[z] is an integral domain,
it follows readily that R[x2, 23] is also an integral domain. We will deal with poly-
nomial rings more thoroughly below.) In R[z% 2?] the element 2 is irreducible,
but it is not prime. To see that x? is not prime, note that 22z* = 2% = 2323 and
so z2|z323; however, 22 | 2° because z € R[22, 23].
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DEFINITION 7.4. Let R be an integral domain. If every nonzero nonunit of R
can be written as a (finite) product of prime elements, then R is a unique factoriza-
tion domain or UFD for short. If every ideal of R is principal, then R is a principal
ideal domain or PID for short.

ExAMPLE 7.5. Z is a PID and a UFD. A field k is a PID and a UFD. We will
see below that every PID is a UFD, but not every UFD is a PID.

PROPOSITION 7.6. Let R be an integral domain. Prime factorization in R is

unique up to order and multiplication by units: Let p1,...,Dk,q1,---,qm be primes
elements of R such that p1---px = q1 -+ Gm, then m = k and there is a permutation
o € Sk and there are units uy, ..., ug in R such that p; = u;qy;y fori=1,... k.

PROOF. We proceed by induction on k.

Base case: k£ = 1. We need to show m = 1, so suppose m > 1. Then
P1 = q1--qm and so pl‘qi for some i because p; is prime. Reorder the g; to
assume pl‘ql. Since q1|q1 -+ @m = p1, we also have q1|p1. Hence, we have (q1) =
(p1) = (q1g2 - - gm) and 0 g2 - - - ¢, is & unit. This implies that some g; is a unit,
contradicting the fact that g; is prime.

Induction step. Assuming that p;---px = q1--q¢mn and k > 2, we have
p1|p1~--pk and so p1|q1--~qm. Since p; is prime, p1|qj for some j. As above,
reorder the ¢; to assume pl}ql, and use the fact that ¢; is prime to conclude that
p1 = u1qq for some unit uq. It follows that ps---pp = ul_lqg - @m, so the rest of
the result follows by induction. O

PROPOSITION 7.7. If R is a UFD, then every irreducible element of R is prime.

PROOF. Fix an irreducible element x € R. Since R is a UFD, we can write
T = p1---pr where each p; € R is prime. In particular, no p; is a unit. Suppose
k> 1. Then x = p1(pa---px). Since x is irreducible, either p; is a unit or py - - - pg
is a unit. This contradicts the fact that no p; is a unit, so we must have k = 1.
That is x = p; is prime. O

Here we reconcile our definition of UFD with Hungerford’s definition, which is
condition (fi).
PROPOSITION 7.8. Let R be an integral domain. TFAE.
(i) R is a UFD;
(ii) Every irreducible element of R is prime, and every nonzero nonunit of R
can be written as a finite product of irreducible elements;
(iii) Every nonzero nonunit of R can be written as a finite product of irreducible

elements and such a factorization is unique up to order and multiplication
by units.

Proor. (i) = (i) Definition of UFD.

() = (iii) This follows from the definition of UFD and Propositions
and [Z.6

= It suffices to show that every irreducible element x € R is prime.
Suppose that a,b € R and x|ab. We need to show that :1:|a or x|b. There is an
element ¢ € R such that ab =xc. If a =0, then a =0 =20 = :z:|a. So assume
a # 0, and similarly assume b # 0. Note that this implies ¢ # 0.
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If a is a unit, then b = z(a"'c) = z|b. So, assume that a is not a unit, and
similarly assume that b is not a unit. If ¢ is a unit, then = (c¢~'a)b; since x is
irreducible, either ¢~ 'a is a unit or b is a unit. That is, either a is a unit or b is a
unit, a contradiction.

Since a, b, ¢ are nonzero nonunits, there are irreducible elements

ai,...,ag,b1,...,b,c1,.. ., €R
such that a = a1 ---ag, b="01---byand ¢ = ¢y - - - ¢;,,. The equation zc = ab implies
mcl...cm:al...akbl...bl_

The uniqueness condition for factorizations implies that z is a unit multiple of one

of the elements aq,...,ar,b1,...,b;. If x = ub;, then
b= b1 s bl = u71b1 s bi_l(ubi)bi+1 s bl = Uilbl cee bi_1$bi+1 cee bl
and so x|b. Similarly, if © = ua;, then x‘a. Hence z is prime. O
8. Day 8

EXAMPLE 8.1. Factorization into products of irreducibles is not unique if R is
not a UFD. For example, in the ring R[22, 23], the elements 22, 23 are irreducible
and 22222% = 2323, Hence, the number of irreducible factors need not be the same,

and the factors need not be unit multiples of each other.
The next lemma says that every PID is noetherian. More on this later.

LEMMA 8.2. Let R be a PID. Given a chain of ideals Iy C Iy C -+ C R, there
exists an integer N > 1 such that, for every n > N we have I, = I.

PrOOF. Each ideal I; is principal, say I; = (a;). As in the proof of Proposi-
tion [5.1} since the ideals I; form a chain, the union I = U;»1/; is an ideal of R.
Hence I = (a) for some a € I = U;>11;, say a € In. For each n > N, we have

and so I, = Iy. O

We will see below that the converse to the next result fails: If & is a field, then
the polynomial ring k[z,y] is a UFD and not a PID.

THEOREM 8.3. Fvery PID is a UFD.

PRrROOF. Let R be a PID.

Step 1. Every irreducible element x € R is prime; moreover, the ideal (z) is
maximal. Let I be an ideal such that (z) C I C R. There is an element a € I such
that I = (a), and so (z) C (a). By an exercise, this means a|x, say © = ab. Since x
is irreducible, either a or b is a unit. If @ is a unit, then I = (a) = R. If b is a unit,
then I = (a) = (ab) = (). Thus, (z) is maximal. Proposition [5.2|(b) implies that
(z) is prime, hence z is prime.

Step 2. Every nonzero nonunit y € R has an irreducible factor. If y is irre-
ducible, then y is an irreducible factor of y and we are done. So, assume ¥ is not
irreducible. Then y = y;21 where y, 21 are nonzero nonunits. If y; is irreducible,
then it is an irreducible factor of y and we are done. So, assume y; is not irre-
ducible. Then y; = y222 where ys, 25 are nonzero nonunits. Continue this process,
writing ¥, = Yn+12n+1. Eventually, y, will be irreducible, as follows.
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Suppose Yn = Ynt+12n+1 for n = 1,2,... where y;, z; are nonzero nonunits for
each i. Then yp41 |yn for each n, and so we have

(y1) € (y2) C (y3) C -+ .

By Lemma [8.2] we have (yny) = (yn+1) for some N > 1. Since yny = yn412n+1,
this implies zy 41 is a unit, a contradiction.

Step 3. Every nonzero nonunit z € R can be written as a finite product of
irreducible elements. By Step 2, we know that z has an irreducible factor z1, say
z = z1wy. If wy is a unit, then z is irreducible and we are done. So, assume that w;
is a nonunit, necessarily nonzero because z # 0. Then w; has an irreducible factor
Za, say w1 = zows. Continuing this process, we see that the argument of Step 2
implies that the process terminates in finitely many steps, yielding a factorization
z = z1---zn with each z; irreducible.

Now apply Proposition to conclude that R is a UFD. ([l

DEFINITION 8.4. An integral domain R is a Euclidean domain or ED for short
if there exists a function ¢: R — {0} — N satisfying the following property: for all
a,b € R, if b #£ 0, then there exist ¢, € R such that a = bg + r and either » = 0 or

p(r) < o(b).
EXAMPLE 8.5. In Z let ¢(n) = |n|. This is the division algorithm.
THEOREM 8.6. Fvery ED is a PID.

PROOF. Let R be an ED and fix an ideal 0 2 I C R. We need to find an
element b € I such that I = (b). The set

{p(a) |0F#acT}

is a nonempty subset of N and hence has a minimal element. That is, there is an
element 0 # b € I such that ¢(b) < ¢(c) for all ¢ € I.

Claim: I = (b). Since b € I, we know I D (b). For the containment I C (b),
fix an element a € I. By assumption, there exist ¢, € R such that a = bq + r
and either r = 0 or ¢(r) < ¢(b). Notice that a,bg € [ and sor =a —bg € I. If
r # 0, then ¢(r) < ¢(b); however, the minimality of ¢(b) implies ¢(r) > (b), a
contradiction. Hence r = 0 and so a = bg € (b). O

REMARK 8.7. In summary, we have the following: ED PID UFD and
Zlv—=19/2] klz,y]
ED <~ PID <~ UFD. We will see below that, if R is a UFD, then the poly-

nomial ring R[z1,...,x,] is a UFD. In particular, if k is a field, then k[z1,...,z,]
is a UFD. However, if n > 1, then R[x1,...,%,] is a PID if and only if R is a field
and n = 1 if and only if R[z1,...,x,] is an ED.

EXERCISE 8.8. Read about GCD’s in Hungerford: p. 140. See also Defini-
tion 3.1

Now we formally treat polynomial rings.

DEFINITION 8.9. Let R be a ring. We define the polynomial ring in one inde-
terminate over R as follows: Let R[x] denote the additive abelian group

R™ = {(ro,71,79,...) | 7j € R for all j >0 and r; = 0 for j > 0}.
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Hence, addition and subtraction are defined coordinatewise
(’I“o, r1,72,.. ) + (80, S1, 82, .. ) = (7“0 + 89,71 + 81,72 + So2, .. )

(ro,r1,72,...) — (S0, 81,82, ...) = (ro — S0, 71 — 81,72 — S2,...)
Or[z) = (Or,0R,0R,...).
Define multiplication via the formula

(7‘0,7’1,7”‘2, .. .)(50,81,82, .. ) = (60,61,62, .. )

where _
cj = Z?:o TiSj_; = Zm+n:j TrmSn.-
Computations:
(0,.. .,0,7‘,‘,7‘2‘+177‘Z‘+27. . .,T‘d70, .. )(0, N 70,Sj,8j+178j+2, .. .,8670, .. )
= (0, ..., 0, 7iS5,7iSj4+1 + 754185, 7iSj4+2 + Ti+18j+1 + Ti+2S5, - - -, TdSe, 0,.. )
and

(ro,r1,72,...)(5,0,0,...) = (ros,r18,r28,...)
9. Day 9

THEOREM 9.1. Let R be a ring.
(a) With the above operations, R[x] is a ring.
(b) The function f: R — R[z] given by f(r) = (r,0,0,...) is a monomorphism
of rings.
(¢) R is commutative if and only if R[x] is commutative.
(d) R has identity if and only if R[x] has identity.
(e) R is an integral domain if and only if R[z] is an integral domain.

PROOF. We already know that R[x] is an additive abelian group, so it re-
mains to show that multiplication is well-defined, associative, and distributive. For
well-definedness, we only need to check closure. Fix (ro,71,72,...), (S0, $1,52,...) €
R[z]. The element ¢; = Y 7_,r;sj_; is a finite sum of products of elements of R
and, hence, is in R. And the above computation shows that ¢; = 0 for j > 0. The
proofs of associativity and distributivity are exercises.

(]E[) By definition, we have

fr+s)=(r+s,0,0,...) = (r,0,0,...) + (5,0,0,...) = f(r) + f(s)
f(rs) = (rs,0,0,...) = (r,0,0,...)(s,0,0,...) = f(r)f(s).
To see that f is a monomorphism: f(r) = 0 if and only if (r,0,0,...) = (0,0,0,...)

if and only if r = 0.
(c) (=) Assume that R is commutative. Then

Z T Sn = Z SmTn.-
m-+n=j m+n=j

The left-hand side is the jth entry of the product (rg,r1,732,...)(S0, 81, 82, . .), and
the right-hand side is the jth entry of the product (s, $1, 82, ...)(r0, 71,72, .. .).

( < ) Assume that R[z] is commutative. For r,s € R, we have f(rs) =
f(r)f(s) = f(s)f(r) = f(sr). Since f is 1-1, this implies rs = sr.

(d) (=) Assume that R has identity 1. Then (1,0,0,...) is a multiplicative
identity for R[z]:

(1,0,0,...)(T’o,rl,T’Q,...) = (17"0,17‘1,17“2,...) = (7"0,7"1,7‘2,...)
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and similarly for (rq,r1,72,...)(1,0,0,...).

( <) Assume that R[z]| has identity (eg,eq,eg,...). It follows that, for all

r € R, we have

(r,0,0,...) = (r,0,0,...)(eo, €1,€2,...) = (reg,re1, rea, .. .)
and so reg = r. Similarly, we have egr = r and so ej is a multiplicative identity for
R.

() ( = ) Assume that R is an integral domain. Then R is a nonzero
commutative ring with identity, and so the same is true of R[z]. Fix elements
0 ?é (7’0,?”1,7"2,. . .), (80,51,82, .. ) € R. Then there exist Z,] = 0 such that r; 7& 0
and 7, = 0 for all m < 4 and s; # 0 and s, = 0 for all n < j. Then, we have
r;s; 7 0 and so

(7‘0,7‘171"2,...)(80751,82,...)

= (O7 [N ,077’i77’i+177“i+27 . )(0, PN ,0,8j,8j+1,8j+2, . )
= (07 ey 0,785,158 501 + 14185, TiS 42 + Tig 1841 + Ti4255, -+, TdSe, 0, .. )
#0

( <= ) Assume that R[z] is an integral domain. Then R[z] is a nonzero
commutative ring with identity, and so the same is true of R. Suppose 0 # r, s € R.
Then f(r), f(s) # 0 and so

f(rs)=f(r)f(s) #0
and so rs # 0. O

REMARK 9.2. We frequently identify R with its image in R[x]. This yields
formulas like:
r(ro,r1,72,...) = (rro,rr1,mr2, .. ).

Here is a more familiar presentation:

PROPOSITION 9.3. Let R be a ring with identity and set x = (0,1,0,0,...) in
Rlx].
(a) For each n > 1, we have ™ = (0,0,...,0,1,0,0,...).
——

(b) For each r € R and each n > 1, we have
rz" =(0,0,...,0,7,0,0,...) = a"r.
———
n

(c) For each f € R[x] there is an integer d > 0 and elements ro,71,...,7q4 € R
such that

J ‘
=30 _griat =ro+rz+ra®+-- +rex

Proor. @ Exercise. By induction on n.

(b) From part @
(c) We have

f: (To,’l’l,’r‘g,...,Td,0707...)
=1(1,0,0,...) +71(0,1,0,...) +--- +74(0,0,...,0,1,0,...)

2 d
=719+ x4+ rex” + -+ rgx.
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DEFINITION 9.4. Let R be a ring. The polynomial ring in two indeterminates
over R is the ring
Rlz,y] = Rz]ly] ~ or  Rlzy, 2] = Rla:][zs].
Inductively, the polynomial ring in n indeterminates over R is the ring
Rlz1,...,xp) = Rlz1,. .., Tp_1][Tn]

The next result follows from the previous ones using induction on n. See also
Hungerford pp. 151-152.

PROPOSITION 9.5. Let R be a ring and n > 1.

(a) R[z1,...,xy,) is a ring.
(b) Assume that R has identity. Let f € R[z1,...,x,]). For each element a =
(a1,...,an) € N™ there is an element ro € R such that ro = 0 for all but

finitely many a € N® and

f=2aewn raty’ -y

(c¢) Assume that R has identity. The function f: R — R[z1,...,xy,] given by
fr)y=rad-- 22 is a monomorphism of rings.

(d) R is commutative if and only if R[x1,...,x,] is commutative.
(e) R has identity if and only if R[x1,...,x,] has identity.
(f) R is an integral domain if and only if R[xy,...,xy,] is an integral domain.
(g) For each k such that 1 < k < n, there is an isomorphism R[xi,...,Tp] =

R[l‘l, ‘e ,xk][xk_H, [N ,J,‘n].
(h) For each o € S, there is an isomorphism Rlz1, ..., 2y] = R[Z1), - Tom)]
(i) Assume that R has identity. For allr,s € R and allay, ..., an,b1,...,b, €N,

we have

(raj®-- ~a:fl")(5zli1 cooghn) = rsx‘f1+b1 coglntln,
O

10. Day 10
DEeFINITION 10.1. If S is a ring, then the center of S is
Z(S)={se€ S|ss'=s'sforall s e S}

Using the subring test, we see that the center Z(.5) is a subring of S.

Let R be a commutative ring with identity. For each r» € R, set 7" = 1.

An R-algebra is a ring S with identity equipped with a homomorphism of rings
with identity f: R — S such that Im(f) C Z(S).

Let S and T be R-algebras via the maps f: R — S and g: R — T. A homo-
morphism of R-algebras from S to T is a ring homomorphism h: S — T making
the following diagram commute.

rR—1-g

Note that, because f(1) =1 and g(1) = 1, we have h(1) = 1.
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ExaMPLE 10.2. Let R be a commutative ring with identity.

R is an R-algebra via the identity map R — R.

The polynomial ring R[z1,...,%,] is an R-algebra via the natural map R —
Rlxy,...,zp].

The ring M, (R) of n x n matrices with entries from R is an R-algebra via the
map R — M, (R) given by

Here is the universal property for polynomial rings. It includes the prototype
for R-algebra homomorphisms. The maps h are often called evaluation homomor-
phisms: they are given by P(z1,...,2,) — P(81,...,8n).

ProproSITION 10.3. Let R be a commutative ring with identity, and let f: R —
R[xz1,...,2,] be the natural map. Let S be an R-algebra via the homomorphism
g: R— S. For each list s1,...,s, € Z(S) there exists a unique homomorphism of
R-algebras h: Rlxy,...,x,] — S such that h(x;) = s; for each i. In particular, the
following diagrams commute

R—f>R[x1,...,xn} {z1,. .., 20} —— R[z1,...,Ty]
|
\ | 3th \i
)
A
S S
and S is an R[zq,...,z,]-algebra.

PROOF. Define h by the following formula:

W acnn Tal" - 5" ) = D aenn 9(ra)st’ - 83"

where a = (ay,...,a,). The uniqueness of representation of polynomials shows
that this is well-defined. It is routine to check that h is a ring homomorphism with
the desired properties. For instance, the first diagram commutes because

h(f(r)) = h(ra}---apn) = g(r)s] - s, = g(r)1s = g(r).

For the uniqueness of h, suppose that H: R[z1,...,z,] — S is another homomor-
phism of R-algebras such that H(x;) = s; for each i. For each a € N™ and each
ra € R, we then have

H(raz(* - zi) = H(f(ra))H(x1)™ - H(xp)* = g(ra)sit -+ son = h(razi* - - xom).

n

Since H preserves finite sums, it follows that

h(Xaenn TaZi' - 23") = Daenn 9(ra)si’ - sy = H(Q qen Tatl' -+ - 25")
and so H = h. (]
COROLLARY 10.4. Let R be a commutative Ting with identity, and let f: R —

R[z1,...,x,] be the natural map. For each list r1,...,r, € R there exists a unique
homomorphism of R-algebras h: R[x1,...,x,] — r such that h(x;) = r; for each i.
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In particular, the following diagrams commute:

R—f>R[x1,...,xn} {z1,. .., 20} — R[z1,...,2y]
[
» El i
' v
R R.
Given a polynomial P = P(x1,...,xy,) we write h(P) = P(r1,...,7y). O

PRrROPOSITION 10.5. Let R be a commutative ring with identity and let 0 #
f,g € Rx].

(a) If fg # 0, then deg(fg) < deg(f) + deg(g).

(b) If the leading coefficient of f is not a zero-divisor (e.g., if the leading co-
efficient of f is a unit or if R is an integral domain), then deg(fg) =
deg(f) + deg(g)-

(c) If f+g #0, then deg(f + g) < max{deg(f),deg(g)}

(d) If deg(f) # deg(g), then f +g # 0 and deg(f + g) = max{deg(f),deg(g)}.

PRrOOF. () and (]ED Let d = deg(f) and e = deg(g). The computation of
Definition [8.9| shows that deg(fg) < d + e = deg(f) + deg(g). Furthermore, the

coefficient of 2%t in fg is the product of the leading coefficients of f and g. So,
equality holds if the product of the leading coefficients of f and ¢ is nonzero.
and @ follow from similar computations. ([l

Here is the division algorithm for polynomial rings. As with the division algo-
rithm in Z, this is the key to all the factorization properties in R[z].

THEOREM 10.6. Let R be a commutative ring with identity, and fix a polynomial
f=ao+arx+ -+ a,z™ € R[x] such that ay, is a unit in R. For each polynomial
g € R[x] there exist unique q,r € R[z]| such that g = qf + r and either r = 0 or
deg(r) < deg(f).

PRrROOF. First, we deal with existence.

Because a,, is a unit in R, we may assume without loss of generality that a,, = 1.
We may also assume without loss of generality that f is not a constant polynomial.
In particular, we have deg(f) > 1.

If ¢ = 0 or deg(g) < deg(f), then the polynomials ¢ = 0 and r = g satisfy the
desired conclusions.

We assume that g # 0 and proceed by induction on d = deg(g). The base case
d = 0 follows from the previous paragraph, as do the cases d < deg(f). Therefore,
assume that d > deg(f) and that the result holds for all polynomials h € R[x]
such that deg(h) < d. Let bgq be the leading coefficient of g. Then the polynomial
h = g — bgx®="f is either 0 or has deg(h) < d. Hence, the induction hypothesis
provides polynomials ¢;, 7 € R[z] such that

af+r=h=g—bgua’"f
and either r = 0 or deg(r) < deg(f). It follows that
g=Ilq +bax® " f+r

so the polynomials ¢ = q; + bgz®~™ and r satisfy the desired properties.
Now for uniqueness. Assume gf +r = g = gof + r2 where (1) either » = 0 or
deg(r) < deg(f), and (2) either ro = 0 or deg(r2) < deg(f). Thenr—ry = (g2—q)f.
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The leading coefficient of f is a unit. If ¢ # g9, then r —ro = (g2 — ¢)f # 0. In
particular, either r # 0 or ro # 0. If r,;ry # 0, then Proposition implies

deg(f) < deg(f) + deg(ga — q) = deg((g2 — @) f)
= deg(r — r2) < max{deg(r),deg(r2)} < deg(f)

a contradiction. The cases where » = 0 or ro = 0 similarly yield contradictions.
Thus, we have ¢ = ¢z and 7 —ro = (g2 — ¢)f = 0 and so r = ra. O

COROLLARY 10.7 (Remainder Theorem). Let R be a commutative ring with
identity, and fit s € R. For each polynomial g € R|x] there exist unique q € R[x]
such that g =q - (x —71) + g(s).

ProoOF. Apply the division algorithm. It suffices to show that r = g(s). Be-
cause either 7 = 0 or deg(r) < deg(z — s) = 1, we know that r is constant. The
evaluation homomorphism yields

g(s)=q(s)(s—s)+r(s)=0+r=r
as desired. o

11. Day 11

DEFINITION 11.1. Let R be a commutative ring with identity and P € R[z].
An element r € R is a root of P if P(r) = 0.

PROPOSITION 11.2. Let S be an integral domain and R C S a nonzero subring
such that R has identity.

(a) Then R is an integral domain and 1g = 1g.
(b) If 0 # f € R[z] and deg(f) = n, then f has at most n roots in S; in
particular, f has at most n roots in R.

The conclusions in this result fail if S is not an integral domain.

PROOF. (ED It is straightforward to show that R is an integral domain. To see
that 1 = 1g, note that 1g1gr = 1g = 1glg, so that cancellation implies 15 = 1g.

(]E[) Proceed by induction on n = deg(f). If n = 0, then f is a nonzero constant
and therefore has no roots.

Inductively, assume that the result holds for polynomials of degree < n. If f
has no roots in S, then we are done. So assume that s € S is a root of f. The
Remainder Theorem implies that there is a unique ¢ € S[x] such that f = (x — s)q.
By Proposition (]E[) we have deg(q) = deg(f) —1 =n—1 < n, and so the
induction hypothesis implies that ¢ has at most n — 1 roots in S.

Let t € S be a root of f. Since the map S[z] — S given by P — P(t) is a
ring homomorphism, it implies that 0 = f(¢) = (¢t — s)¢(¢). Since S is an integral
domain, either ¢t — s = 0 or ¢(t) = 0. That is, either t = s or t is a root of ¢. Since
q has at most n — 1 roots, this implies that f has at most n roots. (I

EXAMPLE 11.3. Let R = R[z]/(2?) and set T = z + (2?) € R. Then the
polynomial ? € R[y| has infinitely many roots, namely, every element of the form
AT for some A € R.
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REMARK 11.4. Here is a word of warning. Let P € R[x]. From calculus/college
algebra we know that P = 0 if and only if P(r) = 0 for all » € R. This can fail if
R is replaced with an arbitrary ring R, even when R is a field.

For example, let p be a positive prime integer and set R = Z/pZ. It is a fact
that, for each m € R, we have n” = m. (This is called Fermat’s Little Theorem;
see Corollary [11.8]) In particular, every element of R is a root of the polynomial
P — x, even though this polynomial is nonzero. This shows the importance of dis-
tinguishing between the polynomial P and the function R — R given by evaluating
the polynomial P.

Note, however, that this is only a problem with finite fields as the following
can by shown relatively easily using Proposition : If k is an infinte field and
P € k[z] has infinitely many roots in k, then P = 0.

REMARK 11.5. Let R be a commutative ring with identity and set R* =
{units in R}. It is straightforward to show that R* is an abelian group under
multiplication. In particular, if k is a field, then k* = k — {0}.

PROPOSITION 11.6. Let k be a field. Then any finite subgroup G < k* is cyclic.

PROOF. Assume G # {1}. Then G is a finite abelian group, so the fundamental
theorem of finitely generated abelian groups implies that there exist (not necessarily
distinct) prime integers pq,...,p,. > 2 and positive integers aq,...,a, such that
G = ], Z/pi L.

Note that G is written multiplicatively and the Z/p}'Z are written additively.
Identify each Z/p}Z with a subgroup of ®f_,Z/p;'Z in the natural way. Note that,
under this identification, we have Z/p*Z N Z/p?jZ = {0} when i # j. There are p;

distinct elements 7@ € Z/p;*Z such that p;7 = 0, namely p;-“*l, Qp?"'fl, . ,pip?"fl =
0. Thus, there are p; elements g € G such that g’ = 1.

Suppose that p; = p; for some ¢ # j. The previous paragraph shows that there
are at least 2p; — 1 > p; elements g € G such that gP* = 1. This shows that the
polynomial 27 —1 € k[z] has more than p; roots, contradicting Proposition [T1.2{(b).

Thus, we have ged(p;, p;) = 1 for all i # 7, and it follows that
G = ®iZ/pi L =1/ (py* - -y )L
That is G is cyclic. O
COROLLARY 11.7. Ifp is a positive prime integer, then (Z/pZ)* = Z/(p—1)Z.
PROOF. The group (Z/pZ)* is cyclic and has exactly p — 1 elements. O

COROLLARY 11.8 (Fermat’s Little Theorem). Let p be a positive prime integer.

(a) For eachm € Z/pZ, we have TP =T.
(b) In Z/pZlz] we have [[rcqpp(x — M) = a? — x.

PROOF. @ The case where 7 = 0 is easy. For the remaining cases, use the
isomorphism (Z/pZ)* = Z/(p — 1)Z: Since (p — 1)(n+ (p — 1)Z) =0+ (p — 1)Z,
this translates to nP~! =1 for all m # 0 in Z/pZ, and so n¥ = 7.

(]E[) From part @ we know that each element of Z/pZ is a root of the polynomial
aP —x € Z/pZ[z]. Repeatedly apply the Remainder Theorem to write

P —x = qnﬁez/pz(x —n)



11. DAY 11 75

for some ¢ € Z/pZ[x]. Proposition [11.2|(b) shows that deg(q) = 0, and so ¢ is a
constant. Multiplying out, we see that the product is monic, as ¢ times the product,
and so we have ¢ = 1. O

DEFINITION 11.9. Let R be an integral domain. For each positive integer n
and each r € R, recall that nr =r+--- 4+ r.
———

For a polynomial f = Z?ZO riz’ € R[z] define the formal derivative of f to be
the polynomial

d . - B
f/ = Zi:l T’ = 1 +2T21‘—|—37‘3x2+ "'+d7“dl’d 1
The derivative is “formal” because no limits were involved.

REMARK 11.10. Let R be an integral domain. It is straightforward to show
that formal differentiation satisfies the following properties: for all » € R and all
fyg € R[z] and all n > 0, we have

(rf) =rf (f+9)'=1+4d
(f9) = f'g+ fd (f*) =nfrtf

REMARK 11.11. Let R be a commutative ring with identity. Let r € R and
f € R[z] with d = deg(f). From the Remainder Theorem we see that r is a root of
f if and only if (z — r)|f, that is, if and only if there exists a polynomial ¢ € R[x]
such that f = (z —r)q.

Assume that R is an integral domain and that r is a root of f. Hence the
Remainder Theorem implies that there exists a polynomial ¢ € R[z] such that
f = (x — r)q. Proposition implies deg(gq) = deg(f) — 1. This shows that
(x — )™t f, and so there exists an integer e > 1 such that (z — r)¢|f and
(x — 7))t t f. The integer e is called the multiplicity of the root r of f. We say
that r is a simple root of f if e = 1; otherwise f is a multiple root of f.

Note that the above argument shows that e < d. Furthermore, the argument
of Proposition shows the following: if R is a subring of an integral domain
S, then f has at most d roots in S counted with multiplicity. In other words, if

S1,...,8, € S are the distinct roots of f in S and e; is the multiplicity of the root
si of f,thend >3 e;.

PrROPOSITION 11.12. Let R and S be integral domains such that R is a subring
of S, and let s € S. Then s is a multiple root of f if and only if f(s) =0= f'(s).

PROOF. Assume that s is a root of f. It suffices to show that s is a multiple
root of f if and only if f'(s) = 0. Since s is a root of f, the Remainder Theorem
allows us to write f = (x — s)q for some ¢ € S[z]. (Notice that we are implicitly
using the fact that R[z] is a subring of S[z].) The product rule for formal derivatives
implies

f=l-sd =q+(@—s)
and so f'(s) = ¢(s). Thus, f'(s) = 0 if and only if ¢(s) = 0; this is so if and only if
(x — s)!q which is so if and only if (z — s)z‘f because f = (z — s)g. The last “iff”
uses the fact that S is an integral domain. O

DEFINITION 11.13. Let K be a field. A subfield of K is a subring k¥ C K such

that k is a field under the operations from K. When k is a subfield of K, we also
say that K is a field extension of k.
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ExampLE 11.14. C is a field extension of R, and R is a field extension of Q.

Now we construct the field of quotients of an integral domain. It is modeled on
the construction of Q from Z. The elements of Q are of the form r/s where r,s € Z
and s # 0.

CONSTRUCTION 11.15. Let R be an integral domain and consider the Cartesian
product Rx (R—{0}). Define a relation on R x (R—{0}) as follows: (r,s) ~ (r',s)
if and only if s’ = r’s. This is an equivalence relation on R x (R—{0}), and the set
of equivalence classes is denoted Q(R). The equivalence class of an element (r, s) in
Q(R) is denoted r/s or L. If 0 # t € R, then the definition implies (r,s) ~ (rt, st);
this translates to the cancellation formula & = Z.

For elements r/s,t/u € Q(R), set

r ot ru+ts rt 1t

-+ -= and =—.
5 u sU su  su

PROPOSITION 11.16. With notation as in Construction [I1.13:

(a) In Q(R), we have r/s =0/t if and only if r = 0.

(b) In Q(R), we have r/s =t/t if and only if r = s.

(¢) Q(R) is a field with Oq(ry = Or/1r and lqr) = 1r/1r =r/r and (r/s)~' =
s/r.

(d) The assignment f: R — Q(R) given by r — r/1 is a monomorphism of rings
with identity.

PRrOOF. @ r/s = 0/t if and only if rt = s0 if and only if » = 0; the last
equivalence is from the fact that R is an integral domain.

(]ED r/s = t/t if and only if rt = st if and only if r = s; the last equivalence is
by cancellation.

The main point is to show that the addition and multiplication on Q(R) are
well-defined; the other field-axioms are then easily verified. Assume that r/s =1'/s
and t/u =t /u’, that is, rs’ = r’s and tu’ = t'u. Then

rut+ts (ru+ts)s’y’  rs'uu +tu'ss’  r'sun’ + t'uss’

su (su)s'u’ ss'uu! ss'uu!
(r'u +t's)us v +t's
(u's")us u's!
1l
so addition is well-defined. The equality % = g,;, is even easier to verify, showing

that multiplication is well-defined.
We have the correct additive identity because

0 7“1—1—30_1"

1 sl S

and the multiplicative identity is even easier. The other axioms showing that Q(R)
is a commutative ring with identity are straightforward but tedious.

To see that Q(R) is nonzero, we need to show 0/1 # 1/1: this follows from
parts @ and .

Finally, if /s # 0/1 then r # 0 and so s/r € Q(R). It is straightforward to
check that £2 = 1, and so (r/s)~! = s/r.
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@ The function is well-defined. It is straightforward to show that it is a
homomorphism of rings with identity: for instance

T+T, A
11 11 1
The fact that f is a monomorphism, follows from part @ O

We generally identify R with its image in Q(R).

ExaMPLE 11.17. Q(Z) = Q.

If k is a field and we set k(z1,...,2,) = Q(k[x1,...,2,]), then k(z1,...,2,)
is a field extension of k. More generally, if k is a field and R is an integral domain
containing k as a subring, then Q(R) is a field extension of k.

We will see more field extension constructions later.

DEFINITION 11.18. Let R be a commutative ring with identity. An element
r € R is nilpotent if r™ = 0 for some n > 1. An element s € R is a zerodivisor if
there exists 0 # t € R such that st = 0.

ExampLE 11.19. If r € R is nilpotent, then r is a zerodivisor.

In Z/8Z, the element 2 is nilpotent.

In Z/6Z, the element 2 is a zerodivisor. Note that Z/6Z has no nonzero nilpo-
tent elements, so not every zerodivisor is nilpotent.

An R is an integral domain if and only if the only zerodivisor in R is 0. In
particular, the only nilpotent element element of an integral domain is 0.

12. Day 12

EXERCISE 12.1. Let R be a commutative ring with identity, and let f = ag +
a1z + - -+ aqgz™d € Rlzx].

(a) Show that f is nilpotent if and only if each a; is nilpotent.

(b) Show that f is a unit in R[z] if and only if ag is a unit and a4, ...,aq are
nilpotent. In particular, if k is a field, then the units of k[x] are precisely the
nonzero constant polynomials.

(¢) Show that f is a zerodivisor in R[z] if and only if there exists an element
0 # r € R such that ra;=0 for each i. for polynomials in n variables.

THEOREM 12.2. Let k be a field and L 2 k a field extension. Let f € k[z], and
assume that f is irreducible in k[z]. If f has a multiple root in L, then f' = 0.

PROOF. Let a € L be a multiple root of f, and suppose f’ # 0. Proposi-
tion implies f(a) = 0= f’(a). Notice that deg(f’) < deg(f).

Claim: f" and f have no common factors in R[z], other than the units. To see
this, suppose that g|f’ and g|f. Since g|f’7 we have deg(g) < deg(f’) < deg(f).
Since g| f, we have f = gh. Because f is irreducible, either ¢ is a unit or h is
a unit. If h were a unit, then it would be constant, that is deg(h) = 0 and so
deg(g) = deg(f), a contradiction. Hence, ¢ is a unit.

Since k[z] is a PID and f, f' have no nontrivial common factors, we see that
(f,f) = (1). Hence, there are P,Q € R[x] such that 1 = Pf + Qf’. Then
1= P(a)f(a) + Q(a)f'(a) =0, a contradiction. Hence, f' = 0. O

ExXAMPLE 12.3. If f € Qlz] is irreducible, then f has no multiple roots in C.
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DEFINITION 12.4. Let Rbe a UFD and 0 # f = ag+ayz+---+aqz? € R[z]. A
content of f is a greatest common divisor of {ag,a1,...,aq} in R. The polynomial
f is primitive if 1 is a content for f, that is, if the coefficients of f are relatively
prime.

REMARK 12.5. Let R be a UFD and 0 # f = ag + a1z + - - - + aqz? € R[z].
Recall that greatest common divisors are not uniquely defined. Specifically,

if r and s are greatest common divisors of {ag,a1,...,aqs} in R, then there is a
unit w € R such that s = ur. Conversely, if r is a greatest common divisor of
{ag,a1,...,aq} in R and u € R is a unit, then ur is a greatest common divisor of
{ao,al, PN ,ad} in R.

We say that r,s € R are associates if there is a unit v € R such that s = ur.
Write r =~ s when r and s are associates in R. The relation = is an equivalence
relation, and the equivalence class of r under this relation is denoted [r]. By defi-

nition, [r] is the set of all unit multiples of » in R. Note that [r] = [1] if and only
if r is a unit in R.
If r, s are contents of f, then the above discussion implies [r] = [s], and we write

C(f) = [r]- (This notation is not standard. However, most books write C(f) = r
or C(f) ~ r, which is not well defined.) Conversely, if r is a content for f and
[r] = [s], then s is a content for f. Also, if f is constant f = ag, then C(f) = [ao].

If r = ry and s & s1, then rs ~ r1s1. Hence, the assignment [r][s] = [rs] is
well-defined.

EXERCISE 12.6. Let R be a UFD and 0 # f = ap + a1z + - - + aqz? € R[]
(a) Show that C(¢f) = [t]C(f) for each t € R.
(b) Show that, if C(f) = [r], then there is a primitive polynomial g such that
f=ryg.
The following few results are due to Gauss.

LEMMA 12.7. Let R be a UFD and let 0 # f,g € R[x].
(a) If f and g are primitive, then so is fg.
(b) C(fg) =C(f)C(g)-

PROOF. (a) Assume that f and g are primitive and let C(fg) = [r]. We want
[r] = [1], that is, we want to show that r is a unit. Note that r # 0: since R is an
integral domain, so is R[s] and so fg # 0.

Suppose that r is not a unit. Since R is a UFD, this implies that r has a
prime factor p. The function 7: R[z] — (R/(p))[z] given by 7(},; a;z*) = Y, a;a*
is a well-defined epimorphism of rings with identity. Check this using the universal
property for polynomial rings with the following diagram as your guide:

R——— Rz

|
| -
R/(p) —= (R/(p))[z].

Since p’r and C(fg) = [r], we see that p divides each coefficient of fg and so
7(fg) = 0. On the other hand, since f is primitive, we know that p does not divide
at least one coefficient of f, and so 7(f) # 0. Similarly, we have 7(g) # 0. Since p
is prime, the ring R/(p) is an integral domain, and hence so is (R/(p))[z]. It follows
that 0 # 7(f)7(g9) = 7(fg), a contradiction.
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() Write C(f) = [r] and C(g) = [s]. Use Exercise [12.6|[b) to find primitive
polynomials f1, g1 € R[z] such that f = rf; and g = sg1. Note that part (ED implies
C(f191) = [1]. This explains the third equality in the next sequence:

C(fg) = C(rs)(fig)) = [rs]C(frg1) = [rs] = [r][s] = C(F)C(g)-

The first equality is by our choice of f; and g;; the second equality is by Exer-
cise [12.6{[al); the remaining equalities are by definition. O

LEMMA 12.8. Let R be a UFD and let 0 # f,g € R[z] and 0 # r € R.

(a) fg is primitive if and only if f and g are primitive.
(b) rf is primitive if and only if f is primitive and r is a unit.
(¢c) If f is irreducible in R[z], then f is either constant or primitive.

PROOF. (ED (<) Lemma [12.7|(a)).

(=) Assume that fg is primitive. With C(f) = [r] and C(g) = [s], we have
[1] = C(fg) = C(/)C(9)

It follows that rs is a unit in R, and so r and s are units in R. Hence f and g are
primitive.

(b) This is the special case of part () where g = r.

(c) Assume that f is irreducible and not constant. Suppose C(f) = [r] where r
is not a unit in R. Then there exists a nonconstant primitive polynomial f; € R[z]
such that f = rf;. This gives a factorization of f as a product of two nonunits,
contradicting the assumption that f is irreducible. [

I
=
=

I
Z

13. Day 13

This next stuff should all go before this primitive-business.

DEFINITION 13.1. Let R be a UFD, and let r1,...,r, € R, not all zero. An
element 7 € R is a greatest common divisor (GCD) of {r1,...,r,} if (a) r|r; for
each i, and (b) if s € R and s|r; for each 4, then s|r; we write ged(r1,...,r,) = [r].
We say that ry,...,r, are relatively prime if ged(r1,...,m) = [1].

An element ¢ € Ris a least common multiple (LCM) of {ry, ..., ry} if (a) r;|t for
each i, and (b) if s € R and r;|s for each i, then t|s; we write lem(ry, ..., 7,) = [{].

LEMMA 13.2. Let R be a UFD, and let rg,...,rq € R, not all zero.

(a) There are prime elements p1,...,p, € R and elements ug, . ..,uq € R*U{0}
and k; ; €N fori=0,...,d and j =1,...,n such that (1) [p;] # [pj:] when
j#7, and (2)r; = uiplfi’l o phin for each i. If r; = 0, we may take u; = 0
and k; ; = 0 for each j.

(b) With notation as in part @, assume 1g,71 #Z 0. Then ro‘rl if and only if
koj < k1,j for each j.

(¢) With notation as in part , assume rog # 0. Then rq is a unit if and only
if ko,; = 0 for each j.

(d) With notation as in part (a)), set m; = min{k; j | r; # 0}. Then the element
r=p"t--p € R is a GCD for {ro,...,rq}.

(e) With notation as in part (@), set M; = max;{k;;}. Then the element t =
pi\/fl cpMn e R s an LCM for {ro,...,rq}.
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PROOF. Bookkeeping nightmare: Use the existence of prime factorizations
and the uniqueness of prime factorizations.

(]E[) “— 7 Assume 7”0’7"1. We will show that kg ; < k11, by induction on ko ;.
(The other cases follow by commutativity of multiplication.)

The base case kg1 = 0 is straightforward because kq; > 0.

So, assume that ko ; > 1.

We will first show that k; ; > 1. Our assumption implies p; ’ro, and since ro‘rl,
this implies p; |r1. Since p; is prime, this implies p; |u1 or pp |p§1'j for some j. Since

. . k1,; . E1,;
up is a unit, we have p; f u1, and so p1|pj” for some j. Then pj”

is not a unit,
and so ki ; > 1. It follows that p; ‘pj. Since p; is prime, it is irreducible, so its only
factors are the units and the unit multiples of p;. Since p; is not a unit, we conclude

that [p1] = [p;] and so 1 = j by assumption. In particular, we have k11 > 1.

ko1 —1 3 kia—1 k
Let 7§ = uop™' ™ -+ pn”" and 7] = uop;™' -+ pn"". Because prj = ro|r; =

pri, the fact that R is an integral domain implies that r{ = r}. By induction, we
conclude ko1 —1 < k11— 1, and so ko1 < K11
“ <=7 Assuming that ko ; < k1 ; for each j, we have

_ ki1—k _
r’l = U, 1u1p11’1 0.1 ~-p’ftlv” kon ¢ R
and
k _ ki1—k _ k
rory = uop; " "'PZO‘"UO 1u1p11’1 o "'PIZI’" Fom = upy ' "'Pﬁl’" =T

and so 7 |r1.

Write 1 = 1-p)---p2. Then 7y is a unit if and only if r¢|1 if and only if
ko ; < 0 for each j by part (]ED if and only if ko ; = 0.

@ First, we need to show that r|r,~ for each ¢. If r; =0, thenr; =0 =70 —
t|ri. So, assume 1; # 0. By assumption, we have k; ; > m; for each j, and so
part (]ED implies r|ri.

Next, we need to assume that s € R and 5|ri for each ¢, and show 5{7‘. Since
at least one r; # 0, we know s # 0. If s is a unit, then s|r easily. So, assume that s
is a nonunit. Write s = uqi1 e q%" where v is a unit, ¢1,...,q, € R are prime and
li,...,lp > 1 and [g;] # [g;7] when j # j'.

Note that each ¢; }s and s|ri = uiplfi’l . ~pff‘" and so ¢; |pj/ for some j'. Because
pj is irreducible and g; is not a unit, we conclude that g; is a unit multiple of p;.
Thus, after reordering the ¢; we may write s = vpll1 - pl» where v is a unit. Now,
the assumption

1 ln _ ki1 kin
oplt - ph —Slri—uipl -ophe
for each i such that r; # 0 implies I; < k; ; by part [b} and so I; < m;. Another
application of part (@ implies s|7°.
@ Similar to part @ ([

LEMMA 13.3. Let R be a UFD, and let rg,...,rq € R, not all zero.
(a) Let r be a GCD for {ro,...,ra}. Then ' is a GCD for {ro,...,rq} if and
only if v’ = ur for some u € R*.
(b) Lett be a LCM for {rg,...,rq}. Thent is an LCM for {ro,...,rq} if and
only if t' = ut for some u € R*.
(¢) With notation as in Lemma , the elements rg,...,rq are relatively
prime if and only if m; =0 for each j.
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(d) If ged(ro,...,rq) = [r], thenr;/r € R for all i and ged(ro/r,...,rq/r) = [1].

PROOF. (&) “ =" Assume that 7" is a GCD for {ro,...,rq}. Since r is also
a GCD for {ro,...,rq}, we have 7|’ and r'|r. Hence, [r] = [r'] because R is a
domain.

“ «<=" Assume r’ = ur where u is a unit. Since r|ri for all 4, we have r’ = ur|ri
for all 7. Also, if s|r7; for all 4, then s|7‘ and 7'|r', SO s|r’. Thus " is a GCD for
{ro,...,ra}.

(b)) Similar to part @

(c) Let r be as in Lemma[13.2){d). Then ged(ro,...,rq) = [r]. If ro,...,7q are
relatively prime if and only if ged(ro, ..., rq) = [1] if and only if [r] = [1] if and only
if r is a unit if and only if each m; = 0 by Lemma.

(d) For each i, we have T‘Ti, so we write r; = rr. for some r, € R. The
cancellation property shows that 7} is the unique element of R with this property
(in fact, it is the unique element of Q(R) with this property) and so we write
ri /T =7l

In the notation of Lemma write r; = uipllﬂ'1 - pe™ for each i and r =
up™ - pme € R. Then ri/r = usu~tpi "™ - phin ™ for each i. For each i
and j where r; # 0, we have k; ; > m;, and so k; ; —m; > 0. And for each j, there
is an 4 such that r; # 0 and k; ; = m;. It follows that min{k; ; —m; | r;/r # 0} =0
for each j, and so p{---p? =1 is a GDC for {ro/r,...,ra/r}.

14. Day 14
LEMMA 14.1. Let R be a UFD and set K = Q(R).

(a) Each element of K can be written in the form a/b so that a and b are relatively
prime.

(b) Let 0 # a/b € K with a,b € R. In the notation of Lemma write
a= up’lCl oopknoand b = vplll -o-pln. Then a/b € R if and only if kj > 1 for
all j.

(¢) Given elements ‘;—g, ‘;—11, cee ‘;—Z € K, there exists an element 0 # b € K such
that b3+ € R for each i and ged(b32,b3", ..., bgt) = [1].

(d) Given elements ag, a1, ...,aq € R such that ged(ag, a1, ...,aq) = [1], ifc€ K
such that ca; € R for each i, then ¢ € R.

PROOF. (a) Let ¢/d € K with ¢,d € R. If ¢/d = 0 then ¢/d = 0/1 has the
desired form. Assume that ¢/d # 0 and let [r] = gcd(c, d). (Essentially, we will
“divide the top and bottom” of § by ged(c,d) in order to put the fraction in the
desired form.) Then a = ¢/r and b = d/r are elements of R, and Lemma [13.3|(d)

implies gcd(a,b) = [1] Furthermore, % = % = 5
Write ¢ = a/b and note that our assumptions imply
a p—
C = E = ’Uw_lplfl L . .plrcbn_ln.

“<="71f k; > I; for all j, then k; —I; > 0 and so the above display implies
a/b e R.

“ =7 Assume ¢ = a/b € R, and suppose that k; < [; for some j. Reorder
the p; to assume that ky —1q,...,k —1; <O and kg — leg1,. .., kn — 1, 2 0. The
displayed equality implies

11—k ly—ky —1, ket1—leg1 kn—ln
Dy o :

"Dy C=0W Py R 2
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Since p; divides the left-hand side, it divides the right-hand side. Thus, p1|pj for
some j > 1, contradicting our assumption [p1] # [p;].

We use the notation of Lemma There are prime elements py,...,p, €
R and elements uy, ..., uq4,vo,...,vg € R* U{0} and k; ;,0;; € Nfor i =0,...,d
and j = 1,...,n such that (1) [p;] # [p;:] when j # j/, and (2) a; = uiplfi’l Cphin
and b; = viplf‘l ~~p£{‘" for each i. If a; = 0, we may take u; = 0, v; = 1 and
ki = 0=1;; for each j. Furthermore,

a; 1 kia—l N
b—z = w;v; 1p1 ATt pfl" lin € K.
i
Write M; = max;{l; ; — ki ;} and set
M My,
b:pl 1 -.-pn .

It follows that we have

b% _ uiviflpi\41+k1;1*lz‘,1 . .p71\14n+ki,n—l,yﬁn.
1
To finish the proof we have two things to show.

b3+ € R for each i. For this, it suffices to show M; + k; ; — l;; > 0 for each j.
This inequality follows from the fact that M; > l; ; — k; ;.

gcd(b‘g—g, byt ,bg—;) = [1]. For this, it suffices to show, for each j, there is an
i such that M; +k; ; —I; ; = 0; then apply Lemma. Fix j and choose ¢ such
that MJ‘ = li’j — kii)j. This ¢ works.

(d) Write ¢ = r/s so that ged(r, s) = [1]. Assume without loss of generality that
r/s # 0. There are prime elements p1,...,p, € R and elements ug, ..., uq, v, w €
R* U {0} and k;;,i;,m; € Nfori =0,...,d and j = 1,...,n such that (1)
[pj] # [pj:] when j # j/, and (2) a; = ul-plf’”1 - prm for each i and r = vplt - pln
and s = wpy™ ---p~. If a; = 0, we may take u; = 0 and k; ; = 0 for each j. Note
that, for each j, either [; =0 or m; = 0 or both. We have

1 - _
c= - =vw 1;1911 mi pi{l mn
s
and, for each i
T _ kii+li—m v _
1 i1+t 1 kin+ln—my
ca; = ;ai =W up; St

The proof will be complete once we show I; > m; for each j. Our assumption
ca; € R implies k; ; +1; —m; > 0 for each ¢, j by part @; that is l[; > m; — k; ;.

The assumption ged(ag, aq,...,aq) = [1] implies that, for each j there is an i such
that k; ; = 0. This choice of 7 yields ; > m; — 0 =m;. O
15. Day 15

EXERCISE 15.1. Let R be a UFD. If a,b,c € R and a’bc and ged(a,b) = [1],
then a|c.

LEMMA 15.2. Let R be a UFD and set K = Q(R). Let 0 # f € K[x].

(a) There exists an element 0 # b € Q(R) such that bf € R[z] and C(bf) = [1].
(b) Ifce K and 0 # F € R[x] is primitive such that cF € R|x], then ¢ € R.
(c) If h € Rx] is primitive and fh € R[z], then f € R[x].
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PROOF. (a) Write f = Tl e SRR 424 with each a;,b; € R and b; # 0.
Lemma [14.1] _ shows that there exists an element b € K such that b3* € R for
each i and ged(bg®,bgh,...,b3%) = [1]. In particular, we have bf € R[ ] and
C(f) = [1].

(]E[) Write F' = ag—i—alx—l— ~+agz?. Since ged(ag, ay, - ..,aq) = [1] and ca; € R
for each 1, Lemma implies that ¢ € R.

Write g = fh € R[x] and set [r] = C(g). Let g1 € R[x] be primitive such
that g = rg1. Use part (a)) to find an element 0 # ¢ € Q(R) such that cf € R[z]
and C(cf) = [1]. Then (¢r)g1 = cg = (c¢f)h € R[z] and the fact that g; is primitive
implies cr € R. Hence

[er] = [er]C(g1) = Cergr) = C((cf)h) = C(cf)C(h) = [1][1] = [1]
and it follows that cr is a unit in R. Write ¢r = u. In K, it follows that ¢! =
¢ R and so

f= ¢! (¢f) € Rz
< _ (cf) € R[z]
€R cRlx)
as desired. O

THEOREM 15.3. Let R be a UFD with quotient field K = Q(R). Let f € R[x]
be primitive. Then f is irreducible in R[x] if and only if it is irreducible in K|[z].

PROOF. (<= ) Assume that f is irreducible in K[z], and suppose that f = gh
with g,h € R[z] C K[z ] Since f is irreducible in K[z], either g or h is a unit in
K|[x]. Using Exercise , we conclude that either g or h is a constant. By
symmetry, assume that g is constant, say g = » € R. By Lemma [12.§ _@ since
rh = f which is primitive, we know that r is a unit in R, and so g is a unit in R[z].

( = ) Assume that f is not irreducible in K[z]. We will show that f is not
irreducible in R[z].

If fis a unit in K[z], then it is constant say f = r. Since f is primitive in
R[z], we have [1] = C(f) = [r]. Hence r is a unit in R and so f = r is a unit in
R[z]. Thus, in this case, f is not irreducible in R]x].

Assume that f is not a unit in K[z]. Since f is nonzero and is not irreducible,
there exist nonconstant polynomials g, h € K|x] such that f = gh.

Lemma [15.2|(a)) implies that there is an element 0 # b € K such that bh € R[x]
and C(bh) = [1], that is, hy = bh is primitive Write g1 = 9 € K[z] so that we
have f = gh = (+g)(bh) = g1h1. Lemma c) implies g1 € R[z]. That is, we
have written f = g1h; where g1, h; are nonconstant polynomials in R[z]. Hence f
is not irreducible in R[x]. O

THEOREM 15.4. If R is a UFD, then R[x] is a UFD.

PROOF. Set K = Q(R).

We first show that every nonzero nonunit f € R[x] can be written as a product
of irreducible polynomials in R[z]. Since f is a nonzero nonunit, set C(f) = [¢] and
find a primitive polynomial f; € R[z]| such that f =cfi.

Since K|[z] is a UFD, we can Write fi = p1---pm where each p; € Klx] is
irreducible. Arguing as in Lemma , We can use Lemma find elements
0 #by,...,b, € K such that each ¢; = bzpz is a primitive polynomial in R[z] and
f1 = q1-- gm- Notice that b; is a unit in K[x], so each ¢; is irreducible in KJz].
Hence, Theorem implies that each g; is irreducible in R[x].
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Since R is a UFD, either ¢ is a unit or a product of irreducible elements of R. If
cis aunit, then f = cf; = (¢q1)gz - - - ¢m is a factorization of f in R[x] into a product
of irreducibles. If ¢ is not a unit, then there are irreducible elements r1,...,r, € R
such that ¢ = ry---rg. It is straightforward to show that each r; is irreducible in
Rx]: the only way factor a constant polynomial over an integral domain is with
constant factors. Hence f = cfy = r1---rpq1- - ¢m is a factorization of f in R]x]
into a product of irreducibles.

Next we show that an irreducible element f € R[z] is prime. Lemma ,
implies that f is either primitive or constant. If f is constant, then the fact that
it is irreducible in R[z] implies that it is irreducible in R. Since R is a UFD, f is
then prime in R. It is straightforward to show that this implies that f is prime in
R[z]: since f is prime in R, the ring R/fR is an integral domain, and hence so is
(R/fR)[x] = Rla]/(fRla]).

Assume that f is primitive. Note that f is irreducible in K[z] by Theorem
Hence, the fact that K[z] is a UFD implies that f is prime in K[z]. Let g, h € R]x]
such that f’gh in R[z]. Tt follows that f|gh in K[x], and so either f|g or f’h in
K|z] because f is prime in K[z]. Assume that f|g in K[2] and write g = fg; for
some g; € K[z]. Arguing as in Theorem we see that g; is in R[z], and so f|g
in R[], as desired. O

COROLLARY 15.5. If R is a UFD, then R[x1,...,x,] is a UFD.

ProOOF. Induction on n. O

16. Day 16

THEOREM 16.1 (Rational Root Theorem). Let R be a UFD with K = Q(R).
Let f = ap+ a1z + - -+ + aqgz? € R[z] and assume that r = a/b € K is a root of f
with ged(a,b) = [1]. Then alag and blaq. In particular, if f is monic, then r € R.

Proor. We have
0= f(a/b)
= ag + ax(a/b) + - - + aq(a/b)’
0= aobd + alabd_1 4+ -+ ad,lad_lb + adad
aga® = —(aobd +ajab® 4+ 4 ad,lad_lb)
= —b(aob”l_1 +aab® 4.+ ad,lad_l)

and so blaga?. Because ged(a,b) = [1], Exercise implies b|ag.
Similarly, we have
agh? = —(alabdfl +tag_1a® + adad)
= —a(ab® + -+ ag_1a % + agath)
and so a‘aobd and a‘ao.

If f is monic, then ay = 1 and so b’l. This implies that b is a unit, so r =
ab~! € R. 0

EXAMPLE 16.2. The only possible roots of 327 — 72 + 2 in Q are 41,42, +1/3
or +2/3.
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LEMMA 16.3. Let R be an integral domain, and let P C R be a prime ideal.
Let f € R[z] be monic, and let f be the polynomial in R/P[z] obtained by reducing
the coefficients of f modulo P. If f is irreducible in R/P|x], then f is irreducible
in Rlx].

PROOF. Observe first that R/P[z] is an integral domain. Since f is monic, so
is f, and deg(f) = deg(f). Since f is irreducible and monic, we have deg(f) > 0.
Suppose that f = gh for some g, h € R[z]. Since R is an integral domain, we know
that the leading coefficient of f is the product of the leading coefficients of g and
h. Since f is monic, it follows that the the leading coeflicients of g and h are units.

It follows that the leading coefficients of g and h are units, and deg(g) = deg(g)
and deg(h) = deg(h). Since f is irreducible, we conclude that either g or h is a
unit in R/P[x]. Assume by symmetry that g is a unit. Since R/P is an integral
domain, this implies that g is a constant, and so deg(g) = deg(g) = 0. That is, g
is a constant, necessarily equal to its leading coefficient, which is a unit. It follows
that g is a unit in R[z], so that f is irreducible. O

DEFINITION 16.4. Let I be an ideal in a ring R. Set I° = R, I' = I, and
inductively 1"t = II" for n > 1.

PROPOSITION 16.5. Let R be a UFD with quotient field K = Q(R), and let
P C R be a prime ideal. Let f = apa™ + -+ ap € Rlz] withn > 1, and assume
that ag,...,a,—1 € P and ag ¢ P? and a,, ¢ P. Then f is irreducible in K[z]. If
f s primitive, then f is irreducible in R|x].

ProOF. Case 1: f is primitive. By Gauss’ Lemma, it suffices to show that f
is irreducible in R[x]. Write f = gh for some g,h € R[z]. We need to show that
either g or h is a unit in R[z]. Set k = deg(g) and I = deg(h).

Case la: k = 0. Then g = by is constant. Since f = gh = byh is primitive,
Lemma [I2:8[b) implies that by is a unit in R, and so g is a unit in R[z].

Case 1b: [ = 0. Similar to Case la.

Case lc: k,1 > 1. Write g = bpzF + -+ by and h = o + - - - + ¢o. Since R is
an integral domain, we have n = k + [. Our assumptions on the a; imply

biciz" + - - - 4 bocg = gh = @™ # 0.

in R/P[z]. Tt follows that 0 # @, = bi¢; = bxc; in R/P. Hence byc; € P and so
bp,c; € P. Let r, s be the smallest integers such that r < k and s <[ and b, & P
and ¢; &€ P.

Suppose that r + s = n. Since r < k and s < [, this implies r = k and s = [,
and so bg,...,bg_1,¢c0,...,ci—1 € P. It follows that § = byz* and h = ga!. It
follows that by, co € P and so ayg = boco € P2, a contradiction.

Thus, we have r + s < n. It follows that

0= Ar4s = Zi+j:’r+s 77
For i < r, we have b; = 0 by the choice of 7 and so bj@ = 0. Similarly, for j < s,
we have bj@ = 0. It follows that
bhos=— ) bhig=0
i+j=r4s,i#r

in R/P. Since P is a prime ideal, it follows that either b. € P or ¢ € P, a
contradiction.
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Case 2: f is not primitive. By assumption, we have a,, ¢ P and so a, # 0
and deg(f) = n > 1. Set C(f) = [c]. For each i, set af = a;/c € R, and set
f*=a%x™+ - +ay € R[z]. It follows that f* is primitive, ca} = a; for each ¢
and cf* = f. In particular, since ca), = a,, € P, we have ¢,a), ¢ P. For i < n, we
have ca} = a; € P; since P is prime and ¢ ¢ P, this implies a} € P. Furthermore,
if af € P?, then ag = caj, € P?, a contradiction. In particular, it follows that f*
satisfies the hypotheses of the result. By Case 1, it follows that f* is irreducible
in K[z]. The fact that f = ¢f* is a unit multiple of f* in K|[x], implies that f is
irreducible in K|[x]. O

COROLLARY 16.6 (Eisenstein’s Criterion). Let R be a UFD with quotient field
K = Q(R), and let p € R be a prime element. Let f = apz™ + -+ ag € R[z] with
n = 1, and assume that p|ai fori=0,....,n—1 and p* {ap and pta,. Then f is
irreducible in K[z]. If f is primitive, then f is irreducible in R[z].

PROOF. Use the prime ideal P = (p) in Proposition O

EXAMPLE 16.7. The polynomial 24 — 37 is irreducible in Q[z] and in Z[z],
using p = 37.

EXAMPLE 16.8. Let p > 2 be a prime number. Then the cyclotomic polynomial
f=aP7l +2P72 + ... + 1 is irreducible in Q[z] and in Z[z], as follows. It is
straightforward to show that (x —1)f = a? —1 and so f = (zP —1)/(z — 1). It
follows that
ey P Qe @ ()

(z+1)—1 x

:CP1+<p>$P2+...+(P> Pi1+...+( p )
1 7 p—1

Now, recall that p|(?) whenever 1 < i < p, and furthermore that (pf ) =p It

follows from Eisenstein’s criterion that f(z + 1) is irreducible over Q and over Z,
and it is straightforward to show that this implies that f is irreducible over Q and
over Z as well.



CHAPTER 4

Module Theory I

1. Day 1

DEFINITION 1.1. Let R be a ring. A (left) R-module is an additive abelian
group M equipped with a map R x M — M (denoted (r,m) — rm) such that
(r+s)ym=rm+sm, r(m+n) =rm+rn, and (rs)m =r(sm) for all ,s € R and
all m,ne M.

If R has identity, then a left R-module M is unital if 1m = m for all m € M.

If k£ is a field, then a k-vector space is a unital left k-module.

EXAMPLE 1.2. An abelian group is the same as a unital Z-module.

ExAMPLE 1.3. Let R be a ring. The additive abelian group R™, consisting of
all column vectors of size n with entries in R, is an R-module via the following

action
S1 rsy

Sp, TS
The set of m x n matrices with entries in R is denoted M,, ,(R). It is also an
R-module, with similar coordinate-wise action.

Assume that R has identity. For j = 1,...,n let e; € R™ be the vector with
ith entry d; ;. (We call e; the jth standard basis vector of R™.) In this case the
R-modules R™ and M,, ,,(R) are unital.

EXAMPLE 1.4. Let R be a ring, and let I C R be an ideal. Then [ is an
R-module via the multiplication from R. In particular, R is an R-module. Also,
the quotient R/I is an R-module via the action 5 :=735. (Check that this is well-
defined. The other properties are straightforward.) If R has identity, then I and
R/I are unital R-modules. Note that I does not need to be a two-sided ideal here.

REMARK 1.5. The previous examples motivate module theory, in that it gives
a unification of the theory of abelian groups, the theory of vector spaces, the theory
of ideals and the theory of quotients by ideals.

EXAMPLE 1.6. Let R be a ring, and let { M)} ea be a set of R-modules. Then
the abelian groups [ | » My and @ M) are R-modules via the coordinate-wise action
r(my) = (rmy). (See Remark [L.8|to see why @M, is closed under this action.) If
R has identity and each M) is unital, then [[, My and @M, are unital.

ExAMPLE 1.7. Let ¢: R — S be a ring homomorphism. Then S is an R-
module via the following action: rs := ¢(r)s. If ¢ is a homomorphism of rings
with identity, then this action makes S into a unital R-module. (Note that this
subsumes part of Example )

87
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More generally, if M is an S-module, then M has a well-defined R-module
structure defined by rm := ¢(r)m. If ¢ is a homomorphism of rings with identity
and M is a unital S-module, then this action makes M into a unital R-module.

In particular, if I C R is a two-sided ideal and M is an R/I-module, then M
is an R-module via the action rm := Fm. In particular (R/I)" is an R-module; it
is unital when R has identity.

Other examples include:

(R[z1,...,%m])" is an R-module. It is unital when R has identity.

If R is an integral domain with quotient field K = Q(R), then K™ is a unital
R-module.

REMARK 1.8. Let R be a ring and M an R-module. The following properties
are straightforward to show:

rOpr = Oy for all r € R;

0rm = 0p; for all m € M;

(=r)m = —(rm) = r(—m) for all » € R and all m € M;

n(rm) = (nr)m =r(nm) for all n € Z, all r € R and all m € M.

DEFINITION 1.9. Let R be a ring and let M and N be R-modules. An additive
group homomorphism f: M — N is an R-module homomorphism if f(rm) = rf(m)
for all » € R and all m € M. An R-module homomorphism is a monomorphism if
it is 1-1; it is an epimorphism if it is onto; and it is an isomorphism if it is 1-1 and
onto.

The set of all R-module homomorphisms M — N is denoted Hompg (M, N).
The category of R-modules and R-module homomorphisms is denoted p M.

If R is a field and M and N are R-vector spaces, then f: M — N is a linear
transformation if it is an R-module homomorphism.

EXAMPLE 1.10. Let G and H be abelian groups with the natural Z-module
structure. A function f: G — H is a Z-module homomorphism if and only if it is
a group homomorphism.

ExAMPLE 1.11. Let R be a ring, and let M and N be R-modules. The zero
map M — N given by m +— 0 is an R-module homomorphism. The identity
map idpy;: M — M given by m +— m is an R-module homomorphism. When R
is commutative, for each r € R, the multiplication map u,: M — M given by
m +— rm is an R-module homomorphism. The map u, is called a homothety.

2. Day 2

EXAMPLE 2.1. Let R be a commutative ring with identity. Let R™ and R™
have the natural R-module structure. There is a bijection ®: Hompg(R", R™) —
M, »(R). Given an R-module homomorphism f: R" — R™, the associated matrix
®(f) is the matrix whose jth column is f(e;). To see that this is a bijection, we
define an inverse ¥: M,, ,(R) — Hompg(R"™, R™). Given an mxn matrix (a; ;) with
entries in R, the corresponding R-module homomorphism W¥(a; ;) is the function
f: R™ — R™ given by matrix multiplication f(v) = (a;;)v.

In particular, the set Homg(R, R) is in bijection with R. That is, the R-
module homomorphisms f: R — R are exactly the homotheties p,.: R — R given
by s rs.
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EXAMPLE 2.2. Let R be a ring and I C R a two-sided ideal. Let M and N
be R/I-modules, and consider them as R-modules via ¢. Then Homp(M,N) =
Homp, (M, N). In other words f: M — N is an R-module homomorphism if and
only if it is an R-module homomorphism.

Assume that R/I is commutative. Then there is an equality Hompg(R/I, R/I) =
Hompg,;(R/I, R/I) which is naturally identified with R/I. That is, the R-module
homomorphisms f: R/I — R/I are exactly the homotheties p,.: R/I — R/I given
by §+ rs =Ts.

ExaMPLE 2.3. Let ¢: R — S be a ring homomorphism. If we give S the
R-module structure induced by ¢, then this makes ¢ into an R-module homomor-
phism.

Let M and N be S-modules and consider them as R-modules via ¢. Then
Homg(M,N) C Homg(M, N), but we may not have equality; that is, every S-
module homomorphism M — N is also an R-module homomorphism, but not
necessarily vice versa.

For instance, let S = R[z] and let ¢: R — R[z] be the natural inclusion. The
function f: R[z] — R[z] given by >, a;x" — ag is an R-module homomorphism
but is not an R[z]-module homomorphism.

PROPOSITION 2.4. Let R be a ring, M an R-module and A a set. Given a
subset {my}xea, the map f: R®) — M given by (ry) — Yoaramy is a well-defined
R-module homomorphism.

PROOF. It is straightforward to show that f is a well-defined additive group
homomorphism. It is an R-module homomorphism because

F(r(ra)) = f((rra) = 2o\ (rra)ma = Doy r(rama) = r(Qoy mama) =7 f(ra)
O

DEFINITION 2.5. Let R be a ring and let M be an R-module. A R-submodule
of M is an additive subgroup N C M such that, for all r € R and all n € N, we
have rn € N. If k is a field and M is a k-vector space, then a k-submodule of M
is called a k-subspace.

ExXAMPLE 2.6. Let G be an abelian group considered as a unital Z-module. A
subset H C G is a Z-submodule of G if and only if it is a subgroup.

EXAMPLE 2.7. Let R be a ring and let M and N be R-modules. The subsets
{0} € M and M C M are R-submodules. If f € Hompg(M, N), then Ker(f) C M
and Im(f) € N are R-submodules. If N’ C N is an R-submodule, then f~1(N’) C
M is an R-submodule. If M’ C M is an R-submodule, then f(M’) C N is an
R-submodule.

Assume that R is commutative. If r € R, then (0 :py 7) = {m € M | rm =
0} € M is an R-submodule, and rM = {rm | m € M} C M is an R-submodule.
This follows from the previous paragraph because the homothety w,.: M — M is
an R-module homomorphism.

ExaMPLE 2.8. Let R be a ring considered as an R-module via its internal
multiplication. A subset I C R is an R-submodule if and only if it is a left ideal.

EXAMPLE 2.9. Let R be a ring, and let { M)} ea be a set of R-modules. Then
@ My C [, M) is an R-submodule.
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EXAMPLE 2.10. Let R be a ring and I C R a two-sided ideal. Let M be an
R/I-module, and consider M as an R-module via the natural surjection R — R/I.
Then the R/I-submodules of M are exactly the R-submodules of M. In particular,
the R-submodules of R/I are exactly the left ideals of R/I, that is, the set of all
quotients J/I where .J is a left ideal of R such that I C J.

EXAMPLE 2.11. Let ¢: R — S be a ring homomorphism, and let M be an
S-module. Consider M as an R-module via ¢. Then every S-submodule of M is
an R-submodule, but not vice versa.

For instance, let S = R[z] and let ¢: R — R]x] be the natural inclusion. Then
R =2 TIm(yp) C R[z] is an R-submodule but is not an R[z]-submodule.

REMARK 2.12. Let R be a ring and M an R-module. If R has identity and M
is unital, then every submodule of M is unital.

EXAMPLE 2.13. Let R be aring and M an R-module. If {M)}xen is a set of R-
submodules of M, then NyM, is an R-submodule of M; it is also an R-submodule
of M, for each 1 € A.

DEFINITION 2.14. Let R be a ring, M an R-module and X C M a subset. The
submodule of M generated by X or spanned by X, denoted (X), is the intersection
of all submodules of M containing X. If X = {z1,...,2,}, then we write (X) =
(x1,...,25). If (X) = M, then we say that X generates or spans M as an R-
module.

If M has a finite generating set, then it is finitely generated. If M can be
generated by a single element, then it is cyclic.

If {Mx}rea is a set of submodules of M, then (UyMy) is denoted ), M.

3. Day 3

REMARK 3.1. Let R be aring, M an R-module, and X C M asubset. Then (X)
is the smallest submodule of M containing X. The R-module M has a generating
set, namely M itself.

EXAMPLE 3.2. Let G be an abelian group with the natural unital Z-module
structure. The Z-submodule of G generated by a subset X is equal to the subgroup
generated by X. In particular G is generated by X as an Z-module if and only if
it is generated by X as an abelian group.

ExamMpPLE 3.3. If R is a ring and M is an R-module, then () = {0}.
EXAMPLE 3.4. If R is a ring with identity, then R"™ = (e, ..., e,).

EXAMPLE 3.5. Let R be a ring and I C R a two-sided ideal. Let M be
an R/I-module with the R-module structure coming from the natural surjection
R — R/I. For each subset X C M, the R-submodule of M generated by X equals
the R/I-submodule of M generated by X. In particular M is generated by X as
an R-module if and only if it is generated by X as an R/I-module.

PROPOSITION 3.6. Let R be a ring with identity and M a unital R-module.

(a) Let X C M. There is an equality

(X) = {0 ryw | 1o € Rz € X}

The function f: RX) — (X) given by anm Typly Zf"ite rex is a well-
defined R-module epimorphism.
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(b) For each my,...,m, € M, we have

(mi,...,mp)={> " rim;|r,....,r € R}
and the function f: R"™ — (my,...,m,) given by ( ) = > im0 a
well-defined R-module epimorphism. "
(¢) Given a set {My}rea of submodules of M, there is an equality

S My = {5 my [ ma € My}

and the function f: @©x My — >, My given by (my) — >, my is a well-
defined R-module epimorphism.

PROOF. (&) Set N = {Ef;mte reT | T € R,z € X}. It is straightforward to
show that N is an R-submodule of M containing X, and so (X) C N. For the
reverse containment, we have x € X C (X) for each 4; since (X) is an R-module,
we have 7,2 € (X) for each r, € R and furthermore Y27 7,2z € (X). This shows
(X) 2 N andso (X)=N.

The function f is a well-defined R-module homomorphism by Proposition [2:4]
and it is surjective by the description of (X).

Part (]ED is a special case of @ using X = {my,...,m,}. Part is proved
like (). O

ExAMPLE 3.7. Let R be a ring with identity and let f: M — N be a homo-
morphism of unital R-modules. If M = (X), then f(M) = (f(X)). More generally,
for each subset X C M, we have f((X)) = (f(X)).

ExaMpPLE 3.8. Let ¢: R — S be a ring homomorphism. Let M be an S-
module with the R-module structure coming from ¢. For each subset X C M, the
R-submodule of M generated by X is contained in the S-submodule of M generated
by X, however they may not be equal.

For instance, let R be a commutative ring with identity. The R-submodule of
Rx] generated by 1 is R, and the R[z]-submodule of R[z] generated by 1 is R[z].

ProrosITION 3.9. Let R be a ring, M an R-module and N C M an R-
submodule. The quotient group M/N has a well-defined R-module structure via
the action r(m+ N) := (rm)+ N. If M is unital, then M /N is unital. The natural
surjection m: M — M /N is an R-module homomorphism with Ker(m) = N.

PRrOOF. First, show that the action is well-defined: Let r € R and m,m’ € M
such that m+ N =m/+ N. Then m —m’ € N and so rm —rm/ =r(m—m’) € N
which implies rm + N = rm/ + N.

The R-module axioms for M /N now follow from the R-module axioms for M.
For instance, associativity:

r(s(m+ N))=r(sm+ N)=r(sm)+ N = (rs)m+ N = (rs)(m + N).

The distributive laws are verified similarly. When R has identity and M is unital,
it follows similarly that M/N is unital.
The fact that 7 is an R-module homomorphism is proved next:

w(rm) = (rm) + N =r(m+ N) = rr(n).
The equality Ker(w) = N was shown in Chapter O
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Proposition [3.9] gives one of the best ways to construct R-modules.

ExXAMPLE 3.10. Let R be a commutative ring with identity, and let (a; ;) €
M, »(R). The matrix (a; ;) determines an R-module homomorphism f: R™ — R™.
It follows that Im(f) C R™ is an R-submodule, namely the submodule generated
by the columns of (a;;), and so R™/Im(f) is an R-module. Proposition [£.1] shows
that, in a sense, this is the only way to construct R-modules.

ProrosiTION 3.11. Let R be a ring, f: M — N an R-module homomorphism,
and M’ C Ker(f) an R-submodule.

(a) There is a unique R-module homomorphism f: M/M' — N making the fol-
lowing diagram commute

M ——= M/M'

|
| 3rf
S

N

that is, such that f(m + M') = f(m).
We have Im(f) = Im(f) and Ker(f) = Ker(f)/M’.
(c is onto if and only if f is onto.
d is 1-1 if and only if M' = Ker(f).
(e) f is an isomorphism if and only if f is onto and M’ = Ker(f). In particular,
T (f) = M/ Kex(f).
Proor. @ Chapter [1| shows that there is a unique group homomorphism
making the diagram commute, so we need only show that f is an R-module homo-
morphism:

fr(m + M) = frm +M') = f(rm) =rf(m) = rf(m + M’).

(@f@ These follow from Chapter [1| because they do not depend on the R-
module structure. O

(b
(

|~

)
)
)
)

4. Day 4

PROPOSITION 4.1. Let R be a ring with identity and M a unital R-module.
(a) There is a set A and an R-module epimorphism w: R™ — M. If M is
finitely generated, then A can be chosen to be finite.
(b) There are sets A and T and an R-module homomorphism f: RT) — RW)
such that M = R®) /Tm(f). If M is finitely generated, then A can be chosen
to be finite.

PRrROOF. @ Let A be a generating set for R, which exists by Remark Note
that, if M is finitely generated, then A can be chosen to be finite. Proposition @
provides an R-module epimorphism 7: R — (A) = M.

(]E[) Let A and 7 be as in part @ Then Ker(7) is an R-module, so part @
implies that there is a set I' and an R-module epimorphism 7: R(") — Ker (). Let
t: Ker(m) — R™) be the natural inclusion. Then ¢ is an R-module homomorphism
because Ker(r) € R™) is an R-submodule. Tt follows that the composition f =
v R — R™W is an R-module homomorphism and Im(f) = Ker(r). This gives
the equality in the next sequence

M = R(A)/Ker(ﬂ) = R(A)/Im(f)
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while the isomorphism is from Proposition [3.11](€). O

The next proposition follows from Chapter [1| material like Proposition [3.11

PROPOSITION 4.2. Let R be a ring, M an R-module and M',M" C M sub-
modules.
(a) There is an R-module isomorphism M'/(M' N M") = (M'+ M")/M".
(b) If M" C M', then M'/M" C M/M" is a submodule, and there is an R-
module isomorphism (M/M")/(M'/M") = M/M’'.
(¢) Let m: M — M/M" be the R-module epimorphism w(m) = m + M". There
is a 1-1 correspondence

{submodules N C M | M" C N} «— {N' C M/M"}

given by
N — N/M"
7 Y(N') «— N'.
(d) fM=M+M"and M'NM" =0, then M = M & M". O

DEFINITION 4.3. Let R be a ring and M an R-module. A subset X C M is
linear independent over R if, for every n € N and every list of distinct elements
x1,...,x, € X, given r1,...,r, € R such that ), rz; = 0, we have r; = 0 for
i=1,...,n.

Assume that R has identity. A subset of X C M is an R-basis for M if it spans
M as an R-module and is linearly independent over R. If M has a basis, then it is
free.

EXAMPLE 4.4. Let G be an abelian group with the natural unital Z-module
structure. A subset X C G is a Z-basis for G if and only if it is a basis for G as an
abelian group. In particular G is free as a Z-module if and only if it is free as an
abelian group.

EXAMPLE 4.5. If R is a ring with identity and M is a unital R-module, then
is an R-basis for {0}.

EXAMPLE 4.6. If R is a ring with identity, then {eq,...,e,} C R™ is an R-basis.
Hence R" is a free R-module. More generally, if A is a set, then {ex}ren € RW)
is an R-basis. Hence R™) is a free R-module. We shall see below that, up to
isomorphism, these are the only free R-modules.

Most R-modules are not free:

EXAMPLE 4.7. The unital Z-module Z/27Z is not free. Indeed, a generating set
X C Z/27 must be nonempty because Z/2Z # 0. However, for each z € X, we
have 2z = 0 in Z/2Z even though 2 # 0 in Z; hence X is not linearly independent
over Z.

More generally, if R is a ring with identity and 0 # I C R is an ideal, then R/I
is not a free R-module. In particular, this shows that quotients of free R-modules
need not be free.

Submodules of free R-modules need not be free.
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ExXAMPLE 4.8. Every subgroup of Z™ is free as an abelian group by Proposi-
tion In other words, every Z-submodule of Z" is free as a Z-module.

Over different rings, though, the analogous result need not be true. Indeed, the
Z/6Z-module M = Z/6Z is free as a Z/6Z-module. However, the Z/6Z-submodule
3Z/67 C 7/6Z is not free as a Z/6Z-module. (Argue as in Example [4.7])

For another example, let k& be a field and consider the polynomial ring R =
klz,y]. Then R is a free R-module, and the ideal (z,y) C R is a submodule. The
submodule (z,y) is generated by the set {z,y} but this set is not a basis over R
because yr — xy = 0 and y # 0. (We will see below that this shows that (z,y) is
not free as an R-module.)

EXAMPLE 4.9. Let R be a ring with identity. The polynomial ring R[z], con-
sidered as an R-module via the natural inclusion R — R|x] is a free R-module with
basis {1,z,22,...}.

The next result is proved like Proposition

PROPOSITION 4.10. Let R be a ring with identity and M a unital R-module.
For a function e: A — M, the following conditions are equivalent:
(i) there is an R-module isomorphism ¢: R — M such that p(e,) = €(a)
for each o € A;
(i) €(A) is a basis for M;
(iii) for each unital R-module N and each function f: A — N, there is a unique
R-module homomorphism F: M — N making the following diagram com-
mute:

A—>M

|
\ | 3P
FNCy

N.
]

LEMMA 4.11. Let k be a field and V' a k-vector space.

(a) Let X CV, and let Y C X be a linearly independent subset that is maximal
among all linearly independent subsets of V' contained in X, with respect to
inclusion. Then'Y is a basis for (X).

(b) LetY CV be alinearly independent subset that is mazimal among all linearly

independent subsets of V', with respect to inclusion. Then'Y spans V and so
Y is a basis for V.

PROOF. (&) The condition ¥ C X implies (Y)) C (X). The desired conclusion
will follow once we show (Y') = (X), because then Y will be a linearly independent
spanning set for (X). So, suppose (V) C (X).

Claim: X ¢ (V). If not, then X C (Y) and so (X) C ((Y)) = (V) C (X)
which implies (X) = (Y), a contradiction.

Fix an element v € X ~ (Y), and set Y’ = Y U {v}. We will show that
Y’ is linearly independent, and this will contradict the maximality of X. Let
rri,...,tn € kand yi1,...,y, € Y such that ro + >, 7y, = 0. If r # 0, then
v=>,(-r"tr)y; € (Y) C (X), a contradiction. It follows that » = 0 and so
> ;miyi = 0. Since Y is linearly independent, it follows that r; = 0 for each i.
Hence Y’ is linearly independent.

(@ This is the special case X =V of part (ED ([l
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5. Day 5

THEOREM 5.1. Let k be a field and V' a k-vector space. Every linearly inde-
pendent subset of V' is contained in a basis for V. In particular V' has a basis and
is therefore free.

PROOF. The second statement is the special case X = () of the first statement,
so we prove the first statement.
Let X C V be a linearly independent subset. Set

¥ = {linearly independent Z C V | X C Z}

and partially order ¥ by inclusion. Since X € 3, we have ¥ # (). We will apply
Zorn’s Lemma to show that 3 contains a maximal element Y. This will be a linearly
independent subset of V' that is maximal among all linearly independent subsets
of V, with respect to inclusion, that contains X. Then Lemma will imply
that Y is a basis for V' containing X.

Let C be a chain in ¥. That is C C X such that, for all Z,Z’ € C, either
Z C Z or Z' C Z. Tt is straightforward to show that the set UzccZ is a linearly
independent subset of V' such that X C UgzceZ, that is, we have UgzecZ € 2. Tt
follows immediately that UzccZ is an upper bound for C in . Thus ¥ satisfies the
hypotheses of Zorn’s Lemma. |

THEOREM 5.2. Let k be a field and V' a k-vector space. FEvery spanning set for
V' contains a basis for V.

PrROOF. Let X C V be a spanning set for V. Set
Y = {linearly independent Z C X}

and partially order ¥ by inclusion. Since } € X, we have ¥ # (. As in the
proof of Theorem the set ¥ contains a maximal element Y. This is a linearly
independent subset of V' that is maximal among all linearly independent subsets
of V contained in X, with respect to inclusion. Lemma @ implies that Y is a
basis for (X) =V contained in X.

ExaMpPLE 5.3. Let m,n > 1. In Chapter |l] we showed that, if Z™ = Z",
then m = n. If we replace Z with an arbitrary ring R with identity, though, the
analogous statement can be false. (See Hungerford Exercise IV.2.13.) We will see,
however, that when R is commutative with identity, this is OK.

First we show that free modules with infinite bases are always OK.

LEMMA 5.4. Let R be a ring with identity and F a free R-module. If X is a
basis for F and X' C X, then X' does not span F.

PROOF. Let z € X \ X'. We claim that ¢ (X’). (Then z € F ~ (X’) and so
X' does not span F.) Suppose z € (X') and write z = Y"1, r;2} with the r; € R
and x} € X. Then the nontrivial linear dependence relation —z + > 1" r;z; = 0
contradicts the linear independence of X.

LEMMA 5.5. Let R be a ring with identity and F' a free R-module. If X spans
F and Y 1is a finite subset of F, then there is a finite subset X' C X such that
(v) C (X7).
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PrOOF. WriteY = {y1,...,ym} C F = (X). Foreachi = 1,...,m there exists
n; € Nand z;1,...,2pn, € X and 75,1,...,75n, € R such that y; = 22;1 Ti T -
Consider the finite set X' = {z;; |i=1,...,n;j=1,...,n;} C X. It follows that
Y C(X')and so (Y) C ((X')) = (X). O

LEMMA 5.6. Let R be a ring with identity and F a free R-module. If F' has an
infinite basis, then every spanning set (and hence every basis) for F is infinite.

PROOF. Let X be an infinite basis for F', and let Y be a spanning set for F'.
By way of contradiction, suppose that Y is a finite set. By Lemma there is a
finite subset X’ C X such that F = (Y) C (X') C F. Hence (X') = F and so X’
spans F. On the other hand, X is infinite and X’ is a finite subset. Hence X' C X,
and so Lemma says that X’ cannot span F, a contradiction. (I

LEMMA 5.7. Let R be a ring with identity and F an R-module. Let X be
a linearly independent subset of F and let X', X" C X. If (X') C (X"), then
X' CcX".

PROOF. Suppose that 2’ € X'~ X”. Since 2’ € X' C (X’) C (X”) we have
x' =), rxy for some r; € R and distinct 27/ € X”. Since 2’ is distinct from the
xf/, this yields a nontrivial linear dependence relation in X, a contradiction. O

REMARK 5.8. Let R be a ring with identity and F' a free R-module. Let Y be a
basis for F, and let K(Y') denote the set of all finite subsets of Y. Let X C F', and
define a function f: X — K(Y) as follows: for each € X let f(x) = {y1,...,yn}
where there exist r1,...,r, € R such that each r; # 0 and = = Z?:l riy;. Since Y
is a basis for F, the y; are uniquely determined by x, so this function is well-defined.

LEMMA 5.9. Let R be a ring with identity and F' a free R-module. Assume that
X and 'Y are infinite bases for F, and let K(Y') denote the set of all finite subsets
of Y. Let f: X — K(Y) be the function from Remark ,

(a) The set Ugerm(s)S C Y spans F', and s0 Ugerm5)S =Y.
(b) The set Im(f) is infinite.
(c) For each T € K(Y), the set f~X(T) is finite.

PROOF. (@) For each z € X, we have z € (f(z)) by definition of f. Hence X C
(USeIm(f)S) and so F = (X) C (USeIm(f)S) C F which implies (USEIm(f)S) =F.
Since Y is a basis for F' and Ugcn(r)S is a spanning set for F' contained in Y,
Lemma [5.4) implies Userm()S =Y.

Suppose that Im(f) is finite. Since each element of Im(f) is a finite subset
of Y, it follows that Y = Ugcm(s)S is a finite subset of Y. Part @ says that Y’
spans F. On the other hand, Y is infinite and Y” is a finite subset. Hence Y/ C Y,
and so Lemma [5.4] says that Y’ cannot span F, a contradiction.

Note that f~1(T) C X. If T & Im(f), then f~1(T) = 0 which is a finite set.
Assume that T € Im(f). If x € f~1(T), then z € (T) by definition of f. It follows
that f~1(T) C (T). On the other hand, Lemma implies that there is a finite
subset X’ C X such that (T) C (X’) and so (f~1(T)) C (T) C (X'). Since f~1(T)
and X’ are subsets of X, Lemma implies f~!(T) C X’. Since X' is finite, the
same is true of f~1(T). O
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6. Day 6
Here are some highlights of Hungerford section 0.8.

DEFINITION 6.1. Let X and Y be sets. If there is a 1-1 function X — Y, then
we write | X| < |Y]. If there is a bijection X — Y, then we say that X and Y have
the same cardinality and write | X| = |Y|. A set X is countable if | X| = |N|.

EXAMPLE 6.2. When X and Y are finite sets, they have the same cardinality
if and only if they contain the same number of elements.

FACT 6.3. (Schroeder-Bernstein Theorem) Let X and Y be sets. If | X| < |Y]
and |Y| < |X]|, then |X| = |Y]|. In other words, if there are 1-1 functions X — Y
and Y — X, then there is a bijection X — Y.

Fact 6.4. Let X be an infinite set. Then |X x N| = |X|. If K(X) denotes the
set of all finite subsets of X, then |K(X)| = |X]|.

THEOREM 6.5. Let R be a ring with identity and F a free R-module with an
infinite basis X. Then every basis for F' has the same cardinality as X . Specifically,
if Y is another basis for F', then there is a bijection X — Y.

PROOF. Let Y be another basis for F. Lemma [5.6| implies that Y is infinite.
Let K(Y) denote the set of all finite subsets of Y. Let f: X — K(Y) be the
function from Remark Note that X is the disjoint union X = UTGIm(f)f_l(T).

For each T € Im(f) order the elements of f~(T), say z1, ..., x, are the distinct
elements of f~1(T). Define a function gr: f~1(T) — N by setting gr(z;) = i.

Define h: X — K(Y) x N by the assignment h(z) = (f(z),gf)(z)). One
checks readily that h is well-defined and 1-1. Using Fact this implies

[X| < [K(Y) x N = [K(Y)| = [Y].

By symmetry we have |Y| < |X]|, so the Schroeder-Bernstein Theorem implies
|X| = 1Y, as desired. O

LEMMA 6.6. Let k be a field and let F' be a k-vector space. Fix elements
Tiyee s Ty Yjre-rYn € F where 1 < j < n, and assume that F' is spanned by
{1, .. 251,95, un}. If {1, ..., 2} is linearly independent, then the y;’s can
be reindexed so that F = (x1,...,Zj-1,%j, Yj+1s--->Yn)-

PrOOF. Case 1: j = 1. Our assumptions translate as: F' = (y1,...,y,) and
x1 #0. Since 1 € F = (y1,...,yn) we have x1 = r1yy + - - - rpy, for some r; € R.
Since x1 # 0, we have ry # 0 for some k. Reorder the y;’s to assume that r; # 0.
Since k is a field, we have

yr =1 my Y (= )y
and so y1 € (T1,Y2,...,Yn). Since we also have y; € (21,y2,...,yn) for each
i=2,...,n, we have
F= (ylay27"'7yn) g (xlayQa"'ayn) g F

and so F' = (21,Y2,---,Yn)-

Case 2: j > 2. We have F = (21,...,2j-1,Yj,--.,Un), and the set {z1,...,z;}
is linearly independent. Since z; € F = (x1,...,2,-1,Yj,--.,Yn) We have x; =
23;11 T + Z?:j ryy; for some r; € R.
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Suppose that r; = 0 for ¢ = j,...,n, then z; = 23;11 riz; € (x1,...,T5-1),
which is impossible since {z1,...,2;_1,2;} is linearly independent. This implies
that r; # 0 for some ¢ = j,...,n. Reorder the y;’s to assume that 7; # 0. Since
k is a field, the argument of Case 1 shows that y; € (z1,...,2j-1,2;,Yj41,---,Yn)
and further that F = (z1,...,2j-1,%,Yj+1,-- -, Yn) as desired. O

THEOREM 6.7. Let k be a field and let F be a k-vector space. If X andY are
two bases for F, then | X| =Y.

PROOF. If either X or Y is infinite, then this follows from Theorem [6.5] Hence
we assume that X and Y are both finite. If X is empty, then it is straightforward to
show that Y is empty, and conversely. so we assume that X, Y # 0. Let z1,..., 2,
be the distinct elements of X and let y1,...,y, be the distinct elements of Y.

Claim: n > m. (Once this is shown, a symmetric argument will imply m > n
and so m = n and we are done.) Suppose n < m. Lemma implies that the y;’s
can be reordered so that F = (z1,ya,...,¥n). By induction on j, Lemma im-

plies that the remaining y;’s can be reordered so that F' = (z1,..., %, Yj+1,---:Yn)
for each j = 1,...,n. The case j = n says that F' = (x1,...,2,). In partic-
ular, we have (z1,...,Zn, Tpnt1,.-.Tm) C (z1,...,2,). Lemma implies that
{z1,. -  Zn, Tnt1,- -y Tm} C {z1,...,2,} and so z,, € {z1,...,2,}. Since m > n
and {x1,..., 2} is linearly independent, this is impossible. |

LEMMA 6.8. Let R be a ring with identity and I C R a two-sided ideal. Let F' be
a free R-module with basis X, and let m: F — F/IF be the canonical epimorphism.
Then F/IF is a free R/I-module with basis m(X), and |7(X)| = |X]|.

PROOF. Step 1: 7(X) generates F//TF. This follows from Example since T
is an R-module epimorphism.

Step 2: Fix distinct elements z1,...,z, € X and suppose that ry,...,7, € R
such that > | (r; + I)7(z;) = 0. We show that each r; € I. We have

IF =300 (i + D@ + IF) = 330 (riws + IF) = (301 riwi) + IF
and so Y ., riz; € IF. Write > 1, rz; = >, a;jfj for some a; € I and f; € F.
Write each f; = ", rjxz; for some 7, € R and x;; € X. Then
i i =3 a5 f = 30503k rikTik) = 35 (0575 k)T k-

Thus, we have written the element Y .- | r;z; in the form Y, s;x] for some s; € I and
x; € X. Re-index if necessary and add terms of the form Oz; and 0z} if necessary
to write

Doy Tii = Y 8i

with the s; € I. This implies

0= Z?:l(ri — Sl)l‘l

so the fact that X is linearly independent implies r; = s; € I for each 1.

Step 3: w(X) is linearly independent over R/I. (This will show that F/IF
is a free R/I-module with basis w(X).) Fix distinct elements x1,...,z, € X and
suppose that rq,...,7, € R such that > | (r; + I)m(z;) = 0. Step 2 shows that
each r; € I, and so each coefficient r; + 1 =1 = 0g/;.
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Step 4: |7(X)| = |X|. The map 7: X — «w(X) is surjective by design. We need
to show that it is 1-1. Suppose that z,z’ € X such that z # 2’ and 7(z) = 7 ().
Then

14+ Dr(z)+ (-1+Drw(z") =0
and so Step 2 implies that 1,—1 € I. This implies I = R, contradicting our
assumption I C R. O

7. Day 7

DEFINITION 7.1. Let R be a ring with identity. R satisfies the invariant basis
property if: for every free R-module F', any two bases of F' have the same cardinality.
If R has the invariant basis property and F' is a free R-module, the rank of F' is

n  if F has a finite basis with exactly n elements

oo if F has an infinite basis.

rankp(F) = {

Every field k has the invariant basis property by Theorem [6.7] The rank of a k-
vector space V is often called the dimension of V', denoted dimy (V') = rankg (V).
Note that this definition differs from Hungerford’s definition.

THEOREM 7.2. If R is a commutative ring with identity, then R has the in-
variant basis property.

PROOF. Let F be a free R-module with bases X and Y. Let m C R be a max-
imal ideal. Let 7: F — F/mF be the canonical epimorphism. Lemma implies
that F'/mF' is a vector space over R/m with bases m(X) and 7(Y). Theorem
then provides the second inequality in the following sequence

| X[ = [7(X)] = [=(Y)| = Y]
while the first and third equalities are from Lemma [6.8] O
Now we focus on the basic properties of dimension.

THEOREM 7.3. Let k be a field. Let V be a k-vector space and let W CV be a
k-subspace.
(a) dimg (W) < dimg (V).
(b) If dim; (W) = dimg (V) and dimg (V) < oo, then W = V.
(¢) dimg (V) = dimg(W) + dimg (V/W).

PROOF. Let Y be a k-basis for W. Theorem [5.1] provides a basis X for V such
that Y C X.

(8 If dimy, (V') = oo, then we are done, so assume that dimy (V) < co. Then X
is finite, and it follows that Y is finite and

dimy (W) = Y| < |X| = dimg (V).

(b) Since dimy (V) < oo, we know that X is finite, and so Y is finite. Since
dimy (W) = dimg(V'), we see that Y is a subset of the finite set X with the same
number of elements of X, and so Y = X. Thus W =(Y) = (X) =V.

Claim: The set Z = {x + W € V/W | x € X \Y} is a k-basis for
V/W. To see that Z spans V/W, let v+ W € V/W. Since v € V, we write
v=) T+, 8y withry,s; € R, v € X\Y and y; € Y. Then ), sjy; € W
and so

vt W= (3 riwi + 305 sy5) + W= (32 miws) + W € ({o + W) € (2).
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This shows that V/W C (Z). Since Z C V/W, we have (Z) C V/W and so
(Z)=V/W.

Note that, for z,2’ € X \Y we have x = 2’ if and only if z + W = 2/ + W.
The forward implication is straightforward. For the reverse implication, assume
x4+ W =o' +W. This implies  — 2’ € W = (Y) and so x — 2’ = >, ;y; for some
r; € kand y; € Y. Since the set X is linearly independent, this linearly dependence
relation implies z = 2'.

To see that Z is linearly independent over k, let 1 +W, ..., z, + W be distinct
elements of V/W and let ry,...,7, € k such that ) ,ri(z; + W) = 0. Then
Zi r;x; € W, so there are distinct elements y1,...,y, € Y and s1,..., s, € k such
that

DT = 205 85y
The elements x1, ..., %y, Y1,---,Ym € X are distinct since Y N (X \Y) = 0, using
the previous paragraph. Hence, the displayed linearly dependence relation implies
that each r;,s; = 0. This establishes the claim.

If dim (V') = oo, then X is infinite, and so either Y or X \Y is infinite; in this
case, the formula dimy (V') = dimy (W) + dimg (V/W) is satisfied. If dimg (V) < oo,
then

dim, (V) = | X| = Y|+ | X N Y| = dimg (W) + dimg (V/W)
as desired. O

Here is the tower rule.

THEOREM 7.4. Let K C L be a field extension and let V' be an L-vector space.
Then dimg (V) = dimg (L) dimg (V). Furthermore dimg (V) is finite if and only if
dimg (L) and dimp, (V) are both finite.

PRrROOF. Note first that K is a subring of L such that 1x = 1, and so L
is a K-vector space via the multiplication in L. Also V is a K-vector space by
restriction of scalars.

Let X be a K-basis of L, and let Y be an L basis of V. Note that, for each
z,x' € X and y,y' €Y, if vy = 2'y/, then x = 2’ and y = y’. This follows from the
fact that z,2’ € X C L and Y is linearly independent over L.

Claim: Theset Z ={zy € L |z € X,y € Y} is a K-basis for V. We first show
that Z is linearly independent. Note that any linear dependence relation in Z can
be written in the form

22 Ti%Yi =0
for some distinct elements z1,...,z, € X and distinct elements y1,...,y, € Y and
ri; € R. Since ) jTijTj € L and Y is linearly independent over L, the displayed
equation implies that } . r; jz; = 0 for each i. Since r;; € k and X is linearly
independent over L, this equation tells us that each r; ; = 0.

Next we show that Z spans V as a K-vector space. Let v € V. Since Y is
an L-basis for V, we have v = ZZ t;y; for some t; € L and y; € Y. Since X is a
K-basis for L, for each i we have t; = Zj u;,;%;,; for some u; ; € K and x;; € X.
Hence

v=>3 by = v =300 i % )Y = 3 ;i (Tijyi)-

The desired conclusions follow from the claim since |Z| = | X x Y. O
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COROLLARY 7.5. Let k be a field and let f: V — W be a linear transformation
of k-vector spaces. Then

dimy (V) = dimg(Im(f)) + dimg (Ker(f)).

PROOF. We have an isomorphism Im(f) = V/Ker(f) and so Theorem
yields the desired equality. O






CHAPTER 5

Galois Theory

1. Day 1

DEFINITION 1.1. Let R be a ring and let X C R be a subset. The subring of
R generated by X is the intersection of all subrings of R containing X.

REMARK 1.2. The subring test can be used to show that the subring generated
by a subset X C R is a subring of R. It is the unique smallest subring of R
containing X. If R is commutative, then so is the subring generated by X. If R has
identity and 1r € X, then the subring generated by X is a subring with identity
1r. If R is an integral domain and 1 € X, then the subring generated by X is an
integral domain.

DEFINITION 1.3. Let R be a commutative ring with identity and let A C R
be a subring with identity 14 = 1. Let X C R be a subset. The subring of R
generated by X over A is the subring of R generated by X U A4; it is denoted A[X].
If X ={ry,...,r}, then we write A[ry,...,r,] for A[X]. If R = A[ry,...,r,] for
some 11, ...,T, € R, then we say that R is finitely generated as an A-algebra.

REMARK 1.4. Let R be a commutative ring with identity and let A C R be a
subring with identity 14 = 1g. Let X C R be a subset.

The notation A[ry,...,7,] does not mean that this is a polynomial ring. When
we are dealing with polynomial rings, we will say so explicitly.

If R is finitely generated as an A-module, then it is finitely generated as an A-
algebra. The converse does not hold in general: the polynomial ring Afz] is finitely
generated as an A-algebra (see Example but it is not finitely generated as an
A-module.

Since R is commutative with identity and 1 € A C AU X, we see that A[X] is
a commutative ring with identity such that 14x; = 1g.

REMARK 1.5. Let R be a commutative ring with identity and let A C R be a
subring with identity 14 = 1z. Let r1,...,r, € R.

(a) For each permutation o € S,,, we have A[ry(1),...,7om)] = Alr1,...,7n].
(b) We have A[ry,...,rn—1][rn] = Afr1, ..., 70

THEOREM 1.6. Let R be a commutative ring with identity and let A C R be a
subring with identity 14 = 1g. Let X C R. For eachn > 1 let Alzq,...,x,] be the
polynomial Ting in n variables.

(a) AX]={f(r1,...,rm) ER|n>=1, f€Ax1,...,20] and r1,...,7 € X}.
(b) Fiz an integer n > 1. Ifrq,...,r, € R, then
Alri, ...l ={f(r1,...,rn) € R| f € Alz1,..., 2]}

The map ¢: Alxy,...,z,] — Alri,...,1rn] given by f — f(ri,...,m)
an epimorphism of commutative rings with identity. Hence Alry,...,ry,]

R &
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Alzq,...,z,)/I where I is the two-sided ideal I = Ker(p). It follows that
R is finitely generated as an A-algebra if and only if it is isomorphic to a
quotient of a polynomial ring over A in finitely many variables.

(c) For each finite subset Y C A[X], there is a finite subset X' C X such that
AlY] C A[X].

PROOF. (@) Set
B={f(r1,...,rn) €ER|n>=1, f € Alxq,...,xy] and 71,...,7, € X }.
Each subring C C R such that AUX C C must contain every product ary"* - - -y

n
with a € A and r; € X and m; > 0, since it is closed under multiplication; because
C is closed under addition, it must contain every finite sum of such elements. Hence
B C C and so B C A[X]. On the other hand, the subring test can be used to show
that B is a subring of R that contains X U A, and so B D A[X].

(]ED The displayed equality is a special case of part @) The function ¢ is a well-
defined homomorphism of commutative rings with identity by Proposition [3}|10.3
and ¢ is surjective by the displayed equality.

Write Y = {y1,...,ym}. By parts (a) and (b)), for each y; there are
Tid, ... Tip, € Xsuchthaty; € Alziq,...,%ip,] Set X' ={z;;|i=1,...,m;j=
1,...,n;} € X. It follows that AUY C A[X'] and so A[Y] C A[X']. O

ExAMPLE 1.7. The ring Z[v10] = {a+bv10 € R | a,b € Z} is the subring of R
generated by v/10 over Z. The ring of Gaussian integers Z[i]| = {a+bi € C | a,b € Z}
is the subring of C generated by ¢ over Z.

EXAMPLE 1.8. Let R be a commutative ring with identity and let R[x1,. .., zy]
be the polynomial ring in n variables. The subring of R[z1,...,z,] generated by
X1,...,ZTn over R is exactly R[z1,...,2,]. In a sense, this justifies the similarity in
notation between rings generated by elements and polynomial rings.

2. Day 2

DEFINITION 2.1. The degree of a field extension K C L is [L : K| = dimg (L).
The extension is finite if [L : K] < oco. If F is a field such that K C F and F C L
are subfields, then F is an intermediate field of K and L.

The tower rule translates to the following.

COROLLARY 2.2. Ifk C K C L are field extensions, then [L : k] = [L : K|[K :
k], and the extension k C L is finite if and only if the extensions k C K and K C L
are both finite. O

DEFINITION 2.3. Let K be a field and let Y C K be a subset. The subfield of
K generated by Y is the intersection of all subfields of K containing Y.

REMARK 2.4. If K is a field and Y C K is a subset, then the subfield generated
by Y is a subfield of K, moreover, it is the unique smallest subfield of K that
contains Y.

DEFINITION 2.5. Let &k € K be a field extension and let X C K be a subset.
The subfield of K generated by X over k is the subfield of K generated by X U k;
it is denoted k(X). If X = {ry,...,r,}, then we write k(ry,...,r,) for k(X). If
K = k(r,...,r,) for some rq1,...,7, € K, we say that K is a finitely generated
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field extension of k. If K = k(r) for some r € K, we say that K is a simple field
extension of k.

REMARK 2.6. The notation k(ry,...,r,) does not mean that this is the field of
quotients of a polynomial ring; see Section[3TI}] When we are dealing with quotient
fields of polynomial rings, we will do so explicitly.

If the field extension k C K is finite, then it is finitely generated. The converse
does not hold in general: the field of fractions k(x) of the polynomial ring k[x]
is finitely generated as a field extension of k (see Example but the extension
k C k(z) is not finite.

REMARK 2.7. Let k C K be a field extension and let r1,...,r, € K.

(a) For each permutation o € Sy, we have k(r(1),...,7om)) = k(r1,..., 7).
(b) We have k(ry,...,rn—1)(rn) = k(r1,..., 7).

LEMMA 2.8. Let ¢: R — K be a homomorphism of commutative rings with
identity where K is a field.

(a) If R is a field, then ¢ is a monomorphism.

(b) If v is a monomorphism, then R is an integral domain.

(c) Ker(p) C R is a prime ideal.

(d) There is a well-defined monomorphism of fields 1p: Q(R/Ker(y)) — K given

by P(7/5) = @(r)p(s) ™"

PROOF. (a) Ker(p) C R is an ideal of R. Since R is a field, either Ker(p) = R
or Ker(y) = (0). Since ¢(1) =1 # 0, we have Ker(¢) # R and so Ker(y) = (0).

(b) Im(y) is a subring of K with the same multiplicative identity as K. Hence
Im(y) is an integral domain. Since ¢ is a monomorphism, we have R = Im(p) C K,
and so R is an integral domain.

The map ¢ induces a well-defined monomorphism of commutative rings
with identity p: R/ Ker(¢) — K given by $(F) = ¢(r). Part (b) implies that
R/Ker(yp) is an integral domain, and so Ker(¢) C R is a prime ideal.

@ Case 1: ¢ is a monomorphism. Note that part (]ED implies, in this case,
that R is an integral domain. We show that the map ©: Q(R) — K given by
P(r/s) = ¢(r)e(s)~! is a well-defined homomorphism of commutative rings with
identity; then part (ED implies that 1 is a monomorphism.

Well-defined: Let r/s =7'/s’ € Q(R). Then s,s’ # 0 and rs’ = r’s. We have

Since ¢ is a monomorphism, we have ¢(s),p(s’) # 0. Since K is a field, the
displayed equations imply

and so ¢ is well-defined.
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1 is a homomorphism of commutative rings with identity:

(4 =) = - sy

- e =r () e (D)
rt\ rt\ (rt) B (r)e(t) B (r) o(¢) B r t
v (u) =Y (u) = 26w " et~ e~ (5) (u)
V(lqmry)) = Gi) = iﬁi; = % =1k

Case 2: in general. The map ¢ induces a well-defined monomorphism of commuta-
tive rings with identity 7: R/ Ker(p) — K given by 3(7) = ¢(r). Part (b)) implies
that R/ Ker(p) is an integral domain. Case 1 implies that there is a well-defined
monomorphism of fields ¢: Q(R/Ker(¢)) — K given by ¢(7/35) = p(T)p(5) L.
Since B(7)p(3) ! = p(r)¢(s) !, we have the desired monomorphism. O

THEOREM 2.9. Let k C K be a field extension and let X C K.

(a)
x) = {

’/7,2 1; f7g S k[xlv"'7xn,]7'
T1y...,Tn € X5 and g(ry,...,rn) #0 [

(b) Fiz an integer n > 1. Let k[z1,...,x,] be the polynomial ring in n variables.
Ifry,...,m» € R, then

k(ri,...,rm) = {M eK

flre,...om)

e K
g(r1, ..y rn)

f,ge ki[a?1,...,1‘n]
and g(ri,...,mn) #0 [~

Let ¢: k[zy,...,x,] — k(r1,...,7) be the evaluation map given by the rule
f e flr,...,rn). Then Ker(y) C klz1,...,2,] is a prime ideal, and ¢
induces an isomorphism k(r1,...,mn) = Q(k[x1,...,x,]/ Ker(p)). It fol-
lows that the extension k C K is finitely generated if and only if K =
Q(k[z1,...,2,]/P) for some n = 0 and some prime ideal P C klx1,...,zy].

(¢c) For each finite subset Y C k(X), there is a finite subset X' C X such that
k(Y) Ck(X).

PROOF. (@) Set

flry, ... mn) n>1; f,g €klz,...,x,);
B: K ) ) ) ) ) .
{g(hw--ﬂ”n) < r1,...,rq € X;and g(r1,...,7) #Z0

Each subfield L C K such that kUX C L must contain every product ary™* - - - rn
with a € k and r; € X and m; > 0, since it is closed under multiplication; because L
is closed under addition, it must contain every finite sum of such elements; because
L is closed under multiplicative inverses of nonzero elements, it must contain every
quotient of such sums, provided the denominator is nonzero. Hence B C L and so
B C k(X). On the other hand, the subring test can be used to show that B is a
subring of R that contains X Uk, and so B D k(X).

(]E[) The displayed equality is a special case of part @ The map ¢ is a well-
defined homomorphism of commutative rings with identity by Proposition [3][10.3]
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Hence, Ker(p) C k[z1,...,,] is a prime ideal by Lemma [2.8[d). Lemma [2.8|(d)
provides a well-defined monomorphism of fields

v Qk[zy, ..., xn]/ Ker(p)) — k(r1,...,70)
w(?/g) = (p(f)cp(g)il = f(rla cee ,Tn)g('rl, cee 77’71)71'

This map is onto by the explicit description of k(r1,...,7,), and hence is an iso-
morphism.

Write Y = {y1,...,ym}. By parts @ and (b)), for each y; there are
Tidye--yTim; € X such that Yi € k(%i,l, e ’xi,m)' Set X' = {:Ei,j | i1=1,... ,m;j =
1,...,n;} C X. It follows that kUY C k(X’) and so k(Y) C k(X'). O

3. Day 3

ExAMPLE 3.1. We have C = R(7). The containment C D R(7) is by definition:
R(7) is the smallest subfield of C that contains R and i. For the containment
C C R(i), note that R(4) is closed under addition and multiplication. Hence, each
element of C, which has the form a + bi is in R(4).

EXAMPLE 3.2. Let k be a field and let k[zq,...,z,] be the polynomial ring
in n variables. The subring of Q(k[z1,...,z,]) generated by x1,...,2, over k is
exactly k(z1,...,2,). In a sense, this justifies the similarity in notation between
subfields generated by elements and fields of fractions of polynomial rings. In the
future, we'll call k(z1,...,x,) the field of rational functions in n variables over k.

DEFINITION 3.3. Let K C L be a field extension. An element u € L is algebraic
over K if there exists a polynomial 0 # f € K|z| such that f(u) =0. If w € L is
not algebraic over K, it is transcendental over K. The extension K C L is algebraic
if every element of L is algebraic over K; it is transcendental if it is not algebraic.

REMARK 3.4. Let K C K’ C L be field extensions. Every element of K is
algebraic over K, and so K C K is an algebraic extension. If the element v € L is
algebraic over K, then u is algebraic over K’ since K[x| C K'[z]. If L is algebraic
over K, then L is algebraic over K'. If u € L is algebraic over K, then u is a root
of a monic polynomial f € K|[z].

ExAMPLE 3.5. The extension R C C is algebraic: each complex number a+bi €
C is a root of the polynomial (x—(a+bi))(x—(a—bi)) = 22 —2ax+ (a®+b?) € R[z].
We will see below that this can be deduced directly from the fact that i is algebraic
over R and C = R(7).

The extension Q C R is transcendental because e and 7 are transcendental over
Q. (This is a highly nontrivial fact.) Notice that R does contain nontrivial elements
that are algebraic over Q, for instance /2. Thus, if K C L is a transcendental
extension, then L may contain a mix of algebraic and transcendental elements.

EXAMPLE 3.6. Let k be a field, and let k(x1,...,2,) be the field of rational
functions in n variables over k. The extension k C k(x1,...,2,) is transcendental.
In fact, every element of k(z1,...,2,) \ k is transcendental over k.

Simple extensions are divided into two cases: those generated by a transcen-
dental element and those generated by an algebraic element.

THEOREM 3.7. Let K C L be a field extension, and let u € L be algebraic over
K. Let K[z] be the polynomial ring in one variable over K, and let a: K — K|z
be the natural monomorphism.
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(a) Then K(u) = K[u].

(b) The evaluation map ¢: Klz] — K(u) given by f — f(u) is an epimorphism
with Ker(yp) = (g) for a unique irreducible (non-constant) monic polynomial
g € K|z].

(¢c) There is an isomorphism of fields 1: K[z]/(g) — K(u) which is the identity
on K, that is, such that the following diagram commutes

K|[x] - K

|

K[2]/(g) —> K (u)

where w is the natural epimorphism and the unlabeled arrow is inclusion.

PrOOF. The map ¢ is a homomorphism of commutative rings with identity.
Since K (u) is a field, Lemma implies that Ker(¢) C KJz] is a prime ideal.
Since u is algebraic over K, we have Ker(¢) # 0. The ring K|[z] is a PID, and
so Ker(¢) = (g) for some g € K[z]. Since Ker(p) = (g) is prime and nonzero, it
follows that g is irreducible. Since K is a field, we may multiply ¢g by the inverse
of its leading coefficient to assume that g is monic. The proof of Theorem
shows that Ker(p) = (g) is maximal, and so K[z]/(g) is a field. It follows that
Im(y) = Klz]/(g) is a subfield of K(u) that contains K and u. Since K(u) is
the unique smallest such subfield, we have K[z]/(g) = Im(¢) = K(u). From
Theorem [L.6][b)) we know K[u] = Im(p) = K (u). This establishes parts (a)) and (d).

To finish the proof of part @, we need to show that g is unique. Suppose that
h € K|[z] is an irreducible monic polynomial such that (h) = (g). It follows that g|h
and h’ g. Since K[z] is an integral domain, we conclude that h = vg for some unit
v € K[x], that is, for a nonzero element v € K. It follows that deg(h) = deg(g).
Comparing leading coeflicients of g and h, we have 1 = 1lv and so v = 1, which
implies h = g. (I

DEFINITION 3.8. With the assumptions of Theorem 3.7 The irreducible monic
polynomial g is the minimal polynomial or irreducible polynomial of u. The degree
of uw over K is [K(u) : KJ.

4. Day 4

THEOREM 4.1. Let K C L be a field extension, and let w € L be algebraic over
K. Let K[z] be the polynomial ring in one variable over K. Let g € K|z| be the
minimal polynomial of u, and set n = deg(g) > 1.

(a) If f € K[z] and f(u) =0, then g|f in K[x].
(b) The set {1,u,u?,...,u" 1} is a K-basis for K (u).
(¢) The degree of u over K is [K(u) : K] = deg(g) = n.

PROOF. (a) This is a restatement of the condition Ker(¢) = (g) from Theo-
rem |3.7|(b)).

(b) We first show that the set {1,u,u?,...,u" "'} spans K(u) as a K-vector
space. Let v € K(u) = K[u]. Then v = f(u) for some f € K[z]. The division
algorithm in Klz| yields ¢,r € KJz] such that f = gg + r and either r = 0 or
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deg(r) < deg(g). In other words, we have r = ag + a1z + -+ - + a,_12" ! for some
a; € K. Since g(u) =0, we have

v=f(u) = q(u)g(u) +r(u) = 0g(u) +r(u) = ap + aru + - + an_yu"~*

and so v is in the K-span of {1,u,u?, ... ,u" '}. Since v is an arbitrary element
of K(u), we have K(u) C (1,u,u?,...,u" ') C K(u), and so {1,u,u?,...,u"" '}
spans K (u).

Next we show that the set {1,u,u?,...,u" 1} is linearly independent over K.

Suppose that 37~ bu’ = 0 for some b; € K. Set f = Y1 bz’ € K[z]. We
need to show that f = 0. Note that f(u) = 0 by construction, and so g’f in K[x]
by part (a). However, if f # 0, then deg(f) < deg(g), which is impossible. Hence
f =0, and the set {1,u,u?,...,u" 1} is a basis.

This follows immediately from part (]ED ([l

EXAMPLE 4.2. The minimal polynomial of i € C over R is 22 + 1 because i
is a root of this monic polynomial and is not a root of any polynomial of smaller
degree. Hence, we have C = R(i) = R[i] = R[z]/(2? + 1). Similarly, we have

Qi) = Qi) = {a+bi € Cla,beQ} =Qlx]/(z® +1)
and

Q(v2) =Q[v2] = {a+bV2 € R | a,b € Q} = Qlu]/(2” - 2).

The previous results show how to use the division algorithm to find inverses
and such.

EXAMPLE 4.3. Consider the polynomial f = 2® + 222 + 2z + 2 € Z[z], which
has no rational roots by the rational root theorem. Since deg(f) = 3, we conclude
that f is irreducible over Q. However, since f has odd degree, one can show that
f has a root u € R. Thus we have

Q(u) = Qu] = {a+bu+cu? €R | a,b,c € Q} = Qz]/(x® + 22% + 2z + 2).

Even without having an explicit expression for u, we can do some arithmetic.
(a) Write the element u* as a Q-linear combination a + bu + cu?.
Method 1: In Q(u), we have u® = —2u? — 2u — 2 and so

ut = uu® = —2u3 — 2u? — 2u = —2(—2u® — 2u — 2) — 2u® — 2u

=4’ +4du+4—20° — 2u =20+ 2u +4
Method 2: Use the division algorithm to write 2 = (z — 2) f + 22% 4 2z + 4 and so

ut = (u —2) f(u) +2u® + 2u + 4 = 2u® + 2u + 4.
N~

=0

(b) Compute u=* = (u*)~! in Q(u).
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Method 1: Linear algebra. We have u* = 2u? + 2u + 4 # 0. We know that
uw Tt =au® +bu+c

1=utu™ = (2u® 4 2u + 4)(au® + bu + ¢)
0u? + 0u + 1 = 2au® + (2b + 2a)u® + (2¢ + 2b + 4a)u® + (2¢ + 4b)u + 4c
0u? 4 Ou + 1 = 2a(2u” + 2u + 4) + (2b + 2a)(—2u? — 2u — 2)
+ (2¢ + 2b + 4a)u® + (2¢ + 4b)u + 4c
0u? + 0u + 1 = (2¢ — 2b + 4a)u® + (2¢)u + (4a — 4b + 4c¢)

c=0
0u? + Ou + 1 = (—2b + 4a)u® + Ou + (4a — 4b)
0=—-2b+4a
b=2a
1=4a—4b=4a — 8a = —4a
o=~}
b= -}
ut = —iuQ - %u
Check this:
Wi — Jul =~ + 202) = ~du(-2u - 2)
=1(u+u®) = 1(2u? + 2u+ 4+ u?)
=3(2)=1v

Method 2: Euclidean algorithm, i.e., repeated application of the division algorithm.
Find polynomials g, h € Q[z] such that 1 = (222 + 2z + 4)g + (2® + 222 + 22 + 2)h.

2 +20° 4204+ 2= (3x+ 1) (222 + 20 +4) -2
202 + 20 4+4 = (—2x —2)(—x) +4
back-substitute
4= (227422 +4) + 22+ 2)(-2)
= (22° + 2z + 4)
+ (22 +2)[—(3z + 3)(22% + 22 + 4) + (23 + 222 + 22 + 2))
= (1)(22° + 224+ 4) — 2z +2)(3z + $)(22% + 22 + 4)
+ (22 4 2)(2® + 227 + 22 + 2)
= (—2% — 22) (22 + 2z + 4) + (22 + 2)(z® + 22* + 22 + 2)
1=1(—2? —22)(22% 4+ 22 + 4) + 1 (22 + 2)(2® + 222 + 22 4 2)
evaluate at . = u

1= 2(—u?—2u)(2u® + 2u+4) + 1 (2u + 2) (u® + 2u® + 2u + 2)

=f(u)=0
1= (—3u® — 3u)(2u? + 2u + 4)

Hence, we have u=% = (2u? +2u+4)7! = —iuQ — %u
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DEFINITION 4.4. Let K C L and K C L’ be field extensions. A homomorphism
of fields ¢: L — L’ is a K-homomorphism if it is also K-linear, that is, if ¢(ab) =
ap(b) for all @ € K and all b € L. If ¢ is also bijective, then it is a K-isomorphism.
Note that, if ¢ is a K-homomorphism, then ¢(a) = a for all a € K because

o) = da-1) = 16(1) =a-1=a.
In other words, ¢|x = idk.

EXAMPLE 4.5. The isomorphism ¢: KJz]/(g) — K (u) from Theorem is
a K-isomorphism, if one identifies K with its image in K[z]|/(g).

THEOREM 4.6. Let K C L be a field extension. Let K(x) be the field of rational
functions is one variable over K, and identify K with its image in K(z) via the
natural monomorphism a: K — K(x). If u € L is transcendental over K, then
there is a K-isomorphism of fields ¢: K(xz) — K(u) such that ¥(x) — u; in
particular, the following diagram commutes

RN

K(x) K(u)

<

1R

where the unlabeled arrow is inclusion.

PROOF. The evaluation map ¢: K[z] — K (u) given by f — f(u) is a monomor-
phism because u is transcendental over K. Hence, the map ¢: K(x) — K(u) from
Theorem [2.9((b), given by f/g — f(u)/g(u) is a well-defined isomorphism of fields.
It follows from the definition of ¢ that v is the identity on K. O

5. Day 5

Next we discuss the following problem: Given field extensions K C L and K’ C
L', if ¢: K — K’ is an isomorphism, when does this “extend” to an isomorphism
®: L — L'? That is, when does there exist an isomorphism of fields ®: L — L’
making the following diagram commute:

For example, when ¢ = idg: K — K, Theorems and showcase certain
situations when such a map can be constructed.

THEOREM 5.1. Let K C L and K' C L’ be field extensions, and fix u € L
and v € L'. Let ¢: K — K’ be an isomorphism of fields, and assume that u is
transcendental over K and that v’ is transcendental over K'. Then ¢ extends to an
isomorphism ®: K(u) — K'(u') such that ®(u) = u'.



112 5. GALOIS THEORY

ProOF. The following diagram is our guide:

1

K Kz K(z) K$u)
b e
K —— K'[2] K () —2 > K'(u)

Let ¢: K[z] — K’[z] be the induced isomorphism on polynomial rings given by
> aixt — > ¢(a;)z’. Since ¢ is an isomorphism of integral domains, it induces
an isomorphism of quotient fields ¢: K(x) — K’'(z) by the formula ¢(f/g) =
o(f)/d(g). Theoremprovides isomorphisms ¢: K(z) — K(u) and ¢': K'(z) —
K'(u') such that ¢(a) = a for all @ € K and ¢'(a’) = o’ for all o’ € K’ and
Y(z) = wand ¥/ (z) = u'. Check that the composition ® = 1/’¢tp~! has the desired
properties. ([

THEOREM 5.2. Let K C L and K' C L’ be field extensions, and fix u € L and
u € L'. Let ¢: K — K' be an isomorphism of fields, and let ¢: K[z] — K'[z] be the
induced isomorphism on polynomial rings. Assume that u is a root of an irreducible
polynomial f € K[z] and that v is a root of the polynomial f' = ¢(f) € K[z]. Then
¢ extends to an isomorphism ®: K(u) — K'(u') such that ®(u) =u'.

PRrROOF. The following diagram is our guide:

K ——> Kla] —— Klal/(f) <=— K
(bl& Jbiﬂ in& %J;P:w'd?w‘l
K —— K'la] —= K'[a]/(f") o= K'(u)

Since qB is an isomorphism, we know that f’ is irreducible over K’ and that q/3 induces

an isomorphism of quotients ¢: K[z]/(f) — K'[z]/(f) by the formula ¢(g) = ¢(g).
Theorem provides isomorphisms ¢: K[z]/(f) — K(u) and ¢': K'[z]/(f) —
K'(u') such that 9(a) = a for all « € K and ¢'(a’) = o for all o’ € K’ and
Y(Z) = u and ¥/ (T) = v’. Check that the composition ® = ¢/¢tp~! has the desired
properties. ([

COROLLARY 5.3. Let L and L’ be extensions of K, and let w € L and v’ € L’
be algebraic over K. Then u and u’' are roots of the same irreducible polynomial
f € Klz] if and only if there is a K-isomorphism ®: K(u) — K(u') such that
D(u) =u'.

PrOOF. = : This is the special case ¢ = idg of Theorem

<= : Fix an isomorphism ®: K (u) — K(u') such that ®(u) = v’ and ®(a) = a
for all a € K. Let g = ), a;2' € K[z] be the minimal polynomial of u over K.
Then

0=2(0) = &(f(u) = (3, au’) = 32; P(a;)®(u)' = 32, ai(w')" = f(u)
O

EXAMPLE 5.4. The elements ¢, —7 € C are roots of the irreducible polynomial
22 4+ 1 € R[z]. Thus, the conjugation map ¢: C — C given by ¢(a + bi) = a — bi is
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a well-defined R-isomorphism. Conversely, if ¢: C — C is an R-isomorphism, then
either ¥ = id¢ or ¥ = ¢.

THEOREM 5.5. Let K be a field and f € K[z] a polynomial of degree n > 1.
There exists a simple extension K C K (u) such that

1. u is a root of f;

2. [K(u) : K] < n with equality holding if and only if f is irreducible over K; and

3. If f is irreducible over K, then K(u) is unique up to K-isomorphism, that is, if
K C K(u') is a simple extension such that v’ is a root of f and [K(u) : K] =mn,
then there is a K-isomorphism ®: K(u) — K(u') such that ®(u) = u'.

PROOF. Assume without loss of generality that n > 1, and write f =, a;z".

Case 1: f is irreducible. Since K[x] is a PID and f # 0, the ideal (f) C K|[x]
is maximal. Hence, the quotient K[z]/(f) is a field. The composition of natural
maps ¢: K = K[z] = K[z]/(f) is a homomorphism of fields, so is in particular a
monomorphism. Identify K with Im(¢) C K[x]/(f) and let u = 7(z). Then u is a
root of f because

flu) =3, au’ =35, am(a)' = 7(32; aix’) = n(f) = 0.

Since f is irreducible, it is a constant multiple of the minimal polynomial of u over
K. Hence, Theorem implies that [K (u) : K] =n. The uniqueness statement
follows from Corollary

Case 2: f is reducible. Let g be an irreducible factor of f, and construct the
field K(u) = K|[z]/(g) as in Case 1. In particular, we have g(u) = 0. Since g|f,
this implies f(u) = 0. Since f is reducible, we have n = deg(f) > deg(g) = [K(u) :
K]. O

Now we discuss more general algebraic field extensions.

THEOREM 5.6. Let K C L be a finite field extension. Then K C L is finitely
generated and algebraic.

ProOF. Let [L : K] = n. If uy,...,u, € L form a K-basis for L, then
L = K(uq,...,uy), and so the extension is finitely generated. To see that it is
algebraic, let u € L. The set {1,u,u?,...,u"} cannot be linearly independent over
K, and so we must have Y ! ja;u’ = 0 for some a; € K. It follows that u is
algebraic over K. O

6. Day 6
The next result contains the converse to Theorem

THEOREM 6.1. Let K C K(r1,...,7m,) be a finitely generated field extension.
The following conditions are equivalent:

(i) The elements ry,...,r, are algebraic over K;
(ii) The extension K C K(r1,...,7y) 1S finite;
(iii) The extension K C K(rq,...,ry) is algebraic.

Proor. (i) = In the following tower of field extensions, each individual
extension is simple and generated by an algebraic element

K C K(r) CK(ri,re) € CK(r1,...,70).
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Hence, each individual extension in the tower is finite by Theorem [4.1f{c). The

tower law implies that the extension K C K(rq,...,r,) is also finite.
(i) = (il) Theorem [5.6
(i) = (i) Each r; € K(rq,...,r,) is algebraic over K. |

THEOREM 6.2. Let K C L be a field extension, and let X C L be a subset such
that L = K(X). The extension K C L is algebraic if and only if each r € X is
algebraic over K.

PrOOF. (= ) Each r € X C L is algebraic over K.

( <= ) Assume that each r € X is algebraic over K. Let u € K(X). By
Theorem there is a finite list r1,...,7r, € X such that u € K(ry,...,r,).
Since each r; is algebraic over K, Theorem [6.1] implies that the extension K C
K(ry,...,r,) is algebraic, and so u € K(ry1,...,r,) is algebraic over K. Thus, the
extension K C L is algebraic. O

THEOREM 6.3. Let K C L and L C F be field extensions. Then the extension
K C F is algebraic if and only if the extensions K C L and L C F are algebraic.

PROOF. (=) Straightforward using the containment K[z] C L[z].

(<= ) Let u € F. Since u is algebraic over L, it is a root of some polynomial
S ga;xt € L[z]. Thus, we have a; € L and Y. ja;u’ = 0. It follows that u
is algebraic over the field K(ao,...,a,). Theorem implies that the extension
K(ag,...,an) C K(ag,...,a,)(u) = K(ag,...,an,u) is finite. Since each a; is
algebraic over K, the extension K C K(ag,...,a,) is finite, so the tower rule
implies that the extension K C K(ag,...,an,u) is finite. Theorem implies
that the extension K C K/(ao,...,an,u) is algebraic. Since u € K(aq,...,an,u),
we conclude that u is algebraic over K. Since u is an arbitrary element of F', we
conclude that the extension K C F is algebraic. O

THEOREM 6.4. Let K C L be a field extension, and set
K ={r € L|r is algebraic over K}.

(a) K is an intermediate field of K and L

(b) The eatension K C K is algebraic. Moreover, K is the unique mazimal
subfield of L that is algebraic over K.

(c) Every element of L — K is transcendental over K, and hence over K.

PROOF. @ Let u,v € K. The extension K C K(u,v) is algebraic by Theo-
remm Hence, the element v —v € K (u,v) is algebraic over K; that is, u—v € K.
If v # 0, then uv™! € K(u,v) is algebraic over K; that is, uv~! € K. It follows
readily that K is a subfield of L. Since K C K, we have the desired conclusion.

@ By definition, every element of K is algebraic over K, and so the extension
K C K is algebraic. Since K consists of all the elements of L that are algebraic
over K, it is the unique maximal subfield of L that is algebraic over K.

If u € L — K, then u is not algebraic over K. Hence, it is transcendental
over K. If u were algebraic over K, then K (u) would be algebraic over K. Since K
is algebraic over K, this would imply that K C K (u) is algebraic by Theorem
and so u is algebraic over K, a contradiction. (I

LEMMA 6.5. Let k be a field and let V' be a finite dimensional k-vector space.
Let f: V — V be a linear transformation. The following conditions are equivalent:
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(i) f s 1-1;
(ii) f is onto;
(iii) f is an isomorphism.

PrOOF. The implications = (fi) and = (i) are trivial.
= Since f is a monomorphism, we have V 2 Im(f), and so

dimg (V/Im(f)) = dimg (V) — dimg (Im(f)) = dimg (V) — dimg (V) = 0.

It follows that V/Im(f) = 0. Hence V = Im(f) and so f is onto.
= Since V is onto, we have

V =Im(f) = V/Ker(f).
A similar analysis as above shows that Ker(f) =0 and so f is 1-1. O

REMARK 6.6. This result fails if V' is infinite-dimensional. The linear transfor-
mation f: k™ — k™ given by f(rg,r1,...) = (0,70,71,...) is 1-1 and not onto.
The linear transformation g: ™ — k™ given by g(ro,71,...) = (r1,72,...) is onto
and not 1-1.

THEOREM 6.7. Let p: k — R be a homomorphism of commutative rings with
identity such that k is a field and R is an integral domain. If dimy(R) < oo, then
R is a field.

PROOF. Let 0 # r € R and consider the map f: R — R given by f(s) = rs.
Since r # 0 and R is an integral domain, this map is 1-1. It is straightforward to
show that f is a k-linear transformation. Hence, Lemma [6.5] implies that f is an
isomorphism. In particular, there is an element v € R such that 1 = f(u) = ru.
Hence w is a unit in R. Since u is an arbitrary nonzero element of R, this shows
that R is a field. O

REMARK 6.8. This conclusion fails to hold if R is infinite-dimensional. The
natural inclusion ¢: k — k[z] into the polynomial ring is a homomorphism of
commutative rings with identity such that k is a field and k[z] is an integral domain.
However k[z] is not a field.

This conclusion fails to hold if R is not an integral domain. The natural in-
clusion ¢: k — k[x]/(z?) is a homomorphism of commutative rings with identity
such that k is a field and dimy(k[z]/(2?)) = 2 < co. However, k[z]/(x?) is not an
integral domain and hence is not a field.

Note that we also need the integral domain hypothesis in the next result, as
Z/6 is a finite commutative ring with identity that is not a field.

THEOREM 6.9. Fvery finite integral domain is a field.

Proor. (Essentially the same proof as Theorem|[6.7]) Let R be a finite integral
domain. Let 0 # r € R and consider the map f: R — R given by f(s) = rs. Since
r # 0 and R is an integral domain, this map is 1-1. Since R is finite and f is 1-1,
the pigeon-hole principle implies that f is onto. Hence r is a unit in R. ([

THEOREM 6.10. Let k be a field and fix polynomials f1, ..., fn € k[z] of positive
degree. There is a finite field extension k C K such that f; has a root in K for
1=1,...,n. Moreover, there is a field extension k C L such that each f; splits into
linear factors in Llz].
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PROOF. Set f = f1--- fn. It suffices to show that there is a field extension
k C L such that each f splits into linear factors in L[x]. (This uses the fact that
Lx] is a unique factorization domain.) We proceed by induction on d = deg(f) > 1.
The base case d = 1 is trivial with L = k. Inductively, assume that d > 1 and that
the result holds for polynomials of degree < d. By Theorem there is a finite
field extension k C k(u) such that u is a root of f. This implies that x — u | f
in k(u)[x]. Since k(u)[z] is a UFD, we can write f = (x — u)™g for some m > 1
and some g € k(u)[z] such that x —u 1 g. If deg(g) = 0, then we are done with
K = k(u). So, assume that deg(g) > 1. Since deg(g) = d —m < d, our induction
hypothesis implies that there is a finite field extension k(u) C L such that g splits
into linear factors in L{z]. It follows that the extension k C L is finite and that
f = (x —u)™g splits into linear factors in L[x]. O

7. Day 7
We begin by showing that direct limits exist in the category of fields.

ProrosIiTION 7.1. Let K1, Ko, ... be fields, and for i > 1 let f;: K; — K;11
be a homomorphism of fields. There exists a field K with homomorphisms of fields
gi: K; — K satisfying the following properties:

(1) For each i > 1, the following diagram commutes

fi
K; —— Kz‘-',-l

Jit1
9gi

K.

(2) Let L be a field with homomorphisms of fields h;: K; — L such that, for each
i > 1, the following diagram commutes

fi
K; —— Ki+1

hit1
hi l +

L.

Then there exists a unique homomorphism of fields H: K — L making each
of the following diagrams commute:

K, -2 K

N

L.

PRrROOF. Note that, if there is a field F' such that K1 € Ky C --- C F and
each map f; is the inclusion, then K = U; K; works. Moreover, if there is a field F’
with homomorphisms of fields ¢;: K; — F such that, for each i > 1, the following
diagram commutes

fi
Ky —— K11

k\ i@ﬁ-l

F
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then K = U; Im(¢;) works. (See Proposition ) The problem in general, though,
is that we do not yet know that such a field F' exists.

For integers j > i > 1, define f; ;: K; — Kj as

fijg =19 fit Ki = Kipa ifj=i+1

fj_lo~«~ofi+1ofi:KZv~>Kj lf]>7,+1
Let
A={(m,a) |meN,a€K,}.

(To be clear, one may think of this as an appropriate subset of N x Ky X Ko X «-+.)
Define an equivalence relation ~ on A by: (m,a) ~ (n,b) when either (1) m < n
and b = fp, n(a), or (2) m > n and a = f,, (b). Check that this is an equivalence
relation on A. Set K = A/ ~, that is, K is the set of equivalence classes under ~.
For each (m,a) € A, denote the corresponding equivalence class [m,a] € K.

For each i > 1, define g;: K; — K as g;(a) = [i,a]. We show that g; is 1-1.
Let a,b € K; such that g;(a) = ¢;(b). Then [i,a] = [i,b], and so (i,a) ~ (¢,b). This
means b = f; ;(a) =idk, (a) = a.

For (m,a), (n,b) € K define

(n, fn(a) +0) ifn

=>m
(m,a) + (n,b) = {(m,a + fam(®) i n<m.

Note that (m, a)+(n,b) = (n,b)+(m,a). Fix elements (m, a), (m’,a’), (n,b), (n', V') €
A such that (m,a) ~ (m/, ’) and (n,b) ~ (n',b).

Claim: (m a) + (n, b) (m/,a’) + (n, V). To this end, we show that (m,a) +
(n,b) ~ (m',;a’) + (n,b). (A similar argument then shows that (m/,a’) + (n,b) ~
(m/,d") + (n b), and hence the claim.) Assume that m < m’. By definition of ~,
this implies @’ = fy m/(a). Consider three cases:

Case I: n <m < m'.

(m,a) + (n,b) = (M, a + fnm(b))

~ (m/, fmmr (@ + fr,m(D))

(m fm m’ ( ) + fm,m/(fn,m(b)))

=(m/,d’ + fum (b))

= (m’,d') + (n,b)

The other two cases (m < n < m’ and m < m’ < n) are handled similarly.
For [m,al, [n,b] € K define

n, frn(a) + 0] if

[m,a+ fnm(b)] if

[’n‘v fm,n(a)b] ifn>
<

(m, alln, ] = {[m,a Fam(®)] ifn

The above claim shows that this addition is well-defined. A similar argument
shows that this multiplication is well-defined. Check that the element [1,0] € K is
an additive identity. Check that the element [1,1] € K is a multiplicative identity.
Since g; is 1-1, we know that [1,0] # [1,1] in K. Check that, for each [m,a] € K,
the element [m, —a] € K is an additive inverse for [m,a] in K. Check that, for

[md+MM:{
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each [m,a] € K with a # 0, the element [m,a~!] € K is a multiplicative inverse for
[m,a] in K. (Since g, is 1-1, we know that [m,a] # [m,0] = [1,0] in K.) Check
that K is a field.

Check that each map g;: K; — K is a homomorphism of fields. Check that
gi+1fi = g; for each ¢ > 1. This shows that condition is satisfied.

For condition (2)), let L be a field with homomorphisms of fields h;: K; — L
such that, for each ¢ > 1, the following diagram commutes

K, —I Ky
Ny
L.

Define h: A — L by the formula h(m,a) = h,,(a). Check that, when (m,a) ~
(n,b), we have h(m,a) = h(n,b). It follows that the function H: K — L given
by the formula H([m,a]) = h(m,a) = hp(a) is well-defined. Check that H is a
homomorphism of fields making each of the following diagrams commute:

K2k
N~
h;
L.

For the uniqueness of H, suppose that H': K — L is another homomorphism of
fields making each of the following diagrams commute:

K —>K
L.
For each [m,a] € K, it follows that
H'([m, al) = H'(gm(a)) = hm(a) = H([m,a])
and so H' = H. O

8. Day 8
Here is a uniqueness statement for the previous result.

PRrROPOSITION 8.1. Let K1, Ks,... be fields, and fori > 1 let f;: K; — K;11 be
a homomorphism of fields. Let K and K’ be fields with homomorphisms of fields
9i: K; — K and g}: K; — K’ satisfying conditions and from Proposi-
tion|7.1. That is, assume that

(1) for each i > 1, the following diagrams commute

fi fi
Ki —— K1 K; —— K1

git1 ;
x l ¢ k lgzﬂ

K K’
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(2) for each field L with homomorphisms of fields h;: K; — L such that, for each
i > 1, the following diagram commutes

fi
Ki—— K11

L

there exists unique homomorphisms of fields H: K — L and H': K' — L
making each of the following diagrams commute:

K; K K; _% K’
NN
L L.

Then there are isomorphisms of fields ®: K — K’ and ®': K' — K making each
of the following diagrams commute:

KZ.LK KZ.L)K/
PN
K’ K.

PRrOOF. Conditions and provide homomorphisms of fields ®: K — K’
and ®: K’ — K making each of the following diagrams commute:

KZLK KiLKI
PN
K’ K.

We need to show that ® and @’ are isomorphisms. The above diagrams combine
to provide the first commutative diagram in the next display

KZ‘LK KiLK
x iq”q’ x iidK
K K.

Since the second diagram also commutes, the uniqueness condition in implies
that ®'® = idg. A similar argument shows that ®®’ = idg. Hence ® and @’ are
isomorphisms. ([l

PROPOSITION 8.2. Let K1, Ko, ... be fields, and fori > 1let f;: K; — K;11 be a
homomorphism of fields. Let K be a field with homomorphisms of fields g;: K; — K
satisfying conditions and from Proposition |7.1. Then U;(Im(g;)) = K. In
other words, for each a € K, there exists i = 1 and a; € K; such that a = g;(a;).

PrOOF. Exercise. Show that K’ = U; Im(g;) is a subfield of K, and that there
are homomorphisms of fields ¢;: K; — K’ that satisfy conditions and from
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Proposition Then argue as in the proof of Proposition B1] to show that the
inclusion K’ C K must be an isomorphism. ([

THEOREM 8.3. Let K be a field. TFAE:

(i) Every polynomial f € k[z] with positive degree has a root in k;
(ii) Ewvery polynomial f € k[x] with positive degree splits into linear factors in
kla];
(iii) If k C K is an algebraic extension, then k = K.

PROOF. = Let f € k[z] with deg(f) > 1. By assumption, f has a
root a € k, and so f = (z — a)g for some g € k[z]. Note that deg(g) = deg(f) — 1,
so an induction argument shows that f splits into linear factors in k[x].

== Let £ C K be an algebraic extension. Let v € K, which is
necessarily algebraic over k. Let f € k[z] be the minimal polynomial of u over k.
By assumption, f splits into linear factors in k[z]. However, f is irreducible by
assumption, and so f is linear. Since f is monic, it is of the form f = x — v for
some v € k. Since u is a root of f = x — v, we have u = v € k. Thus, we have
KCkCKandsok=K.

= (i) Let f € k[z] with deg(f) > 1. Theorem [5.5] yields a field extension
k C k(u) such that u is a root of f. Theorem implies that this extension is
algebraic, so our assumption implies k = k(u). Hence, u € k is a root of f. O

DEFINITION 8.4. A field k is algebraically closed if it satisfies the equivalent
conditions of Theorem If £ C K is an algebraic field extension such that K is
algebraically closed, then K is an algebraic closure of k.

9. Day 9
It is time to start being precise.

DEFINITION 9.1. Fix a homomorphism of commutative rings with identity
¢: R — S, let ¢: Rlz] — S[z] denote the homomorphism of polynomial rings
given by (ﬁ(zZ a;iz’) =, ¢(a;)z’. An element a € S is a root of f € Rlz] ifaisa
root of ¢(f) € S[z].

We say that S is generated as an R-algebra by a set X C S if S = Im(¢)[X].

DEFINITION 9.2. A field extension is a homomorphism of fields ¢: K — L.
Note that ¢ is a monomorphism, and so K = Im(¢) C L.

A field extension ¢: K — L is algebraic if Im(¢) C L is algebraic; it is tran-
scendental if Tm(¢p) C L is transcendental; the field L is generated as a field over
K by aset X CLif L =1Im(¢)(X).

Let ¢: K — L and ¢': K — L' be field extensions. A map ¢¥: L — L' is a
K-homomorphism of fields if it is a homomorphism of fields making the following
diagram commute:

KLL

N

DEFINITION 9.3. If ¢: K — L is an algebraic field extension such that K is
algebraically closed, then L is an algebraic closure of K.
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We will show below that every field has an algebraic closure. First we need
another tool: polynomial rings in infinitely many variables.

REMARK 9.4. Let R be a commutative ring with identity and let S be a set.
There exists a ring P = R[{z, | s € S}] of polynomials where the set of variables
{zs | s € S} is in bijection with S. Every element of R[{zs | s € S}] is of the
form f(xs,,%sy,...,Ts,) for some polynomial f € Rlyi,...,ys|, that is, of the
form Z?lmtelneN Qiy,..in @it - xin for some a;,,. ;, € R. Furthermore, the set of
monomials {3:;11 . 1‘1’; | $1,...,8n € S5i1,...,4in € N} is linearly independent, i.e.,
forms a basis for R[{zs; | s € S}] as an R-module. Addition and multiplication
are defined in the natural way. If S is finite, then R[{zs | s € S}] & Rlx1, ...,z
where n = |S|. The inclusion of constant polynomials defines a monomorphism of
commutative rings with identity ¢: R — R[{zs | s € S}].

The ring P has the following universal mapping property: Let ¢: R — T be
a homomorphism of commutative rings with identity. For each subset {t, € T |
s € S} there exists a unique homomorphism of commutative rings with identity
®: R[{xs | s € S}] — T such that ®(x;s) = t; for each s € S and ®(a) = a for all
a € R, that is, such that the following diagram commutes:

R—— R[{z,|s € S}] T

oy

See Hungerford, Exercise I11.5.4 for details of the construction.

LEMMA 9.5. Let K be a field. There is an algebraic field extension ¢: K — K’
such that, for every polynomial f € K|x] of positive degree, the field K' contains a
root of f.

PROOF. Let S = {f € K|[z] | deg(f) > 1}. Let X denote a set of variables,
indexed by the set S. For each f € S, let x5 € X denote the variable in X
corresponding to f. Consider the polynomial ring K[X| = K[{zs | f € S}], and let

I={f(zs)| feS}) C K[X]

which is an ideal in K[X]. Note that the coset zy + I € K[X]/I is a root of f.

Claim: 1 ¢ I. Suppose that 1 € I. then there exist polynomials fy,..., f, € S
and gi,...,9, € K[X] such that 1 = >, g;f(zs,). By Theorem there is
a field extension a: K — L such that each f; has a root a; € L. Remark
yields a homomorphism of commutative rings with identity v¢: K[X] — L such
that ¢(zys,) = a; for i =1,...,n and ¢ (zy) = 0 for f # f;. In particular, we have
(1) =1 # 0. However, we have

L=9(1) = 9if (w5) = 22 09 (f(wg) = 225 ¥(9i) f(ai) = 325 4(9:)0 = 0
a contradiction. This establishes the claim.

The claim implies that I C K[X], and so there is a maximal ideal m C K[X]
such that I € m. Since xy + I € K[X]/I is a root of f in K[X]/I and I C m,
it follows that zy + m € K[X]/m is a root of f in the field K’ = K[X]/m. Let
¢: K — K’ denote the composition K — K[X] — K[X]|/m = K’. Note that K’
is generated as a K-algebra (and therefore as a field extension of K) by the set
{zy+m | f € S} Since every element of this set is algebraic, it follows that the
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extension K — K’ is algebraic, and that every polynomial in S has a root in K’.
That is, the homomorphism ¢ has the desired properties. ([

10. Day 10

THEOREM 10.1. Every field K has an algebraic closure.

PROOF. Set K1 = K. LemmalJ.5|provides a homomorphism of fields ¢, : K1 —
K5 such that the extension Im(¢;) C K» is algebraic and for every polynomial
f € Ki[z] of positive degree, the field K contains a root of ¢ (f). Inductively, for
each ¢ > 1 there is a homomorphism of fields ¢;: K; — K;;1 such that the extension
Im(¢;) C K,y is algebraic and for every polynomial f € K;[z] of positive degree,
the field K; 1 contains a root of ¢;(f).

Propositions and say that there exists a field K with homomorphisms
of fields g;: K; — K satisfying the following properties:

(1) For each i > 1, the following diagram commutes

bi
Ki —— Ki-i—l

gi+1
i

K.

(2) For each a € K, there exists i > 1 and a; € K; such that a = g;(a;).
For integers j > ¢ > 1, define ¢; ;: K; — K as

Gij =4 ¢it Ki = Kiq ifj=i+1
¢j710"'0¢i+10¢i5Ki—>Kj 1f_]>’L—|—1

Claim: K is algebraically closed. Let f = Z?:o b;x* € K[x] be a polynomial
with deg(f) > 1. We will show that f has a root in K. Condition implies
that, for ¢ = 0,...,d there exists j; and ¢; € Kj, such that b, = gj,(¢;). Let
Jj =max{jo,...,ja}. Fori=0,...,d set u; = ¢;, j(¢;). Condition (I)) implies that
bi = g;(u;) for each i. Set f = Z?:o u;z® € Kj[z]. This is a polynomial with
deg(f) = deg(f) > 1 and gj(f) = f. By construction, the field K;; contains a
root v of f. It follows that the element gj+1(v) € K is a root of f.

Claim: K is an algebraic closure for K = K;. Because of the previous claim,
it suffices to show that the extension ¢;: K7 — K is algebraic. Let u € K. Condi-
tion implies that there exists ¢ > 1 and v € K; such that u = g;(v). Since K;
is algebraic over K;_; for each j > 2, an induction argument using Theorem
shows that each Kj is algebraic over K; = K. Thus, the element v € Kj is algebraic
over K1, and it follows that w is also algebraic over Kj. O

Here is a “universal mapping property” for algebraic closures. Note that we do
not claim that the map ~ in this result is unique.

THEOREM 10.2. Let K be a field. Let ¢p: K — K be an algebraic closure of K,
and lety: K — L be an algebraic field extension. Then there is a K-homomorphism
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of fields v: L — K, that is, there is a homomorphism of fields v: L — K making
the following diagram commute

KLL

I
| Iy
N

K.

PROOF. Case 1: We have K C L where ¢ is the inclusion. Let ¥ denote the
set of all ordered pairs (F, «) such that K is an intermediate field of K and L and
such that o: F — K is a K-homomorphism of fields. Partially order ¥ as follows:
(F,a) < (F',a') when F C F' and o'|p = . Verify that this is a partial order on
Y. Note that ¥ # () because (K, ¢) € X.

Claim: ¥ contains a maximal element (K’;¢’). To show this, we show that X
satisfies the hypotheses of Zorn’s Lemma. Let C be a chain in ¥. Then each element
of C is an ordered pair (F, «). In particular, the set C' = {F' | (F,«) € C for some o}
is a chain of intermediate fields of K and L. It follows from an exercise that
E =U(paect is an intermediate field of K and L.

Define a function 3: E — K as follows. For e € E, we have e € F for some
(F,a) € C, so we set B(e) = a(e). To see that this is well-defined, suppose that
e € F’ for some (F’,a’) € C. We need to show that a(e) = a’(e). Since C is a
chain, we have either (F,a) < (F', ') or (F',a’) < (F,«). By symmetry, assume
that (F,a) < (F',a’). By definition, this entails F C F’ and o'|p = a. It follows
that a(e) = o/|p(e) = /(e), as desired.

Since each map « is a K-homomorphism of fields, it is straightforward to show
that 3: E — K is a K-homomorphism of fields. Hence (E,3) € ¥. Furthermore,
by construction, if (F,«a) € C, then F C E and 8 |p= a: hence, (F,«a) < (E, ).
That is, (E, ) is an upper bound for C in 3. Thus, ¥ satisfies the hypotheses of
Zorn’s Lemma, and so ¥ contains a maximal element (K’,¢').

Claim: K’ = L. (Once we show this, we will be done since then ¢': L — K
will satisfy the desired conclusions.) Suppose K’ # L, that is K/ C L, and let
uw € L — K’. Since L is algebraic over K and K C K’ C L, we know that u
is algebraic over K’. We will show that there is a K-homomorphism of fields
v: K'(u) — K such that v |g-= ¢'. This will contradict the maximality of (K’, ¢')
in 3, thus completing the proof in this case.

Let f € K'[z] be the minimal polynomial of u. Since ¢': K’ — K is a field
extension and K is algebraically closed, we know that K contains a root v of f.
Theorem provides an isomorphism §: K’(u) — Im(¢')(v) such that § |x= ¢'.
In particular, this is a K-homomorphism such that ¢ |x= ¢'. Letting ~ be the
composition of § with the natural injection Im(¢')(v) € K, we have the desired
map.

Case 2: The general case. Let K1 = Im(¢)) C L. This is an algebraic extension,
so Case 1 provides a K-homomorphism 7, : K; — K. Letting v be the composition
of 1 with the isomorphism K — Im(v)) = K; induced by 1, we have the desired
map. 0

11. Day 11

We put the words “universal mapping property” in quotes because the map v
may not be unique, as the following example shows.
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EXAMPLE 11.1. We shall see that C is an algebraic closure of R via the nat-
ural inclusion R € C. With L = C = K in the previous result, there are two
R-isomorphisms v: C — C, namely, the identity and complex conjugation. See

Example

In spite of the lack of uniqueness, we show below that the algebraic closure of
a field K is unique up to K-isomorphism. First, some preliminaries.

LEMMA 11.2. Let K be a field, and let ¢p: K — L and ¢': K — L’ be algebraic
field extensions. Let ¢: L — L' be a K-homomorphism. For each uw € L with
minimal polynomial f € K|x], the element ¢(u) € L' is a root of f.

PrROOF. Write f = >, a;2". If we think of K as a subfield of L and L/, then
we have

F@(u) =32 ap(u)' = (32, a’) = (f(u)) = $(0) = 0.

If we remember the homomorphisms, then we write

F@pu) =32, ¢ (a)(u) = 325 9(p(a:) ()’ = (3; ¢lai)u’) = ¢(f(u)) = $(0) =
]

THEOREM 11.3. Let K be a field, and let ¢: K — L be an algebraic extension.
If ¢Y: L — L is a K-homomorphism, then 1 is an isomorphism.

ProOOF. We know that v is injective, so it remains to show that 1 is surjective.
Let v € L with minimal polynomial f € KJ[z]. Let u = uy,...,u, € L be the
distinct roots of f in L. Lemma [11.2] implies that, for each i, there is a j such
that ¢ (u;) = u;. In other words, 9 restricts to a function ¥': {uy,...,u,} —
{u1,...,u,}. Since ) is 1-1, the same is true of ¢)’. Hence, the Pigeonhole Principle
implies that ¢’ is onto. Hence, there is a j such that ¢ (u;) = vy = u. Thus ¢ is
onto. O

The next example shows that the conclusion of the previous result fails if L is
not algebraic over K.

EXAMPLE 11.4. Let k be a field and let k(z) be the field of rational functions
over k in one variable. Theorem provides a k-homomorphism ¢: k(z) — k(z)
such that ¢(x) = 22. A homework exercise shows that this is not an isomorphism.

THEOREM 11.5. Let K be a field, and let ¢p: K — L and ¢': K — L’ be alge-
braic closures. There is a K-isomorphism : L =Ny 75 Every K-homomorphism
Vi L =5 L' is an isomorphism.

PRrROOF. Theorem provides K-homomorphisms v: L — L' and ¢': L' —
L. The composition 9’': L' — L’ is a K-homomorphism. Since the extension
¢: K — L is algebraic, Theorem implies that 1)’ is bijective. It follows

that v is onto. Since we already know that v is 1-1, we conclude that it is an
isomorphism. O

Now we start counting K-homomorphisms L — K.

LEMMA 11.6. Let ¢: K — K(u) be a finite simple field extension, and let
Y: K — K be an algebraic closure. If a,o: K(u) — K are K-homomorphisms
such that a(u) = o/ (u), then a = o/
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PROOF. We have K (u) = K [u] by Theorem [3.7|(a), and Theorem [4.1|[b) implies
{1,u,u?,...,u" 1} is a K-basis for K(u) where n = [K(u) : K].

First, we think of K as a subfield of K(u) and K. For each Y, a;u’ € K(u),
our assumptions imply

o (3 aiut) = 35, 0 (u)' = 35, aia(u)’ = o (3, aiu’)
and so o/ = a.

When we remember the homomorphisms, an arbitrary element of K (u) has the
form ", ¢(a;)u’ with the a; € K, and we have

o (3 dlai)u’) = 32 o ($lai))a’ ()" = 32 ¢ (ai)e’ (w)' = 32, d(ai)a(w)’
=22 oo(ai))a(u)’ = o/ (3, d(ai)u’)

and so o = a. O

LEMMA 11.7. Let ¢: K — K(u) be a simple finite field extension, and let
Y K — K be an algebraic extension. The number of K-homomorphisms K(u) —
K is equal to the number of distinct roots of u in K, and this is at most [K (u) : K].

PROOF. Let S = {K-homomorphisms K (u) — K}. Let f € K[z] be the mini-
mal polynomial for u, and let u,,...,u, € K be the distinct roots of f in K. We
show that |S| = m. It then follows that |S| = m < deg(f) = [K(u) : K].

For i = 1,...,m there is a K-homomorphism «;: K(u) — K(u;) € K such
that a;(u) = u;. Since u; # u; when ¢ # j, we have m distinct K-homomorphisms,
and so |S| = m.

On the other hand, let a: K(u) — K be a K-homomorphism. Lemma
implies that a(u) is a root of f, and so a(u) = u; for some i. Lemma implies
that « is unique with this property, and so |S| < m. O

LEMMA 11.8. Let ¢: K — K and ¢: K — L and p: L — M be field ea-
tensions. Let T' denote the set of ordered pairs (a,3) such that a: L — K is a
K -homomorphism, and : M — K is an L-homomorphism where the L-algebra
structure for K is determined by o. Then T is in bijection with the set of K-
homomorphisms M — K.

Proor. Identify L with its image in M, and identify K with its image in
L C M. Let S = {K-homomorphisms M — K }. We construct bijections S « T.

To define ®: T'— S, let (o, 8) € T. So a: L — K and 3: M — K are such
that a¢p = ¢ and Bp = a, i.e., such that ¥ = o|x and o = B|p. It follows that
Blk = Blrlk = a|k, and so § is a K-homomorphism. That is, we may define
B(a,f) = 6. -

To define ¥: S — T, let v: M — K be a K-homomorphism. It follows that
Y|l: L — K is a K-homomrophism, and so we can define ¥(y) = (v|r,7). Check
that ® and ¥ are inverses and hence bijections. O

12. Day 12

THEOREM 12.1. Let ¢: K — L be a field extension with n = [L : K] < oo, and
let ¥: K — K be an algebraic closure. The number of K-homomorphisms L — K
18 at most n.
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ProOF. Write L = K(uy,...,uy). We proceed by induction on m. The base
case m = 1 is in Lemma [11.7]
For the induction step, assume that m > 1 and write

L=K(uy,...,um)=Kui,...,umn-1)Un).

Lemma implies that every K-homomorphism 3: K (uq, ..., u,,) — K is uniquely
obtained from the following procedure:

(1) Choose a K-homomorphism a: K (ug,...,unm_1) — K (there are at most
[K(u,...,un—1): K] many choices by induction);

(2) Choose a K(uy,...,un_1)-homomorphism B: K(uq,...,um—1)(tum) — K
(there are at most [K(u1,...,unm) : K(u1,...,uy,—1)] many choices for (3

(for each choice of «)).

It follows that the total number of choices for (3 is at most
[K(ug,y .oy um—1): K|[K(u1, .. tm) s K(u1, .y tm—1)] = [K(u1,...,um) : K]
=[L: K]
by the Tower Law. O

COROLLARY 12.2. Let ¢: K — L be a finite field extension, and let K — K
be an algebraic closure. Fiz a K-homomorphism L — K and identify L with its
image in K. Then

[{ K -homomorphisms L — L}| < |{ K-homomorphisms L — K}| < [L: K]

where K — K is an algebraic closure. Furthermore, the first inequality is an
equality if and only if, for all K-homomorphisms p: L — K, we have Im(p) = L.

PROOF. Each K-homomorphism L — L uniquely determines a K-homomor-
phism L — K by composing with the inclusion L C K. It follows that the num-
ber of K-homomorphisms L — L is at most the number of K-homomorphisms
L — K, which is at most n by Theorem m This argument gives a 1-1 map
{K-homomorphisms L — L} — {K-homomorphisms L — K}. Since these sets
are finite, the map is a bijection if and only if the sets have the same cardinal-
ity. U

The next examples show that each inequality in the corollary can be strict.

ExXaMPLE 12.3. We can have

|{ K-homomorphisms L — K}| < [L: K].
Let k = Z/(2). Let L = k(t) be the field of rational functions in one variable
over k = Z/(2). Let K = k(t?) C k(t) = L. Then t € k(t) — k(t?), and so
[k(t) : k(t?)] > 2. On the other hand ¢ is a root of the polynomial 22 —t2 € k(t?)[x],
and so [k(t) : k(t?)] < 2. Hence, we have [k(t) : k(t?)] = 2, that is [L: K] = 2.

We claim that there is only one K-homomorphism L — K. To see this, use the
fact that L = K(t) in Lemma to see that the number of K-homomorphisms

L — K is the same as the number of distinct roots of 22 —¢? in K. However, if
T € K is a root of 2 — t2, then we have 0 = T2 — 2 and so

-t =0 - T? =2 - 2T + T = (z — T)*.
Since K|[z] is a UFD, it follows that the only root of 2% — 2 in K is T.
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EXAMPLE 12.4. We can have
|{ K-homomorphisms L — L}| < |{ K-homomorphisms L — K}|.

Let K = Q and L = Q(+/2). The irreducible polynomial of ¥/2 over Q is f = 2% —2.
The field L only contains one root of f, namely {/2. Let K C K be an algebraic
closure such that K C C. Then K contains three distinct roots for f, namely

V2, 32623 = /2(—1 4 /3i) /2, ¥/2e*™/3 = /2(—1 — /3i) /2. Thus, we have
|{ K-homomorphisms L — L}| =1 < 3 = [{ K-homomorphisms L — K }|
by Lemma |11.7

DEFINITION 12.5. Let ¢: K — L be a finite field extension. The Galois group

of L over K is
Gal(L : K) = {K-homomorphisms L — L}.

This is a group under composition since each K-homomorphism L — L is an
isomorphism.

The extension ¢: K — L is Galois if |Gal(L : K)| =[L : K.

The field L is a splitting field for a polynomial f € KJ[z] if f splits into linear
factors in L[z] and L = K(uq,...,u,) where uy,...,u, are roots of f in L.

PROPOSITION 12.6. Let ¢: K — L be a finite field extension, and let1): K — K
be an algebraic closure. Fiz a K-homomorphism L — K and identify L with its
image in K. The extension ¢: K — L is Galois if and only if it satisfies the
following conditions:

(1) For each K-homomorphisms p: L — K, we have Im(p) = L; and
(2) The number of K-homomorphisms p: L — K is exactly [L : K].

Proor. Corollary says that condition is equivalent to the condition
|{ K-homomorphisms L — L}| = [{ K-homomorphisms L — K}|.
Condition is exactly the equality
|{ K-homomorphisms L — K}| = [L: K].
Thus, the result follows from the inequalities in Corollary O

REMARK 12.7. Examples and show how each condition in Proposi-
tion [[2.6] can fail.

13. Day 13
The next result analyzes condition from Proposition m

THEOREM 13.1. Let ¢: K — L be a finite field extension, and let ¢: K — K
be an algebraic closure. Fiz a K-homomorphism L — K and identify L with its
image in K. The following conditions are equivalent:

(i) For each K-homomorphisms p: L — K, we have Im(p) = L;
(ii) For each K-homomorphisms p: L — K, we have Im(p) C L;
(iii) Ewvery irreducible polynomial over K with a root in L splits into linear fac-
tors in L[z|;
(iv) L is a splitting field for some polynomial f € K|[x].
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ProoF. () = (ii). Straightforward.

= ({i). By Theorem since K — L is algebraic and p describes a
K-homomorphism L — L, we know that p maps onto L.

= (iii). Let f € K[z] be irreducible and let u1, ..., u, be the roots of f in
K. Assume that u; € L. It suffices to show that each u; € L. Let ¢;: K(u;) — K
be a K-homomorphism such that ¢;(u1) = u;. The extension K — L is finite, so
the intermediate extension K (uq) C L is algebraic. Hence, Theorem m provides
a K (u1)-homomorphism 1;: L — K, that is, ¥; is a K-homomorphism such that
Y|k (uy) = ¢i- By assumption (i), we have u; € Im(¢;) C Im(1);) C L, as desired.

= . Since L is finite over K, we have L = K(uy,...,u,) for some
u; € L. Let f; € K[z] be the minimal polynomial for u; and set f = fy--- f,,. Since
each u; is a root of f, it suffices to show that f splits into linear factors in L[z].
Since f; is irreducible and has a root in L, condition says that f; splits into
linear factors in L[z]. Hence, the same is true for f.

= (). Assume that L is a splitting field for f € K[z], and let uy, ..., u, €
L beroots of f such that L = K (uy,...,u,). Let p: L — K be a K-homomorphism.
By assumption, f splits into linear factors in L[z], and so L contains every root of
fin K. Thus, we assume that w1, ..., u, is a complete list of the distinct roots of
f in K. Since p(u;) € K is a root of f, we have p(u;) € L for each i.

Each element of L is of the form 2, >~ a; jul. The previous paragraph tells
us p(u;) € L for each 4, and so

P> Zj ai,juz) =2 Zj a; jp(u;)’ € L.

Since this is so for an arbitrary element of L, we conclude that Im(p) C L, as
desired. d

DEFINITION 13.2. A finite field extension satisfying the equivalent conditions
of Theorem [[3.1]is a normal extension.

ExXAMPLE 13.3. The example Q C Q(+/2) from is not normal because the
polynomial 2° — 2 € Q[z] is irreducible and has a root in Q(4/2), but does not split
into linear factors in Q(¥/2)z].

EXAMPLE 13.4. Let ¢: K — L be a field extension with [L : K| = 2. We claim
that this extension is normal. Identify K with its image in L. Since [L : K] = 2,
we have L = K(u) for each u € L — K. The minimal polynomial f € K[z] of u has
degree 2. Since u € L is a root of f, we have f = (z —u)g for some g € L[x]. Since
deg(f) = 2, we have deg(g) =1 and so g = ¢ — v € L[z]. That is, L contains the
other root v of f. Thus, L is a splitting field for f over K, and so the extension is

normal.
In particular, the extension Z/(2)(t?) C Z/(2)(t) from Example is normal.

PROPOSITION 13.5. Let K be a field and fix a polynomial f € K|z] of positive
degree. Then f has a splitting field over K, and any two splitting fields of f are
K -isomorphic.

Proor. Theorem [6.10] shows that there is a field extension K — L such that
f splits into linear factors in L[z]. (The proof actually shows how to construct a
splitting field.) To find a splitting field of f, let uy,...,u, be all the roots of f in
L. Then the field K(u1,...,uy) is a splitting field of f.
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Let ¢: K — L and ¢': K — L' be splitting fields for f. Let ui,...,u, be
all the roots of f in L. Let h; € KJ[z] be the minimal polynomial of u;. Then
h1|f and so L’ contains a root of hj, call it uj € L’. Theorem provides a
K-isomorphism ¢ : K(u1) — K(u}). Inductively, for each 7, there is a root u} € L
of f and a K-isomorphism ;: K (uq,...,u;) — K(uj,...,u}). Hence, there are
roots of uf,...,u,, € L' of f and a K-isomorphism ¢,: L = K(uy,...,u,) —
K(u,...,ul,) C L’. This yields a K-homomorphism ¢: L — L’. Similarly, we
construct a K-homomorphism +’: L’ — L. Since L’ is algebraic over K, the

composition ¥1’': L' — L’ is an isomorphism by Theorem It follows that

is onto, and hence is an isomorphism. (]

14. Day 14

PROPOSITION 14.1. Let K be a field and fix a polynomial f € K[x] of degree
n>1. If $: K — L is a splitting field of f, then [L: K] < nl.

PROOF. Let uy,...,u, be the distinct roots of f in L, and note that m < n.
We have [K(u1) : K] < n because the minimal polynomial of uy in K[z] divides
f. We have [K(uy,u2) : K(u1)] < n— 1 because the minimal polynomial of usy in
K (uy)[z] divides f/(x — u1). Similarly, we have

(K (us - wign)  K(ug, o ug)] Sn—

for each . Hence we have

[L: K] = [K(u1,. s um) s K] =TT K (-t i) - K (uns )]

<Ly (n—i) =n!

by the Tower Law. (]

DEFINITION 14.2. Let K be a field and let ¢: Z — K be given by

Sl ifn>1

o) =M 1k ifn<1

OK if n=0.
Check that ¢ is a homomorphism of commutative rings with identity. It follows
that Ker(¢) C Z is a prime ideal, and so Ker(¢) = (n) for some integer n > 0, either

0 or prime. The number n is the characteristic of K, and we write char(K) = n.
We call ¢ the characteristic function for K.

ExXAMPLE 14.3. We have char(Q) = char(R) = char(C) = 0, and char(Z/(p)) =
p for each prime p > 0.
EXERCISE 14.4. Let K be a field.

(a) Show that char(K) = 0 if and only if there is a homomorphism of fields Q — K.
(b) Show that char(K) = p > 0 if and only if there is a homomorphism of fields
Z)(p) — K.

EXERCISE 14.5. (Freshman dream) Let K be a field with char(K) = p > 0.
Show that, for all a,b € K we have (a +b)?" = a?" + b*" for each integer n > 1.

We next analyze condition from Proposition m
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THEOREM 14.6. Let K be a field, and let ¢: K — K be an algebraic closure.
Identify K with its image in K. Let u € K — K, and let f € K[z] be the minimal
polynomial of u. The following conditions are equivalent:

(i) [{K-homomorphisms p: K(u) — K}| < [K(u) : K];
(ii) f has a multiple (repeated) root in K;
(iii) f' = 0;
(iv) char(K) = p > 0 and there is an (irreducible, monic) polynomial g € K|z]
such that f = g(xP);
(v) char(K)=p >0 and (z — u)p|f in K[z];
(vi) u is a multiple (repeated) root of f.

PRrOOF. = . Lemma says that the number of K-homomorphisms
p: K(u) — K is equal to the the number of distinct roots of f in K. Since f splits
into linear factors in K[z], this number is less than [K (u) : K] = deg(f) if and only
if f has a repeated root in K.

= . Let v € K be a repeated root of f. Proposition implies
that f(v) =0 = f/(v) where f’ is the formal derivative of f. Suppose that f’ # 0.
It follows that deg(f’) < deg(f). Since f is monic and irreducible and has v as a
root, we see that f is the minimal polynomial of v. Since v is a root of f' € K|[z],
it follows that f|f’. This implies deg(f) < deg(f’), a contradiction.

(i) = (iv). Let d = deg(f) and write f = Z?ZO a;x'. Since f is monic, we
have ag = 1. Let ¢: Z — K be the characteristic function for K.

Claim: p = char(K) > 0 and, if a; # 0, then p’i. We have 0 = f/ =
2;1:1 ia;x* 1. Since the elements 1,2, zy,... form a linearly independent set, it
follows that each coefficient ia; = 0. In other words, we have ¢(i)a; = 0. When
i = d, this says 0 = ¢(d)l = ¢(d), and so 0 # d € Ker(¢). This implies that
Ker(¢) # 0, and so char(K) > 0. Set p = char(K). If a; # 0, then the equality
¢(i)a; = 0 implies that 0 = a; '¢(i)a; = #(i); hence, we have i € Ker(¢) = pZ and
SO p’i.

It follows that we have

f=ao+ax+- - +ag_1z¢ "t + 2
= ap 4 apa? + agyT?® + - + a(e,l)pm(e’l)p 4+ P

=ag + ap(xp)l + aZp@p)? 4+ 4 a(e_l)p(xp)e—l + (aP)°.

The polynomial g = ag + apx' + agz?® + -+ + a(e,l)pxe_l + ¢, is monic, and
the above display implies f = g(aP). Also g is irreducible: if g = g1g2 with each
deg(g;) = 1, then f = g(aP) = g1(2P)g2(2?) with each deg(g;(z?)) > p > 1; this
contradicts the fact that f is irreducible.

= (v). By construction, we have g(z?) = f, and so g(u?) = f(u) = 0.
It follows that = — uP|g in K[z], so there exists h € K[z] such that g = (z — u?)h.
Then we have

f = 9(a?) = @ —uh(e") = (@ = u)h(a")

where the last step is from the Freshman Dream. It follows that (z —u)P ’ fin K[z].
= == . Straightforward. |
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15. Day 15

DEFINITION 15.1. Let K be a field, and let 1): K — K be an algebraic closure.
Identify K with its image in K. Let u € K, and let f € K|[x] be the minimal
polynomial of u.

The element u is separable over K if f has no repeated roots in K. The element
w is inseparable over K if u ¢ K and f has a repeated root in K.

An irreducible polynomial g is separable over K if it has no repeated roots in
K. In general, a polynomial h is separable over K if its irreducible factors are all
separable. An algebraic extension ¢: K — L is separable if every element v € L is
separable over K.

REMARK 15.2. Let K be a field, and let ¥: K — K be an algebraic closure.
Identify K with its image in K. Let u € K — K, and let f € K[z] be the minimal
polynomial of w.

The element u is inseparable over K if and only if it satisfies the equivalent
conditions of Theorem Thus, if u is inseparable over K, then every root of f
is a repeated root with multiplicity at least p = char(K).

If uw € K, then u is separable over K.

Let g € K[x] be irreducible. Then g is separable over K if and only if ¢’ # 0.
If g € KJz] is separable (and irreducible), then ¢ has no multiple roots in any
extension of K.

If char(K') = 0, then every algebraic extension K — L is separable. In partic-
ular, every algebraic extension Q C L is separable.

EXAMPLE 15.3. Consider the extension k(t?) C k(t) where ¢ is a variable and
k =17/(2); see Example This extension is not separable because the element
t € k(t) is inseparable over k(t?). Indeed, we saw that the minimal polynomial of ¢

in k(t?)[z] is f = 2% — 2. In k(¢2)[x] this factors as (z — t)?, and so t is a multiple
root of f in k(¢2).

PRrROPOSITION 15.4. Let ¢p: K — L andp: L — M be algebraic field extensions.
If M is separable over K, then L is separable over K and M is separable over L.

PROOF. Let M — M be an algebraic closure, and identify M with its image
in M. Identify L with its image in M, and identify K with its image in L. Thus,
we have K C L C M C M. By assumption, each of these extensions is algebraic,
and so M is an algebraic closure for K and for L.

Assume that M is separable over K. Then every element of M is separable
over K. Thus, every element of L C M is separable over K, and so L is separable
over K.

Let u € M. Let f € K[z] be the minimal polynomial over K, and let g € L[z]
be the minimal polynomial over L. Since u is separable over K, we know that f
has no multiple roots in M. Since f € K[z] C L[z] and f(u) = 0, the fact that g is
the minial polynomial for u over L implies that g| f. Since f has no multiple roots
in M, it follows that g has no multiple roots in M. Thus u is separable over L.
Since u is an arbitrary element of M, we conclude that M is separable over L. [

THEOREM 15.5. Let ¢: K — L be a finite field extension, and let ¢: K — K
be an algebraic closure. Let L — K be a K-homomorphism and identify L with its
image in K. The following conditions are equivalent:
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(i) L is separable over K ;
(ii) L = K(u1,...,u,) where each u; is separable over K;
(iii) [{K-homomorphisms L — K}| =L : K].

Proor. (i) = (). Since the extension K — L is finite, we have L =
K(uy,...,uy) for some u; € L. Since the extension is separable, each u; is separable
over K.

== . We proceed by induction on n. The base case n = 1 follows from
Theorem [I4.6]

For the induction step, assume that n > 1 and that the implication holds for
extensions generated by n — 1 elements. Note that the proof of Proposition
shows that u,, is separable over K (uy,...,u,—1). Our induction hypothesis implies
that

|{ K-homomorphisms K (u1,...,u,_1) — K}| = [K(u1,...,un_1) : K].
Given a K-homomorphism K (uy,...,u,_1) — K our base case implies that
[{K(u1,...,u,_1)-homomorphisms L — K}| = [L: K(u1,...,un_1)].
This uses the fact that L = K(uq,...,un—1)(u,). Lemma m provides the first

equality in the following sequence
|[{K-homs L — K}|
= [{K-homs K (u1,...,u,_1) — K}[{K(u1,...,u,_1)-homs L — K}|
= [K(Ul, . ,un,l) : K][L : K(ul, . ,un,l)]
=[L: K].
The second equality is from the previous two displays, and the third equality is
from the Tower Law.

(i) = . Let uw € L and suppose that u is not separable over K. Then
Theorem [14.6[implies

|{ K-homomorphisms K (u) — K}| < [K(u) : K].
We also have
[{ K (u)-homomorphisms L — K}| < [L : K(u)]
and so we have
[{K-homs L — K}| = |[{K-homs K (u) — K }||{K (u)-homs L — K}|
< [K(w): K][L: K(w)]
=[L: K].

This is a contradiction. O

16. Day 16

THEOREM 16.1. Let ¢: K — L and ¥: L — M be finite field extensions. Then
M is separable over K if and only if L is separable over K and M is separable over

L.
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PROOF. The forward implication is Proposition [[5.4] For the reverse implica-
tion, assume that L is separable over K and M is separable over L. Thorem [15.5
implies that

[{K-homs L — K}| = [L : K]
and
[{L-homs M — K}| =[M : L].
Thus, Lemma provides the first equality in the following sequence
[{K-homs M — K}| = |[{K-homs L — K}||{L-homs M — K}
=[L:K]|[M: L]
=[M: K].
The second equality is from the previous two displays, and the third equality is
from the Tower Law. Thus, Thorem implies that M is separable over K. [

We are now going to show that every finite separable extension is simple. First
some preliminaries.

LEMMA 16.2. Let K — L be a finite field extension. If K is finite, then
L = K(u) for someu € K.

PROOF. Since K is finite and [L : K] < oo, we know that L is finite. Hence,
Proposition implies that the multiplicative group L* is cyclic. That is, there is
an element u € L such that L = {u™ | m € N}U{0}. It follows that L = K(u). O

Note that the following result can be used for a previous homework exercise
where we find all intermediate fields of Q C Q(u).

LEMMA 16.3. Let K C L = K(u) be a simple finite field extension. Let f €
K[x] be the minimal polynomial of u, and let F be an intermediate field of the
extension K C L = K(u). There exists a monic polynomial g = Z?:o a;x’ € Lz
such that gp|f in Llz] and F = K(aq, . .., aq).

PROOF. Let gp = Z?:o a;xz* € F[z] be the minimal polynomial of u. Since
f € K[z] C Flz] and f(u) = 0, we conclude that gp|f. By definition, each a; € F,
and so K(ag,...,aq) C F. Since L = K(u) and K C F C L, we have L = F(u).
Since gp is the minimal polynomial of u over F', we have
[L:F]=[F(u): F]=deg(gr) =d.

Similarly, we have L = K(ag,...,aq)(w). Since K(ag,...,aq) € L and gp €

K(ag,...,aq)[z] and gp is irreducible in F[z] 2 K(ay,...,aq)[z], we conclude that
gr is irreducible in K (ao, . ..,aq)[z]. Since gr(u) = 0 and gp is monic, we conclude
that gp is the minimal polynomial of u over K(ayg,...,aq). Thus, as above we have

[L: K(ag,...,aq)] =d.
the Tower Law implies that
d=1L:K(ag,...,aq)]=[L: F][F: K(ag,...,aq)] =d[F : K(ag,...,aq)]
We conclude that [F': K(ag,...,aq)] =1 and so F = K(ag,...,aq). O
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THEOREM 16.4 (Primitive Element Theorem). Let K — L be a finite field
extension, and identify K with its image in L. The following conditions are equiv-
alent:

(i) There are only finitely many intermediate fields for the extension K C L;
(i) L = K(u) for some u € L.

PRrROOF. == . Assume that there are only finitely many intermediate
fields for the extension K C L. Since the extension K C L is finite, there are
algebraic elements uq,...,u, € L such that L = K(uy,...,u,). We prove that
L = K(u) for some u € L by induction on n. Since the case where K is finite is
covered by Lemma we assume that K is infinite.

Base case: n = 2. Then L = K(v,w) for some v,w € L. For each a € L, the
field K(v + aw) is an intermediate field of the extension K C L. Since there are
only finitely many intermediate extensions and K is infinite, there are a,b € L such
that @ # b and K(v+aw) = K(v+bw). Thus, we have v+ aw,v+bw € K(v+aw),
and so

(a —bw=(v+aw)— (v+bw) € K(v+ aw).
Since 0 # a — b € K, this implies
w = (a—0b)" (a—bwe K(v+aw).
Since a € K and w,a + aw € K(v + aw), this implies that
v=(v+aw)—aw € K(v+ aw).
That is, we have v,w € K (v + aw); since K C K (v + aw), this implies
L=K@ww) CKWw+aw)CL

and so the element uv = v 4+ aw works.

Induction step. Assume that n > 2 and that the implication holds for field
extensions generated by n — 1 elements. Since there are only finitely many inter-
mediate fields for the extension K C L, it follows that, there are only finitely many
intermediate fields for the extension K C K (uq,...,u,—1). Our induction hypoth-
esis implies that K (uy,...,un—1) = K(v) for some v € K (uy,...,up—1). It follows
that

L= K(u17 cee 7un—1)(un) = K(U)(un) = K(Uvun)'
Since there are only finitely many intermediate fields for the extension K C L =
K (v,u,), the base case implies that L = K (u) for some u € L.

— (). Assume that L = K(u) for some u € L. Let f € K[z] be
the minimal polynomial of w. Let F' be an intermediate field of the extension
K CL=K().

For each intermediate field F' of the extension K C L, Lemma provides
a monic polynomial gp = Z?:o a;z’ € Llz] such that gp|f in Llz] and F =
K(ag,-..,aq). The assignment F +— g describes a function

®: {intermed fields F' of the extension K C L} — {monic factors of f in L[z]}.

Furthermore, the map ® is 1-1. To see this, assume that gp = gp/. Write gr =
/

Z?:o a;z" and gp = Z;io alx®. The equality gr = g implies that d = d’ and
F =K(ag,...,aq) = K(ag,...,a,;) = F'

as desired.
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Since the number of monic factors of f in L[z] is finite, it follows that the set
of intermediate fields of the extension K C L is also finite. O

17. Day 17

THEOREM 17.1. Let K — L be a finite field extension. If L is separable over
K, then L = K(u) for some u € L.

PROOF. The case where K is finite is covered by Lemma [I6.2] so we assume
that K is infinite. Furthermore, we assume that L = K (v, w) for some v,w € L.
(The general case follows by induction as in the proof of the implication (i) =
in Theorem ) Let K — K be an algebraic closure, and let L — K be a K-
homomorphism. Identify L with its image in K, and identify K with its image in
L.

Let 01,...,0, be the distinct K-homomorphisms L — K. (Recall that n <
[L : K] by Theorem [12.1]) Consider the polynomial

P =[liz;l(0i(v) + oi(w)z) = (0(v) + 0 (w)z)] € K]a].

Claim: P # 0. If P = 0, then 0;(v) + 0;(w)z = 0j(v) + oj(w)z for some
i # j. By equating coefficients, we see that o;(v) = 0;(v) and o;(w) = o;(w).
Since 0;,0;: L = K(v,w) — K is a K-homomorphism, this implies that o; = o,
contradicting the condition i # j.

Now, the polynomial P has finitely many roots in K. Since K is infinite, this
implies that there is an element a € K such that P(a) # 0. Thus, for all i # j, we
have

0i(v) + oi(w)a # 0;(v) + oj(w)a.
Since o; and o; are K-homomorphisms and a € K, this reads as
0i(v) + oi(wa) # 0;(v) + 0j(wa)
0;(v +wa) # oj(v+ wa)
which holds for all i # j.
Claim: L = K (v + wa). Suppose not. Then we have K (v + wa) C L, and so

1 <[L:K(v+ wa)] < oo. Since L is separable over K, Proposition implies
that L is separable over K (v + wa). Hence, Theorem implies that

{K (v +wa)-homs L — K}| = [L: K(v+wa)] > 1.

Let 0: L — K be a non-identity K (v + wa)-homomorphism. Then o is a K-
homomorphism I — K, and so ¢ = o; for some i. Also, the identity id;: L —
L C K is a K-homomorphism, and so id;, = o; for some j # i. Since o; is a
K (v + wa)-homomorphism, we have

oi(v+wa) = v+ wa = 0;(v+ wa)
contradicting the previous paragraph. O
Here is an example of a finite field extension that is not simple.

EXAMPLE 17.2. Let p be a prime integer and set k = Z/(p). Let L = k(s,t) de-
note the field of rational functions in two variables s and ¢, and set K = k(s?,tP) C
K(s,t) = L. The element s € L is not in K, and is a root of the polynomial
f=aP —sP € K[z]. In L[z], this polynomial splits as f = 2P — s? = (z — s)P.
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Claim: f = P — sP is irreducible in Kz]. Let g € Klz] be the minimal
polynomial for s. Since s ¢ K, we know d = deg(g) > 1. Since f(s) = 0, we
know g|f in K[z]. This implies that g|f = (z — s)? in L[z], and so g = (z — s).
This implies that s is a multiple root of g in K, and so Theorem implies that
(x — s)p{g in K[r]. Thus, we have p < d < p and so p = d, which implies that
g=1f.

It follows that the extension K C K (s) has degree p. A similar argument shows
that the extension K(s) C K(s,t) = L has degree p. Hence, the Tower Law implies
that [L : K] = p*.

Suppose that there exists v € L such that K(s,t) = L = K(u). Then we
can write u = v(s,t)/w(s,t) for some v, w € klx,y]. It follows from the Freshman
Dream that u? = v(sP,tP)/w(sP,t?) € K, and so [K(u) : K] < p < p? Since
[L: K] = p?, we cannot have L = K (u).

LEMMA 17.3. A finite field extension K C L is Galois if and only if it is normal
and separable.

PRrROOF. Combine Proposition [12.6| and Theorems and [l

THEOREM 17.4. Let p > 0 be a prime integer and let n > 1 be an integer. Then
there exists a field k such that |k| = p™, and k is unique up to isomorphism. Also,
k is a splitting field of the polynomial XP" — X over Z/(p), and we have a?" = a
for all a € k. Also, the extension Z/(p) C k is Galois.

PRrROOF. Case 1: n = 1. The field Z/(p) has order p. Use the characteristic
homomorphism to show that, if k is a field of order p, then k = Z/(p). We know
that a? = a for all a € k = Z/(p) by Fermat’s Little Theorem. It follows that k is
a splitting field of the polynomial X? — X over Z/(p).

Case 2: n > 1. Let k be a the splitting field of the polynomial X?" — X over
Z/(p). Let K = {a € k | a®" = a}. Use the Freshman Dream to show that K is
a subfield of k. By definition, we know that every element of K is a root of the
polynomial X?" — X. Since k is generated over Z/(p) by the roots of X?" — X, we
conclude that K = k. Hence, the extension Z/(p) C k is normal.

We have (X?" — X) = —1, and so X?" — X has no multiple roots in any
extension of Z/(p). It follows that X?" — X has exactly p™ roots in k. Since k = K,
it follows that |k| = p™. It follows that the extension Z/(p) C k is separable and
hence Galois.

Let L be a field with |L| = p™. We know that the multiplicative group L* is
cyclic of order p™ — 1. It follows that b*"~1 = 1 for all b € L*, and so ¢?" = ¢ for all
¢ € L. Since L has exactly p” elements, that is, the number of roots of X?" — X it
follows that L is a splitting field of X?" — X over Z/(p). Since splitting fields are
unique up to isomorphism, we have L = K. (Il

18. Day 18
Now we go for the Galois correspondence.

LEMMA 18.1. Let K C L be a finite separable field extension, and let n > 1.
Assume that, for every element a € L, there is a polynomial f € K|z] such that
f(a) =0 and deg(f) < n. Then [L: K] < n.
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PROOF. The separability assumption implies that L = K(u) for some u € L.
The polynomial hypothesis implies that the minimal polynomial of u over K has
degree < n, and so [L: K| < n. O

DEFINITION 18.2. Let L be a field, and let H be a finite group of automorphisms
L — L. The fized field of H is

L¥ ={acL|f(a)=aforall fc H}.

It is straightforward to show that LY is a subfield of L. If H is a group of K-
automorphisms, where K is a subfield of L, then L¥ is an intermediate field of the
extension K C L.

REMARK 18.3. Let K C L be a finite field extension, and recall that the Galois
group of this extension is the group

Gal(L : K) = { K-homomorphisms L — L}.

This is a group under composition since each K-homomorphism L — L is an
isomorphism. It is also finite because | Gal(L : K) < [L : K] < 0.
Let F' be an intermediate field of the extension K C L. Then we have

Gal(L : F) < Gal(L : K)

because every F-homomorphism L — L is also a K-homomorphism, and because
the operation on each group is composition.

The Galois correspondence says that, if the extension K C L is Galois, then
there is a 1-1 correspondence

{intermediate fields K C F' C L} «— {subgroups H < Gal(L : K)}
given by
Fr— Gal(L:F)
" H.
It also says more, but we’ll get to that later.

LEMMA 18.4. Let K C L be a finite field extension, and let H < Gal(L : K)
with fized field LY. Then |H| = [L : L], the extension L C L is Galois, and
Gal(L: L")=H.

PROOF. We have subfields K C L¥ C L. Since K C L is finite, it follows that
LH C L is finite. By definition, we have H C Gal(L : L), and so |H| < | Gal(L :
L.

Let a € L, and let fi(a),..., fx(a) € L be the distinct images of ¢ under H.
Assume without loss of generality that f; =idy, and so f1(a) = a. For each g € H,
the list g(f1(a)),...,9(fr(a)) € L is a list of distinct images of a under H. (They
are images under H because g, f; € H implies that gf; € H. They are distinct
because f is 1-1.) It follows that the list g(f1(a)),...,g9(fr(a)) is a permutation of
the list fi(a),..., fx(a).

Set h = (x — fi(a))---(x — fx(a)) € L[z] which has degree k¥ < |H|. The
automorphism g permutes the roots of h, and so g fixes the coefficients of h. That
is, the coefficients of h are in L. Since f;(a) = a, it follows that a is a root of h.
Since the roots of h are distinct, it follows that the roots of the minimal polynomial
of a over L are distinct, and so the extension LY C L is separable. Since this
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extension is finite and every element of L satisfies a polynomial with coefficients in
LY of degree < |H|, Lemma implies [L : L] < |H|. With the first paragraph
and Corollary this implies

|H| < |Gal(L : L*)| < |{L¥-homs L — LH}| < [L : L] < |H]|.

It follows that we have equality at each step of the display. Equality at the first
step implies that Gal(L : L*) = H. Equality at the second and third steps imply
that the extension L C L is Galois. Equality at the fourth step implies that
|H|=[L: L"]. a

THEOREM 18.5 (Galois Correspondence, part 1). Let K C L be a finite Galois
extension. There is a 1-1 containment-reversing correspondence

{intermediate fields K C F C L} «— {subgroups H < Gal(L : K)}
given by
Fr— Gal(L: F)
L" — H.

If F' is an intermediate field of the extension K C L, then the extension F' C L 1is
Galois and the extension K C F' is separable.

PROOF. Let

= {subgroups H < Gal(L : K)}
I = {intermediate fields K C F C L}.

0. For each F € I, the extension K C F is separable by Theorem Also,
the extension F' C L is Galois, as follows. The extension K C L is separable, and
so the extension F' C L is separable by Theorem [16.1] The extension K C L is
normal, and so L is a splitting field over K for some polynomial f € K[z]. Tt follows
that L is a splitting field over F' for the same polynomial f € K[z] C F[z], and so
the extension F' C L is normal.

1. Check that, if H,H' € S and H C H’, then L¥' C LH.

2. Check that, if F, F' € I and F C F’, then Gal(L : F') C Gal(L : F).

3. Let G: I — S be given by G(F) = Gal(L : F'). Let F: S — I be given by
F(H) = L". We need to show that F(G(F)) = F for all F € I and G(F(H))=H
forall H € S.

4. Lemma implies that, for each H € S, we have H = Gal(L : L¥) =
G(LT) = G(F(H)).

5. Part 1 translates as: If H,H' € S and H C H', then F(H') C F(H).

6. Part 2 translates as: If F, F' € I and F C F, then G(F') CG(F).

7. If F € I, then F(G(F)) D F. Indeed, each g € Gal(L : F) = G(F) fixes F'
and so F C LYF) = F(G(F)).

8. For each F' € I, we have G(F(G(F))) = G(F): use H = G(F') in part 4.

9. For each H € S and each F' € I, we have H C G(F) if and only if F C F(H).
Indeed, if H C G(F), then H fixes every element of F', and so F C F(H). On the
other hand, if FF C F(H), then F is fixed by every element of H, and so H C G(F).

10. F(G(F)) = F for all F € I. The extension F' C L is Galois by part 0.
Hence, we have

|G(F)| =|Gal(L: F)|=[L: F).
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Part 8 implies G(F(G(F))) = G(F). Part 7 says F C F(G(F)) C L, and so
[L: F(GE)] = [G(FGE)))| = 19(F)| = [L: F] = [L: F(G(F))].

It follows that we have equality at each step. Equality at the last step, with the
Tower Law, implies F(G(F)) = F. O

19. Day 19

LEMMA 19.1. Let K C L be a finite Galois extension, and let F' be an intermedi-
ate field of the extension K C L. Let H = Gal(L : F) < Gal(L : K) be the subgroup
corresponding to F' under the Galois correspondence, and let g € Gal(L : K). Then
the subgroup of Gal(L : K) corresponding to g(F') C L under the Galois correspon-

dence is exactly gHg™!.

PRroOF. By construction, we need to show that
Gal(L : g(F)) = gGal(L : F)g~".

D: Let h € Gal(L : F). We need to show that ghg~' € Gal(L : g(F)), that
is, we need to show that ghg~! is a K-homomorphism L — L that fixes g(F).
Since g,h € Gal(L : K) and Gal(L : K) is a group, we know that ghg™! is a
K-homomorphism L — L. To see that ghg—! fixes g(L), let g(y) € g(L). Then we
have

ghg~ (g(y)) = ghly) = 9(y)

where the first equality is by definition. The second equality is from the fact that
h € Gal(L : F), which means that h fixes every element of F.
C: From the previous paragraph, we have

Gal(L : g(F)) = g(g~ "' Gal(L : g(F))g)g ™"
CgGal(L:g ' (g(F))g ' =gGal(L: F)g~'
O

LEMMA 19.2. Let K C L be a finite Galois extension, and let F' be an inter-
mediate field of the extension K C L. The extension K C F is normal if and only
if, for each g € Gal(L : K), we have g(F) = F (equivalently, g(F) C F).

PROOF. Assume that K C F C L C K where K is an algebraic closure for K.

= : Assume that K C F is normal, and let ¢ € Gal(L : K). Then g is a
K-homomorphism L — L C K. Thus, g restricts to a K-homomorphism F — K.
Since K C F is normal, we have g(F') = F by Theorem m

<= : Assume that, for each g € Gal(L : K), we have g(F) C F. Let h: F —
K be a K-homomorphism. By Theorem we need to show that h(F) C F.
Theorem implies that there is a field homomorphism H: L — K making the
following diagram commute:

FP——1L

RNE

K.

Here, the unlabeled map is the inclusion. Since h is a K-homomorphism, it follows
that H is a K-homomorphism. The extension K C L is Galois, hence normal, and
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so H(L) = L. In other words, we have H € Gal(L : K), so our assumption implies
that h(F) = H(F) C F as desired. O

LEMMA 19.3. Let K C L be a finite Galois extension, and let F' be an inter-
mediate field of the extension K C L. The extension K C F is normal if and only
if, for each g € Gal(L : K), we have gGal(L : F)g~! = Gal(L : F) (equivalently,
gGal(L: F)g~' C Gal(L: F)).

PROOF. = : Assume that K C F is normal, and let g € Gal(L : K). By
Lemma we have g(F') = F. Lemma implies that

gGal(L: F)g~' = Gal(L : g(F)) = Gal(L : F).

<= : Assume that g Gal(L : F)g~! C Gal(L : F) for each g € Gal(L : K); it
follows from standard group theory that we have g Gal(L : F)g~! = Gal(L : F).
By Lemma we need to show that, for each g € Gal(L : K), we have g(F') C F.
Let g € Gal(L : K). Lemma [19.1] implies

Gal(L : g(F)) = gGal(L: F)g~! = Gal(L : F).
Theorem [18.5| implies that
g(F) _ LGal(L:g(F)) — LGal(L:F) - F

as desired. O

THEOREM 19.4 (Galois Correspondence, part 2). Let K C L be a finite Galois
extension, and let F' be an intermediate field of the extension K C L.
(a) The extension K C F is normal (i.e., Galois) if and only if Gal(L : F) <
Gal(L: K).
(b) We have [F : K] = [Gal(L : K) : Gal(L : F)].
(¢) If K C F is normal, then Gal(F : K) 2 Gal(L : K)/ Gal(L : F).
Proor. This is precisely Lemmam
(b) Since K C L is Galois, we have [L : K] = |Gal(L : K)|. Lemma [184]
implies
[L: K] =|Gal(L : K)|
[L: F|[F:K]=|Gal(L: F)|[Gal(L : K) : Gal(L : F)]
(1 K] = | Gal(L: F)

o
=
>

)
|Gal(L: F)|[F : K] =|Gal(L : F)|[Gal(L : K) : Gal(L : F)]
[F: K]=[Gal(L: K):Gal(L: F)]

Assume that K C F is normal. Lemma|[19.2)implies that g(F) = F for each
g € Gal(L : K). In other words, for each g € Gal(L : K), the restriction g|r is a
K-homomorphism F' — F.

Define ®: Gal(L : K) — Gal(F : K) by restriction: ®(g) = g|r. The previous
paragraph implies that this is well-defined. It is straightfoward to show that ® is a
group homomorphism.

Claim: ® is onto. Let h € Gal(F : K). Theorem implies that there is a
field homomorphism H: L — K making the following diagram commute:

F—1L

RNE

K.
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Here, the unlabeled map is the inclusion. Since h is a K-homomorphism, it follows
that H is a K-homomorphism. The extension K C L is Galois, hence normal, and
so H(L) = L. In other words, we have H € Gal(L : K). The commutativity of the
diagram implies that h = H|rp = ®(H), establishing the claim.

Claim: Ker(®) = Gal(L : F'). (Once we show this, then the isomorphism fol-
lows from your favorite isomorphism theorem: Gal(F : K) = Gal(L : K)/Ker(®).)
A K-homomorphism g € Gal(L : K) is in Ker(®) if and only if g|r = idp,
that is, if and only if ¢ is an F-homomorphism L — L, that is, if and only if
geGal(L: F). O

20. Day 20

Now we compute some Galois groups and some intermediate fields. Part @
of the next result shows how knowledge of the Galois group gives you information
about the structure of the intermediate fields of an extension.

ProprosITION 20.1. Let K C L be an extension of finite fields.

(a) Then |K| = p" = q where p = char(K) > 1 and n > 1. Also, |L| = q* where
d=[L:K]>1.

(b) The extension K C L is Galois with cyclic Galois group Gal(L : K) = (g) =
Z/(d) where g: L — L is given by a — a9.

(¢) The intermediate fields of this extension are exactly the fields of the form Fy, =
{a e L| at’ = a} with k =1,...,d. (Note that these fields are not necessarily
distinct.)

(d) Under the Galois correspondence, the field Fy, corresponds to the cyclic subgroup
(") < Gal(L : K).

PROOF. @ Since K is finite, it cannot contain a copy of Q. It follows from
an exercise that char(K) # 0 and so char(K) = p > 1. Since K is then a finite
extension of Z/(p), we have |K| = p™ = g where n = [K : Z/(p)]. Since L is finite
and an extension of K, it is a finite extension of K, so we have |L| = ¢? where
d=[L:K]>1.

(]E[). From Theorem we know that the extension Z C K is Galois, as is
the extension Z/(p) C L. Since K is an intermediate field of the Galois extension
Z/(p) € L, Theorem implies that the extension K C L is Galois.

Let g: L — L be given by a +— a?. The Freshman Dream implies that g is a
field homomorphism. From Theorem [I7.4] we know that a? = a for all a € K. In
other words, we have g(a) = a for all a € K, and so g € Gal(L : K). Note that, for
each 7 € N we have ¢"(a) = a? for all a € L. Tt follows that |g| < d in Gal(L : K
because g%(a) = a?" = a for all a € L; the last equality follows from Theorem
because |L| = ¢¢.

Claim: |g| = d in Gal(L : K). Suppose that 0 < r < d and ¢" = idy. Then
a = g"(a) = a® for all a € L. In other words, every element of L is a root of
the nonconstant polynomial ¢ — z. this polynomial has at most ¢" roots, and so
q? = |L| < ¢". It follows that d < 7, and since r < d by assumption, we have r = d.
This completes the proof of the claim.

The extension K C L is Galois, and so

|Gal(L : K)| = [L: K] = d.
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We have just shown that g € Gal(L : K) is an element of order d. It follows that
Gal(L : K) is cyclic generated by g.

and (d). The subgroups of Gal(L : K) = (g) are all of the form (g*) for k =
1,...,d. It is straightforward to show that F}, is the fixed field of (g*). The fact that
these are the only intermediate fields follows from the Galois correspondence. [

Recall that every finite group G is isomorphic to a subgroup of S,, where n =
|G|. Here is a similar result for Galois groups. Note that the conclusion of part (b))
holds without the separable hypothesis.

PROPOSITION 20.2. Let K be a field and let f € K|[z] be a polynomial of degree
n = 1. Let L be a splitting field of f over K.

(a) The action of Gal(L : K) on the set of roots of [ yields a monomorphism of
groups Gal(L : K) — S,,.
(b) If the extension K C L is separable (e.g., if char(K) =0), then [L : K]|n!.

Proor. (ED Let a1,...,aq € L be the distinct roots of f in L. Since d < n,
there is a monomorphism of groups Sy — S,. Hence, it suffices to construct a
monomorphism of groups ¢: Gal(L : K) — Sy.

Let g € Gal(L : K). For each 4, the element g(a;) is a root of f. Furthermore,
if ¢ # 4, then g(a;) # g(a;) since g is 1-1. Hence, g permutes the roots of f. That
is, there is an element o, € Sy such that g(a;) = a,, ;) for each i.

For each g, h € Gal(L : K) and each i, we have

oy (i) = M(9(ai)) = Mao, i) = Aoy (0, ))-
Since the a; are distinct, this implies that o,y = o,04. Hence the assignment
g — o4 describes a group homomorphism ¢: Gal(L : K) — S4. It remains to show
that ¢ is 1-1.

Let g € Ker(¢). Then g(a;) = a; for i = 1,...,d. Since L is a splitting field
for K, we have L = K(aj,...,aq), and so the K-homomorphism ¢g: L — L is
completely determined by its action on the a;. It follows that g = idy, and so ¢ is
1-1.

(]ED Assume that the extension K C L is separable, i.e. Galois. Then we have

[L: K] =|Gal(L: K)|[|Sn| =n!
as desired. O

The next example shows that the map Gal(L : K) — S,, need not be surjective,
even when f is irreducible and the extension K C L is Galois.

EXAMPLE 20.3. Let L C C be a splitting field over K = Q of the cyclotomic
polynomial f = 2* + 2% + 22 + 2 + 1 € Q[z]. Recall that f is irreducible by
FEisenstein’s criterion. The extension K C L is normal because L is a splitting field
over K, and it is separable because char(K) = 0. Let w = €2™"/> € C. Then the
distinct roots of f in L are w, w?, w3, w* so we have L = K (w, w?, w3, w*) = K(w).
It follows that [L : K| = deg(f) = 4.

Proposition gives a group monomorphism ¢: Gal(L : K) — S;. The
extension K C L is Galois, so we have

|Gal(L: K)|=[L: K] =4<4! =5

Hence the map ¢ cannot be onto. In fact, since | Gal(L : K)| = 4, we know that
Gal(L: K) % S, for all n.
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THEOREM 20.4. Let G be a finite group. There exists a finite Galois extension
K C L such that Gal(L : K) 2 G.

PRrROOF. Case 1: G = S,,. Let L = Q(x1,...,2,), the field of rational func-
tions in n variables over Q. Each g € S,, induces a Q-isomorphism ¢,: L — L by
permuting the variables. Furthermore, the set H = {¢, | g € S,,} is a group of iso-
morphisms L — L and that the assignment g — ¢, describes a group isomorphism
S, — H. Let K = L be the fixed field.

Let f = (x — x1)(x — x2) -+ (¥ — 2,) € L[x]. Since the elements of H only
permute the roots of f, we see that the coefficients of f are fixed by H. In other
words, we have f € KJ[z]. Since each generator x; € L is a root of f, we see
that the extension K C L is finite. By construction, we have H < Gal(L : K),
and so Lemma implies that the extension K C L is Galois with Galois group
Gal(L: K)=G=65,.

Case 2: The general case. Identify G with a subgroup of S,, for some n. By case
1, there is a finite Galois extension K C L such that Gal(L : K) & S,,. Lemma
implies that the extension LY C L is Galois with Galois group Gal(L : L)~ G. O

Here is a very big open question in the area. The answer is known when G is
solvable, but not in general.

QUESTION 20.5. Let G be a finite group. Does there exists a finite Galois
extension Q C L such that Gal(L : Q) = G?

21. Day 21

THEOREM 21.1 (Fundamental Thm. of Algebra). The field C is algebraically
closed.

PROOF. Claim 1: There are no finite extensions R C L of odd degree. The
primitive element theorem implies that L = R(a) for some a € L. If [L : R] is odd,
then so is the degree of the minimal polynomial f of a over R (since these numbers
are equal). The Intermediate Value Theorem from calculus implies that f has a
real root, so it is not irreducible, a contradiction.

Claim 2: There is no extension C C F of degree 2. Suppose that [EF : C] = 2. It
follows that E = C[u] for some u € E, in fact, for each u € E—C. Since [E : C] = 2,
the minimal polynomial of u in C[z] has degree 2. Write it as f = 22 + bz +c. It
is straightforward to show that C contains a square root of b* — 4c. Let w € C be
such a quare root. It is straightforward to show that the elements _bziw €cCisa
root of f, contradicting the fact that f is irreducible.

Let C C F be a finite field extension. It suffices to show that C = F.

Case 1: The extension R C F' is Galois. Let G = Gal(L : R). Theorem m
implies that the extension C C F is Galois.

Claim 3: |G| = 2% for some k. Suppose not. Let H < G be a 2-Sylow
subgroup, and let F'# C F be the fixed field of H. Theorem [19.4{{b) implies that
[F :R] =[G : H] which is odd. This contradicts the first claim.

Suppose that C # F. The previous claim implies that [F : R] = 2* and so
|Gal(F : C)] = [F : C] = 2~ > 1. Fix a subgroup K < Gal(F : C) such that
[Gal(F : C) : K] = 2. (Use the fact that the center Z(Gal(F : C)) is nontrivial and
argue by induction on k.) Since [Gal(F : C) : K| = 2, we know that K < Gal(F :
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C). We now employ Theorem The corresponding fixed field FX is a Galois
extension of C because K < Gal(F : C). Hence, it satisfies

[FE.C]=|Gal(F¥ :C)| = |Gal(F : C)/K| = [Gal(F : C) : K] = 2.
This contradicts Claim 2.
Case 2: The general case. Let F = R(ay,...,ay), and let f; € R[z] be the
minimal polynomial of a;. Let f = f1--- f, and let I’ be a splitting field of f over

F. Then F’ is a splitting field of f over R, so the extension R C F’ is normal. It
is separable because char(R) = 0, so it is a finite Galois extension. Case 1 implies

CCFCF =C
so we have equality at each step. [

There are several important areas of Galois Theory that we do not have time
to discuss. Here is a summary.

Galois Theory can be used to show that the general polynomial of degree 5
cannot be solved by radicals. Here is a sketch of how. There is a polynomial
f € Q[z] of degree 5 such that the splitting field Q C F' has Galois group Gal(F :
Q) = S5. The group S; is not solvable. If f could be solved by radicals, then the
Galois group Gal(F : Q) would necessarily be solvable.

Galois Theory can be used to show some theorems in geometry. For instance,
there is not algorithm for trisecting an arbitrary angle using a ruler and compass.
Specifically, the angle 60° cannot be trisected. If it could, then we could construct
cos 20°. If cos 20° could be constructed, then its minimal polynomial over Q would
have to have degree equal to a power of 2. However, the minimal polynomial
of cos20° has degree 3. This idea can also be used to show that /2 cannot be
constructed using a ruler and compass, that is, one cannot duplicate a cube of side
length 1.

DEFINITION 21.2. Let K be a field and f € KJz] a polynomial. The Galois
group of f over K is the group Gal(L : K) where L is a splitting field of f over K.

Another aspect of Galois Theory is the computation of Galois groups of certain
classes of polynomials. We have dome some of this already. Other special cases are
considered in Hungerford V.7-9.



CHAPTER 6

Module Theory II

1. Day 1

REMARK 1.1. Let R be a ring and let M and N be left R-modules. Recall
that the set Homp (M, N) of all R-module homomorphisms M — N is an additive
abelian group under pointwise addition (f + g)(m) = f(m) + g(m). If R is com-
mutative, then Hompg(M, N) is a left R-module via the action (rf)(m) =rf(m) =

flrm).

DEFINITION 1.2. Let R be a ring and let ¢: M — M’ and p: N — N’ be
homomorphisms of left R-modules. Define the function

Hompg(M,+): Homg(M, N) — Hompg(M,N") as  frepof.
Define the function
Hompg (¢, N): Homg(M', N) — Hompg (M, N) as g god.
Let R-mod denote the category of left R-modules.
Recall that Ab is the category of abelian groups.

PRrROPOSITION 1.3. Let R be a ring and let M be a left R-module.

(a) The operator Homp (M, —) describes a covariant functor R-mod — Ab. If R
is commutative, then this describes a covariant functor R-mod — R-mod.

(b) The operator Hompg(—, M) describes a contravariant functor R-mod — Ab.
If R is commutative, then this operator describes a contravariant functor
R-mod — R-mod.

ProOOF. We will verify part (]ED Part @ is similar, and easier.

Using Remark there are four things to show.

1. Hompg(¢, M) is a group homomorphism for each ¢: N — N’: We need to
show that

Hompg(¢, M)(f + g) = Hompg(¢, M)(f) + Homp(¢, M)(g)
for each f,g € Homg(N', M). In other words, we need to show that
(f+gled=(fod)+(g9009)
These are functions N — M, so we check this on elements m € M:
((f +9) 0 9)(m) = (f + g)(¢(m)) = f(d(m)) + g(d(m)) = (f o d+gop)(m)
2. Hompg(idn, M) = idgom (v, for all N:
Hompg(idy, M)(g) = goidy = g.

145
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3. Hompg(¢p o, M) = Hompg (¢, M) o Hompg(p, M):
Homp(¢o1h, M)(g) =go(pov) = (g0 ¢)ot =Hompg (¢, M)(go o)
= Hompg (¢, M)(Hompg(¢, M)(g))
= (Hompg (4, M) o Homp(¢, M))(g).

4. Assuming that R is commutative, Hompg(¢, M) is an R-module homomor-
phism for each ¢: N — N’: It remains to show that

Hompg(¢, M)(rg) = r(Homg(¢, M)(g))
for each r € R and each g € Homg(M’, N). In other words, we need

(rg)og=r(god).

As in part 1, we check this on elements m € M:

((rg) o 9)(m) = (rg)(d(m)) = r(g(¢(m))) = (r(g o ¢))(m).
O

PROPOSITION 1.4. Let R be a ring and let ¢: M — M’ be a homomorphism of
left R-modules. Let n € N.

(a) Homp(R"™, M) is a left R-module by the action (rf)(v) = f(vr). If R has
identity, then this action is unital.

(b) The map Homp(R"™, ¢): Homp(R", M) — Hompg(R"™, M') is a left R-module
homomorphism.

(¢c) Homg (M, R™) is a right R-module by the action (Yr)(v) = ¢(v)r. If R has
identity, then this action is unital.

(d) The map Hompg(¢, R"): Homp(M’,R") — Hompg(M,R") is a right R-
module homomorphism.

PrOOF. We will prove parts @ and (]ED The other parts are proved similarly.

@ We already know that Hompg(R™, M) is an additive abelian group. So, we
have four things to check.

1.7(f+9g)=(rf)+ (rg) for all r € R and all f,g € Homg(R", M). We check
this on elements v € R™:

(r(f +9)(w) = (f + 9)(vr) = fvr) + g(vr) = (rf)(v) + (rg)(v) = (rf + rg)(v).

2. (r+s)f=0f)+(sf) forallr,s € Rand all f € Homg(R™, M). Check this
on elements v € R™ as in part 1.

3. (rs)f = r(sf) for all r,s € R and all f € Homg(R™, M). Check this on
elements v € R™ as in part 1.

4. If R has identity, then 1f = f for all f € Homgr(R™, M). Check this on
elements v € R™ as in part 1.

(b) We need to check that Hompg(R", ¢)(r f) = r(Homg(R", $)(f)) forallr € R
and all f € Homp(R™, M). In other words, we need ¢ o (rf) = r(¢f). We check
this on elements v € R™:

(@o(rf)(w) =o((rf)(v)) = o(f(vr)) = (f)(vr) = (r(¢f))(v)
O
PROPOSITION 1.5. Let R be a ring with identity and let ¢: M — N be a homo-

morphism of unitary left R-modules. Let n € N and let e1,...,e, € R"™ be a basis.
Define ®pr: Homp(R"™, M) — M™ by the formula ®p(f) = (f(e1),..., flen))-
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(a) The map @y is an isomorphism of left R-modules.
(b) There is a commutative diagram

Homp(R"™,¢)
- 5

Homp(R", M) Homp(R", N)
@Mig @ng
M ¢ N

where ¢"(m1, ..., my) = (¢(ma),..., d(my)).

PROOF. (ED It is straightforward to show that ®,; is an R-module homomor-
phism. To see that it is onto, let (mq,...,m,) € M™. Proposition says
that the map f: R"™ — M given by f(ri,...,rn) = >, rim; is a well-defined R-
module homomorphism. By definition, we have f(e;) = m; for each i, and so
éM(f) = (mla-"7mn)‘

To see that ®jr is 1-1, assume that ®5/(f) = 0. That is, f(e;) = 0 for each
i. It follows that for each ) . r;e; € R", we have f(3,rie;) = >, 70 = 0. Thus
f =0 and ®,; is bijective.

(o) For f € Hompg(R™, M), we compute:

@y (Homp(R",0)(f)) = @n(do f) = (¢(f(e1));---,d(f(en)))
" (Pa(f)) = ¢"(fler), ..., flen)) = (d(f(e1)), ..., o(f(en)))
as desired. Il

2. Day 2

The previous result says that the functors (=)™ and Hompg(R", —) are “natu-
rally isomorphic”.

DEFINITION 2.1. Let C and D be categories, and let F,G: C — D be covariant
functors. A natural transformation from T: F — G is a function that assigns
to each object C in C a morphism T¢: F(C) — G(C) in D such that, for every
morphism f: C — C’ in C, the following diagram commutes:

Fo) 2% p(ery

G(f)

a(o) 2L o).

A natural transformation T: F — G is a natural isomorphism if, for every object
C in C, the map T¢: F(C) — G(C) is an isomorphism in D.

DEFINITION 2.2. Let R be aring. A sequence of left R-module homomorphisms
VARG VLG Y/

is ezact if Ker(f1) = Im(f2). More generally, a A sequence of left R-module homo-
morphisms

is ezact if Ker(f;) = Im(f; 1) for all . A short exact sequence is an exact sequence
of the form
0—-M —M-—M"—D0.



148 6. MODULE THEORY II

REMARK 2.3. Given an sequence of left R-module homomorphisms
we have Ker(f;) D Im(f;41) if and only if f; f;+1 = 0.
EXAMPLE 2.4. Let M', M" be left R-modules. Then the sequence
0—MLmaem L u —o
is exact. Here f(m’) = (m/,0) and g(m/,m”) =m".
EXAMPLE 2.5. Let R be a ring and let I C R be an ideal. Then the sequence

0—-ILRERII—0

is exact. Here f is the inclusion and g is the natural surjection.
More generally, let M be a left R-module, and let M’ C M be submodule.
Then the sequence

0—M LML M/M 0
is exact. Here f is the inclusion and g is the natural surjection.
PROPOSITION 2.6. Let R be a ring.
(a) The sequence 0 — M’ I M is exact if and only if f is 1-1.
(b) The sequence M 2 M" — 0 is ezact if and only if g is onto.
PROOF. fis 1-1 if and only if Ker(f) = 0 =Im(0 — M’). g is onto if and only
if Im(g) = M"” = Ker(M"” — 0). O

DEFINITION 2.7. Let R be a ring, and consider two exact sequence of left
R-module homomorphisms

My =2 g S S
and _ _
Ny=- 22 N, 2N, 225

A homomorphism from M, to N, is a sequence of maps he = {h,: M,, — N, |n €
Z} such that h,_1fn = gnhy for all n € Z. In other words, the maps h,, make the
following “ladder diagram” commute.

M, @MZLMHg
h.l hil hq‘,—li

gi+1 i gi—1
N, S N, s N ——

The homomorphism he is an isomorphism from M, to N, if it has a two-sided
inverse, that is, if there exists a homomorphism ke: Ny — M, such that h,k, =
idy, and kph, =idy, for all n.

REMARK 2.8. Let R be aring, and consider two exact sequence of left R-module
homomorphisms

fit1 fi fi—1
My=- 5 M, -5 M, | — ...

Jit1 i gi—1
Ny=--- 25 N, 25 N 225

Let he: My, — N, be a homomorphism of exact sequences. Show that he is an
isomorphism if and only if each h,, is an isomorphism.
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EXAMPLE 2.9. Given two integers m and n with n # 0, here is a homomorphism
of short exact sequences of abelian groups:

n

0 Z Z Z/nZ —— 0

s N

0 —— nZ/mnZ — Z/mnZ — Z/nZ — 0.

Here the unlabeled maps are the natural inclusions and surjections. This homo-
morphism is an isomorphism if and only if m = 0.
3. Day 3

PROPOSITION 3.1 (Short Five Lemma). Let R be a ring, and consider a homo-
morphism of exact sequences

0 ML L 0
ST
0 N —E s NS N 0

(a) If h and l are 1-1, then k is 1-1.
(b) If h andl are onto, then k is onto.

PROOF. Assume that h and [ are 1-1. Let m € Ker(k) € M. Commutativ-
ity of the diagram implies that
I(g(m)) = G(k(m)) = G(0) = 0.

Since [ is 1-1, we have g(m) = 0. The exactness of the top row of the diagram
implies that m € Ker(g) = Im(f) and so m = f(m’) for some m’ € M’. It follows
that

0= k(m) = k(f(m)) = F(h(m")).

Since F' and h are 1-1, it follows that m’ = 0 and so m = f(m') = f(0) = 0.

(]E[) Assume that h and [ are onto. Let n € N. Since [ is onto, there exists
m' € M" such that I(m”) = G(n). Since g is onto, there exists m € M such that
g(m) =m", and so

G(k(m)) = I(g(m)) = I(m") = G(n).
(We would like to conclude that k(m) = n, but this may not be true.) Instead,
the displayed equation implies that G(k(m) —n) = G(k(m)) — G(n) = 0 and so
k(m) —n € Ker(G) = Im(F). Write k(m) —n = F(n') for some n’ € N’. Since h
is onto, there exists m’ € M’ such that h(m') = n'. It follows that
k(f(m")) = F(h(m')) = F(n') = k(m) —n

and sok(m — f(m’)) =n. Thus, n € Im(k) and so k is onto. O

DEFINITION 3.2. Let R be a ring. An exact sequence

0—-M —M-—M'"—0

is split if it is isomorphic to the sequence

0 M Lmom LM o
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where f(m’) = (m/,0) and g(m',m”) = m”. In particular, if the given sequence is
split, then M = M' & M".

Here is a classification of split exact sequences.

ProOPOSITION 3.3. Let R be a ring, and consider an exact sequence
0—M LML M —o.
TFAE.
(i) The exact sequence is split;

(ii) There is an R-module homomorphism f1: M — M’ such that fiof =idap;
(iii) There is an R-module homomorphism g1 : M" — M such that gog = idpz».

ProoOF. We will prove (i) < . The proof of (i) <= is similar.
= Assume that the given sequence is split. Then there is a commuta-
tive diagram

0 Mt 0

hl: ki: zl:
0*>M’*i>M’EBM”*t>M”HO
where i(m’) = (m/,0) and t(m’,m"”) = m”. Let i1: M' & M"” — M’ be given by
iy(m’,m”) = m’. We will show that the map f; = h=!oiy o k: M — M’ satisfies
the desired property.
We first compute:

iohofiof =iohoh loijokof=1io0ijokof=ioijoioh=rioidyy oh=ioh.

The third equality follows from the commutativity of the diagram. The remaining
equalities are by definition. Thus, we have

(itoh)o(fiof)=1ioh=(ioh)oidp.

Since i and h are 1-1, it follows that fi o f = id; as desired.

— Assume that there is an R-module homomorphism fi1: M — M’
such that fyof =idpy. Let F: M — M’ @® M"” be given by F(m) = (f1(m), g(m)).
We will show that the following diagram commutes

0 ML L 0
idM/\L% Fi% idM//lE
OHMI$M/@M//$M//HO

where i(m’) = (m/,0) and t(m’, m”) = m”. The Short Five Lemma will then imply
that F' is an isomorphism, so that the displayed diagram is an isomorphism of exact
sequences; by definition, it then follows that the original sequence is split.

We compute: for m’ € M’ and m € M we have

F(f(m") = (L1(f(m")), g(f(m))) = (m/,0) = i(m).
tF(m)) = t(fi(m),g(m)) = g(m).



4. DAY 4 151

COROLLARY 3.4. Let R be a ring with identity, and consider an exact sequence
0—M LML M -0
of unitary R-modules. If M" is free, then this sequence is split.

Proor. It suffices to find an R-module homomorphism g;: M” — M such
that gg1 = idpg. Since M" is free, it has a basis B C M". g is surjective, so for
each b € B, there exists my € M such that g(mp) = b. Define g;: M” — M by
the formula g1 (>°, asb) = >, apmy. Proposition says that f; is a well-defined
R-module homomorphism. We compute:

9(g1 (3 avb)) = g(>_y avmp) = 32 avg(me) = 2y apb

which shows that g o g3 = idas, as desired. O
COROLLARY 3.5. Let R be a ring with identity, and consider an exact sequence
0—Rr"L gr L Rr 0.
Then n =m + p.

Proor. Corollary [34] implies that the given sequence splits. In particular,
we have R" = R™ @ RP = R™*P. The invariant basis property implies that
n=m-+p. O

4. Day 4

DEFINITION 4.1. Let R be aring. A left R-module M is noetherian if it satisfies
the ascending chain condition (ACC) on submodules: For every ascending chain of
submodules M7 C My C --- C M, we have M,, = M, 11 = M,49 = --- for some
n>1.

Slogan: every ascending chain of submodules stabilizes.

The ring R is (left) noetherian if it is noetherian as an R-module, that is, if it
satisfies ACC on left ideals.

EXAMPLE 4.2. Every field k is a noetherian ring because the only ideals are
(0) and k. More generally, every PID is noetherian by Lemma

THEOREM 4.3. Let R be a ring and M an R-module. The following conditions
are equivalent:

(i) M is noetherian as an R-module;
(ii) every left submodule of M is finitely generated;
(iii) every nonempty set of left submodules of M has a mazximal element.

PROOF. — . Assume that M is noetherian and let N C M be a
left submodule. Suppose that N is not finitely generated. In particular, we have
N # (0). Let 0 # 21 € N. Since N is not finitely generated, we have (z1) C N, so
we have xo € N — (x1). It follows that (z1) C (21, x2) because x2 € (z1,22) — (x1).
Since N is not finitely generated, we have (z1,z2) C N, so we have 3 € N—(z1, z2).
It follows that (z1) C (x1,22) € (21, 22,23) because x3 € (x1,2,23) — (1, Z2).

Continue inductively to find construct an ascending chain of left submodules

(x1) € (@1,22) C (21,72, 23) C --- € (X1, T2, ..., Tp) C (@1, %25, T, Tpy1) © -+

=

This chain never stabilizes, contradicting our noetherian assumption. Thus, N is
finitely generated.
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= (iil). Assume that every left submodule of M is finitely generated, and
let S' be a nonempty set of left submodules of M. We need to show that S has a
maximal element N, that is, a submodule N in S with the following property: If
P is a submodule in S such that N C P, then N = P.

We employ Zorn’s Lemma. For this, we need to show that every chain in S
has an upper bound in S. Let C be a chain of submodules in S. As usual the
union N = Upec P is a left submodule of R. We need to show that IV is in S. By
assumption, the submodule N is finitely generated, say N = (ai,...,a,). Since
each a; € N = Upec P, we have a; € P; for some P; € C. Since C' is a chain, there
is an index j such that P; C P; for each i. Hence, we have a; € P; for each ¢, and
)

N = (al,...,an) QPJ QN
It follows that N = P; € S, as desired.

(i) = . Assume every nonempty set of left submodules of M has a maximal
element, and consider a chain of left submodules M; C My C --- C M. We
need to show that the chain stabilizes. By assumption, the set S = {M;y, Ms,...}
has a maximal element, say it is M,. For each ¢« > 1 we have M,, C M,4;, so
the maximality of M,, implies M,, = M, ;. Thus, the chain stabilizes and M is
noetherian. ([l

COROLLARY 4.4. Let R be a ring. The following conditions are equivalent:
(i) R is noetherian;
(ii) every left ideal of R is finitely generated;
(iii) every nonempty set of left ideals of R has a maximal element.

PRroOOF. This is the special case M = R of Theorem O
This characterization shows how to construct a ring that is not noetherian.

EXAMPLE 4.5. Let k be a field and let R = k[z1, z2,...] be a polynomial ring
in infinitely many variables. The ideal (x1,x9,...) C R is not finitely generated
and so R is not noetherian.

THEOREM 4.6 (Hilbert Basis Theorem). Let R be a commutative ring with
identity. The polynomial ring R|x] is noetherian.

PRrROOF. Let I C R[z] be an ideal. We will show that I is finitely generated.
For each r =10,1,2,... let

I, ={ac€R|3ag+az+...+a,_ 12" +azx" €I}

Since [ is an ideal in R[z], it follows readily that I, is an ideal in R. Furthermore,
we have I € I; C I C --- C R: If a € I, then there exists a polynomial
f=a +azr+...+a_12" ' +az" € I; since I is an ideal the polynomial
rf =apx +a1x®> +...+a,_12" +ax" €I, andsoa € I,,1.

Since R is noetherian, there exists J > 0 such that, for every j > J we have I; =
I;. Furthermore, every I, is finitely generated, say, I, = (ar1,...,ark.). Thus,
there exist f1,..., frk. € I such that fr; = ario+ ari1@+...+ap ;12" 1+
AriT" .

Claim: I = ({fr;|r=0,...,J;4i=1,...,k-}). (Once this is proved, we are
done.) Set I' = ({frs | r=0,...,J;i=1,...,k-}). The containment I D I’ holds
because each f,; € I. for the containment I C I’, let f € I. Since 0 € I’, we
assume that f # 0 and set s = deg(f). We show that f € I’ by induction on s.
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Base case: s = 0. Here we see that f is constant, and so f = ap € R. Since
f €I, we conclude that f € Iy = (ap,1,-..,a0,k) = (fo1,---, foke) CI'.

Inductive step: Assume that s > 1 and that, for every polynomial g € I with
deg(g) < s, we have g € I'. Write f = by + - - + bsa®.

Case 1: s < J. Then by € I, = (as1,...,as%,). Write by = Zf;l CiGs,;
with each ¢; € R. The polynomial g = f — Zf;l cifsix" % € I is either 0 or has
deg(g) < s. Furthermore, we have f — g = Zfil Cifsi®" "% € (fs1s--y fsr,) C L,
and so f € I’ if and only if g € I'. By our induction hypothesis, we have g € I’,
and so f € I’, as desired.

Case 2: s > J. Then by € I, = I; = (aj1,...,a7k,). Write by = fil CiGJ;
with each ¢; € R. The polynomial g = f — Zizl cifsix"~7 € I is either 0 or has
deg(g) < s. Furthermore, we have f — g = Zfz’l cifriz"7 € I', and so f € I' if
and only if ¢ € I’. By our induction hypothesis, we have g € I’, and so f € I, as
desired. 0

5. Day 5

The Hilbert Basis Theorem gives a lot of examples of noetherian rings.

COROLLARY 5.1. Let R be a commutative ring with identity. FEvery finitely
generated R-algebra is noetherian. In particular, each polynomial Ting in finitely
many variables Rlx1,...,x,] is noetherian.

PrOOF. For polynomial rings, the result follows from the Hilbert Basis The-
orem by induction on the number of variables. In general, each finitely generated

R-algebra is (isomorphic to a ring) of the form R[z1,...,x,]/J. Since R is noether-
ian, the same is true of the polynomial ring R[x1,...,x,], and an exercise shows
that the same is true for the quotient R[z1,...,x,]/J. O

THEOREM 5.2. Let R be a ring and consider an exvact sequence of R-modules:
0—M L m o
Then M is noetherian if and only if M' and M" are noetherian.

PROOF. Assume that M’ and M" are noetherian. To see that M is noetherian,
consider an ascending chain M; € My C --- € M. Since M’ is noetherian, the
ascending chain f~*(M;) C f~1(Ms) C --- C M’ stabilizes. Since M is noether-
ian, the ascending chain g(M;) C g(Ms3) C --- C M" stabilizes. Thus, there exists
n = 1 such that fﬁl(Mn) = fﬁl(Mn—i-l) =--- and g(Mn) = g(Mn—H) =

We show that M,, = M,,;1 = ---. For this, it suffices to show that M, ; C M,
for each ¢ > 1. Let m € M,4;. Then g(m) € g(M,+;) = g(M,), so there exists
my € M, such that g(m1) = g(m). Then m —m; € Ker(g) = Im(f), so there exists
m’ € M’ such that g(m’) = m —m;. Note that m € M,,;, and m; € M,, C M, 1,
and so m —my € M,.;. It follows that m’ € f~Y(M, ;) = f~1(M,). Hence, we
have m —my = f(m') € M,, and so m = my + f(m') € M,, as desired.

The converse is an exercise. [l

THEOREM 5.3. Let R be a ring with identity. Then R is a noetherian ring if
and only if every finitely generated R-module is noetherian.
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PrOOF. If every finitely generated R-module is noetherian, then the R-module
R is noetherian; that is, R is a noetherian ring.

Conversely, assume that R is a noetherian ring. For each n > 0, the module
R™ is noetherian. This is true for n = 0,1 by hypothesis. For n > 2, use induction
applied to the exact sequence

0—-R—R'"— R 50

along with Theorem

Now let M be a finitely generated R-module. Then there is an integer n > 0
and an epimorphism 7: R™ — M. Since R™ is noetherian, Theorem shows that
M = R™/Ker(7) is also noetherian. O

The next result compares to Proposition [TJ20.2]
PROPOSITION 5.4. Let R be a PID. Fvery submodule of R™ is free of rank < n.

PrOOF. By induction on n. If n = 1, then every submodule M C Ris M =rR
for some r € R. Therefore,

V= {{O}gRO if r =0
rR=R! ifr#0.
Assume n > 1 and assume that every submodule of R" ! is free of rank < n—1. Let
K C R™ be a submodule, and define t: R™ — R by the formula t(aq,...,a,) = an.
Check that t is a homomorphism with Ker(t) = R*~! @ {0} = R"~!. It follows
that ¢(K) C R, so t(K) = rR for some r € R. If r = 0, then K C Ker(t) = R" !,
so our induction hypothesis implies that K is free of rank < n — 1. So, we assume
that r #£ 0.
Define g: K — t(K) by the formula g(k) = t(k). Then g is an R-module
epimorphism. It is straightforward to verify that

Ker(g) =Ker(t) N K = R""'nK C R" .

By our induction hypothesis, we have Ker(g) = R™ for some m < n — 1.
There is an exact sequence

0 — Ker(g) —» K L t(K) — 0.
Since t(K) is free, this sequence splits, so we have
K ~Ker(g) ®t(K) = R™ ® R~ R™".
Since m + 1 < n, this is the desired result. O
The next discussion compares to Remark [TJ21.1]

REMARK 5.5. Let R be a commutative ring with identity, and fix integers n, k >
1. Recall that we have Hompg(R", R") = M,,«x(R). Specifically, let h: R¥ — R
be an R-module homomorphism. Write elements of R¥ and R™ as column vectors
with entries in R. Let ey, ..., e, € RF be the standard basis. For j = 1,. ..,k write

ai,j
hiej) = | o

An,j
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Then h is represented by the n x k matrix

ap;1 0 Qi o a1k
)= (@) = [ ain o ais o aia
A1 A j Uk

in the following sense: For each vector

we have

T1 ay;1 -t a1k T1
hl : )= : : .
T.k ar;,,l ar;,k T'k
We have elementary basis operations on the e;:

(1) Replace e; with ue; where v € R is a unit;

(2) Interchange e; and ey;

3) Replace e; with e; + re; for some r € R and [ # j.
J j

These correspond to the appropriate elementary column operations on the matrix
(ai,7), in the following sense. Applying one of the elementary basis operations to the
e; yields an isomorphism ®: RF — R* such that the following diagram commutes

RE (@i,j5) R

@i% l
(bi;)

RE—">R"

where (b; ;) is the matrix obtained by applying the corresponding elementary col-
umn operation to the matrix (a;;). And, conversely, if (b; ;) is obtained from
(ai,;) by an elementary column operation, then the corresponding elementary basis
operations on the e; yields a commutative diagram as above.

Let f;,...,f, € R™ be the standard basis. The elementary basis operations on
the f; correspond similarly to the elementary row operations on the matrix (a; ;).

Furthermore, if we repeatedly apply elementary row and column operations to
the matrix (a; ;) to obtain the matrix (¢; ;), then this yields a commutative diagram

R (ai,j) Rn

@iu \plu
(ci,5)
R —— R".

We say that an n x k matrix (d; ;) with entries in R is equivalent to (a; ;) if it
can be obtained from (a; ;) using a (finite) sequence of elementary row and column
operations.

6. Day 6
The next result compares to Proposition
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PROPOSITION 6.1. Let R be a PID. Fix integersn >k > 1 and let h: R* — R»
be an R-module monomorphism. There exists a commutative diagram of group
homomorphisms

@J/: \Ili’i
RkLRn

such that the matriz representing h' is “diagonal”, that is, [h'] = (d; ;) where d; ; =
0 when 1 # j.

PROOF. Let [h] = (a; ;), and let A denote the set of all s € R such that a finite
number of elementary row and column operations applied to (a; ;) yields a matrix
with s in the upper left corner. The set S = {sR | s € A} is a nonempty set of
ideals of R. Since R is a PID, it is noetherian, and so S has a maximal element.
Apply the necessary row and column operations to yield a new matrix (b; ;) such
that b; 1 R is a maximal element of S.

Note that by ; # 0. Indeed, since h is a monomorphism, the matrix (b; ;) is
nonzero. It follows that a finite number of row and column operations will yield
a matrix with a nonzero element s # 0 in the upper left corner. If by ; = 0, then
b1 1R = (0) C sR, contradicting the maximality of by ; in S.

Claim: b171‘b172. Suppose not. Then by 2 & by R. It follows that b; 1R C
(b1,1,b1,2)R. Since R is a PID, there is an element d € R such that (b1,1,b12)R =
dR. Thus, we have

(0) Cb11R C (b1,1,b12)R =dR.
In particular, we have d # 0. We will derive a contradiction by showing that d € A;
the relation by 1 R € dR will then contradict the maximality of b; 1 R in S.

Since d € dR = (b1,1,b1,2) R, there are elements u,v € R such that d = uby 1 +
vb1,2. On the other hand, we have b11,b1,2 € (b1,1,b12)R = dR and so there are
elements =,y € R such that b, ; = zd and b; » = yd. This yields

1d = d = uby1 + vb1 2 = uxd + vyd = (uzx + vy)d

and so ux + vy = 1 because d # 0.
Consider the following matrix multiplication:

bi1 bi2 - b1k u -y 8 8 ds e s
b2,1 ba22 ba,k L B B * sk *
bt b o bk 00 0. i *ok

Because ux + vy = 1, it can be shown that the second matrix corresponds to a
change of basis. It follows that d € A, as desired.

A similar argument shows that b171‘b1,i for i =2,...,k and b171‘bj,1 for j =
2,...,n. Thus, we may use elementary row and column operations to find an
matrix (c; ;) equivalent to (b; ;) and hence equivalent to (a; ;) such that r # 1
implies ¢;, = 0 and ¢, ;1 = 0:

C1,1 0 0 0
0 c2,2 c2,3 -+ Cok
0 e¢32 ¢33 -+ C3k

0 cp2cn3 - Cnk
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Repeating this process to appropriate “submatrices” of (c; ;) yields the desired
matrix, and Remark yields the desired commutative diagram. ([

The next result compares to Proposition

PROPOSITION 6.2. Let R be a ring, and let h: K — N and h/: K/ — N’ be
R-module homomorphisms. Given a commutative diagram of R-module homomor-
phisms

KCAJL>]V

@lﬂ mlﬁ
}(/4&L>DW
there is an R-module isomorphism o: N/Im(h) N N'/Im(h').

PRrROOF. Let a: N/Im(h) — N’/Im(Rh’) be given by «(Z) = ¥(z). Proposi-
tion shows that « is a well-defined abelian group isomorphism. From the
definition, it is straightforward to show that « is an R-module homomorphism. [

Here is the Fundamental Theorem for Finitely Generated Modules over a PID.

Compare to Theorem

THEOREM 6.3. Let R be a PID and let M be a finitely generated R-modle.
Then G s a direct sum of cyclic R-modules:

M= R/dQ,R®---® R/d,R® R"".

PROOF. Let {my,...,m,} C M be a generating set for M. The map f: R" —
M given by f(r1,...,mn) =Y. r;m; is a well-defined group epimorphism. We have
Ker(f) C R", so Proposition |5.4] yields an isomorphism h;: R* = Ker(f) for some
k < n. Let e: Ker(f) — R"™ be the natural inclusion, and set h = eh;: RF —
R™. Since hp is an isomorphism and e is a monomorphism, we know that h is a
monomorphism.

Proposition yields a commutative diagram of group homomorphisms

Rk‘gﬁeﬂRn
@lE Ql%
Rk H; Rn

such that [#'] = (d; ;) where d;; = 0 when ¢ # j. Let fi,...,f, € Z" be the
standard basis. Then we have

M = R"/Ker(f) first isomorphism theorem
= R"/Im(h) construction of A
=~ R™/Im(h) Proposition [6.2]
= R"/(dyafy,. .., dyifr) assumptions on h’

“R/di1R®---®R/dp xR & Znk Exercise.

This is the desired conclusion. O
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DEFINITION 6.4. Let R be a ring and let F': R-mod — Ab be a covariant
functor. The functor F' is additive if, for each pair of R-module homomorphisms
f,9: M — N, we have

F(f+9)=F(f)+F(9): F(M) — F(N).
In other words, F' is additive if, for every pair of R-modules, the map
Fyrn: Homp(M, N) — Homa,(F(M), F(N))

is an abelian group homomorphism.
Let G: R-mod — Ab be a contravariant functor. The functor G is additive if,
for each pair of R-module homomorphisms f,g: M — N, we have

G(f+9)=G(f)+G(9): GIN) — G(M).
In other words, G is additive if, for every pair of R-modules, the map
Gum,n: Homp(M,N) — Hom4,(G(N), G(M))
is an abelian group homomorphism.

REMARK 6.5. Let R be a ring and let F': R-mod — Ab be a functor, either
covariant or contravariant. Then F'(0) = 0.

EXAMPLE 6.6. Let R be a ring and let M be an R-module. The functor
Homp (M, —) is covariant and additive. The functor Hompg(—, M) is contravariant
and additive.

7. Day 7

DEFINITION 7.1. Let R be a ring and let F': R-mod — Ab be a covariant
additive functor.
The functor F is exact if, for every exact sequence
VRS VN Vil
the induced sequence

oy 29 povy 29 pouy

is also exact.
The functor F is left exact if, for every exact sequence

0— M Lom L pr
the induced sequence

F(f) F(g)

0 — F(M') F(M) F(M")

is also exact.
The functor F' is right exact if, for every exact sequence

MLy s o
the induced sequence
F(f)

F(M') FOM) 292 p(uy — 0

is also exact.
Let G: R-mod — Ab be a contravariant additive functor.
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The functor G is exact if, for every exact sequence
V(RS VN Vil
the induced sequence

G(g)

G(M'")

is also exact.
The functor G is left exact if, for every exact sequence

JYAERS YRy V()

the induced sequence

Glo) ()
) — )

0— G(M" G(M G(M')

is also exact.
The functor G is right exact if, for every exact sequence

0— M Lom L pr
the induced sequence

a”y E9% a2 arty — o

is also exact.

THEOREM 7.2. Let R be a ring and let N be an R-module. Then the functors
Hompg(N,—): R-mod — Ab and Homp(—, N): R-mod — Ab are left exact.

ProoF. We will show that Homp(N,—) is left exact. The verification for
Hompg(—, N) is similar.
Consider an exact sequence

0— M L2 M.
‘We need to show that the induced sequence

Hompg (N, f) Hompg(N,9)

0 — Homp(N, M) Hompg (N, M) Homp (N, M")

is exact.

1. Hompg(N, f) is 1-1. Let ¢ € Ker(Homg(N, f)) € Hompg(N,M'). Then
0 = Hompg(N, f)(¢) = f o ¢. Since f is 1-1, it follows that ¢ = 0.

2. Ker(Hompg(N,g)) 2 Im(Hompg(N, f)). The fact that Hompg(N,—) is a
functor provides the first equality in the following sequence

Hompg (N, g) o Homp(N, f) = Homg(N, g o f) = Homg(N,0) = 0.

The second equality follows from the exactness of the original sequence. The third
equality is straightforward.

3. Ker(Hompg (N, g)) C Im(Hompg(N, f)). Let ¢ € Ker(Hompg (N, g)) € Hompg(N, M).
Then 0 = Hompg(N, g)(¢) = g o ¢ and it follows that Im(¢) C Ker(g) = Im(f). For
every n € N, this implies that ¢(n) = f(m),) for some m), € M'. Furthermore, since
f is 1-1, the element m/, is the unique element m’ € M’ such that ¢(n) = f(m’).

Define ¢p: N — M’ by the rule ¢(n) = m/,. This is well-defined by the previous
paragraph.
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Claim: ¢ is an R-module homomorpism. By definition, m;, ., is the unique

element m’ € M’ such that ¢(n; + ng) = f(m'). By assumption, we have

f(mnl + mnz) = f(mru) + f(mnz) = ¢(n1) + ¢(’I’L2) = ¢(7’L1 + 77,2).

Hence, the uniqueness of m/

ni+nsz
I

'(/J(nl +ng) = Moy tny = My + My = Y(m) + 1#(712)

A similar argument shows that ¥ (rn) = ri(n).
Thus, we have ¢ € Hompg(N, M’). Now we show that Homg(N, f)(¢) = ¢:

(Hompg(N, f)(¥))(n) = f(¥(n)) = f(my,) = ¢(n).

Hence, we have ¢ € Im(Hompg(N, f)), and we are done. O

implies that

PROPOSITION 7.3. Let R be a ring with identity. For each n > 0, the functor
Hompg(R"™, —) is exact.

PROOF. It is straightforward to show (exercise) that the functor (—)" is exact.
The isomorphism Homp(R™, —) = (—)" yields the desired result. O

8. Day 8
The functors Homg(N, —) and Hompg(—, N) are not usually exact:
ExXAMPLE 8.1. Consider the sequence of Z-modules
(%) 0-227257/2) —0

where po(n) = 2n and 7(m) = m. This sequence is exact. However, the sequences
Homy(Z/(2),*) and Homy(*,Z/(2)) are not exact, as follows.

To see that the sequence Homy(Z/(2),*) is not exact, we need to show that
the sequence

Homy (Z/(2), Z) “22 @0, Homy(2,/(2),2/(2) — 0

is not exact, that is, that the map Homgz(Z/(2),7) is not onto. We show that
idz/(2): Z/(2) — Z/(2) is not in Im(Homz(Z/(2),7)). By definition, it suffices to
show that there does not exist a Z-module homomorphism ¢: Z/(2) — Z making
the following diagram commute.

%/i

£ 7
ZHZ/(Q).

Note that the only Z-module homomorphism ¢: Z/(2) — Z is the zero map ¢ = 0,
and this map does not make the diagram commute. (Another way to see this:
The map ¢ would give a splitting of the sequence , which would imply that
Z =7 ®Z/(2), which is impossible.)

To see that the sequence Homy(x,Z/(2)) is not exact, we need to show that
the sequence

Homy,(Z, 2/ (2)) 222022, yom, (2,2, (2)) — 0

is not exact, that is, that the map Homgz(u2,Z/(2)) is not onto. We show that
7:Z — Z/(2) is not in Im(Homgz(us2,Z/(2))). By definition, it suffices to show
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that there does not exist a Z-module homomorphism : Z — Z/(2) making the
following diagram commute.

Z *>Z
J/ .7 ;7*”
Z/(2)
Let ¢: Z/(2) — Z. Then ¥(pu2(1)) = ¥(2) = 2¢6(1) = 0 # 7(1), so ¢ does not make

the diagram commute.

PROPOSITION 8.2. Let F': R-mod — Ab be a covariant additive functor. TFAE.

(i) The functor F is exact;
(ii) The functor F is left exact and right exact;
(iii) For every short exact sequence of R-module homomorphisms

0—M LML M -0
the resulting sequence

F(g)
—

0— FM'y 29 pan F(M") =0

15 exact.
PRrROOF. The implications (i) = == follow from the definitions.
- . Assume that condition holds and consider an exact sequence
VLN VLN Vi
We need to show that the sequence

F(f1) F(f2)
—_— —_—

F(My) F(My) F(Ms3)

is exact. Since F' is an additive functor, we have
F(f2) o F(f1) = F(f20 f1) = F(0) = 0.

Thus, we have Im(F'(f1)) C Ker(F(f2)), and it remains to show that Im(F(f;)) 2
Ker(F(f2)).

Consider the following commutative diagram

\, N
N

PN
M, f1 f2

N

N3

N~ A
N \

0



162 6. MODULE THEORY II

where
No = Ker(f1) Ny = Im(f;) = Ker(f2)
Ny = Im(f>) N3 = M3/ K,
go(no) = no gi1(m1) = fi(ma)
hi(ny) =ny ha(mz) = fa(ma)
ka(nz2) = nao ks(ms) = m3

Note that the diagonal sequences of this diagram are short exact sequences by
design. Thus, our assumption on F implies that the diagonal sequences of the

following diagram are also exact

F(Nz)
N
F(f1) F(f2)
F(M) - F(Msy) - F(Ms3)
F(gl) %hl)

F(Ny)

N

Also, this diagram commutes because F is a functor.
To show that Im(F(f1)) 2 Ker(F(f2)), let zo € Ker(F(f2)). Then

0 = F(f2)(x2) = F(k2)(F(h2)(x2))
and so the fact that F(ks) is 1-1 implies that F'(hs2)(x2) = 0. Hence, we have
x9 € Ker(F(hg)) = Im(F(hy))

so there exists y; € F(Ny) such that F(h1)(y1) = z2. Since F(g1) is surjective,
there exists x; € F'(M;) such that y3 = F'(g1)(z1). Thus, we have

(
F(fi)(z1) = F(h1)(F(g91)(21)) = F(h1)(y1) = @2 € Im(F(f1))
as desired. O
PROPOSITION 8.3. Let G: R-mod — Ab be a contravariant additive functor.

TFAE.

(i) The functor G is exact;

(ii) The functor G is left exact and right exact;

(iii) For every short exact sequence of R-module homomorphisms

0—M LML M -0
the resulting sequence

0— ') S92 an CY9 gy — o

15 exact.
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PROOF. Similar to Proposition [8:2} O

DEFINITION 8.4. Let R be a ring. An R-module P is projective if the functor
Hompg (P, —) is exact.

REMARK 8.5. The functor Hompg(M, —) is always left exact. Thus, Proposi-
tion [B:2)implies that P is projective if and only if, for every R-module epimorphism
fi M — M" the induced map Hompg(P, f): Homg(P, M) — Hompg(P, M") is
surjective.

Proposition [7.3| says that, when R has identity, the module R™ is projective.
The next result generalizes this.

PROPOSITION 8.6. Let R be a ring with identity, and let F' be a free R-module.
Then F is projective.

PRrROOF. It suffices to consider an exact sequence
ML M0
and show that the resulting sequence

Homg (F,g)
e

Hompg(F, M) Hompg(F,M") — 0

is exact. Fix an R-module homomorphism f € Hompg(F, M") and consider the
diagram
F
an
Ay
4y

M —— M"——0.

It suffices to find h making the diagram commute.

Let B C F be a basis for F as an R-module. The map g is surjective. For
each b € B, choose an element m, € M such that g(my) = f(b). Define h: F — M
by the formula h(}, 5 75b) = > ,cpTemp. Proposition shows that h is a
well-defined R-module homomorphism. Also, we have

9(h(Xpep b)) = 9 pen Tomn) = Xpep Tog(my) = e p 7o/ (0) = f(Xpep Tob)
and so

f = gh = Hompg(F, g)(h).
It follows that Hompg(F, g) is surjective, as desired. O

The implication = (li)) in the next result generalizes the previous result.

PROPOSITION 8.7. Let R be a ring with identity, and let P be a unitary R-
module. TFAE.

(i) P is a projective R-module;
(ii) For every diagram of unitary R-module homomorphisms with exact bottom
row
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there is an R-module homomorphism h: P — M making the next diagram
commute

P

Jh g
e if
# g
M —— M"——0.

(iii) Fvery exact sequence of the form 0 — M’ — M — P — 0 splits;
(iv) There is a unitary R-module M’ such that P ® M’ is free.

REMARK 8.8. Note that the map A in condition need not be unique.

PRrROOF. - . Assume that P is projective and consider a diagram

P

Y

M——M'"—0

with exact bottom row. The functor Hompg (P, —) is exact, so we have an exact
sequence

Homp (P,g)
RN LAY

Homp(P, M) Hompg(P,M") — 0.

The given map f is in Homp(P, M"), so there exists h € Homp (P, M) such that
f =Homp(P,g)(h) =goh.

Hence h makes the desired diagram commute.
(i) = . Assume condition holds and consider an exact sequence
0— M — M — P — 0. This gives a commutative diagram

s
dg1 v id
v dp

s
M—P——0.

The map h satisfies gg1 = idp, so the sequence splits by Proposition [3.3]
= (jiv]). Proposition [4l4.1{ja]) a free R-module F' and a surjection 7: F' —
M. Condition (iii) implies that the exact sequence

0— Ker(r) = F > P—0
splits, and so F' = Ker(7) @ P.
== . Write F = P @& M’. Proposition shows that F' is projective.
By an exercise, we know that

Hompg(F, —) 2 Homg (P ® M', —) = Homg (P, —) ® Homg(M', —).

This functor is exact, so another exercise implies that the functors Hompg (P, —) and
Hompg(M',—) are exact. Thus P is projective. O
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9. Day 9
Here is an example of a ring with a non-free projective module.

ExAMPLE 9.1. Let R; and R be rings with identity and set R = Ry X Ry. The
modules P, = Ry x 0 and P, = 0 X Ry are both projective because P; & P> = R.
Note that P; is not free because the element (0,1) € R is nonzero and (0,1)P; = 0.

DEFINITION 9.2. Let R be a ring. An R-module [ is injective if the functor
Homp(—, I) is exact.

REMARK 9.3. The functor Hompg(—, N) is always left exact. Thus, Proposi-
tion [8.2]implies that I is injective if and only if, for every R-module monomorphism
f+ M’ — M the induced map Hompg(f,I): Homg(M,I) — Hompg(M’,I) is sur-
jective.

PROPOSITION 9.4. Let R be a ring with identity, and let I be a unitary R-
module. TFAE.
(i) I is an injective R-module;
(ii) For every diagram of unitary R-module homomorphisms with exact top row

O4>M’4>M

]

1

there is an R-module homomorphism h: M — I making the next diagram
commute

0*>M’$M

J/ s/
Ve
g

/3
L7 3h

1.
(]

REMARK 9.5. Note that the map h in condition need not be unique.

Also, note the absence of a condition corresponding to Proposition [8.7(fiii) and
. We will prove the analogue of below. There is no version of '

Examples of injective modules are more difficult to construct. We will see
(exercise) that Q is an injective Z-module. This can be proved using the next
result. See also Lemma [T0.4]

THEOREM 9.6 (Baer’s Criterion). Let R be a ring with identity and J a unitary
R-module. TFAE:
(i) J is an injective R-module;
(ii) For every ideal I C R and every R-module homomorphism g: I — J, there

exists an R-module homomorphism h: R — J making the following diagram
commute

C
0——I——>R
/
/

g
|
J.
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ProoF. () = (ii). By Proposition
(i) = (). Consider a diagram of unitary R-module homomorphisms with
exact top row

f

0O—M —M

l s
s

g9

7 3h

)

1.

We need to find an R-module homomorphism h: M — I making the diagram
commute. for this, we use Zorn’s Lemma. Set

S = {R-module homomorphisms h: C — J | Im(f) CC C M and hf = g}.

Partially order S as follows: (h1: C1 — J) < (he: Co — J) if and only if C; C Cs
and ha|c, = hy. Check that this is a partial order on S.

Claim: S satisfies the hypotheses of Zorn’s Lemma. Let C be a nonempty chain
in S. Define D = U, c—)ecC. Since C is a chain in S, it follows that D is a
submodule of M such that Im(f) € D. Define k: D — J as follows. For each
d € D, there exists (h: C — J) € C such that d € C; set k(d) = h(d). Since C
is a chain, it follows that k(d) is independent of the choice of (h: C — J) € C.
Since C is a chain and each (h: C — J) € C is an R-module homomorphism, it is
straightforward to show that k is an R-module homomorphism and that kf = g.
In other words, k: D — J is in S. By construction, (h: C' — J) < (k: D — J) for
each (h: C — J) € C, and so (k: D — J) is an upper bound for C in S.

Zorn’s Lemma implies that S has a maximal element (h: C — J). We will use
the maximality to show that C' = M. It will then follow that (h: M — J) € S,
and so h: M — J makes the desired diagram commute.

Suppose that C' C M and let m € M ~ C. Set

I={reR|rmeC}.

Check that this is a left ideal of R. Define ¢: I — J by the formula ¢(r) = h(rm).
Check that this is an R-module homomorphism. Condition yields an R-module
homomorphism ¥ : R — J making the following diagram commute

C
0——I—R

)

J.

Define C' = C' 4+ Rm which is a submodule of M such that Im(g) C C C C' C M.
We will construct an R-module homomorphism h': C/ — J such that h'f = g and
h'|¢ = h; this will show that (h': C' — J) € Sand (h: C — J) < (b: C" — J),
thus contradicting the maximality of (h: M — J) in S.

Define h': C' — J by the formula h'(c + rm) = h(c) + ¥(r). We need to
show that this is well-defined, so suppose that ¢ + rm = ¢; + rym. It follows that
(r—rmm=rm—rim=c¢—c€C,andsor —ry €1.

h(er) = h(c) = h(er — ¢) = h((r —r1)m) = ¢(r —r1) = (r —r1) = ¥(r) — ¢(r1)
and so h(cy) +(r1) = h(c) + ¥(r). Thus, b’ is well-defined.



10. DAY 10 167

It is straightforward to show that k' is an R-module homomorphism, because
h and ¢ are R-module homomorphisms. For m’ € M’ we have f(m') € Im(f) C C
and so (using ¢ = f(m’) and r = 0) we have

W (f(m')) = h(f(m)) = g(m')
because hf = g. It follows that h'f = g as well. A similar argument shows that
W|c = h, as desired. O

REMARK 9.7. The notion of “injective” is in a sense dual to the notion of
”projective”. For projective modules, we know the following: Every unitary module
over a ring with identity is a homomorphic image of a projective R-module. The
“dual” result says that every unitary module over a ring with identity is a submodule
of an injective R-module. This result takes more work to prove. We begin with the
case R=7.

10. Day 10

DEFINITION 10.1. An abelian group D is divisible if, for each d € D and for
each 0 # n € Z, there exists ¢ € D such that ne = d.

REMARK 10.2. These groups are “divisible” because you can always solve the
division problem d +n in D.

ExAMPLE 10.3. Q is a divisible abelian group.

LEMMA 10.4. An abelian group G is divisible if and only if it is injective as a
unitary Z-module.

PROOF. = : Assume that G is divisible. We use Baer’s criterion. Let I C Z
be an ideal and let g: I — G be a Z-module homomorphism. Then I = nZ for
some n > 0. We need to find a Z-module homomorphism h: Z — G making the
following diagram commute

The case n = 0 is straightforward using h = 0, so assume that n > 0. Since G is
divisible, there exists a € G such that na = g(n). It follows that g(mn) = mg(n) =
mna for all m € Z. Define h: Z — G as h(m) = ma for all m € Z. This is a
well-defined Z-module homomorphism such that h|; = g, as desired.

<= : Assume that G is injective. To show that G is divisible, let 0 # n € Z and
let b € G. We need to find an element ¢ € G such that nc = b. Define g: nZ — G
by the formula g(nm) = mb. This is a well-defined Z-module homomorphism, so
the fact that G is injective provides a Z-module homomorphism A: Z — G making
the following diagram commute

-
0O——1—Z
7
/

g
e
l// h

G.
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In particular, the element ¢ = h(1) satisfies

as desired. 0

LEMMA 10.5. Let G be an abelian group. Then there is a divisible abelian group
D and an abelian group monomorphism f: G — D.

PrOOF. Let 7: F — G be an epimorphism such that F' is a free abelian group.
Let K = Ker(7) so that we have G = F/K. Write F = Z®) for some set A and
set D1 = Q. An exercise shows that D is divisible. It is straightforward to
construct an abelian group monomorphism i: Z" — QW ie., i: F < D;. Since
1 is a monomorphism, it follows that

G = F/K =i(F)/i(K) C Dy /i(K).

(Exercise. Use Proposition [6.2]) Since Dy is divisible, so is the quotient D; /i(K),
and so we have the desired monomorphism. O

Here is a way to construct injective R-modules.

LEMMA 10.6. Let R be a ring with identity. If D is a divisible abelian group,
then Homgz (R, D) is an injective R-module.

PROOF. First, observe that R is an additive abelian group, hence R is a uni-
tary Z-module. Thus Homyz(R, D) makes sense. Next, we define an R-module
structure on Homg (R, D): for r € R and ¢ € Homyz(R, D), define r¢: R — D as
(rg)(s) = ¢(sr). Check that r¢ is a Z-module homomorphism, and that this make
Homgz(R, D) into an R-module.

We now use Baer’s Criterion to show that Homgz(R, D) is an injective R-
module. Let I C R be an ideal, and let g: I — Homyz(R, D) be an R-module
homomorphism. We need to show that there exists an R-module homomorphism
h: R — Homg(R, D) making the following diagram commute

c
0 I -~ R
gl - -
~ El
Homy (R, D).

The evaluation map e: Homgz(R, D) — D given by €(¢) = ¢(1) is an abelian group
homomorphism, so we have a diagram of abelian group homomorphisms

c

R

@
-~

Homyz (R, D)

o
<

S
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Since D is divisible, it is injective as a Z-module, so there exists an abelian group
homomorphism h;: R — D making the next diagram commute:

C
0 1 = R
i :
g s
P s/
Homyz (R, D) e
|
Ve
e

i
D.
Define h: R — Homgz(R, D) as follows. For r € R, we let h(r): R — D by the
formula h(r)(s) = hi(sr). Check that h(r) € Homgz(R, D), which shows that
h is a well-defined function. [You need to show that h(r) is an abelian group
homomorphism, that is, that h(r)(s + s') = h(r)(s) + h(r)(s') for all ,s,s" € R.]
Check that h is an abelian group homomorphism. [You need to show that h(r+r') =
h(r) 4+ h(r"), that is, that h(r +r")(s) = h(r)(s) + h(r')(s) for all r,r', s € R.]
Claim: h is an R-module homomorphism. We need to show that h(rr’) = rh(r’)
for all ' € R, that is, that [h(rr)](s) = [rh(r")](s) for all r’' € R.

[(rr)](s) = ha(s(rr”)) = ha((sr)r") = h(r")(sr) = [rh(r")](s)

Claim: for all a € I, we have h(a) = g(a). (Once this is shown, we will have
shown that the desired diagram commutes, and we’ll be done.) We need to show
that h(a)(r) = g(a)(r) for all r € R. Note that, since @ € I and r € R, we have
ra € 1.

h(a)(r) = hi(ra) = e(g(ra)) = g(ra)(1) = [rg(a)](1) = g(a)(1-r) = g(a)(r)
as desired. [l

THEOREM 10.7. Let R be a ring with identity and let M be a unitary R-module.
Then there exists an R-module monomorphism M — J where J is an injective
unitary R-module.

PROOF. M is an additive abelian group, so Lemma[10.5]yields an abelian group
monomorphism f: M — D where D is a divisible abelian group. The induced map
Homy (R, f): Homgz(R, M) — Homgz(R, D) is an abelian group homomorphism. It
is a monomorphism because Homyz (R, —) is left exact. Check that it is an R-module
homomorphism. This yields a sequence

M = Hompg(R, M) C Homz (R, M) — Homg (R, D)

where the inclusion comes from the fact that every R-module homomorphism R —
M is, in particular, an abelian group homomorphism. The composition of these
maps is an R-module monomorphism. The R-module J = Homy (R, D) is injective
by Lemma [10.6] giving the desired result. (I

Here is the version of Proposition [8.7] for injectives.

ProproOSITION 10.8. Let R be a ring with identity, and let I be a unitary R-
module. TFAE.
(i) I is an injective R-module;
(ii) Fvery exact sequence of the form 0 — I — M — M" — 0 splits.
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ProoF. () = (i) Assume that I is injective and consider an exact sequence

015 M- M o Proposition yields an R-module homomorphism
fi: M — I making the next diagram commute

so the sequence splits.

(i) = Theorem m shows that there is an R-module monomorphism
fi+ I — J such that J is injective. Condition implies that the resulting short
exact sequence splits

0—IL =010

and so J =2 I ® J/I. The fact that J is injective implies that I and J/I are injective
(exercise) as desired. ]

11. Day 11
Now for tensor products.

REMARK 11.1. Let R be a ring. The function p: R x R given by u(r,s) =rs
is not as well-behaved as one might like. For instance, it is not an R-module
homomorphism:

u((1,0) + (0,1)) = (1,1) = 1 £ 0 = u(1,0) + u(0,1).
In a sense, the tensor product fixes this problem.

DEFINITION 11.2. Let R be a ring. Let M be a right R-module and let N
be a left R-module. Let G be an abelian group. A function f: M x N — G is
R-biadditive if

Fm+m',n) = f(m,n) + f(m',n)
fm,n+n') = f(m,n) + f(m,n)
f(mr,n) = f(m,rn)
for all m,m' € M all n,n’ € N and all r € R.

EXAMPLE 11.3. Let R be a ring. The function u: R x R given by u(r,s) = rs
is the prototype of an R-biadditive function.

DEFINITION 11.4. Let R be a ring. Let M be a right R-module and let NV
be a left R-module. A tensor product of M and N over R is an abelian group
M ®gr N equipped with an R-biadditive function h: M x N — M ®pr N satisfying
the following universal property: For every abelian group G and every R-biadditive
function f: M x N — @, there exists a unique abelian group homomorphism
F: M ®r N — G making the following diagram commute

MxN-—>MorN

|
\ |3
! v

G.
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THEOREM 11.5. Let R be a ring. Let M be a right R-module and let N be a
left R-module. Then M ®gr N exists.

ProOOF. Existence. Consider Z(M*N) the free abelian group with basis M x N.
Form € M and n € N, let (m,n) € ZM*N) denote the corresponding basis vector.
Let €: M x N — ZM>*N) be the function e(m,n) = (m,n). Set

(m+m',n) — (m,n) — (m',n)| m,m" € M
H—< (m,n+n')— (m,n)— (m,n')| n,n' €N >QZ(MXN).
(mr,n) — (m,rn) reR
Set M ®r N = ZM*N) /H and, for m € M and n € N write
m®@n=[(m,n)] = (m,n) + HeZMN) /H=MogN.
Define h: M x N — M ®g N to be the composition
M x N S zMxN) I, 7(MxN) | ) — M ®p N

that is, by the rule h(m,n) = m Q n.
It is straightforward to show that h is well-defined and R-biadditive. For ex-
ample, we have

him+m/,n)=m+m')@n
= [(m +m',n)]

= h(m,n) + h(m/,n).

In terms of tensors, the R-biadditivity of h reads as
(m+m)@n=men+m' @n
m@nm+n)=men+maen

(mr)@n=m® (rn)
Note also that elements of M ®r N are of the form
225 li(mi, na)] = 32, Lil(ma, na)] = 52, li(ma @ ng).

We'll see later that, usually, there are elements of M ® g N that cannot be written

as “simple tensors”, that is, are not of the form m ® n.

To see that M ® i N satisfies the desired universal property, let G be an abelian
group and f: M x N — G an R-biadditive function. Use the universal property

for free abelian groups Corollary to see that there is a unique abelian group
homomorphism Fy: ZM*N) — @ such that Fy(m,n) = f(m,n).

M x N —— 7(MxN)

I
=l
\ v

G.
From the proof of Corollary we have
Fr(32; li(mi, ng)) = 32, 1 f (mi, ng)).

Use this formula to check that each generator of H is in Ker(F}); this will use the
R-biadditivity of f. It follows that H C Ker(F;) and so the universal property
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for quotients Lemma implies that there exists a unique abelian group homo-
morphism F: ZM*N) /H — G making the right-hand triangle in the next diagram
commute

M x N —= g7 (MxN) —Ts 7(MxN) |if —— M ®p N
| ~
\ | Ay /gé
f y - 2
G.

Thus, we see that the desired homomorphism F' exists and is unique.
The above construction shows that F' is given by the formula

F(Q i lilmi @ng)) = F([32; Li(ma,ng)]) = Fr (32, Li(ma, i) = 32, Lif (mi, ng)).
O

ExXAMPLE 11.6. Let R be a ring. Let M be a right R-module and let N be a
left R-module. The computations in the proof of Theorem [T1.5 show

(Qoimir) @n =3 (myr;) @n =3, m; @ (rn)
for all m; € M, all r; € R and all n € N. Other formulas hold similarly. In
particular, for [; € Z, we have

doililmy @ng) =32 ((Limg) @ng) =32, mi @n;
where m} = I;m,.
The additive identity in M ® g N is Opygn = Opr ® On. This can be written
several (seemingly) different ways. For instance, for each n € N, we have

O ®n = (OMOR) Rn=0y& (ORn) =0 ®O0n.
Similarly, for all m € M, we have m ® O = 037 ® O .

REMARK 11.7. Let R be aring. Let M be a right R-module and let N be a left
R-module. It should be reiterated that there are more elements in M ® g N than the
simple tensors m ® n. General elements of M ®r N are of the form )", m; ® n;, as
was shown in Example[I1.6] However, certain properties of M ® g N are determined
by their restrictions to the simple tensors, as we see in Lemma [11.§

LEMMA 11.8. Let R be a ring. Let M be a right R-module and let N be a left
R-module. Let v,6: M ®p N — G be a abelian group homomorphisms.

(a) M@r N =0 if and only if m@mn =0 for allm € M and alln € N.

(b) v =146 if and only if y(m @n) =d(m @n) for allm € M and alln € N.

(¢c) If G =M ®g N, then v = idygpn if and only if y(m @ n) = m @ n for all
m &€ M and alln € N.

(d) v=0if and only if y(m@n) =0 for allm € M and alln € N.

PROOF. Part @ follows from the fact that every element of M ®g N is of the
form Y, m; ®@n; =%, 0=0.

Part (]ED can be proved similarly, or by using the uniqueness statement in the
universal property.

Part (c)) can be proved similarly, or by using the uniqueness statement in the
universal property, or as the special case § = idyg,n of part (]ED

Part @ can be proved similarly, or by using the uniqueness statement in the
universal property, or as the special case § = 0 of part (]E[) ([
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When proving properties about tensor products, we very rarely use the con-
struction. Usually, we use the universal property, as in the following result.

THEOREM 12.1. Let R be a ring. Let M be a right R-module and let N be a
left R-module. Then M ®gr N is unique up to abelian group isomorphism.

PRrROOF. Assume that h: M x N - M Qg N and k: M x N — M ®r N both
satisfy the defining property for the tensor product, that is: M ® g N and M &g N
are abelian groups, the functions h and k are R-biadditive, and for every abelian
group G and every R-biadditive function f: M x N — G, there exists a unique
abelian group homomorphism F: M @ g N — G and H: M ©®r N — G making the
following diagrams commute

MxN-—>MopN MxN-—"sMeopN
| |

| AF | ANH
\v \V
G G.

Apply the universal property for M ® g N to the map k: M x N — M ©r N to
find an abelian group homomorphism ¢: M ® N — M ®r N making the following
diagram commute

MxN—"sMorN

|
| 3o
X !

M ©gr N.

Apply the universal property for M ©®r N to the map h: M x N — M ®r N to
find an abelian group homomorphism ¢: M @ N — M ®r N making the following
diagram commute

MxN—Lt>MopN
|
x \|V3!1/)
M ®pr N.
It follows that the next diagrams commute

MxN—> Mo N MxN—>MeprN
x lwqﬁ x iid]u@RN
M ®r N M ®p N.

Hence, the uniqueness statement in the universal property implies that ¢ =
idyggrn. A similar argument shows that ¢y = idye,n and so ¢ and 3 are
inverse isomorphisms, as desired. O

PROPOSITION 12.2. Let R be a ring with identity. Let M be a unital right R-
module and let N be a unital left R-module. There are abelian group isomorphisms

F:M®zrR=>M and G:R®pN =N

such that F(m ®r) = mr and G(r @ n) = rn. In particular, we have M @ g R =2 M
and R N2 N and R®r R~ R.
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Proor. We will verify the claim for M @ g R. The map f: M x R — M given
by f(m,r) = mr is R-biadditive. Hence, the universal property yields a unique R-
module homomorphism F': M @ g R — M such that F(m®r) = mr for allm € M
and r € R. We will show that F' is bijective. The main point is the following
computation in M ®gr R

Yoimi@r) =3 ((miry) @ 1) = (32 mir) @ 1

which shows that every element of M ®g R is of the form m ® 1.

F is surjective: m = F(m ® 1).

F is injective: 0 = F(m ® 1) implies 0 = F(m ® 1) = m -1 = m implies
0=0®@1l=m®l. O

REMARK 12.3. Note that we have not shown that the isomorphisms in Propo-
sition are R-module isomorphisms. This is because we have not shown, for
instance, that M ® g R has an R-module structure. However, because R is also a
right R-module (technically, it is an “RR-bimodule”) it follows that M ® g R has
a right R-module structure given by (m ® r)r’ = m & (rr’'). Furthermore, this
structure makes the isomorphism F' into a homomorphism of right R-modules.

We will address this in the case when R is commutative below.

REMARK 12.4. It should be noted that other tensor products of R with itself,
like R ®z R are not usually so simple. In fact, even when R is noetherian, the ring
R ®y R is often not noetherian.

Here is the functoriality of tensor product.

PROPOSITION 12.5. Let R be a ring. Let a: M — M’ and o' M' — M"
be homomorphisms of right R-modules. Let 3: N — N’ and ': N' — N" be
homomorphisms of left R-modules.

(a) There exists a unique abelian group homomorphism a®@rf: MQr N — M'®g
N’ such that (a @ B)(m @ n) = a(m) @g B(n) for allm € M and alln € N.
(b) The following diagram commutes

M@p N 222 0 g N

a/® /
(@ )®r(8'8) i "

M// ®R N//
In other words, we have (¢/ @g ')(a®@r B) = (¢’a) @r (6'0).

PROOF. @ We use the universal property. Define f: M x N — M’ ®r N’ by
the formula f(m,n) = a(m) ® B(n). In other words, f is the composition M x

N 2B Nt B ®r N’ where h’ is the appropriate universal biadditive map.
Since « and [ are R-module homomorphisms, it is straightforward to show that f is
R-biadditive. The universal property yields a unique abelian group homomorphism
a®rB: M Rr N — M ®r N’ such that

(a®r B)(m@n) = f(m,n) =a(m)@r B(n)
for all m e M and all n € N.
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(o) By definition, we have
(@' ®r B')((a®r B)(m@n)) = (o’ @ B)((m) @r B(n))
o’ (a(m)) ®r A'(B(n))
= () @r (B'B)(m @n).
Now apply Lemma (]E[) (I
NoTATION 12.6. Continue with the notation of Proposition We write

M ®pr 3 =idy ®rB: M @g N — M ®r N’
Oé®RN:Oé®RidN2M®RN—>MI®RN.

REMARK 12.7. Let R be aring. Let M be a right R-module and let N be a left
R-module. It is straightforward to show that idys ® g N = idygen: M @r N —
M ®gr N. Proposition then shows that the operator M ®p — is a functor
R-mod — Ab. Similarly, one sees that — ® g N is a functor mod-R — Ab. (Here
mod-R is the category of right R-modules.) It is straightforward to show that the
functors M ®g — and — ®g N are additive.

13. Day 13
Next, we go for exactness properties.

PROPOSITION 13.1. Let f: M — M’ be an epimorphism of right R-modules,
and let g: N — N’ be an epimorphism of left R-modules
(a) The map f ®rg: M g N — M' @ N’ is surjective.
(b) Ker(f ®g g) is generated as an abelian group by the set

L={m®neM@rN]|f(m)=0orgn)=0 CMegrN.

PROOF. (a) We compute directly: For an arbitrary element Y., m}; ® n} €
M’ ®@r N', we have

Yoimi@ng = f(mi) @ g(ni) = (f ®r g)(3_; mi @ ny).

(]E[) Let K denote the subgroup of M ®pr N generated by the set L. Each
generator of K is in Ker(f ®p ¢), and so K C Ker(f ®g g). Hence, we have a
well-defined abelian group epimorphism ¢: (M ®r N)/K — M’ ®r N’ such that
p(m@n) = f(m) ® g(n). To show that K = Ker(f ®p g), it suffices to show that
¢ is injective.

Define amap h: M'xpN' — (M ®gN)/K as follows: for (m’,n’) € M’ xgrN’,
fix m € M and n € N such that f(m) = m/ and g(n) = n/, and set h(m/,n’) =
m®n. We need to show this is well-defined. Assume f(mi) = m' = f(m) and
g(n1) =n' = g(n). Then m; —m € Ker(f) and n; —n € Ker(g) and so in M @ g N
we have

mp ®ny = (mp —m) R (ny —n)
=(mi—-—m)®Mn;—n)+(m —m)@n+m®e(n,—n)+man.

eK

It follows that, in (M ® g N)/K, we have m; ® n; = m ® n and so h is well-defined.
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We check that h is R-biadditive. For instance, we want h(m} + mj,n') =
h(mfy,n')+h(mb,n'). Fix mi, mg € M and n € N such that f(m;) = mf, f(mz) =
mb and g(n) =n'. Then f(m; + my) = m} + m) and so

h(my +mb,n') = (m1 +m2) @®n =m1 @n+ma @n=h(m},n") + hi(mh,n').

The other conditions are verified similarly.

Since h is R-biadditive, the universal property for tensor products yields a
well-defined abelian group homomorphism H: M’ @z N — (M ®r N)/K such
that H(m' @ n') = h(m/,n’) for all m’ € M’ and all n’ € N’. In other words,

Hm' on)=men
where m € M and n € N are such that f(m) =m’ and g(n) = n'. It follows readily

that the composition H¢: (M ®@r N)/K — (M ®r N)/K is id(yg,n) /K, and so
¢ is injective as desired. (I

Here is the right-exactness of the tensor product.

ProPOSITION 13.2. Let R be a ring, M a right R-module and N a left R-
module.

(a) The functor M @ —: R-mod — Ab is right exact: For each an exact sequence

’

of left R-modules N' 25 N 2 N" — 0 the associated sequence of abelian
groups

M@p N 2289 A gp N M2 0 op N7 0
15 exact.

(b) The functor — ®g N: mod-R — Ab is right exact: For each an exact sequence
of right R-modules M’ Iom LM = 0 the associated sequence of abelian
groups

M @r N L2 M op N2 M7 gn N -0

18 exact.

PROOF. @ Because g is surjective, Proposition @ implies that M ®g g
is surjective. Also, we have

(M ®rg)(M®rg)=M®or(99') =M &r0=0

and so Im(M ®r ¢') C Ker(M ®g g). To show Im(M ®pr ¢') 2 Ker(M ®r g),
it suffices to show that every generator of Ker(M ®g g) is in Im(M ®g ¢’). By
Proposition [13.1|(b)), Ker(M ®g g) is generated by {m ® n | g(n) = 0}. For each
m®n € M ®r N such that g(n) = 0, there exists n’ € N’ such that ¢’(n’) = n and
som@n=M®®grg)men') eIn(M rJg).

Part (]ED is similar. O

In general, the tensor product is not left exact.

ExXAMPLE 13.3. Let p: Z — 7Z be the monomorphism given by n — 2n. It is
straightforward to show that the following diagram commutes

(Z)27) ®3 7. ——> 7.)2Z

(Z/QZ)(@Ml lu

(Z)27) ®3 7. ——> 7.)2Z
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where () = p(n) = 2n = 0. It follows that u% ®z idz sz = 0. This map is not
injective because (Z/27) @7 7 = 7./ 2.

DEFINITION 13.4. Let R be a ring. A right R-module M is flat if the functor
M ®p — is exact. A left R-module N is flat if the functor — ® g N is exact.

ExAMPLE 13.5. Let R be a ring with identity. Then R is flat as a left R-module
and as a right R-module. More generally any projective R-module is flat.

Our last topic is localization. It generalizes the construction of the field of
fractions of an integral domain. It will also give us examples of flat R-modules that
are not projective.

DEFINITION 13.6. Let R be a commutative ring with identity. A subset S C R
is multiplicatively closed if 1 € S and ss’ € S for all 5,5’ € S.

Here are the prototypical examples of multiplicatively closed subsets.

EXAMPLE 13.7. Let R be a commutative ring with identity. For each s € R,
the set {1,s,s%,...} C R is multiplicatively closed. For each prime ideal p C R, the
set R\ p C R is multlphca‘mvely closed. For instance, if R is an integral domain,
then the set of nonzero elements of R is multiplicatively closed.

CONSTRUCTION 13.8. Let R be a commutative ring with identity, and let S C R
be multiplicatively closed. Define a relation ~ on R x S as follows: (r,s) ~ (1/,s)
if there exists s” € S such that s”(rs’ —r’s) = 0. Check that this is an equivalence
relation on R x S.

The localization S™'R is then the set of all equivalence classes under this rela-
tion SilR = (R x S)/ ~ where the equivalence class of (r,s) in S™!R is denoted
r/sor L. Ift € S, then the definition implies (7, s) ~ (rt, st); this translates to the
cancellatlon formula = = .

For elements /s, t/u € STIR, set

r t ru—+ts rt rt
-4 - = * and I
s u su su su

When p C R is a prime ideal and S = R \ p, we write R, in lieu of ST!R.

EXAMPLE 13.9. Let R be an integral domain, and set S = {r € R | r # 0}.
Then SR is the quotient field of R.

ProprosSITION 13.10. Let R be a commutative ring with identity, and let S C R
be multiplicatively closed.

(a) STIR is a commutative ring with identity, with 0Og-1p = Or/1g = 0/s and
lg-1ig=1gr/1lgr =s/s for all s € S.

(b) The assignment f: R — S™'R given by r + /1 is a homomorphism of rings
with identity.

PROOF. Argue as in the proof of Proposition The main point is to show
that the addition and multiplication on S~'R are well-defined; the other ring-
axioms are then easily verified. Assume that r/s = '/s’ and t/u = t'/u’, that is,
s"(rs' —r's) =0 =u"(tu — t'u) for some s”,u” € S. Then

rut+ts (ru+ ts)s’s”u’u” rs's"uu'u" + tu'u"ss's”

su (su)s's"u'u’ ss' s uu'u”!

r'ss’uu/u” + tuu"ss’'s”  (r'u +t's)ss"uwu” 'y + s

ss's"uu'u" (s'u’)ss"uu' s'u!
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so addition is well-defined. The equality Zt = L is even easier to verify, showing

that multiplication is well-defined. ([

CONSTRUCTION 13.11. Let R be a commutative ring with identity, and let S C
R be multiplicatively closed. Let M be a unital R-module. Define a relation ~ on
M xS as follows: (m,s) ~ (m/,s’) if there exists s € S such that s”(ms'—m’s) = 0.
Check that this is an equivalence relation on M x S.

The localization S~'M is then the set of all equivalence classes under this
relation S™'M = (M x S)/ ~ where the equivalence class of (m,s) in S™'M is
denoted m/s or . If t € S, then the definition implies (m,s) ~ (tm,ts); this
translates to the cancellation formula =

For elements m/s,n/u € S™*M and r/v € STIR, set

m n o um-sn rm. . rm
=— and —— =
s u sU v s VS

When p C R is a prime ideal and S = R \ p, we write M, in lieu of S™1M.

PROPOSITION 13.12. Let R be a commutative ring with identity, and let S C R
be multiplicatively closed. Let f: M — N be a homomorphism of unital R-modules.
(a) S™M is a unital S~' R-module, with Og-1p; = Opr/1r = Opr/s for all s € S.
(b) STM is a unital R-module, with action r(m/s) = (rm)/s.
(c) The assignment gnr: M — S™YM given by m +— m/1 is a homomorphism of
unital R-modules.
(d) The assignment S~ 1f: S7'M — S™IN given by m/s — f(m)/s is a homo-
morphism of unital S~' R-modules making the following diagram commute

M——N

ng lgzv
STif

S™IM — S7IN.

(e) The operator S~1(—): R-mod — S~'R-mod is an eract additive covariant
functor.

PROOF. Parts (a)) and (b) are proved as in Proposition Most of the
remaining parts are exercises in applying the definitions. We explain the well-
definedness of S~!f and the exactness of S~1(-).

To see that S™!f is well-defined, let m/s = n/t € ST*M. Then there exists
u € S such that utm = usn, and so

utf(m) = f(utm) = f(usn) = usf(n).

It follows that
flm) _utf(m) usf(n)  f(n)

S uts ust t

in ST'N, as desired.
To see that S~1(—) is exact, consider an exact sequence of R-modules

ML NLL
We need to show that the sequence

sty S, g1y ST, g1
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is exact. The functoriality of S~!(—) implies
(S71g) o (87Hf) =57 go f) =57H(0) =0

and so Im(S~1f) C Ker(S~1g). For the reverse containment, let n/s € Ker(S~1g).
Then

0/1=0=(5""g)(n/s) = g(n)/s

so there exists t € S such that
g(tn) = tg(n) = ts0 = 0.

The exactness of the original sequence yields an element m € M such that f(m) =
tn. It follows that

n/s =tn/ts = f(m)/ts = (S~ f)(m/ts) € Im(S™' f)

as desired. |

PrOPOSITION 13.13. Let R be a commutative ring with identity, and let S C R
be multiplicatively closed. Let M be a unital R-modules.

(a) Ewvery element of (S™'R)®@r M is of the form ~®@m for somer € R ands € S
and m € M.

(b) There is a natural isomorphism of functors ST'R®p — = S~Y(—): R-mod —
Ab.

(c) S7'R is a flat R-module.

PROOF. Fix an element }°, &+ @ m; € (S7'R)®r M. Set u = [[, u; and
u; =[], uj. Then u = uju; and so

L
Sl mh@my =30k @my = 30, 4 @ (ujrim) = 4 @ (3, uirima) -

(]E[) The universal mapping property for tensor products shows that the map
F:ST'R@r M — S™'M given by F (£ ®@m) = " is a well-defined abelian group
homomorphism. The map F' is surjective: * = F(% ® m) To see that F is
injective, fix £ € Ker(F). Part @ implies that { = © ® m for some 7 € R and
uw € Sand m e M. Then 0 = F(ﬁ ® m) = o implies that there exists an element
u’ € S such that u'rm = 0. Hence, we have

Lom="5C9m= 1 @rum)=-1 (0)=0.

uu’ uu’ uu’

To show that the isomorphism is natural, let g: M — M’ be an R-module
homomorphism. We need to show that the following diagram commutes:

S™'R
(5~1R)op M —2 %9 (g-1py g, M
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where the vertical maps are the isomorphisms from the previous paragraph. We
have S‘lg(%) = @, and so

FI(((ST'R) @R g)(} @m)) = F'(§ ® g(m))

The functor S~1(—) = (S7!R) ®g — is exact by Proposition [13.12([), and
so ST!R is flat by definition. O
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