LECTURE NOTES (PART 2), MATH 500 (FALL 2022)

CHARLES REZK

1. REVIEW: RINGS

A ring is a set R with binary operations 4+ and - satisfying F 23 Sep
e (R,+) is an (additive) abelian group. ring
e - is associative: z - (y-2) = (z - y) - 2.
e Distributative laws: z- (y+2) = (z-y)+ (z-2) and (z+vy) -2+ (z-2) + (y - 2).
A ring is commutative if a - b =b-a for all a,b € R. commutative
A ring with idenity has an element 1 € R such that 1-a=a=a-1 for all a € R. ring with idenity

Remark. T’ll usually write “ab” instead of “a - b”, but other symbols are also sometimes used, e.g.,
“a X b”.

Also, we assume multiplication has “higher precedence” than addition, so we can write “ac 4+ bc
instead of “(ac) + (bc)”.

79

Remark (About rings without identity). Our book, like most textbooks, allows for the existence of
rings without identity (meaning: without multiplicative identity). It is true there are some contexts
where you want your definition of ring to allow for this. However in many contexts (e.g., most
algebra, algebraic geometry, etc) rings are assumed by default to have an idenity. You must pay
attention to context to determine whether rings are assumed to have identity.

Furthermore, Dummit and Foote give virtually no examples of rings without identity (except
for ideals inside ring with identity, which for DF are considered to be “subrings”, but not by most
people). In most sections of Chapters 7-12, rings are assumed to have identity.

I will follow D& F’s definitions here, and say “ring with identity” when I want an identity element
(which is basically always). But I will also avoid calling something a ring if it does not have an
identity.

To complicate matters: sometimes people drop the associativity condition on multiplication, and
speak of “nonassociative rings”. We won’t do this.

Remark. Some people who require that rings have 1, also write rng (pronounced “rung”) for rings rng
which do not necessarily have an identity. (Get it?)

We have the following basic facts about a ring. The proofs rely on the distributive law.

Proposition. Let R be a ring.
(1) a0 =0=0a for all a € R.
(2) (—a)b= —(ab) = a(—=b) for all a,b € R.
(3) (—a)(—b) =ab for all a,b € R.
(4) If R has an identity, it is unique and (—1)a = —a = a(—1) for all a € R.

Ezample (Trivial ring). Let R = {0} with obvious addition and multiplication. This is a ring. In
fact, it is a commutative ring, and has an identity: 1 = 0.

Conversely: the trivial ring is the only ring with identity such that 1 = 0. (Proof: if 1 = 0 then
a=al=a0=0.)

Sometimes you want to exclude the trivial ring, so you speak of a “ring with identity 1 # 0”.

Date: November 2, 2022.
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Units and zero divisors. Fix a ring R.

e If 1 € R, then a € R is a unit if there exists b € R such that ab = 1 = ba. If such b exists it
is unique with this property, and we write b = a~!.
We write R* for the set of units, which is a group under multiplication.
e a € R is a zero divisor if a # 0 and there exists b € R~ {0} such that either ab =0 or
ba = 0.
Note that a zero divisor is never a unit.
e a € R is a non-zero divisor, or cancellable, if a # 0 and it is not a zero-divisor.
If a is cancellable, then either ab = 0 or ba = 0 imply b = 0.

2. REVIEW: FIELDS AND DOMAINS

We have the following special types of rings.
e A division ring (or skew-field) is a ring with 1 # 0 such that every non-zero element is a
unit,.
e A field is a commutative division ring.
e An integral domain (or just domain) is a commutative ring with 1 # 0 which has no zero
divisors.
That is, a domain is a commutative ring with identity such that 1 # 0, and ab = 0 implies
either a = 0 or b =0 for all a,b € R.
Note that every field is a domain.
Also, sometimes people talk about noncommutative domains.

Proposition. Fvery finite integral domain is a field.

Proof. Any a € R~ {0} is cancellable, so  — ax: R — R is injective. Since |R| < oo it is bijective,
so there exists b € R such that ab = 1. 0

A domain (or integral domain) is a commutative ring in which 1 # 0, and in which xy =0
implies either x or y is 0. This gives cancellation: zy = zz implies y = z whenever x # 0. (It is
possible to talk about non-commutative domains, but this is not standard terminology.)

Thus, a commutative R # 0 is a domain iff 0 is the only zero divisor, and is a field iff every
non-zero element is a unit.

Proposition. Every finite domain is a field.

Proof. R is a domain exactly if for all non-zero r € R, multiplication by r is injective.
R is a field exactly if for all non-zero r € R, multiplication by r is bijective.
If R is finite, a function ¢: R — R is injective iff it is bijective. O

3. REVIEW: SUBRINGS

A subring of a ring R is a subset S C R which is
(1) a subgroup with respect to +, and
(2) is closed under multiplication.
I'll call it a subring with identity if in addition 1z € S. (Warning: a subring S C R can have an
identity element which is not equal to 1g.)

Ezercise. Show that S C R is a subring iff (i) 0 € S, (ii) a,b € S imply a+b € S, (iii) @ € S implies
—a €S, (iv) a,b € S imply ab € S.

Ezercise. Let R be an integral domain and S C R a subring. Show that if S has an identity element,
then 1g = 1.
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4. REVIEW: BASIC EXAMPLES OF RINGS

Ezample (Trivial rings). Take any additive group (R, +), and define a multiplication by ab = 0.
This is always a commutative ring, but never a ring with identity (unless R = {0}).

Ezample. The integers Z, a commutative ring with identity.

For each n € Z, the subset nZ = {nk | k € Z} is a subring, but not a subring with identity
(unless n = +£1).

(Note that 0Z = {0} has an identity element, which is 0, but this is not the same as the identity
element of Z, which is 1.)

FEzxample. The rational numbers Q, real numbers R, complex numbers C, are fields.

Ezample. For n > 1 the set Z/n (or Z/nZ) of integers modulo n is a commutative ring with identity.
It is a field iff n is a prime number.

Ezample. The ring H of quaternions. Here H is the set R?* of 4-tuples of real numbers, where
we write “a + bi + ¢j + dk” instead of “(a,b,c,d)”. Addition is componentwise. Multiplication is
defined using the distributive law and the identities
P=2=k=-1, ij=k=—ji, jk=1i=—kj, ki=j=—ik.

The quaternions are a division ring. Proof: mostly straightforward, though associativity is tedious
to check. Multiplicative inverses are given by
1 a—bi—cj—dk

- a2+b2+62+d2'
Ezxample. If X is any set and R a ring, then the set

(X, R) = {functions f: X — R}

is a ring, using componentwise addition and multiplication: (f + g)(x) := f(z) + g(z), (fg)(z) =
f(x)g(x). It has identity if R does, is commutative if R is.

You are familiar with the case of F(R,R), the ring of real valued functions on R. The subset of

functions with compact support (i.e., f: R — R such that Ja < b with f(z) = 0 when = ¢ [a, ])
is a subring without identity.

(a4 bi+cj+ dk)

Example (Matrix rings). Let R be any ring and n > 1. The set M, «,(R) of n X n matrices with
entries in R is a ring, where addition and multiplication the usual ones for matrices: if A = (a;;)
and B = (bij)a then A+ B = (aij + b”) and AB = (22:1 aikbkj).

If R has identity then so does M, x,(R), namely the identity matrix I.

If R is commutative, My, xn(R) is not generally commutative (unless n = 1).

Product rings. Let R and S be rings. Then we can make the set R x S of ordered pairs into a
ring, by componentwise addition and multiplication:

(rys)+ (', 8)i=(r+7r',s+5), (r,s)(r',s") == (r1', s5").
This is called the product ring. If R and S are commutative, then R x S are commutative. If R
and S have identity, then R x S has an identity, which is (1g, 1g).

5. REVIEW: HOMOMORPHISMS OF RINGS

Let R and S be rings. A ring homomorphism ¢: R — S is a function satisfying

o ¢(a+0b) = d(a) + ¢(b),
o ¢(ab) = ¢(a)p(b), and

quaternions

functions with compact
support

product ring

ring homomorphism
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Note: if R and S are rings with identity, it is possible that a ring homomorphism does not
preserve identity, i.e., that ¢(1gr) # 1g.

Warning. In contexts where rings are assumed to have 1, ring homomorphisms are also assumed
to preserve identity. I will call these identity preserving ring homomorphisms.

Example. Let R and R’ be rings, and let S = R x R’ be the product ring. Then the functions
¢1: R— S and ¢o: R’ — S defined by ¢1(z) = (x,0) and ¢o(z) = (0, z) are ring homomorphisms.

However, if R and R’ have identity 1 # 0 (and so S has identity), neither of these homomorphism
preserve identity.

Example. For any two rings, the function ¢: R — S defined by ¢(z) = 0 for all x € R is a ring
homomorphism (under our definitions), called the zero homomorphism.
Warning. The zero homomorphism does not preserve identity, unless S = {0}.

The image ¢(R) C S of a ring homomorphism ¢: R — S is just the image of ¢ as a function.

The image is a subring of S.

The kernel Ker¢p = {z € R | ¢(x) =0} of a ring homomorphism ¢ is the kernel as a map of
additive groups.

An isomorphism of rings is a ring homomorphism ¢: R — S which is also a bijection. In this
case, the inverse function ¢~': S — R is also an isomorphism of rings.

6. REVIEW: IDEALS AND QUOTIENT RINGS

Let R be a ring, and I C R a subset. For r € R we write
rl:={rx | zel}, Ir:={ar |zel}.
We say that I is
e a left ideal if [ is an subgroup of (R, +), and if I C [ for all r € R,
e a right ideal if [ is a subgroup of (R, +), and if Ir C I for all r € R,
e a two-sided ideal if [ is both a left ideal and a right ideal.
We will sometimes call two-sided ideals simply ideals.
Note: if R is a commutative ring, all three of these notions are the same.

The unit ideal of R is just I = R. Note that this is the only ideal (of any type) in R which
contains 1p.

Remark. With our definition of subring, all (two-sided) ideals are subrings. With the more common
notion (all rings have 1, all subrings have this same 1), only the unit ideal is also a subring.

Given an ideal I C R, let R/I be the (additive) quotient group of (R, +), so that addition on

R/I is defined by
(a+I)+b+1)=(a+0b)+1, a,b e R.
We can define a product on R/I by
(a+I)(b+1I):=(ab) + 1, a,be R.

This is well-defined exactly because I is a two-sided ideal. We call R/I with this ring structure the
quotient ring of R by I.

Note: If R is commutative so is R/I. If R has identity, then so does R/I, and 1g;; =1+ 1.

The function 7: R — R/I defined by 7(a) = a + I is a ring homomorphism, called the quotient
homomorphism.
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7. FIRST ISOMORPHISM THEOREM FOR RINGS
Here’s the “homomorphism theorem”. M 26 Sep
Proposition. Let ¢: R — S be a homomorphism of rings, and I C R an ideal. If I C Ker(¢), then
there exists a unique ring homomorphism ¢: R/I — S such that ¢(a + 1) = ¢(a).

RLS

\[

R/I
The proof is straightforward: the formula for ¢ is well-defined exactly because I C Ker ¢.

Theorem (First isomorphism theorem for rings). If ¢: R — S is a ring homomorphism, then
Ker(¢) is an ideal of R, ¢(R) is a subring of S, and we have an isomorphism R/ Ker ¢ ~ ¢(R) of
7iNgs. B

That is, the homomorphism ¢ factors through an isomorphism ¢: R/ Ker ¢ — ¢(R).

R ¢ S

\ s

R/ Ker ¢ —— ¢(R)

Note: if the rings have identity, and ¢ preserves identity, then so does ¢.
Corollary. FEvery ideal is the kernel of some ring homomorphism.
Another way to describe what this is saying: there is an injective function
{ring homomorphisms R/I — S } — {ring homomorphisms R — S }
defined by ¢ +— ¢ o m, whose image is the set of ¢: R — S such that I C Ker ¢.

8. OTHER ISOMORPHISM THEOREMS FOR RINGS

There are more isomorphism theorems. You can generate them from the ones for groups, using
the analogy “subgroup : subring :: normal subgroup : ideal”.
Recall that for additive subgroups A,B C R, welet A+ B:={a+b|a€c A, be B}.

Theorem (Second (diamond) isomorphism theorem for rings). Let A C R be a subring, and I C R
an ideal.
(1) A+1 is a subring of R.
(2) I is an ideal of A+ 1.
(3) AN is an ideal of A,
(4) AJ(AnT)~(A+1)/I.
The isomorphism of (4) sends x + (ANI) — z + 1.

Theorem (Third isomorphism theorem for rings). Let I,.J C R be ideals with I C J. Then:
(1) J/I is an ideal in R/I, and
(2) R/J ~ (R/D)/(J/T).

The isomorphism of (2) sends x + J — (z+ I) + (J/I).
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Theorem (Fourth (lattice) isomorphism theorem for rings). Let I C R be an ideal. Then we have
inverse bijections

{subrings AC R | I C A} «~— {subrings A C R/I}

Al A/l

1A 1 A
where 11A = {x € R | w(z) € A}. Furthermore for subrings A, B C R with I C AN B, we have
(1) AC B iff A/I C B/I.
(2) (ANB)/I = (A/I)n (B/I).
(3) A is an ideal in R iff A/I is an ideal in R/I.
9. QUADRATIC INTEGER RINGS

See DF§7.1.
Let D be a squarefree integer (i.e., its prime factorization contains no repeated factors). Let
QWD) :={a+bW/DeC | abeQ}.
This is a subring of C, commutative with identity. In fact, Q(v/D) is a field: inverses are given by
1 a—bvD a—bvD
a+bv/Da—-by/D T 202D’

(Note that a® — b2D # 0 since D is not a perfect square.)
Let

(a+bvVD)™t =

ZIVD]:={a+bWDecC | abecZ}.
This is a subring of Q(v/D).

Example. Z[i] = {a+bi | a,b € Z} C C is the ring of Gaussian integers. Gaussian integers

In some cases, we can produce a slightly larger subring of Q(v/D). If D =1 (mod 4), let

1++vD
2

Note that w? = (1 4+ D 4 2v/D)/4 = k + w where k = (D — 1)/4 € Z. Define
O—0 _J{a+b/D | abeZ} ifD=2,3 (mod4),
T UOVD) T Y {a+bw | a,beZ} D=1 (mod4).
In either case this is a subring of Q(v/D). When D = 2,3 (mod 4) then O = Z[v/D]. But when
D =1 (mod 4) then O 2 Z[\/E] In either case it is called the ring of integers in Q(\/B) ring of integers
Example. Let D = =3 =1 (mod 4), so w = (1 +iv/3)/2, and w? = w — 1. We have rings
ZIV=3] € Og(y=3)-
The larger ring O = OQ( J/=3) 18 the ring of Eisenstein integers. You can show that elements of (O  Eisenstein integers
are those of the form (a 4 biv/3)/2, with a,b € Z and a = b (mod 2).
Proposition. Suppose D is squarefree and D =1 (mod 4). Let o = a + bv/D € Q(v/'D), a,b € Q.
The following are equivalent.

(2) a—b€eZ and 2a € Z.

W =
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(3) a=m/2 and b = n/2 where m,n € Z and m =n (mod 2).
Proof. Exercise. O
Define the norm map Q(v/D) — Q by
N(a+bVD) = (a+bVD)(a —bVD) = a*> - b*D € Q.
Here are some easily verified properties.
e N(a)=0iff «a =0.

e N(aB) = N(a)N(B).
o If a € Oy /p) then N(a) € Z.

Proposition. a € Oy /p) is a unit in Oy /py iff N(a) = £1.

Proof. Since N: O /5 — Z is multiplicative, it takes units to units.

Ifa=a+b/Dc O such that N(a) = £1, then a~! = (a — bv/D)/N(a), which is also seen
to be an element of O. O

In other words, units in O@ /D correspond to integer solutions of Pell’s equation 2?2 — Dy? = +1.
Ezercise. If D < 0, then O* is a finite group, while if D > 0 then O is an infinite group.

10. GROUP RINGS AND MONOID RINGS

Let G be a monoid (with mulitplication written as “gh”, and identity element “e”). For instance,
G could be a group. (Since I won’t use existence of inverses in what follows, everything works for a
monoid too.)

Let R be a commmutative ring with identity.

Let R[G] (or sometimes just RG, which is what the book writes) be the set of “finite formal

sums”
E aglgl, ag € R.
geG

More precisely, an element of R[G] is a tuple a = (ag)4ec of elements ay € R indexed by elements
of G, such that all but finitely many a4 are 0.

We make R[G] a ring by: “componentwise” addition, and with mulitplication defined using the
distributive law and the formula

(ailgi))(a;lg5]) = (aiaj)lgr],  ai;a; € R, gigj = gx € G.
More generally,
Saglal Yo byl =D enlh), =Y aghy.
9eG g €G heaG 99'=h

The ring R[G| has an identity element 1 = [e] where e € G is the identity element of G. The
ring R[G] is not usually commutative, but is commutative if R is a commutative ring and G has
commutative multiplication. The ring R[G] is called the monoid ring of the monoid G, and the
group ring if G is a group.
Remark. If G ={g1,...,gn} has a finite number n of elements, we can just write elements of R[G]
as Y p_, axgr with a; € R.0

Ezample. Let G = (g | ¢?) = {e, g}, the group of order 2. Then Q[G] is the set of expressions of
the form

aole] + ailgl, ap,a1 € Q,
with operations

(aole] + a1lg]) + (bole] + balg]) = (a0 + bo)le] + (a1 + b1)[g];

norm map

monoid ring

group ring
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(aole] + ai[g])(bo[e] + bi[g]) = (aobo + a1br)le] + (aob1 + a1bo)[g].
Note that Q[G] is not a field: ([e] + [g])([e] — [g]) = [1]* — [¢)* = [¢*] — [¢*] = 0.

11. POLYNOMIAL RINGS

Fix a commutative ring R with identity. Let R[z] be the set of finite formal expressions

f= Z apz®.
kEZZO

More precisely, an element of R[z] is an infinite sequence (ag, a1, ag, ...) of elements of R such that
all but finitely many are 0. Thus, every element of R[z]| can be written as

N
S ot
k=0

for some N. Elements of R[z] are polynomials in = with coefficents in R. polynomials
The degree of f € R[z] is the largest k such that a; # 0. By convention we say that deg f = —00, degree

so deg: R[z| = Z>o U {—o0}.
We give R[z] the structure of a ring, with “obvious” addition and multiplication. If f = 3" azz*

and g = 3" bpz”, then

k
f+g= Z(ak + by)z", fg= Z(Z aibk—i> z".
k Niz0

k
This is a commutative ring with identity, which is the constant polynomial 1.

Remark. Just as you can form group rings, you can form a monoid ring R[M] for a monoid M. Let
M = {zF | k € Z>¢ }, with obvious product. Then the polynomial ring R[z] is the same as the
monoid ring R[M].

A constant polynomial is one with deg f = 0 or f = 0. These form a subring, which can be constant polynomial
identified with the ring R.

Proposition. Suppose R is an integral domain.
(1) If f,g € R[z], then deg fg = deg f + degg.
(2) (R[z])* = R™.

(3) R[x] is an integral domain.

Proof. For (1), we use the convention —oo +n = —oo = n + (—oo) for any n € Z>o U {—oo}. (This
makes Z>o U {—o0} into a commutative semigroup under +.)

The proof of (1) is straightforward, but uses that R is an integral domain: if R is not an integral
domain, we only have deg fg < deg f + degg.

For (2), note that deg(1) = 0, and that for n,m € Z>o U {—o0}, if n 4+ m = 0 then n = m = 0,
and that f € R~ {0} iff deg f = 0.

Then (3) is clear, since fg = 0 iff deg f + deg g = —o0, iff either f =0 or g = 0. 0

Since R[z] is a ring, we can repeat the procedure, and consider R[z][y]; elements are Y a;y’
where each a; = a;(z) = Y a;;x'. You can show that R[z][y] is isomorphic to R[y][z]. It is usual to
call this ring R[z,y], and write elements as finite sums of the form

i
E Q5T y].

In particular, if R is a domain, so is R[x1,...,Zy].
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12. EVALUATION OF POLYNOMIALS
There is a recipe for describing homomorphisms out of a polynomial ring. F 30 Sep

Proposition. Let R, S be a commutative rings with identity. Then for every pair (¢,a) consisting
of

(1) a ring homomorphism ¢: R — S which preserves 1, and

(2) an element a € S,

there exists a unique ring homomorphism ¢: R[x] — S which preserves 1, such that
o(r) = ¢(r) forr € RC Rlx],, and o(z) = a.
Proof. Eristence. Define a function ¢: R[x] — S by
¢<Z ckxk> = Z o(cp)a”.
k=0 k=0

It is a straightforward exercise to show that this ¢ is a ring homomorphism preserving identity.
Uniqueness. We can show from the hypotheses that any ¢: R[z] — S with the given properties
has the formula I gave above.

¢(z ) = 3 Blera)
k=0 k=0
= S B(er)Ba)
k=0

= dlex)a”.
k=0
]
A special case is when S = R and ¢ = id. Then ¢: R[z] — R is a ring homomorphism defined by

n n
f= Z ot — Z cpa®.
k=0 k=0

We usually call the output f(a), and we call the homomorphism evaluation at a, sometimes evaluation at a
written ev,: R[x] — R. That this is a ring homomorphism means you have formulas

(f+9)(a) = fla) +g(a), [fla)g(a)=(fg)(a),  fg€R[z], acR,
which you already know.
Recall that (R, R) is the ring of functions f: R — R, with “pointwise” operations. Let

¥: Rzl = F(R,R),  ¢(f)(a) == eva(f) = f(a).
Ezercise. 1 is a ring homomorphism, preserving 1.

The function v turns a polynomial into a function on the ring. But ) isn’t generally injective,
even if R is a field. Thus, polynomials are not really the same thing as functions.

Example. Let R =T, = Z/p, the integers modulo p. Let f = 2” —p € R. Then ev,(f) =a”’ —a =0
for all a € Fp, by Fermat’s little theorem. Thus v : F,[z] — F(FF,,Fp) is not injective.
(Exercise: describe the kernel of 1.)
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13. IDEALS GENERATED BY SUBSETS

Given a subset A C R, we let (A) C R be the ideal generated by A, defined to be ideal generated by A

(A) := N 1

ideals I C R
such that A C I

Exercise: (A) is an ideal in R, and is the smallest ideal containing the set A.
We define the following subsets of R.
e RA={ria1+--+rpax | i€ R, a; € A, k>0}.
e AR={aym+--+aprg | ri€R, a; €A k>0}.
e RAR={rar}+ - +ryapr | ri,r, € R, a, € A k>0}.
In each case we always assume 0 is an element of these sets (corresponding to sums with k& = 0).
If A={ai,...,a,} is a finite set, we write (ay,...,ay) for A.

Proposition. Suppose R is a ring with 1, and let A be a subset of a ring R. Then
(A) = RAR.
If R is a commutative ring with identity, then
(A) = RA = AR = RAR.

Proof. For the first claim, note that

(1) RAR is an ideal in R, since it is an additive subgroup, and rRAR C RAR and RARr C
RARr for all r € R. (This uses that Rr C R since 1 € R.)
(2) We have A = 141 C RAR by definition, and therefore (A) C I since [ is an ideal.
(3) We have A C (A) by definition, and so RAR C (A) since (A) is an ideal.
This proves (A) = RAR.
The second claim is clear. O

Remark. If R does not have 1, this doesn’t work, because A might not be a subset of RAR. Instead,
you can say

(A)={a1+-4a—a)—-—ay+z+y+z|a,a;c A veRA yec AR, z € RAR}.
Remark. 1t is easy to see that RA is the smallest left ideal containing A, and AR is the smallest

right ideal containing A.

14. PRINCIPAL IDEALS
A principal ideal is an ideal I such that I = (a) for some single element a € R. principal ideal
In a ring with 1,
(a) ={rar] +-- - +rgar), | ri,r; € R, k >0} = RaR.
When R is commutative, the distributive law lets simplifies this to
(a)={ra | r€ R} = Ra.

Not every ideal is principal.
Ezample. In R = Z[z], let I = (2,z). I claim that I is not principal. The proof uses the degree
function deg: Z[z]| — Z>o U {—o0o}, and in particular the property that deg(fg) = deg f + degg.

We suppose I = (p) = pR for some p € Z[z| and derive a contradiction. Since 2,z € I there must
exist f,g € Z[x] such that

2=rpf, T =pg.
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Applying degree, we find that
0O=degp+degf, 1=degp+degg, = degp=0, degf=0, degg=1.

Thus both p and f are constant polynomials, so clearly p, f € {£1,£2}, and g = a + bz for some
a,b € 7 with b # 0.

If p =42, then z = pg = £2(a + bx) = £(2a + 2bx) whence 1 = +2b, which is clearly impossible.

Thus p = +1. But then 1 € I, whence 1 = 2m + zn for some m,n € Z[z]. Evaluating at 0 gives
1 =2m(0) + 0n(0) = 2m(0), which is impossible since m(0) € Z.

Example. Let R = F[z,y], with F any field. Then the ideal I = (z,y) is not principal. (Exercise.)

15. IDEALS AND FIELDS

Proposition. A non-zero commutative ring R with identity is a field if and only if the only R # {0}
and the only ideals are {0} and R.

Proof. We start with an observation: a € R is a unit iff Ra = R. Here’s the proof. = If a € R*,
then 1 = a~'a € Ra, so Ra is the unit ideal. <= If Ra = R then 1 € Ra, so there exists b € R such
that 1 = ba, so b=a"! and a is a unit.

Now we prove the proposition. If R is a field, then 1 # 0, so R # {0}. If I C R is an ideal and
I # {0}, choose any a € I with a # 0. Then «a is a unit, so R = Ra C I, so I = R.

Conversely, suppose R # {0} with only ideals {0} and R. Since R # {0} we have 1 # 0. If
a € R~ {a} then Ra is an ideal, and since Ra # {0} then Ra = R, so a is a unit. O

Proposition. Any non-zero ring homomorphism ¢: F' — R from a field to a ring is injective.
Proof. If ¢ # 0 then Ker ¢ # R, and since the kernel is an ideal we must have Ker ¢ = {0}. 0
There is a non-commutative analogue.

Exercise. A non-zero ring R with identity is a division ring if and only if the only left ideals and the
only right ideals are 0 and R.

Ezercise. Let F be a field and R = My, x,(F'). Then the only 2-sided ideals of R are 0 and R, but R
is not a division ring.
16. MAXIMAL AND PRIME IDEALS

Maximal ideals. Let R be a ring with 1.

An ideal M C R is maximal if M # R and the only ideals containing M are M and R. (It
should be called a “maximal proper ideal”, but isn’t.)

Note: M # R is equivalent to 1 ¢ M.

Proposition. Let R be commutative ring with 1. An ideal M C R is maximal if and only if R/M
is a field.

Proof. By the lattice isomorphism theorem, the ideals of R/M correspond exactly to ideals of R
which contain M. So M is maximal in R iff R/M has exactly two ideals, i.e., is a field. O

Prime ideals. Let R be a commutative ring with 1.
An ideal P C R is prime if P # R, and if ab € P implies either a € P or b € P.

Ezample. In Z, the ideal (n) is prime iff n = +p where p is a prime number.

Remark. There is a formulation of “prime ideal” for non-commutative rings, but it is more complicated
to state. See, e.g., wikipedia.

Proposition. Let R be a commutative ring with 1. Then P C R is prime if and only if R/P is an
integral domain. All mazimal ideals are prime.

maximal

prime
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Proof. The first statement is immediate from the definition of integral domain: D is an integral
domain iff 1 # 0 and zy = 0 implies z = 0 or y = 0 for all x,y € D. Applied to D := R/P, this
recovers the the condition for the ideal P to be prime.

For the second statement, note that if M is maximal, then R/M is a field and thus an integral
domain. ]

Existence of maximal ideals. Here is the big theorem.
Theorem. In any ring with identity, every proper ideal is contained in a mazrimal ideal.

Note that this implies that every non-0 ring (with identity) has at least one maximal ideal. (The
ring 0 has no proper ideals, so the proposition doesn’t apply to it.) I will prove this soon.

Corollary. FEvery non-zero commutative ring with identity has a quotient ring which is a field.

17. ZORN’S LEMMA

The proof of existence of maximal ideals uses “Zorn’s lemma”. This is a statement about partially
ordered sets which is a non-trivial consequence of the axiom of choice.
A partial order on a set X is a relation < on X which is

o reflexive: © < x for all x € X,

e anti-symmetric: x <y and y < x imply z =y for all z,y € X,

o transitive: x <y and y < z implies x < z for all z,y,z € X.
A good example of a partial order is (P.S, C), the set of all subsets of a set S with the set-containment
relation. Note that there can exist x,y € X such that neither z < y nor y < x hold.

For a poset (X, <), a chain is a subset C' C X such that z,y € C implies either z <y or y < z.
For S C X, an upper bound is u € X such that s < z for all s € X. Similarly, lower bound.

Note that the upper/lower bounds of a subset need not be elements of the subset.

A maximal element of X is an m € X such that m < z implies m = x for all x € X. Note
that X can have multiple maximal elements, so that distinct ones are necessarily non-comparable
with each other.

(Note: upper bounds of S do not need to be in S, only in X. Maximal elements need not be
unique.)

(E.g., consider the set X of linearly independent subsets of R", ordered by containment. The
maximal elements of X are precisely the bases.)

Theorem (Zorn’s Lemma). Let X be a non-empty poset. If every non-empty chain in X has an
upper bound, then X has a maximal element.

I'm not going to prove it (it’s really a statement about set theory, which relies essentially on the

Axiom of Choice)H

Remark. Here is another, equivalent formulation of Zorn’s lemma, which you often see.

Let X be a poset. If every chain in X has an upper bound, then X has a maximal
element.

Note that C' = @ is a always a chain in X, and that any v € X is an upper bound of C. Applied to
non-empty X, the above statement is clearly equivalent to our statement of Zorn’s lemma. When
X is empty, the above statement is vacuously true, since in that case the empty chain is the only
chain, and it has no upper bound, so the hypothesis is not satisfied.

In practice, when checking “this chain has an upper bound”, the case of the empty chain often
works out differently than non-empty chains, so it can be more useful to use a formulation of Zorn’s
lemma which excludes the case of empty chains.

ISee https://faculty.math.illinois.edu/~dan/ShortProofs/Zorn.pdf for a short proof.

M 3 Oct

partial order

chain

upper bound

lower bound

maximal element
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18. PROOF OF THE MAXIMAL IDEAL THEOREM
Now we apply this to the existence of maximal ideals.

Proof of the maximal ideal theorem. Let I C R be a proper ideal. Let X be the set of all proper
ideals of R which contain 1.

We have X # & since I € X.

Consider a chain C C X with C # @; we want to show that C has an upper bound. Let
J =Ugec A Tclaim that J is a proper ideal of R.

J is an ideal. Since C is non-empty, so is J.

If a,b € J, there exist A, B € C such that a € A and b € B. Since C is a chain, either A C B
or BC A, soaxbe J. If ae Jand r € R, then there exists A € C such that a € A, and thus
ra,ar € A C J.

J is a proper subset. If not, then 1 € J, but then 1 € A for some A € C, whence A = R,
contradicting the hypothesis that X consists of proper ideals.

Thus, J € X, so is an upper bound of the chain.

Zorn’s lemma applies to show that X has a maximal element M. O

19. RINGS OF FRACTIONS

Note: I'm going to do things a little more generally than DF§7.5. (Because it is important.) The
more general construction is in DF§15.4.

Let R be a commutative ring with 1. Let D C R be a multiplicatively closed subset, i.e., a
subset such that

(1) 1€ D, and
(2) a,b € D implies ab € D.
Ezample. Consider the set D := R~ {0} of non-zero elements in R. We have
(1) 1e Diff 1 #0, and
(2) a,b € D implies ab € D iff ab = 0 implies a = 0 or b = 0.
Thus, D = R~ {0} is multiplicatively closed iff R is an integral domain.
Given such a pair (R, D), let J be the subset
J:={reR|3deD, dr=0},

i.e., the elements of R which are “killed” by some element of D. Note that J = {0} if and only if
all elements of D are non-zerodivisors. The following exercise describes the two key properties of
the subset J.

Ezxercise. Show that J is an ideal of R. Then show that J has the following property: for any d € D
and r € R, we have that dr € J implies r € J.

We will construct a new ring D! R, called a ring of fractions together with a ring homomorphism
¢: R — D~'R which preserves identity. The idea is that elements of D™'R are going to be formal

quotients “r/d”, where r € R and d € D. The ring homomorphism ¢: R — D™'R sends 7 to “r/1”.

The kernel of the homomorphism is the ideal J. In particular, when D has no zerodivisors, you can
identify R with the subring ¢(R) of D' R. This is the special case described in DF§7.5.
The ring D~' R will have the following properties.

Proposition. Let R be a commutative ring with 1 and D C R a multiplicatively closed subset.
(1) If d € D then 9(d) is a unit in D™'R.
(2) Every element of D™'R can be written ¢(r)i(d)~! for somer € R, d € D.
(3) Kerpy=J={reR|3deD,dr=0}.

Thus 1 identifies R/J with the subring ¥(R) C D™ R.

multiplicatively closed
subset

ring of fractions
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I will construct the fraction ring and prove this soon.
Ezample (Fraction fields). For R an integral domain, let D = R ~ {0} and define
Q = Frac(R) :== D™'R.

Since R is an integral domain, (3) implies that Ker ) = {0}, so ® is injective. It is convenient to

identify R with its image in @ under 1. Then every element of Q has the form ab~!, where a,b € R

and b # 0. In particular, Q is a field, since (ab~!)(ba~!) = 1 when both a # 0 and b # 0.
We call ) = Frac(R) the field of fractions of R. field of fractions
For instance, Q ~ Frac(Z).

20. CONSTRUCTION OF RINGS OF FRACTIONS

Define an relation ~ on the set R x D ={(r,d) | r € R, d € D}, by
(Tl,dl) ~ (7'2, dg) <~ dd € D, d(?’ldg — Tzdl) =0.
That is, (r1,d1) ~ (re,ds) iff r1dy — rody € J. Note: this is almost the familiar criterion for equality

of fractions 2L = 22 except that in general we can only require a congruence modulo J.
di ds?

Remark. If all elements of D are non-zero divisors, then the condition for “(ri,d;) ~ (re,dy)”
simplifies to “rids — rody = 0”. This special case is the construction described in DF§7.5.

Lemma. The relation ~ is an equivalence relation.

Proof. Reflexivity and symmetry are immediate. For transitivity: if rids — rody, 7od3 — r3ds € J,
then
d3(7“1d2 — T‘le) + d1(7“2d3 — ngg) S J,
since J is an ideal. But this expression reduces to
dz(ridy — rady) + dy(rod3 — r3da) = rideds — rodids + rodids — r3dida = da(r1d3 — r3dy)
so da(rids —r3di) € J. But J has the property (see Exercise above) that dx € J implies x € J
whenever d € D, so we conclude that rids — r3d; € J. ]

Let’s write “[r/d]” for the equivalence class of (r,d), and let D™!R be the set of such equivalence
classes. We define operations
[r1/da] + [r2/da] = [(r1d2 + r2d1) /dada],
[r1/dv] - [ro/do] := [rira/didy].

Lemma. These operations are well-defined, and give D' R the structure of a commutative ring
with identity, with

Op-1p = [0/1], 1p-1g = [1/1], —[r/d] = [-r/d].
Furthermore, the function v: R — DR defined by ¥ (r) := [r/1] is a ring homomorphism which
preserves identity.

Proof. This is a straightforward (but lengthy) exercise. I'll just show here that the operations are
well-defined.
Suppose [r1/d1] = [r}/d|] and [ra/ds] = [r}/d}], i.e., that rd| — r{di,rod, — rhde € J. Then
verify that
(r1da + rad1)dydy — (ridyrhydy)dids = (r1dy — ridi)dady + (rady — rhd2)didy € J,
and
Tl’r’gd/ld/Q — T”lrédldz = (Tldll — Tlldl)T‘Qd/Q + (ng/Q — Tédg)ridl € J,
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and so [(ride + rody)/dids] = [(rids + rhd))/d|dy] and [rire/dids] = [rirh/didS]). It remains to

verify the axioms for a commutative ring with 1, and that 4 is a ring homomorphism, but this is

straightforward. O
Now I'll prove the properties I promised.

Proof.
(1) d € D implies 1(d) € D™'R is a unit. Clear, since [d/1][1/d] = [d/d] = [1/1] = 1.
(2) All elements of D™'R can be written as 1(r)y(d)~! for some r € R, d € D. Clear, since

[r/d] = [r/1][1/d] = [r/1][d/1]7*.
(3) Kervy = J. By construction [r/1] = [0/1] iff 1 — 01 = r is in J.

21. EXAMPLES OF RINGS OF FRACTIONS

We have seen that if R is an integral domain, then Frac(R) := (R ~ {0})7!R is the fraction field
of R. We note the fraction field of a polynomial ring over a field:

F(z1,...,2y) = Frac(Flz1,...,24)),

called the field of rational functions.
Here is the easiest example where ¢: R — D~!R is not injective

Example (Inverting 0 is deadly). If D C R is a multiplicatively closed subset with 0 € D, then
Kery = R, so D™'R = {0} is the trivial ring.

Ezample (Inverting nilpotent elements is deadly). Suppose there exists a € D such that o = 0 for
some n > 1. Then Kervy = R, so D™'R = {0} is the trivial ring.

Notation: if a € R and D = {a™ | n > 1}, we typically write 'R for D™'R.

Ezample (Laurent polynomials). Let R = commutative ring with 1. Let D = {2* | k € Z>o} C R[x].

We have

Rlz,27 ' := D7'R[z] = 27 'R[x].
This can be identified with the set of finite formal sums }, apz®, with ai, € F, and aj, = 0 for all
but finitely many k € Z.

Ezample (Local rings). Let P C R be a prime ideal (of a commutative ring with 1). Then D := R~ P
satisfies 1 € D and a,b € D implies ab € D. Thus we can form the localization

Rp:=(R~P) 'R

of R at P.
For example, if p is a prime number, then

Ly ={a/beQ | abe Z ptb}.
22. UNIVERSAL PROPERTY OF RINGS OF FRACTIONS
There is a recipe for constructing ring homomorphisms out of a ring of fractions.

Proposition. Let ¢: R — S be a ring homomorphism between commutative rings preserving 1. If
#(D) C S*, then there there exists a unique ring homomorphism ¢: D™'R — S such that o) = ¢.

RL

5
wl e

D™'R

field of rational func-
tions

localization

W 5 Oct
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In other words, for every ring S with 1 there is a bijection

ring homomorphisms
¢: R— S

{ ring homomorphisms }
such that ¢(D) C S*

¢:D'R— S

by ¢ — ¢ o).

Proof. Suppose given ¢: R — S such that ¢(D) C S*. For existence, define ¢([r/d]) := ¢(r)p(d) L.
We need to check that this is well-defined, i.e., if [r1/d1] = [r2/da] then ¢(r1)p(d1) ™! = ¢(r2)p(da) L.
There exists d € D such that drids = dradi, so ¢p(d)p(r1)p(de) = ¢(d)p(ra)e(dr). Since ¢(d) is a
unit we can cancel it, so ¢(r1)¢(da) = ¢(r2)¢(dy). Then

¢(r))p(dr) ™" = p(r1)(d2)d(dz) "' p(dr) " = @(r2)d(d)d(da) ' (d1) ™" = p(ra)¢(dz) ™"
as desired.
For uniqueness, since every element # € D™ R has the form z = 1(r)y(d)~* for some r € R and
d € D, the hypothesis on ¢ implies that ¢(x) = ¢(r)p(d)~L. O

Proposition. Suppose F is a field and R C F is a non-trivial subring with 1p € R. Then R is an
integral domain, and the fraction field Q) = Frac(R) of R is isomorphic to the smallest subfield of F
containing R.

Proof. 1t is clear that R is a commuative ring with 1, and has cancellation since F' does.

Let ¢: R — F be the inclusion homomorphism. Since ¢ is injective, every non-zero element of R
is sent to a unit in F, so ¢ extends (uniquely) to a homomorphism ¢: Q — F (preserving 1). Since
Q is a field and ¢ # 0, ¢ is injective, so we get an isomorphism Q ~ ¢(Q).

It remains to show that if F/ C F is a subfield containing R, then ¢(Q) C F’, but this is clear
from the fact that elements of ¢(Q) have the form ¢(r)¢(d)~t = rd~" for r.d € R, d # 0. g

Ezercise. Let R = Ry X Ry be a product of two commutative rings with 1. Let e; = (1,0),e2 =
(0,1) € R. Show that
el_lR ~ Ry, eQ_IR ~ Ry.

23. PRIME FIELDS

Let R be a ring with identity. Then the map ¢: Z — R defined by ¢(14+---+1)=1+---+11s
a ring homomorphism, which preserves 1. The kernel of ¢ is an ideal of Z. I usually won’t notate
this map: in a ring R, the symbol “n” means “1+ --- 4+ 17, but note that it could be the case that
n=0in R, even if n # 0 in Z.

If F'is a field, then the kernel of Z — F must be a prime ideal. Let (p) be the kernel, where p is
either a prime integer or 0. Then Z/(p) =~ ¢(Z) C F, is a subdomain of F.

e If p > 0, then Z/(p) is a finite set, and is thus a field, denoted Fp,.
e If p =0, then Z/(0) ~ Z, and therefore Q ~ Frac(Z) C F.
The fields F,, for p prime and Q are called prime fields. Every field contains a unique prime prime fields
subfield.
The characteristic of F' is the non-negative integer p such that Ker(Z — F) = (p). So any characteristic
field containing a copy of F, has “characteristic p”, while any field containing a copy of Q has
“charactersitic 0”.
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24. CHINESE REMAINDER THEOREM

Here rings are commutative with 1.

Recall that if Ry,..., R, are rings, we can define the product ring Ry X --- X R,.

If A, B C R are ideals, then there is a homomorphism (preserving 1),

¢: R— R/A X R/B, o(r)=(r+A,r+ B).

The kernel of ¢ is AN B.

Question: when is this an isomorphism?

If A, B C R are ideals, let

A+B:={a+blacA beB}CR
and
AB ::{a1b1+-~+akbk ‘ a; € A, b; € B, kZZO}

Then both A+ B and AB are ideals in R (exercise).
Ezxercise. If A= (ai,...,an) and B = (by,...,b,), then A+ B = (ay,...,am,b1,...,b,) and (if R
is commutative AB = (a1by,...,ambn) = (aibj, 1 <i<m, 1 <j <n).

Say that ideals A and B are comaximal if A+ B = R. (Some people call this “coprime”, but

DF's term is better.) Since the unit ideal is the only one which contains 1, we have that A and B are
comaximal iff 1 = a + b for some a € A and b € B. Note that comaximal does not imply maximal.

Ezample. (a), (b) C Z are comaximal if and only if a, b are relatively prime, in the usual sense (no
common divisors greater than 1).

To see this, observe that (a) + (b) = Z if and only if there exist m,n € Z such that ma + nb = 1.

It is standard that a,b are relatively prime iff there exist m,n € Z such that 1 = ma + nb (proof
given below).

Proof. Note that since ideals in Z are additive subgroups, all ideals in Z are principal. Thus
(a) + (b) = (c) for some ¢ > 0.

Since a,b € (c), we see that ¢ is a common divisor of a,b. If d is any common divisor of a, b,
we must have d | ¢ as well since ¢ = ma + nb for some m,n € Z. Thus ¢ = ged(a,b) (or is 0 if
a=0b=0). So (a) + (b) = Z iff a,b are relatively prime.

Proposition. If A, B are comaximal ideals in R, then AB = AN B, and ¢ induces an isomorphism
R/(AB) - R/A x R/B.

Proof. In general, AB C AN B. Conversely, if + € AN B, then using 1 = a + b, we have
r=ar+ b€ AB, whence AB = AN B.

If (71,72) € R/A x R/B, let ri,ry € R such that rp € ;. Then using 1 = a + b consider
r = roa + r1b. The image of r in R/A is equal to that of r1, and the image in R/B is equal to that
of ro. Thus ¢: R — R/A x R/B is surjective, and the kernel is clearly AN B, which we have shown
is the same as AB. O

Exercise. This theorem has a converse. If R is a commutative ring, and we have a ring isomorphism
R ~ S x T, show that there are ideals A, B C R which are comaximal, such that R/A ~ S and
R/B=~T.

We can generalize:

Proposition. If Ay,..., A, are pairwise comaximal, then A;---A, = A1 N---NA,, and
R/Ay--- A, — (R/Ay) x - x (R/Ay) is an isomorphism.

Proof. We prove this by induction on n, noting that the cases of n = 1,2 are already done.

comaximal
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Let A= Aj and B= Ay---A,. I claim that A+ B = R. Since A1 + Ay = Rfor k =2,...,n,
there exist x; € A; and ay € Ay such that x; + ap = 1. Thus

1= (ag +x2)(az +x3) - (ax + x) = (ag---ag) + (az - - - ag) + za(stuff) + - - - + xx(stuff) € B + A.
Thus, we have an isomorphism of rings R/AB ~ R/A x R/B, and thus
R/A;---A,~R/A1 X R/Ay--- A, =~ R/A1 Xx R/Ay--- Ay = R/A] Xx R/Ay x --- X R/A,
by induction. O

Thus, if aq,...,a, are integers which are pairwise relatively prime, and ¢ = a7 ---a,, then
Z/(a) =~ Z[(a1) X --- x Z/(ay). In particular, if n = p{* - - - pi is a factorization into distinct primes,
we have

Z[(n) = Z[/(p™) x -+ X L/ (p*).
Since this is also an isomorphism of additive groups, this gives the primary decomposition of finite
cyclic groups which we described earlier.

25. EUCLIDEAN DOMAINS

Many of the most familiar integral domains have a “Euclidean algorithm” of some sort. Such
domains are called Fuclidean domains.

A Euclidean domain is an integral domain R such that there exists a function N: R~ {0} — Z>g
such that

e for any a,b € R with b # 0, there exist ¢,r € R such that
a=qb+r with either r =0 or N(r) < N(b).

Note: This is not exactly the definition given in DF: they extend N to all of R by setting N(0) = 0.
However, the definition I have given is very common (it is the one on wikipedia, for instance). These
variations don’t make any essential difference in how this notion is used.

Note: the function N is not unique: there can be many such functions for any Euclidean domain.

Example. Here are some standard examples of Euclidean domains.

e Any field with N(a) =1 for all a # 0.
e 7 with N(a) = |al.
e F[z] with N(f) = deg(f).
(This example explains why we don’t always want to define N(0).)

Ezercise. A pair (R, N) consisting of an integral domain R and a function N — R~ {0} — Z>¢ is
a Fuclidean domain iff for every non-trivial principal ideal 0 # (b) C R, every non-trivial coset of
(b) contains a representative r such that N(r) < N(b).

Ezample (Gaussian integers are a Euclidean domain). Let O = Z[i] C C, the ring of Gaussian
integers. If you picture C as the plane, then the subset Z[i] is the “integer lattice” in the plane.
Define
N(a +bi) == |a + bi|* = (a + bi)(a — bi) = a® + V*.
Note that N(af) = N(a)N(B).
Recall that Frac(Z[i]) = Q(i) C C. Given a = a + bi and = ¢+ di in Z[i] , we have

a . ac—0bd ad++bc. ) ac — bd ad + be
E:T+SZ: g + 62+d216(@(2)§(€, = o T ar e € Q.
This element o/ is, at most, a distance of 1/v/2 from some element of Z[i], which are exactly the
points in the integer lattice inside C.

In fact, choose p,q € Z such that |r — p|,|s — ¢| <1/2. Then
[(a/B) = (p+ qi)” = [r —pl* +|s —q|* <1/2,

Euclidean domain
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and thus
o = (p+ qi)B* < |BI*/2.
Therefore, setting v = a — (p+ qi)5 € Z[i], we have
a=@+ra)B+y, <
Thus Z[i] is a Euclidean domain.

On the other hand, not every quadratic integer ring is a Euclidean domain, e.g., OQ( V=B = Z[\/-5],
as we will see. I’ll prove this indirectly, but note that the argument I gave for Z[i] doesn’t work
here: an element in C can as far as 1/3/2 > 1 from any element of Z[v/—5].

26. PRINCIPAL IDEAL DOMAINS

A principal ideal domain (or just PID) is a domain in which every ideal is principal. As we
have already seen, Z is a PID, since ideals are additive subgroups, and all additive subgroups of Z
are cyclic groups.

Proposition. Every Fuclidean domain is a PID.

Proof. Let I be a non-0 ideal in R. Let d € I be a non-zero element of minimal norm. We claim
that I = (d). Clearly (d) C I.

If a € I, the Euclidean property gives a = gd + r with either r = 0 or N(r) < N(d). If r =0,
then a = ¢d € (ad). If N(r) < N(d), then r = a — gd € I, contadicting the minimality of N(a). O

Thus, we get some examples of PIDs: Any field, Z, F[z] for F' a field, and Z][i].

Remark. There exist PIDs which are not Euclidean domains. For instance, (9@( V/=19) (see Example
at end of DF§8.2).

In an integral domain R, a greatest common divisor (gcd) of a,b € R with b # 0 is any
element d € R such that (i) d divides both a and b, and (ii) if e divides both a and b, then e|d.

Note: Defined this way, the gcd is only unique up-to-units. For instance, in Z both 3 and —3 are
greatest common divisors of the pair 6, 15.

Note: a in general a gcd might not exist. We will give an example below.

Proposition. In a PID, the greatest common divisor d of a and b always ezists, and (d) = (a,b) =

(a) + (b).
Proof. In a PID, (a,b) is a principal ideal, so there is d such that (a,b) = (d). Clearly a,b € (d), so
d is a common divisor, while if a,b € (e) for some e, then (d) = (a,b) C (e). O

Note: If the PID is actually a Euclidean domain, then the Euclidean algorithm can be used to
compute gcds.

Proposition. In a PID, every non-zero prime ideal is a mazimal ideal.

Proof. Let (0) # (p) € R be a prime ideal. I will show that if (p) C (a) C R for some a € R, then
either (a) = (p) or (a) = R.
If (p) C (a) then p = ab for some b € R. If a € (p) then (a) = (p) so we are done, so suppose
a ¢ (p). Then since (p) is a prime ideal, ab=p € (p) and a ¢ (p) imply b € (p), so b = ¢p for some
c € R. Thus
p=ab=acp = 1=uac,
so 1 = ac € (a) whence (a) = R. O

principal ideal domain
PID

greatest common divi-
sor (ged)
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27. A QUADRATIC INTEGER RING WHICH IS NOT A PID

Most integral domains are not PIDs. For instance, neither Z[z] or Fx,y] (F = field) are PIDs, F 7 Oct
as we have seen.

In fact, not all quadratic integer rings are PIDs.
Ezample (Og(,/=s) is not a PID). Let O = Og(,/=5) = Z[vV—5] ={a+bv/=5 | a,b€ Z} C C. Let
I =(3,2++/-5). I claim that I is not principal, so O is not a PID (and therefore not a Euclidean
domain). To do this, I'm going to need the function

N:O = Zsy,  N(a+b/=5):= (a+bvV/=5)(a—b/=5) =a*+ 5,  abcZ,
and the properties:
Na)=0 <= a=0, N(af) = N(a)N(B).

(Note: this will not be a Euclidean function.)

Claim. I # O. If 1 € I = (3, 24 /—5), then there exist o, € O such that

1=3a+ 24+ vV-5)p.
Note that (2 + +/—5)(2 — v/—5) = 9. Thus multiplying the above by 2 — /=5 gives
2 V=5 =3(2—vV=5)a+98=(2— V=5)a+38),

and thus 2 — /=5 € (3). But this is not possible, because principal ideals in @ which are generated
by integers have a very simple form: (3) = {3a +3bv/—5 | a,b€ Z }.

Claim. N(a) = 1 iff a = £1. This is because the only integer solutions for a? + 56> = 1 are
a ==+1, b= 0. This means that O* = {£1}.

Now suppose [ is a principal ideal, i.e., suppose I = (3,2++/—5) = (a+ by/—5), for some a,b € Z.
Then 3 = (a + bv/—5)a and 2+ /=5 = (a + by/—5)[ for some «, f € R. Thus,

9= N(3) = N(a +bvV=5)N(a) = (a® + 50*)N(a),
9=N(2+4+vV=5) = N(a+bv/=5)N(B) = (a* + 5b*)N(B).

We have a,b € Z and a® + 5b% divides 9, and the only possibilities are a® 4+ 5b° € {1,3,9}.

o If a® + 5b% = 1, the only integer solutions are a = +1 and b = 0, and so I = R, which we
have already disallowed.

e There are no integer solutions to a? 4+ 5b% = 3.

o If a®> + 56> = 9, then N(a) = N(B) = 1, whence «, 3 € {£1}. Thus a + by/—5 = both +3
and +(2 + v/—5), which is not possible.

Therefore, I is not principal.
Ezample (Elements without a ged). Let O = Z[v/—5], and consider the elements

6, 2+2V—5.

I claim these have no ged in @. To show this I’ll just find all the common divisors.
If a + by/—5 is any common divisor, then there are o, 8 € O such that

6=a(a+b/=5),  2+42V=5=pB(a+bV/=b).

Taking norm gives
36 = N(a)(a® +5b%), 24 = N(B)(a®+ 5b%).
Therefore a? + 5b% is a common divisor of 24,36 in Z, i.e.,
a® 4 5b% € {1,2,3,4,6,12}.
We can easily find all possible solutions with a,b € Z, which turn out to all be common divisors:
+1, +2, +2 + 2¢/—5.
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None of these can be the gcd, because none of these elements is divisible in O by both 2 and

2+ /5.

28. IRREDUCIBLE ELEMENTS

Let R be a domain. We can classify elements of R into exactly one of the following types.

e Zero. Just 0.
e Units. Elements which have a multiplicative inverse.
e Reducible elements. r € R which is not 0 or a unit, such that r = ab for some a, b which are
not 0 or units.
o [Irreducible elements. r € R which are not 0 or a unit or reducible.
We say a,b € R are associate (or same up to units if there exists a unit u € R* such that associate
b = ua. Being associate is an equivalence relation on R (exercise). same up to units
We say that a | b iff (a) C (b). Equivalently, iff there is ¢ € R such that b = ac.

Proposition. Let a,b € R a domain. TFAE.
(1) @ and b are associate.
(2) albandbd]|a.
(3) (a) = (b).
Proof. Straightforward. O

So when we talk about elements up to units, we are really talking about principal ideals.

Example. For R = F a field, we have

e (.

o F* = F {0}

e Irreducible elements = none.
e Reducible elements = none.

FEzample. For R = 7Z, we have

o (.

o 7 ={£1}.

e Irreducible elements = {+p | p € N is a prime number}.

e Reducible elements = composite integers (positive and negative).

Ezample. For R = F[x] with F a field, we have
o (.
e (F[z])* = F*, the non-zero constant polynomials.
e Irreducible elements = irreducible polynomials, i.e., polynomials f which cannot be written
as a product of polynomials of strictly smaller degree.
e Reducible elements = polynomials of degree > 1 which do factor as a product of polynomials
of strictly smaller degree.

Ezample. For R = C[z], we have

o (.

o (Clz])* =C*.

e Irreducible elements = {ax +b | a,b€ C, a #0}.
e Reducible elements =everything else.

Ezample. For R = R[], we have

e (.
o (R[z])* =R*.
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e Trreducible elements = {az +b | a,b €R, a #0}U{az? +br+c | a,b,c €R, a #0, b* < 4dac}.

e Reducible elements = everything else.
Sketch proof: use that (i) f € R[z] \ R factors as a product of degree 1 factors in C[z] (“fundamental
theorem of algebra”), (ii) all non-real complex roots of a real polynomial come in conjugate pairs,
so if A € C\ R is a root of f € R[z|, then
g=(z—X\)(z—X) =22 —2Re(Nz + |\* € R[z]
divides f, so f = gh for some h € R[z| with degh < deg f.

Gaussian integers.
The notion of irreducibility is related to (but not the same as) that of maximal ideal.

Lemma. Let p € R which is not zero and not a unit. Then p € R is irreducible iff for all a € R,
(p) € (a) implies (a) = R. That is, p is irreducible iff (p) is mazimal among proper principal ideals.

=

Proof. 1f p is irreducible and (p) C (a), then p = ab for some b € R not a unit. Thus a is a unit since
p is irreducible, so (a) = R. On the other hand, if p is a unit then (p) = R, and if p is reducible,
then p = ab for non-units a, b whence (p) C (a) € R. O

Thus if R is a PID, p € R is irreducible iff p # 0 and (p) is a maximal ideal.

Corollary. If p,q are irreducible elements in a domain, then plq iff p and q are the same up to
units.

Proof. 1t is clear that associate elements divide each other. Conversely, if ¢ € (p), then (¢) C (p) € R;
since ¢ is irreducible, we can only have (q) = (p). O

29. PRIME ELEMENTS

In a domain R, an element p € R is prime iff p # 0 and (p) is a prime ideal. That is, iff p is
non-zero and not a unit, and if p | ab implies either p | a or p | b.

Remark. If p € R with p # 0, then p is prime iff R/(p) is an integral domain.
Proposition. In any domain, prime elements are irreducible.

Proof. Let p be prime, and suppose (p) C (a) for some a. Then a ¢ (p), while p = ab for some

=

b € R. Since p is prime, b € (p), so b = pr for some r € R, whence
p = ab = apr == 1=ar,
whence a is a unit. O

It is not the case that irreducibles are always prime.

Ezample. In R = Z[\/—5], the element 3 is irreducible but not prime. Irreducibility: if 3 = a3, then
9 = N(a)N(p), whence either a or (3 is a unit, since there is no element of norm 3. Not prime:

because (2 + v/—5)(2 — v/—5) = 32 € (3).

Remark. Recall that a prime number is a positive integer p such that p # 1 and the only positive
divisors of p are 1 and p. This is basically the same as saying p is a positive irreducible element. It
is not the same statement as saying p is a prime element, in the above sense.

This can be a real point of confusion.

It turns out that the primes (in the above sense) in Z are the same as the irreducibles: If p € Z
is irreducible, its only factors are {41, +p}, so if p | ab but p { a, then ged(p,a) = 1, so there are
m,n € Z such that 1 = mp + na, so b = mpb + n(ab) is divisible by p.

In fact, this proof works in any PID.

Proposition. In a PID, prime and irreducible are equivalent.

prime element
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Proof. T have shown that in general prime implies irreducible, so I only need to show that irreducibles
are prime in a PID. We know that a non-zero p is irreducible if and only if (p) is maximal among
proper principal ideals. In a PID, all ideals are principal, so this says (p) is a maximal ideal, and
therefore is also a prime ideal, so p is a prime element.

Here is a more elementary proof that irreducibles are prime in a PID R. Let p be irreducible, and
suppose ab € (p). I need to show that a ¢ (p) implies b € (p). The ideal (p,a) must be principal
(since we are in a PID), so (p,a) = (r) for some r. Then p = rs for some s. If s is a unit, then
(p,a) = (r) = (p), and thus a € (p), contradicting the hypothesis. Since p is irreducible, it follows
that since s is not a unit, r is a unit. Thus (p,a) = R, whence

1 =pu+av
for some u,v € R. Multiplying by b gives
b = bpu + bav € (p)
since ab € (p). O

30. UNIQUE FACTORIZATION DOMAINS

A Unique factorization domain (UFD) is a domain such that every non-zero non-unit r € R
satisfies

(1) r =py - - py, for some irreducibles py,...,p, € R, n > 1, and

(2) this decomposition is unique up to associates, i.e., if r = py---py, = q1 - - - g, for irreducibles
Pi; qj, then m = n and there is a permutation o € S, such that g; = ugp, 1) for some unit
Ug -

Note: in a UFD, prime and irreducible are equivalent. Prime always implies irreducible, whereas
if p is irreducible and ab € (p), then ab = pr, so p must appear (up to associate) in the irreducible
factorization of either a or b, whence either a or b is in (p).

We will soon prove that any PID is a UFD, which when applied to Z proves the “Fundamental

theorem of arithmetic”. On the other hand, Z[v/—5] is not a UFD, since 32 = (2 4+ /—5)(2 — v/=5).

Theorem. Fvery PID is a UFD.

31. PIDs ARE UFDs: EXISTENCE OF FACTORIZATIONS

I’'m going to do this as a consequence of a more general fact.
Let R be an integral domain. Say that R has the ascending chain condition (acc) for
principal ideals if for any collection {I} }1ez., of principal ideals in R such that

LCLCI3C---,
there exists n such that I, = I, for all n > k.
Lemma. Every PID has the acc for principal ideals.

Proof. Let {I}r>1 be a countable chain of principal ideals, so I = (aj) for some a; € R. Let
J :=Usp—; Ir. Then J is an ideal. (The things you have to check involve only a finite number of
elements of J, and these will always be in some I.)

Since R is a PID, then J = (b) for some b. But then b € I,, for some n, whence J = I,, and so
Iy =1,if k> n. O

Warning: in general, a union of ideals is not an ideal (e.g., 27 U 3Z is not an ideal). A union of a
chain of ideals is an ideal however.

Proposition. Let R be a integral domain. If R has the acc for principal ideals, then every non-zero
non-unit in R is equal to a finite product of irreducible elements.

Unique factorization
domain

M 10 Oct

ascending chain condi-
tion (acc) for principal
ideals



LECTURE NOTES (PART 2), MATH 500 (FALL 2022) 24

Proof of existence of irreducible factorization. Let R be an integral domain with the acc for principal
ideals. Say a € R is bad if it is a non-zero non-unit which cannot be writen as a product of finitely
many irreducibles. We want to show R has no bad elements. Clearly, an irreducible element is not
bad, since it is a product of one irreducible.

Note that if a,b are not bad, then ab is also not bad. Thus, if a is bad, it must be reducible
and for any factorization a = bc at least one of b or ¢ is bad. Thus, for bad a we can always write
a = a'b with o’ also bad and b a non-unit.

Using this observation, we can produce an infinite chain of factorizations of a bad element a, of
the form

a = a1by = azbaby = agbsbaby = -- -,
where in each step we factor the bad element ai_1 as ap_1 = aibr with a; bad and by a non-unit.
This gives us a strictly ascending chain of principal ideals.

(a) ¢ (a1) & (a2) & -+

But this is impossible, since R has the acc for principal ideals. ]

32. PIDs ARE UFDs: UNIQUENESS OF FACTORIZATIONS

Proposition. Let R be a integral domain. If all irreducible elements in R are prime elements, then
factorization in irreducibles (when it exists) is unique up to units and reordering.

The proof of this part is exactly the same as the proof in the case R = Z, which you have probably
seen before.

Proof. If a non-zero non-unit r has an irreducible factorization, it has one of shortest length, say
r = p1---pp. We will show that this is the only irreducible factorization up to equivalence, by
induction on n.

Ifn=1,and r = p1 = q1 - ¢n are two irreducible factorizations, then q; - - - ¢, € (p1); since p;
is irreducible, and so prime by hypothesis, some g € (p1), whence p; and ¢ are associate, and thus
g1+ Q- @¢m is a unit, so this cannot happen unless m = 1.

More generally, if r = p1 -+ p, = q1 - - - ¢, are irreducible factorizations with n < m, then since
41 qm € (pn), we have that p, is be associate to some g, whence p1 - -pp—1 =uq1 - @k -- - qm
for some unit u. By induction, n — 1 =m — 1, and the remaining ¢;s are associate to the remaining
Dpjs. ]

33. FACTORIZATION IN THE (GAUSSIAN INTEGERS

Let O = Z[i]. We are going to identify all the irreducible elements in O, up to associates. By
what we have proved, this is a PID, and thus a UFD.

Recall the norm function N: O — Z defined by N(a+bi) = a®?+b? if a,b € Z. The norm function
actually takes only non-negative values, and is multiplicative: N(af8) = N(a)N ().

We have already shown that o € O is a unit iff N(«) = 1. From this it is easy to see that

O* = {+1, +i},
by solving the equation a? + b* = 1 in Z.
Next we want to determine the irreducible=prime elements of O, up to associates.
Here is a criterion for finding some irreducible elements in O.
Lemma. Let « € O. If N(«) € Z is a prime number, then « is irreducible in O.

Proof. It o = (12 for some S B2 € O, then N(a) = N(51)N(B2) with N(51), N(B2) € Z. If N(«)
is prime, then one of N(f1), N(82) is 1, so one of 1, B2 is a unit in O. O

E.g., N(2+4i) = N(2—1i) =5,s0 2+ and 2 — ¢ are primes in O.
Note that Z is a subring of O (with 1).
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Proposition. If R is a commutative ring with 1, and S C R is a subring (with 1), and P C R is a
prime ideal of R, then SN P is a prime ideal of S.

Proof. If a,b € S such that ab € SN P, then ab € P, so either a € SN P or b€ SN P since P is a
prime ideal. O

Note: in this case we say that the prime ideal P in R “lies over” the prime ideal SN P in S.
As a conseqquence, an irreducible element in O divides ezactly one “rational prime” in Z.

Proposition. Let p € Z be a prime number, and let o € O be an irreducible element. TFAE.

(1) « is an irreducible divisor of p in O.
(2) pZ = () N Z, i.e., (a) lies over pZ.

Proof. Since « is irreducible in O, the ideal («) is maximal among proper principal ideals in O.

Since O is a PID, this means that («) is a maximal ideal, and so prime.
Therefore («) N Z = ¢Z for some prime number q.
(1) = (2). If « divides p, then p € (o) NZ = ¢Z and thus p = gq.
(2) = (1). If ¢ = p, then p € («) and thus p = af for some 5 € O, i.e., « is a divisor of p. O

Now we classify irreducibles in O which lie over a given rational prime p. Suppose a € O is
irreducible with («) N Z = pZ with p a prime integer. We have p = af for some g € O. Taking
norms gives

p* = N(p) = N(a)N(B).
Since « is not a unit, there are two cases:

e N(a) =p% N(B) =1, whence 3 is a unit and thus p and « are associate, so a € {&p, £pi}.

e N(o) = p, N(B) = p, so both a and f are irreducible, and p = «af is an irreducible
factorization of p. Thus these are the only two irreducible divisors up to associates, by
uniqueness of irreducible factorization.

Conclusion: If p is a prime number, then an element a = a + bi € O, a,b € Z, is an irreducible
divisor of p iff one of the following mutually exclusive cases occurs:
(1) « ==+p or a = £pi, or
(2) a® + b = p.
In case (1) there is only one irreducible divisor, up to associates. In case (2) there are at most two

irreducible divisors up to associates (depending on whether a = a + bi and § = a — bi are associtate).

In particular, understanding how p factors in O amounts to knowing whether the equation

a® + b? = 1 has solutions in Z. If it does not, we are in case (1), while if it does we are in case (2).

Examples:
e Up to associates, 1 + i is the only prime over 2, since 1 — i = —i(1 + 7).
e 3 is the only prime over 3 (since N(a + bi) = a® + b> = 3 has no integer solutions).
e 2+ 4 and 2 — ¢ are non-associate primes which lie over 5.

Note that o = a + bi and @ = a — bi are associate iff (a) b =0, (b) a =0, (c) a="b, or (d) a = —b.

If « is also irreduchbile, this can only happen when a,b € {£1}. Thus 2 is the only prime number
with two irreducible factors which are associate.

34. FERMAT’S THEOREM ON SUMS OF SQUARES

Lemma (Lagrange). Let p be a prime number of the form p =4m + 1, with m € Z. There exists
n € Z such that p | (n* + 1).

Proof. This is really a statement about the field Z/p: if p is a prime congruent to 1 mod p, then
Z/p contains a square root of —1. This is left as a (non-obvious) exercise. (It will also be proved
later on.) O

W 12 Oct
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Theorem (Fermat). A rational prime p is a sum of two squares iff p=2 or p=1 mod 4.

Proof. The case of p = 2 is clear, so suppose p is odd.

If an odd p is a sum of squares, it is easy to show that p =1 mod 4, because squares of integers
are congruent to either 0 or 1 mod 4.

Conversely, if p =1 mod 4, we have shown p | n? + 1 for some n. Thus, in the Gaussian integers
O we have p | (n+¢)(n —1i). If p is a prime element of O, then p must divide either n +1i or n — i
in O, but this is clearly not possible, since p(a + bi) = (pa) + (pb)i. Thus p is not prime in O, and
therefore p is reducible in O. (This is because irreducible elements must be prime in a PID like O.)
The claim follows, since we have shown that if p is reducible in O then p = (a + bi)(a — bi) = a® + b?
for some a,b € Z. ]

This gives an essentially complete understanding of irreducible elements in Z[i].

Corollary. A positive integer n has the form n = a®>+b% for some a,b € Z iff its prime factorization
(in Z) n = plfl --pkr (primes p; pairwise distinct) is such that: if p; = —1 (mod 4), then k; is
even.

Proof. 1t is immediate that the the set of S integers which are a sum of two squares is precisely
the image of the norm function N: Z[i] \ {0} — Z. Since N is multiplicative, the subset S is
multiplicatively closed.

Let T C Z be the subset described in the statement of the Corollary. Note that T is also
multiplicatively closed. We want to show S =1T.

For any prime p we have p? € S, and by Fermat’s theorem we have p € S if p Z —1 (mod 4).
Since S is multiplicatively closed we see that T' C S.

We show m = a® 4+ b? € S implies m € T by induction on m. The statement is clearly true for
m = 1,2, which are both in S and T. Given m € S with m > 3, either

e m has no prime factors in Z which are = —1 (mod 4), whence m € T', or
e some prime p | m with p = —1 (mod 4). In this case we will show that p? | m, whence
m' = m/p* € S and thus m’ € T by induction, and therefore m = m/p? € T since p? € T.

Since m = a® + b2, we have that
(a+bi)(a—bi)=ps for some g € Z[i].

But p is irreducible=prime in Z[i] by Fermat, so either p | a + bi or p | a — bi (divisibility in Z[d]).
WLOG suppose a + bi = p(c + di) for some ¢, d € Z, whence a — bi = p(c — di), so

m = (a+ bi)(a — bi) = p(c+ di)p(c — di) = p*(* + d?).

Thus, the integers < 50 which are not a sum of two squares are:
3,6, 7, 11, 12, 14, 15, 19, 21, 22, 23, 24, 27, 28, 30, 31, 33, 35, 38, 39, 42, 43, 44, 46, 47, 48.
On the other hand, we have

1=1%2+0?% 9 =32 40, 18 = 32 + 32, 32 =42 + 42, 41 = 5% + 42,
2=12+412, 10 = 3% + 12, 20 = 4% + 2%, 34 = 5% + 3%, 45 = 62 + 32,
4 =22 402 13 = 3%+ 22, 25 = 52 + 0%, 36 = 62 + 02, 49 = 72 + 0%,
5=2%2+12 16 = 4% + 0, 26 = 5% + 12, 37 =62 + 12, 50 = 7% + 12

8 =22 4 22, 17 = 4% + 12, 29 = 5% + 2%, 40 = 62 + 2%,
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35. GCDs INn UFDs

Recall that for a,b € R in an integral domain, we say a | b iff there exists ¢ € R such that b = ac.
We have a | biff b € (a) iff (b) C (a).
Given a finite set {a1,...,a,} of elements in an integral domain R, say that d € R is a greatest
common divisor of {CLl, N ,an} if greatest common divi-
(1) d|ag for k=1,...,n, and >t
(2) ife|ay fork=1,...,n, then e|d.
As we have seen, GCDs can fail to exist: e.g., there is no GCD for {6,2 + 2v/=5} in Z[/=5].

Proposition. Let {ai,...,a,} be a finite subset of R. Then d € R is a GCD of the set iff
(1) (a1y...,an) € (d), and
(2) if (a1,...,an) C (e) for some e € R, then (d) C (e).

Proof. Tmmediate. 0

Thus, d is a GCD of {ay,...,a,} iff (d) is the “smallest principal ideal containing ai,...,a,”.
This immediately implies that GCDs exist in PIDs: (d) = (aq,...,a,). Note that this “formula”
fails in general, even if a GCD exists.

Ezample. In R = Z|x], the element 1 is a GCD of {2, z}, but (2,x) # (1).
We have already shown that I = (2, z) # R, and that I is not a principal ideal. It is straightforward
to show that R/I has only two elements, so if I C (f) then (f) = R.

Ezercise. If every pair a1,a2 € R of elements in R has a GCD, then every finite subset of R has a
GCD.

Proposition. If R is a UFD, then every finite subset of R has a GCD.

Proof. This is the proof you imagine. Given {ai,...,ay}, factor each a into irreducibles. It is
convenient to choose a fixed representative p for associate classs of prime elements, so that we
get ap = ug prmp,k7 with up € R*, my, > 0, and m,, = 0 for all but finitely many p. Then
d= prnp with n, = min(my,, k=1,...,n) is a GCD. d

Finally, we have the following “cancellation formula” for GCDs in a UFD, which will be needed
later.

Proposition. Let R be a UFD, {ai,...,a,} a finite set of elements in R, and d,c € R with ¢ # 0.
Then d is a GCD of {a1,...,an}, if and only if dc is a GCD of {aic, ..., anc}.

Proof. This is straightforward using irreducible factorizations. O

We say a subset {ai,...,a,} is relatively prime if 1 is a GCD. If d is a GCD of a subset relatively prime
{a1,...,a,} of a UFD, then {a;/d,...,a,/d} is a relatively prime subset.

Warning. This is not the same as “pairwise relatively prime”, which is the hypothesis we saw in
the Chinese Remainder Theorem.

Fractions in lowest terms. Let ' = Frac(R) be the fraction field of R. If R is a UFD, then we
can always write elements of F' as fractions in “lowest terms” in an essentially unique way.

Proposition. If c € F ~\ {0}, then we can write ¢ = a/b for a,b € R with {a,b} relatively prime.
Furthermore, any two such expressions ¢ = a/b = d' /b differ by a unit: i.e., there exist ' € R*
such that a’ = ua and b’ = ub.

Proof. Existence: straightforward using unique factorization in R. Given ¢, write ¢ = a/b for some
a,b € R, factor numerator and denominator into irreducibles. If an irreducible p divides both a and
b, replace with a/p and b/p, until you cannot proceed any further.
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Uniqueness: If ¢ = a/b = a/ /b in lowest terms, then ab’ = a’b. If an irreducible p divides a, it
must divide @’b and therefore a’. O

Ezample. In R = Z[\/—5] (not a UFD), we have 1+‘2/?5 = 1_\3}?5. These are both in “lowest terms”,

but they are not “same-up-to-units”.

36. POLYNOMIAL RINGS OVER UFDs
We are going to prove the following theorem.
Theorem. If R is a UFD, then Rx] is a UFD.
This immediately generalizes to polynomials in several variables.
Corollary. If R is a UFD, then Rlx1,...,xy] is a UFD for anyn > 1.

We are actually going to do more: we will give a kind of classification of irreducibles in R|[z|, and
a kind of algorithm for factoring in R[z]. This will involve the following diagram of subrings:

R—— R|[z]

|

In particular, any element of R[x] is also an element of F[z]. Note that R* = (R[z])* and
F* = (F[z])*.

(It may be helpful to think about the special case R =Z and F = Q.)

The basic idea of the proof is to factor elements of R[x] into a product of two types of elements:
scalars and primitives, and then to prove unique factorization separately for each type.

The following example gives an idea of how things will work.

Ezample. Let’s consider S = Z[z], and the element f = 60x> + 3022 — 1402 — 70. Its irreducible
factorization in §' is

f=(10)(62> + 32 — 142 — 7) = (2)(5) (2z + 1)(3z* — 7).
I did this in two steps. Step 1. Factor out the scalar 10, which was the GCD of the coefficients
of f. The other factor g = 623 + 322 — 14 — 7 is a polynomial whose coefficients form a relatively
prime set, called a “primitive” polynomial. Step 2. Factor 10 into prime integers, and factor g into
irreducible polynomials, which are also primitive.
We will prove that to show the primitive polynomials 22 + 1 and 322 — 7 are irreducible in Z|[x],
it suffices to show that they are irreducible in Q[z].

Unique factorization for constant polynomials. For a domain S, we write Irred(S) C S for
the subset of irreducible elements.
Regarding R as a subring of R[z]|, we have the following fact.

Proposition. If f,g,h € R[z]| are such that f = gh, then f € R~ {0} iff g,h € R~ {0}.
Proof. Use the equation deg f = deg g + deg h. O

This implies that an element f € R C R[z| is a unit/irreducible/reducible in R[z] iff it is a
unit/irreducible/reducible in R, and if reducible it only factors into a product of elements of R.
Thus, Irred(R) = R N Irred(R[z]), and the factorizations of an element of R into irreducibles in R
are the same as factorizations of it into irreducibles in R[x].
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37. PRIMITIVE POLYNOMIALS OVER UFDs

Let f =Y }_ockx® € R[z]. We say that f is primitive if the set of its coefficients is relatively primitive
prime. That is, if 1 is a GCD for {cg,...,cp}-
I'm going to write Prim(R[z]) for the set of primitive polynomials in R[z].

Ezample. A monic polynomial is f = Y, cpx® with ¢, = 1. Monic polynomials in R]z] are monic
always primitive.
Ezample. A degree 0 polyomial f = ag is primitive iff it is a unit in R[z]. Thus RNPrim(R[z]) = R*.

The first observation is that we can always factor polynomials into a product (scalar) x (primitive),
and this is unique up to units in R.

Proposition. Let f € R[x] with f # 0. Then there exist a € R and g € Prim(R[x]) such that
f=ag.
Furthermore, this factorization is unique up-to-units in R. That is, if
f=ag=4d{¢, a,d € R, 9,9 € Prim(R[x]),

then there exists uw € R* such that a’ = ua, ¢’ = u™'g.
Proof. Consider non-zero f =3} cxx®, ¢ € R. Let a be a GCD of {cg,...,c,}. Then c; = adj,
for some dj, € R, and we can define g = Y ;_, dpz®. Thus f = ag, and g is primitive since
{do,...,d,} has GCD 1.

Conversely, if f = ag is any factorization with a € R and g € Prim(R[z]), the same argument

shows that a is a GCD of the coefficients of g. Since GCDs are unique up to units, the claim
follows. O

We can extend this to elements of F[x].

Proposition. Let f € Fx] with f # 0. Then there exist c € F* and g € Prim(R) such that f = cg,
and furthermore this factorization is unique up-to-units in R. That is, if
f=cg=dg eFlz], ¢deF, g4 cPrim(Rz]),
then there exists u € R* such that ¢ = uc and ¢’ = u™!g.
Proof. For existence, write f = > 1_(cx/dk)z* with c,dx € R, and let d = dy---d,, € R ~ {0}.
Then df € R[x], and by the previous proposition we can write
df = ag, a € R, g € Prim(R).

So f =cg withc=a/d € F.
For uniqueness, suppose f = cg = ¢’ with ¢, € F, g,¢' € Prim(R[z]). Then ¢ = (¢/d)g.
Write ¢/¢’ = a/b for some a,b € R, so

bg' = ag.
This writes an element of R[x] as a product of a scalar (a,b) and a primitive (g, ¢’) in two ways, so
by the previous proposition there exist u € R* such that b = ua, ¢ = u~'g, and so ¢’ = uc. O
Ezample. In Q[z], we have
1, 1 1 1, ,
So% — St = — (623 — 8a + 3).
5% 3:c+ 1= 1 2( x z +3)
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38. GAUSS LEMMA
Here is the key statement.
Proposition (Gauss lemma). The product of two primitive polynomials is primitive.

Proof. Let
f=a+ -+ anpa™, g="bo+ -+ bna", a;,b; € R.

WLOG assume ay,, b, € R~ {0}. Then
fg=co+cr1z+cox® + - 4 Cmqn1t

= (agho) + (agb1 + a1bo)z + (aobs 4 a1by + asbg)z?® + - --
m—+n—1 +(

m+n—1 +n

+ Cm—l—nxm

(am—1bn + ambp—1)x Ambp )™

We want to show {cg, ..., Cmin} is relatively prime.

We suppose p € R is a prime element such that p | ¢ for all &k, and derive a contradiction. Since
f and g are primitive, p cannot divide at least one of each of their coefficients. Let s be minimal
such that p { as, and ¢ minimal such that p { b;. We have

Cstt = Aobsyy + -+ + as—1bp11 +ashy + asy1by—1 + -+ asq4bo .

p divides ag, ..., as_1 p divides by_1, ..., bo
Therefore p | asby, so p divides one of ag or b, a contradiction. [l
Thus Prim(R|x]) is multiplicatively closed. In fact, we have a better property.
Proposition. Let f = gh € R[z]|. Then f € Prim(R[x]) iff g, h € Prim(R][z]).

Proof. We just need the other direction. Write ¢ = ag’ and h = bh/, with a,b € R and ¢, I/ €
Prim(R[z]). Then f = (ab)(¢'h’) is a decomposition into a scalar times a primitive, which is unique
up to units in R. Since f = 1f is another such, we see that ab is a unit and so a,b € R*, and thus
g = ag’ and h = bh/ are primitive. O

Note: this is actually enough to prove that primitive polynomials have factorizations into
irreducible primitives, via induction on degree.

39. PROOF THAT POLYNOMIALS OVER A UFD 1s A UFD

Now we relate factorization in Prim(R[z]) to factorization in F[z]. The rule is: if a primitive

factors in F[z], you can adjust the factorization by a unit in R to get a factorization in Prim(R[z]).

Proposition. If
f = gh € Prim(R[x]), g,h € Flz],
then there exist
ce F*, ¢, K € Prim(F[z]) such that — g=c g, h=ch, f=4dhn'
Proof. By an earlier proposition, we can choose
b,ce F, gi1,h1 € Prim(R][z]) such that g =bgi, h=ch.

Then we have two factorizations

Lf = (be)(g1ha)
into scalar-times-primitive, so they are the same up to units in R. In particular u = bc € R*. Set
¢ =ug1 and b/ = hy. Then both ¢/, h/ € Prim(R), and g = ¢~ !¢/ and h = ch’ with c € F*. O

Corollary. An f € Prim(R[z]) is irreducible in R[z] iff it is irreducible in F[z].

F 14 Oct



LECTURE NOTES (PART 2), MATH 500 (FALL 2022) 31

Corollary. A non-unit f € Prim(R[z]) admits a factorization f = py - - - p, into primitive irreducibes
D1, .-, Pr, and this factorization is unique up to reordering and units.

Proof. Ezxistence. Since non-unit primitives have degree > 1, we can work by induction on degree.

If f is an irreducible primitive we are done. Otherwise f = gh for some g, h of degree strictly
between 0 and deg f. The elemnets g and h are necessarily primitive, whence g, h can be factored
into primitive irreducibles by induction.

(Alternate proof: factor f into irreducibles in F|z], and then “adjust” the factors by units in F'
to get a product of primitives.)

Uniqueness. If f = p1---p, = q1---qs with p;, ¢; primitive irreducibes, then these are also
irreducible factorizations in F'[z], so are the same up to reordering and units in F. In particular,
r = s, and by reordering we may assume q; = cgpy for some ¢, € F*. But pg, g are primitive, so
¢, € R*. O

We obtain the desired theorem.

Theorem. Let R be a UFD. Then R[z] is also a UFD.
Furthermore, every irreducible f € R[x] is one of exactly two types.

(1) f € R and irreducible in R.
(2) f € Prim(R[z]) and irreducible in F[z].

Proof. We prove the second claim first. Every non-zero f € R[z]| can be written f = ag for some
a € R and g € Prim(R[x]). If f is irreducible then one of a or ¢ is a unit in R*. If g is a unit then
f is irreducible in R, while if @ is a unit then f is primitive and irreducible in Fx].
Now we show that F'is a UFD. Let f € R[z| be a non-zero element. Ezistence. f = ag for some
a € R, g € Prim(R[x]). We know that a = p; - - - p, for some irreducibles p; € R, and g = q1 - - - ¢
for some primitive irreducibles ¢; € Prim(R][z]).
Uniqueness. If f = p1---prqi---qs = Py -+ Piq1-- - qp with p;, pl irreducible in R, and qj,q;
irreducible in Prim(R][z]), then we know there exists a uw € R* such that
proopr =), ddp = (e gs).
The result follows from unique factorization in R and unique factorization in Prim(R[z]). O
40. IRREDUCIBILITY CRITERIA FOR POLYNOMIALS
Given f € F[x] with F' a field, when is f irreducible or reducible? How can we find factors of f?
Proposition. If f(x) € Fz] and a € F is such that f(a) =0, then f = (v —a)g for some g € F|x].
Proof. By the division algorithm applied to f + (z — a), there exist g,r € F[x] with
f=@&—a)g+r, degr < deg(z —a) = 1.
Thus r € F C F[z]. Apply evaluation at a, which is a ring homomorphism:
fla)=eve((x —a)g+r) = (a—a)g(a) +r(a) =1
Since f(a) =0, we have f = (z — a)g. O
Corollary. If f € Flx] with deg(f) € {2,3}, then f is reducible iff it has a root in f.

Let f € Flz]. Say that ¢ € F is a root of multiplicity m if m € Z>¢ is the largest integer such
that (z —¢)™ | f in Fx].

Proposition. If f € F[z] with deg f = n, then f has at most n roots in F, even if counted “up to
multiplicity”.

Proof. This is just a consequence of the fact that F[z] is a UFD. O

root of multiplicity m
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Proposition. Suppose F' is the fraction field of a UFD R, and consider a polynomial in R[x] of the
form
f=anz" +apn_12" '+ -+ a1z + ao, ap € R, degf=n.
If c € F is a root of f, and if c=r/s with r,s € R is a fraction in lowest terms, then:
r | ag and S| ap.

In particular, if f is monic, then any roots of f in F are elements ¢ € R which divide ay.

Proof. We have
0= f(r/s) = an(r/s)" + an_1(r/s)" L+ - +ai(r/s) + ag.
Multiply through by s, to get
0=apr" +ap_1r" ts+---airs" !+ aps”.

an equation in R. Everything except the left-hand term is divisible by s in R, and since {r, s} is
relatively prime, we get s | a,. Likewise, everything except the right-hand term is divisible by 7 in
R, so we get 1 | ap.

If a, =1, then s € R* and so ¢ =r/s € R with ¢ | ao. O
Ezample. The polynomial f = 23 — 32 — 1 € Z[x] is irreducible in Q[z], since by the above the only

possible roots are +1, but f(+1) # 0. Because f is monic and thus primitive, it is also irreducible
in Z[z].

Let I C R be an ideal. Then we can form the ring (R/I)[z] of polynomials over the quotient ring,
and we get a surjective ring homomorphism

Rlz] —» (R/Dz], ) exa® s w(er)a®,

which I will usually also call 7. I'll also write f := n(f) € (R/I)[x].
Note: the kernel of this homomorphism is

(D =IR[x] ={) ca* € Ra] | e €1},
the ideal in R[z] generated by I, so (R/I)[x] = R[x]/IR[z].

Proposition. Let R be an integral domain, and I C R a proper ideal. Let f € R[z] be a monic
polynomial of positive degree. If its image f € (R/I)[x] is irreducible in (R/I)[z], then f is irreducible
in Rz].

Proof. Note that since f is monic and I # R, we have f # 0, and in fact deg(f) = deg(f) > 0. In
particular, f is not a unit in (R/I)[z].

So to prove the claim, it suffices to show that f reducible implies f reducible.

Suppose f = gh € R[x] with g and h non-units. Then we have f = gh € (R/I)[z]. To show
f is reducible it suffices to show that both g, h are non-zero and non-units. It suffices to show
deg(g) = deg(g) and deg(h) = deg(h), since then both g, h will be non-constant.

This follows because since f is monic, the leading coefficients of g and h must be units, and so
project to non-zero elements in R/I since I # R. U

Ezample. Let R = Q[z] and I = (). Consider f = 23 +y? + 32%y + 17Tzy + 1 € R[y] = Q[x,y]. As
a polynomial with coefficients in Q[z] this is monic. Note that (R/I)[y] ~ Q[y], and reducing mod
I amounts to setting x = 0, and gives f = y? + 1, which is irreducible in Q[y], so f is irreducible.
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41. EISENSTEIN CRITERION

The Eisenstein criterion is sometimes handy for producing irreducible polynomials in Q[z]. It’s
not always applicable, but it is easy to use when it is.

Proposition (Eisenstein criterion). Let R be an integral domain with prime ideal P C R, and let
f=a"+ap 12"+ + a1z +ag € R[z] be a monic polynomial over R. If ag,...,an,_1 € P and
ag ¢ P2, then f is irreducible in R[x].

Proof. Suppose f = gh with g, h non-units, whence deg g,degh < deg f. We can project to the
quotient ring (R/P)[z], which is an integral domain since R/P is, because P is prime. In the
quotient we have

This implies 0 = f = g(0)h(0), and thus g(0) = h(0) = 0, which means that g(0),2(0) € P. Thus
ap = g(0)h(0) € P?, contradicting the hypothesis. (In fact, we must have § = bz*, h = ca"~* with
b,ce (R/P)* and 0 < k <n.) O

—~

The following example will be important for us.

Ezxample (The cyclotomic polynomial ®,). Let R = Z and P = (p) for some prime p. Then if
f =apz™ + -+ ap is a monic polynomial in Z[z]| such that p | ai for all K =0,...,n — 1, and
p 1 ap, then f is irreducible.

For instance, consider ®,(z) = Zﬁ;é x* € Z[x]. This is a factor of

2P —1=(x—1)Pp(x),
so roots of ®, in C are A € C such that A’ =1 but A # 1.
Let
SV p(p—1)
k —
f(x):q’p(w+1)=kzo<k+l>a: = 2P + pa? 1+--'+Tx+p.
This has the Eisenstein property for p, so f is irreducible in Z[z], and thus in Q[z]. Therefore ®,(z)
is also irreducible, since if ®,(x) = g(x)h(x) then f(z) = g(z + 1)h(x + 1) would be reducible.
(Note: this argument uses the fact that the function Q[z] — Q[z] defined by f(x) — f(z + 1) is
an isomorphism of rings, and thus takes irreducible elements to irreducible elements.)y

42. FINITE SUBGROUPS OF UNITS IN A FIELD

Proposition. Let F' be a field, and G < F* a finite subgroup of its abelian group of units. Then
G is a cyclic group.

Ezample. In C*, for every n there is a unique cyclic subgroup of n, generated by ¢ := 2/, (You
can also take (¥ as a generator for this subgroup if & is relatively prime to n.)

Ezample. If F' is a finite field, then F'* is a cyclic group. In particular, F; = (Z/p)* is a cyclic
group of order p — 1.
For instance, (Z/7)* is cyclic of order 6, and in fact (Z/7)* = ([3]) = ([5]).

We need the following fact: for any n > 1, the set {c € F* | ¢ =1} has at most n distinct
elements. Proof: this set is precisely the roots of the polynomial f = 2™ — 1 € F|z], which has
degree n. Then the claim is a consequence of the following.

Proposition. Let G be a finite abelian group such that, for every prime number p, there are at
most p elements g € G such that g°? = 1. Then G is cyclic.

M 17 Oct
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Proof. In this proof I'm going to write G™ := { ¢™ | g € G }. Because G is abelian, this subset is
always a subgroup.

I argue by induction on n = |G|. So let G be a non-trivial group satisfying the hypothesis. In
any non-trivial finite group there exists an element of G with order > 1, and hence (by taking an
appropriate power) we can choose an element ¢ € G with |c| = p for some prime p.

Because G is abelian, the function ¢(z) := zP defines a surjective homomorphism of groups

o: G—-»GP <G@.

By hypothesis, Ker(¢) = {z € G | 2P =1} has at most p elements, and since it contains an element
¢ with order p, we have Ker(¢) = (c), a subgroup of order p. Thus the function ¢ is a “p-to-1”
surjective function: every a € GP has exactly p distinct “pth roots”, i.e., elements b € G such that
b’ = a. (The point is that each preimage ¢~!(a) is a coset of Ker(¢) = (c).)

By the first isomorphism theorem, GP ~ G/ Ker ¢ and so |GP| = n/p < n. Since GP is a subgroup
of G, it also satisfies the hypothesis of the proposition, so by induction is cyclic on some generator
we will call a € GP.

Since a € GP, there exists a b € G such that bP = a. In fact, theset S:={bec G | P = ¢(b) =a }
has size exactly p, since it is a coset of Ker(¢) = (¢). That is, a has exactly p distinct “pth roots”
in G.

Claim. Any b € S~ GP is a cyclic generator of G. In fact, given a b € G ~\ GP with b’ = a, we
have

"= (o) < (B) < G,
and since |G : GP| = p is prime, we must have G = (b).

So we are reduced to showing that S . G? is non-empty. In fact, I can show that at most one of
these pth roots b of a is in GP. Clearly if SN GP = @ we are done, since S is non-empty. So suppose
b € GP with b = a. Then the restricted homomorphism

dlar: GP — GP = (a)

is surjective, and thus a bijection since both domain and codomain are finite sets of the same order.
Thus in this case there is exactly one b € G? with b = a.

Therefore, there are either p or p — 1 distinct elements b € G ~. G such that b = a, so there is
at least one, as desired. ]

43. NOETHERIAN RINGS

Let R be a commutative ring with 1. We say that R is Noetherian if it has the ascending chain
condition for ideals. That is, if {Ij}recz., is a sequence of ideals with I}, C I;41, then there exists
n > 0 such that I = I, for all £ > n. (Note: this is similar to, but different than, the ascending
chain condition for principal ideals which we saw in the proof that a PID is a UFD.)

This is not the definition as given in the book, but it is equivalent to it.

Theorem. Let R be a commutative ring with 1. Then R has the acc for ideals iff every ideal in R
is finitely generated.

Proof. This is the same idea as something we saw earlier: a group has the acc for subgroups iff
every subgroup is finitely generated.

—. I'll prove the converse. If I C R is a non-finitely generated ideal, then we can choose a
sequence fi € I, k > 1, such that fry1 & I := (f1,..., fx) for all k. This given a strictly increasing
chain (f1) € (f1, f2) € ---, which implies R does not have the acc for ideals.

<. Suppose every ideal is finitely generated. Then for a chain I; C I, C --- of ideals, let
J := Upey Ix. This J is also an ideal, so by hypothesis J = (fi,..., fm) for some finite subset
{fi,..., fm}. But then there exists n such that fi,..., fi, € I, whence I, = J. O

Clearly, any PID is Noetherian.

Noetherian
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44. HILBERT BASIS THEOREM

Theorem (Hilbert basis theorem). If R is a commutative ring with 1 which is Noetherian, then
RJz] is Notherian.

Corollary. If R is Noetherian, then R[x1,...,x,] is Noetherian.
In particular, all ideals in polynomial rings over fields are finitely generated.

Proof. Suppose I C RJx] is an ideal which is not finitely generated, and derive a contradiction. We
can choose a sequence of elements f € I, k > 1, such that f; has minimal degree among elements
of I~ (f1,.--, fk—1)- (That is, take fi to be an element of minimal degree in I \ (0), fo an element
of minimal degree in I \ (f1), etc.)

Write di, := deg fr > 0, and note that dy < diyq for all k. Write ax, € R ~\ {0} for the leading
coefficient of the polynomial fj, so that

fr = arz®™ + (lower degree terms).

Consider the ideal J := (ag, k > 1) C R generated by leading coefficients. Since R is Noetherian,
the chain of ideals

(a1) C (a1,a2) C (a1,a3,a3) C - -
must terminate, so there exists n such that a,, € (ai,...,ap—1), i.e.,

ap =c1a1+ -+ Cp_1an-1, C1y---,Cn—1 € R.
Let

n—1
g:= clxdnfdl fl 4+ .+ cn_lxdnfdn—lfn_l = Z ck.’l}dnidkfk S R[flﬁ]
k=1

Note that
gtk £ — qpadn + (lower degree terms), 1<k <n,
so that by construction g has the same leading term as f, i.e., ¢ = a,z% + lower degree terms, and
also g € (f1,..., fn=1). Thus h:= f,, —g € I ~ (f1,..., fn—1), but deg(h) < deg(f,), contradicting
minimiality of deg(f,) in I~ (f1,..., fn—1)-
O

45. MODULES

(DF 10.1, 10.2, 10.3)
Let R be a ring (not necessarily commutative, but with 1). A (left) R-module M is a triple (ieft) R-module
(M, +,-) consisting of
(1) an abelian group (M, +), together with
(2) a function R x M — M (denoted (r,m) — rm), satisfying
(a) (r1+re)m =mrim+ram,
(b) r(mq 4+ ma) = rmq + rma,
(c) r1(ram) = (rir2)m,
(d) 1m =m.
Note that:
e O0m =0 for 0 € R and m € M, since (0 4+ 0)m = O0m + O0m = Om by (a).
o (—1)m = —m, since Om = (1 + (=1))m = 1m + (—1)m

Example. If F is a field, then an F-module is exactly the same thing as an F-vector space. A vector space
homomorphism of F-modules is exactly the same thing as an F-linear map between vector spaces.
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Ezxample. An abelian group M admits a unique structure of a Z-module: the axioms imply that
nm=m+---+m and (—n)m = —(nm) if n € Z~o. Thus Z-modules are the same thing as abelian
—_——
n times

groups, and homomorphisms of Z-modules are the same things as abelian groups.

If you think of modules as a common generalization of abelian groups and vector spaces, then
you can predict most of the basic theory.

Ezample (Free module of rank n). For n > 0, let R" = { (a1,...,a,) | a; € R}. Then R" is an
R-module, with componentwise addition and r(aq,...,a,) := (rai,...,ra,). This is called a free
module of rank n.

In particular, we can take n =1, so R is an R-module.

46. SUBMODULES

free module of rank n

A submodule of an R-module M is a subset N C M such that (IV,+) is a subgroup of (M,+), W 19 Oct

and r € R and n € N imply rn € N.
Exercise. A subset N C M is a submodule iff (i) (N, +) is a subgroup of (M, +) and (ii) for all
r€ Randn € N, we have r-n € N.

Example. A submodule of a Z-module is the same as a subgroup. For a field F', a submodule of an
F-module is the same as a vector subspace.

Ezample. Let V be a F[z]-module, thought of as an F-vector space equipped with a linear map
T:V — V corresponding to T'v = zv. Then W C V is a submodule if and only if it is a T-invariant
subspace of V.

Ezample. Consider R as a module over itself. Then a submodule of R is the same thing as a left
ideal.

47. RIGHT MODULES

Let R be a ring (not necessarily commutative, but with 1). A right R-module M is
(1) an abelian group (M, +), together with
(2) a function M x R — M (denoted (m,r) — mr), satisfying
(a) m(ry + r2) = mry + mra,
(b) (m1 + ma)r = mar + mor,
(c) (mri)re = m(rire),
(d) m =ml.

Consider a ring (R, +, i), where for the moment we choose to write multiplication as a function
wu(a,b) = ab. Let u°?: R x R — R be the function p°P(a,b) := pu(b,a). Then the triple (R, +, u°P)
is also a ring, called the opposite ring, and usually denoted R°P. Note that its underlying abelian
group is the same as that of R, but the multiplication is different.

Ezxample. If R is commutative ring, then p = p°P, and thus R = R°P.
Ezercise. For any ring, (R°P?)°P = R.

Let (M,+,)) be a left R-module, where A\: R x M — M is the action A(r,m) := rm. Define
AP: M x R— M by AP(m,r) = A(m,r).

Proposition. The data (M,+, ) is a left R-module iff (M, +, A°P) is a right R°P-module.

Thus, left R-modules are the same thing as right R°°-modules.
In particular, if R is a commutative ring, then every left R-module can also be made into a right
R-module, via mr := rm.

submodule

right R-module

opposite ring
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48. MODULE HOMOMORPHISMS

An module homomorphism is a function ¢: M — M’ between left R-modules which satisfies

(1) ¢(ma +ma) = d(m1) + ¢(ma),

(2) ¢(rm) = ré(m).
It is an isomorphism if it is bijective, in which case the inverse map ¢~': N — M is also an
isomorphism.

The objects Ker(¢p) = {m € M | ¢(m) =0} and ¢(N) are submodules of M and N respectively.

We write Homp (M, N) for the set of (left) R-module homomorphisms.

Remark. We can also define homomorphisms of right R-modules, and we obtain a set Hom%ght(M ,IN)
of homomorphisms of right R-modules.

We have the following, which are straightforward verifications.
(1) If ¢,9 € Homp(M, N), then the function x = ¢ + 1 defined by (¢ + ¥)(m) = ¢(m) + 1p(m)
is also an R-module homomorphism M — N. The + operation makes Hompg (M, N) into an

abelian group.
(2) If p € Homp(M, N) and ¢ € Hompg(L, M), then ¢ o ¢ € Hompg(L, M). We have

¢o(Y1+v2) =0+ oy, (1 +@2)oth =d10vY + ga01).
(3) If M is a left R-module, then Homp(M, M), equipped with addition and with composition,
is ring with 1, called the endomorphism ring of M and denoted Endgr(M).
(4) If R is a commutative ring with 1, then for r € R and ¢ € Homp(M, N) the function
r¢: M — N defined by (r¢)(m) := r¢(m) is an R-module homomorphism. This operation
makes Homp (M, N) into an R-module.

Ezample. Consider ¢ € Homp(R™,R"). If we write u; = (0,...,1,...,0) € R™ and v; =
(0,...,1,...,0) € R", then

S(ui) = (ain,- .., aim) = > _ aijv;
J
for some a;; € R. Then if x =), x;u; € R™, we have

P(z) = me(b(ui) = Zwiaz‘jvj = (Z TiQil, - - ., Zﬂfzam)-
i i i i

In other words, ¢(z) = xA where z is thought of as a row vector in R and A = (a;j) € My xn(R).

Conversely, given A = (ai;) € Myxn(R) we can use these formulas to define a homomorphism
pa: R™ — R™. In other words, there is an evident correspondence Hompg(R™, R"™) ~ My xn(R), so
that if we identify elements of R™ with 1 x m row vectors x, then an m x n matrix A corresponds
to a homomorphism defined by z +— zA.

Furthermore, composition of linear maps corresponds to multiplication of matrices (but with a
change of order): p4 o pp = ppa.

If we think about right modules and right module homomorphisms, then we can identity A €
My xn(R) with Ay € Honght(R”, R™) so that Aa(z) = Az, thinking of elements in R" as column
vectors.

If R is commutative, right and left modules are the same thing, so we can use either formalism.

In particular, Endr(R"™) ~ Mpxn(R).

The automorphisms of a module Autr(M) C Endgr(M) is the set of homomorphisms which are

isomorphisms. This is the same thing as the group of units Endg(M)* in the endomorphism ring.
It is not an abelian group under addition, but it is a (usually non-abelian) group under composition.

module homomor-
phism

endomorphism ring

automorphisms
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49. QUOTIENT MODULES AND ISOMORPHISM THEOREMS

Let M be an R-module and N C M a submodule. Then the quotient group M /N obtains the
structure of an R-module, via

r(m+ N) := (rm)+ N, reR, meM.
This is the quotient module of M by N. There is a corresponding quotient homomorphism quotient module

T M — M/N quotient homomor-
. phism
We have a “homomorphism theorem” for modules.

Proposition. Let ¢: M — N be a homomorphism of R-modules, and A C M a submodule. If
A C Ker(¢) then there exists a unique module homomorphism ¢: M/A — N such that p(m + A) =
p(m).

ML)

A
N

M/A

Theorem (First isomorphism theorem for modules). If ¢: M — N is an R-module homomorphism,
then Ker(¢) is a submodule of M, ¢(M) is a submodule of N, and we have an isomorphism
R/ Ker(¢) =~ ¢(M) of R-modules.

That is, the homomorphism ¢ factors through an isomorphism ¢: M/ Ker(¢) = ¢(M).

M ¢ N

N

M/ Ker(¢) —— ¢(M)

Theorem (Second (diamond) isomorphism theorem for modules). Let A, B C M be submodules.

(1) A+ B is a submodule of M.
(2) B is a submodule of A+ B.
(3) AN B is a submodule of A.
(4) A/(AnB)~ (A+ B)/B.

The isomorphism of (4) sends x + (AN B) — = + B.

Theorem (Third isomorphism theorem for modules). Let A, B C M be submodules with A C B.
Then

(1) B/A is a submodule of M/A, and
(2) M/B ~ (M/A)/(B/A).

The isomorphism of (2) sends z + B — (z + A) + (B/A).

Theorem (Fourth (lattice) isomorphism theorem for modules). Let N C M be a submodule. Then
we have inverse bijections

{ submodules AC M | N C A} ¢ {submodules A C M/N}

Al A/N
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where YA = {x € M | w(x) € A}. Furthermore for submodules A, B C M with N C AN B, we
have

(1) AC B iff A/N C B/N.
(2) (AN B)/N = (A/N)N(B/N).

50. FINITELY GENERATED MODULES

Let A C M be a subset of an R-module M. Let
RA={ria1+- - +rgax € M | 1€ R, a;, € A, k>0}.
Then RA C M is a submodule of M.
Proposition. We have that

RA = ﬂ N.

submodule N C M
ACN

Thus, RA is the smallest submodule of M containing the set A.
If M = RA, we say that M is generated as a module by the set A.

Example. Let F be a field and V' an F-module, i.e., an F-vector space. Then A C V generates V' iff
it spans V in the sense of linear algebra.

Say M is a finitely generated module if it admits a finite generating set, and a cyclic if it
admits a generating set of size 1.

Ezample. Let R be a ring and I C R a left ideal. Then I C R is a submodule, and thus we can
form the quotient module R/I. The module R/I is cyclic: every element of R/I is of the form
r(l+1I)=r+1I.

Proposition. If M is a cyclic R-module, then there is an isomorphism of R-modules M ~ R/I for
some left ideal I C R.

Proof. Let {a} C M be a singleton subset such that R{a} = M. Define ¢: R — M by ¢(r) := ra.

This is a surjective R-module homomorphism, and so by the 1st isomorphism theorem we get an
isomorphism ¢: R/I — M where I = Ker(¢). O

51. DIRECT SUM AND PRODUCT OF MODULES

Let (M;);er be an indexed collection of R-modules.
The product (or direct product) of these is the module

HMi = { (24)ier | x;i € M;},
i€l
where the operations are defined componentwise: (z;) + (y;) = (x; + v;) and r(z;) = (rx;).
The direct sum (or coproduct) of these is the submodule

P Mi={(x)e][M|{icl|axi#0} <00},
il i
consisting of tuples such that only finitely many entries are 0.
Note that if [I| < oo, then @,c; M; = [[;c; M;. In this case we usually write
Mi®---d M, =M x---x M,.
Proposition. Let Ni,..., Ny C M be submodules, and let N = Ny +---+ Ny CN. TFAE.

(1) The map ¢: N1 @---@® Ny, — N defined by ¢(x1,...,x%) := 21+ -+ + Tk is an isomorphism
of modules.

generated

finitely generated

cyclic

product

direct product

direct sum

coproduct
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(2) Njﬂ(N1+-~-+Nj_1+Nj+1—|—--~+Nk):0f0rallj:1,...,k.
(3) Every x € N can be written uniquely in the form v = x1 + - - - + x, with x; € Nj.

In the above setting, we say that the submodule N is an internal direct sum of the submodules
Ni,..., Ng.

52. FREE MODULES

Let R be a ring with 1. A free R-module on a set S is a pair (M, e), consisting of an R-module
M, and a function e: S — M (whose values I will write as e; € M for s € S), with the following
property: for every x € M, there exists a unique expression of the form

:U:Zases, {seS|as#0} <.
seS
That is, for each x there exists a unique S-indexed tuple (as)ses of elements of R, only finitely
many of which are non-zero, making the above identity hold.
This is easier to discuss when S is finite. If S = {1,...,n}, then (M, e) is free if every x € M has
the form = = Y, _, ases for unique ay,...,a, € R.

Example. If S = {1,...,n}, let M := R" and let e} := (dk1,...,0kn), where §;; = 1 if i = j and
d;j = 0 if i # j. Then this (M, e) is a free module on S.

Ezxample. If S = @, then M = 0 is a free module on S.
Proposition. A free R-module exists for every set S.

Proof. First, suppose given a set S. Let

M= R={(as€R)ses | {s€5 | a;#£0}| <oo0}.

ses
Write e; € M for the element (04 )ics € M. Then it is immediate that (M, e) defines a free
module. -

A function e: S — M such that (M, e) is a free module on S is called a basis for M. A module
can have many different bases (or no bases, if it is not a free module).

Example. If V is a vector space over a field F', then a basis for V' in this sense is exactly the same
as a basis of the vector space.

Ezercise. With our definition, it is not in general the case that the basis elements are pairwise
distinct, i.e., that e; # e; when s # t. But there really is only one counterexample: the trivial ring
R = {0}. For the trivial ring there is only one module (up to isomorphism), namely the trivial
module M = {0}. In this case, M is free on every set S, via the function e: S — M with e; = 0 for
all s.

If R is a ring with 1 # 0, then for any free module (M, e) on a set S, we do have that s # ¢
implies eg # e;. Thus, as long as R is not the trivial ring, we can identify the basis of a free module
with the subset {es | s € S} of basis elements.

Note: the defintion of free module is phrased slightly differently in DF §10.3, basically in order to
avoid this weird counterexample, so they can always regard the indexed collection {e;} as a subset
of the free module.)

internal direct sum

F 21 Oct

free R-module

basis
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Universal property of free modules.

Proposition. Let (M,e) be a free R-module on some set S. Then for every R-module N and
function ¢: S — M, there exists a unique R-module homomorphism ¢: M — N such that poe = ¢.

S—N

That is, for any R-module N there is a bijection
Homp(M,N) +— {functions ¢: S — N}

Y ¢oe
Proof. Given ¢, define ¢ by
gi)(z ases) = Z asp(s).
ses seS
This is an R-module homomorphism such that ¢ o e = ¢, homomorphism, and is the only one
sending e5 — ¢(s). O

Corollary. If M and N are both R-modules which are free on a set S then M and N are isomorphic.

Proof. Let (es)ses and (fs)ses be free bases for M and N respectively. By the universal property,
there exist homomorphisms ¢: M — N and ¢: N — M such that ¢(es) = fs and (fs) = es. It is
clear that ¥ o ¢ = idy; nad ¢ oy = idy. g

53. BILINEAR MAPS

Let M, N, A be abelian groups (= Z-modules). A bilinear function 5: M x N — A is a function bilinear function
such that
(1) B(m1 + me,n) = B(mi,n) + B(ma,n) for my,me € M, n € N, and
(2) B(m,n1 +n2) = B(m,n1) + B(m,ng) for m € M, ny,ny € N.
In other words, a function is bilinear iff it is bilinear separately in each variable. Note that this
implies that 5(m,0) =0 = 3(0,n).
Ezercise. If 8: M x N — A is bilinear, then for any integer r» we have

B(mr,n) = B(m,rn).

Ezample. Let M = Z™ and N = Z" (free abelian groups), with free bases {uj,...,un,} and
{v1,...,vn} respectively. Then it is easy to see that for any m x n-tuple (a;;) of elements of some
abelian group A, we can define a bilinear function by

B: M x N — A, ﬁ(zxiui, Zijj) = inyjaij-
i J 2

Furthermore, this is the unique bilinear function such that f(u;, v;) = as;.

Example. Let M = Z/m and N = Z/n, with m,n € Z-o, and consider a bilinear function
B: M x N — A. For z,y € Z we have

B[zm, [yln) = B@[Um, y[1]n) = 2 B([Um, y[lln) = 2y S([Um, [1]n)-
Write a := B([1]m, [1]n). Note that if d = my + xn for some d, z,y € Z, then

B(mlm, [Yln) + B([2]m, [n]n) = (my)a + (zn)a = da,
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but also

B([m]mv [y]n) - B([O]ma [y]n) =0, 5([1.]717 [n]n) = ﬁ([x]m [O]n) =0,
and thus da = 0.
In particular, if ged(m,n) = 1, the only bilinear function Z/m x Z/n — A is the constant
homomorphism 0. More generally, there is a bijective correspondence

{bilinear functions Z/m x Z/n — A} <> {a € A such that da = 0},
where d = ged(m,n).

Let R be a ring with 1 (but possibly non-commutative). Suppose a right R-module, N is a left
R-module, and A is an abelian group. Then an R-balanced bilinear function 5: M x N — A is
a function is a bilinear function such that also

(3) B(mr,n) = B(m,rn) form e M,n € N, r € R.
Note: if R = Z, then any bilinear map is already Z-balanced.

If R is commutative, then right and left modules are the same. In this case, if A is also an
R-module, that 8: M x N — A is R-bilinear, if

(3) B(mr,n) = B(m,rn) =rpB(m,n) forme M, ne N, r € R.
Exercise. Let M, N, A be modules over a commutative ring R, with submodules M’ C M and
N’ C N. Then there is a bijection between

(1) R-bilinear maps 3: M/M’' x N/N' — A, and

(2) R-bilinear maps 3: M x N — A such that 3(M,N') =0= g(M',N).

54. TENSOR PRODUCTS

Let M be a right R-module and N be a left R-module. We define an abelian group M ®r N, called
the tensor product of M and N over R, together with an bilinear map a: M x N - M ®p N, as
follows.

Let Z[M ® N] denote free abelian group on the set M x N. We write [m,n| € Z[M x N] for the
element in the free basis corresponding to (m,n) € M x N. Let G C Z[M x N] be the subgroup
generated by all elements of the forms:

(1) [mq1,n] + [me,n] — [m1 + ma,n], for my,mg € M, n € N,
(2) [m,n1] + [m,na] — [m,ny + ngl, for m € M, ny,ny € N.
(3) [mr,n] —[m,rn], forme M, ne N, r € R.
We define
M ®pr N :=7Z[M x N]/G.

Remark. If R = Z, then the subgroup generated by elements of types (1) and (2) automatically
contains those elements of type (3).

Write “m ® n” for the coset of [m,n] in M ®r N. Define
oa: M x N — M®®grN, a(m,n) :=m n.
The function « is seen to be R-bilinear, by construction.

Proposition. The function a: M x N — M ®r N defined by (m,n) — m @ n is the universal
R-bilinear map out of M x N. That is, for any abelian group A and R-bilinear map 5: M x N — A,
there exists a unique group homomorphism ¢: M @r N — A such that ¢ o v = 3.

MXNLA

e
aJ{
) 3 @

M®N

R-balanced
function

R-bilinear

tensor product

bilinear
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In other words, there is a bijection

{group homomorphisms ¢: M Qr N — A} — {R—balanced bilinear maps 8: M x N — A}

o ¢oa
Proof. By the property of free abelian groups,
{homomorphisms v¢: Z[M x N| — A} «— {functions f: M x N — A}.

Verify that ¢(G) = {0} if and only if 5 is R-bilinear. By the homomorphism theorem for abelian
groups, in this case there exists a unique homomorphism ¢: M ®r N — A extending 1. ]

Remark. Because M ®p N is a quotient of the free abelian group on M x N, every element of
M ®gr N can be written

T
ka@)nk, mp €M, npeN, k>0.
An element which can be written as m ® n is sometimes called a simple tensor. It is rarely true

that all elements of the tensor product are simple tensors.

Remark. When R is commutative, we can assume both M and N are left R-modules (by equating
rm with mr). In this case, we can give M ®p N an R-module structure, by the formula

ka@)nk —Zka@Jnk :ka®7"nk-

k=1 k=1
Exercise: verify that this is Well—deﬁned7 and makes M ®g N into an R-module. Furthermore, for
any R-module A, there is a bijection

{R—module homomorphisms ¢: M g N — A} — { R-bilinear maps 8: M x N — A}
oy doa

55. COMPUTING TENSOR PRODUCTS

There is a lot to say about tensor products, but we don’t have a lot of time. However, here are
some simple recipes for computing tensor products of modules over a commutative ring R.

Proposition. If M and N are free R-modules on bases {uy,...,un} and {vi,...,v,} respectively,
then M ®r N is a free R-module on the basis {u; @ v;}i=1,. . m, j=1,..n-

Proof. Deduce this using the universal properties of tensor products and free modules: for any
m x n-tuple of elements (a;;) in A, there is a unique R-bilinear map

B:Mx N — A, such that f(ui, vj) = a;j.
Thus M ®g N is a free module on the subset {u; ® v;}. O
Thus R™ ®@r R™ ~ R™".
Proposition. If M and N are R-modules, generated by subsets S and T respectively, and M' C M
and N' C N are submodules generated by subsets U C M’ and V C N’, then
M/M' @pr N/N'~ (M ®@r N)/R{s®@v, u®t|seS, teT,uclUveV}
Proof. First show that R-bilinear maps 8: M /M’ x N/N' — A are in bijective correspondence with

R-bilinear maps 3: M x N — A such that S(M’, N) = 0 = (M, N’). Then note that 3(M’, N) =0
iff B(S,V) =0, and B(M, N') = 0 iff 3(T,U) = 0. 0
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FEzample. Suppose M = R/(a) and N = R/(b) are cyclic modules. Since R ®p R is free of rank 1
with basis {1 ® 1}, we find that

R/(a) ®r R/(b) * R®r R/R{a® 1, 1®b} ~ R/(a,b).
56. TORSION MODULES

We are now going to talk about modules over integral domains.

Let R be an integral domain.

An element x € M in an R-module is torsion if there exists a non-zero r € R such that rx = 0.
We say a module M is torsion if M, = M and is torsionfree if M5 = {0}.

Lemma. The collection Miors € M of torsion elements is a submodule. The quotient module
M /Moy is torsionfree.

Proof. Clearly 0 € Mios. If 2,y € Mios and r € R, then there are a,b € R~ {0} such that
ax = 0 = by, whence (ab)(z +y) = 0 with ab # 0 and a(rz) = 0 with a # 0.

If there exist T € M /Miors and a € R~ {0} such that aZ = 0, then for any lift z € M of x we
have ax € Mios, whence there exists b € R~ {0} such that baz = 0. Since ba # 0 we have that
T € Miors, S0 T = 0. ]

The following will often be useful.

Proposition. Given a submodule N C M, the quotient module M /N is torsion iff for all x € M
there ezists ¢ € R~ {0} such that cx € N.

Proof. 1t’s enough to show that an element Z € M/N is a torsion element iff for some x € M with
T = x + N, there exists ¢ € R ~ {0} such that cx € N. But this is immediate. O

Ezample. A cyclic module of the form R/I is torsion iff I # 0. If there exists a € I \ {0}, then for
any b € R we have ab € I, whence R/I is torsion by the previous proposition. Conversely, if I =0
then R/I = R, and 1 € R is certainly not a torsion element.

Ezample. If F is a field and V an F-vector space, then Vio,s = {0}, so every vector space is
torsionfree, and V is a torsion module iff V' = 0.

57. R-LINEAR INDEPENDENCE

Let R be an integral domain, and M an R-module. We are going to define a notion of “linear
dependence” which generalizes that for vector spaces.

Say that an indexed collection (x; € M);cs is R-linearly dependent (or just R-dependent)
if there exists an indexed collection (r; € R)ijer with O < |{i €l | r; #0}| < oo and ), rx; = 0.
Otherwise the collection is R-linearly independent, or just R-independent.

In particular, (z;);er is R-independent iff for all distinct i1, ...,4, € I, we have that ajx; + -+ +
anTy, = 0 with ap € R implies a, =0 for k=1,...,n.

Note: elements of an R-independent collection (z;);e; are always pairwise distinct (using that
1 # 0 in R). Thus in practice we often speak only of the R-independent subset {z; | i € I} C M.

Lemma. A subset S C M is R-independent iff the submodule N = RS generated by S is free, with
S a free basis of N.

Proof. Tmmediate. 0

Ezample. A module M with subset S C M is free with basis S iff (i) S is R-independent and (ii)
M = RS.

Ezxample. If M is a torsion module, then the only R-independent subset is the empty set.

torsion

torsion
torsionfree

R-linearly dependent
R-dependent

R-linearly independent

R-independent
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The collection of R-independent subsets S C M is ordered by C. Say that an R-independent
subset S C M is maximally R-independent if it is maximal with respect to this ordering, i.e., if
whenever S C T C M with T an R-independent subset, then S =T.

Ezxample. The basis of a free module is always maximally R-independent.
Warning: a maximally R-independent set need not be a basis, even if the module is free, and can
exist if the module is not free.

Here is a handy criterion for maximally independent sets.
Lemma. An R-independent subset S C M is maximal iff M /N is a torsion module where N = RS.

Proof. Let y € M, with image § =y + N € M/N. Observe 7 is a torsion element in M /N if and
only if there exists

by = arx1+ - + apxy, T1,...,Tn € 5 pairwise distinct, a1,...,an, b€ R, bF#0.

Thus 7 is torsion iff either y € S or S U {y} is R-dependent (since any R-dependence among
Y, X1, ..., Ty must involve b # 0, since S is itself R-independent). So all  are torsion iff S is
maximally R-independent. O

Proposition. Every module over an integral domain admits a mazimal R-independent set.

Proof. Let P be the collection of all R-independent subsets of M, ordered by the subset relation.

Note that

e P is non-empty, since @ C M is R-independent.
e If C C P is a non-empty chain, then T := | Jg., S is R-independent, since this is a condition
verified on finite subsets, all of which are a subset of some S € C because C is a chain.

Thus we can apply Zorn’s lemma to P, giving a maximal R-independent set .S. (I
Corollary. Every vector space V' over a field F' has a basis.

Proof. There exists a maximally independent subset S C V', whence V/F'S is torsion, so V/FS =0
since F' is a field and thus V = F'S. 0

58. RANK OF MODULES OVER INTEGRAL DOMAINS

Let R be an integral domain and M an R-module. We define an invariant of R-modules called
the rank, which generalizes the notion of dimension of a vector space. However, unlike for vector
spaces, rank is not a complete isomorphism invariant. I will concentrate on the case of finite rank.

The rank of a module M over an integral domain is defined to be the largest size of any
R-independent subset.

Proposition (Interchange lemma). Let R be an integral domain, and M an R-module. Suppose we
have sequences of elements vi,...,Vpm, W1,..., Wy in M such that

® vy,..., Uy 1S R-independent, and
o M/R{wi,...,wy} is a torsion module.
Then
(1) m <mn, and
(2) after reordering wy, ..., wy, we have that M/R{vi, ..., Um, Wmitl,...,Wp} is a torsion mod-
ule.

Proof. We prove, by induction on k € {0,...,m}, that we have
(a) k <n, and
(b) M/R{v1,..., V%, Wkt1,...,wy} is torsion (after possibly reordering the w;s).

maximally
independent
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If £ = 0 this is immediate.
Suppose the k case is true for some k € {0,...,m — 1}. By (b) there exists

bvgs1 = a1vy + - + apUk + Qg1 W1 + - F AWy, ai,...,an, b€ R, bF#0.
Since vy, ..., vp41 is R-independent, we must have k < n and at least one one of the agy1,...,an
must be non-zero. Reorder wgy1,...,w, so that ax11 # 0. We thus have

A 1Wet1 = @101 + - + @V + (—0)Vpy1 + GpgoWhy2 + -+ + Gpwnp, ap41 # 0.
I claim that M/R{v1,..., V41, Wgt2,..., W} is torsion. Suppose T is an element of this quotient,

represented by some x € M. Then by (b) there exists
dr = civ1 + - + Uk + Chr1Wka1 + + -+ + cpwn, Cly. ., Cn,dE€ R, d#0.
Then

ap1dT = apq1C101 + -+ + Qg 1CRVE + Qg1 Chp1 Wht1 T Ak 1Ck12Wht2 + - + App1CpWy
—_—————

= (agr1c1 + cpr1a1)vy + -+ + (apgp1cr + Crr1ak) vk
+ (—ch410)Wht1 + (Ak1Cht2 + Cht10k42) Wiy + - - + (Apt1Cn + Chp10n) Wy,

where we substitute in the previous expression for agijwi1. Since ag41d # 0, this implies 7 is a
torsion element. g

Proposition. Let S C M be a finite subset of size n such that M /RS is torsion. Then there exists
a mazimal R-independent subset of size m < n, and every mazimal R-indpendent subset of M has
size m.

Proof. By the interchange lemma applied with S = {wy,...,w,}, every finite R-independent subset
of M has size m < n, whence there are no infinite R-independent subsets.

Now apply the interchange lemma to two maximal R-independent subsets {vi,...,v,} and
{wy, ..., wy}, giving that m < n for any pair of such subsets, and thus by symmetry that m =n. O

We call this m the rank of M.

59. PROPERTIES OF RANK OF MODULES
FEzxample. Every torsion module has rank 0.

Ezample. The free module R™ has rank n, since its basis is clearly an R-independent spanning set.
As a consequence, we get invariance of rank for finitely generated free modules over an integral
domain: if R™ ~ R™, then n = m.

Note: this can fail if R is not an integral domain.

Example. If F'is a field and V' an F-vector space which admits a finite spanning set of size m, then
it admits a basis of some size n < m, and every basis has size n.

Finally, we can add ranks.

Proposition. Let R be an integral domain, M an R-module with N C M a submodule. If N has
finite rank n, and M /N has finite rank m, then M has finite rank m + n.
In particular, if A, B are modules of finite rank, then rank(A @ B) = rank A + rank B.

Proof. Pick maximal R-independent subsets y1,...,y, of N, and T1,...,T, of M/N. Choose
elements x; € M such that xx + N = 7. I claim that z1,...,Zm,v1,...,Yyn IS a maximal R-
independent subset of M.

R-independence. Suppose

a121 + - QT + b1y1 + - - - bpyn =0, iy, Qm,b1,...,b, € R.

rank
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Then a1Z + -+ + apTym = 0, whence all a; = 0 since the T; are R-independent in M/N. So
biyr + -+ byyn = 0, so all b; = 0 since the y; are R-independent in N.
Mazximality. Suppose z € M, and let Z =z + N € M/N. Then there exists

CZ=a1T1+ -+ amTm, A1y.--sam,c € R, ¢ #0.
Thus u = cz — (@121 + - - - + apx,) € N, so there exists
du =bry1 + - + bpyn, bi,...,bp,d€ R, d#0.
From this we have (dc)z € R{z1,...,Zm,y1,...,Yyn} With dc # 0. O

Remark. There is another way to talk about all this, using tensor products to reduce to dimension
theory for vector spaces. Let F' = Frac(R) be the fraction field. Then for any R-module M the
tensor product V := F ®g M is naturally an F-module. It turns out that rankgp M = dimg V.

60. ANNIHILATOR IDEALS AND CYCLIC MODULES

Let R be a ring with 1 (but not assumed to be commutative). Given a (left) R-module M, the
annihilator of M is the subset

Amm(M):={z€R|zM=0}={zcR|am=0forallme M}
of the ring R.
Proposition. Ann(M) is a two-sided ideal in R.

Proof. Straightforward: OM =0, if xtM =0 = yM, then (x +y)M =0, if tM = 0 then zrM =0
for all r € R, and also reM = 0 for all r € R. ]

Proposition. If M ~ N are isomorphic left R-modules, then Ann(M) = Ann(N).

Proof. Clear: if ¢: M — N is an isomorphism, then rm = 0 for all m € M implies rn = 0 for all
n € N since n = ¢(m) for some m, and conversely using ¢~1: N — M. O

Example. Suppose I C R is a 2-sided ideal. Then Ann(R/I) = I. To see this, note (i) if z(R/I) = 0,
then in particular 1 € I, so x € I, and (ii) if € I, then for any y € R we have zy € I since [ is
also a right ideal.

Remark. If I C R is merely a left ideal, then Ann(R/I) C I, but they are not necessarily equal. For
instance, consider R = Max2(F') with F a field, and let I be the subset of all matrices whose second
column is 0. Then Ann(R/I) =0 but I # 0.

Proposition. Let R be ring, and I,J C R 2-sided ideals. Then R/I ~ R/J as left R-modules iff
I=1J.

Proof. If I = J then R/I and R/J are identical modules, and so are certainly isomorphic. Conversely,
if there is a left module isomorphism R/I ~ R/J, then
I =Am(R/I)=Ann(R/J) = J.
O

FEzample. This can fail if the ideals are not 2-sided ideals. For instance, consider the left ideals

I,J C R = Mjxo(F), consisting of matrices whose first or second column is 0 respectively. Then
I# Jbut R/I ~ R/J as modules.

If R is commutative, then this implies that R/I and R/J are isomorphic modules iff I = J.

annihilator
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61. CLASSIFICATION OF MODULES OVER A PID

Let R be a PID. We are going to classify finitely generated modules over R. In the case of R = Z,
this will give the classification of finitely generated abelian groups. In the case of R = F'[z], this
will lead to theorems on canonical forms of linear operators.

Since the PID R is commutative ring, we have that R/(a) ~ R/(b) as modules iff (a) = (b), i.e.,
iff @ and b are the same up-to-units.

The cyclic modules for a domain come in three types.

e The trivial cyclic module R/(a) = {0}, when a € R*.
o The nontrivial torsion cyclic module R/(a), when a # 0 and a ¢ R*.
e The free cyclic module R = R/(0).

Here is the key fact.

Proposition. Every finitely generated module over a PID is isomorphic to a finite direct sum of
cyclic modules.

Remark. This is certainly false for general rings. For instance, suppose R = Z[z] and consider
the submodule M = R{2,z} C R (which is also the ideal (2,2)). Then M is not a cyclic module
(exactly because it is not a principal ideal), but it is also not isomorphic to a direct sum of any two
non-trivial modules. (See exercise.)

Remark. This fails for infinitely generated modules over a PID. For instance, as a Z-module, M = Q
is not a direct sum of cyclic modules.

We can sharpen the above to a classification of finitely generated modules over a PID.

Theorem (Modules over a PID: Invariant factor form). Let R be a PID, and M a finitely generated
R-module.

o There exists t > 0 and a chain of proper ideals R 2 (a1) 2 --- D (at) such that
M=~R/(a1)® - © R/(ay).

e The number t and the sequence (ai),...,(a:) of ideals are unique, in the sense that if also
M=~ R/(a})®--- & R/(a},) with R D (a}) 2 --- 2 (a,), then t =t and (a;) = (a},) for all

k.
Remark. Write t = s+r with 0 < s,7 <t where (a1), ..., (as) # (0) and (as+1) = - - - = (as4r) = (0).

Then this becomes
M~R/(a)®---®R/(as) ® R,

where each R/(a1),...,R/(as) is a torsion cyclic module, and rank M = r. This is how the invariant
factor decomposition is usually presented.
The ideals (a1),. .., (as) are called invariant factors, and r = rank M.

Ezample. If R = 7Z, then we get the invariant factor classification of finitely generated abelian
groups:
M=~Z/(a1) D - DZL/(as) DL, ap | ---| as.

There is another form of this classification.
Theorem (Modules over a PID: Elementary divisor form). Let R be a PID, and M a finitely

generated R-module.

e There exist r,u > 0, and a sequence of elements p'fl, e ,pﬁ“ € R (not necessarily distinct)
with p; prime and k; > 1, such that

M~R @R/ @ - @ R/(p).

invariant factors
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e The numbers r and u are unique, and the sequence plfl, . ,pﬁ“ s unique up to reordering
and units, in the sense that if also M ~ R” & R/(¢{") @ --- & R/(qf;f’), then r =71/, u =1/,
and the sequence qfl, .. ,qﬁ“ s the same as plfl, .. ,pﬁ“ up to reordering and units.

Remark. In the elementary divisor form, we also have r = rank M. The list plfl, e pq’ju are called
elementary divisors.

Ezxample. If R =7, then we get the elementary divisor classification of finitely generated abelian
groups:

M~Z ©Z/(pf) - ®LZ/(py),
each p; a prime number and each k; > 1.

62. EXISTENCE OF INVARIANT FACTOR FORM 1

We will proceed by proving in sequence: Existence of invariant factor form = Existence of
elementary divisor form = Uniqueness of elementary divisor form =- Uniqueness of invariant factor
form.

The idea will be to observe note that any finitely generated module is isomorphic to a quotient
M/N where M is a finite rank free module.

Proposition. Let M be a free R-module of rank m, and N C M a submodule. Then

(1) N is a free R-module of some rank n < m, and
(2) there exists

e q free basis x1,...,Tm of M, and
e clements ay,...,a, € R with (a1) 2 --- 2 (an) 2 (0), such that
® Y| = a1T1,...,Yn = ApTy 1S a free basis of N.

This gives the existence of invariant factor decomposition. If A is a finitely generated module,
produce a surjective homomorphism ¢: M — A from some finite rank free module. Then A ~ M /N
with N = Ker ¢. By the proposition, we get that

A~ M/N =~ Rzx1/Rayjzy & - - & Rxp/Rapz, & Rrpi1 © -+ @ Ry,
We have Rxy/Rapzy ~ R/(ag) for k=1,...,n, and Rxy ~ R/(0) = Rif k=n+1,...,m. Note

that it is possible that (a1) = --- = (a,) = R for some p > 0, in which case R/(ay) ~ 0 for k < p. If
so, we can remove those factors and reindex, so that t = m — p.

63. EXISTENCE OF INVARIANT FACTOR FORM 2
Now we prove the proposition.

Proof of proposition, Part 1. We are going to work by induction on rank of V. Note that the rank
of N is in fact finite and < m: any R-independent subset of IV is also an R-independent subset of
M, so rank N < rank M.

If rank N = 0 then N is torsion. But the only torsion element in the free module M is 0, so
N =0.

So we suppose rank N = n > 0, whence N # 0.

We are going to find an R-module homomorphism ¢1: M — R, an element z; € M, and an
element a; € R, such that

(a) a1z1 € N and ¢1(x1) =1,

(b) ¢1(N) = (a1) # (0), and
(¢c) If ¢ € Hompg(M, R), then (a1) C ¢(N) implies (a1) = ¢(N).

elementary divisors
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Now we produce ¢1, x1, a; and prove (a),(b),(c). Let
En={¢(N) | ¢ € Homg(M, R) },

a set of ideals in R, which can be ordered by the subset relation. Note that if N # 0, then Xy
contains at least one non-trivial ideal. Since M is free, there exists an isomorphism M = R™, with
component functions 7;: M — R. Thus any non-zero element x € M will have m;(x) # 0 for some i,
so there exists ¢ such that m; (V) # (0).

We choose ¢; so that ¢1(N) is maximal in the poset ¥y, and a; so that ¢;(N) = (a1), and
(a1) # (0) since (0) cannot be maximal. We have proved (b). Maximality of ¢; is precisely (c).

Pick y; € N such that ¢1(y1) = a1. I will show that for any ¢ € Hompg(M, R), we have that
®(y1) € (a1). Since R is a PID, there exists

(d) = (a1, 9(y1)) = (d1(y1), 6(y1)), deR.
Thus there exists
d = c1¢1(y1) + c2d(y1), c1,c2 € R.
Let ¢’ := c1¢1 + c2¢p € Homp (M, R), whence d = ¢/(y1). But ¢/(IN) 2 (d) 2 ¢(N), so maximality
of ¢ implies ¢'(N) = ¢(N), so (d) = (a1) and thus ¢(y1) € (a1).
Apply this to the projection homomorphisms 1, ..., 7, : M — R associated to some choice of
free basis ey, ..., ey of M. Then 7;(y1) = ¢;a; for some ¢; € R. Set x1 := cje1 + - - - + ¢pem, Whence

ayjry = yi. Since a;p(z1) = ¢1(y1) = a1, we must have ¢(z1) = 1 since a; # 0. We have proved
(a). O

64. EXISTENCE OF INVARIANT FACTOR FORM 3

Proof of proposition, part 2. Having produced ¢1,x1, a1 satisfying (a),(b),(c), we prove the following.
(d) M = Rxy & M’, where M' = Ker(¢).
() N =Rajz1 ® N', where N = N NKer(¢).
(f) rank N' =n — 1.
(g) for all ¢ € Homp(M, R) we have ¢p(N’) C (ay).
Claim (d) is clear: RxzqNKer(¢1) = 0 since ¢(rzq) = r, while if x € M, then x — ¢1(x)x1 € Ker(¢1),
using (a). Similarly for (e): Rajz1 NKer(¢1) =0, and if y € N, then ¢1(y) = ca; for some ¢ € R
using (b), so y — ¢1(y)z1 = y — c(a1z1) € Ker(¢1). To prove (f): since ¢1(ajz1) = a1 # 0 by (b),
we have rank(Rajx1) = 1, so rank N = 1 + rank N'.

Finally, to prove (g): Since we have a direct sum decomposition M = Rz & M’ given a
homomorphism ¢: M — R, we can define a new homomorphism ¢': M — R by

¢ (cxr +m') == c+ p(m'), ceR, m'eM.
Since N = Rajx1 & N’, we compute compute

¢'(N) = (a1) +¢'(N') 2 (a1),  ¢'(N) = o(N').
By (c) this first statement implies ¢'(N) = (a1), and therefore
O(N') = ¢'(N') € ¢'(N) = (ar),
as desired.

Now we show (1) that N is free, by induction on n = rank N. If rank N > 0, then the above
argument gives us a decomposition N = Rajx; @ N’, with rank Raiz1 = 1 and rank N’ = n — 1.
Induction on rank gives that N’ is free, and hence N is free. Because N C M we already know
rank N < rank M.

Now we prove (2), by induction on n = rank N. If rank N > 0, then the above argument
gives us submodules N' C M’ C M. By (1) already proved we see that M’ is free, and we know
rank N’ = n — 1. Thus by induction we have
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e a free basis x9,...,x,, of M’', and
e elements ag, . ..,a, € R with (a2) 2 -+ 2 (ay) 2 (0), such that
® Yo = a9, ..., Yp = UpTy is a free basis of N'.
Combining this with ;1 € M and a; € R as in (d) and (e), we obtain a free basis z1, ...,z of M,
and a free basis ajz1,...,a,z, of N. It remains to show that (a1) 2 (a2).
Define ¢: M — R so that ¢(z2) =1 and ¢(x;) = 0 if ¢ # 2. Then

¢(N') = ¢(Ragzs + - - + Ranzy,) = (a2).
By (g), we conclude that (az2) = ¢(N’) C (ay), as desired.

65. EXISTENCE OF ELEMENTARY DIVISOR FORM

Farlier, we proved a general “Chinese remainder theorem” for commutative rings:
If Aq,..., A, C R are ideals which are pairwise comaximal (4; + A; = R if i # j),
and A = Ay --- A, is the product ideal, then there is an isomorphism of rings
R/A =5 R/A; x -+ X R/ Ay,
defined by z + A (x 4+ A1, ..., x + an).

A feature of this is that this isomorphism is also an isomorphism of R-modules.
Now suppose R is a PID (and thus a UFD). Given a € R ~ {0} which is not a unit, it has a
prime factorization

a= plfl . -pr, p; primes, distinct up to units, k; > 1.

For i # j, we see that pfi, pfj are relatively prime, so (p]:’) + (p?j) = (pfi’ p;?j) = R is the unit ideal.

Thus we can apply the CRT and obtain an isomorphism of rings and of R-modules:
R/(a) ~ R/(p}") ® -+ ® R/(p)").

This is a primary divisor decomposition of the torsion cyclic module R/(a).
For a general finitely generated module M we have an invariant factor decomposition:

M~R ©R/(a)® - ®R/(a), R2(a)C 2 (a;) 2 (0).

=

We can replace each R/(aj) with a primary divisor decomposition. This gives a primary divisor
decomposition for M.

66. MODULES AND QUOTIENT RINGS

Let R be a commutative ring R, and M an R-module. Suppose I C R is an ideal such that
I C Ann(M). That is, IM = 0, or more concretely, am = 0 for all a € I and m € M.
Then M admits the structure of an R/I-module, defined so that

(r 4+ I)m :=rm.

It is clear this is well-defined, exactly because rm = 0 if r € R.
Furthermore, if M =~ N as R-modules, and if IM = 0, then also IN = 0 and the isomorphism is
also an isomorphism of R/I-modules.

Example. Let R = 7Z and M a Z-module (=abelian group), such that (p)M = 0 for some prime
number p. (Note: we usually write pM = (p)M when we have a principal ideal.) In other words,
every element of the abelian group M has order either 1 or p.

Then M is naturally a module over F,, = Z/p, i.e., it is an Fj-vector space. This has a numerical
invariant, which is its dimension dimgz, M. By the above remarks, this is an isomorphism invariant

of abelian groups M for which pM = 0. That is, if M ~ N and pM = 0, then dimgz;, M = dimg;, N.
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Submodules /M and quotient modules M /IM. Let I C R be an ideal in a commutative ring
R. Given any R-module I, we can form

IM :={ami+---axmy | a; €I, mj € M, k>0}.
This is a submodule of M.
We thus have a quotient module M /IM. Note that the ideal I annihilates M /IM by construction:

a(x +IM)=ax+IM € IM if a € I. Therefore the R-module structure on M/IM descends to an
R/I-module structure.

Proposition.

(1) If ¢: M — N is an isomorphism of R-modules, then ¢ restricts to an isomorphism IM — IN
of submodules. It further induces an isomorphism M/IM — N/IN on quotient modules,
which is an isomorphism of R/I-modules.

(2) If M = My @ -+ @ M, is an internal direct sum decomposition of an R-module, then
IM=IM @®---®IM,, and thus M/IM ~ M/IM, @ ---® M/IM, as R/I-modules.

(3) If M is a finitely generated R-module, then and M /IM is a finitely generated as an R-module,
and as an R/I-module.

(4) If M is a finitely generated R-module, and I C R is a finitely generated ideal, then IM is a
finitely generated R-module.

Proof. Exercise. O

67. UNIQUENESS OF DECOMPOSITIONS

Let R be a PID. For any prime p in R and k > 1, I will constuct an isomorphism invariant
Bk (M) € Zxg of finitely generated R-modules. Then I will show that, for any elementary divisor
decomposition of M, the number 3« (M) = the number of elementary divisors in that decomposition
which are equal to pF up-to-units. Since the definition of Bk (M) makes no reference to the
decomposition, this will immediately imply uniqueness of the lists of elementary divisors.

We can combine this with the invariant rank(M) € Z>o, which is also an isomorphism invariant
and counts the number of free factors in any elementary divisor decomposition. Together these
demonstrate the uniqueness of elementary divisor decompositions.

Let R be a PID, and p € R a prime, and consider a finitely generated module M. Note that
pF UM = p(pP M) C p* M. Thus we obatin a chain of submodules

M=pPMDpMDp*MD---,
each of which is also finitely generated. We therefore get quotients
M/pM,  pM/p*M,  p*M/p’M, ...,
each of which is a finitely generated R/p-module. We can also write these as p*~'M/p*M = N/pN,
where N = pF~1M.
Note that since p is irreducible, R/p is a field. For k > 1 define

(M) := dimp, p" ' M/p" M.

P
Proposition.
(1) The function vk is an isomorphism invariant of finitely generated R-modules.
(2) IfM~M ®---®M,, then Oépk(M) = Oépk(Ml) + -+ Oépk(Mn).
(3) If M = R/(a) for some a € R, then
1 ifp*|a,
Qpk (M) = 0 i k
if p 1 a.
In particular, when a = 0 this says that a,:(R) = 1.
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Proof. Statement (1) is a consequence of part (1) of the previous proposition, and the fact that if
M ~ N, then p*~'M = p*~'N, and therefore p* =1 M /p(p*—' M) ~ p*~'N/p(p*~'N). Statement
(2) is a immediate from part (2) of the previous proposition.

For statement (3), let M = R/(a) and N = p*~1 M, so that oy (M) = dimpg,(N/pN). First I'll
describe N.

Consider any b € R with b # 0, and suppose N = bM = b(R/(a)). We have

N = b(R/(a)) = (a,b)/(a),

where (a,b) C R is the submodule (also ideal) generated by a and b. The point is that 7 € b(R/(a))
iff ¥ = bx + Ra for some x € R, iff r = bx + ay for some x,y € R.

In a PID, we have that (a,b) = (d) where d is a GCD of a and b. Then we can write a = da’ for
some a € R, and we hhave an isomorphism of R-module.

R/(a') = (d)/(a), r— rd.

The point is that multiplication by d gives a surjective function R — (d), and the preimage of (a)
under this function is (a’). Thus N ~ R/(a’) where o’ = a/ gcd(a,b).

Now suppose b = p*~1, and consider M = R/(a) where a = p'm with t > 0 and p{m. We want

to compute
dimp, (p" ' M/p* M) = dimpgy,(N/pN)

where N = p¥~1M. Writing N = R/(a’), we have

; /
g ) = {51
By the above discussion, we have
o @ pm _ p'm
ged(a,p=1)  ged(ptm, ph=l) - pmax(th=1)
Thus p | @ iff t > k iff p* | a, which is what we wanted. O

As a consequence, if
M~R ®&R/(a1) ®---® R/(am), ar € R~ {0},
we have

aye (M) = r + number of j € {1,...,m} such that " | a;.

Now define
Bpk (M) = Qpk (M) — Qpk+1 (M)
Then for the above M, we have
Bye (M) = number of j € {1,...,m} such that p" | aj and pF*!  a;.

By construction, a, and thus §,. are isomorphism invariants, and we have shown that, for any
elementary divisor decomposition

M~ R @ R/(py") @---® R/(py"),
we have that 3,:(M) = the number of elementary divisors in p]fl, ...,p" which are the same as p”

up-to-units. This proves uniqueness of elementary divisor decompostions.
Now suppose

M~R @ R/(a)®-&R/(a;),  R2(a)2- 2 (a) 2 (0)
is an invariant factor decomposition. By an exercise I will leave to you, it turns out that

s =max{a,(M) | p€ R prime element } —r, r = rank(M),
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and
c1.j Cr,j
(a]) = (pll’J ey 7)7
where p1,...,pq are all primes (distinc up-to-units) such that a,(M) > r, and
cij = the integer k£ such that apk+1(M) <r+s+1—j<apM).

Thus the primes p; and numbers r, s, and ¢; ; are determined by the values of O[pk(M ) and rank(M).

This proves uniqueness of invariant factor decompositions.

68. CANONICAL FORM FOR LINEAR MAPS

Recall that given a linear operator, i.e., a pair (V,T: V — V), where V' is an F-vector space
and T is an F-linear operator on V', we can give V the structure of an R = F'[x|-module, so that

fvi=f(T)v, fE€Fx], veW

I'm going to write Vp for this F[z]-module.
Conversely, every F[z]-module M is of the form Vr for some (V,T), where V the underlying

F-vector space of the module M (so V = M as an abelian group), and 7' is defined by T'(v) := xv.

So F'[z]-modules are really the same as F-linear operators.
There is a dictionary for going back and forth between properties of the linear operator (V,T)
and properties of the F[z]-module V.

e Submodules of Vi correspond to T -invariant subspaces, i.e., vector subspaces W C V such
that T(W) C W.

e Homomorphisms ¢: Vp — Wy of F[z]-modules correspond to linear maps which interwine
U and V, i.e., linear maps ¢: V — W such that ¢ oT = U o ¢.

e Vp and Vi are isomorphic as F[z]-modules iff the linear operators T and U are similar, i.e.,
if there exists a linear isomorphism ¢: V' — V such that U = ¢ o T o ¢~ L.

e Given (V,T) the space V is finite dimensional over F' if and only if V7 is finitely generated
and torsion as an F'[x]-module.

To see this, note that if Vi contains a non-torsion element v, then it contains a free cyclic
submodule Rv C Vr, and dimp Rv is infinite. Conversely, if Vr is finitely generated and
torsion, then the classification theorem gives an isomorphism Vp =~ Flz]/(f1) & F[z]/(fm)
for some polynomials fi. If some f; = 0 then dimp Vr is infinte, while if all f; = 0 then
dimp Vp = deg(f1) + - - - + deg(fm).

Given (V,T) finite dimensional, consider the annihilator ideal Ann(Vy) = (f) C F[z]. By
the classification theorem we can write Vr ~ @}, R/(f) for some nonzero fj, and therefore
0+# fi-- fm € Ann(Vp), whence f # 0. We usually assume f is monic, in which case we call f the
minimal polynomial of T

Proposition. Consider (V,T) with V finite dimensional, and f = the minimal polynomial of T
For any c € V. TFAE.

(1) There exists v € V with v # 0 such that Tv = cv. That is, ¢ is an eigenvalue of T'.
(2) f(e)=0.

Proof. By the division algorithm we have f = (x —c¢)g+r =g (x —c¢)+r with g € Flz] and r € F.

(1) = (2). Given v # 0 with Tv = cv, we have (z — ¢)v = 0, and so
0= f(T)v=g(T)(T—clv+rv=rv,

whence r = 0.
(2) = (1). If f(¢) =0thenr =0,s0 f = (z—c)g. Since g ¢ (f) = Ann(V7r), there exists w € V
such that v := g(T)w # 0. Therefore

0=f(Tw=T-cl)g(T)w = (T —cl)v,

linear operator

minimal polynomial
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so v # 0 and Tv = cv. O
Given any F[z]-module decomposition
Ve My @ ® Myp = Flz]/(f1) @ @ Fla]/(fm),
we can give a block matrix representation of T' of the form
By

B2

B,
by choosing an F-basis eq,...,e, of V, so that the first batch of basis elements are in Mj, the
second batch in Ms, and so on. I'll describe some choices for cyclic modules.

Given Vp = Flz]/(f) with f = 2 4+ by_12%71 + -+ 4+ b1z + by a monic polynomial over F, we
can use the basis

6121 €2 =T, ..., ei:fifl, ce ekZEkil.

Then the matrix describing the operator 71" in this basis is the £ X k¥ companion matrix companion matrix

00 ... ... 0 =b

10 ... ... 0 =i

0 1 0 —bo

Cy = . .

00 ... ... 1 —=bpq
A matrix is in rational canonical form if it is a diagonal block matrix whose non-trivial blocks are rational canonical form
companion matrices Cy,, ..., CY,, for non-constant monic polynomials f; such that fi | fo |- | fin.

Theorem (Rational canonical form). Given an operator (V,T) on a finite dimensional vector

space, there exists a basis with respect to which the matriz A of T is in rational canonical form.

Furthermore, the rational canonical form matriz is unique.

cosf —sin 0]
)

B _ o e
Ezample. If F =R and T is the operator on V' = R* given by left multiplication by [sin 0  cosd

then the rational canonical form is A = 0 -1 .
1 2cosf

Note that the characteristic polynomial of the companion matrix is
det(al — Cy) = f(a),
and thus if Vpr ~ @), F[z]/(fi) with fz monic, then the characteristic polynomial of T" is
det(xl —T) = fi(z)- - fm(x).
If f is the minimal polynomial of T" then f;--- f;, € Ann(Vy) = (f).

Corollary (Cayley-Hamilton). For any linear operator T on a finite dimensional space, its minimal
polynomial divides its characteristic polynomial.

If Vz = Flz]/(z — ¢)¥, then in terms of the basis

)kfl )k72

e1=(T—c , e2=(T—c s Gl =T —C e =1,

the matrix describing 7T is the £ x k Jordan matrix Jordan matrix
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c 1 0 0

0 c 0

0 0 ¢ 0
Jx(c) ==

Do o1

0O 00 ... ... ¢

0O 00 ... ... 0

o O

0
1
c

56

Thus for an operator T whose characteristic (or minimal) polynomial is a product of linear factors
in F[z], the elementary divisors of T will all have the form (z — ¢;)* with ¢; € F and k; > 1, in
which case there exists a basis such that T is represented in Jordan canonical form, i.e., as a
diagonal block matrix whose blocks are Jordan matrices, and which is unique up to reordering the

Jordan blocks.
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