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1 Preliminaries

My thanks to Mitchell Haslehurst for the use of his notes when I was absent.

Assignments and final; no midterm. Marks will probably be 35% assignments, 5 or 6 assignments, 65%
final.

Office hours will be Mondays 13:30-14:30+ and 2016-01-20 13:30-14:30; can always come by and see if
he’s in.

Do not collaborate on assignments.

Rings are unital, commutative, and non-trivial. Prime ideals are proper. Maximal ideals are proper.

1.1 Ring theory
Definition 1.1.1. We say an ideal P of R is prime if ab € P implies a € P or b € P.

Remark 1.1.2. Equivalently, if a1,...,a, € P implies a; € P for some i. Equivalently, if R/P is an integral
domain.



Ezample 1.1.3. In C[x], let I = 22C[z]. Then x-x € I, but ¢ I. So I is not prime.
Definition 1.1.4. We say e € R is idempotent if * = e.
Definition 1.1.5. We say an ideal M of R is mazimal if there does not exist an ideal J of R with M ; J.

Theorem 1.1.6 (Correspondence theorem). There is an inclusion-preserving bijection between ideals of R/
and ideals of R that contain I.

In particular, we send an ideal J of R/I to m=!(J) C R; we send an ideal J of R to m(J) C R/I.
Corollary 1.1.7. An ideal M of R is mazimal if and only if R/M is a field.

Proof. Note that M is maximal if and only if the only ideals of R that contain M are { M, R}; by the
correspondence theorem, this is equivalent to F' = R/M having exactly two ideals (namely (0) and F').
Now, if a € F\ {0}, then Fa is a non-zero ideal of F'; so Fa = F and 1 € Fa, and there is b € F such
that ba = 1. So F' is a field.
Conversely, if F' is a field, then (0) and F are its only ideals. O Corollary 1.1.7

Corollary 1.1.8. Maxzximal ideals are prime.

Theorem 1.1.9 (Zorn’s lemma). Suppose (P, <) is a partially ordered set (e.g. ideals of a ring ordered by
set inclusion). If every chain in P has an upper bound, then P has a mazimal element.

(A chain is (x, : v € ') where I is totally ordered and if 4, < 5 then z,, < x.,. An upper bound is an
x such that x >z, for all y € T".)
Remark 1.1.10. One needs to prove this for arbitrary I'; it does not suffice to check the case I' = N.

Ezample 1.1.11. Let P be the collection of countable subsets of R ordered by set inclusion. Then if S; C
Sy € S3 C...1is a chain in P, we have

Us:

i=1

is an upper bound. But P has no maximal element, since if S € P is maximal, then we may pick z € R\ S
then SU{x} 2 S and SU{z} is countable.

Corollary 1.1.12. Let R be a ring. Then R has a maximal ideal. In fact, if I is an ideal of R, then there
is a maximal ideal containing I.

Proof. Suppose I is an ideal of R. Let S ={J:J 2 1,J is an ideal of R} be ordered by C. Note that S is
non-empty since I € S. Further note that a maximal element of S is a maximal ideal that contains I.
Let T" be a totally ordered set; let (J, : v € I') be a chain in S.

UJes

~el’

Claim 1.1.13.

Proof. Well, 1 ¢ J, for any v € I since J, is a proper ideal. So

re J 7,

vyer
Furthermore, it holds in general that the union of a chain of ideals is an ideal. O Claim 1.1.13
So this is an upper bound. So Zorn’s lemma gives us that .S has a maximal element. O Corollary 1.1.12

Remark 1.1.14. For rings without identity, there might not be any maximal ideals.
Ezample 1.1.15. Let R = {w € C:3j > 1 such that w? =1}.
Fact 1.1.16. Any proper subgrape of R is finite, and is R,, = {w : w?' = 1} for somen € N.

Define a ring structure on R by r & s =rs and r ® s = 1. Note then that 1 is the additive identity, and
the ring axioms are satisfied. Then ideals in (R, ®, ®) are exactly subgrapes of (R, -). Then

RICRCRSC...CR

So R has no maximal ideals.



1.2 Modules

Definition 1.2.1. Suppose R is a ring. Then an R-module is an abelian grape (M, +) with a map Rx M —
M (written (r,m) — r - m) such that the following hold for all ;s € R and all m,my,ms € M:

e r-(s-m)=(r-s) -m.

e r-(my+me) =71 -my+r- -ms.
e (r+s)-m=r-m+s-m.

e lp-m=m.

Remark 1.2.2. We then have that r - 03, = 07 for all r € R.
Ezxample 1.2.3.

1. Suppose R = F' is a field and V is a vector space over F'. Then V is an F-module.

2. Suppose R =Z and (A, +) is an abelian grape. Then A is a Z-module under

a+---+a n>0
—_———
n-a— n times
(—a)+---+(-a) n<0
|n| times

3. Suppose R = R[z] and M = (C,+). Define p(z) - &« = p(i)c; then M is an R-module under this
multiplication.

Definition 1.2.4. Suppose R is a ring and M is an R-module. Given S C M, we define the annihilator of
S to be
Amng(S)={reR:rs=0forallse S}

Remark 1.2.5. If S = {m} for some m € M, we have Anng(m) = Anng({m})={re R:rm =0} If
S =M, then Aung(M)={re R:rm=0forallm e M }.

Remark 1.2.6. Anng(S) is an ideal of R.
Definition 1.2.7. We say that M is a faithful R-module if Anng (M) = (0).
Ezxample 1.2.8.
1. Consider M = Z/15Z as a Z-module. Then Anngz (M) = 15Z.
2. Consider M = (C,+) as an R[z]-module as in Example 1.2.3. Then Anngp,j(M) = (2* + 1)R[z].

Definition 1.2.9. An R-module M is finitely generated if there is a finite subset {mq,...,mgq } C M such
that
M=Rmi+Rmgo+---+Rmg={rimi+roma+---+rqmg:ry,...,rq € R}

Example 1.2.10. Q is not a finitely generated Z-module. To see this, note that if

m m
Q:Z¢+...+ZJ
ni nq

where each m;,n; € Z and each n; > 0, then Q C Z% where N = nins...ngy, a contradiction.

Definition 1.2.11. Suppose M is an R-module. A submodule of M is an abelian subgrape (N, +) C (M, +)
that is closed under multiplication by R; i.e. if r € Rand n € N thenr-n € N.

Ezample 1.2.12. If I is an ideal of R then I is a submodule of R (where we regard R as a module over itself).



Definition 1.2.13. Suppose N C M is a submodule. We define the module M/N ={m+ N :m € M } to
be the quotient as an abelian grape together with the multiplication r - (m + N) =7 -m + N.

Remark 1.2.14. This is well-defined: if m; + N = mo + N, then m; — ms = n € N, and rmy — rmgy =
r(my —ms) =rn € N;sormy + N =rms+ N.

Definition 1.2.15. Suppose R be a ring; suppose M and N are R-modules. A map f: M — N is an R-
module homomorphism or R-homomorphism if it satisfies the following

o f(m1+ma) = f(mi)+ f(mg) for all my,mg € M
o f(r-m)=r-f(m)forallr € Rand m € M.
Ezxample 1.2.16. Linear transformations, homomorphisms of abelian grapes.
Notation 1.2.17. We let homp (M, N) be the set of R-module homomorphisms M — N.

Remark 1.2.18. If f,g € homg(M, N) then (f + g)(m) = f(m) 4+ g(m) and (—f)(m) = —(f(m)) are also
R-module homomorphisms. If f € homgr(M,N) and r € R, then (rf)(m) = r(f(m)) = f(rm) is also an
R-module homomorphism. So we can make hompg (M, N) into an R-module in a natural way.

Notation 1.2.19. If f: M — N is an R-module homomorphism then we set ker(f) = {m e M : f(m) =
then this is a submodule of M since if mq,ms € ker(f) and r € R then f(my1 + mz) = f(m1) + f(ma)
and f(rmq) =rf(m1) =0, so my + ma,rmy € ker(f).

We also set im(f) = { f(m) : m € M } C N; then im(f) is a submodule of N.

0};
=0

Ezercise 1.2.20 (First isomorphism theorem for R-modules). M /ker(f) = im(f).

Definition 1.2.21. Suppose R is a ring. Suppose (M, : a € I) is a collection of R-modules. We define the
direct sum of the M, to be

@Ma ={(mgq:a€l):m, € M, for all « € I,m, = 0 for all but finitely many o € I }
ael
We make this into an R-module by
(Mo :a€l)+(m :ael)=(meg+m, :acl)
r-(mg:a€l)=(r-my:a€l)
We also define

HMa:{(ma:aEI):maeMaforallaEI}
ael

with coordinate-wise addition and multiplication by R as above; this too is an R-module.

Remark 1.2.22. If |I| < oo then

P Mo =[] M

acl acl
Question 1.2.23. Let R=7,1 =N, and M, = Z for all @ € I. Does it hold that

@ZgHZ
el el

as Z-modules?
No, because

:N0<2N0:

Pz

el

11z

el




Definition 1.2.24. An R-module M has a basis if there is S C M such that every m € M has a unique
expression
m = Z Ts S

where 75 = 0 for all but finitely many s € S. In this case we say M is a free R-module.
Remark 1.2.25. This is equivalent to saying that
M=@R
ses
where the isomorphism is

f: Pr—Mm

seS

(rszseS)Her-s

ses

11z

iel

Question 1.2.26 (Hard). Does

have a basis? (It does not.)

1.3 Jacobson radical

Definition 1.3.1. Suppose R is a ring with unity. We define the Jacobson radical of R to be

J(R) = N M

M a maximal ideal of R
Remark 1.3.2. As noted before, since R has unity, we have at least one maximal ideal of R; so the intersection
is non-empty.
One can often study R/J(R), which is typically nicer, and lift results to R.
Ezxample 1.3.3.

1. Consider R = Z. What is J(Z)? Well, in Z prime ideals are maximal. So

J(Z)= () »pZ

prime
So if n € J(Z), then p | n for all primes p. So n =0. So J(Z) = (0).

2. Let

R:{%:mbezm¢2z}

First note that € R is a unit exactly when a is odd. What are the maximal ideals of R? Well, if
I is an ideal of R, then I cannot contain units; so I C 2R. But 2R is an ideal. So 2R is the unique
maximal ideal. So J(R) = 2R.

3. Let R = C[z]. What are the maximal ideals of C[z]? Well, if I is a non-zero ideal of R then
I = (p(z)) C (x — A1) where p(z) is monic; say p(z) = (x — A1) ... (x — Ag) where A1,..., g € C. So
every proper ideal of R is contained in an ideal (z — \) for some A € C.

On the other hand, if (z — ) C (p(z)), then p | © — X; so p is either a unit, in which case (p(x)) = Clz],
or p has degree 1, in which case (p(z)) = (z — A).

(Alternatively, consider ¢: C[z] — C given by f +— f(A\). Then ¢ is a surjective homomorphism with
ker(¢) = (x — A). So, by the first isomorphism theorem, we have C[z]/(z — A) = C is a field. So (x —\)

is maximal.)



Proposition 1.3.4. If x € J(R) then for all a € R we have 1 — ax is a unit in R.

Proof. Suppose for contradiction that 1 — ax is not a unit. Then R(1 — ax) ; R; so there is a maximal
ideal M such that R(1 — az) C M, and in particular we have 1 — ax € M. But z € J(R) C M; so
1=azx+ (1 —ax) € M, a contradiction. O Proposition 1.3.4

Theorem 1.3.5 (Nakayama’s lemma). Suppose R is a ring and M is a finitely generated R-module. Suppose
J(R)YM = M. Then M = (0).

Proof. Suppose for contradiction that M # (0). Pick a generating set { mq,...,mq } for M with d minimal.
(So
M =Rmj+---+ Rmy

and no set of size < d works.) Since M # (0), we have d > 1. Since J(R)M = M, we have mq € J(R)M; so
there are j1, jo, j3,- .-, jqa € J(R) such that

mq = jimi + jama + -+ jamaq
SO
(1= ja)ma = jimi + jama + - - + ja—1Mmaq—1

But 1 — j; is a unit by the previous proposition. So

ma = (1—j4) " dimi+ -+ (1 = ja) " Ja—1ma—1 € Rmq + -+ Rmg_1
So {mq,...,mq—1 } generates M, contradicting the minimality of d. So M = (0). O Theorem 1.3.5
Proposition 1.3.6. Suppose x € R has the property that 1 — ax is a unit for all a € R. Then x € J(R).

Proof. Suppose x ¢ J(R). Then there is a maximal ideal M such that ¢ M. Let FF = R/M; then F is a
field. Let T = o + M € F be the image of  in F'; then T # 0 since ¢ M. Since F is a field, there is a € R
such that ax =1 in F. Then 1 —ax =0;s0 1 —az € M, and 1 — az is not a unit. OO0 Proposition 1.3.6

Corollary 1.3.7. = € J(R) if and only if 1 — ax is a unit for all a € R.

Question 1.3.8. In Nakayama’s lemma, is the requirement that M be finitely generated necessary? Yes:

consider

R:{%:a,bez,bgéQZ}

Notice that Q is an R-module by
ac ab

bd  cd
Well, J(R)Q = (2R)(3Q) = RQ = Q. So J(R)Q = Q but Q # (0). (This shows that Q is not finitely

generated as an R-module.)

Question 1.3.9. Let R = Z/720Z. What is J(R)? Well, 720 = 2%-32.5. The maximal ideals are 2R, 3R, 5R;
so their intersection is 30R.

2 Chapter 2

We begin to follow Atiyah and Macdonald.



2.1 Exact sequences

Fix a ring A; suppose My, ..., M, are A-modules and f;: M; — M;;; are A-module homomorphisms; we
write this as
VLIS VAN VA LN LEC RS VL= Vi

Definition 2.1.1. We say this sequence is ezact at M; for i € {1,...,n—1} if im(f;—1) = ker(f;). We say
the sequence is ezxact if it isexact at each My, ..., M, _1.

Remark 2.1.2. Suppose f: M’ — M is a homomorphism of A-modules. Then f is injective if and only if

0— M’ L M is exact.
(Here 0 denotes the trivial A-module, and the unnamed homomorphism 0 — M’ is the zero homomor-
phism. (In general, the zero homomorphism 0: N — P is the A-homomorphism that sends everything to

0p.))

Proof. Well, im(0) = {0}; so exactness is equivalent to ker(f) = {0}, which is equivalent to f being
injective. O Remark 2.1.2

Remark 2.1.3. f: M — M" is surjective if and only if M Lo M7 =0 is exact.

Proof. The homomorphism M” — 0 is again the zero homomorphism whose kernel is M"'; so exactness at
M" is equivalent to im(f) = M", which is equivalent to f being surjective. O Remark 2.1.3

Remark 2.1.4. A sequence 0 — M’ Io M % M = 0 s exact if and only if
1. f is injective
2. g is surjective
3. im(f) = ker(g)

This follows from the previous remarks and the definition of exactness.

Definition 2.1.5. A short exact sequence is an exact sequence of the form 0 — M’ ENG VRN VNN T V)
fits into such an exact sequence (in the middle position) then we say that M is an extension of M" by M'.

Ezample 2.1.6. Given A-modules M" and M’ let M = M’'é&M”. Then we have an injective A-homomorphism
t1: M’ — M given by x — (x,0p); we also have a surjective A-homomorphism my: M — M" given by

(z,y) — y. Furthermore, we have im(z;) = ker(ms). So 0 — M’ =5 M’ @ M"” 2 M"” — 0 is exact.

Definition 2.1.7. A short exact sequence 0 — M’ ERNGVEENS VRN ES split if there is an A-isomorphism
a: M — M’ @ M" such that the following diagram commutes:

\i/

M//

Ezample 2.1.8 (A non-split short exact sequence). Let A = Z; fix n > 1. Then 0 = nZ % Z 5 Z/nZ — 0
is exact. However, Z is torsion-free (i.e. it has no non-zero elements of finite order), and nZ @ Z/nZ has
torsion: n(0,1+nZ) = (n0,n(1 +nZ)) = (0,n +nZ) = (0,0 + nZ) = 0zq7/nz- So Z % nZ & Z/nZ; so the
short exact sequence is not split.

Remark 2.1.9. 1. If f: M’ — M is injective then the exact sequence 0 — M’ Iy M extends to a short

exact sequence 0 — M’ ERSVEENS Vs /M’ — 0 (where g is the quotient map and M’ is identified with
im(f)).

2. If g: M — M" is surjective then 0 — ker(g) Sy M % M” — 0 s a short exact sequence.



3. More generally, given any A-homomorphism f: M — N we get a short exact sequence

0— ker(f) S M L im(f) =0
How can we tell if a short exact sequence splits? (Note that the following answer is not in the text.)

Lemma 2.1.10 (Splitting lemma). Suppose 0 — M’ Io M & M7 =0 is a short ezact sequence. Then the
following are equivalent:

1. The sequence splits.

2. There is A-linear g: M" — M such that g o g = idpz».

3. There is A-linear f: M — M’ such that fo f=idyy.
Proof.

(1) = (2) Suppose we have an isomorphism a: M — M’'@®M" such that the following diagram commutes:

M —L s
x la y

M/ @ M//

Let to: M" — M’ & M" be the injection pointed out above. Let § = a~! o to; then

1

gog=Tmooaoq " 0ly=Ty01Ly=idpsr

(2) = (3) Givenz € M consider g(g(x)) € M. Then g(z—g(g(x))) = g(x) —g(g(9(2))) = g(x) —g(x) = 0;
so x —g(z) € ker(g) = im(f). So z—g(g(x)) = f(y) for some y € M’'; by injectivity of f, we have that
y is unique. We define f(x) to be this y. One then checks that f is A-linear (i.e. a homomorphism of
A-modules).

Now, suppose y € M’; then f(f(y)) is the unique z € M’ such that f(y) — g(g9(f(y))) = f(2). But

-~

9(f(y)) =0;s0 f(f(y)) is the unique z € M’ such that f(y) = f(z); so z =y.

(3) = (1) Define a: M — M’ & M" by x — (f(z),g(z)). Then a is A-linear since f and g are.

For injectivity of «, note that if a(z) = 0 then f(z) =0 and g(z) = 0. Then z € ker(g) = im(f), and

o~

z = f(y) for some y € M’; s0 0 = f(x) = f(f(y)) =y, and f(y) = 0.
For surjectivity of «, suppose (y,z) € M’ @& M". By surjectivity of g we have some x € M such that

~

g(x) = z; however, there is no reason to expect that f(z) = y. Consider instead u = f(y—f(z))+x € M,
then

-~

9(u) = g(f(y = f(2))) + 9(2) = g(2) = =

and

~ ~ ~ -~ ~

Fw) = F(fly = @) + fl@) =y — fla) + flz) = y
So a(u) = (y, 2), and « is surjective.

We now check that the following diagram commutes:



Note that if y € M’ then

~

a(f(y) = (f(f(),9(f(y)) = (y,0) = t1(y)

One also checks that the following diagram commutes:

O Lemma 2.1.10
Ezxample 2.1.11.

1. This gives another proof that 0 — nZ — Z — Z/nZ — 0 (over A = Z) does not split: there can be no
non-trivial maps Z/nZ — 7 since the former has torsion and the latter does not, so there is no right
inverse of the map Z — Z/nZ.

2. Consider A = k a field; then A-modules are exactly k-vector spaces.

Proposition 2.1.12. Every short exact sequence 0 — V' Lvayr o splits.

Proof. Let B C V' be a k-basis (possibly infinite). Identifying V' with f(V') C V; we may then
expand B to a k-basis B U C of V. Define f: V = V' by f(b) =b for all b € B and f(c) = 0 for all
c € C. Then fo f=idy: as fo f fixes B pointwise; so, by the splitting lemma, we have that the exact
sequence splits. [0 Proposition 2.1.12

Recall that if M, N are A-modules then hom 4 (M, N) is the set of A-linear maps f: M — N with the
natural A-module structure.

Remark 2.1.13.

1. Fix M an A-module. Then hom (M, —) is a covariant functor; i.e. given an A-linear map v: N — N’
we have an induced A-linear map ¥: hom(M, N) — hom(M, N’) given by f — v o f.

2. Fix N an A-module. Then hom4(—, N) is a contravariant functor; i.e. given an A-linear v: M — M’
we have an induced A-linear map v: hom(M’, N) — hom(M, N) given by g — gov.

Proposition 2.1.14 (2.9 (i)). Fix M an A-module. Then hom(M,—) is left-exzact; i.e. given an ezract
sequence 0 — N’ = N 2 N’ we have

0 = hom(M, 0) — hom(M, N') % hom(M, N) 2 hom(M, N")
is exact.
Proof. We first check that @ is injective. Suppose g € hom(M, N’) has uwo g = u(g) = 0; then g = 0 since u
is injective.
We then check that ker(v) = im(w). Suppose h € im(u); say h = wo f where f € hom(M, N’). Then
T(h) = voh =wvouo f = 0 since vowu = 0 by exactness of the original exact sequence at N. So
im(w) C ker(v). Conversely, suppose h € ker(v). Define f: M — N’ by noting that for z € M, we have

h(z) € ker(v) = im(u); then by injectivity of u there is a unique y € N’ such that u(y) = h(z), and we set
f(z) to be this y. One then checks that f is A-linear and that w(f) = h. So im(u) = ker(v), and

0 = hom(M, 0) — hom(M, N') % hom(M, N) 2 hom(M, N")

is exact. O Proposition 2.1.14



It is not generally the case that if v: N — N is surjective then hom(M, N) LN hom(M, N").

Ezample 2.1.15. Consider the quotient map v: Z — Z/nZ; then v: hom(Z/nZ,Z) = 0 — hom(Z/nZ,Z/nZ)
is not surjective.

Proposition 2.1.16 (2.9 (ii)). Fiz N an A-module. Then given an exact sequence M' * M % M’ — 0,

we have B B
0 = hom(0, N) — hom(M"”, N) % hom(M, N) < hom(M’, N)

is exact. (Recall that hom(—, N) is contravariant.)

Exzxercise 2.1.17. Prove the above proposition, and prove it doesn’t preserve full short exact sequences.
Ezercise 2.1.18. homy (A, N) =2 N.

2.2 Tensor products

Definition 2.2.1. Suppose M, N, P are A-modules. A set map f: M x N — P is A-bilinear if for all x € M
we have f(x,—): N — P is A-linear and for all y € N we have f(—,y): M — P is A-linear. i.e. for all
z,x' € M, all y,y’ € N and all a € A, we have

flx,y+9y) = flz,y) + f(z,y)
fle+a'y) = f(z,y) + f(@',y)
flaz,y) = af(z,y)
= f(z,ay)

We will define an A-module M ® 4 N with the property that A-bilinear maps M x N — P are in bijection
with A-linear maps M ® 4 N — P.
Let C be the free A-module on generators M x N; i.e.

c= @ Ay

(z,y)EM XN

is the set of formal finite A-linear combinations

Z ai(@i, i)

i=1
where each x; € M, y; € N, and a; € A. Let D C C be the submodule generated by elements of the form
T+ x/a y) - (.Z', y) - (.T/,y)

(
° (x,y +yl) - (xay> - (CC,y/)
(ax,y) —CL(.Q?,y)

(

for z,2’ € M, y,y’ € N, and a € A.

Definition 2.2.2. We set M ® 4 N = C/D. Given 2 € M and y € N we let z ® y be the image in C/D of
(z,y) (i-e. (z,y) + D € M ®4 N); such elements are called tensors.

Remark 2.2.3. From the construction we see that

1. M ®4 N is generated by tensors.

10



Proof. If ¢ € C, then
c= Zai(l'ivyi)
i=1

SO
m(c) = Zaﬂr(xiayi) = Zai(mi ®aA Yi)
i=1 i=1
where 7: C — C/D is the quotient map. O

Note that the tensors do not freely generate M ®4 IN; there is no uniqueness in writing elements of
M ®4 N as a linear combination of tensors.

2. ® behaves bilinearly:

rRy+y)=ryt+rey

(z+2)oy=r0y+a’' oy
(az) @ y = 2 @ (ay)
=a(z®y)

Ezample 2.2.4. With A = Z, consider Z ®y, Z/2Z. Then 2 ® 1 € Z ®y, Z/2Z; in fact

201=2(1®1)
=1®2
=1®0
=1®(0-1)
=0(1®1)
=0
Ezample 2.2.5. Again with A =Z, consider 2® 1 € 2Z ®5 Z/27Z. Then 2® 1 # 0. Why?

Lemma 2.2.6. In general if M is generated by {x1,...,x, } and N is generated by {y1,...,ym }, then
M ®a N is generated by {x; ®y; ;i€ {1,...,n},je{l,....m}}.

Proof. M ® 4 N is generated by tensors z ® y but

x = Zaixi
y=>) by
TRY = <Z aixi) ® (Z bjyj)
= Z abjr; @ y;
O Lemma 2.2.6
So 27 ®yz, Z/2Z is generated as an A-module by 2® 1. So if 2® 1 = 0 then 2Z ®z Z/2Z = 0.

Lemma 2.2.7. If f: M — N is A-linear and P is another A-module then there is an A-linear map [ ®
idi M®4 P — N®a P such that (f ®id)(m ® p) = f(m) @ p. If [ is an isomorphism then so is f ® id.

Note that this is not completely trivial since not every element of the tensor product is a tensor, and
representations as an A-linear combination of tensors are not unique. Thus

(22) ®2 2)22 129 7.2 2,27 = 7,)27. + 0

(In general A®4 M = M.) So2®1+#0in 2Z ®z Z/2Z.
Moral: 2®1=0inZ ®zZ/2Z but 2R 1 # 0 in 2Z ®yz Z/2Z.
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Going back to the converse of 2.9(i):

Theorem 2.2.8. Suppose we have a (not necessarily exact) sequence
M 5 M5 M =0 (1)
such that for every A-module N we have
0 — hom(M”, N) 2 hom(M, N) % hom(M’, N)
is exact. Then (1) is exact.

Proof. We first check surjectivity of v. Taking N = coker(v) = M"/im(v), we have a projection m €
hom(M", N); then v(m) = mowv = 0, so by injectivity of ¥ we have = = 0 and coker(v) = 0. So v is surjective.
We now check that im(u) C ker(v). Letting N = M”, we have that 0 = u(v(idp)) = v o u; so
im(u) C ker(v).
We finally verify that ker(v) C im(u). Taking N = coker(u) with the projection = € hom(M, N), we
have 0 = u(n); so m € ker(v) C im(v). So there is f: M"” — N such that 7 = (f). But then for x € ker(v),
we have

So x € ker(m) = im(u). O Theorem 2.2.8

Theorem 2.2.9 (2.12—Universal property of tensor products). Suppose M, N are A-modules. Given any
A-module P and any A-bilinear function f: M x N — P, there is a unique A-linear map f': M @4 N — P
such that the following diagram commutes:

MxN—Lp

lo "

M®s N

i.e. every bilinear map on M X N factors through M ® 4 N .

Proof. Let C be the free module on generators M x N. Extend f to an A-linear map f: C — P by

f(Z ai(;, yi)) = Z a; f (w4, :)

Recall the submodule D generated by

T+ x/ay) - (-’E,y) - (xlay)

T,y + y/) - ($,y) - ($,y/)

° X

(
(
(az,y) — a(z,y)
(z,ay) — a(z,y)

for z,2’ € M, y,y’ € N, and a € A. Since f is bilinear, we have D C ker(f). So by the universal property
of quotients we get a uniquely determined A-linear map f': C/D = M ® 4 N — D such that the following
diagram commutes:

c—Lp

C/D

12



So, restricting to M x N, we find the following diagram commutes:

MxN—5p

o 2

M® 4

as desired. For uniqueness, suppose f”’ were another such map. Then for any m € M and n € N we have
fllm®@n) = f(m,n) = f’(m®@mn); so f' and f” agree on all tensors. But the tensors generate M ® N; so
=7 0 Theorem 2.2.9

Remark 2.2.10. M ®4 N is the unique A-module with this universal property.

Lemma 2.2.11. Suppose f: M — N is A-linear and P is an A-module. Then there is a unique A-linear
map f@1: M@P — N & P such that (f @ 1)(x ®@y) = f(z) ®@y.

Proof. Consider g: M x P — N ® P given by (z,y) — f(z) ®y. Then this is bilinear since f is A-linear and
® is bilinear. So the universal property gives us a uniquely determined A-linear map ¢': M @ P -+ N ® P
such that 2 ® y — g(z,y) = f(x) ® y. So we can set f ® 1 to be this ¢'. OO0 Lemma 2.2.11

Remark 2.2.12. We then have that — ® 4 P is a covariant functor.
Proposition 2.2.13 (2.14 (iv)). Suppose M is an A-module. Then A ®4 M = M.

Proof. Consider f: A x M — M given by (a,m) — am. The A-module axioms tell us that f is A-bilinear.
So the universal property of tensor products gives us f': A ® 4 M — M such that the following diagram
commutes:

A><M$>7 M
e T
ARQa M
so f'la®@m) =am. Let g: M - A®4 M be m — 14 ® m; then g is A-linear, and
(f'og)(m)=f'(1@m)

(g0 f)(a®@m) = g(am)
=1® (am)
=a(l®@m)

=a®m

for all a € A, m € M. In particular, f' o g = idps, and g o f’ agrees with idagys on tensors, and thus
go f'=idagnr. So f'is an isomorphism A ®4 M — M. 0 Proposition 2.2.13

One similarly verifies the following:

Proposition 2.2.14 (2.14).
1. (M@s N)®4 P2 M®s (N ®4 P) with isomorphism given on tensors by (x @y) @z~ r® (Y ® z).
2. M®4 N =N ®g M with isomorphism given on tensors by t @y +— y ® x.
3. (M&N)®R4P = (M®sP)®(N®aP) with isomorphism given on tensors by (m,n)Qp — (Mp, n@p).
Hom and tensor products are related: they are adjoints.

Proposition 2.2.15. Suppose M, N, P are A-modules. There is a canonical isomorphism of A-modules

hom(M ® N, P) = hom(M, hom(N, P))

13



Remark 2.2.16. Fix an A-module N. Let T be the functor M +— M ® N; let U be the functor M >
hom(N, M). Then the proposition says that hom (7' (M), P) = hom (M, U(P)).

Proof of Proposition 2.2.15. Given M ® N L P we define M L hom(N, P) given by m — (n +— f(m®n)).

Conversely, given M 2 hom(N, P), we define M @ N 4p by (m ®n) — g(m)(n). One checks that = and -
are A-linear and mutually inverse. L] Proposition 2.2.15

Intuitively, these are both isomorphic to the set of A-bilinear maps M x N — P.
We can use this to get exactness properties of ®:

Proposition 2.2.17 (2.18). Suppose M’ Lo M % M" = 0 is ezact. Then for any A-module N we have

MaoNI2 veoN 25 M o N =0

Proof. Suppose P be an A-module. Then

0 — hom(M"”, P) % hom(M, P) L5 hom(M’, P)
is exact by Proposition 2.1.14; so
0 — hom(N, hom(M", P)) — hom(N, hom(M, P)) — hom(N, hom(M’, P))

is exact by Proposition 2.1.16. Applying the previous proposition we get that this is isomorphic to

0 = hom(M” @ N, P) 2% hom(M © N, P) 125 hom(M’ © N, P)

which is then exact. (One checks that the arrows are indeed ¢ ® 1 and f ® 1.) By Theorem 2.2.8, since P

was arbitrary, we have that

MoNI2L Mo N 2% M o N =0

is exact. 0 Proposition 2.2.17

Note that ® is not exact:

Ezample 2.2.18. Consider 0 — Z ENY// given by x +— 2x; then 0 — Z ®y Z/27Z ELINY/ ®z Z./27 has
1®81—-21=1®2=1®0=0but 1®1+#0, and f ® 1 is not injective.

We can also express this by saying that 2Z is a submodule of Z but 2Z ®y Z/27Z is not a submodule
7 Q7 7Z)27; ie. v: 27 — Z has 1 ® 1: 2Z Q7 /27 — 7. ®z Z./27 is not injective.

The above can be expressed as saying that Z/27Z is not a flat Z-module.

Definition 2.2.19. An A-module N is flat if whenever M’ Iy M % M7 s exact then M’ @ N 125

M®N&>M”®Nis exact.

Proposition 2.2.20 (2.19). Suppose N is an A-module. Then the following are equivalent:
1. N is flat.

2. Whenever
oM LML M o

is exact we have
0MN->MN-—-M'QN =0

s exact.
3. Whenever f: M' — M is injective we have f @ 1: M' @ N — M ® N is injective.
4. Whenever M and M’ are finitely generated and f: M' — M is injective we have f@1: M'QN — MQN

1s injective.
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Proof.
(1) = (2) Easy.
(2) = (1) Suppose
YRR VN VL
is exact. We want exactness of

MoNP2L veN LY v e N

We get two short exact sequences:

L

0—im(f) = M %L im(g) = 0

and B
0 — im(g) = M" — coker(g) — 0

By hypothesis, we then have

0= im(f)oN Z5 MoN 225 im(g) 9 N = 0

and
LH®1

0—im(g) ® N =25 M” @ N =24 coker(g) @ N — 0 (2)
are exact. But then
im(fel)=(f(z)Qy:2" e M,ye N)=im(t®1) =ker(g® 1)
Claim 2.2.21. ker(g® 1) = ker(g ® 1).

Proof. By definition of § we have the following diagram commutes:

M —2— M
e
im(g)

Since — ® N is a functor, we then get the following diagram commutes:

MeoN 22 M"o N

J{@@l /
" ®1
m(g) @ N

But by exactness of (2) we have ¢ ® 1 is injective. So ker(g ® 1) = ker(g ® 1). O Claim 2.2.21
So im(f ® 1) = ker(g ® 1), and we have that
MeoNIZ MeoN B M oN

is exact.

(3) < (2) Proposition 2.2.17.
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(4) = (3) Suppose M’ ERG VST injective. Suppose u € ker(f ® 1); we wish to show u = 0. Write

n
U:Z$i®yi
i=1

where each z; € M’ and y; € N. Then
0=(f@l)(w =) flz)®y
i=1

in M®N == CM,N/DM,N~ So

Z(f(ﬂfi),yi) € Du,n
i=1
and is thus a finite linear combination (*) of generators of Dy n. Let My be the submodule of M
generated by f(z;) fori € {1,...,n} and by the elements of M appearing in (*). Let M} = (x1,...,zy)
be the submodule of M’ generated by z1,...,z,. Then
Z(f(-%‘)a?ﬁ) € Dy v < CuyN
i=1

by the same witness as (*). So
> fla) @y =0
i=1

in Mo ® N = Cuy.N/Dugg.n- Let fo = f | My: My — Moy; then fy is injective. By hypothesis we have
fo®1l: Mj®@ N — My ® N is injective. Let

n
=1

But

(fo@ 1)(uo) =Y flw:) @y; =0
i—1
in Mo ® N. So vg =0. So

n
Z(xuyi) € Dyyn < Cmpn < Cmr N
i=1
(and in particular Dy v < Dy N); 80

n

Z(%»yz) € Dy N

=1

and .
u=Y T ®y =0
i=1

in M'®N. 0 Proposition 2.2.20

Ezample 2.2.22. Free modules are flat. As an easy example, let F' = A@ A. Suppose f: M’ — M is injective.

We then have

MeAod) —T2 s MeAaeA)

F F

(M'"®4A)® (M ®4 A) (M®aA)d(M®aA)
M @ M’ @ M®eM
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Tracing through to find what « should be, we find that if (z,y) € M’ & M’, we get
(@, ) = (z®1,y®1) = 2©(1,0)+y®(0,1) = f(2)@(1,0)+f(y)®(0,1) = (f(2)®1, f(y)®1) = (f(2), f(y))

So a(z,y) = (f(z), f(y)), and « is injective. So f ® 1 is injective. Since f was arbitrary, the previous
proposition yields that A & A is flat.

2.3 Algebras
Definition 2.3.1. An A-algebra is a ring B with a ring homomorhpism f: A — B.

Remark 2.3.2. f induces an A-module structure on B by ab = f(a)b for a € A, b € B; this is indeed an
A-module structure on B since f is a ring homomorphism. The A-module structure on B is compatible with
the ring structure on B in the sense that

a- (bibz) = f(a)(bib2) = (f(a)b1)be = (a - b1)bo

Remark 2.3.3. Suppose B is a ring with an A-module structure satisfying a - (b1b3) = (a - b1)bs. Then B is
an A-algebra and the A-module structure is the induced one.

Proof. Define f: A— B by a+> a-1p. Then f is a homomorphism since

fla1 +a2) = (a1 +a2) - 1p
=a1-1gp+as-1p
= f(a1) + f(a2)
flaraz) = (ar1a2) - 1p
=ay(az-15)
= (a1(1p(az - 1))
= (a1 -1p)(az-1p)
= f(a1)f(a2)

0 Remark 2.3.3

The point is that rings with an A-module structure satisfying a - (b1b3) = (a - b1 )by are exactly the rings
with a homomorphism f: A — B.
Example 2.3.4.

1. Suppose A = k is a field. A k-algebra B is just a ring containing k as a subring. Indeed, every ring
homomorphism on a field is injective, so we can identify k with its image f: k — B.

2. Every ring is a Z-algebra via the unique ring homomorphism f: Z — B; namely

Ip+---+1p n>0
[ ——
n— n times

—f(—n) else
3. Suppose A is a ring. The polynomial ring A[tq,...,t,] is an A-algebra with respect to the inclusion
A— A[tl,...,tn].

Definition 2.3.5. Suppose f: A — B is an A-algebra. An A-subalgebra is a subring f(A) C B’ C B; then
the following diagram commutes:

B -5, B

i%
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Definition 2.3.6. Suppose f: A — B is an A-algebra with X C B. We define the A-subalgebra generated
by X, denoted A[X], to be the smallest A-algebra containing X; i.e. the intersection of all subalgebras
containing X.

Ezercise 2.3.7. A[X]|={P(x1,...,2n): P € Alt1,...,tn],n >0,21,...,2, € X }.

Definition 2.3.8. We say B is a finitely generated A-algebra if B = A[X] for some finite X C B. We say B
is a finite A-algebra if B is finitely generated as an A-module; i.e. there are z1,...,x, € B such that every
element of B is of the form .

S

i=1

where each a; € A.

Exercise 2.3.9. Every finite A-algebra is finitely generated.
Ezxample 2.3.10.
1. Suppose A = kis a field. Then a finite k-algebra is a finite dimensional k-vector space with a compatible
ring structure.

For example, consider B = k[t]/(t?) as a k-algebra. Suppose b € B; then b takes the form P(t) + (¢?)
for some P(t) = a,t™ + - + ag € k[t]; then b = a1t + ag + (£?) = a1(t + (t2)) + ao(1 + (#?)). So as a
k-vector space B is spanned by t + (t?) and 1 + (#?); so B is a finite k-algebra.

2. B = k[t] is a finitely generated k-algebra generated by ¢. But {1,¢,2,...} is a k-linearly independent
set in B; so B is not a finite k-algebra.

Definition 2.3.11. Suppose fi: A — By and fy: A — By are A-algebras. An A-algebra homomorphism is
f: By — Bs is a ring homomorphism that is A-linear; i.e. such that the following diagram commutes:

B, — B,

fll V

Lemma 2.3.12. Suppose f: A — B is a finitely generated A-algebra. Then B = Alty,...,t,]/I as A-
algebras for some ideal I C Alty, ..., ty].

Proof. Suppose x1,...,x, € B generate B as an A-algebra. Define F': Afty,...,t,] > Bbya—a-1= f(a)
fora € Aand t; — x; for i € {1,...,n}. This defines an A-algebra homomorphism, since it extends f.
Also im(F) contains x1,...,x, and is an A-subalgebra; so f is surjective. So, by the first isomorphism
theorem for rings, we get an isomorphism F: A[t,...t,]/ker(F) — B; one checks that F is A-linear.

[J Lemma 2.3.12

Definition 2.3.13. Suppose f: A — B is an A-algebra and M is a B-module. We get a natural A-module
structure on M via
a-m= f(la)m

This A-module is called the restriction of scalars of M to A.

Proposition 2.3.14. If B is a finite A-algebra and M is a finitely generated B-module, then the restriction
of scalars of M to A is a finitely generated A-module.

Proof. Say by, ...,b, generate B as an A-module; say myq, ..., my generate M as a B-module. Then
{bm;:ie{l,....n},je{l,...,0}}
generates M as an A-module. 0 Proposition 2.3.14

We can also go in the opposite direction:
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Definition 2.3.15. Suppose N is an A-module. Then B ® 4 N has a B-module structure given by
b-(b'@n)=OY)an

ie.
k

k
b(Z b ® m) = Z(bbi) ® n;

i=1
(One checks that this is well-defined and satisfies the module axioms.) This construction is called eztension
of scalars.

Example 2.3.16. Consider A = k a field; suppose B is a k-algebra. Suppose A C B and

is a finitely generated k-module (i.e. vector space over k). Then

B®r M = B Q®y (ékmz> = B Ry (ék) %’é(B@)kk)%’éB
=1

i=1 i=1 i=1
is a free B-module with generators 1 @ my,...,1 ® m,,.

In general we have:

Proposition 2.3.17. Suppose M is generated as an A-module by my,...,my,. Then B®4 M is generated
as a B-module by 1 @ my,...,1 Q@ m,,.

2.4 Tensor products of A-algebras

Suppose f: A — B and g: A — C are A-algebras. Consider D = B ®4 C. We wish to make D into an
A-algebra.

Proposition 2.4.1. There is an A-bilinear map p: D x D — D such that
ub@c,b @)= (b')® (cc’)

Proof. We want A-linear n: D — homy (D, D); i.e. we want A-bilinear n;: B x C' — homyu(D, D). Fixb € B
and ¢ € C; we then define 71 (b,¢): B®&C — D to be the A-linear map corresponding to the A-bilinear map

BxC—=D
', ) (b)) @ (cc’)

One checks that everything involved is bilinear, and thus that we indeed get A-linear n: D — hom (D, D);
this then induces bilinear u: D x D — D given by (z,y) — n(z)(y). In particular, we have

pb@c b @d)=nbac)(t) @c)=mn(bc)b &c)= ()& (cc)
0 Proposition 2.4.1

Exercise 2.4.2. Check that p makes D into a ring; then by bilinearity we have B ® 4 C' is an A-algebra.

Remark 2.4.3. The identity element of B ®4 C is 15 ® 1¢. The ring homomorphism A — B ®4 C defining
the algebra structure on B ®4 C is given by a — f(a) ® g(a). (Recall that f: A — B and g: A — C were
the original algebra structures.) We also get canonical ring homomorphisms

B—- By C
b—b® 1o

and

C—-B®sC
c—1lp®ec
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Ezample 2.4.4. With A = Q, we have Q[t] ®g R = R[t] as R-algebras via the map
(antn+"‘+Q0)®T’|—>Tantn_|-...+Ta0

Ezample 2.4.5. Again with A = Q we have Q[t1] ®g Q[t2] = Qlt1,t2] is generated by t} ® t5* for m,n € N.

3 Interlude: Finitely generated modules over PIDs

We follow chapter 12 of Dummit and Foote.
Definition 3.0.1. Suppose M is an A-module and X C M. We say X is linearly independent if whenever

a1+ +ae =0

then
ap=--=a =0

(for a; € A, z; € X). A basis for M is a linearly independent generating set.
Lemma 3.0.2 (1). Suppose M is an A-module. Then M has a basis if and only if M is free.
Proof.
(=) Suppose X C M is a basis. Consider the map
@ Axr — M
zeX

given by

(agzx:x € X)— Z%UF
reX

This is surjective since X generates M it is injective since if
Z azx =10
reX
then (ayz : x € X) = 0. Composing with the canonical isomorphisms Az — A, we see
M=PA
zeX

and M is free.

(<= Suppose

M=pA

zel
Let e; = (0,...,0,1,0,...) be the standard basis vectors of

D4
xzel
Then the images of the e; form a basis for M. O Lemma 3.0.2
Remark 3.0.3. When X is a basis for M, we get A-linear maps m,: M — A for all z € X given by

Z ayY > Qg

yeX

m= Z e (m)x

zeX

These satisfy

for all m € M.
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Even when M is not free, linearly independent sets may exist and be useful.

Definition 3.0.4. Suppose A is an integral domain; suppose M is an A-module. We say M is of finite rank
if there is a maximal m € N such that M has a linearly independent set of size m; in this case, m is called
the rank of M. Otherwise we say M is of infinite rank.

Lemma 3.0.5 (2). Suppose A is an integral domain. Then the free module

is of rank m.

Proof. Let I be the fraction field of A. Consider

F"=F&...0F
—_——

n times
as a vector space over F; then M C F™. Suppose Z1,...,Tmy1 € X; then {x1,..., 21 } is linearly
dependent, and we have some fi,..., f;,41 € F such that

fizi+ -+ for12my1 =0

Multiplying by a common denominator, we may assume that each f; € A, and thus that {z1,..., 241 } i
linearly dependent in M. So the rank of M is at most m. But we have an obvious linearly independent set
of size m; so the rank of M is m. OO0 Lemma 3.0.5

Remark 3.0.6. Suppose A is an integral domain.
1. By Lemma 3.0.2, we don’t expect in the general finite rank case to get a basis.
2. If N < M and rank(M) = n then rank(N) < n.

Definition 3.0.7. Suppose A is an integral domain; suppose M is an A-module. A torsion element of M
is & € M such that ax = 0 for some non-zero a € A. We write

Tor(M) ={xz € M : z is torsion }
Then Tor(M) is a submodule of M.
Lemma 3.0.8 (3). Suppose A is an integral domain. Then
1. M is torsion if and only if rank(M) = 0.

2. Free modules are torsion-free.

Proof.
1. Well
M is torsion <= for all z € M we have non-zero a € A such that ax =0
<= for all z € M we have that {a} is linearly dependent
<= rank(M) =10
2. Say

Suppose x = (a; : i € I) € M; suppose we have non-zero a € A such that az = 0. Then aa; = 0 for all
i€I,and thus a; =0 for alli € Iy so x = (a; : t € I) = 0. So M is torsion-free. O Lemma 3.0.8
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Proposition 3.0.9 (4). Suppose A is a PID and M is a free A-module of rank m. Suppose 0 # N < M is
a submodule. Then

1. N is free of rank n < m.
2. There exists a basis Y1,...,Ym of M and ay | a | --- | apn, such that { a1y1,...,anyn } is a basis for N.

Proof. Consider homa (M, A). If o: M — A, then p(N) C A is an ideal; so, since A is a PID, we have
@(N) = (an) for some a, € A. Define

Y ={o(N): 9 €homy(M,A)}
Claim 3.0.10. ¥ has a mazimal element.

Proof. We apply Zorn’s lemma. We need to check that if Iy C I C ... is a chain in ¥ then
ULiex

Since A is a PID, we have

U]i = (CL)

for some a € A. So a € I, for some ig; so
UQ:%GE [0 Claim 3.0.10

Claim 3.0.11. ¥ # {0}.

Proof. Well, we are guaranteed some basis { z1,...,z,, } for M; we then get projections m;: M — A such

that .
x = Z i (x)x;
i=1
for all z € M. But N # 0; so there is x € N such that  # 0. Then
0#x= z:ﬂ'l(ac)aﬁz
i=1
So, since { x1, ..., x, } are a basis, we have some iy € {1,...,m } such that m; () # 0. Then 0 # m;,(N) € X.

O Claim 3.0.11

Let v(N) € ¥ be maximal, where v € homa (M, A). Let v(N) = (a1); pick y € N such that v(y) = a;.
Note that a; # 0 by the claim.

Claim 3.0.12. a; | ¢(y) for all ¢ € homy (M, A).

Proof. Since A is a PID, we have (a1, ¢(y)) = (d) for some d € A; say d = r1a1 + ra¢(y) where 1,79 € A.
Consider
Y =711+ T2 € hom 4 (M, A)

Then (N) 3 ¥(y) = r1v(y) + rap(y) = ria; +r2p(y) = d. So (a1) C (d) C ¥(N) € X; so, by maximality of
v(N) = (a1), we have (d) = (a1). So ¢(y) € (a1); so a1 | p(y). O Claim 3.0.12

Claim 3.0.13. There exists y; € M such that
1. vip) =1
2. Ay; Nker(v) =0 and Ay; + ker(v) = M. (One checks that this implies M = Ay, @ ker(v).)
3. A(a1y1) ® (ker(v) N N) = N.
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Proof. Fix a basis x1,...,x,, for M; consider the projection 7;: M — A. Then for the y € N that we
previously defined (with v(y) = a1) we have

y=> my)w
i=1

But by the previous claim we have ay | m;(y), so m;(y) = a1b; for some by,...,b,, € A. So

m m
y= Zmbﬂ“i =a Z bir; = a1y
i=1 i=1
where .
v = bz,
i=1
We now check the desired properties.
1. Well, v(a1y1) = v(y); so a1v(y1) = aq in A, and v(y;) = 1.
2. Suppose x € M. Then
vz —v(x)y) = v(x) —v(z)v(y) = v(z) —v(z) =0

since we previously showed that v(y1) = 1. So z = v(z)y1 + (¢ — v(x)y1) € Ayr + ker(v), and
M = Ay; + ker(v).

On the other hand, let z € Ay; Nker(v). Then x = ay; for some a € A. But then
0=v(z)=v(ay) =av(y1) =a

So x = 0. So Ay; Nker(v) = 0.

3. Note a1y1 =y € N; so A(ary1) + (ker(v N N) C N. As before, given 2z € N we have
z=v(z)y + (v —v(x)y)
where z — v(x)y; € ker(v) as before. But z € N, so v(z) € v(N); so v(z) = bay for some b € A. So
x = baryr + (xr — baryr)
where we still have that  —bayy; € ker(v); furthermore, @ —bajy; € N since © € N and a;y; € N. So
N = A(a1y1) + (ker(v) N N)

Also A(ary1) N (ker(v) N N) C Ays Nker(v) = 0. O Claim 3.0.13

We now prove the statements of the theorem.

1. Apply induction on n = rank(N) < rank(M) = m (where the inequalities and equalities follow from
previous lemmata).

If n = 0, then by a previous lemma we have that N is torsion. But M is free and is thus torsion-free.
So N = 0.

Suppose n > 0.
Ezercise 3.0.14. If M’, M" are finite rank, then rank(M’ ® M") = rank(M’) + rank(M").

By part (3) of the previous claim, we then get rank(ker(v) N N) = n— 1. So ker(v) N N is a submodule
of the free module M of rank n — 1; so ker(v) N N is free of rank n — 1 by the induction hypothesis.
So N is free of rank n.
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2. Apply induction on m the rank of M. By part (1), we have ker(v) is free; by part (2) of the claim, we
have rank(ker(v)) = n — 1. By the induction hypothesis, we then get ys, ...,y a basis for ker(v) and
as | ag |-+ | ap in A such that { agyz,...,anyn } is a basis for ker(v) N N.

Then by the claim we have y1,..., ¥y, is a basis for M and a1y1,...,a,¥y, is a basis for N; it remains
to check that aq | as.

Consider ¢: M — A given by

y1+—)1
yg — 1
y;—~0forig {1,2}

Then @(a1y1) = a19(y1) = ay; thus (a1) < p(N) € X since ajy; € N, and by maximality of
(a1) we have (a;) = @(N). Also ¢(asys) = azp(y2) = ag; so az € o(N) = (a1), and a1 |
as. OO0 Proposition 3.0.9

Theorem 3.0.15 (5: Fundamental theorem for finitely generated modules over PIDs, existence). Suppose
A is a PID and M is a finitely generated A-module. Then M =2 A" ® A/(a1) ® ... A/(am) for somer >0
and ay | as | -+ | am are non-zero non-units unit A.

Remark 3.0.16.

1. All the factors on the RHS are cyclic A-modules, so in particular this says that every finitely generated
A-module is a direct sum of cyclic submodules. (Note that any cyclic A-module is of the form A/T
where if N = (z) then I = Ann(z); in a PID, we have I = (a).)

2. Each factor of the form A is free; each factor of the form A/(a;) is non-trivial torsion. This then splits
M into a free part and a torsion part.

Corollary 3.0.17. Suppose A is a PID and M is a finitely generated A-module.

1. In Theorem 3.0.15, we have
Tor(M) 2 Af(a1) ®...® A/(am)

2. M is free if and only if M is torsion-free.
3. In Theorem 3.0.15, we have r = rank(M). (In particular, the r in Theorem 3.0.15 is unique.)
Proof.

1. We saw
Al(a1) @ ... A/(am) C Tor(M)

Conversely if
a= (L1, o s Try Y1,y Ym) EA" B A/(a1) B ... A/(am)

is torsion then there is 0 # b € A such that
ba = (bxy,...,bxr,y1,.. ., Ym) =0
Sobxr;=0forie{l,...,m};sox;=0forie{l,...,m}. So
a=9),0,...,0,y1,...,Ym) € A/(a1) ® ... ® A/(am)
2. Follows from A.
3. By a previously given exercise we have
rank(M) = rank(A") 4 rank(Tor(M))

which is then r + 0 = r by Lemma 3.0.5 and Lemma 3.0.8. O Corollary 3.0.17
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Proof of Theorem 3.0.15. Note that we get the a; non-zero and non-unit from the main statement since if

a; = 0 then A/(a;) = A can be absorbed into A", and if a; is a unit then A/(a;) = 0 can be thrown out.
Now, let z1,...,x, generate M as an A-module. Consider w: A™ — M given by e; — x; (where

{e1,...,en } is the standard basis for A). Then 7 is a surjective A-linear map. Thus we get an isomorphism

7. A"/ ker(m) = M

Apply Proposition 3.0.9 to ker(w) to get a basis yi1,...,y, for A" and a; | az | --- | am in A such that
{a1y1,...,amYm } is a basis for ker(n), for some m < n. Then

M= Ay &...8 Ay,)/(Alaryr) @ ... & Alamym))
Consider
i Ay @.. Ay, = Af(a1) @ ... 8 Af(am) DA™
(1y1s .-y Qplyn) = (aq mod (a1), ..., am mod (am), Qmit,- .., Q)
for a; € A. Then f is an A-linear map and is surjective since f is the direct sum of quotient maps. Also
ker(f) = A(a1y1) @ ... ® A(amym)

So
M=A/(a)®...0A/(ay,) ® A™™

O Theorem 3.0.15
We can do better: we can decompose A/(a;) further. We will need:

Lemma 3.0.18 (7: Chinese remainder theorem). Suppose A is a ring and I and J are ideals of A such that
I+J=A (we say I and J are comaximal). Then

A/(INnJ)=A/I®A/J
as rings (and in particular as A-modules).
Proof. Pick x € I and y € J such that x +y = 1. Consider

A= AT AT
a— (a+1,a+J)

We need to show that f is surjective: given a,b € A we need to find ¢ € A such that

c+I=a+1
c+J=b+J

i.e.
c=a (modI)

c=b (mod J)ce+J=b+J
Let ¢ = bz + ay. Then

c+I=0bx+1)+ (ay+1)
=b+D+D)+@@+Dy+I)
=(a+I)(y+1)
=(@+DH1—-z+1)
=(a+ 1)1 +1)
=a+1

and similarly we get c+ J =b+ J. O Lemma 3.0.18
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By induction one can prove more generally that if Iy,..., I, are ideals of a ring A with I; +I; = A for
all ¢ # j then
A/(LNn---NL)2A/L ... A/

as rings.
Suppose now that A is a PID and a € A is a non-zero non-unit. Then A is a UFD, so we can write
a = up]*...p% where u € A*, p1,...,ps are distinct primes in A, and oy, ..., o are positive integers. Then

(a) = (p*) N--- N (p%) by prime factorization. If ¢ # j then (p;*) + (p;l") = (d) for some d € A; but then
d is a common divisor of p{'* and p;’, so d is a unit in A and (pf*) + (p;’) = A. So the Chinese remainder
theorem yields

Af(a) = A/(p?") & ... & A/(pS°)
So Theorem 3.0.15 implies:

Theorem 3.0.19 (8, FTFGMPID, existence, elementary divisors form). Suppose A is a PID and M is a
finitely generated A-module. Then

M=A"¢eA/(p{")@...A/(p;")
where p1,...,py are (not necessarily distinct) primes in A and aq, ..., are positive integers.

Ezercise 3.0.20. Derive Theorem 3.0.15 from Theorem 3.0.19. The problem is to recover the aj | -+ | am
condition; the solution is to use the Chinese remainder theorem to put the p; back together properly.

Definition 3.0.21. We call p{, ..., py* the elementary divisors of M; we call aq,...,a,, that appeared in
Theorem 3.0.15 the invariant factors of M. (Note that this implicitly assumes uniqueness, which we have
yet to prove.)

Theorem 3.0.22 (9). These forms are unique; i.e.

1. If we also have )
M=A" 9A/(d)®...® A/ (am)

with ay | - | a,,, non-zero and non-units then r =r', m =m’, and (a;) = (a}) for alli € {1,...,m}
(i.e. a; is the product of a unit and a}; we then write a; ~ a; and say they are associates ).

2. If we also have ) ) )
M=A" & A/((p)™) & ... & A/((py)™)

with py,...,p, primes and o, ..., o} positive integers, then r= r', t = t', and after reordering we
have a; = o and p; ~ p} (and in particular that (p;*) = ((p})*)).

We will need

Lemma 3.0.23 (10). Suppose A is a principal ideal domain, p is prime in A, and F = A/(p) (so F is a
field as (p) is prime and thus mazimal). Suppose

M=A/(a1)®...®A/(ar)
with each a; divisible by p. Then M /pM = F* as vector spaces over F.

(One should check that in general for I C A an ideal we have that M /IM is naturally an A/I-module
via (a+ I)(x+IM)=ax+IM.)

Proof. Fix i€ {1,...,k}. Consider the quotient map m;: A/(a;) — (A/(a;))/p(4/(a;)). But

p(A/(ai)) = {pa+(a;) :a € A} = (p)/(as)

since p | a;, and thus (a;) C (p). Thus

(A/(a:))/p(A/(a:)) = (A/(ai))/((p)/(a:)) = A/ (p) = F
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by the second isomorphism theorem. Consider then
m:M=A/(a))®...A/(an) — F*
(a1,...,a) = (m (a1, ..., 7x(ak))
Then 7 is a surjective A-linear map, and
ker(m) = {(a1,...,ax) : each a; € p(A/(a;)) } = pM
Thus M /pM = F* as A-modules; one checks that the isomorphism is F-linear. O Lemma 3.0.23

Proof of Theorem 3.0.22. We have already seen that r = rank(M) and hence is uniquely determined in both
forms of FTFGMPID. Considering M /A", we may assume M is torsion; i.e. that r = 0.

2. Fix a prime p € A; consider
M][p] ={x € M : some power of p annihilates x }
Then M|p] is a submodules of M. Then

Mpl= D 4/

i€{1,...,t}
pi~p

since if p; o p and a € A has p®a € (pj''), then p{ | p®a; so p | a by unique factorization, and
a € (pi). Also

Mpl= @ A/p)
ie{1l,.,t'}
pi~p

Working with one p at a time, we have reduced to the case when all p; and p} are associates of p.
Multiplying by a unit (which doesn’t change the ideals), we may assume
pL=pa=-=p=py=ph=--=py=p
So ) )
A/p™)®... 0 A/(p™) =M =A/(p™)&... & A/(p™)

As in Lemma 3.0.23, we have M /pM = F' and M /pM = F' as vector spaces over F; so t = t'. We
then get ) )
A/p*)@.. .0 A/(p™) =M =A/(p™) & ... A/(p™)

Re-order that
ar=ay=-=ap=1<amt1 < ni2 < <oy

and
I = _ A / / /
al_a2_"'_am’_1<am’+1gam+2§"'éat

Note that p** M = 0 implies o < ay; symmetrically we get oy < o}, and oy = .

We proceed by inductino on a;. If oy = 0, then M = 0, and there is nothing to do. Suppose then that
ay > 0. Then

pPM = pA/(p* i) & .. @ pA/(p™) 2 A/t @ e A/ (p™ T
since A — pA — pA/(p®) has kernel (p®~1), so by the first isomorphism theorem we have
A/ = pA/ (™)
forie {m+1,...,t}. We similarly get
A/ @ e A/ (™ 1)
The induction hypothesis then applies to pM to get t — m = ¢t — m’, and thus m = m’, and that

— A/ — A/
A1 = Q1505 O = Qe
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1. We obtain the elementary divisors pi*,...,p;" from the invariant factors as, ..., a,, by considering the
prime factorization. Since ay | --- | am,, it must be that a, is the product of the largest powers of
primes appearing in the elementary divisors; likewise a,,—1 is the product of the largest powers of
primes appearing in the elementary divisors after removing those appearing in a,,, and so on. Thus
the a; are determined by the p{; uniqueness of the invariant factors follows. O Theorem 3.0.22

Example 3.0.24. Consider A = Z; then FTFGMPID is exactly the fundamental theorem of finitely generated
abelian grapes. i.e. That any finitely generated abelian grape is isomorphic to something of the form

77oZ/mZ®...®ZL/n,7Z
where ny | -+ - | n,y, are integers > 1. We also get that it is isomorphic to something of the form
L' ® LI LS ... ®L/pi L

where p1,...,p; are positive prime numbers and a4, ..., a; are positive integers. Furthermore, both of these
decompositions are unique.

Ezample 3.0.25. Consider A = F[t] where F is a field; then A is a PID. Note that an F[t]-module is simply
an F-vector space equipped with a linear transformation T': V' — V| where multiplication is

ft)w=a,T"() +a, 1T v)+ - +a1T(v) + agv = f(T)v
Consider the F[t]-module V' = F[t]/(a) where a € F[¢] is monic and of non-zero degree; say
a(t) =tF + bp_1t* 1+ byt + by

Let f denote the image of ¢ in V. Then { 1,7, (£)%,...,(£)*~1 } is a basis for V as a vector space over F. The
matrix of T" with respect to this basis is

00 ... 0 —b
10 0 —b
c.=|0 1 0 —b
00 ... 0 —bp

since

T(H*h

We call C, the companion matriz.
Now, let V' be any finite-dimensional F-vector space with T: V' — V; then V is an F[t]-module, and in
particular is finitely generated as an F'[t]-module. So, by FTFGMPID, we get

= b (D = = bt — by

I
—~
|
~
Ea

VFit] & Fit]/(a1) & ... & F[t]/(am)

where a1 | ag | - -+ | am are monic polynomials of non-zero degree. (Note that a,, is the minimal polynomial
of T.) Since F[t] is not finite-dimensional, we have that » = 0. So

V=Ft]/(a)®...® F[t]/(am)

Choose basis for each cyclic factor as above; then their union B is an basis for V' as a vector space over F'.
The matrix of T' with respect to this basis is

Ca, 0
Ca,

0 Ca m

28



This is called the rational canonical form of T'; its uniqueness follows from our previous results. So we have
proven the rational canonical form theorem.

Now, consider V' = F[t]/(t — A\)* for A € F and k > 0. One checks that { (t —\)*"1,... (f—)\),1}is an
F-basis for V. What is the matrix of T with respect to this basis? Well

T(E- MY =t =Nt =F = NE- NP A== E -\

and

T((F— A)F2) = (@ — A1+ AE - A)F2

etc. So the matrix of T is

A1 0 0 0

0 X 1 0 0

0 0 X 0 0
Ik = :

0 0 O Al

0 0 0 0 A

a Jordan matriz.
Suppose now that V is a finite-dimensional vector space over F' and T: V — V; view this as an F[t]-
module. So, by the elementary divisor form of FTFGMPID we have

VEF" o Fit]/(p") ©... o Flt]/(p7")

where pi,...,pe are irreducible monic polynomials of non-zero degree. Again r = 0 since V is finite-
dimensional.
Suppose now that F is algebraically closed; then each p;(t) =t — \; for some \; € F. So

V= F/((t=A)f) @ ... @ F[t]/((t = X))
Choose bases for the factors as before; then their union B is a basis for V' and the matrix of T with respect

to B is
J>\1a041 0

J>\2,042

0 J/\z/.,az

This is the Jordan canonical form of T'; so we have proven the Jordan canonical form theorem.

4 Chapter 3: Rings and modules of fractions, localizations

We return to Atiyah and Macdonald.
We have seen the construction of the field of fractions of an integral domain; we generalize this.

Definition 4.0.1. Suppose A is a ring. A subset S C A is called multiplicatively closed if
e 1€5.
e Ifu,v €S then uv € S.

Given a multiplicatively closed S C A, we define a binary relation = on A x S by (a,s) = (b,¢) if
(at —bs)u = 0 for some u € S. Note that if 0 ¢ S and A happens to be an integral domain then (a, s) = (b, 1)
if and only if at — bs = 0, and we recover the equivalence relation used to define the field of fractions.

It is clear that = is reflexive and symmetric.

Claim 4.0.2. = is transitive.
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Proof. Suppose (a,s) = (b,t) and (b,t) = (¢,u); then we have v,w € S such that (at — bs)v = 0 and
(vu — ct)w = 0. So

atvuw — bsvuw = 0
buwsv — ctwsv =0

= atvuw — ctwsv = 0
So (av — cs)tvw = 0; but t,v,w € S, so tvw € 5. So (a,s) = (¢, u). O Claim 4.0.2
Let S7'A = A[S7!(A x S)/ =; let 2 denote the equivalence class of (a,s). We view elements of S~A

as “fractions with denominators from S”. Note that

!/

a a
- =— <= (as' —d's)u=0 for some u € S

s

We make S~'A a ring by

a b at-+bs
ST T
ab_ab

s t st

FExercise 4.0.3.

1. Check that + and - do not depend on the choice of representation for the fractions, and are thus well-
defined.

2. Check that (S71A,+,-) is a commutative ring with 1 = % and 0 = % Moreover,

f:A—=S71A
a

at— —
1

Note that f defined above is not in general injective (or surjective); indeed,

0
a € ker(f) <= %:i < (a-1-0-1)v=0forsomev € S < av =0 for some v € S

If A is an integral domain and 0 ¢ S then f is injective. If A is an integral domain and S = A\ {0} then
S~'A = Frac(A) and f: A = Frac(A) is just the usual containment.
We generally assume 0 ¢ S. Indeed, if 0 € S then S~1A = 0.

Example 4.0.4.

1. Consider A =7 with S ={1,2,4,8,...}. Then
STlA=A[S1=17 1 :{ﬁ:aezwo}
2 2@ 3 -
More generally, if A is any commutative ring and s € A then we define
1
AH =574

s
where S = {1,s,5%,...}.

2. Let Spec A be the set of prime ideals of A; i.e. the set of ideals P ; A such that whenever ab € P we
have a € P or b € P. For P € Spec A, let S = A\ P. Then Ap is defined to be S~ A, which we call
the localization at P.
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Consider A = C(X — C) where X is a compact Hausdorff space. Fix a point o € X and let

Mg, ={f€A: flzg) =0}

Then A/m,, = C; so m,, is maximal, and in particular is prime. We can thus apply the above
construction to m,, to get

Any ={ L g e agtan) 20}
3. Let s € A and consider B = A[%} as before. What is Spec B in terms of Spec A7 Well, since B is an
A-algebra, we have that ideals I of A generate ideals ¢ = BI.

Claim 4.0.5. These are all the prime ideals of B.

Indeed,
Spec(A) = Spec (A H) L Spec(A/(s))

(where the 2 is a homeomorphism in the Zariski topology; to be defined later).

4.1 Universal property of S~'A

There is a natural map ¢: A — S~ A given by ¢(a) = 7. Note, however, that ¢ is not in general injective.
Indeed,

0
ker(ap):{aeA:?:1}:{a€A:as:0f0rsomesES}

So ¢ is injective if and only if S contains no zero divisors.
Notice ¢ is a ring homomorphism satisfying p(s) € (S71A)* for all s € S.

Proposition 4.1.1. Suppose : A — B is a ring homomorphism such that 1(s) € B> for all s € S. Then
there is a unique ring homomorphism v: S~'A — B such that the following diagram commutes:

A— B

Proof. Define QZ by

Then ¢ (p(a)) = 1;(%) = 1)(a), so the diagram does indeed commute. One then checks that this is the unique
ring homomorphism making the diagram commute. OJ Proposition 4.1.1

Corollary 4.1.2. Let B be a ring with a map : A — B satisfying
1. Y(s) € B* forallseS.
2. ker(¢p) ={a € A:as=0 for somes € S}. (Note that O follows from the previous condition.)

3. Each b € B has the form b = 1(a)(s)~* for some a € A and some s € S.

Then there is a unique isomorphism 7:2;: S~1A — B such that the following diagram commutes:

A— B
S—1A
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4.2 Localization of modules

Definition 4.2.1. Suppose M is an A-module; suppose S C A is multiplicatively closed. We define
STIM =M xS/~

where (m,s) ~ (m/,s') if (s'm —m’s)t = 0 for some t € S. One checks that this is an (S~!A)-module via
am _ am
st st
m m  §m+m's

/ /

S S SS

(where " is the equivalence class of (m, s)). (One also checks that these are well-defined.)

Remark 4.2.2. If f: M — N is an A-module homomorphism, it induces an (S~!A4)-module homomorphism
S~1f: S7IM — STIN such that the following diagram commutes:

M—1 N

l l

-1
Sy S g1y

where S f)(2) = f(;n).

Claim 4.2.3. ST'M 2 M ®4 S~1A.

Proof. Define ®: M®4 S 'A — S™'M by m®4 ¢ — 2. One checks that ® is an isomorphism of (S~ A4)-
modules. O Claim 4.2.3

If P C Ais a prime ideal, then we can also define the localized module at P to be Mp = M ® 4 Ap.
Claim 4.2.4. M =0 if and only if Mp = 0 for all such P.
Claim 4.2.5. f: M — N is injective if and only if fp: Mp — Np is injective for all such P.
Claim 4.2.6. A module M is projective if and only if Mp is free Ap-module for all such P.
Ezxample 4.2.7.

1. Suppose P C A a prime ideal; we define Ap = S~1A where S = A\ P. (Note that S is multiplicatively
closed since P is prime.) We call this the localization of A at P.

2. For f € A\ {0}, we define A = S7'A4 where S = {1, f, f2,...}. We call this the localization of A at

Why are these examples related? The motivation is from algebraic geometry.

Given a ring A, we define Spec(A) to be the set of all prime ideals in A. We put a topology on Spec(A)
called the Zariski topology by declaring the closed sets to be sets of the form V(F) for some E C A, where
V(E)={P € Spec(A) : EC P}. One checks that

V(0)=V({0})

= Spec(A)
V) =V({1})
=0
V(E)=V (U E)
i€l i€l

For unions, note that V(E) = V((E)A); one then checks that

VIE)UV(f) =V((E)A)UV((F)A) = V((E)-(F)) = V((E)N(F))
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FEzercise 4.2.8. (E) - (F) = (E)N (F) if and only if (E) + (F) = A.
What are the basic open sets? We get Spec(A) \ V(f) (where V(f) =V ({ f})) since
V)=V

feE

Suppose P € Spec(A). We define P - Ay to be the ideal in Ay generated by § for a € P. (Recall that the
localization map «: A — Ay is not necessarily an embedding.) We can also write P- Ay = a(P) - Ay. (Note
that this notion applies to arbitrary localizations.) In this particular case, we get

P-Af:{fan:aeP,nEO}

since for by,...,bp € Ay, a1,...,a¢ € P, and ny,...,ny € N we have

braq beay @
fr +o Tt fre _fN

for some a € P and N > 0.
Claim 4.2.9. Suppose f ¢ P; then PA; is prime in Ay.

Proof. Suppose
a b c

FoE T
for some ¢ € P and a,b € A. Then we have r > 0 such that
f7(ffab— frHme) = 0

so f*rab = frtmtrec P. But f ¢ P. Soab€ P;soa € Porbe P, and
a

I
b

fm

Claim 4.2.10. Suppose Q € Spec(Ay); then a=(Q) € Spec(A) \ V(f).

EP-Af

or
e P- Ay O Claim 4.2.9

Proof. We generally have that the pullback of a prime ideal is a prime ideal; it remains to check that

f ¢ a Q). Butif f € a=1(Q), we would have { € Q C Ay; but { is a unit in Ay, so Q = Ay,

contradicting our assumption that @ is prime. O Claim 4.2.10
Claim 4.2.11. Suppose f ¢ P; then P = a 1(P - AF).

Proof.

(©) Generally true.

(2) Suppose a € A has a(a) = § = f% € PAy for some b € P. Then

f"a=fbe P
So, since f ¢ P, we have a € P. O Claim 4.2.11
We then get a bijective correspondence

Spec(Ay) <> Spec(A) \ V(f)
P- Af ~— P
Q—a Q)
(One checks that a=1(Q) - A5 = Q.)
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Ezercise 4.2.12. This correspondence is a homeomorphism.

So the basic open sets in Spec(A) are of the form Spec(Ay) for f € A\ {0}.
Now, fix P € Spec(A). If f ¢ P then P € Spec(A) \ V(f), and Spec(A4) \ V(f) is a basic open
neighbourhood of P in Spec(A). But

() Spec(A) \ V(f) = () Spec(Ay) = Spec(Ap)
P igp

(Note that the above equalities are not literally true; one needs to make some identifications.) We think of
Spec(Ap) as capturing the local behaviour of P € Spec(A). (Note that in Ap we have that P - Ap is the
unique maximal ideal; so every @ € Spec(Ap) is @ C P- Ap.)

In particular, if A is an integral domain, then for any f € A\ {0} we have A C Ay C Frac(A). Then we

have
Ap = () Ay
fér

is literally true. This is in fact a directed union: given f,g ¢ P, primality of P gives that fg ¢ P, so
A C Apgand Ay C Ap,. (While arbitrary unions of rings are not typically rings, directed unions are.)

In general (i.e. if A is not necessarily an integral domain), there is a natural map Ay — Ay, by fi — %.

(Though these will no longer be embeddings.) We then have that Ap is the directed limit of the Ay.
FEzample 4.2.13. Think about what the topologies Spec(Z) and Spec(CJ[t]) look like.

The final exam will be Monday April 11** 12:30-3:00pm.
Recall that given S C A multiplicatively closed and M an A-module, we define S™'M = {2 :s € S} as
an (S71A)-module. In fact, given an A-linear map f: M — N we get an S~ A-linear map S~1f: S™1M —

S~IN given by = @

Proposition 4.2.14 (3.3). S~ is an exact functor; i.e. if
M L%

is exact then so is
1 M STif -1/ St -1 M

Proof. Since im(f) C ker(g) we have go f =0;80 0 = S~1(go f) = S71(g) o STL(f). (One needs to check
that S preserves composition.) So im(S~1(f)) C ker(S~*(g)).

Conversely, suppose 2 € ker(S™!(g)). Then S~*(g)(2) = 0; so @ =0in S7'M”, and there is t € S
such that g(tm) = tg(m) =0 in M”. But then tm € ker(g) C im(f); so tm = f(m’) for some m’ € M’. But
then

m tm  f(m') !

_ - Sl(f)<z> eim(S7'(f))

K ts ts
[0 Proposition 4.2.14

Corollary 4.2.15 (3.4).

1. Suppose N C M is a submodule; let .: N — M be the containment map. Then S™11: STIN — S~IM
given by = — %= is injective. We thus identify STIN with its image in S~*M and view ST'N C ST'M
as a submodule.

2. There is a natural isomorphism S~*(M/N) = S='M/S~IN.
3. Suppose PN C M are submodules; then S™'(N + P) = S7IN + S~1P (as submodules of S™1M).
4. STHPNN)=(STIN)N(S~IP).

Proof.
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1. Well, 0 —> N — M is exact; so by the previous proposition we get 0 — S~ IN 55§10 is exact,
and S~1, is injective.

2. Well,
0-N—->M-—-M/N—0

is exact; so by the previous proposition we get
0= S 'N—=S'M—-SHM/N)=0
is also exact. So S™Y(M/N) = S~ 1M/S7IN.

3. Note that
n+p _n  p

4. That S™Y(PN N) C (S7IN) N (S~!P) is clear. Suppose now that

o Ztl € (STIN)N(S~1P)

o =

Then utn = usp for some u € S; let = utn for this u. Then x € N N P. Then

t
a= o T gy py
S uts uts

O Corollary 4.2.15

We view S™1A as an A-algebra via the canonical map A — S™'A via a — 7. Given an A-module M,
we have two natural (S~ A)-modules: S™'M and S™!A®4 M.

Proposition 4.2.16 (3.5). ST1A®4 M = S~ M as (S~1A)-modules; in particular, there is an isomorphism

ST 1A M — S™IM such that
a am
—®@m— —
s s
Proof. Consider the map S™'A x M — S~!M given by (%,m) — %7 this is A-bilinear. So, by the universal
property for tensor products, we get an A-linear f: S~'A ®4 M — S~'M such that S ®@m +— “*. But
m

m— f(% ®m); so f is surjective.

Claim 4.2.17. Every element of ST'A®4 M is a tensor.

Proof. Suppose
a; _

Y ZLemeS Ao M
S;

%

Then
a’L a1 e Fa S]
& my; & my;
D liRD Phe il
=ZH$ Tsm
i 77 j#i
o (S alum

% VE

Hence every element of S™'A ®4 M is indeed a tensor. O Claim 4.2.17

Claim 4.2.18. f is injective.
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Proof. By the previous claim, it suffices to check tensors. Suppose
a
3 ®m € ker(f)

Then “ am
0= p(tom) ="
s s
So there is t € S such that tam = 0. But then

t 1 1
Com=om=—@tam=—®0=0 0 Claim 4.2.18
S ts ts ts

So f is an A-linear isomorphism. To see that f is (S~!A)-linear, note that

alb ab abm  a (bm a . [b
1(5(Fom) =s(Gem) =2 =5 (F) =G om)

So f is an (S~ A)-linear isomorphism. O Proposition 4.2.16
Corollary 4.2.19 (3.6). S™1A is a flat A-algebra (i.e. is a flat A-module).

-1 -1
Proof. Suppose M’ Ly M % M” is exact. Then by Proposition 4.2.14 we have S~1M LAREINYSES Y VLN
M" is exact. By Proposition 4.2.16 we have that

STIM' 2 ST A®a M
STIM=S"1A, M
SflM// o~ S—lA R4 M//

Also, one notes that the following diagram commutes:

sipy — ST g1y

=] |

SlAw, M 2L s-1A g, M
Since going one way we get

%@mH%H@:@H%@@ﬂm)

and going the other way we get
g ®@m — % ® f(m)

Likewise we get

S—1pr 57'g S—1pp7

4 F

STTA®s M —2%5 ST1A®, M”
So the following diagram commutes:
s S gy S gy

~ ~ ~

S MA@, M 25 s 1a0, M 2% 5140, M

Then, since the top line is exact, we have that the bottom line is as well (exercise). So S~!A4 is a flat A-
module. O Corollary 4.2.19
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In particular, the following are flat A-algebras:

e Ap where P C A is a prime ideal.

o Af where f € A\ {0}.

o If Ais an integral domain, then Frac(A) is a flat A-algebra.

Proposition 4.2.20 (3.7). Localization commutes with ®; i.e. given A-modules M, N and multiplicatively
closed S C A, we have an isomorphism (of (S~1A)-modules)

STIM ®g-14S7IN =2 S7H (M @4 N)
(T ® 2) . m@mn
S t st

Proof. Well, by Proposition 4.2.16, we have
STIM®g-14 S "N (ST'A®A M) ®g-14 (ST*A®a N)
We leave it as an exercise to then check that this is in turn isomorphic to
M®a (ST 'A®g-14 (ST'A®4 N))
and that this is in turn isomorphic to
M@y (ST"AQuN) 2 (M@ N)@a S TA=2 S Y (M ®4 N)

(where the last isomorphism is again by Proposition 4.2.16).
Finally, we trace what happens to
(Tol)es Mes a5V
s
Well,

O Proposition 4.2.20
Proposition 4.2.21 (3.8). Suppose M is an A-module. Then the following are equivalent:
1. M =0.
2. Mp =0 for all prime ideals P C A.
8. My, =0 for all maximal ideals m C A.

Proof. 1t is clear that (1) = (2) = (3); it remains to check that (3) = (1).

Suppose we have z € M\ {0 }; then Ann(z) = {a€ A:ax =0} S Ais a proper ideal. Let m 2 Ann(x)
be a maximal ideal. Then if we had M,, = 0, we would have ¥ = 0 in M,,, and sz = 0 for some s € S = A\m.
But then s € Ann(z) C m, a contradiction. So M,, # 0. 0 Proposition 4.2.21
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Definition 4.2.22. A property of modules R is local if M satisfies R exactly when Mp satisfies R for all
primes P C A.

So Proposition 4.2.21 states that being zero is a local property.
Another example of a local property:

Proposition 4.2.23 (3.9). Injectivity and surjectivity of A-linear maps are local properties; i.e. given an
A-linear map p: M — N, we have that the following are equivalent:

1. ¢: M — N is injective (respectively, surjective).
2. ¢: Mp — Np is injective (respectively, surjective) for all prime ideals P C A. (Recall that pp =
S~to: STIM — STIN is given by = — @ where S = A\ P.)
3. ©m: My, — Np, is injective (respectively, surjective) for all mazimal ideals m C A.
Proof.
(1) = (2) Well, 0 » M % N is exact, and by Proposition 4.2.14 we have that localization is exact. So
0 — Mp 255 Np is exact; so wp is injective. (For surjectivity, consider instead M 2 N — 0.)
(2) = (3) Trivial.

(3) = (1) Suppose ker(y) # 0; then ker(y),, # 0 for some maximal ideal m C A. Then 0 — ker(y) —

M %5 N is exact; so, by Proposition 4.2.14, we get that 0 — ker(p),, — M,, £my N, is exact. So

0 # ker(¢)m = ker(g,,). (For surjectivity, consider instead the exact sequence M 2> N — coker(¢) —
0.) O Proposition 4.2.23

Ezxample 4.2.24. Being an integral domain is not a local property, as we see on the assignment.

Proposition 4.2.25 (3.10). Flatness is a local property; i.e. given an A-module M, we have that the
following are equivalent:

1. M is a flat A-module.

2. Mp is a flat Ap-module for all P € Spec(A).

3. M, is a flat A,,-module for all mazimal ideals m C A.
Proof.

(1) = (2) By Proposition 4.2.16 we have M, = M ®4 Ap; by assignment 2 question 4(b), we have that
if M is a flat A-module then M ®4 B is a flat B module for any A-algebra A — B. Applying this to
A — Ap given by a — ¢, we get that Mp is a flat Ap-module.

(2) = (3) Trivial.

(3) = (1) It suffices to show that if ¢: N — P is injective then so is ¢ ® 4 idps. By Proposition 4.2.23 it
suffices to show that for all maximal ideals m C A we have that the map (N ® 4 M),, = (P ®4 M),
is injective. But by Proposition 4.2.20 we have

(N XA M)m g]\/vm ®Am Mm

m

It then suffices to check that the map Ny, ®a4,, My, — P, ®a4,, My, is injective for all maximal ideals
m C A. But this is injective because N,, — P, is injective by Proposition 4.2.23 and since M,, is a
flat A,,-module by assumption.

So Ny M — P®4 M.
O Proposition 4.2.25
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Definition 4.2.26. Suppose we have an A-algebra A I, B. Given an ideal I C A, we define I - B to be
f(I) - B, the ideal of B generated by f(I); these are called the extension ideals of B. (Note that in general
f will not be a containment, or even an embedding.) Given an ideal J C B, we define J N A to be f~1(J),
which is necessarily an ideal of A; these are called the contraction ideals of A.

Ezxample 4.2.27. Consider A — S~'A given by a — 7, where S C A is multiplicatively closed. What are the
extension and contraction ideals?

Remark 4.2.28. Given I C A, we have

wa%Azsﬂfz{g:aeLseS}
Proof.
(2) Trivial.
(S) Suppose
%% +%%efym

where a1,...,ap € I, by,...,by € A, and s1,...,s; € S. Then

a1b1sy...80+ asbos183...8p+ -+ apbpsi8a...80_1 _
r= e ST
S182...8¢

0 Remark 4.2.28

Remark 4.2.29. Localizations commute with kernels and images; i.e. given f: M — N we have ker(f)p =
ker(fp) and im(f)p = im(fp).

Proof. Well, 0 — ker(f) - M Iy N is exact. So 0 — ker(f)p — Mp T2y Np s exact, and ker(f)p =
ker(fp). Likewise, we have M ER im(f) — 01is exact; so Mp ELN im(f)p — 0is exact, and im(fp) = im(f)p.
O Remark 4.2.29

Is exactness local? Well, localization is exact, so localization preserves exactness. What of the converse?
Does it hold that if Mp ELIG Y FRELN MY is exact for all P € Spec(A) then M’ ENS VEENS Vi

Well, Proposition 4.2.23 says it holds for sequences 0 — M Lo M and M & M7 - 0. In fact, the
answer is yes in general.

Proposition 4.2.30. FEzxactness is local.

Proof. Suppose M/, Im, M, £ M is exact for every maximal ideal m of A. Then for all maximal ideals

m of A we have
im(g ° f)m = im((g ° f)m) = im(gm ° fm) =0
By Proposition 4.2.21 we get that im(g o f) = 0; so im(f) C ker(g).
Now, for each maximal ideal ideal m of A, we have

(ker(g)/ im(f))m = ker(g)m/m(f)m = ker(gm)/im(fm) =0

by Corollary 4.2.15 and exactness of M, Im, M,, 2% M! . So by Proposition 4.2.21 we get that im(f) =
ker(g). O Proposition 4.2.30

Consider the A-algebra f: A — S™'A given by a — %; suppose S C A is multiplicatively closed.

For an ideal I of A, consider I(S7tA) = f(I)(S™'A) = S~!I; likewise for an ideal J of S™1A, consider
TNA=f1(J).

Proposition 4.2.31. 1. Ewvery ideal of S~'A is an extension ideal.
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2. For every ideal I of A we have

(I(S'A)NA=|J{zecA:szel}
SES

As a notational convenience, we let (I :s) ={x € A:sx € 1}; rewriting the above, we get

(I(ST'A)NA=|JUT:s)

seS

3. For every ideal I of A we have that I(S™'A) = S71A if and only if INS # 0.
4. I C A is a contraction ideal if and only if the image of S in A/I has no zero divisors.

5. There is a bijective correspondence

Spec(ST'A) < {p € Spec(A):pNS =0}
P(stA) L p
QL QnA

Proof.

1. Suppose J C S7'A is an ideal. Then for ¢ € J, we have ¢ = s% € J;s0o $ € (JNA)S™'A, and
¢e(JNA)STA SoJC(JNA)ST'A. But it is clear that J D (JNA)S ' A;s0 J = (JNA)S A

2. (C) Suppose z € (I(S7'A)) N A. Then £ € I(S7'A) = S7'I. So ¥ = £ for some a € I and some
s € S. So tsx = ta for some t € S. But ta € I since a € I; so x € (I : st).

(2) Suppose sz € I for some s € S. Then £ = 22 € S~ =I(S71A). So (I:s) CI(STTA)NA.

3. (=) Suppose I(S7*A) = S71A. Then I(S~tA)N A= A. So

A=JU:s)
sES
Then there is so € S such that sgl € I; s0 I NS # (.
(<= ) Suppose we have s € INS. Then + = .1 € I(S71A) (since £ € I(S7A)). So [ST'A=S1A.

4. Well,

I is a contraction ideal < I = J N A for some ideal J C S~'A
— I=I(S'ANA=f1S7'I)
The last reverse implication is clear; to see the forward implication, suppose I = J N A for some ideal

J of STYA. Tt is clear that I C I(S~1A) N A. To see that I O I(S~1A) N A, note that f~1(J) = I;
then f(I) C J,s0 I(ST'A) C J,and I(ST'A)NACJNA=1I

Continuing the chain of equivalences, we find

I is a contraction ideal <= I = U (I:s)
ses
<= for all x € A, s € S such that sx € I we have x € I

< forallz € A,s € Ssuch that st + I =0+ 1 wehavex + 1 =0+ 1
<= for all s € S we have that s is not a zero divisor in A/I
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5. Suppose P € Spec(A) has PN.S = (. Then

S™tA/P(ST'A) = S"tA/)STIP = ST (A/P)
as A-modules; this is in turn isomorphic to (S)~'(A/P) as A-algebras, where S is the image of S in
A/P. Since P is prime, we have that A/P is an integral domain. So S C A/P is multiplicatively
closed and 0 ¢ S since SN P = (. So A/P C (S)"1(A/P) C Frac(A/P); so (S)"*(A/P) is an integral
domain. So S™1A/P(S71A) is an integral domain. So P(S~1A) is prime.
It remains to check that the maps are mutually inverse. That F'o G = id is exactly an earlier point.
Suppose now that P € Spec(A4) has PN.S = (. Then A/P is an integral domain and 0 ¢ S since
PnNS =10. So, by the previous point, we have P is a contraction ideal. In fact, the second equivalence

of the proof of the previous point shows that an ideal is a contraction ideal if and only if it is the
contraction of its extension. So P = (P(S71A)) N P; So Go F = id. O Proposition 4.2.31

Example 4.2.32. The prime ideals of Ap are in bijective correspondence with prime ideals of A contained in
P. The prime ideals of Ay are in bijective correspondence with the prime ideals of A not containing f.

Definition 4.2.33. Suppose A is a ring. We define the nilradical of A to be R = {f € A : f» =
0 for some n }.

Proposition 4.2.34 (1.8). Suppose A is a ring. Then

R = ﬂ{P : P is a prime ideal }
Proof.
(C) Clear: P € Spec(A) and f™ =0, then f™ € P, and thus f € P.

(D) Suppose f € A\ R; we wish to find a prime ideal P with f ¢ P. Well, 0 ¢ S = {1, f, f?,...}; so the
localization Ay is non-zero. But then if m is a maximal ideal in Ay, Proposition 4.2.31 gives us that
m N A is a prime ideal in A that doesn’t contain f, as desired. 0 Proposition 4.2.34

Proposition 4.2.35 (3.16). Suppose f: A — B is an A-algebra; suppose P C A is prime. Then the
following are equivalent:

1. P is the contraction of a prime ideal of B.
2. P is the contraction of an ideal of B.
3. P=PBnA.
Proof.
(1) = (2) Clear.
(2) = (3) That P C PB N A is clear. For the converse, note that by hypothesis we have P = J N A for
some ideal J of B; then PBNA=((JNA)B)NACJNA=P.

(3) = (1) Suppose PBN A = P. Let S = f(A\ P); then S is multiplicatively closed. Furthermore, if
x € A\ Pand f(z) € PB, then x € f~1(PB) = PBN A = P, a contradiction; so PBN S = (). So, by
Proposition 4.2.31, we have that P-S™'B = PB-S™'B G S7!'B; so there is a maximal (and hence
prime) ideal m of S~!B containing P - S~!B; by Proposition 4.2.31, we get that m NS = (. But

mNB2(P-S'BynB=(PB-S'B)nB2PB

So
mNA=(mNB)NADPBNA=P

Conversely, we have mN S = ; so
mNBCB\S=B\f(A\P)C (B\f(A))U[f(P)
So
A= f 0 B)C FN(B F(A) UA(P) = £ ((P)) € 7 (f(P)B) = PBAA = P

So P=mnNA=(mnB)NA. But m is a prime ideal of S~ B, and hence is a prime ideal of B. So P
is the contraction of a prime ideal of B. O Proposition 4.2.35
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5 Chapter 4: Primary decompositions

In a general context (i.e. Noetherian rings), we can uniquely factorize ideals into “primary” ideals.

Definition 5.0.1. An ideal Q of A is primary if Q@ # A and whenever zy € @ we have x € @ or y" € @ for
some n > 0.

Remark 5.0.2. @ is primary if and only if A/Q # 0 and every zero divisor in A/Q is nilpotent.

Remark 5.0.3. Contractions of primary ideals are primary.

Proof. Consider the A-algebra f: A — B; suppose @ is a prime ideal of B. Let 7: A — B/Q be xz — f(2)4+Q.

Then ker(7) = f~(Q); so, by the first isomorphism theorem, we get an isomorphism A/f~1(Q) = B/Q. In
particular, we get that every zero divisor of A/f~1(Q) is nilpotent; so f~1(Q) is primary. O Remark 5.0.3

Definition 5.0.4. Suppose A is a ring; suppose I is an ideal of A. We define the radical of A to be
r(A)=vVA={feA:freQ forsomen >0}

Proposition 5.0.5 (4.1). Suppose Q is a primary ideal of A. Then r(Q) is the smallest prime ideal
containing Q; i.e. r(Q) is prime and given any prime ideal P containing Q we have r(Q) C P.

Proof. Tt suffices to show that r(Q) is prime. But if zy € r(Q), then 2™y™ € @ for some m > 0; so either
™ € Q or y™ € @ for some n > 0, and in particular we get x € r(Q) or y € r(Q). [0 Proposition 5.0.5

Definition 5.0.6. Suppose @ is primary; let P = r(Q), so P is prime. We then say that Q is P-primary.

Ezample 5.0.7. Let A = Z. The prime ideals are (0) and (p) for p prime; the primary ideals are (0) and (p")
for p prime and n > 0.

In general it’s not true that every primary ideal is a power of a prime ideal; nor is it true in general that
a power of a prime ideal is primary.

Remark 5.0.8. If P € Spec(A) then for any n > 0 we have r(P") = P.

Proof. Tt is clear that P C r(P™). For the converse, note that if z € r(P™) then 2™ € P™ C P for some
m > 0. But P is prime; so x € P. OO0 Remark 5.0.8

It was mentioned that in Z the primary ideals are (p™) where p is prime and n > 0.
Remark 5.0.9.

1. Suppose A is a UFD, p € A is prime, and n > 0; then (p™) is primary.

2. Suppose A is a PID and @ is a primary ideal of A. Then @ = (p™) for some prime p € A and some
n > 0.

Proof.

1. Suppose zy € (p™); then p™ | zy, and the prime factorization of zy is xy = p™qiqa...qe for some
m > m. If x ¢ (p"), then p appears less than n-many times in the prime factorization of z; so p
appears in the prime factorization of y. So p | y, and p™ | y™; so y™ € (p™).

2. Write Q = (d); let d = pi*...p,* be the prime factorization, and let m = max{ni,...,n;}. Then
(p1...pe)™ € (d). So (p1,...,p¢ € 7(Q); so, by Proposition 5.0.5 since r(Q) is prime we have that
p; € r(d) for some ¢ € {1,...,£}. So p! € (d), and d | p'; so p; is the only prime in the prime
factorization of d. So £ =1, and @ = (p}"). O Remark 5.0.9

Example 5.0.10. For k a field, consider A = k[z,y] and Q = (z,y?).

Claim 5.0.11. Q is primary.
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Proof. Well,
A/Q = klyl/(y*) ={ay+b:abek}

Suppose now that ay + b is a zero divisor; say 0 = (ay + b)(a’y + b') = (ab’ 4+ ba’)y + bb' with at least one of
a’, b’ non-zero. In particular, we get

bb' =0
ab +ba’ =0
Well, since bb' = 0, we have b = 0 or ¥’ = 0; but in the latter case the second equation yields ba’ = 0 and

a’ # 0,50 b=0. So in either case we have b = 0. So zero divisors are of the form ay for some a € k. But
(ay)? = 0 in k[y]/(y?); so every zero divisor in A/Q is nilpotent. O Claim 5.0.11

Claim 5.0.12. r(Q) = (x,y).
Proof.
(2) Easy.

(C) Note that by Proposition 5.0.5 we have that r(Q) is contained in every prime containing . But
Q C (z,y) and (x,y) is prime. So r(Q) C (z,y). O Claim 5.0.12

But now if we had @ = P"™ for some prime ideal P and some n > 0, then (z,y) = r(Q) = r(P") = P.
So Q@ = (z,y)". But z ¢ (z,y)" forany n > 1; s0 n = 1. So (x,9%) = Q) = (w,y), a contradiction since

y ¢ (2,9%).
So @ is a primary ideal of a UFD that is not a power of any prime ideal. (Note that given an ideal I we
define I" to be the ideal generated by a; ...a, for ai,...,a, € I.)

Ezample 5.0.13. Consider A = k[z,vy,2]/(zy — 2%); let T,z be the images of z,z in A. Let P = (Z,%). By
the second isomorphism theorem, we then get that

A/P = klz,y, 2|/(x,z) = k[y]
is an integral domain; so P is prime. But in A we have 7y = (2)? € P2
Claim 5.0.14. T ¢ P?.

Proof. Well, if we had T € P?, then we would have z € (x,2)? + (vy — 22) C (2,9,2)? in k[r,y,2], a
contradiction. O Claim 5.0.14

Claim 5.0.15. § ¢ P.
Proof. If we had 5 € P then we would have A/P = k 2 k[y], a contradiction. O Claim 5.0.15

Soy ¢ r(P?) = P. So P? is not primary.

However, we do get
Proposition 5.0.16 (4.2). A power of a mazimal ideal is primary.

Proof. Suppose m is a maximal ideal of A; suppose n > 0. Then m = r(m™); so m/m™ is the nilradical of
A/m™; so, by Proposition 4.2.34 we have that m/m™ is the intersection of all prime ideals in A/m™. But
m/m™ is maximal in A/m™. So m/m™ is the only prime ideal in A/m™. So for every a € A/m™ we have
either & € m/m™ or (a) = A/m”. But in the former case we get that o™ = 0, and in the latter case we get
that « is invertible in A/m™. So every element of A/m™ is either nilpotent or invertible; in particular, we
get that all zero divisors are nilpotent. O Proposition 5.0.16

Remark 5.0.17. We only used that r(m™) is maximal. In particular, if I is any ideal whose radical is maximal,
then I is primary.

Lemma 5.0.18 (4.3). Suppose Q1,...,Qy are P-primary; i.e. each Q; is primary and r(Q;) = P. Then
Q1N---NQ, is P-primary.
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Proof. Well, r(Q1N---NQyp) = r(Q1)N---Nr(Q,) = P. Suppose now that zy € Q1 N--- N Q, with
¢ Q1N NQy. Then for some i we have z ¢ Q;. But a2y € Q;, and Q; is primary; so y € r(Q;) = P =
r(@iN---NQp). So Q1 N---NQ, is primary. [0 Lemma 5.0.18

Definition 5.0.19. A primary decomposition of an ideal I is an expression of the form I = Q1NQ2N---NQ,
with each @Q; primary. We say I is decomposable if I has a primary decomposition.

Fact 5.0.20 (To prove later). In a Noetherian ring every ideal is decomposable.

If in a primary decomposition
n
I= ﬂ Qi
i=1

we have r(Q;) = r7(Q;) then Q; N Q; is primary with the same radical; so we may replace @; and Q; by
Q; N Q; in the decomposition. So, if I is decomposable, then there is a primary decomposition where the
r(Q;) are distinct. Also if

Qi 2 ﬂ oF
J#i
then we can drop @; from the intersection. So we get a decomposition where
Qi2(Q
JF#i
for any .

Definition 5.0.21. A primary decomposition satisfying the above two properties is called an irredundant
decomposition. (The book calls these minimal decompositions.)

Lemma 5.0.22 (4.4). Suppose Q is P-primary; suppose x € A. Then
1. IfreQthen{acA:zacQ}=(Q:z)=A.
2. If x ¢ P then (Q:z) =Q.
3. Ifx ¢ Q then Q@ C (Q:xz) C P and (Q : x) is P-primary.
Proof.
1. Generally true; doesn’t require that () be P-primary.

2. That (@ : x) 2 @ is clear. For the converse, suppose y € (Q : x); i.e. suppose zy € Q. If y ¢ @Q then
since @ is primary we have that = € r(Q) = P, a contradiction.

3. Again, that Q C (Q : z) is clear. Note also that if zy € @, then since z ¢ @ and @ is primary we have
that y € r(Q); so (@ : z) C P. Then

P=r@Q)Cr(Q:z)Cr(P)=P

So r(Q : ) = P. Suppose now that yz € (Q : x); i.e. suppose xyz € Q. If y ¢ (Q : x), then zy ¢ Q; so
zer(Q)=P=r(Q:z)since Q is primary. So (@ : x) is primary.

[J Lemma 5.0.22

Theorem 5.0.23 (4.5: First uniqueness theorem of primary decompositions). Suppose

I= ﬂQi
i=1

is an irredundant primary decomposition. Let P, = r(Q;). Then { P1,..., P, } is independent of the particular
irredundant decomposition. (In particular, so is n.)
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Proof. We will show that the P; are precisely the prime ideals appearing in {r([ : ) : * € A}; this will
suffice. Note that for any € A we have

= (ﬂ@z%’) =Qi:2)= [ (Q:i: )
i=1 j i
by Lemma 5.0.22. So

+£Q: +£Q:
again by Lemma 5.0.22.
Claim 5.0.24. In general if Q is prime and Q) 2 Py N ---N Py then Q 2 P; for some j.

Proof. If we had Q 2 P; for all i, we would have b; € P; \ Q for all . Then

£
bi...bye[PCQ

So, since @ is prime, we would have b; € @ for some j, a contradiction. O Claim 5.0.24

Hence if r({ : ) is prime then r(I : ) = P; for some j.
Conversely, fix j; we show that P; = r(I : ) for some z € A. Since the decomposition is irredundant,

there is
€ [)Qi\Qy
i#]
Then
r(I:xj) ﬂ P, = P; [0 Theorem 5.0.23
1’]‘¢Qi

Hence if I is a decomposable ideal then we can associate to it as invariants the radicals of the primary
ideals appearing in any irredundant primary decomposition.

Definition 5.0.25. The prime ideals Py, ..., P, are said to belong to or to be associated to I.

The irredundant primary decomposition is not unique; only the associated primes are.
Example 5.0.26. Let A = k[x,y], where k is a field; consider I = (22, zy).

Claim 5.0.27. I = (z) N (22,y).
Proof.
(C) One simply notes that z2, zy € (z) N (22, y).

(D) Suppose f € (z)N (22, y); then f = gr = hyx? + hoy for some g, hy, he € A. But then hoy = gz — hi2?;
so | hey. But x is prime in A, and x 1 y; so « | he, and hy = hzx for some hg € A. So

f= hix® + hoy = hiz? + hsxy € 1 O Claim 5.0.27
Now, () is prime, and hence primary. Furthermore, (22, y) is primary since k[z,y]/(2?,y) = k[z]/(«?)
has zero divisors az for a € k, which are all nilpotent. Also, r(z) = (z) # (z,y) = r(2?,y); so j- x)N(z?%,y)

is an irredundant primary decomposition.
Claim 5.0.28. I = (z) N (x,y)%.
Proof.
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(C) Again, one notes that 22, zy € (z) N (z,y)%.

(2) Suppose f € (z) N (z,y)?. Then, since f € (z,y)?, we have that the monomials of f are all divisible by
22, y?, or zy. Since f € (r) we have that the monomials of f are all divisible by z. So the monomials
of f are all divisible by 22 or zy; so f € (22, 2y) = I. O Claim 5.0.28

Now, () is prime, and (z,y)? is primary by Proposition 5.0.16 since (z,y) is maximal in k[x,y]. Also
r(z) = (z) # r(x,y)? = (z,y), s0 I = ()N (x,y)? is a second irredundant decomposition. Note also that the
primes associated to I are (x) and (z,y), and (x) C (z,y). So we can have non-trivial containments among
the associated prime ideals.

Definition 5.0.29. Suppose [ is a decomposable ideal. The minimal elements of the set of associated primes
are called the minimal primes (or isolated primes) of I. i.e. a minimal prime of I is an associated prime of
I that does not properly contain any other associated prime of I. The other associated primes are called
embedded primes.

In the previous example, we saw that (x) is a minimal prime of (22, zy) while (z,y) is an embedded
prime of (22, zy).

Proposition 5.0.30 (4.6). Suppose I is a decomposable ideal. Then the minimal primes of I are precisely
the minimal elements of { P 2 I : P prime}.

Proof. Let I = Q1N ---NQy, be an irredundant primary decomposition; let P; = r(Q;) be the associated
prime ideals of I. Suppose P D I is prime; then P 2 Q1 N---NQ,, and

P=rP)or(@Q)N---Nr(Q,) =k~ N---NP,

So, by Claim 5.0.24, we have P O P; for some j. Hence every prime containing I contains an associated
prime of I. But { P;,..., P, } C{P D I: P prime}, and every element of the latter contains an element of
the former; so the minimal elements of { Py, ..., P, } are exactly the minimal elements of { P D I : P prime }.

O Proposition 5.0.30

Remark 5.0.31. If I is decomposable then r(I) is the intersection of the minimal primes of I.
Proof. Proposition 4.2.34 applied to A/I implies
r(I) =(){ P € Spec(A): P2 I}
= ﬂ{ P € Spec(A) : P D I, P minimal such }

= n{ P € Spec(A) : P minimal associated prime ideal of T}

by Proposition 5.0.30. Alternatively, if T = Q1 N --- N @y, is the primary decomposition, then r(I) =
r(Q1)N---Nr(Qy) is the intersection of the minimal elements of {r(Q1),...,7(Qm)}. O Remark 5.0.31

Corollary 5.0.32. Suppose I is a radical decomposable ideal. Then I has a prime decomposition I =

PyN---N P, where Py,..., P, are prime. Moreover, if this decomposition is irredundant (i.e.
P2 (P
J#i
foralli e {1,...,n}) then the decomposition is unique (up to reordering).

Proof. Write I = Q1 N -+ N @, be the irredundant primary decomposition; then I = r(I) =7(Q1)N---N

r(Qm). Let P; = r(Q;). Reordering, we may assume that Pi,..., P, are the minimal primes of I, where
n<m. Then I = Py N---N P, is an irredundant prime decomposition (since if
P D ﬂ P;
i
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then by primality of P; we get that P; O P; for some j # ¢, contradicting minimality.)
Suppose now that I = Py N---NP, = P/ N---N P/, are two irredundant prime decompositions. Then
both are irredundant primary decompositions, so by Theorem 5.0.23, we get that n’ = n and
{P,...,P.Yy={r(P),....,7(P))}={r(P1),...,7(P) }={P1,...., P, }
O Corollary 5.0.32

Note that radical is necessary here since the intersection of prime ideals is always radical.
For a geometric interpretations, we work in the Zariski topology on Spec(A); recall that the closed sets
are V(I) = { P € Spec(A) : P 2 I} for I an ideal of A.

Proposition 5.0.33. V(I) =V (J) if and only if r(I) = r(J).
Proof. We apply Proposition 4.2.34 to A/I and A/J to get that
r(I)=7r(J) <= [{P€Spec(A): P2 I} =(|{P € Spec(A): P2 .J}

< {PeSpec(A):PDI}={PeSpec(Ad): PDJ}

—= V() =V({J)
since if P D I then

PO {QeSpec(4):Q2JT}DJ
O Proposition 5.0.33

Definition 5.0.34. A closed set is irreducible if it is not the union of two proper closed sets.

Suppose [ is a decomposable ideal; let (I) = Py N --- N P, be the irredundant prime decomposition.
Then
VI =V(ErI)=V(P)U---UV(P,)

and this decomposition is irredundant in the sense that

V(P) g JV(E)
J#i

As we will see on assignment 4, we get that each V(P;) is irreducible. Furthermore, the uniqueness of
the prime decomposition of r(I) will imply the uniqueness of the irredundant decomposition of V(I) into
irreducible closed sets.

Geometrically, we interpret this as saying that if I is decomposable, then V(I) can be written uniquely
as an irredundant union of irreducible closed sets. These V(P;) are called the irreducible components of V(I).

If we write I = Q1 N ---NQ,, for m > n with P, = r(Q;), then P,41,..., P, are the embedded primes.
So if j > n we have V(P;) C V(F;) for some i < n; hence the term “embedded”.

Returning to algebra, what can we say about the existence of decomposable ideals?

Definition 5.0.35. A ring is Noetherian if every ascending chain of ideals I; C Iy C --- is stationary; i.e.
there is n > 1 such that I,, = I,,11 = L4 = - -

A consequence of Noetherianity is that every non-empty set of ideals has a maximal element (with respect
to C); this is simply by Zorn’s lemma.

Definition 5.0.36. An ideal I of A is irreducible if whenever [ = JNJ then [ = Jor [ = J'.
Lemma 5.0.37 (7.13). If A is Noetherian then every ideal is a finite intersection of irreducible ideals.

Proof. 1f not, let S # @ be the set of counterexamples; let I € S be maximal (which exists by Noetherianity).
Then I = JNJ" with J 2 T and J" 2 I. Then, by maximality of I, we have J,J' ¢ S. So

J=Jin---NJdy
J=Jn--nJy
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with each J; and each J/ irreducible. But then
I=JnJ =Jn---nJNJin---NJy,
So I ¢ S, a contradiction. O Lemma 5.0.37

Lemma 5.0.38 (7.12). In a Noetherian ring, every irreducible ideal is primary.

Proof. Suppose I C A is an ideal. Then since A is Noetherian we get that A/I is Noetherian. Then [ is
irreducible if and only if (0) is irreducible in A/I, and I is primary if and only if (0) is primary in A/I; it
thus suffices to check the case I = (0). Suppose then that zy = 0 but y # 0; we wish to show that 2" =0
for some n. Consider Ann(z) C Ann(z?) C .... This is an ascending chain of ideals, so by Noetherianity we
get than Ann(z") = Ann(z"*!) = ... for some n.

Claim 5.0.39. (z™) N (y) = (0).

Proof. It a € (™) N (y), then a = cy for some ¢ € A; so ax = cyx = 0. But a € (") as well, so a = bx" for
some b € A; so 0= az = bz""!, and b € Ann(2"™) = Ann(z"). So bz" =0, and e =0. [ Claim 5.0.39

But (0) is irreducible, and by assumption we have that (y) # (0); so (z™) = (0), and z™ = 0.
[0 Lemma 5.0.38

Corollary 5.0.40 (7.14). In a Noetherian ring every ideal is decomposable.

5.1 Noetherian rings

We look more closely at Noetherian rings.
An important characterization of Noetherian rings is the following:

Proposition 5.1.1. A is Noetherian if and only if every ideal is finitely generated.
Proof.

(=) Suppose I C A is not finitely generated. We inductively define a sequence of elements a; € I by
picking any ag € I and choosing a;+1 € I\ (ag,...,qa;); this is possible since I # (aq,...,aq;) as [ is
not finitely generated.

(<= ) Suppose I; C I, C ... is an ascending chain of ideals. Let

Then [ is an ideal of A, so I is finitely generated; say I = (a1,...,ap). Pick N > 0 such that
ay...,ap €EIn;then IC Iy CIyy1 C...C T and In=Iny1 =---=1. 0 Proposition 5.1.1

A natural generalization to modules:

Definition 5.1.2. Suppose A is a ring; suppose M is an A-module. We say M is Noetherian if every
ascending chain of submodules is stationary.

Remark 5.1.3. A ring A is Noetherian as an A-module if and only if A is a Noetherian ring.

Just as in the ring case, we have:

Proposition 5.1.4. M is Noetherian if and only if every submodule is finitely generated.

Proposition 5.1.5 (6.3). Suppose 0 — M’ Lo M % M”50 is an exact sequence of A-modules. Then the
following are equivalent:

1. M is Noetherian.
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2. M’ and M" are Noetherian.
Proof.

( =) This is exactly saying that Noetherianity is preserved under submodules and quotients. But f: M’ —
im(f) is an isomorphism; so any ascending chain of submodules in M’ gets mapped isomorphically to an
ascending chain of submodules in im(f) C M, and is thus stationary. Furthermore, M" = M /ker(g),
so any ascending chain of submodules in M" lifts to an ascending chain of submodules in M by the
correspondence theorem, and is thus stationary. So M’ and M" are Noetherian.

(<=) Suppose L1 C Ly C --- is an ascending chain of submodules in M. Choose n such that g(L,) =
g(Lpi1) =---and fY(L,) = fH(Lps1) =+

Claim 5.1.6. L, =L, =---.

Proof. We check that L,, = Ly41. Suppose a € Ly41. Then g(a) € g(Lny1) = g(Ly,); we may thus
pick b € L, such that g(a) = g(b). So a — b € ker(g) = im(f); pick ¢ € M’ such that a — b = f(c).
Then f(c) =a—b € Lyy1; 50 ¢ € f Y (Lypy1) = fY(Ly), and a — b = f(c) € L,. But b € L,; so
a € Ly. O Claim 5.1.6

[0 Proposition 5.1.5

Corollary 5.1.7 (6.4). If My,..., M, are Noetherian A-modules then

.
i=1

is Noetherian.

Proof. Well, 0 — My — M; & My — Ms — 0 is exact; so M; & M is Noetherian by Proposition 5.1.5.
Iterating, one obtains the desired conclusion. O Corollary 5.1.7

Corollary 5.1.8 (6.5). If A is a Noetherian ring, then every finitely generated A-module is Noetherian.

Proof. Suppose M is generated as an A-module by x1,...,x,. We then get a surjective A-linear map
AY — M
(0,..., 1 ,...,O)HJEZ‘
ith spot

But A is Noetherian, so by Corollary 5.1.7 we get that A’ is Noetherian A-module, and then by Proposi-
tion 5.1.5 we get that M is a Noetherian A-module. O Corollary 5.1.8

Corollary 5.1.9 (Proposition 7.2). If A is a Noetherian ring and B is a finite A-algebra, then B is a
Noetherian ring.

(Recall that a finite A-algebra is one that is finitely generated as an A-module.)

Proof. Well, B is a finitely generated A-module, so B is a Noetherian A-module. So every ideal of B is an
A-submodule of B; so every ideal of B is finitely generated as an A-module, and hence as a B-submodule.
So B is a Noetherian ring. O Corollary 5.1.9

Theorem 5.1.10 (7.5: Hilbert’s basis theorem). Suppose A is a Noetherian ring. Then A[x] is a Noetherian
ring.

Proof. Suppose I C A[z] is an ideal. Let J C A be the set of leading coefficients of elements of I.
Claim 5.1.11. J is an ideal.
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Proof. Suppose a,b € J; take f,g € I with f(z) = az™ + --- and g(x) = ba™ + - -- (where the remaining
terms are of lower order). Suppose without loss of generality that n > m. Then 2" ™™g = ba"™ +--- € I; so

fHa" "g=(a+b)a"+ - €1
soa+be J. Also,if ce Athen cf =cax™+--- € I;s0ca € J. So J is an ideal. O Claim 5.1.11

But A is Noetherian; so J = (a1, ...,a,) where aq,...,a, € A. Fori € {1,...,n}, pick f; = aq;a" +--- €
I. Let I' =(f1,...,fn) C1I. Let r = max{ry,...,r, }.

Claim 5.1.12. If f € I then f = g+ h where deg(g) <r and h € I'.

Proof. We apply induction on deg(f).
For the base case, note that if deg(f) < r, then we can take g = f and h = 0.
For the induction step, write f = az™ + ---. Then since a € J we have

n
a = E U; A5
i=1

for some uq,...,u, € A. Then

h: Zuixmirifi = amm+ c I/

since u;x™ ™" f; has leading coefficient u;a; and degree m. But then A and f have the same leading term,
namely az™; so deg(f — h) < deg(f). So, by the induction hypothesis, we get that f —h = g + hy where
deg(g) <rand hy € I';s0 f =g+ (h+ h1), with deg(g) <r and h+ hy € I'. O Claim 5.1.12

SoI =I+In{ge Alz]:deg(g) <r}. But M = {g € Az] : deg(g) < r} is a finitely generated
A-module (with generators 1,z,...,2" 1), and A is Noetherian; so, by Corollary 5.1.8, we have that M is
Noetherian. But I N M is a submodule of M; hence by Noetherianity we have M is finitely generated as an
A-module, say by generators g1, ...,g¢. Soif f € I then

f:hlfl+"'+hnfn+blgl+"'+bfg€6(flu"wfnaglu"wg[)

where hy,...,h, € Alz] and by,...,00 € A. So I = (f1,..., fn,91,---,9¢), and I is finitely generated.
[0 Theorem 5.1.10

Corollary 5.1.13. Suppose A is a Noetherian ring; suppose B is a finitely generated A-algebra. Then B is
a Noetherian ring.

Proof. Let by,...,b; be generators for B. Then

Alxy,..., 20 > B
P((El,...,xg) — P(bl,...,bg)

is a surjective ring homomorphism. (Note that P(by,...,bs) = Pf(b1,...,bs) where f: A — B is the given
ring homomorphism and P/ is the result of applying f to the coefficients of P.) So B & Alxy,...,z,]/ ker(r).
But applying Hilbert’s basis theorem ¢ times yields that A[x1,...,x] is Noetherian; so B is a Noetherian
ring. O Corollary 5.1.13

Ezxample 5.1.14. PIDs are Noetherian. So, by Hilbert’s basis theorem, we have that every finitely generated
ring (i.e. finitely generated Z-algebra) is Noetherian. Likewise, every finitely generated k-algebra is Noethe-
rian, where k is a field.

Proposition 5.1.15 (7.3). Noetherianity is preserved by localization.
Proof. Suppose A is Noetherian and S C A is multiplicatively closed; suppose I C S~™'A is an ideal. Since

every ideal is an extension ideal, we have some ideal J of A such that I = S~!J. Then, since A is Noetherian,

ai an

we have J = (ay,...,a,) for some ay,...,a, € A; one checks that I = (T’ cee T) O Proposition 5.1.15
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Besides primary decomposition, we get many nice properties of Noetherian rings.
Proposition 5.1.16 (7.14). In a Noetherian ring, every ideal contains a finite power of its radical.

Proof. Suppose A is Noetherian; suppose I C A is an ideal. Write r(I) = (a1,...,a,). Then for each
ie€{1,...,n} there is some r; > 0 such that a;* € I. But for any m > 0, we have

r()™=(a™ --ap™ :my+ -+ m, =m)

Let m = nmax{ry,...,r, }; then whenever my + -+ +m, = m we have ¢ € {1,...,n} such that m; > r;.
Then r(I)™ C I. O Proposition 5.1.16

Corollary 5.1.17 (7.15). In a Noetherian ring the nilradical is nilpotent.
Proof. Applying Proposition 5.1.16 to I = (0), we get that R™ = (0) for some m. O Corollary 5.1.17

Corollary 5.1.18 (7.16). Suppose A is Noetherian, m C A is a mazimal ideal, and Q C A is an ideal.
Then the following are equivalent:

1. (@) =m.

2. Q is m-primary.

3. m" CQCm for somen > 0.
Proof.
(1) = (2) By Proposition 5.0.16 we have that @ is primary. So @ is m-primary.
(2) = (3) By Proposition 5.1.16 there is n > 0 such that m™ = r(Q)" C @ C m.
(3) = (1) We are given that m™ C @ C m; taking radicals, we find that

m = r(m") € r(Q) C rm) = m
and r(Q) = m. O Corollary 5.1.18

Proposition 5.1.19 (7.17). Suppose A is Noetherian and I ; A is a proper ideal. Then the associated

primes of I are precisely the prime ideals appearing in { (I : x):x € A}.
Remark 5.1.20. When we proved “uniqueness” of primary decompositions, we saw that the associated primes

of any decomposable ideal are the primes that appear in {r(I : z) : 2 € A}.

Proof of Proposition 5.1.19. Note that (I : z) is the pullback of the annihilator of the image of x in A/I.
So if m: A — A/I is the quotient, then we get (I : #) = 7~ !(Ann(r(z))). But Ann(n(x)) = (0 : 7(x)) in
A/I. So by the correspondence theorem we have that (I : x) is prime if and only if (0 : 7(z)) = Ann(n(x))
is prime. So P is an associated prime of I if and only if 7(P) is an associated prime of (0). It then suffices
to show that the associated primes of (0) are exactly the prime ideals which are annihilators.

Let

(0) = ﬂQi

be an irredundant primary decomposition of (0). Fixi € {1,...,n }; consider P, = r(Q;). By Theorem 5.0.23
we know that P; = r(Ann(x)) for some x € A. But by the proof of Theorem 5.0.23, any x # 0 such that

x € ﬂ Qj
i
will do; so for any such = we get that Ann(z) C P;. Now, by Proposition 5.1.16, we have P/™ C @Q; for some
m. So

ﬂQj 'PimngijimgﬂQj:(o)

i i i=1
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Let m be least such that

Nes|-Pr=0

j#i
Let x # 0 satisfy

ve | Q| P £0)

J#i
Since
S ﬂ Qj
j#i
we get that Ann(xz) C P;; by choice of m we get that P; C Ann(z).
The converse is left as an exercise. O Proposition 5.1.19

6 Chapter 5: Integral dependence

Definition 6.0.1. Suppose A C B is a subring and b € B. We say b is integral over A if there is a non-zero
monic P € A[z] such that P(b) = 0.

Remark 6.0.2.
1. If A is a field, then b is integral over A if and only if b is algebraic over A.
2. Every element of A is integral over A; if a € A, we may take P(x) = = — a.

3. We can generalize the definition to any A-algebra f: A — B. We have to make sense of P(b) where
b€ B and P € Alz]; as usual, we define P(b) = Pf(b) where P/ € B[z] is obtained from P by applying
f to the coefficients. Note that P¥ € f(A)[x] is monic; one thus gets that

Ezxercise 6.0.3. Suppose f: A — B is an A-algebra; suppose b € B. Then b is integral over A if and
only if b is integral over f(A).

Hence for the most part we can work in the setting of a true subring A C B.

Ezample 6.0.4. Suppose ¢ = ~ € Q where ged(r,s) = 1. If ¢ is integral over Z, then
PN r n—1
GRTC R .
s s

S0
Pt Ay 4 aps” =0

divisible by s

So s | r™. But ged(r,s) = 15 s0 s = 1, and ¢ = r € Z. Hence the only rationals integral over Z are in fact
integers.

Proposition 6.0.5 (5.1). Suppose A C B; suppose b € B. Then the following are equivalent:
1. b is integral over A.

2. A[b] (the sub-A-algebra generated by b) is a finite A-algebra; i.e. A[b] is finitely generated as an A-
module.

3. There exists a finite A-subalgebra C C B (i.e. A C C C B is a subring and C is a finitely generated
A-module with b e C.)

Proof.
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(1) = (2) Suppose b is integral over A; then

bn+an_1bn71+"'+a1b+a020

for some n > 0 and some ay, . ..,a,—1 € A. Let M C B be the A-submodule generated by 1,b,...,b0"!;
then M C A[b] since 1,b,...,b" " € A[b].

Claim 6.0.6. b™ € M for all m > 0.
Proof. We apply induction on m. If m < n, then this is by construction. If m > n then

™ =0T b = 0T (= DT = —arh —ag) = =G 1 DT — gy o™ — o — g™
and by the induction hypothesis we have 6™ 1,...,b™ ™ € M; so b™ € M. O Claim 6.0.6

But every element of A[b] is of the form

for some ¢; € A. Hence by the claim we have A[b] = M.
(2) = (3) Clear.

(3) = (1) Suppose we have such a C; let ¢1,...,c, generate C' as an A-module. Note that for each
i€{1,...,n} we have bc; € C since b € C and C is a subring; thus

n
bCi = E Ai;Cj
Jj=1
for some a;; € A. So

n
(b — a“')Ci — Z 70,7;]‘6]' = 0
j=1
J#i

We can write this system of linear equations in matrix form as follows:

b—ai1 —ai2 —aiz - —ain o
—az1 b—axp —ax -+ —ag,
=0
: : o
—Qn1 —Qn2 —Qn3 e b— Ann

MEMyxn(C)
Multiplying both sides on the left by the matrix of cofactors of M, we find

det(M) 0 (&)
=0

0 det(M) Cn

and det(M) € C. So det(M) - ¢; = 0 for all i. But the ¢i,...,¢, generate C' as an A-module, and

multiplication by det(M) is an A-linear map C' — C. So det(M) - x = 0 for all x € C. In particular,
since 1 € C' we have det(M) = 0. But

det(M) =b" +al, _;b" '+ +alb+ag

where the a; are sums of products of a;;, and thus in A. (One checks this by induction.) So b is integral
over A. OJ Proposition 6.0.5
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Corollary 6.0.7 (5.2). Suppose by,...,by € B are integral over A. Then Alby,...,bs] is a finite A-algebra.
Proof. By Proposition 6.0.5 we have

o A[by] is a finite A-algebra since b is integral over A.

o A[by,bs] is a finite A[by]-algebra since by is integral over A, and hence over A[b].

o Continuing, we find that A[by,...,bs| is a finite A[by,...,by_1]-algebra.
TODO 1. Ref? 2.3.147
Hence, by ??, we get that A[by,...,bs] is a finite A-algebra. O Corollary 6.0.7
Corollary 6.0.8 (5.3). Suppose A C B. Let C = {b € B :b is integral over A}. Then C is a subring of B.

Proof. Suppose by,by € C. We wish to show that by + ba, —by1,b1bs € C. But by + ba, —by,b1bs € A[by, bs]
is a finite A-algebra by Corollary 6.0.7; so, by Proposition 6.0.5, we get that by + by, —b1, and b1bs are all
integral over A. So C' is a subring of B. O Corollary 6.0.8

Definition 6.0.9. The subring C' given in Corollary 6.0.8 is called the integral closure of Ain B. If C = B
(i.e. every b € B is integral over A) then we say that B is integral over A. If C'= A then we say that A is
integrally closed in B.

Ezxample 6.0.10. Z is integrally closed in Q.

Remark 6.0.11. Integrality explains the distinction between finitely generated A-algebras and finite A-
algebras: if B is an A-algebra, then B is a finitely generated integral A-algebra if and only if B is a
finite A-algebra.

Proof.

(=) Suppose B = A[by,..., b is integral over A. Then each by,..., b, is integral over A; so, by Corol-
lary 6.0.7, we have that B is a finitely generated A-module.

(<) If b € B then by Proposition 6.0.5 we get that b is integral over A. So B is integral over A.
0 Remark 6.0.11

Corollary 6.0.12 (5.4). Suppose A C B C C are rings with B integral over A and C integral over B. Then
C is integral over A.

Proof. Suppose ¢ € C. Then c is integral over B, so
by bbby =0

for some n > 0 and some by,...,b,—1 € B. Then c is integral over A[by,...,b,_1], and Albg,...,bn_1,(]
is a finite Albo,...,b,—1]-algebra. But Albg,...,b,—1] is a finitely generated and integral extension of A;
so Albg,...,by—1] is a finite A-algebra, and Albo,...,b,—1,c] is a finite A-algebra. So c is integral over A.

O Corollary 6.0.12

Corollary 6.0.13 (5.5). Integral closures are integrally closed; i.e. if A C B are rings and C' is the integral
closure of A in B (i.e. C = {b &€ B :b is integral over A}), then C is integrally closed in B.

Proof. Suppose b € B is integral over C. Then C[b] is integral over C, and C' is integral over A; hence, by
Corollary 6.0.12, we get that C[b] is integral over A. So b is integral over A; so b € C. O Corollary 6.0.13

Proposition 6.0.14 (5.6). Suppose B is an integral extension of A. Then:

1. Integrality is preserved by quotients; i.e. if J C B is an ideal, then B/J is an integral extension of
A/JNA.

2. Integrality is preserved by localization: if S C A is a multiplicatively closed set, then S~'B is an integral
extension of STLA.
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Proof.

1. Consider 7: A — B/J the composition of A S B> B/J; then ker(m) = AN J, so 7 induces an
embedding A/ANJ < B/J. Suppose b € B/J, where b € B. Then b is integral over A; so

B+ a1 b P+ ab+ag =0
for some n > 0 and some ag,...,a,_1 € A. Thus
)" + @ 1(b)" '+ +ab+a =0
in B/J,and @; € A/JN 1. So b is integral over A/JN1I.
2. Suppose % € S7!B. Then b € B is integral over A; so
V" + a1 b ag =0

for some n > 0 and some ag, ..., a,_1 € A. Multiplying by s™™ € S~!A, we find that

b n . b n—1 . b n—2
(B oo ) o) g
S S S S S S

€ S—1A. So g is integral over S™1A. O Proposition 6.0.14

and each

Proposition 6.0.15 (5.8). Suppose B is integral over A. Suppose Q C B is prime; let P = QNA € Spec(A).
Then Q is mazimal in B if and only if P is maxzimal in A.

Proof. By Proposition 6.0.14, we have A/P — B/Q is an integral extension of integral domains. Replacing
A by A/P and B by B/Q, it suffices to show the following:

Claim 6.0.16. Suppose A, B are integral domains with B integral over A. Then B is a field if and only if
A is a field.

Proof.
(=) Suppose a € A is non-zero. Let b = a~! € B; then b is integral over A, so we may write
"+ ap 0" Fag=0

Then
b = —(an_lb"_l + -4+ a1b+ ag

Since B is a field, we may then divide by 4"~ !; we then get

b Jr”'ern—erbn—z

Ay — a a
b:—(an_1+ n—2 1 0 )

So
al=b= —(an_1 +anosa+---+aa*?+ aoa"_Q) cA

So A is a field.
(<= ) Suppose b € B is non-zero. Then b is integral over A, so we may write
B+ ap b P+ +ab+ag=0
Without loss of generality, we may take n to be minimal. Since B is an integral domain, we get that

' a1 " dab=_b (0" a, b4 dagbtay) #0

#0 #0 by minimality of n
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Then
ag = —(bn =+ an_lb"_l —+ -4 CL1) 7é 0

So o
(Jran_lbnlJr...Jralb) -1

Qo ap Qo

and - p2
_< +a”_1 _|_..._|_a1>b:1

ao ao aop

So b has a multiplicative inverse. So B is a field. 0 Claim 6.0.16
Lifting, we find that @ is maximal in B if and only if P is maximal in A. O Proposition 6.0.15

Given an extension A C B, in general we are interested in the question of whether a given prime P C A
is a contraction of a prime in B; i.e. is there a prime Q C B such that P = @ N A. In this case we say @ lies
over P.

Remark 6.0.17.

1. We saw in Proposition 4.2.35 that this has nothing much to do with primality of @Q; in particular, we
had that P is the contraction of a prime ideal of B if and only if P is the contraction of some ideal of
B if and only if P = PBN A.

2. Such a @) may not exist for the extreme reason that PB = B. If PB # B, there will be always be a
prime (indeed, a maximal) @ C B such that PB C @Q; but perhaps P ;Cé QNA.

Theorem 6.0.18 (5.10). Suppose B is integral over A and P C A is prime. Then there is a prime Q C B
such that P =Q N A.

Proof. Consider the commuting square:
[« ]

Ap‘L—P>BP

where Bp = S™!B (with S = A\ P), and a and 3 are the localization maps. Then Bp # 0; so Bp has a
maximal ideal N C Bp. So Q = 871(N) is a prime ideal in B that does not meet S (by Proposition 4.2.31).
So @ does not meet A\ P, and QN A C P. (Note that we haven’t used integrality so far. This result,
however, is too weak to derive our conclusion; e.g. if @ = (0).)

Now, by the commuting square, we have QN A = a~!(N N Ap). By Proposition 6.0.14, we get that Bp
is integral over Ap; by Proposition 6.0.15, since N C Bp is maximal, we get that NN Ap C Ap is maximal.
So NNAp=P-Ap,and a (NN Ap)=P. So QN A= P, as desired. [0 Theorem 6.0.18

Suppose now that B O A an integral extension with a prime P C A and a prime ¢ C A such that
QN A= P. Suppose P C A is a prime with P/ O P. Can we find prime Q' C B with Q' N A = P’ and
Q' 2Q7

We can.

Proof. Work in A/P — B/Q); note that this is an integral extension. Then P’/P is prime in A; so, by
Theorem 6.0.18, we get a prime @/ C B/Q such that @I N A/P = P’/P. By the correspondence theorem,
we have @/ = Q'/Q for some prime Q' C Q containing Q. We get the following diagram:

AéB

l l

A/P —— B/Q

TODO 2. Relevance?
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Then Q' N A = P’ since (Q'/Q) N A/P = P'/P. O
Iterating, we get:

Theorem 6.0.19 (Going-up theorem). Suppose B is integral over A; suppose Py C P, C --- C P, C A
are prime ideals and for some m < n we have prime ideals Q1 C -+ C Qn of B with Q; N A = P; for
i€{1,...,m}. Then there exist prime ideals Qm4+1 C --- C Qn in B containing Q, such that Q; N A = P;
forje{m+1,....,n}.

Remark 6.0.20. Theorem 6.0.18 is not true if B is simply an integral A-algebra; i.e. if f: A — B is a ring
homomorphism that is not necessarily injective. Indeed, we don’t necessarily have that f(P) is prime in f(A)
if P is prime in A, so we can’t apply Theorem 6.0.18 to f(A) C B to get the desired result. In particular, one
notes that the primes that get mapped to a prime ideal in f(A) are exactly those that contain the kernel.
So we do have that every P C A containing ker(f) is the pullback of a prime in Q.

We now turn to a geometric interpretation of Theorem 6.0.18. Suppose f: A — B is a (not necessarily
integral) A-algebra. Define f*: Spec(B) — Spec(A4) by Q — f~1(Q).

Proposition 6.0.21. f* is continuous.

Proof. Tt suffices to check that the preimage of a closed set is closed. Consider a closed set V(I), where
I C A is an ideal; we wish to show that (f*)~1(V(I)) is closed. Let J = I - B be the ideal generated by f(I)
in B.

Claim 6.0.22. f*(V(I)) =V (J).
Proof.

(S) Suppose Q € (f*)"H(V(I)); then f*(Q) = f~(Q) 2 1. So @ 2 QN f(A) = f(f~'(4)) 2 f(I); so
Q2 J,and Q € V(J).

(2) Suppose Q € Spec(B) has @ 2 J 2 f(I). Then f*(Q) = f~1(Q) 2 I; so f*(Q) € V(I), and
Qe (f)"H(v(I)). O Claim 6.0.22

O Proposition 6.0.21
Proposition 6.0.23. If B is integral over A, then f* is closed.

Proof. Suppose J C B is an ideal; we show that f*(V(J)) is closed in Spec(A). Let I = f~1(J); then I is
an ideal in A.

Claim 6.0.24. f*(V(J)) =V(I).
Proof.

(S) Suppose P € f*(V(J)); say P = f*(Q) = f~1(Q) for @ € V(J). Then Q@ 2 J, s0 P = f~1(Q) 2
fYJ) =1, and P € V(I).

(D) Suppose P € V(I);then P D I = f~1(J) D ker(f). Wehave f: A — f(A) =2 A/ker(f);so f(P)is prime
in f(A) by the correspondence theorem. But B is integral over f(A); so, by Theorem 6.0.18, we get that

f(P)=Qn f(A) for some Q € Spec(B). Then f*(Q) = f~1(Q) = f~H QN f(A) = fH(f(P)) =P
since P D ker(f).

Ezercise 6.0.25. Since Q 2O J, we have Q € V(J).

This is actually false; see homework 5.
So P e f*(V(J)). O Claim 6.0.24
[0 Proposition 6.0.23

Remark 6.0.26. If in addition we have that f is injective then f* is surjective; this is precisely Theorem 6.0.18.
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What of uniqueness in Theorem 6.0.187 i.e. given an integral extension B of A and a prime P of A, how
many primes @) of B satisfy Q N A = P?

Proposition 6.0.27 (5.9). Suppose B is an integral extension of A; suppose Q,Q’ are prime ideals in B
with QC Q. IfQNA=0Q NA then Q =Q'.

Proof. Let P=QNA=Q' N A. Consider two commuting diagrams:
A—-—B
[+
Ap L‘é’) Bp

and

B - B/Q
Jﬁ |
Bp £+ S7Y(B/Q) = S"'B/S™'Q = Bp/QBp
where Bp = S™!B with S = A\ P.
Claim 6.0.28. QBp N Ap = PAp (always, not assuming integrality).

Proof. Consider the exact sequence of A-modules

oL

0—-P—A— B/Q
(This is exact because ker(m o) = Q@ N A = P.) Localizing, we find that
0—=8'P—S51A—- S5 YB/Q)

is exact; i.e.
0— PAp — Ap — BP/QBP

is exact. So
PAp =ker((mot)p) =ker(mpoip) =ker(rp) N Ap =QBpNAp

since ¢p is an embedding and since 7p is just the quotient map. O Claim 6.0.28

Since B is integral over A, Proposition 6.0.14 gives us that Bp is integral over Ap. Observe that PAp
is maximal in Ap. Further note that QBp is prime in Bp since there is by Proposition 4.2.31 a bijective
correspondence between primes in Bp and primes in B that don’t meet S, and @ N (A \ P) = () since
QN A = P. So Proposition 6.0.15 yields that QBp is maximal in Bp. Similarly, we get that Q'Bp is
maximal. But Q C Q’, so QBp C Q'Bp; so QBp = Q'Bp. Since QNS = Q' NS = (), Proposition 4.2.31
yields that Q = Q. [0 Proposition 6.0.27

Corollary 6.0.29. Suppose B is Noetherian and is an integral extension of A. Then every prime in A has
finitely many primes in B lying above it.

Proof. Suppose P C A is a prime ideal; suppose () C B is a prime ideal with Q N A = P.
Claim 6.0.30. Q is a minimal prime containing PB.
Proof. If Q D Q' O PB with Q' prime, then

P=QNADQ'NADPBNADP

SoQNA=Q NA= P, and by Proposition 6.0.27 we get that Q = Q’. O Claim 6.0.30
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Since B is Noetherian, we know that PB is decomposable. So the minimal prime ideals containing PB
are the minimal associated prime ideals. (Recall that the associated primes are the radicals of the primary
ideals appearing in the primary decomposition of PB.) But there are only finitely many associated prime
ideals of PB. O Corollary 6.0.29

Proposition 6.0.31. Suppose f: A — B is an integral A-algebra and B is Noetherian. Then f*: Spec(B) —
Spec(A) is a finite-to-one map.

Proof. Suppose P € Spec(A). If P 2 ker(f), then P ¢ im(f*). (Recall that if P € im(f*) then P = f*(Q),
so P = f~1(Q), and P D ker(f).) So if P 2 ker(f) then (f*)~'(P)=0.
If on the other hand we have P D ker(f) then f(P) is a prime ideal in f(A); then

Q=P = Q=P
= [N f(A) =P
<~ QN f(A) = f(P) (since both sides contain ker(f))

Hence the points of (f*)~1(P) are exactly the primes in B that lie above f(P); by the previous corollary,
we get that there are only finitely many such primes. O Proposition 6.0.31

Lemma 6.0.32 (Noether’s normalization lemma). Suppose k is an infinite field and A is a finitely generated
k-algebra. Then there exist uq,...,u, € A algebraically independent over k (i.e. if p € klxy1,...,x,] has
p(u1,...,ur) =0 then p=0) such that A is integral over kluy, ..., uy].

Note that k[uq,...,u,] is isomorphic to a polynomial ring over k as uy,...,u, are algebraically indepen-
dent; the map will be k[z1,...,2z.] = k[ui,...,u,] given by x; — u;.
Proof. Let ay,...,a, generate A as a k-algebra. If we have aq,...,a, are algebraically independent, then

we’re done. Suppose then that f € k[z1,...,z,] is non-zero and satisfies f(a1,...,a,) = 0; let d = deg(f)
be the total degree of f (i.e. with deg(z}'---x}") = r1 4+ --- 4+ ry). Let fy(z1,...,2,) be the sum of the
monomials in f of degree ¢; then

f=fot+fit+ -+ fa
Claim 6.0.33. There exist A1,...,A\n—1 € k such that fq(A1,..., Ap—1,1) #0.

Proof. Well, fq(x1,...,2n-1,1) € k[x1,...,2y_1] is nON-ZETO Since
fd = Z ’y(rl,...,rn)mql v x;n
et =d
and if (ry,...,7mn) # (rh,...,75), then (rq,...,rn_1) # (ri,...,7,_1) since
7"n:d_rl — = Tp—-1
Ezercise 6.0.34. If k is an infinite field and P € k[x1, ..., ] is non-zero, then P cannot vanish on all of k’.
So there are A1,...,A\n_1 € k such that fy(A1,...,An_1,1) #0. O Claim 6.0.33

For i € {1,...,n =1}, let b; = a; — \ja, € A; then k[by,...,bn_1,a,] = kl[a1,...,a,] = A since
a; = b; + \ja,. But

0= f(a1,...,an)
= f(by + Man, b2 + Aatn, - bp—1 + An_1an, ay)
= fa(bi + Man, ..., bp—1 + An_1an, an) + fa—1(---) + -+
= fa(A1, ., An—1, 1)a‘i + (lower degree terms in a,, with coefficients in k[by,...,b,—1])
(where the last equality is an exercise). By the claim we have fg(A1,..., n—1,1) € B\ {0}, so we may divide
it out; hence a,, is integral over k[by,...,b,_1]. By an induction argument, we may assume k[by, ..., b,_1] is

integral over some k[uq, ..., u,] which are algebraically independent over k. So A is integral over k[uy, ..., u,].
0 Lemma 6.0.32
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From Noether’s normalization lemma, we get that every affine scheme of finite type over a field k (i.e.
Spec(A) where A is a finitely generated k-algebra) si a finite cover of some affine space (i.e. the spec-
trum of a polynomial ring). i.e. we get a surjective, continuous, closed, finite-to-one map Spec(4) —
Spec(k[z1,...,zr]) = AJ. Noether’s normalization lemma gives us that k[zi,...,z,] C A is an integral
extension.

Why is A} called “affine space”? Our intuition is that affine r-space over k is k. We will see that when
k is algebraically closed, we have that the closed points of A} form k".

Proposition 6.0.35 (7.10). Suppose k is a field, A is a finitely generated k-algebra, and m C A is a mazimal
ideal. Then A/m is a finite algebraic field extension of k.

Proof. We first note that A/m is an extension of k by 7 the composition k¥ < A — A/m; then ker(w) =
m Nk = (0) since £\ {0} consists entirely of units, and m G A. So k C A/m, and A/m is a field.
Also A/m is a finitely generated k-algebra: if A = k[ay,...,a,] for some generators ay,...,a, € A, then
A/m = k[aq,...,@n), where = denotes the image in A/m. So, by Noether’s normalization lemma applied to
A/m, we have algebraically independent uy,...,u, € A/m (where r > 0) such that kfu,...,u,] C A/m is
an integral extension. By Proposition 6.0.15, since Am is a field and integral over k[uy, ..., u,]|, we get that
maximality of (0) in A/m yields maximality of (0) = (0)Nk[uy, ..., u,] in k[u1,...,u,], and kfug, ..., u,] is a
field. But ;g is not invertible in k[uy, ..., u,]; sor =0, and k C A/m is integral, and hence algebraic. It is also
a finite extension, since it is finitely generated as a k-algebra. (Recall by Proposition 6.0.5, Corollary 6.0.7
that finitely generated and integral extensions are finite.) O Proposition 6.0.35

Corollary 6.0.36 (Weak Nullstellensatz). Suppose k is an algebraically closed field and k[x1,...,2z,] is a
polynomial ring. Then the mazimal ideals are of the form (v1—ay1,z2—as, ..., x.—a,) for someay,...,a, € k.

Proof. First suppose ay,...,a, € k; we show (1 — a1,...,2, — a,) is a maximal ideal. Consider the k-
algebra homomorphism =: k[z1,...,2,] — k given by x; — a; for ¢ € {1,...,r}. Then 1 ¢ ker(w) and
(x1 —a1,...,z, —a,) Cker(w); so1 ¢ (x1 —aq,...,2. —a,), and (z1 — ay,..., 2, — a,) is proper. Using *
to denote image in R = k[xy,...,2,]/(x1 — a1,...,2, — a,), we get that

So R = k[z1,...,%,| = k[a1,...,a,] = k since ay,...,a, € k. So k[z1,...,z.])/(x1 — a1,..., 2, —a,) is a
field, and (1 — aq,...,2, — a,) is maximal. Note that this direction did not require algebraic closure.
Now, suppose m C k[z1,...,2,] is maximal. Then k C k[zy,...,z,.|/m is a finite algebraic extension
by Proposition 6.0.35. Since k is algebraically closed, we get that k = k[z1,...,x,]/m. Consider the k-
algebra homomorphism =: kz1,...,2,] — k[z1,...,2:]/m = k. Let a; = n(x;) for i € {1,...,r}; then
a1,...,ar € k. Then
m(x; —a;) = mw(x;) —7(a;) =m(x;) —a; =a; —a; =0

So (x1 —ay,...,x. —a,) C ker(w) = m. But (1 — ay,..., 2. — a,) is maximal by the previous part of the
proof. So (z1 —a1,...,x, — a,) = m. O Corollary 6.0.36

Ezample 6.0.37. (22 + 1) is maximal in Q[z] but is not of the above form.

We now give a geometric interpretation of the above.
Definition 6.0.38. A point p in a topological space T is closed if {p} is a closed set.
Remark 6.0.39. In Spec(A), the closed points are precisely the maximal ideals.

Proof. Suppose m C A is maximal. Then {m} = V(m). Conversely, if P € Spec(A) is closed, then
P = V(I) for some ideal I; so if Q D P is prime, then Q € V(I) = {P}, and Q = P. So P is maximal.
O Remark 6.0.39

Corollary 6.0.40. Suppose k is an algebraically closed field. Then there is a bijective correspondence between
k™ and the set of closed points in Spec(k[z1,...,x,]) = A}
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Proof. Given (ay,...,a,) € k™, we get a maximal ideal F(ay,...,a,) = (1 —a1,..., 2, — ay), which is then
a closed point. By the weak Nullstellensatz we get that F' is surjective. To see that F is injective, note that
if F(ay,...,a,) = F(by,...,b,), then (x1 —a1,...,xp—ayn) =m=(x1—by,...,x, —by). Then T; = a@; = a;
and 7; = b; = b; (since k embeds into k[z1, ..., x,]/m); so a; = b;, and F is a bijection. O Corollary 6.0.40

Another formulation of the weak Nullstellensatz, which justifies the name, is the following:

Corollary 6.0.41. Suppose k is an algebraically closed field; suppose I C k[xq,...,x,] is an ideal. Let
Z(I) ={(ay,...,an) €K™ : f(a1,...,a,) =0 forall f € I }. Then Z(I) # 0 if and only if I is proper.

Proof.
(=) It is easily seen that if 1 € I then Z(I) = 0.

(<) Suppose I is proper; then there is a maximal ideal m containing I. Then by the weak Nullstellensatz,
we get that m = (z1 — a1, ..., 2z, — ay,) for some ay,...,a, € k. But then (ay,...,a,) € Z(m) since if
g=(z1—a)fi+- + (¥n — an)fn then

glat,...,an) = (a1 —a1)fi(ar,...,an) + -+ (an — an) fru(ar,...,a,) =0
But I Cm;so Z(m) C Z(I), and (a1,...,a,) € Z(I). So Z(I) # 0. O Corollary 6.0.41

Definition 6.0.42. Suppose k is a field. An algebraic subset of k™ is a subset of the form Z(I) for some
ideal I of k[xy,...,x,].

Remark 6.0.43.

1. One can instead consider Z(X) for any subset X C k[z1,...,x,]; however, it is easily seen that
Z(X) = Z(I) where I = (X). In particular, by Hilbert’s basis theorem, we get that any algebraic set
is of the form Z({ f1,..., fe}) for some fi,..., f¢; we simply take fi,..., f, to be the generators of
I=(X).

2. The algebraic subsets of k™ are the closed sets of a topology on k™, called the Zariski topology.

3. We compare V(I) and Z(I). We have V(I) is a Zariski-closed subset of Spec(k[x1,...,z,]); this
approach is due to Grothendieck. On the other hand, we have Z(I) is a Zariski-closed subset of k™;
this is the classical approach.

We may regard k™ C Spec(k[x1,...,2,]); in fact, the Zariski topology on k™ is the induced topology
from the Zariski topology on Spec(k[z1,...,xy]).

Note that I — Z(I) is an inclusion-reversing map from ideals in the polynomial ring to algebraic sets.
There is a natural map in the other direction: if Z C k™ is an algebraic set, we define

I(Z)={f€klz1,...,zn) : f(a1,...,a,) =0 for all(aq,...,a,) € Z}

It is easily seen that I(Z) is an ideal of k[x1,...,x,]. Are these maps mutually inverse? In particular, is
I(Z(I)) = I for all ideals I of k[z1,...,z,]? Clearly we have I C I(Z(I)). Does it hold that I(Z(I)) C I for
all ideals I of k[zq, ..., 2,]?

It does not. Suppose f € k[z1,...,x,] has f* € I for some £ > 0. Then for each (ai,...,a,) € Z(I), we
have

0 = fZ(CLl"_.?an) = (f(a]~7"'7az))€
But f(a1,...,ar) € k; so f(a1,...,ae) =0 for all (a1,...,as) € Z(I). So f € I. In particular, we get

Ircr(I)cI(2(1))

So for I not radical, we get I G (1) C I(Z(I)), and I # I(Z(I)).
The full Nullstellensatz says that this is the only obstacle.

Theorem 6.0.44 (Hilbert’s Nullstellensatz). Suppose k is an algebraically closed field; suppose I C k[z1, ..., x,
is an ideal. Then I(V(I)) =r(I).
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Remark 6.0.45. We can recover the corollary to weak Nullstellensatz from Hilbert’s Nullstellensatz since if
I is a proper ideal of k[z1,...,x,] then so is r(I); hence I(Z(I)) = r(I) # klx1,...,2y], and thus Z(I) # 0.
(Vacuously we get that I(0) = k[z1,...,z,].)

Hence we get the classical algebro-geometric correspondence mapping an ideal I C k[xy,...,z,] to
Z(I)={(a1,...,an) € k™ : f(a1,...,a,) =0forall fe}.
Remark 6.0.46. Z(I) = Z(r(I)). (Recall that we had a similar fact about V(I) C Spec(A).)

Proof.
(©) Last time we saw that r(I) C I(Z(I)); hence Z(I) C Z(I(Z(I))) C Z(r(I)).

(D) Since I C r(I), we get that Z(r(I)) C Z(I). O Remark 6.0.46

Proof of Theorem 6.0.44. We just saw that r(I) C I(Z(r(I))) = I(Z(I)). For the other direction, given
f ¢ r(I), we wish to find a point in Z(I) on which f does not vanish. Since f ¢ r(I), we get a prime ideal
P D I with f ¢ P;let f denote the image of f in A = k[xy,...,2,]/P. Then since f ¢ P we get that f # 0,
and Ay # 0; since A is an integral domain (as P is prime), we get that A C Az (Recall AF=S ~1 A where
S={1,f,(H)>...})

Note that % € Ap;s0 A [%} C Ay. But every element of Ay is of the form # for some a € A and ¢ > 0.
So A[% = A? and A? =k [Th ey Ty %} is a finitely generated k-algebra.

Now, let m C A? be a maximal ideal; then by Proposition 6.0.35 we get that Af/m is a finite algebraic
extension of k. But k is algebraically closed; so Az/m = k. Let m: k[z1,...,2,] = k be the corresponding
k-algebra homomorphism. Let a; = w(z;) for i € {1,...,n}; then (ai,...,a,) € k™.

Note that for g € I we have g(ay,...,a,) = g(n(z1),...,7(zn)) = 7(g9(x1,...,2,)) =0 sincege I C P
and 7 factors through k[z1,...,z,] = k[z1,...,2,]/P. So (a1,...,a,) € Z(I). We also get that

flar,.. . an) = f(m(xr), ..., m(xy)) = 7(f(x1,...,20)) =7(f) #0

Since f is invertible in A?, we have that f ¢ m; so n(f) = f +m # 0 in Af/m. So f does not vanish on
Z(I). So I(Z(I)) Cr(I), and I(Z(I)) = r(I). O Theorem 6.0.44

Corollary 6.0.47. Suppose k is an algebraically closed field. Then there is an inclusion-reversing bijective
correspondence between radical ideals of k[x1, ..., x,] and algebraic subsets of k™ given by I and Z.

Proof. Note that I(Z) is radical: if f¢ vanishes on Z then so does f. So the codomains are correct. It is
clear that the maps are inclusion-reversing. It remains to show that they are mutually inverse. By Hilbert’s
Nullstellensatz, we get that I(Z(I)) = r(I) = I since I is radical. For the other direction, note that if Z C k"
is algebraic, then Z = Z(J) for some ideal J C k[z1,...,z,]; then by Hilbert’s Nullstellensatz

So Z and I are mutually inverse. O Corollary 6.0.47

7 Tidbits

7.1 Integrally closed domains (Chapter 5)
Definition 7.1.1. An integral domain A is integrally closed if it is integrally closed in Frac(A); i.e. if
{r € Frac(A) : r is integral over A} = A

Ezxample 7.1.2. As previously noted, Z is integrally closed in Q; so Z is an integrally closed domain. Warning:
Z is not integrally closed in, for example, C.

Example 7.1.3. As remarked in the homework, the proof that Z is integrally closed in Q shows that any
UFD is integrally closed. In particular, Z[x1,...,x,] and k[z1,...,z,] for k a field are integrally closed.
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Proposition 7.1.4 (5.12). Localization preserves integral closures. i.e. suppose A C B are rings and C is
the integral closure of A in B; suppose S C A is multiplicatively closed. Then S™'C is the integral closure
of ST1A in S71B.

Proof. We saw in Proposition 6.0.14 that localization preserves integrality; hence since C' is integral over A
we get that S~1C is integral over S~'A. Suppose now that % € S7!B is integral over S~'A. Then we have
n>0,ag,...,an_1 € A, and sg,...,S,_1 € S such that

D\" an_1 (b n-l arb a
<> + 1(> +...+717+70:0
S Sn—1 \' S S1 8 S0

Let t = s¢ - - - s,—1; multiplying both sides by (st)"™, we find that

a Snfltnfl
)"t e (bt) +
Sn—1 S1 S0

Ay 18t aps™t"

(bt)" + =0

itn

But each % € A since s; | t; so bt € B is integral over A. So bt € C. So in S™'B, we get that

b=1Lt)e e (since t € S).
So S71C is the integral closure of S™'A in S~ B. 0 Proposition 7.1.4

Proposition 7.1.5 (5.13). Being integrally closed is a local property; i.e. if A is an integral domain, then
the following are equivalent:

1. A is integrally closed.

2. Ap is integrally closed for all primes P C A.

3. Ay, is integrally closed for all mazimal ideals m C A.
Proof.

(1) = (2) In general if C is the integral closure of A in k = Frac(A) and P C A is prime then Cp = S~1C
(with S = A\ P); hence by Proposition 7.1.4 we get that Cp is the integral closure of Ap in kp =
k = Frac(Ap) (since A C Ap C k = Frac(A)). By hypothesis we get that A = C, and thus Ap = Cp;
hence Ap is integrally closed in Frac(Ap) = k. So Ap is integrally closed.

(2) = (3) Clear. [0 Proposition 7.1.5

(83) = (1) Let K = Frac(A); let C be the integral closure of A in K. Suppose m C A is maximal; then
A, € Cp C K,, = K. By Proposition 7.1.4, we get that C,, is the integral closure of A4,, in K.
But A,, is integrally closed by hypothesis; so A,, = C,,. So for all maximal ideals m of A we have
tm: Am — Cypy, is surjective. But by Proposition 4.2.23 we have that surjectivity is local; so t: A — C
is surjective, and A = C' is integrally closed.

One important source of integrally closed domains is DVRs

Definition 7.1.6. Suppose k is a field. A discrete valuation on k is a surjective v: k* — Z satisfying
1. v is a grape homomorphism (k*,-) — (Z,+).
2. v(z+y) > min{ v(x),v(y) } for all z,y € k* with x +y # 0.

(If we set v(0) = oo with the usual conventions for arithmetic on the extended reals, then the above two
properties hold on all of k.) The wvaluation ring is O, = {a € k : v(a) > 0}; the mazimal ideal is
my ={ack:v(a)>0}.

Example 7.1.7. Let k = Q; suppose p is prime. Consider v: Q* — Z given by pZ% — ¢ (where n,m ¢ pZ);
this is the p-adic valuation. Then

Ov:{ﬁ:pfm}:Z(p)
and

n
mvz{E:me,p|n}:pZ(p)
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Ezample 7.1.8. Suppose k is a field; let K = k(z) = Frac(k[z]). Fix an irreducible f € k[z]; we then
define v: k(z)* — Z by f'4 — ¢ as above. This is the f-adic valuation. We then get O, = k[z](s) and

my = fk[z](s).

Proposition 7.1.9. Suppose v: K* — Z is a discrete valuation.

1. If x € K* then eitherx € O, or z~ ' € O,.
2. Oy is a local ring and m, is its mazximal ideal.
8. my, 18 principal.
4. Every non-zero ideal of O, is of the form mk for some k > 0. In particular, we get that O, is a PID.
5. O, is integrally closed.
Proof.
1. Note that
€0, < v(z) >0 <= vz ) =—v)<0 <= 27140,
2. To see that O, is a ring, one notes that for z,y € O, we have
v(z +y) = min{v(z), v(y) }
>0
v(zy) = v(z) +v(y)
>0
v(l)=0
>0
v(—=1)=0
<0
A similar proof shows that m,, is an ideal. To check that m,, is maximal, one simply checks that O, /m,
is a field.
3. Since v: K* — Z is surjective, there is * € K* such that v(z) = 1. Suppose now that y € m,; then
e K,and v(%) =v(y) —v(z) =v(y) — 1 > 0 since v(y) > 0. Soy = £ -z, and m, = (z).
4. For k>0 welet mp ={y € O, :v(y) >k}

Claim 7.1.10. The only non-zero ideals of O, are the my.

Proof. Suppose I is a non-zero ideal of O,. Let k > 0 be minimal such that there is a € I with
v(a) = k; then a # 0. By minimality of k, we have I C my. Conversely, suppose y € my. Then £ € K,
and v(¥) =v(y) —k>0;s0 L€ Oy, and y = La € 1. O Claim 7.1.10

By the previous part, we get that m,, = (z) where v(z) = 1.

Claim 7.1.11. my, = mF = (2F).

Proof.

(C) Suppose y € my; then 24 € K has v(%) =v(y) —k > 0. So % € O,, and y € (a).
(2) Clear since v(z*) = kv(x) = k. O Claim 7.1.11

The two claims yield the desired result.
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5. Well, O, is an integral domain as a subring of a field. By Item 1 we get that Frac(O,) = K it then
suffices to show that O, is integrally closed in K. Suppose b € K is integral over O,; say

b+ a1 b ag =0
for some a,_1,...,a0 € O,. If we had b ¢ O,, then b= € O,; so, multiplying by b'~", we get that

b4 an_1+anob 4 +aght ™" =0
€O,

So b € O,, a contradiction. So b € O,. [0 Proposition 7.1.9

Lemma 7.1.12 (Chapter 9). Suppose A is a local Noetherian integral domain in which every non-zero ideal
is a power of the maximal ideal. Then A is a DVR or a field.

Proof. Let m C A be the maximal ideal; suppose A is not a field.
Claim 7.1.13. m? # m.

Proof. Suppose for contradiction that m - m = m. But m = J(A), and since A is Noetherian we have that
m is finitely generated; so, by Nakayama’s lemma, we get that m = 0, contradicting our assumption that A
is not a field. O Claim 7.1.13

We may thus let 2 € m \ m?. Then by hypothesis we have (x) = m* for some k > 0. But if k > 2 then
mF C m?; thus, since ¢ m?, we get that (z) = m. So each m* = (2¥). Define v: A\ {0} — Z by sending
a to the unique k such that (a) = (z¥) = m*; we then extend v to Frac(A)* by setting

v(3) = v(a) = v(b)
One checks that v is a discrete valuation with A = O,,. So A is a discrete valuation ring. O Lemma 7.1.12

In the study of Noetherian integral domains, the simplest case we come across are those of dimension 0:
Noetherian integral domains A for which there do not exist prime ideals P ; Q. Since (0) is prime, this is
equivalent to A being a field.

The next case are those of dimension 1: Noetherian integral domains A such that there does not exist
prime ideals Py ; P ; P,. Since (0) is prime, this is equivalent to requiring that every non-zero prime ideal
is maximal. We focus on this case.

Lemma 7.1.14. Suppose A C B are integral domains. Suppose A is of dimension 1 and B is integral over
A. Then B is of dimension 1.

Proof. A is not a field; so, by Proposition 6.0.15 we get that B is not a field. Suppose @ C B is a prime
ideal.

Case 1. Suppose @ N A = 0. Then (0) C @ are prime ideals in B, and both (0) and @ lie above (0) in A.
So Proposition 6.0.27 yields that (0) = Q.

Case 2. Suppose Q N A = P # (0). Since A is of dimension 1, we get that P is maximal; so, by Proposi-
tion 6.0.15, we get that @ is maximal.

So every non-zero prime ideal is maximal; so B is of dimension 1. O Lemma 7.1.14

Ezample 7.1.15 (Plane curves). Suppose k is a field; suppose f € k[z,y] is non-zero and irreducible. Then
klx,y]/(f) is a Noetherian integral domain of dimension 1.

Proof. Let A = k[z,y]/(f); then A is a finitely-generated k-algebra, and is thus Noetherian, by Hilbert’s
basis theorem. Since (f) is prime, we get that A is an integral domain. Let K = Frac(A) = k(T,y) where
T=x+(f)e Aandg=y+ (f) € A. Since f(Z,7) = f(z,y) =0 in A, we have that {Z,7 } is algebraically
dependent; so trdeg(K/k) < 1. One checks then that trdeg(K /k) = 1. By Noether’s normalization lemma,
we get that A is integral over k[aq, ..., a,] where ai,...,a, € A are algebraically independent over k; by the
above, we get that n = 1, and A is integral over a polynomial ring in one variable. But such rings are PIDs,
and are thus of dimension 1; hence, by Lemma 7.1.14, we get that A is of dimension 1. O
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Ezample 7.1.16 (Rings of integers). Suppose K is a finite algebraic extension of Q. (Such fields are called
number fields.) Let A be the integral closure of Z in K; this is called the ring of integers in K. Then A is a
Noetherian integral domain of dimension 1.

Proof. That A is of dimension 1 follows by Lemma 7.1.14; that A is an integral follows as it is a subring of
a field. To see that A is Noetherian needs work; this is 5.17 in the book. O

Theorem 7.1.17 (9.3). Suppose A is a Noetherian integral domain of dimension 1. Then the following are
equivalent:

1. A is integrally closed.
2. For every non-zero P € Spec(A) we have Ap is a DVR.

3. Every primary ideal of A is a power of a prime ideal.
Proof.

(2) = (1) DVRs are integrally closed; so every localization at a non-zero prime is integrally closed. But
being integrally closed is a local property; so A is integrally closed.

(Note that this direction only required that A be an integral domain.)

(2) = (3) Suppose Q C A is P-primary, so P = r(Q) is prime in A. We will show that @ is a power of P.
If Q = (0), we're done; assume then that @ # 0. So P # 0; so, since A is of dimension 1, we get that P
is maximal. In the localization, we have QAp C PAp. But Ap is a DVR; so every ideal is a power of
PAp (the maximal ideal). So QAp = (PAp)¥ = P¥Ap. (One checks this last equality; it essentially
says that localization is compatible with taking powers of primes.) Note that in A, both @ and P* are
primary ideals in P (by hypothesis and since P is maximal, respectively). By question 4 on homework
4, we have that primary ideals in Ap correspond bijectively to primary ideals of A contained in P. So
QAp = P*Ap implies that Q = P*.

(3) = (2) Suppose P C A is a non-zero prime. Note that since A is of dimension 1 we get that Ap is as
well; so PAp is the only non-zero prime ideal. Suppose now that [ is a proper, non-zero ideal of Ap;
then r(I) is a non-zero prime, and thus r(I) = PAp. So, by Proposition 5.0.16, we get that Ap; by
question 4 on homework 4, we get that I N A is primary in A. So, since I N A C P, the hypothesis and
dimension 1 yield that I N A = P* for some k > 0. So [ = P*Ap = (PAp)*.

So every non-zero ideal of Ap is a power of the maximal ideal. By Lemma 7.1.12, we get that Ap is a
DVR.

(1) = (2) Suppose P C A is a non-zero prime ideal; we show that Ap is a DVR. Let R = Ap; let
m = PAp. Since A is integrally closed, we get that R is as well. But R is of dimension 1; so m is the
only non-zero prime ideal of R. Suppose a € m is non-zero; then

r((@) =(\V(a) =m

By Noetherianity and Proposition 5.1.16, we get that m* C (a) for some k > 0; choose a least such k,
so m* C (a) but m*~1 Z (a). Suppose b € m*~1\ (a); consider

a= g € K = Frac(R)

Note that am C R: indeed, if x € m then az = %” with b € mF=1; so bx € m* C (a), so a | bx in R,
and %I € R. We further note that am is an ideal in R.

Claim 7.1.18. am = R.

66



Proof. If not, we would have am C m. Consider ¢: m — m given by x — ax. Then since m is a
finitely-generated R-module (by Noetherianity) and ¢ is R-linear, generalized Cayley-Hamilton (i.e.
linear algebra; see proof of Proposition 6.0.5) yields that « is integral over R. But R is integrally
closed and «a € Frac(R) = K; so a € R. So a | b in R, contradicting our assumption that b ¢ (a).

O Claim 7.1.18

Claim 7.1.19. m is principal.

Proof. By the previous claim, we get that 1 € am = %m; so a”l = 7 €mC R So (%) C m.

Conversely, if x € m then
a a
r=aa r=- axr €[-
b e\/ ( b )

amCR

Som = (%) O Claim 7.1.19

Claim 7.1.20. FEwvery non-zero ideal of R is a power of m; hence R is a DVR.

Proof. Suppose I is a non-zero ideal of R. Suppose [ is proper; then I C m, and r(I) = m since R is
of dimension 1. By Noetherianity we get that m* C I for some k. If I C m*, then I = mF, and we’re
done. Suppose then that I ¢ mF; choose a least ¢ such that I ¢ m’. By the previous claim we may
write m = (x). Then I C (2*~') but I € (2%). So there is y € I such that y ¢ (2%) but y = ax’!
for some a € R. Soa ¢ (v) = m; so a € R*, and 2~' = a7ly € I. So m*~! = (2'71) C I; so
I=(z'"Y =m'1 [ Claim 7.1.20

So R is a DVR. O Theorem 7.1.17

Definition 7.1.21. A Dedekind domain is a Noetherian integral domain of dimension 1 such that any of
the three conditions of Theorem 7.1.17 hold.

Corollary 7.1.22. In a Dedekind domain A every proper ideal has a factorization as a product of prime
ideals.

Proof. Suppose I is a proper ideal. If I = (0) then I is prime; assume then that I # (0). Take an irredundant
primary decomposition
I'=Qin---NQ

where the Q; are Pj-primary (with P; = r(Q;)) and Pi,..., Py are distinct. By dimension 1 we get that
Py, ..., P, are maximal; hence if ¢ # j then P, + P; = A. So

r(Qi+Q;) =r(r(Qi) +r(Q;)) =r(Pi+ ;) =r(4) = A
So Q; + Q; = A. Recall in general that if I +J = A then INJ =1J. So
[=Qi- Q=P Py . P

since Q; is P;-prime and A is a Dedekind domain implies Q; = PF. O Corollary 7.1.22

K3

In fact the factorization is unique.

Final exam: Monday April 11, 12:30-15:00, MC 4041. Office hours this week: MW 13:30-15:30, Friday
12:30-14:30, MC 5018. Will cover everything we covered in class except the final week (DVRs, dimension
1, Dedekind domains). The exam format will be content/synthesis (definitions, true or false, short answer,
example and counterexample) and a couple of problem-solving questions (problems and proofs). Recall that
the exam is 65% of the final grade and the assignments are 35%.
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