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ABSTRACT

The main aim of this project is to learn a branch of Mathematics that
studies commutative rings with unity.
The central notion in commutative algebra is that of prime ideal. This
provides common generalization of primes of airthmetics and points of ge-
ometry. The geometric notion of concentrating attention near a point has as
its algebraic analogue the important process localizing a ring at prime ideal,
therefore result about lacalization can be thought in term of geometry.



ii



Contents

Preface

1 Rings And Algebra

1.1
1.2
1.3

Introduction . . . . . . . ...
Radical . . . . . . . . ..

Contraction and extension ideals . . . . . . .. . .. ... ..

2 Noetherian Rings

3 Rings of fraction

3.1

Localization . . . . . . . . . . . ...

4 Modules of fractions

5 Integral Extentions

5.1
5.2
5.3

Prime ideal in an integral extention . . . . . . . . .. ... ..
Going Up Going Down Thereom . . . .. .. ... ... ...

Noether Normalization Thereom . . . . . . .. .. .. .. ..

6 Tensor Products

6.1
6.2
6.3
6.4
6.5
6.6

Axiomatic definition of tensor products . . . . ... ... ..
Constructive definition of tensor product . . . . . . . . .. ..
Universal mapping property of tensor product . . . . . . . ..
Tensor product on modules . . . . ... ... ... ......
Properties of Tensor products . . . . . . ... ... ......

Questions . . . . . . . ...

15
17

21

25
28
31
34



ii

6.7 Primary Decompositions

6.8 Discrete Valuation rings

CONTENTS

6.9 Topologies and completions . . . . . . ... ... ... ... 56



Contents



CONTENTS



Chapter 1

Rings And Algebra

1.1 Introduction

In this course,we shall consider ring to be commutative and with unity.

Definition 1.1.1. Algebra
Let A be any ring.An A-algebra is a ring B together with a homomorphism
¢ : A—B

Example 1.1.2. Let A be any non zero ring then f : Z —A defined by
f(n)=n.14 is a ring homomorphism so A become a Z-algebra

An A-subalgebra C of B is a subring C of B together with homomor-
phism ¢:A — B
Let B be an A-algebra with a homomorphism ¢: A — B and let S be sub-
set of B.The intersection of all A subalgebras of B.It is denoted by A[S] and
called the A subalgebra generated by S.If B=A[S] then S is called a set
of algebra generators of B,and A[S] is the smallest subring of B containing
S.If B=A[S] for a finite set S then B is called finitely generated A-algebra

Let b € B.The subalgebra A[b] generated by the singleton {b} consists
precisely of all polynomial expression in b with coefficients in A,i.e.elements
of the form »"°°, a;z* with n a non-negative integer and a;€A for every i.

Definition 1.1.3. : Prime Ideal
An ideal P in A is prime if P#A and abe P=a€P or beP

3



4 1.1. Introduction

Definition 1.1.4. Maximal Ideal
An ideal M in A is mazimal if M#A and if there an ideal J of such that
MCJCA = M=J or J=A

Definition 1.1.5. Multiplcative Subset
A set S is said be multiplicative subset if 1€S, a,beS=abeS

for example,the following are multiplicative subsets.
The multiplicative set (f) generated by an element f of A,the complimrnt
of a prime ideal is also an example of multiplicative set

Theorem 1.1.6. Every proper ideal in a ring A is contained in some max-
imal ideal.

Proof. Proof is by using Zorne’s Lemma,
Let FF'={J | Jis an ideal in A with I C J # A}.
Clearly IeF= F+#¢
Let J1,Jo=F and define J;<Jy<J1CJs then (F, <) is a poset.Let C' be a
chain in F’ and define
TO:UTeCT and T<Ty V TeC.So T is an upper bound for C and Tj is
an ideal in A containing I and also we note that Ty can not be equal to
A therefore ToeF' and Tj is a upper bound for C.Now using Zorn’s lemma
there exist a maximal element say M in F' and now it is easy to show M is
maximal ideal in A by using maximality of M in F

O

Proposition 1.1.7. Let S be a subset of a ring A and I be an ideal of A
disjoint from S.Then the set of ideals in A containing I and disjoint from S
contain a mazimal element and if S is multiplicative then every such maxi-
mal element is prime

Proof. : The set F of ideals of A containing I disjoint from .S is non empty
because it contains I.Now by previous theorem we define

To = Upec T where C is a chain in I and Ty € F' otherwise some element
of S lies in Ty and hence in hence in T for some T which is a contradiction
to the defination of F then by Zorn’s lemma F has maximal element



Now assume S is multplicative subset of A and let M be maximal element
in F Let bbre M and if b ¢ M then MC M + (b)
= M + (b) ¢F, therefore S contains an element of M + (b) say, f=c+ab
where ce M ,a€ A similarly if b/ ¢ M then S contain an element fr=c/+asb,
where ¢/ €M ,al€A
Now we have ff/=cc/+abc/+arbl/c+abasbl € M which contradicts to ffr€,S.Hence
M is prime ideal in A

O

1.2 Radical

Let A be a ring and I be an ideal of A then radical of I is
{feA: frel,somereN}

Remark 1.2.1. Prime ideals are radical

Proposition 1.2.2. Let I be an ideal in a ring A then,
(a) The radical of I is an ideal
(b) rad(rad(l))=rad(I)

Proof. First part is easy i shall prove second one.Let a €rad([) then a" €1
= (a")*€l for some r,s €N

= a"€ rad(!)

= aecrad(rad(I))

Conversely,let acrad(rad(I)) then a"€rad(I)

= (a")*€el and so a’el for some t€N which means acrad(I) O

Remark 1.2.3. If I and J be two radical then INJ is also a radical but
I+ J need not be an radical,for example let I = (X?>—Y) and J = (X2 +Y)
both are prime ideals in K[X,Y] then I + J = (X2,Y) which is not radical
because it contains X2 but not X

Proposition 1.2.4. The radical of an ideal I is equal to the intersection of
prime ideals containing it.In perticular,the nilradical of a ring A is equal the
intersection of the prime ideals of A

Proof. Claim: rad(I)=(\P,where ICP.If I=A then there is no prime ideal
and set of all prime ideal is () and then intersection over empty set is full
ring then we are done.Let /CA then rad(I)(|P where ICP because prime
ideals are radical and rad(I) is the smallest ideal containg I
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Conversely,let f¢rad(I) and let S={1,f,f2......} be multiplicative set and we
know rad(I) is an ideal that contain I and rad(/)NS=¢ and then by propl
3 a prime ideal say P disjoint from S, therefore f¢ P and hence f does not
belong to the intersection of prime ideals.Hence we are done O

Definition 1.2.5. The Jacobson radical J of a ring is the intersection of
the maximal ideals of the ring

J(A)=N{m |m is mazimal ideal in A}
A ring is local if it has exactly one maximal ideal,for such a ring,the Jacob-
son radical is m

Proposition 1.2.6. An element ¢ of A is in the jacobson radical of A if
and only if 1-ac is a unit for all acA

Proof. : We prove the contrapositive,3 a maximal ideal M such that c¢ M iff
3 a€ A such that 1 —ac is not a unit.Let 1 —ac is not a unit then (1 —ac)CM
and 1 — ac €(1 — ac) then c¢ M otherwise,

1=1—ac+aceM

=1€M that is not possible

Conversely,let ¢c¢ M then MCM + (c)

=M + (c)=A,since M is maximal ideal,therefore 1 = m 4 ac ;meM ,acA
= 1—aceM

= 1 — ac is not a unit [

Theorem 1.2.7. Prime Avoidance

Let Py,Ps,....,P.,r>1 be ideals in A such that P; are prime ideals for i>3.1f
an ideal I is not contained any of P; then I is not contained in the union of
P;

Proof. I shall prove it by induction on r.The idea is to find an element in [
but not in any of P;’s
For r = 1 nothing to prove.Next suppose r>2 and for each i choose

zel\ |JP; where i#j
Where the set on right is nonempty by inductive hypothesis.We can assume

z;€P; for all i,otherwise ,if some z; does not lie in P;, then z;€I\(JP; for all
1=1,2,..,7.



Now put

2= Z1...Bp—112r

Then z in I but not in any of P;’s.If z is in any of P; for some i<r — 1 then
zr€P; which contradict to z.€P,.Now suppose z is inP,.Then zj...z,_1 is in
P,

If r is 2,we are done.If r>3,then,since P, is a prime ideal,some z;, i<r — 1
is in P,,a contradiction so our assumption z;€F; for all ¢ is wrong.So we are
done. ]

1.3 Contraction and extension ideals

Let ¢ :A —B be a ring homomorphism.For an ideal b of B, ¢~!(b) is an
ideal in A called the contraction of b to A and denoted by b¢,and for an ideal
a of A the ideal in B generated by ¢(a) is called the extension of a to B and
denoted by a®,when ¢ is surjective then ¢(a) is an ideal in B and when A
is subring of B then b =bN A

Properties of contraction and extension of ideals

Let a,a’ be ideals of A and b,b’ be ideals of B then

(a+an®=a®+af , (aa)® = aa , (bNbNS=bNbC , rad(b®) = rad(b)°

Theorem 1.3.1. Correspondence Theorem

Let f: A— B be a ring homomorphism then

(1) for any ideal I of A we have I C I and 1°°¢ = I¢. For any ideal J of
B we have J¢ C J and J¢ = J¢¢¢

(2) There is a bijection between contracted ideals in A and extended ideals
in B

Proof. Let v € I then f(r) € I¢ so r € I°“.The ideal J° generated by
f(JO)If r € J¢ then f(r) € J,so the ideal generated by f(J€) is contained in
the ideal J.Since I C I°¢ we get I¢ C I1°°® and since 1°“¢ C I°, we conclude
that 1°° = I° | similarly we can prove J¢ = J¢

(2) Let C denote the set of contracted ideal in A and E denote the set of
extented ideals in B and every in C is of the form J¢ for some ideal J of B
and every ideal of F is of the form I€ for some ideal I of A.Since [¢¢¢ = [¢
and J°¢ = J°Now the map ¢ : C — FE given by ¢(I) = I¢ is clearly
bijective with the given condition above O
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Remark 1.3.2. If J is a prime ideal of B then J° is a prime ideal A but if
I is prime idel of A then I¢ need not be prime ideal for example take identity
map Z — Q then for any p prime pZ is ideal of Z but (pZ)¢ = Q which is
not prime in Q

Theorem 1.3.3. Chinese Remainder Theorem Let A be a ring and Iy, I, ...., Iy,
be ideals of A such that I; and I are coprime for i # j then,

A/Ilﬂlgﬂ...ﬂfk%A/le ..... XA/Ik

Proof. 1 shall prove it for £k = 2 ,one can show for finitely many such ideals

Define a map ¢; A/IJ — A/I x A/ J by

dlx+1J)=(x+1,x+J),pis well define since IJ is an ideal of A and let
c+1J=y+1J
r—yelJ=1INJ,since I, J are co prime

=xz+1=y+J, v+ J=y-+ J therefore, ¢ is well define

¢ is one one clearly,for onto let (z + I,y +J) € A/I x A/J
Now we want to find a € A such that ¢(a+ 1J) = (x + 1,y + J)
Since I, J co prime therefore 1 =a+b, a € I,b € J, now define

a = ay + bx then we have

pla+1J)=(a+I,a+J)
=(bz+Iay+J)
=@+1Ly+J)

therefore ¢ is onto, and also clearly homomorphim so we are done



Chapter 2

Noetherian Rings

Proposition 2.0.1. T.F.A.F on a ring A

(a) Every ideal in A is finitely generated

(b) Every ascending chain of ideals I C Iy C..... eventually become constant
(¢) Every non empty set of ideals in A has a mazimal element

Proof. (a) = (b) Let I C Is C ........ be ascending chain of ideals of A.Now
set I = J;2, Ii,then I is an ideal of A therefore I is finitely generated say
I = (x1,x9,...,x,) then Im such that x; € I, for all i so z; in [ = z; € I,
then we are done

(b) = (©)

Let F = {I;,i € A} be a non empty family of non empty family of ideals
of A .Pick any index i; and look at I;, if this is maximal in F then we
are done.If not then choose ia € A such that I;; C I;, if this one is maxi-

=

mal then we are done if not repeat this process after finite stage it stop surely

(c) = (a) Let I be an ideal of A.Consider the family of F' of all finitely
generted ideals of I then F' # ¢ since (0) € F,then F' has maximal element
say Iop = (z1, ..., xy) If I # Iy then pick x € I but not in Iy then I} = Ip+(x)
= I € F which is a contraction since Iy is max so we are done

O

Definition 2.0.2. A ring A is said to be noetherian if it is satisfies the
above equivalent condition

Proposition 2.0.3. Let A be a ring. The following conditions on an A-
module M are equivalent
(a) Every submodule of M is finitely generated

9



10 CHAPTER 2. NOETHERIAN RINGS

(b) Every ascending chain of submodules My C My C..... eventually become
constant
(c) every non empty set of submodules of M has A mazimal element

Proof. Essentially same as the prop 2.0.1 O

Theorem 2.0.4. Hilbert Basis Theorem If A is Noetherian , then Alz]
s Noetherian

Proof. LetI be an ideal of Afx].We shall show I is finitely generated.Choose
a sequence fi, fa,... C© I as follows,let fi be non zero element of least degree
in I.For ¢ > 1, if (f1,...., fi) # I then choose f;11 to be an element of least
degree amomg those in I but not in (f1,...., f;) otherwise if I = (f1,...., ;)
then we are done.

Let a; be the leading coefficient of f;,since A is noetherian then ideal
J = (a1, as,....) is finitely generated,;so J = (z1,...., ;) and again J can
be written J = (ay, ..., ay).Now we claim I = (fi,...., fim)

Otherwise, consider fy,1+1:ams1 € J, so we can write ay,11 = Z;”zl uja; for
some u; € A.Define

g =1Ly uyfatemimdoli e (fi, ., fin)

and notice that this is of the same degree as fi,+1 ,with the same initial
term.The difference fy,+1 — ¢ is in I but not (fi,..., fm), and has degree
less than that of f,,+1.But f,,41 was something of minimal degree with this
property,so we have contradiction O

Remark 2.0.5. Converse of the above theorem is also true and result also
true for finitely many variables

Example of Noetherian rings
Any field , PID finite ring,Z and the ring Z[x1, 2, ...] is not noetherian be-
cause we have non terminating ascending chain

Subring of noetherian need not be noetherian
Take above infinite variable ring which is a subring of its field of fraction
and field of fraction of a ring is noetherian
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Lemma 2.0.6. Nakayama’s Lemma Let A be a ring and I be an ideal
in A.Let M be an A- module and assume that I is contained in all mazximal
ideal of A and M is also finitely generated then

(a) If M = IM then M = 0 (b) If N is a submodule of M such that
M=N+4+1IM then M =N

Proof. Suppse M is non zero,choose a minimal gener ating set x1,x2, ..., Zn
for M Now z1c € M so x1 € IM therefore , x1 = aymi + ... + apymy,
a; € I,m;e M

now each m; can be written in form of x;

= (1 —a1)z1 = agza + .... + apxy , but (1 —aq) is unit in A therefore z; is
a linear combination of remaining z; which contradict minimality of gener-
ating set for M.Hence M is zero module

(b) Since N is submodule of M then M /N makes sense then we note

I(M/N):{Zn:ai(mi+N) ‘ a; € I,m; EM}
=1

=(IM+ N)/N
=M/N
then by part one
M/N =0
=M=N
O]

Note 2.0.7. Let A be a local ring with maximal ideal m.Let K = A/m be
the residue field of A. Let M be finitely generated A- module then m C
Ann(M/mM)

Now we note that M/mM is a vector space over K where scalar multi-
plication is define as follows

A/m x M/mM — M/mM
(x+m,y+mM) — zy+mM and this is well define can be proved by using
m C Ann(M/mM)
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Proposition 2.0.8. Let A be local ring with mazximal ideal m and residue
field K = A/m. And let M be finitely generated module over A the action
of A on M/mM factor through K and elements ai,as, ..., an of M generate
it as an A module iff the elements a1 +mM, ....,an, + mM spanM/mM as
a vector space over K

Proof. If a1, ..,a, generates M then their images generate the vector space
M/mM

Conversely,suppose that a; +mM, ..., a, + mM span M/mM and let N be
a submodule of M then the composite map N — M — M/mM is onto and
so M = N +mM then by lemma M = N O

Proposition 2.0.9. Let A be noetherian local ring with maximal ideal m.
Elements a1, ..., a, of m generate m as an ideal if and only if a1 +m?, ..., an+
m? generate m/m2 as a vector space over A/m. In particular, the minimum
number of generators for the maximal ideal is equal to the dimension of the
vector space m/m?>.

Proof. Because A is noetherian so m is finitely generated then apply previous
proposition for M = m we are done ]

Definition 2.0.10. Let A be a noetherian ring.

(a) The height ht(p) of a prime ideal p in A is the greatest length d of a
chain of distinct prime ideals p = pg 2 ..... Do

(b) The (krull) dimension of A is sup{ht(p) | p C A,p is prime ideal}

Example 2.0.11. The hight of a non-zero prime ideal in PID is one because
(0) =po S (z) = p1, so such a ring has krull dim one unless it is not field

Note 2.0.12. It is sometimes convenient to define the Krull dimension of
the zero ring to be —1

Let A be an integral domain then dim(A) = 0 iff (0) is mazimal ideal of A
iff A is field

Proposition 2.0.13. Every set of generators for a finitely generated ideal
contains a finite generating set.

Proof. Let S = {51, So, -..... } be a set of generators for an ideal I and suppose
that I is generated by a finite set {ai,....,a,}. Each a; lies in the ideal
generated by a finite subset 5; of S, and so [ is generated by a finite subset
US; of S .Since the set {ay,....,a,} C US; d
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Theorem 2.0.14. Krull Intersection Theorem Let I be an ideal in a
noetherian ring A. If I is contained in all maximal ideals of A, then

Proof. We shall show that, for every I in a noetherian ring A

nnZI I"= IngI "

Since A is noetherian ,let aq,ao, ..., a, generate I and

I"={g(ay,...,a,) | g € Alx1,...x,],g is homogeneous of degree n}

Let S, denote the set of homogeneous polynomials f of such that f(aq,...,a,) €
N,>1 I" and let J be an ideal in A[z1, .., z,] generated by the set | J,,,~, Sm.Since
Alz1, .., 2] is noetherian so .J is finitely generated and generated by the srt
{fi,..., fs} of elements of | J,,~; Sm.Let d; = degf; and d = max d;

Let b € ()~ I" then b € I and so b = f(ay, ...,a,) for some homo-
geneous polynomial f of degree d + 1 therefore by definition f € Sqyq C J
so f=aq1f1+ ... + gsfs for some g; € Alxq, ..., z,]

As f and the f; are homogeneous, we can omit from each g; all terms not of
degree degf — degf;, since these terms cancel out. In other words, we can
choose the g; to be homogeneous of degree degf — degf; =d+1—d; > 0,
in perticular the constant term of g; is zero and so g;(ay,...,a,) € I.Now
b= flar,...,ar) = >, gi(ar,..,ar) fi(aq, ...,ar) € I()I" and this complete
the our requirement O
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Chapter 3

Rings of fraction

Let S be a multiplicative subset of a ring A. Define a relation = on A x S
as follows , for a,b € A,s,t € .S

(a,s) = (b,t)

iff Ju € S such that (at — bs)u =0

This is an equivalence relation

Write a/s for the equivalence class containing (a, s) and define addition and
multiplication of equivalence classes according to the rules

a/s+ b/t = (at + bs)/st
(a/s) - (b/t) = (ab/st)

The operations addition and multiplication defined above are well define.Now
first we shall prove multiplication is well define

Let (a1, s1) = (ag,s2) and (by,t1) = (be,t2) then for some u,v € S we have
(a1s2 — agsi)u = 0 and (bity — baty)v =0

Want to show (a1b1, s1t1) = (azbe, sat2)

[(albl)(SQtQ) — (a2b2)(81t1)]u’0 = (a182 — agsl)ubltw + (bltz - thl)’UCLQSU

=0+0=0

Similarly we can show addition is also well define
Now we define a set S™1A = {a/s: a € A,s € S} and this is ring with the

15
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operation defined above with identity 1 = s/s,Vs € S .We call S~'A the
ring of fractions of A with respect to S

If A is an integral domain and S = A\ {0} then S™!A4 is the familiar field
of fractions of A

Let f: A— S7'A, where f(x) = /1 then clearly f is a ring homomor-
phism
Observation if A is an integral domain and S any multiplicatively closed
subset not containing 0 thenf is injective.
proof Suppose A is an integral domain, 0 ¢ S C A, and S multiplicatively
closed. Let z1,z9 € A such that z1/1 = x2/1,then (x1,1) = (x2,1) ,s0
(x1 —22)u=0

for some u € S

=>x1—x22=0

, since A is an integral domain and u # 0 thus f is injective

S~1A has following universal property

Theorem 3.0.1. Let g : A — B be a ring homomorphism such that g(s) is
a unit in B for each s € S.
Then there is a unique homomorphism h such that this diagrame

S1A

A B

commutes

Proof. Define h: S~'A — B by

h(a/s) = g(a)g(s)™

where a € A ,s € S . Now i will show h is well define
Suppose a/s = al/s/ ,then

(ast —ats)t =0
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for some t € S thus
0=g(0) = g((asr — ars)t)

0= [g(a)g(sr) — g(ar)g(s)lg(t)
and ¢g(t) is unit in B , then

g(a)g(st) —g(ar)g(s) =0

and since ¢(s), g(s/) are unit in B and this prove that h is well define map
also we note as g is ring homomorphism so is h

Further if a € A then

(ho f)(a) = h(a/1) = g(a)g(1)~! = g(a) so that the diagrame

S—1A

/ X
g
commutes

Suppose also that A/ : ST'A — B is a ring homomorphism such that this
diagrame

B

S—1A
N
g

commutes and for all s € .S, g(s) is unit in B,then
hi(a/s) = hi(a/1-1/s) = hi(a/1)h(1/s) But 1/s is unit in S~'A with

inverse s/1 , so that h/(1/s) is a unit in B and

hi(1/s) = [h/(s/1)] 7

A B

Hence
hi(a/s) = hi(a/1)[M(s/1)]7! = g(a)g(s)~' = h(a/s) and this proves h is
unique with this property ]

3.1 Localization

Let P be a prime ideal of A , and put S = A\ P which is multiplicatively
closed , form Ap = S™'A and put M = {a/s € Ap :a € P}

Claim Ap is a local ring with unique maximal ideal M. The process of
passing from A to Ap is called localization at P . e.g. If A =7 and P = pZ
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where p is a prime integer, then localization at P produces Ap = {a/b :
a,be Z,ptb}
Proof of claim We first prove Vb € A,Vt € S ,b/te M =be P
Suppose
b/t = a/s where b € A,a € P and s,t € S . Then (at — bs)u = 0 for some
ueSs

So , (at — bs) € S since P is prime, 0 € P and u ¢ P . Hence
bs = at — (at —bs) € P . But s ¢ P ,sob & P, and above sub claim is
proved. By subclaim, certainly 1 = 1/1 ¢ M | (since 1 ¢ P ) so M # Ap
and M is ideal of Ap
Now if b € A,t € S and b/t ¢ M , then, by definition of M , b ¢ P | so
be S, yielding t/b € Ap , where b/t is a unit of Ap, therefore M is the set
of all unit of Ap so M is maximal ideal so Ap is local ring

Example 3.1.1. S7'A is the zero ring iff 0 € S
Solution <= If 0 € S then, for all a,b € A,s,t € S
a/s =b/t

since (at — bs)0 = 0 ,s0 that all elements of S~ A are equal
= If STLA contains only one element then (0,1) = (1,1) so that
0=(0-1—-1-1)t=—t for somet €S sothat0=te€ S

Proposition 3.1.2. For an ideal I of A, S7'I is a proper ideal of S™'A <
INS = ¢.Further if P is a prime ideal of A with PN .S = ¢ then

(1) Fora € A,s € S we have a/s € ST'P < a € P

(2) S~1P is a prime ideal of ST'A

Proof. If s € I'NS then 1 =s/s € S~'I, so S~'I is not proper ideal , so
INS=¢

Conversely,suppose that S~ is not proper ideal of S™'A then 1 € S7!I so
1/1=a/swithael,seS
= at = st

for some t € S .Also at € [ since [ is an ideal ,therefore st € INS # ¢
(1) If P is prime ideal disjoint from S and if a/s € S~'P then a/s = p/u for
some p € P,u € S therefore, a-u-t = s-p-t € P for some u, s,t € S but ut ¢ P

=a€P
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since P is a prime ideal
(2) Let (a/s)(b/t) € S~LP

= ab/st € ST'P

then by previous part ab € P so eithera € Por b e P
= either a/s € ST'P or b/t € S~1P .Hence S™!P is prime ideal O

Example 3.1.3. Every ideal of S~YA is of the form S™'I for some ideal I
of A

Let J be an ideal of ST'A . Put I ={x € A:x/1¢€ J}.

Claim J = S~

Ifa/s € J then a/1 =s/1-a/s € J so a € I implies a/s € S71I.
Conversely, a/s € S™1I then a € I so a/1 € J therefore (1/s)(a/1) = a/s €
J

Theorem 3.1.4. The map P — S™'P is bijective from the set of prime
ideals of A and disjoint from S onto the set of all prime ideals of S™1A

Proof. If P is prime then S~!P is prime. Let P,Q be prime ideals of A
disjoint from S . If P C @ then S—1pcCs71Q
Conversely, suppose S™'P C S71Q then for p € P we have p/1 € S™!P

=p/leS7IQ

=peq

Hence P C @ .This proves that P C Q < S~'P C S~'Q.Consequently
P=Q & S7'P = 871Q, therefore the given map is injective.

Let P be prime ideal of S™'A then P = S~ P, for some ideal P; of A and
P is prime since ST P; is prime then we are done ]

Proposition 3.1.5. Let S be a multiplicative subset of the ring A, and con-
sider extension I — 1¢ = S™1I and contraction I — I¢ of ideals with respect
to the homomorphism ¢ : A — S™YA. Then

I =T for all ideals of S~'A and P = P , if P is a prime ideal of A and
disjoint from S

Proof. Let I be an ideal in 1A then I C . Now b € [ thenb=a/s,a €
Ase S
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So a/1 = s(a/s) € I this implies a € I¢ . Hence b € 1

Now let P be prime ideal of A then P C P¢“. Let a € P°“ so that a/1 = a//s
for some a/ € P,s € S . Then (as — a’)t = 0 for some ¢t € S and therefore
ast € P implies a € P since st ¢ P and P is prime and this complete the
proof O



Chapter 4

Modules of fractions

Let A be a ring, S a multiplicatively closed subset of A , and M be an
A-module.
Define a relation = on M x S = {(m,s)|m € M,s € S} by, for m,m/ €
M,s,st €8

(m, s) = (mt, s/)
iff 3t € S, t(sm/ — stm) =0
If m € M and s € S then write m/s = equivalence class of (m,s) and put

STIM ={m/s:me M,sc S}

Define addition and scalar multiplication on S~!'M by, for m,m/ € M, s, s/ €
SacAteS

(m/s) + (mt/st) = (sm! + mst)/ss!

(a/t)(m/s) = am/ts

And S7'M is an S™'A-module, referred to as the module of fractions
with respect to S

Since the mapping a + a/1 is a ring homomorphism from A — S~1A4 |
by restriction of scalars we have
S~=1M is an A-module with scalar multiplication (VYa € A,m € M, s € S)

a-(m/s)=(a/l)(m/s) =am/s

21
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Notation
Let M be an A-module. (1) Write Mp = S~'M if S = A\ P where P is a
prime ideal of A

Think S~! as an “operator” which manufactures S~!'A-modules from
A-modules.
Also S~! “operates” on module homomorphisms. Let v : M — N be an
A-module homomorphism.
Define , S~ 'u: S™'M — S™'N by

m/s —u(m)/s ,m e M,s€ S

S~lu is well define as u is an A module homomorphism .Now we observe
S~ preserve addition and multiplication

(S7u)(my/s1 + ma/se) = (S~ u)((m1sg + mas1)/s152)
= u(myS2 + masi)/s182

= [squ(m1) + s1u(ma)]/s152
=u(my)/s1 + u(ms)/se

Similarly we can show S~! preserve scalar multiplicatation
Hence S~'u is S~'A module homomorphism
(and also, by restriction of scalars, an A-module homomorphism).

Further if M; <% My 2 Ms are A-module homomorphisms, then,
forall x € My,s € S

(S wou)](z/s) = (vou)(z)/s = v(u(x))/s
= (S7'0)(S7 u)(x/s)
= [(S7 ) o (S7 u)(z/s), which shows S~ (vou) = (S v) o (s tu)

Theorem 4.0.1. Suppose M M 9y My be exact sequence of A- modules
at M . Then

-1 -1
s ST gt 59 g1y

is exact sequence of ST'A modules at ST'M
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Proof. Since the given sequence is exact so we have g o f = 0 the zero
homomorphism,therefore
(S7lgoS7tf)=S"1(go f) = S71(0) = 0, which proves
Im(S™1f) C ker(S~'g) . Suppose m/s € ker(S~1g) , so g(m)/s is the zero
of S™'Mjy . Hence (g(m),s) = (0,1) , 500 = tg(m) = g(tm), for somet € S
, yielding tm € kerg = Imf .

Hence ,tm = f(m/) for some m/ € My ,and (S~ f)(m//st)
= f(m1)/st =tm/ts = m/s , proving m/s € Im(S~1f) .
Thus ker(S~'g) D Im(S~'f), completing the proof exactness at S™'M [

Example 4.0.2. Let M be an A-module. For h € A, let My, = S,;lM where
Sp = {1,h,h?,....}. Then every element of My, can be written in the form
m/h",m € M,r € N and m/h" = m//h" if and only if hY(mh™ —mIh") =0
for some N € N

Proposition 4.0.3. Let M be a finitely generated A-module. If ST'M =0,
then there exists an h € S such that M = 0.

Proof. S~'M = 0 means that, for each = € M, there exists an s, € S such
that spxz = 0. Let x1,....,x, generate M. Then define h = s4,.....55, in S

and observe hM = 0 by using M is finitely generated. Now let a/s € M),
then a/s = ha/hs = 0 , therefore M}, =0 O

Proposition 4.0.4. Let M be an A module then the canonical map
M — H{Mm :m is mazimal ideal in A}
18 injective
Proof. Let x € M map to zero in all M,,, then we shall show x is zero.
Here M,, = S;;' M, S,, = A\m
Let I = Ann(z) = {a € A: ax = 0} is an ideal of A.
Because = maps to zero in all M,, so 3s € S, such that szt =0,s ¢ m,s € A
= s € I but s ¢ m and therefore I is not contained in m and this is true

for all m so I is equal to A itself
= 1 € Ann(z), therefore x = 1-x = 0 so given map is injective O

Proposition 4.0.5. Let A - module M = 0 if M,, = 0 for all maximal ideal
m

Proof. Let x € M and I = Ann(z) = {a € A : ax = 0} , then I is an ideal
of A | since M,, = 0 for all m so ds € A\n such that sx = 0 , doing same
as previous proposition we get x = 0 O
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Chapter 5

Integral Extentions

Let A be a subring of B.An element b of B is said be integral over A if it
is a root of a non zero monic polynomial with coefficients in A it means it
satisfies the equaton

' +a1b" 1+ ....+a, =0,a; € A. Such an equation is called an integral
equation of b over A

Proposition 5.0.1. For an element b of B , T.F.A.E

(1) b is integral over A
(2) A[b] is finitely generated as an A module
(3) There exist a subring C' of B containing A[b] such that C' is finitely
generated as an A module
(4) There exist a finitely generated A submodule M of B such that bM C M
and anng(M) =0

Proof. (1) = (2) Let " + a;b" ' + ... + a, = 0,a; € A be an integral
equation of b over A . Let M be an A - submodule of A[b] generated by
1,b,0%,....,0" "1 . We claim that b" € M for every r > 0 .This is clear for
r<n-—1.1If r > n then multiplying the integral equation by "™ we get
b= —(a1b" a2+ ah ) EM

Therefore b" € M for all non-negative and thus M = A[b]. Thus A[b] is
finitely generated as an A module

(2) = (3) Take C = A[b]

25
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(3) = (4) Take M = C ,and M has the property bM C M since y € bM
implies y = bm € M for some m € M , and note that 1 € C' implies that
annp(C) =0

(4) = (1). Let M be an A module in B with a finite set of generators
{e1,....,e,} such that bM C M and annp(M) =0 then for all 1 < i <r
be; = Z;Zl a;jej for some a;; € A, and we can rewrite these equation as
> i=1(bdij—asj)e; = 0 where d;; is Kronecker delta and put d = det(bd;;—ai;)
then using cramer rule we get integral equation for b over A

Corollary 5.0.2. Let by,...,b, € B be integral over A . Then Aby,....., b;]
is finitely generated as an A-module

Proof. For r =1 , we are done by previous proposition .Inductively assume
that B' = Alby,...,by—1] is finitely generated as an A-module .Since b, is
integral over A | it also integral over B' . Now B'[b,] is finitely generated as
a B' module by the case r = 1. Now if x1, ...., z,, are A-module generators
of B" and 1, .., yn are B'-module generators of B'[b,] then the set {zsy; :
1<i<m,1<j<n} generators of B [b;] as an A-module

O

Corollary 5.0.3. The set A" of elements of B which are integral over A is
a subring of B containing A

Proof. Clearly A C A If by, by € A then by previous corollary A[by, bs] is
finitely generated as an A-module . Since by + be and by - by € A[b1, bo] then
by first proposition both are integral over A O

Note 5.0.4. The subring A" defined above is called the integral closure of
Ain B . We say B is integral over A if A" = B, and that A is integrally
closed in B if A" = A

Proposition 5.0.5. Let A C B C C be integral extentions . If C is integral
over B and B is integral over A then C' is integral over A

Proof. Let c € C' and let ¢ + bicp—1 + ..... + b, = 0 be an integral equation
of c over B . Let B' = A[by,...,b,] . Then c¢ is integral over B’ then B'[c]
is finitely generated as an B" module by one of the above result .Therefore
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B’ [c] is finitely generated as an A-module by using B is integral over A |
and so c is integral A O

Proposition 5.0.6. Let A be an integral domain with field of fractions F'
and let E be a field containing F . If x € E is algebraic over F' then there
exist a non zero d € A such that d - x is integral over A

Proof. Since z is algebraic over F' we have

"+ a " 4 +a, =0
where a; € F'. Now using common dinominator, a; = b;/d, Vi, 1 < i <n .So
b, = da; € A,Vi . Now
d"z" + a1 d"z" P 4 adt =0
this implies
(dz)" + ardy (de)" L + ...+ a,d” =0
where aidy, ..,a,d" € A. So d.x is integral over A

O

Definition 5.0.7. An integral domain A is said be integrally closed or nor-
mal if it is equal to its integral closure in its field of fraction F it mean if
x € F , x is integral over A implies x € A

Proposition 5.0.8. Fvery unique factorization domain is integrally closed.
Proof. Let A be UFD . An element of the field of fractions of A not in A

can be written a/b with a,b € A and b divisible by some prime element p
not dividing A , then

(a/b)™ + ai(a/b)" 4 ... 4 @y =0
where a; € A
= a1ba” '+ ...+ abh" = —a”

then p divides every term in LHS and hence a™ but p does not divide a so
we got a contradiction O

Proposition 5.0.9. Let A C B be rings, and let A" be the integral closure
of A in B. For every multiplicative subset S of A, S~*A’ is the integral
closure of ST'A in S™'B
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Proof. Let b/s € S™'A" withbe A" and s € S , then

b 4+ a b '+ ... +a, = 0 then , b/s is integral over S~!A this implies that
S—1A" is contained in closure of S~1A

Conversely let b/s,b € B,s € S be integral over S~'A then

(b/s)" +a1/s1(b/s)" L + ... + an/sn = 0 . Now multiplying s"s7.....s" and
observe that s1s9....spb € A" and therefore

b/s = (s152....5nb)/(5182....8p8) € S—14 O

Corollary 5.0.10. A C B be rings and S a multiplicative subset of A. If
A is integrally closed in B, then S™'A is integrally closed in S~ B.

Proof. A is integrally closed in B implies A = A then by proposition
S1A =514 O

5.1 Prime ideal in an integral extention

Proposition 5.1.1. Let B be an integral domain and the extension A C B
1s integral . Then

(1) If I is non zero ideal of B then ANI # ¢
(2) An element a € A is a unit of A < it is a unit in B

(3) A is field < B is field

Proof. (1) Let 0 # b € I and let b" + a1b" ! + ... + a, = 0 be an itegral
equation of b over A .Then choose n to be the least such that a, # 0 and
we see a,, € I this implies a,, € AN since a, € A

(2) Suppose a is a unit in B . Let b=a"! € B and
V' +ab" 1+ ... +a, =0wherea; € A, (aH"+ar(a )" 1+ 4+a, =0
. Now multiplying this equation by a” ! and see a~! € A and this implies
a is a init of A
Converse is trivally hold
(3) If B is a field then from (2) A is field
Conversely , suppose A is a field . Let be a non zero element of B and let
b+ a b1+ ...+ a, =0 be integral equation of b where a; € A . Now
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assume a, # 0 and we have

b+ arb" 2+ . an1) = —lan

a, tb(0"t + a2 + ...+ an—1) = —1 since A is field and b is unit so B is
field O

Proposition 5.1.2. Let A C B be an integral extention and let P, be
prime ideals of B then

(1) P is mazimal ideal of B < AN P is maximal ideal of A

(2) IfPCQ and ANP=ANQ then P=Q

Proof. Put p= AN P and define a map ¢ : A/p — B/P by

ola+p)=a+P

then ¢ is well define and one-one

Kerg={a+p:a+ P =P}
={a+p:acP}
={a+ANP:acP}
=ANP=p

And B/P is integral over A/p

Now P is maximal < B/P is field & A/p is field
< p is maximal ideal of A

(2) Consider the commutative diagram

A—F B

fl lg

A, =814 1L 5B

where S = A\pand SNP =¢ . Suppose p=ANP =ANQ then
S7lp=85"1ANnS 1P =5"1ANS~'Q and A, is local ring so S7lp = pA, is
unique maximal ideal of S~'A and since S™! B is integral over S~ A by first
part S~1P is maximal ideal of S™'B and S™'P C S71Q = S~'P = S"1Q
Now take an element in () and not hard to see this element belong to P and
thus P =Q

O]
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Theorem 5.1.3. Let A C B be rings and B is integral over A and
if p € spec(A) then 3q € spec(B) such that qN A =p

Proof. Consider the commutative diagram

A—1 B

dl L

A, =514 T 5-1p

Here A, is local ring . Let M be a maximal ideal in S~1B, then M N A, is
maximal ideal in A, and A, has unique maximal ideal so M N A, = pA,
Now define a~*(M) = ¢ and

f;l(M) ={a/s€ Ay :a/se M}
=MnA, =pA,

Now calculate 871 (pA,) = {z € A: B(x) € pA,}
={reA:z/lepAy}
={xeA:zep}

And
) ={veA: f(z)eq}

={rxeA:zeq}
=ANg

Now by the commutative diagram we have

F e (M) = B7H(f, (M)
= [q) = B (pAp)
=ANg=0p

and we are done since ¢ is prime and satisfied the required condition
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Remark 5.1.4. Thus result is true for integral extention but neet not be
true for general rings

Example 5.1.5. Let f : Z — Q defined by f(x) = x and let [ = 27 then
°=Qand (I =Z #1

5.2 Going Up Going Down Thereom

Theorem 5.2.1. Going up theorem

Let A C B be an integral extension . Let p1 C py C ... C p, be a chain
of prime ideals of A and g1 C g2 C ... C g, be chain of prime ideals in B
m < n such that ¢; N A = p; then there ezists ¢m41,-..,qn € spec(B) such
that ¢; N A = p;

Proof. Consider the commutative diagram

Aa—1 B

0| &
A,=8714A > 57'B
Let n = 2,m = 1,q1 € spec(B) such that ¢ N A = p; already we know

A/p1 € B/q: is an integral extension and pa/p1 € spec(A/p1) therefore 3 a

prime ideal go/q1 € spec(B/q) such that g~*(q2/q1) = pa/p1 , by previous
theorem

And by commutativity of diagram we have

F o a2/a) = v (9 a2/an))
= [ Ha2) =¥ (p2/p1)
= q@NA=Dp

Here py/p; is prime ideal one can check by taking element or one famous
charactrisation for checking prime ideal .And now inductively we are done

O

Lemma 5.2.2. Let M be a finitely generated A module and I be an ideal of
Aand ¢ : M — M be an A module homomorphism such that ¢(M) C IM
then 3ay, .....an € I such that ¢" + a1¢" ' + ...... +ap_10+a, =0
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Proof. Let {x1,....,z,} be a generating set for M.
Let ¢(x;) = 37, aijrj where a;; € I . Now we write this another form

(¢dij — aij)zj =0
1

n

J

where §;; is kronecker delta. Now consider ¢d;; — a;; € A'[¢] where A'[¢] is
the subring of Enda(M) containing A" = {image of A in Enda(M)} and
¢ where

n
Alg) = {Zaigbi :n€N,aq; € A}
=0
where ,(a; : M — M, a;(z) = a;z) and note that A'[¢] is a commutative

subring of Enda(M). Consider the matrix B = (¢d;; — aij) € M, (A'[¢])
Let b, denote the cofactor of B. Now

(¢dij — aij)xj =0
1

J

Take cofactor , EZ bij(Z?:1(¢5i' — az’j))(xj) =0

n

= det(B)(z;) =0,y

= Det(B) is zero map as an element of A'[¢]
= det(B) = ¢" + a1¢" " + ... + ap_1¢0+ a, =0, where a; € 1
O

Proposition 5.2.3. Let A C B be rings and I be an ideal of A and C be the
ingral closure be the integral closure of A in B . Then the set of all elements
in B which are integral over I is the radical of IC = I¢

Proof. Let x € C be integral over I then we have 2" +a12" ' +.....+a, =0
where a; € 1

2" € I1¢=1C so x € rad(I°)

Conversely , let = € rad(1¢) implies that 2" € I for some n € N

So a™ =>"" bix; ,where b; € C,x; € I

Consider the ring M = A[by,...,b,] , and this is finitely generated A
module and "M C IM and consider the map ¢,n; M — M by,
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Ggn(m) = x™m and ¢zn (M) C IM, therefore by lemma Jay,...,a, € I
such that (¢zn)" + a1(gen) "1 + ...... +a,=0

2" +ax™" Y+ +a, =0

and this implies z is integral over [
O

Proposition 5.2.4. Let A C B be integral domain and A is integrally
closed. Let b € B be integral over an ideal I C A . Then b is algebraic over
field of fraction of A say K and its minimal poynomial has coefficients in
rad(I) except foe leading coefficient 1

Proof. Clearly b is algebraic over K. Let f(X) be the minimal polynomial
of b over K. Let x1, ...z, be roots of f(X) in some field F' containing K
Then f(X) = [[;_,(X — x;), moreover z; are all integral over I implies all
polynomial in x1, ..z, are integral over I it means the coefficients a;s are all
integral over I, therefore they are all in K and integral over A,

Hence a; € A implies a; € rad(I) O

Theorem 5.2.5. Going Down Let A be an integrally closed domain and
A C B be an integral extension . Let py C po be two prime ideals of A and
q2 be prime ideal of B such that go N A = po then there exist a prime ideal
of q1 contained in qs such that ¢t N A = p;

Proof. We need to show that pjBg, N A =p; . Let x/s € p1 By,

Then x € p1 B so :UZ?Zl b;x; for some b; € B, x; € p1

Let A" = Alby, ....,b,] . Consider the multiplication map ¢, : A" — A’ send-
ing (a — ax) where a € A" and qu(A,) = gzA C p1 A", therefore ny lemma
Jai, ...,a, € pp such that 2™ + a;2" ! + ... + a™ = 0 and this implies z is
integral over p;

Now suppose /s € p1Bg,NA, s € B\qa, and let z"+a12™ 4. 4+a" = 0
be the minimal integral equation of x over A
Let 2/s =y = s = ay~ ' € frac(A) = K . Also s € B = s is integral
over A and now multiplying above equation y~" that gives the equation
s"+ (a1 /y)s" L +.....+a,/y" = 0, and since above equatin is minimal then
this also minimal equation for s
Now as x € B is integral over p; then we have ™ + az" 4. 4+a" =0
where a; € rad(p;) = p1 since p; is prime ideal
Now let a;/y* = u; then y'u; = a; € p; and since s € B is integral over A



34 5.3. Noether Normalization Thereom

implies that u; € A and y'u; € py
Now if y ¢ p1 = u; € p1,Vi and the equation in s becomes

sS"us" N+ 4 u, =0

So s™ € p1 B C paB C g9 this implies s € ¢o a contradiction therefore y € p;
and hence p1 By, N A = p1 implies p; is contracted ideal

5.3 Noether Normalization Thereom

Lemma 5.3.1. Let f(x1,..,x,) € Klz1,..,25] be a non zero polynomial
over an infinte field K . Then there are A, a1,...,an—1 € K such that the
polynomial \f(y1 + a1Yn, ey Yn—1 + @n—1Yn,Yn) € Kly1,....yn| is monic in
Yn

Proof. Let f; be the homogeneous partof f of highest degree where d is the
degree of f . Since K is infinite we can always find aq, ..., a,—1, 1 such that
falat,.yan—1,1) #0

Now let z; = yi+a;yn,i = 1,2,..,n—1 and y, = x, and let A = [fy(a1,...,an—1,1)]
Now f(x1,..,zn) = fa(z1,..,2n) + ... + fo(x1,..,2,) and look at

-1

k n
fa(x1, . zy) = Z Ckl...knmll...xfl

ki1+..+kn=d
far+aryn, oo Yn-1Fn1tntn) = > Chyeookey (1+0150) " o (Yn 1+ an—1yn) 1yl
ki1+4..+kn=d
kn— _
= Z Ckl...knalfl...an_lllk"yg—I—O(yg h

ki1+..+kn=d

= fd(ala ceey 1, ]‘)y?C”lL + O(yg_l)

And multiply A we get what we want
O

Theorem 5.3.2. Let R be finitely generated algebra over an infinite field
K with generators x1,....,x, € R . Then there is an injective K algebra
homomorphism ¢ : Klt1,...,t,| = R from a polynomial ring to R , such that
R is integral over Klty, ..., t,]
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Proof. Since R is finitely generated implies R = K|[zq,....,x,] . WE shall
prove this result by induction on n

If n =1 then R = KJ[z1] and let x; = ¢; then K[t;] = R and every ring is
integral over itself so we are done. Assume n > 1, if the generators x1, ..., T,
are algebraically independent , we choose t; = z; and » = n and we are done

Suppose there an algebraic dependence between the generators it means
a non zero polynomial f over K such that f(zy,..,2,) =0 . Let f; be the
homogeneous part of the highest degree of f . Then by previous lemma we
can find aq, ..., a,_1 such that
A, a1, ..., an—1 € K such that the polynomial A\f(y1+a1Yn, -y Yn—1+n—1Yn, Yn) €
K[y, ....yn] is monic in y, . The new coordinates are given by y; = z; —
AiTn,Yn = Tn

ANf(y1 4+ a1Yn, ooy Yn—1 + n—1Yn, Yn) = Af(z1, ..., zn) =0
=yl + 0@y =0

This implies ys, is integral over K[y, ....yn—1] , and K[y1, ....yn] = Klz1, ....25]
by using the relation x; = y;+a;y, . Therefore by induction hypothesis there
is an injective K algebra homomorphism ¢ : Klt1,....,t,] = Kly1,.., Yn—1]
such that K[yi, .., yn—1] is integral over K[t1,...,t,] . But y, is integral over
K[yh ) yn—l]

Now Klt1,....tr] € K[yi,..,yn—1] € Kly1,..,yn] , and by tower law of in-
tegrality Klyi,..,yn—1] is integral over K[t1,...,t,] and thus K[zy,....zy] is
integral over K|ty, ..., t,] O
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5.3. Noether Normalization Thereom



Chapter 6

Tensor Products

6.1 Axiomatic definition of tensor products

In linear algebra we have many types of products. For example,
(1)The scalar product: V xF — V

(2) The dot product R" x R" — R

(3) The cross product R? x R? — R3

(4) The matrix product M,k X Mgxn — Muyxn

Note 6.1.1. Note that the three vector spaces involved aren’t necessarily
the same. What these examples have in common is that in each case, the
product is a bilinear map. The tensor product is just another example of a
product like this. If V1 and Vo are any two vector spaces over a field F, the
tensor product is a bilinear map:Vy x Vo — V1 @ Vo where V1 ® Va is a vector
space over IF.

The tricky part is that in order to define this map,we first need to construct
this vector space Vi @ Vo We give two definitions. The first is an axiomatic
definition, in which we specify the properties that Vi ® Vo and the bilinear
map must have. In some sense, this is all we need to work with tensor
products in a practical way. Later we shall show that such a space actually
exists, by constructing it.

Definition 6.1.2. Let Vi, Vs be vector spaces over a field F. A pair (Y, p)
, where Y is a vector space over F and p: Vo x Vo — Y s a bilinear map,
is called the tensor product of Vi and Vi if the following condition holds (x)

37
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whenever B1 is a basis for Vi and [y is basis for Vi, then p(B1 x B2) =
{p(x1,22) 1 ®1 € 1,22 € B2} is a basis for Y

Notation
We write V) @ V; for the vector space Y | and z; ® g for u(xy,x2). The
condition (x) does not actually need to be checked for every possible pair of
bases (1, B2 it is enough to check it for any single pair of basis

Working with tensor products

Let V and W be two vector space over F. There are two ways to work
with the tensor product. One way is to think of the space V ®@ W abstractly,
and to use the axioms to manipulate the objects. In this context, the ele-
ments of V ® W just look like expressions of the form ), a;(v; ® w;) where
a; €EF,v, e Vw, e W

The other way is to actually identify the space V73 ® Vo and the map
Vi x V2 — Vi ® Vo with some familiar object. There are many examples
in which it is possible to make such an identification naturally. Note, when
doing this, it is crucial that we not only specify the vector space we are
identifying as V ® V5 , but also the product (bilinear map) that we are
using to make the identification

Example 6.1.3. Let V =R2, and W = R2, then V@ W = Maxs(R) .

Tow

Define a map 2 R7,, x RZ,) — RY,,, @ RZ by

col

plo,w)=v@w=w-v

Then  is bilinear map and (%) condition holds clearly. Similary we can do
for V=R —and W =RL, then V@W = Mpxn(R)

w col

Example 6.1.4. Let V =F[X]| and W =F[Y] then V@ W =F[X,Y].
Define a map p : F[X] x F[Y] — F[X] ® F[Y] by

wf(X), f(Y)=f(X)®9(Y)= f(X)g(Y) , then u is bilinear map easy to
see and (x) condition holds easily. Note that this is NOT a commutative
product because in general f(X)Rg(Y) = f(X)g(Y) # g(X)f(Y)=g(X)®
7(v)

Example 6.1.5. If V is any vector space over F, then V @ F = V. In this
case, ® s just scalar multiplication. Both the condition obiviously hold good
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Example 6.1.6. Let V = Q"(Q) and W = R(Q) then VW = Q"®@R = R"
as vector space over Q. Then define a map p: Q" xR - Q" ® R by
wz,y) =r @y =y

where x € Q™ y € R and u is a bilinear map. Now i shall prove condition
(). Let B = {e1,...,en} be standard basis of Q"(Q) and ~y be a basis of R(Q).

First we show that u(B x ) spans R™. Let (a1, ...,a,) € R™ where a; € R

a; = Zbijxjabij S Q, Ty
J

where j Tuns over finite set of v

Now (al,...,an) = (Z] bljxj,Ej b2j$j, ...,zj bnjl‘j)

= E bijeixj
1,J

Next we show SR~ is linearly independent. Suppose Z” bije; @ = (0,..,0)
(Z bijj, .., Z bnjz;) = (0,...,0)
J J

= b;; =0 . Since x; linearly independent

6.2 Constructive definition of tensor product

To give a construction of the tensor product, we need the notion of a free
vector space.

Definition 6.2.1. Let A be a set, and F be field. The free vector space over
F generated by A is the vector space Free(A) consisting of all formal finite
linear combinations of elements of A. Thus, A is always a basis of Free(A)

Note 6.2.2. When the elements of the set A are numbers or vectors, the
notation get tricky, because there is a danger of confusing the operations of
addition and scalar multiplication and the zero-element in the vector space
Free(A), and the operations of addition and multiplication and the zero
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element in A and (which are irrelevant in the de finition of Free(A)). To
help keep these straight in situations where there is a danger of confusion,
we’ll write B, and [ when we mean the operation in Free(A). We shall
denote zero vector of Free(A) by Opyee(a)

Example 6.2.3. Let N = {0,1,2,....} and F = R . Then Free(N) is an
infinite dimentional vector space whose elements are of the form (ag0) H
(a1 E1).....(am Em) for some m € N,a; € R

Note that the element 0 here is not the zero vector in Free(N). It’s called
0 because it happens to be the zero element in N, but this is completely
irrelevant in the construction of the free vector space. If we wanted we could
write this a little differently by putting =* in place of i € N. In this new
notation, the elements Free(N) would look like agx® + ..... + apx
For some some m € N, in other words elements of the vector space of
polynomzials in a single variable

Definition 6.2.4. Let V and W be two vector space over F

Let P := Free(V x W) , the free vector space over F generated by the set
V xW. Let R C P be the subspace spanned by all vectors of the form
(u+kv,w+lz)B(—10 (v, w))B(—kE (v, w))B(—IE (u,2)) B(=klE (v, z))
, with k,l e Fu,v e V,z,we W

Let m: P — P/R be the quotient and let p: V x W — P/R be the map
defined by

,U/(U7 w) = 77((”? ’LU))

The pair (P/R, u) is the tensor product of V- and W and we write V@ W
for P/R and v ®w for pu(v,w)

Note 6.2.5. We need to show that two definitions agree, i.e.. that tensor
product as defined in the definition above satisfies the conditions of defini-
tion above In particular, we need to show thatu is bilinear,and that the pair
(P/R, ) satisfies condition ()

We can show the bilinearity immediately. Essentially bilinearity is built into
the definition.

If P is the space of all linear combinations of symbols (v, w), then R is
the space of all those linear combinations that can be simplified to the zero
vector using bilinearity. Thus P/R is the set of all expressions, where two
expressions are equal iff one can be simplified to the other using bilinearity
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Proposition 6.2.6. The map p is bilinear p : V. x W — P/R defined by
(v, w) = m((v, w))

Proof. Aim: p(u + kv,w + lz) = p(u,w) + kp(v,w) + lp(u, x) + klp(v, x).
We know that 7(z) = Ogr,Vz € R and this implies

7((utkv, w+lz)B(—1E(u, w) ) B(—kB(v, w) ) B(—IE(u, 2))B(—kIE(v, x))) =
And so p((u+ kv, w+1z) — p(u, w) — kp(v, w) —lp(u, z) — klp(v,z) =0 O

Now to prove the condition () holds we use the following important
lemma from the theory of quotient spaces

Lemma 6.2.7. Suppose V' and W are vector spaces over a field F and
T :V — W is a linear transformation. Let S be a subspace of V. Then
there exists a linear transformation T : V/S — W such that T(x+S) = T(z)
for all x € V if and only if T(s) =0 for all s € S. Moreover, if T exists it
18 unique

Proof. Suppose T exist then T(z+ ) = T(x),VX € V then Vs € S we have
T(s)=T(s+S)=T(0)=0

Conversely , suppose that T'(s) = 0,Vs € S. Now defineamap T : V/S — W
such that T'(z +S) = T(z) for all x € V , then T is well define and linear
and clearly unique O

6.3 Universal mapping property of tensor product

Theorem 6.3.1. Let V,W, M be vector spaces over a field F.Let V@ W =
P/R be the tensor product, as defined in above definition then For any
bilinear map ¢ : V. x W — M  there is a unique linear transformation
¢: VW = M, such that (v @ w) = ¢(v,w) for allv € V,w € W.

Proof. Since V x W be a basis for P . We can extend any map ¢ : VxW —
M to a linear map ¢ : P — M defined by ¢(v,w) = ¢(v,w),Vv € V,w e W
Claim : 1 is bilinear < ¢(s) = 0,Vs € R . Let ¢(s) = 0,V,s € R,then
P(s) = ¢(s) =0,V,s € R, then write s in the form of spanning vectors of
R and using bilinearity of ¢ we see that ) is bilinear.

Coversely suppose 1 is bilinear , and we have 1(z) = ¢(z),Vz € R . Now
calculate ¥(z) = ¥((u+ kv, w + lz) B (-1 (u,w)) B (k& (v,w)) B (-1
(u,z)) B (—klE (v,2)) and since v is bilinear implies ¥ (z) = 0,Vz € R and
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SO (;S(z_) = 0,Vz € R, then by previous lemma there exist unique LINEAR
map ¢ : V@ W — M such that ¢((v ® w)) = ¢(v,w) and uniqueness is
clear O

Theorem 6.3.2. Condition (x) holds for the tensor product as defined in
the above definition

Proof. Let § be a basis for V' and v be a basis for W then we must show
that  ® v is a basis of V. ® W . First we show that it spans .Let z € P/R
then z = x + R,z € P where z = aj(u1,21) + ... + (U, Tm) and 7 is
a quotient map such that 7(y) = y + R ,and u((v,w)) = 7((v,w)), then
therefore we have

z=a1m(u, 1) + oo + a7 (U, Tony)

=arp(ur, 1) + oo + A (U, Trm)

where a; € F,u; € Vo, € W . But now u; = Ej bijvj,v; € B and
T = Y . CikWk, Wx, € v and putting these values in z we are done

Next we show linear independence ,suppse ), ; dij p(vi, wj) =0
where v; € B,w; € v .Let f, € V* be the linear functional defined by

fr(k) =1 and fx(v) =0 for v e B\ {vg}

Define a map F, : V. x W — W by Fi(v,w) = fi(v)w , then Fj is bilinear
map then by universal mapping property there exist a map Fj, : VW — W
such that Fy(u(u,z)) = fu(u)x .

Now apply F}, to the equation Zij dijp(vi,w;) = 0, therefore

0= Fk(Z dijp(vi, wy))
— Zdij(Fk(M(Uiywj)))
= Zdijfk(vi)wj

= djw;
j

and thus di; = 0 since w; are liniearly independent ]
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6.4 Tensor product on modules

Introduction Let R be a commutative ring and M and N be R-modules.
We always work with rings having a multiplicative identity and modules are
assumed to be unital , 1-m =m,Vm € M

Theorem 6.4.1. Let M and N be two R- module then tensor product of M
and N exists

Proof. Consider M x N as a set simply and form a free R- module on this
set

FR(M X N) = @(mm)eMxNR(s(m,n)

The direct sum runs over all pairs of M x N not just pairs coming from a
basis
Let D be the submodule of Fr(M x N) spanned by all elements

’

§(m+m',n) —8(m,n) —8(m’,n)

)

/

§(m,n+n') —d(m,n) —d(m,n
d(rm,mn) —ro(m,n)
d(m,rn) —ro(m,n)
o(rm,n) — d6(m,rn)

Now define M ® N := Fr(M x N)/D
We write the coset §(,, )+ D in M ®N as m®n and from the definition of D

5(m+m/,n) = 5(m,n) + 5(m/ ) modD

Which is same as
(m+m)@n=me@n+m @n
and also we have / /
men+n)=meOn+maen
rm@n=r(men)=m®ern

Suppose P is an any R- module and B : M x N — P be a bilinear map and
then extend it linearly [ : Fr(M x N) — P by I(0(y,,n)) = B(m,n) so the
diagram
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M x N

Where f(m,n) = §(n) Now we want to show [ makes a sense as a function
on M ® N which means showing Kerl contains D and using bilinearity B
and linearity of [ we are done . So [ induces a linear map

L: Fr(M x N)/D — P such that L(d¢yn) + D) = l(6(mn)) = B(m,n),

which means the diagram

M x N

commutes it means Lo f = B . Since Fp(M x N)/D = M ® N and
O(mm) + D =m®n , the above diagram become

M®N

M x N > P

and L(m ® n) = B(m,n)
And this shows every bilinear B out of M x N comes from a linear map L
out of M ® N such that L(m ® n) = B(m,n),Ym € M,n € N

6.5 Properties of Tensor products

Example 6.5.1. If A is a finite abelian group,then Q®z A = 0. Since every
elementary tensor is 0 as
Let a € A such that na=0,n € Z* andr @ a =n(r/n) @ a

= (r/n) @ (na)
=(r/n)®0=0
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NOTE to show that Q ®z A = 0 we dont need A to be finite but rather than
each element of A has finite order and thus Q ®z Q/Z =0

Example 6.5.2. Let (m,n) =1 then Z/nZ ® Z/mZ = 0

Theorem 6.5.3. Let a,b € Z" with d = ged(a,b) then Z/aZQZ/VZ = 7./ dZ
as abelian group

Proof. Since 1 spans Z/aZ and Z/bZ then 1 ® 1 spans Z/aZ @ Z/bZ . Now
a(l®1) =0and b(1®1) =0, the additive order of 1 ® 1 divides a and b
and therefore also d so |Z/aZ @ Z/bZ| < d , To show Z/aZ ® 7. /bZ has size
atleast d , we create a Z bilinear map from Z/aZ ® Z/bZ onto Z/dZ

Consider a map ¢ : Z/aZ x Z/bZ — Z/dZ by

p(x,y) = zy
then this is bilinear map and then by using by UMP (universal mapping property)
there exist unique Z linear map f : Z/aZ ® Z/bZ — Z/dZ such that

f(z ® y) = zy in perticular f(z ® 1) = = , so f is onto map then we
are done

O
Theorem 6.5.4. For an ideal I in R and M is an R module then there is

unique R- module isomorphism (R/I)® M = M/IM. In perticular , taking
I=0then R M =M

Proof. We shall start with a bilinear map ¢ : (R/I) x M — M/IM by
¢(r,m) =7Tm

Then ¢ is well define clearly , then by universal mapping property we get a
linear map f: (R/I) ® M — M/IM such that the diagram commutes

(R/I)® M
T

(R/T) x M ¢ » M/IM
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it means fou=¢or f(F@m)=7m
To create an inverse map start with a function ¢ : M — (R/I) ® M given
by

(m)=1m
Then 4 is linear in m and observe ¥ (im) = 1 ® im = 0 it means kills TM
therefore there exist a linear map g : M/IM — (R/IM) ® M given by
gm)=10m
To check f(g(m)) =m and g(f(t)) =t, for all m e M/IM,t € (R/I)® M
first one clear f(g(m)) = f(1 ® m) = m To show g(f(t)) = t we shall show
all tensor in R/I ® M are elementary tensor .
An elementary tensor look like 7 @ m = 1 ® rm , and the sum of tensors
1@m;is 1®Y ;" m; , thus all tensors look like 1®m so we have g(f(1@m)) =
gm)=1m

O

Theorem 6.5.5. For ideals I and J in R , there is a unique R module
1somorphism

R/T®R/J=R/(I+J)
Proof. We shall start with a bilinear map ¢ : R/I x R/J — R/(I + J) by
O(T,9) =Ty

Then ¢ is well define clearly , then by universal mapping property we get a
linear map f: R/I ® R/J — R/(I + J) such that the diagram commutes

R/T®R/J
S

R/Ix R/J ? R/(I+J)

it means f(Z ® y) = Ty Now our aim is to create inverse map ,let h : R —
R/I® R/J by

h(r)y=r(1®1)
and h h is 1 well define and linear and when r € I then r(1® 1) =0
Similarly , when r € J then 7(1® 1) =0
And note that I + J C Ker(h) , then we get a linear map

g R/I+J)—>r(I®]1)

Defined by ¢(7) = 7(1 ® 1), And now we can check by like in previous
theorem arguement that f and g are inverses to each other O
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Remark 6.5.6. When f and g are additive functions you can check f(g(t)) =
t for all tensors t by only checking it on elementary tensors, but it would be
wrong to think you have proved injectivity of a linear map f: MON — P by
only looking at elementary tensors. That is, if f(m®n)=0=m®n =0,
there is no reason to believe f(t) =0=1t=0,Vt € M ® N, since injectivity
of a linear map is not an additive identity.

Example 6.5.7. Let f : CR C — C be the R - linear map defined by
fz@w) = zw

on elemetary tensor . If f(z®@w) =0 then zw =0= z=0,0r,w =0
So z®@w = 0 ,but the map is not injective because ,1 i —i® 1 — 0 but
1Ri—i®1#£0, since 1 ®i and i ® 1 belong to basis of C® C

Theorem 6.5.8. Let R be a domain with fraction field K and V' be vector
space over K then there is an R module isomorphism K @ V =2V

Proof. Define a map ¢ : K x V — V | defined by

o(ryx) =rx

then ¢ is R bilinear map , so by universal mapping property there exist a
linear map

FIKRV SV

Such that f(zx®v) = zv , on elementary tensor and that says diagram com-
mute

KoV
/ X‘
¢

And since f(1 ® v) = v implies f is onto
To show f is one one , first we show every tensor in K ® V is elementary
with 1 in first component

KxV Vv

For an elementary tensor
r@uv=a/bv=1/b@av=1/b® (ab/b)v =1 zv

Notice how we moved x € K across even though = need not be in R, we
used K-scaling in V' to create b and 1/b on the right side of ® and bring b
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across from right to left, which cancels 1/b on the left side of ® . This has
the efeect of moving 1/b from left to right. Thus all elementary tensors in
K ® V have the form 1 ® v for some v € V' | so by adding, every tensor is
1 ® v for some v. Now we can show f has trivial kernel if f(¢) = 0 then,
writingt =1® v, we get v=0,50t=1®0=0. O

6.6 Questions

Questions
(1) What is m @ n?

(2) What does it mean to say m @ n = 07
(3) What does it mean to say M @ N = 07

(4) What does it mean to say my @ 1y + ... + my @ np = m; @ ny +
..... +my, @n,?

(5) Where do tensor products arise outside of mathematics?
(6) Is there a way to picture the tensor product ?

Answers
(1)m ® n is the image of (m,n) € M x N under the canonical bilinear map
®: M x N — M ® N in the definition of tensor product

(2) We have m ® n = 0 < every bilinear map out of M x N vanishes at
(m,n) , indeed if m ® n = 0, then for every bilinear map B: M x N — N
we have commutative diagram

M®N
2 \
M x N B , P

for some linear map L, so B(m,n) = L(m ® n) = L(0) = 0. Conversely,
if every bilinear map out of M x N sends (m,n) to 0 then the canonical
bilinear map M ® N — M x N which is a particular example, sends (m,n)
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to 0. Since this bilinear map actually sends (m,n) to m ® n, we obtain
m@n = 0.

(3) The tensor product M ® N is 0 if and only if every bilinear map out
of M x N (to all modules) is identically 0. First suppose M ® N = 0. Then
all elementary tensors m ® n are 0, so B(m,n) = 0 for any bilinear map out
of M x N by the answer to the second question.Thus B is identically 0.
Next suppose every bilinear map out of M x N is identically 0. Then the
canonical bilinear map M x N — M ® N which is a particular example, is
identically 0. Since this function sends (m,n) to m ® n we have m ® n = 0
for all m and n. Since M ® N is additively spanned by all m ® n, the van-
ishing of all elementary tensors implies M @ N = 0.

(4) It is based on above two answers

(5) Tensors are used in physics and engineering (stress, elasticity, electro-
magnetism, metrics, diffusion MRI), where they transform in a multilinear
way under a change in coordinates.

(6) There isn’t a simple picture of a tensor (even an elementary tensor)
analogous to how a vector is an arrow.

Theorem 6.6.1. Let M and N be R-modules with respective spanning sets
{zi}ier and {y;}j € J . The tensor product M @ N is spanned linearly by
the elementary tensors x; @ x;

Proof. An elementary tensor in M ® N has the form m ® n. Write m =
> aix; and n =Y. bjy;, where the a; 's and b; 's are 0 for all but fnitely
many ¢ and j. From the bilinearity of ®

meen = Zaiazi X Z bjyj = Z aibj(xi X yj)
i i ij
is a linear combination of the tensors z; ® y;.

So every elementary tensor is a linear combination of the particular ele-
mentary tensors x; ® y;. Since every tensor is a sum of elementary tensors,
the z; ® y; s span M ® N as an R-module. O
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6.7 Primary Decompositions

Definition 6.7.1. An ideal in a ring A is primary if Q # A and if xy € Q =
either x € QQ or y™ € @ for somen >0

Observation: Q is primary iff A/Q is not trivial and every zero-divisor
in A/Q is nilpotent

Example 6.7.2. FEvery prime ideal is primary, contraction of a primary
ideal is primary

Proposition 6.7.3. The radical of a primary ideal Q is the smallest prime
tdeal containing it.

Proof. Let Q be a primary ideal of A.We know that the radical of Q is the
intersection of all the prime ideals containing QQ.Now it suffices to show that
r(Q) is prime,an this is obivious since Q is primary O

Remark 6.7.4. Let A be a UFD and let x € A be prime. Then all powers
of A are primary.

We give an example to show that primary ideals need not be powers of
prime ideals.

Example 6.7.5. Let A =TF[X,Y],Q = (X,Y?),define a map

¢: A= TF[Y]/(Y?

by
P(p(X,Y)) =p(0,Y) + (Y?)

Then ¢ is an onto ring homomorphism and Kerg = Q = (X,Y?),then FTH
we have A/Q = F[Y]/(Y?), then by remark (Y?) is primary ideal of F[Y]
then this shows that Q is primary and further r(Q) = (X,Y)

Also we have 7(Q)? € Q C r(Q), thus Q is not a power of its radical. Now
our next claim is @ is not a power of prime ideal ,first suppose Q = P™ for
somr prime ideal P and also note that r(Q) = P and P?> C P" C P which
is impossible ,thus @Q is not a power of prime ideal

We now give an example to show that powers of prime ideals need not
be primary.
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Example 6.7.6. Let A = F[X,Y,Z] , where F is a field, and put I =
(XY - Z2)A,B=A/I,P=(X+1,Z +1).
Claim:P is prime ideal of B but P? is not primary ideal .Idea is B/P is
integral domain implies P is prime. Now we shall show that P% is not
primary
Observe that (x + I)(y + 1) = oy + 1 =ay — (vy — 22) + 1 = 22 + [ =
(z+D)%2eP?. Also P2= (2> + T,xz+ 1,22 +1) .

If P? is primary then x +1 € P? ory* +1 = (y+I)* € P? for some k
so that x or y* € (22,22, 2%, 0y — 2%) which is impossible, by inspecting
monomials in ax? + Brz + 22 + §(wy — 22) for o, B,7,6 € A .

Proposition 6.7.7. If Q < A and r(Q) is mazimal, then Q is primary. In
particular, all powers of a maximal ideal M are M —primary.

Proof. We have an epimorphism ¢ : A/Q — A/r(Q) and A/M is field.

Claim: Every zero divisors of A/Q is nilpotent.Let if possible x = a+ Q €
A/Q is a zero divisor but not nilpotent.Then x — & # 0 € A/M ,which is not
a zero divisor implies x is not a zero divisor contradiction so x is nilpotent
so @ is primary .If M is any maximal ideal of A then r(M™) = M implies
M™ is primary. O

Definition 6.7.8. Let Q < A and x € A then (Q :z) ={y € A:zy € Q}.
Lemma 6.7.9. Let P be prime, @ be P-primary and x € A . Then
l.Lze@=(Q:z)=A4
2. x¢ Q= (Q:x) is P-primary
3 2¢P=(Q:z)=0Q .

Proof. (1) and (3) are easy.We shall porve (2).We have @ C (@ : z).And
observe (@ : ) C P and conclude (@ : ) = P.Now suppose yz € (Q : x)
with y ¢ P then zyz € Q = y(zz) e Q=22 € Q = 2z € (Q : z).S0 (Q : )
is primary. O

Lemma 6.7.10. Let P be a prime ideal and Q1, ..., Qn be P-primary ideals.
Then (N, Q; is also P-primary.

Proof. By induction we can see easily. O

Definition 6.7.11. A primary decomposition of I <1 A is an expression as
a finite intersection of primary ideals: I = (", Qi (%)
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Primary decomposition above may not exist always

Definition 6.7.12. A decomposition () is minimal if
1. 7(Q1),....,7(Qn) are distinct

2. Q’L 2 07475‘7@]7\777’: 1)77”

Theorem 6.7.13. First Uniqueness Theorem Let I be a decomposable
ideal and let (x) be a minimal primary decomposition. Put P; = r(Q;),V,i =
1,..,n,then

{P1,....., P,} = {Prime ideals P: P =r(I : z) for some x}.

We say that the prime ideals P, ..., P, belong to I or are associated to
I . In particular, I is primary iff I has exactly one associated prime ideal.
The minimal elements of P, ..., P, with respect to C are called minimal or
isolated prime ideals belonging to I ; the nonminimal ones are called em-
bedded prime ideals

The set {P, ..., P,} in the conclusion of the Theorem is independent of
the particular minimal decomposition chosen for I

Proof. Consider (I :z)= (i, Qi:z)={)1(Qi: )

:r([:x)zﬂr(@i:x)

i=1
But r(Q; : ) = A, if x € Qi,and P; if x ¢ Q; by lemma.So r(I : z) =
M, Powhen o ¢ Q;
If r(I : ) is prime say P then P = (., P, when ¢ Q;then P = P,
for some i and this implies (I : ) = F;.On the other hand ,Vi choose
x; € Qj,Vj #i,and so x; € ﬂj# Qj,therefore r(I : z;) = P; O

Note 6.7.14. Primary components need not be unique.
Example 6.7.15. Let A=TF[X,Y], I = (X%, XY) , then we observe
I=(X)N(X,Y)?

and
I=(X)N(X%Y)

Lemma 6.7.16. Let S be a multiplicatively closed subset of A , P a prime
ideal and @Q a P-primary ideal. Then
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1. SNP#¢=S"1Q=5"14
2. SNP=¢=,51Q is S~ P—primary ideal and (S71Q)° = Q

Theorem 6.7.17. Primary ideals of A which avoid S are in a one-one
correspondence with primary ideals in S~'A under the map Q — S™'Q

Proof. Put P = {Primary ideals Q of A : QNS = ¢} and P, =
{Primary ideals of S~'A} Now we define

6:P— P,Q— S7TIQ

1/1:P2%P1,I’—>IC

And easy to see both are inverse of each others. O

Notation Let J <1 A,write S(J) = J ={a € A:a/1 € S~1J}

Theorem 6.7.18. If S is a multiplicatively closed subset of A and I <1 A has
a minimal primary decomposition I = (), Q; and we put P; = r(Q;),Vi. We
suppose further that the ideals have been arranged so that, for some m where
1<m<n,SNP=0¢,Vi=1,..,mand SNFP; # ¢,Vj =m+1,....,n,then
we have the following minimal primary decompositions.

ST =()5"Q
=1

and

Notation
Consider a decomposable ideal I and put L = {prime ideals belonging to I'}
. Call a subset N of L isolated if VP € N,VP' e L,PPCP= P &N

Theorem 6.7.19. Let I be a decomposable ideal and P, .., P, be the prime
ideal associated to I.Suppose m < n and N = {Py,...P,,} is isolated,then
for any two minimal primary decompositions I = (', Qi = (i, @ where

r(Qi) = r(Q;),Vi then we have L) Qi = (i1 Q;-

Definition 6.7.20. An ideal I is irreducible if I = J1 N Js, then I = J; or
I1=J
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Lemma 6.7.21. In a Noetherian ring A ,every ideal is a finite intersection
of irreducible ideals.

Proof. Let S be the set of ideals which are not finite intersections of irre-
ducible ideals. If S = ¢,then we are done ; If S # ¢,then S has a maximal
element, I (since R is Noetherian). Then I is not irreducible, therefore
I=J1NnJy with I C Jy,J2.80 Ji, Ja ¢ S, hence they are finite intersection
of irreducible ideals. Since the intersection of two finite intersection of irre-
ducible ideals, I is the intersection of irreducible ideals, i.e., I ¢ S. This is
a contradiction. Hence S = ¢. O

Lemma 6.7.22. In a Noetherian ring R, all irreducible ideals are primary.

Proof. Let I be an irreducible ideal. Let z,y € R,with zy € I.Define I,, =
(I :y") for m = 1,2,3,..,then I C I} C I, C ... and sice R is Noetherian
I, = 1,41 for some n.

Claim: I = (I + (z)) NI+ (y")).Let z € (I+ (z)) N (I + (y")),and observe
that yz € T and z € I.So I = (I + (x)) N (I + (y™)) and since I is irreducible
then we are done. O

Theorem 6.7.23. In a Noetherian ring R, every ideal I has a primary
decomposition.

Proof. This follows directly from the previous two lemma. O

6.8 Discrete Valuation rings

Definition 6.8.1. Suppose F is a field .A discrete valuation on F is a func-
tion v : F* — Z such that

1. vis onto
2. v(ab) = v(a) + v(b)
3. v(a+b) > min(v(a),v(b)) ifa+b#0

Proposition 6.8.2. The set R = {0} U{r € F : v(r) > 0}, is a ring ,which
we call the valuation ring of v.

Proof. Observe that v(1) =0,= 1 € R also ab € R. O
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Example 6.8.3. The field C((t)) = {d_,_yant" : N € Z,a, € C},of
Laurent series without an essential singularity at t =0
Define v:C((t)) = Z by

o(f(t)) =N
Where f(t) = Yo% v ant™ and we can write f(t) = antNg(t) with ay # 0
9(t) € A[[t]]

Definition 6.8.4. An integral domain A is called a valuation ring if for
every element a € (FracA)*,we have a € a ora=! € A

Lemma 6.8.5. For any discrete valuation v on a field F with valuation ring

A ,we have A* = v~1(0).

Proof. We have v(z~!) = v(z),Vx € F* and this implies either z € A
or 71 € ANow = € A is invertible in A implies v(x) = 0.Conversely if
v(z) = 0 then x is invertible in A. O

Lemma 6.8.6. A valuation ring a with Frac(A) = K is a discrete valuation
ring iff the quotient group K*/A* 2 7

Proof. Let A be a valuation ring and K*/A* = Z and (A—{0})/A* C K*/A*
is a submonoid O

Lemma 6.8.7. Fvery valuation ring is normal and local.

Proof. Let A be the valuation ring and K = Frac(A).Let f(X) = X% +
sz:() a; X" be monic in A[X].Let b € K st f(b) = 0.If b € A then we are
done .If b1 € A, then we have f(b) = 0 and thus b = — 3> a;b".S0
b=—>ab' /bt € A

A is local: we shal show that the set A — A* of non units is an ideal .If
a € A— A" and b € A then clearly ab € A — A* since otherwise a~! =
b(ab)~!' € A . Let a,b € A — A*.Suppose WLOG a/b € A. If a+b € A*,
then (a/b+1)(1/a+b) = (a +b/b)1/a+b=1/b € A contradiction. O

Theorem 6.8.8. Let A be a subring of a field F then ,T.F.A.E
1. A is valuation ring.
2. The set of principal ideals of A is totally order by inclusion.
3. The set of ideal of A is totally order by inclusion.

4. A is local ring and every finitely generated ideal of A is principal.



56 6.9. Topologies and completions

6.9 Topologies and completions

Definition 6.9.1. Let G be an abelian group then G is said to be topological
abelian group if both the maps G x G — G and G — G defined by (z,y) —
x4y and x — —x respectively are continuous.

Lemma 6.9.2. Let H be the intersection of all neighbourhood’s of 0 in G .
Then

1. H <G.

2. H is the closure of zero.
3. G/H is Hausdorff.

4. G is Hausdorff < H = 0.

Definition 6.9.3. An inverse system of groups is a sequence of {A,0} and
Ont+1 © Ans1 — Ay, where the transition maps Yn are homomorphisms of
groups.

Definition 6.9.4. Let {A,0} be an inverse system of groups and inverse
limit is a subset of HiZO A; and define by

lim{A,} = {(a1,02,.) : ny1ans1 = ap,¥n > 1} C [ 4
i>0

Proposition 6.9.5. The map G — G/G,, define by
{zi} = (im{z; + Gi} lim{z; + Ga}, ...
s an isomorphism.

Proposition 6.9.6. If {0} — {A,} — {Bn} — {Cn} — {0} is an exact
sequence of inverse system and {A,} is a surjective system then

0 —lim A, — lim B, — lim C;, — 0
15 exact.

Let A =[[2, and define d4: A — A by dan) = an — Opi1an41 and
ker(d4) = @An.Deﬁne B ,C and d?,d“ similarly.The exact sequence of
inverse system defines commutative diagram
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0 At p 9,0 0
lor e e
0 AL .p 9 ¢ 0

then by snake lemma and d* is onto we are done.

Corollary 6.9.7. Let 0 - G' — G — G"” — 0 be an ezxact sequence of
groups . Let G have the topology defined by the sequence {Gy} of subgruops
and G', G” have induces topology i.e. by the sequences {G, NGp}, {f(Gn)},
then

0-G —-G—=G" -0

15 exact.

Proof. Exactness of given sequence implies that the diagram below is com-
mutative with exact rows

00— G')(G'NGCrs1) —T G/Grir —2 G"/g(Gri1) — 0

PZH J9n+1 JOZH
!

/

0 —— G'/(G'NG,) —— GG, —L1— G"/g(Gp) —— 0

and clearly 6, is surjective Vn now use here snake lemma and Ker(6,4+1) =
Gy . We have an exact sequence 0 — G, — G, — G — 0.Now applying
previous proposition we are done. ]

Corollary 6.9.8. G, is a subgroup of G and G/G, = G/G,,.

Proof. Let G' = G,, and G” = G/G,,,now applying these in previous corol-
lary we get an exact sequence

0-G,—G—=G/G,—0
So Gy is a subgroup of G and G” has discrete topology so G” = G” and
G/G, = G/G,, this complete the proof.
O]
Definition 6.9.9. Let I < A be an ideal. Then the completion of A with

respect to the I-adic filtration A O I D I? D ... is called the I-adic completion
of A. It is denoted by A
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Definition 6.9.10. Let I < A be an ideal, M an A-module with filtration
M = My D My O My D ... The filtration is called I-filtration if 1M, C
Mytq.

Definition 6.9.11. An I-filtration M on an A-module M is called stable if
5 N such tha ¥n > N, IM, = M,11

Definition 6.9.12. A graded ring is a ring A together with abelian subgroups
Ay, C A such that A = @®p>04,, and Ap Ay C Apym. The elements of Ay,
in a graded ring A are called homogeneous elements of degree n.

Lemma 6.9.13. If A is a Noetherian ring, I <1 A, then the graded ring
A = ®p>0l™ is also Noetherian.

Proof. A being Noetherian implies I is a finitely generated A-module, say
by zi,..zn. Then the A-algebra map A[X,..,X,] = @n>0l" defined by
X, — x; is surjective. It is surjective because 1, ..., z, generates I. Since A
is Noetherian, Hilbert’s Basis Theorem implies A[ X1, ..., X,,] Noetherian and
hence any quotient of A[X7,..., X,,] is Noetherian. Hence we have @®;,>0l"
is Noetherian.

O]

Lemma 6.9.14. Let A be a Noetherian ring, I be an ideal of A, M a finitely
generated A-module together with an I-filtration M = My C My C ... Then
the filtration M is stable if and only if ©n>0M, is a finitely generated A =
®n>0l™-module.

Proof. Assume M is a stable I-filtration . Then 3> n,Vk > 0 such that
I*M,, = Mn,, 4. This implies @M, = My®M1&...o M, SIM,SI*M, @ ..
is finitely generated by My & ... & M,, as A-module. Since A is Noetherian
and M is finitely generated implies M; C M are all finitely generated. Hence
My ... 6 M, generated by finitely many elements and so &M, is generated
by these finitely many elements as A-modules.

Conversely Assume @©M,, is a finitely generated A = @©I™ module. Let
Py =My® . Mg ®IMg & I?Mg & ... Now Py is a graded A-submodule
of ®M,,, we have Py C P, C P, C ... C &M, an ascending chain of A-
submodules. Now R is Noetherian implies A is Noetherian by lemma . By
assumption @M, is a finitely generated A-module, hence a Noetherian A-
module, so the chain Pk has to stop, i.e.,2 N such that Py = Pyy1 = ....
But U Px = &M, implies @M = Py implies M,, = I" N My,Vn > N i.e.,
the filtration is stable. O



29

Lemma 6.9.15. Let A be a Noetherian ring, I be an ideal of A and M a
finitely generated A-module with stable I-fultration M. Let N be a submodule
of M. Then the filtration {N N M,} on N is a stable I-filtration of N

Proof. A Noetherian, I be an ideal of A an ideal, then A" = @®,>0I" is
Noetherian. So M, is a stable I-filtration on M implies ©,>0M,, is a finitely
generated A’-module. Now &M, N N C &M, is a A’-submodule. Since A’
is Noetherian and @M, is a finitely generated A’-module, the submodule
®M,, NN is also a finitely generated A’-module. Hence M, N N is a stable
I-filtration O

Theorem 6.9.16. Let A be a Noetherian ring,<< A. Let 0 - M — N —
P — 0 be an exact sequence of finitely generated A-module. Then the se-
quence of I-adic completions 0 > M — N — P — 0 is exact

M, N, P are the completion of M, N, P with respect to the filtrations
I"M,I"N,I"P. So we have the exact sequence Vn.0 - M/(M NI"N) —
N/I"N — P/I"P — 0 Now M N I"N is a stable I-filtration (Artin-
Rees lemma). Hence by Lemma the completion of M with respect to
MNI™M is the completion M of M with respect to I"M. Now M/(MNI"N)
is a surjective inverse system, so by above equatio we are done.

Lemma 6.9.17. Let A be a Noetherian ring,] <1 A, M a finitely gener-
ated A-module . Then A @4 M — M defined by {a;} @ v — {a;x} is an
isomorphism

Definition 6.9.18. If I <1 A, then we set gr(A) = @p>ol"/I"L. This
is a graded ring with multiplication I™/I"Tt x [™/[m+L — ndm /pramtl
defined by (a + 1", b+ I s ab + I The ring grA is called the
associated graded ring of ADIDI*D ...

Lemma 6.9.19. Let A= Ay D A1 DO ... and B = By D By D ... be filtered
modules and f : A — B a map of filtered modules (that is f(A;) C B;).Then

1. If gr(f) : gr(A) — gr(B) is surjective (injective) then f : A — B is
surjective (injective), where gr(A) = @i>04;i/Ait1

Proof. Since f : A — bis a homomorphism of filtered modules,then ¢(M,,) C
N,, and consider commutative diagram



60 6.9. Topologies and completions

0 —— My /Moy —Ts M/Myyy —2— M/M, — 0

i@;ﬁl ie'rﬂ»l PZH

’ /

0 —— Nu/Npy1 —— N/Np g —2— N/N, —— 0

By snake lemma and assuming gr(f) is injective (surjective) we are done.
O

Lemma 6.9.20. Let I < A which is I-adically complete. Let M be an A-
module with an I-filtration M = My 2O My O Ma D ... such that (\M; = 0.
Then if gr(M) = @;>0M;/M;y1 is a finitely generated gr(A) = @;>ol'/T71-
module, then M itself is a finitely generated A-module.

Proof. Choose a finite generating set of gr(M) over gr(R) consisting of
homogeneous elements yi, ..., y; where deg(y;) = n;,i = 1, ..,t.Choosing x; €
M, with y; = 2;+M,,,,. Let F = ROR®...OR ,(t times).And I, = {(a;) :
a; € "™ i =1,2,..,t},where I* = Rif k < 0 and this define a filtration on
F and the map ¢ : F — M given by ¢[(a;)] = >_ a;z; is a homomorphism of
filtered R modules,thus associated gradded homomorphism gf(¢) : gr(F) —
gr(M) is surjective as y; generates gr(M) implies ¢ : F' — M is surjective
Consider the commutative diagram

F—s M
ik
F—"

,since R is complete and F is free module of finite rank , f is an isomorphism
since intersection of M; is zero, g is injective this implies ¢ is onto as ¢ is
onto so M is finitely generated R module . 0

Proposition 6.9.21. Let A be nowetherian ring I < A,A the I-adic com-

pletion. Then
In/In-‘rl ~ fn/[njrl

Theorem 6.9.22. Let A be a Noetherian ring and I <1 A. Then its I-adic
completion A is Noetherian.

Proof. Let M be an A ideal. Equip M with the filtration{M N ﬁf},then
gr(M) = @;>o(MNI™)/MNI**1 is submodule of gr(A) = @,>0l™/I" 1. Then
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by proposition we have gr(A) = gr(A) and A being noetherian = gr(A) is
notherian hence the submodule gr(M) is also finitely generated as gr(A)
module and (,5o M NI C [,5,{" = 0 then by previous lemma we are

done. O

Corollary 6.9.23. If A is noetherian then A[[X1, ..., X,]] is noetherian.

Proof. Since A is noetherian then A[X1,..., X,,] is noetherian and let I =
(X1, X2, ..., X;,) T adic filtration then the polynomial ring has A[[ X7, ..., X},]]
completion with this filtration then by theorem we are done. O



