NOTES FOR COMMUTATIVE ALGEBRA M5P55

AMBRUS PAL

1. RINGS AND IDEALS

Definition 1.1. A quintuple (A,+,-,0,1) is a commutative ring with identity, if
A is a set, equipped with two binary operations; addition + and multiplication -,
and two element 0,1 € A such that:

(1) the triple (A, +,0) is an abelian group,

(2) multiplication is associative:

(z-y)-z=m(y-2)
commutative:
T-Yy=y-x
and distributive over addition:
z-(y+z)=z-y+z-z
(3) wehavez-1=1-2 =x.
It is rather usual to drop the dot from the notation when we write the product of

elements, that is, to write zy instead of x - y. It is also a usual abuse of notation to
let just the symbol A denote this whole package.

Remarks 1.2. The identity element 1 is uniquely determined by its property in (3).
We have -0 =0, and if 1 =0 in A, then A has only one element. In this case we
say that A is the zero ring.

Definition 1.3. A ring homomorphism f : A — B is a mapping f of a ring A into
a ring B such that for all z,y € A we have:

fle+y) = fl@)+ ), flay) = f@)fy)

and f(1) = 1. The usual properties of ring homomorphisms can be proven from
these assumptions. A subset S of A is a subring of A if S is an additive subgroup,
closed under multiplication and contains 1 € A. In this case the inclusion map
f:5 — Ais then a ring homomorphism.

Remarks 1.4. The composition of two homomorphisms is a homomorphism. An
isomorphism between rings is a bijective homomorphism; this is the same condition
as asking that the homomorphism has a inverse map which is also a homomorphism.

Definition 1.5. A subset a of A is an ideal of A if a is closed under addition
and Aa = aA = a. (Meaning that ra € a for every r € A and a € a). Shorthand
notation: a<A. The quotient group A/a is then a ring by the obvious multiplication:

(a+a)(b+a)=(ab+ a).
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We call this ring the quotient ring A/a. The map 7 : A — A/a defined by 7(z) =
x + a is a surjective ring homomorphism.

Proposition 1.6. There is a bijective correspondence between the ideals b contain-
ing a and the ideals b of A/a. Under this correspondence we get a bijection between
prime ideals in A containing a and prime ideals in A/a.

Proof. For every ideal b containing a let ¢(b) = {z+alz € b}; it is an ideal in A/a.
For every ideal b of A/a let ¥(b) = {x € A|z + a € b}. This is an ideal of A and
contains a. If we can check that ¢ o1 = id and 1 o ¢ = id then we are done. Let b
be an ideal of A/a. Then

(b)) ={z+ajlzey(b)} ={r+alz € {z e Alz+acb}}
which translates to saying that
o((b)) ={z +alz+ac b}

Therefore we get that ¢(¢)(b)) = b. The other composition is similar. Since

A/b = (A/a)/d(a)
by the third isomorphism theorem, the second claim follows. O
Definition 1.7. If f : A — B is any ring homomorphism, the kernel of f is the
set of all @ € A such that f(a) = 0. This is an ideal of A and the image of f is a
subring of B, and f induces a ring isomorphism:

A/Ker(f) = Im(f).

This is the first isomorphism theorem for rings. The notation x =y mod a means
that © — y € a, and it was inspired by number theory, one of the progenitors of
commutative algebra.

2. THE MOST IMPORTANT EXAMPLE: POLYNOMIAL RINGS

Let R be a ring; we are going to introduce another ring R[z], the polynomial ring
in the variable z with coefficients in R. As a set R[z] can be described as formal
sums:

n
a0+a1:z:+a2:z:2+~~~+anx":§ a;x', a; € R,meN,
1=0

where we consider two such sums
(2.0.1) ap + a1z + asx® + - + apz™ and by + by + box® + -+ + byz™

equal if a; = b; (Vi =0,1,...,min(n,m)), and a; = 0,b; = 0 (Vi > min(n, m)), if
a; or b; is defined, respectively. In the ring R the zero is 0, the unity element is 1,
and we define the sum and product of the two elements listed in (2.0.1) above as:

max(n,m) n+m
Z (ai—i—bi)xi and Z Z a;by zt,
i=0 i=0 \j+k=i

where a; = 0, b; = 0 for every index ¢ which is bigger than n, respectively m, by
convention, and moreover j, k are non-negative integers. More formally R[z] is the
set of functions:

N— R, i~ a,,
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such that a; is zero for all but finitely many 7. In this description 0 € R[x] is the
identically zero function, 1 is the function 0 — 1, ¢ — 0 for every other ¢ € N, and
addition and multiplication for two elements i — a;, i — b; are defined as

A
i a; + b, iHZaibj_i.
J=0

Proposition 2.1. The quintuple (R[z],+,-,0,1) is indeed a ring.

This is easy check directly, but also follows from the principle of extension of
identities (see Lemma 7.1, formulated using polynomials, just to make a vicious
circle!)

Definition 2.2. We define the polynomial ring R in the variables x1, o, ..., x,,
denoted by R[z1,Za,...,Ty], as Rlx1][za] - [2,]. Its elements have the usual de-
scription as sums over multi-indexes:

Rlxy, 29, ..., 25 =1 g Qiyig..inT1TE - Ty | Qiyiy.. 4, € R, the sum is finite}.
n

01,82,...,8

3. ZERO-DIVISORS, NILPOTENT ELEMENTS, UNITS

Definition 3.1. A zero-divisor in a ring A is an element z such that there exists a
nonzero element y € A with xy = 0. A ring with no nonzero zero-divisors is called
an integral domain. An element x € A is nilpotent if there exists a natural number
n > 0 such that ™ = 0. A nilpotent element is a zero-divisor (unless A = 0) since
2" 1z = 0. A unit in A is an element 2 such that there exists an element y € A
with 2y = 1. This y is unique and is denoted by z~!. The units of A form a group
with respect to multiplication, and this group is denoted by A*.

Definition 3.2. The set of all multiples ax of an element x € A is called the
principal ideal generated by x and is denoted by (z) traditionally. Note that z is a
unit iff (z) = A = (1). A field is a ring A in which 1 # 0 and every non-zero element
is a unit. Every field is an integral domain. (If zy = 0, then y = 2~ tay = 0).

Proposition 3.3. Let A be a nonzero ring. Then the following are equivalent:

(1) the ring A is a field,
(2) the only ideals in A are (0) = {0} and (1),
(8) every homomorphism of A into a non-zero ring B is injective.

Proof. 1 = 2: Let a be a nonzero ideal with « € a nonzero. Then x is a unit and
thus a 2 (x) = (1).

2= 3: Let f: A — B be a homomorphism and B nonzero. Then Ker(f) is an
ideal of A and is either (1) or 0. If it is (1) then f = 0 which is impossible since
f(1) = 1. Thus Ker(f) =0 and f is injective.

3 = 1. Let x be a nonzero element of A. Suppose that z is not a unit so
that (z) is not equal to (1). Then A/(x) is a nonzero ring, and hence the natural
homomorphism 7 : A — A/(z) is injective. But this means that (z) = Ker(f) =0
which is a contradiction. ]
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4. PRIME IDEALS AND MAXIMAL IDEALS

Definition 4.1. An ideal p < A is prime if p # (1) and if zy € p then either z € p
or y € p. Shorthand notation: a <, A. An ideal m in A is maximal if m # (1) and
if there is no ideal a such that m C a C (1). Shorthand notation: a<,, A. The set
of prime ideals of A is denoted by Spec(A).

Lemma 4.2. The ideal p is prime if and only if A/p is an integral domain, and it
is mazximal if and only if A/p is a field.

Proof. This first half of the claim is trivial, so we will only give a detailed argu-
ment for the second. Let m be maximal. Then since there is a correspondence
between ideals of A/m and ideals containing m, the maximality of m says that A/m
has no non-trivial ideals and Proposition 3.3 thus guarantees that A/m is a field.
Conversely, if A/m is a field, then by the correspondence again, there are no ideals
between m and A. O

Remark 4.3. Note that this implies that maximal ideals are prime, but not nec-
essarily vice versa. Also note that the zero ideal is prime if and only if A is an
integral domain.

Proposition 4.4. If f: A — B is a ring homomorphism and b is a prime ideal in
B then f=1(b) is a prime ideal in A.

Proof. The fact that f~1(b) is an ideal is immediate. Let xy € f~1(b). Then
f(zy) € b and therefore f(x)f(y) € b, so either f(x) or f(y) € b, since b is prime,
and hence either z or y € f~1(b). O

Remark 4.5. The corresponding statement about maximal ideals is not true in
general, since if A is any ring that is not a field and F' is any field containing A,
then 0 is maximal in F' but its inverse image in A is not maximal.

Theorem 4.6. Every ring A # 0 has at least one maximal ideal.

The proof will use Zorn’s Lemma which we recall next. Let S be a partially
ordered set (sometimes called a poset), that is, one with a binary relation < that
is reflexive, transitive and anti-symmetric. A subset T of S is called a chain if any
two elements of T' are comparable. That is to say that if z,y € T then either x <y
or y < x. An upper bound for a T in S is an element € S such that t < x for
every t € T. Finally, a maximal element in S is an element x € S so that for all y
such that x <y, we have x = y.

Theorem 4.7 (Zorn’s Lemma). If S is non-empty and every chain T of S has an
upper bound in S then S has at least one mazximal element.

Zorn’s Lemma is equivalent to the axiom of choice. We will not prove this, since
it requires some non-trivial tools from set theory.

Proof of Theorem 4.6. Let ¥ be the set of all ideals not equal to (1) in A. Order
> by inclusion. ¥ is not empty, since 0 € ¥. We must show that every chain in X
has an upper bound in . Let (a,) be a chain of ideals in ¥, which means that for
each pair of indices o, 8 we have either a, C ag or ag C a,.

Let a = {J, aa. We claim that a is an ideal. Indeed, a is clearly closed under
multiplication by A, so we show closure under addition. Let xz,y € a. Then
T € dqa,y € ag for some «, 3. Then one of these ideals contains the other, since
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they are elements of a chain and we therefore have z,y contained in the same ideal
and thus z +y € a. Note that 1 ¢ a since 1 € a,, for all a. Hence a € ¥ and a is an
upper bound of the chain. Thus by Zorn’s Lemma X contains a maximal element.
A maximal element in ¥ is an ideal that does not contain 1 such that there is no
larger ideal in ¥ containing it; a maximal ideal in A. (I

Definition 4.8. We say that a ring is local if it has a unique maximal ideal.

Corollary 4.9. If a # (1) is an ideal of A, there exists a mazimal ideal of A
containing a.

Proof. Note that A/a has a maximal ideal m by the above theorem. Denote by n
the corresponding ideal of A containing a. We claim that n is maximal in A. The
claim is justified as follows: suppose that there is an ideal p strictly between (1)
and n. Then the ideal p = {z + a|z € p} # (1) is an ideal of A/a that strictly
contains m which is a contradiction. (]

Corollary 4.10. Every non-unit of A is contained in a mazimal ideal. (Just let
a=(z))

Remark 4.11. There exist rings with exactly one maximal ideal, for example fields.
A ring A with exactly one maximal ideal m is called a local ring and the field
k = A/m is called the residue field of A.

Lemma 4.12 (Prime avoidance I). Let A be a ring and I be an ideal of A. Let
P1,P2,,...,0n e prime ideals of A such that I CJ, ;. Then I C p; for some j.

Proof. It will be enough to prove that if I & p; for all j then I Z |J, p;. We are
going to prove this by induction on n, the number of prime ideals. For n = 1,
the claim is clear. Assume the result for n — 1 prime ideals. Now suppose that
p1,P2,,...,pp, are prime ideals of A such that I Z p; for j =1,2,...,n. For each
i (where 1 <4 < n) we have I Z p;, for j =1,2,...,i—1,i+1,...,n, so by the
induction hypothesis for each ¢ with 1 < i < n we can find an element x; € I such
that z; ¢ Uj# p;. If for some ¢ we have x; & p; then we are done. Otherwise, we
have x; € p; for all . Then it is easy to see that

n
y:g xl"’x’i—lx’i-‘rl"'xn
=1

is an element of I which is not in any p;. This completes the proof. (]

Lemma 4.13 (Prime avoidance II). Let A be a ring and p be a prime ideal of A.
Let ay,az,,...,a, be ideals of A such that p D (), a;. Then p D a; for some j. If
p =), a then p = a; for some j.

Proof. Assume that the first claim is false. Then there is an a; € a; such that a; € p
for every i. Then

aijag - -ap €ajag---ay Ca;NagN---Na, Cp

which is a contradiction as p is a prime ideal. So the first claim is true. If p =, a;
then p C a; for every i. So if p D a; for some j then p = a;. Therefore the second
claim follows from the first. O
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5. NILRADICAL AND THE JACOBSON RADICAL

Proposition 5.1. The set N(A) of all nilpotent elements in a ring A is an ideal
and A/N(A) has no nilpotent elements # 0.

Proof. If x is nilpotent then so is ax for all @ € A. Now let x,y be nilpotent
elements, say =", y"” = 0. Then

(z+ )" =0

since each term of the expansion must contain either a power of x greater than n or
a power of y greater than m. To see that A/A(A) has no nilpotent elements, note
that z+N(A) € A/N(A) is nilpotent if and only if z"+N(A) = 0in A/N(A) which
is equivalent to saying that z™ € N (A) which would imply that z € N (A). O

The ideal N'(A) defined above is called the nilradical of A. The following propo-
sition gives another definition of N'(A).

Proposition 5.2. The nilradical of A is the intersection of all the prime ideals.

Proof. Let R’ denote the intersection all prime ideals of A. Then if f is nilpotent,
then f™ = 0 for some n > 0. Since 0 € p for all ideals and p is prime, we have that
f € p for all prime ideals p and hence f € R'.

Conversely, we will show that if f is not nilpotent, then it is not in the intersection
of all prime ideals. Suppose that f is not nilpotent. Then let ¥ be the set of all
ideals a such that no power of f is in a. Ordering ¥ by inclusion we can apply
Zorn’s Lemma to conclude that it has a maximal element, p. We shall show that p
is prime by showing that z,y ¢ p implies zy ¢ p. Indeed, if z,y & p then p + (z)
and p + (y) properly contain p and thus are not elements of ¥ by the maximality
of p. Thus it follows that there exist some n, m so that

frept (@), f"ep+ )
which clearly implies that f**™ € p + (zy) which implies that xy ¢ p. Thus p is
prime and does not contain f as required. ([

The Jacobson radical J(A) of A is the intersection of all the maximal ideals of
A. It can be characterised as follows:

Proposition 5.3. = € J(A) if and only if 1 — xzy is a unit in A for all y € A.

Proof. =: Suppose 1 —xy is not a unit for some y € A. Then by Corollary 4.10 the
element 1 —zy is contained in some maximal ideal m of A. But since z € J(A) Cm
we have 1 — xy € m = 1 € m which is absurd.

<: Suppose x ¢ m for some maximal ideal m. Since z and m generate A we have
m + zy = 1 for some elements m € m and y € A. Thus 1 — zy € m contradicting
the fact that 1 — xy is a unit. (Il

If a is any ideal of A then the radical of a is
r(a) ={x € A:z" € a for some n > 0}.

Proposition 5.4. The radical of an ideal a is the intersection of the prime ideals
which contain a.

Proof. Proposition 5.2 applied to A/a tells us that the nilradical of A/a is the
intersection of all prime ideals of A/a which is in correspondence with the set of all
prime ideals containing a. g
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Definition 5.5. Let I be an index set, and for every i € I let R; be a ring. Then
we may equip the direct product set
[n

il
with the structure of a ring as follows. We define 0 and 1 as
H 0 and H 1,
il il

respectively, while addition and multiplication are defined coordinate-wise:

Il e+ 0 =@+,

el el el
IR IO (R
el el el

It is easy to see that with this structure [[,.; R; is a ring, and it will be called
the direct product of the R;. The key property of direct products is that the
direct product of homomorphisms is a homomorphism: if h; : R — R; is a ring
homomorphism (for every i € I), then

[[ri:B=]]R

i€l i€l

is a ring homomorphism, too.

Remark 5.6. Proposition 5.2 can be reformulated as follows: there is an injective
ring homomorphism:
R/N(R) — [] R/
p<p R
This map is just (induced by) the direct product of the quotient maps R — R/p
(where p <, R). Similarly there is an injective ring homomorphism:

R/J(R) — ][] R/m.

md,, R

6. LOCALISATION OF RINGS

Definition 6.1. A subset S of a ring A is called multiplicative (or multiplicatively
closed) if 1 € S,0¢ S, and ab € S whenever a,b € S.

Examples 6.2. Let A be a ring and a € A be such that a™ # 0 for all n € N.
Then S = {1,a,a?,...,a",...} is a multiplicative set. If p < A is a prime ideal,
then S = A — p is a multiplicative set. For any family {p;}ics; of prime ideals of
A, the set A — J;¢; pi is multiplicative. For any ring A, the set of units of 4 is a
multiplicative set, so is the set of elements of A that are not zero divisors. If I is a
proper ideal of a ring A, then S =1+ [ is a multiplicative set.

Definition 6.3. Let A be a ring and S C A be a multiplicative set. Define a
relation ~ on the set A x S by (a,s) ~ (b,t) if and only if there is a u € S such
that u(at — bs) = 0. It is easy to see that ~ is an equivalence relation. Denote
the equivalence class of (a,s) under ~ by a/s = . Let us denote the set of all
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equivalence classes under ~ by S~'A. Define binary operations of addition and
multiplication on S~1A as follows:

a b at+bs
+;:

)

g st
a b_ab
s t st

It is easy to verify that these operations are well-defined and make S~!A into a
ring with zero 0/1 and unity 1/1. Since A is commutative, so is S~1A.

Lemma 6.4. Let A be a ring and S C A a multiplicative set. There is a ring
homomorphism f : A — S™1A given by f(x) = 2/1. The map f is injective if and
only if S contains no zero divisors.

Proof. 1t is easy to see that f is a ring homomorphism. If f is injective and S
contains a zero divisor u, then there is a non-zero a € A such that ua = 0. But
then we have a/1 = ua/u = 0/1 = 0, contradicting that f is injective. Therefore S
does not contain zero divisors. Conversely, if S contains no zero divisors, then for
u € S such that u(a — b) = 0 implies a = b. Therefore f is injective. O

Throughout the chapter, the letter f will denote the canonical homomorphism
f:A— S71A of Lemma 6.4.

Example 6.5. In general, the homomorphism f is not injective. Let k be a field
and consider the ring A = k[x,y]/(xy) and the multiplicatively closed set S =
{1,2,2%,...,2",...}. Note that in this case f(y) = y/1 = zy/z = 0, so f is not
injective. Also f(A) = k[z] and ST1A = k[z,271].

The following is the universal property of localisation.

Lemma 6.6. Let A be a ring and S C A a multiplicative set. Let g: A — B be a
ring homomorphism such that g(s) is a unit in B for all s € S. Then there exists
a unique ring homomorphism h : ST*A — B such that g = ho f.

Proof. Define h: S™*A — B by h(a/s) = g(a)g(s)~* foralla € A and s € S. Then
h is a well-defined ring homomorphism and clearly, for any a € A, we have

ho f(a) = h(a/1) = g(a)g(1)~" = g(a)
Moreover if b/ : S™'A — B is such that ¢ = h/ o f, then for any a € A we
have h' o f(a) = g(a). Since h’ is a ring homomorphism, for any s € S we have
h'(s7%) =K (s/1)~1 = g(s)~'. Thus b’ = h, proving the uniqueness of h. O

For every ideal I of A let
SI={i/se ST'AlicI,sc S}

denote the ideal generated by f(I) in S~ A. The following properties of localisation
of rings are routine verifications and are hence left as exercises.

Proposition 6.7. Let S C A be a multiplicative subset of a ring A. Let I, 1o, ..., I,
be ideals of A. Then
(a) S™ (Il +--+ 1)
(b) S~H(L ) S
(c) §7 m )=ﬂ:
(d) r(S~ ) S=1(r ( )) for every I<A.

=S+ + 871,
1r .571]2...371[7“
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We shall now see that the ideals of S™!'A can described in terms of ideals of A.
Then we characterise the prime ideals of S~'A in terms of prime ideals of A.

Proposition 6.8. Every ideal of S~'A is of the form S™'I for some ideal I of A.

Proof. Let J be any ideal of S~'A. Let f denote the canonical homomorphism of
Lemma 6.4. Put I = f~1(J). Clearly I is an ideal of A. We claim that J = S~1I.
Let a/s € J. Since J is an ideal, s-a/s = a € J, and so a € I. This implies that
J C S7'I. The other containment is clear as f(I) C J. Therefore J = S~1I. [

We now prove the most important property of localisation of rings.

Theorem 6.9. The only prime ideals of S™'A are S~'p, where p is a prime ideal
of A such that pNS = 0. Thus prime ideals of S™' A are in bijective correspondence
with the prime ideals of A that do not intersect S.

Proof. First, we prove that S~'p is a prime ideal of S~'A for any prime ideal p
not intersecting S. Assume that a/s - b/t € S™!p for some a/s,b/t € S~1A. This
implies that v(abu — cst) = 0 for some u,v € S and ¢ € p. Then ab(uv) = cstv € p
which gives ab € p, as pN S = (. But this implies that either a € p or b € p, as p is
prime. So S~'p is prime, too.

Also note that f=1(S~1p) = p; if a € A lies in S~'p then there is an s € S such
that sa € p, and hence a € p, as p is a prime and s ¢ p. So p is uniquely determined
by S~'p. Now let q be a prime ideal of S~*A. Then q = S~1p, where p = f~1(q).
Since the inverse image of a prime ideal under a ring homomorphism is a prime
ideal, we have p € Spec(A). Clearly pN S = () and the claim follows. O

7. CRAMER’S RULE FOR COMMUTATIVE RINGS

Lemma 7.1. Let f(z1,...,2,) € Z[x1,...,z,]. If f is zero evaluated on any
n-tuple of elements of Z, then it is zero.

Proof. The proof is by induction on the number of variables of f. The case n =1
is clear, since f vanishes on an infinite set. In general

[, zn) = ij(éﬂlwuaxn—l)x%,
J

where the f; are polynomials with integer coefficients. By plugging in any (n — 1)-
uple of elements of Z into the first n — 1 variables we get a polynomial in z,, which
vanishes on Z. It is therefore zero, and hence the f; are also zero, by the induction
hypothesis. (I

Remark 7.2. This simple claim above can be informally reformulated (or reinter-
preted) as the following principle: a polynomial identity holds for every ring R if
and only if it holds for the integers Z. (Simply apply the lemma to the difference
of the two sides of the identity!) For example the binomial identity:

n
n . .
(x+y)" = Z < ‘)J:Jy"_J
=0

holds in Z, so it is true in every ring. Of course we could prove the claim the
same way for every R as it was done (hopefully) for integers, using induction on
n. But the point of the principle is that we do not need to do it for any particular
identity, if we already convinced ourselves one way or another for the integers. We
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might even use a proof which uses non-algebraic methods, for example analysis,
if we wish. This is a useful point for a lazy mathematician. In the following I
will assume that you know what Cramer’s rule is for (say complex) numbers, and
reformulate it essentially as an identity in all rings. By the above I do not need to
give any proofs!

Definition 7.3. Let R be a commutative ring with unity. The determinant of an
n X n matrix A = (aij);szl with coefficients in R, where n is a positive integer, is
the expression:

det(A) = Z Sgn(ﬂ-)alﬂ'(l)a2ﬂ'(2) ©Qpr(n),
TESy

where S,, is the permutation group on the letters {1,2,...,n}, and for every = € S,
the symbol sgn(7) = £1 denotes the sign of 7, considered as an element of R.

The ¢, j minor of A is, by definition, the determinant M;; of the (n —1) x (n—1)
matrix that results from deleting the i-th row and the j-th column of A. A basic
fact is the expansion formula:

Theorem 7.4. Let A = (a;;);';—; be as above and let i € {1,2,...,n}. Then its
determinant det(A) is given by:

det(A) = (—1)i+1ai1Mi1 + (—1)i+2a¢2Mi2 R (—1)i+"amMin.

This is the expansion with respect the i-th row of the matrix A. There is a
similar expansion with respect to columns, which can be derived as follows. The

transpose A" of the matrix A is AT = (aj;)};—,. Since det(B”) = det(B) for

every square matrix B, we get as an immediate corollary of the theorem above the
following result:

Theorem 7.5. Let A = (a;;);';—; be as above and let i € {1,2,...,n}. Then its
determinant det(A) is given by:

det(A) = (—1)i+1a1iM1i + (—1)i+2a2ngi + -4 (—1)i+naniMni.

Every matrix which has either two identical rows or two identical columns
has zero determinant. Hence the two results above imply that expansions in the
"wrong” way are zero:

Theorem 7.6. Let A = (a;;)};—; be as above and let i,j € {1,2,...,n} such that
1 # j. Then we have:

0 = (1) TanMj + (=17 aMjs + -+ (=1)7 T a;, M;
(=17 ayi My + (1) 2agiMaj + -+ - + (= 1) " a4y My

These results can be expressed in one elegant statement. The Cramer adjoint of
A is the matrix A = ((—1)" M;;)? Cramer’s rule is the following

i,j=1"
Theorem 7.7. We have:
A-AY =AY - A=det(A)Lxn,

where - denotes the usual matriz multiplication and I, «, is the nxn identity matrix.
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8. MODULES

Definition 8.1. Let A be a commutative ring with unity. A module over A is
an abelian group (M, 0,+) with additional structure - : A x M — M (called the
A-multiplication) such that the following hold for every A\, u € A and x,y € M:

Alz+y) = Aaz+ry,

poA-x) = (pA) -,
l-z = =z

(b+A) -z = paxz+A

Examples 8.2. 1) Any ideal of A is an A-module. In particular, A itself is an
A-module. 2) If A is a field k then an A-module is precisely a k-vector space. 3)
If A =7 then a Z-module is the same as an abelian group. (Just define the action
nx=x+---+x). 4) If A= k[z] where k is a field, then an A-module is a k-vector
space V' with a linear transformation 7. Define f-: V — V by fv = f(T)(v) (for
every v € V).

Definition 8.3. Let M and N be A-modules. We say that a function f: M — N
is an A-module homomorphism if f(z+y) = f(x)+ f(y) and f(az) = af(z). If A is
a field, then these are just the properties of a linear transformation. Note that the
composition of A-module homomorphisms is again an A-module homomorphism.
Thus by defining addition and multiplication in an obvious way, we can turn the set
of all A-module homomorphisms from M to N into an A-module. This A-module
is denoted Hom 4 (M, N). Sometimes we might just write Hom(M, N) and you’ll
have to guess what the ring is.

Definition 8.4. A submodule N of M is a subgroup of M which is closed under
multiplication by elements of A. The abelian group M/N then inherits an A-module
structure by a(x + N) = ax + N. This is well defined, and as for ideals, there
is a bijective order preserving correspondence between submodules of M/N and
submodules of M which contain N. We define the sum and intersection of modules
in the same way we did for ideals of rings. We define (N : M) = {a € AlaM C N}.
This is an ideal of A. In particular, (0 : M) = {a € AlaM = 0} is called the
annihilator of M and we denote it by Ann(M).

Definition 8.5. The kernel of a module homomorphism is the set of all z € M
such that f(x) = 0. It is a submodule of M. The image of f is the set of all
f(z) € N with © € M. The cokernel of f is Coker(f) = N/Im(f). If M’ is a
submodule of M and M’ C Ker(f) then we have an induced map f : M/M' — N
given by the rule f(z + M') = f(x). This is well defined (you should check this)
and in particular if M’ = Ker(f) then by the first isomorphism theorem we have
that M /Ker(f) = Im(f).

Definition 8.6. We say that an A-module M be a finitely generated if there
is a finite set of elements mq,ma,...,m, of M such that every element of M
can be written as an A-linear combination of these. In this case we say that
mi,Ma, ..., My, generates M. An example of a finitely generated A-module is
A®" = {(ay,as,...,an)|a; € A}, equipped with coordinate-wise addition and A-
multiplication. In fact every finitely generated A-module is a quotient of A®" for
some n.
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Lemma 8.7. Let A be a ring, let M be a finitely generated A-module and let I be
an ideal of A such that IM = M. Then there is an a € I such that (1 —a)M = 0.

Proof. If M = 0 then there is nothing to prove. So let M # 0 be generated by

mi,Ma, ..., My. Since IM = M, there exist z;; € I for 1 <4, < n such that
1-— 11 —T12 e —T1n maq 0
—X21 1-— oo e —Ton mao 0
—Tnl —Tn2 B Tnn my 0

Multiplying the above relation on the left by the adjoint TV of the square matrix
T on the left we get

mq 0
mo 0
det(T) | . | =
My, 0
using Cramer’s rule, so det(T)M = 0. But since T = I,x, mod I, we have

det(T) =1 mod I, so det(T) = 1—a for some a € I. This completes the proof. O

Corollary 8.8 (Nakayama’s lemma). Let A be a ring and let M be a finitely
generated A-module. Suppose that I is an ideal of A such that I C J(A). If
IM = M then M = 0.

Proof. From lemma above there is an a € I such that (1 —a)M = 0. But a lies in
J(A), so 1 —ais a unit of A. Therefore we get that M = 0. O

Second proof. Let mqi,ma,...,m, be a minimal generating set for M (as an A-
module). Since IM = M there are a1, aq,...,a, € I such that

my1 = aymy + asme + -+ + aQpMy.

Since a1 € I C J(A), we have 1 —ay € A*, so by multiplying with its inverse we
get that

my = (1 —ay)agmz + -+ (1 — a1)apmy,.
Therefore ma, ..., m, is still a generating set, which is a contradiction unless n = 0,
and hence M = 0. O

9. LOCALISATION OF MODULES

Definition 9.1. Let A be a ring, let S C A be a multiplicative set and let M
be an A-module. Define a relation ~ on the set M x S by by (m,s) ~ (n,t) if
and only if there is a u € S such that u(tm — sn) = 0. It is easy to see that
~ is an equivalence relation. Denote the equivalence class of (m,s) under ~ by
m/s = "*. Let us denote the set of all equivalence classes under ~ by S ~1M. Define
binary operations of addition + : 7'M x S™'M — S™'M and multiplication
2 STTAX STIM — S7IM on ST'M as follows:

a b at+bs

S t st
a b ab
s t

)

st’
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It is easy to verify that these operations are well-defined and make S~'M into an
S~ A-module with zero 0/1.

Definition 9.2. Let A be a ring and p be a prime ideal of A. Then S = A —p is
a multiplicative set. Then the ring S~'A is called the localisation of A at p and is
denoted by A,.

We shall now see that A, is a local ring; that is why this process is called
localisation.

Theorem 9.3. Let A be a ring and p be a prime ideal of A. Then a € A, is a unit
if and only if a € pA,. Therefore Ay, is a local ring with unique mazimal ideal pAy.

Proof. Suppose a/s € A, is a unit. Then there exists b/t € A, such that a/s -
b/t =1, so for some u € S (here S = A — p) we have u(ab — st) = 0. Therefore
uab = ust € S, and so a & p. Conversely if a/s & pA,, then a € S, so a/s € A5
Therefore pA, is the unique maximal ideal of A, and the ring A, is local. This
completes the proof. ([

Example 9.4. Z,) = {a/b € Qla,b € Z,p [b}, where p is a prime number, is an
example of localisation of Z at the prime ideal (p).

The following result illustrates the use of localisation at prime ideals to obtain
a property of modules.

Proposition 9.5. Let A be a ring and let M be an A-module. Then M = 0 if and
only if My =0 for all mazimal ideals p of A.

Proof. (=) follows trivially. We shall prove the nontrivial implication (<). Sup-
pose that M # 0. Choose any nonzero x € M. Let I = Ann(x) = {a € A|ax = 0}.
Clearly, 1 & I, so I is proper. Therefore I is contained in a maximal ideal p of
A. We claim that M, # 0. Indeed if M, were 0, we would have x = 0 in My, so
then we would find an element v € A — p with uzx = 0, giving that v € I. But this
contradicts that I C p. Hence the proposition follows. [l

10. CHAIN CONDITIONS

Lemma 10.1. Let X be a poset. Then the following are equivalent:

(1) Any nonempty subset of ¥ has a mazimal element.
(2) Any ascending chain of elements of ¥ is stationary.

Proof. (=): let
T Sxp S-Sy S

be an ascending chain of elements of ¥. The set of these has a maximal element,
say x,. Then z, = x,41 = ... and hence the chain is stationary. («<): let S be
nonempty subset of ¥ which has no maximal element. We are going to construct
an ascending chain of elements of S recursively:

T <Xy << Ty < -

as follows. Let x1 be any element of S. If the first n elements are already chosen, let
ZTpt1 € S be an element larger than x,,. This is possible because S has no maximal
element. This is a contradiction so the claim follows. [
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Definition 10.2. Let A be a ring. An A-module M is called Noetherian if every
ascending chain of A-submodules of M is stationary. It is called Artinian if every
descending chain of A-submodules of M is stationary. A ring A is called a Noe-
therian (Artinian) ring if A is Noetherian (respectively Artinian) as an A-module.

Proposition 10.3. Let A be a ring and M be an A-module. Then the following
are equivalent:

(1) The module M is Noetherian.
(2) Every A-submodule of M is finitely generated.

Proof. (=): let N be A-submodule of M which is not finitely generated. We are
going to construct an ascending chain of finitely generated A-submodules of NV
recursively:

NyCNyC---CN,C---

as follows. Let Vi be the zero module. If the first n submodules are already
chosen, let z,, € N be an element not in N,. This is possible because N is not
finitely generated. Let N,41 be generated by N, and z, (i.e. the smallest A-
submodule containing both). This module is also finitely generated (as N, is).
This is a contradiction.
(<): let
MiCM;C---C M, C---

be an ascending chain of A-submodules of M. The union N of these A-submodules

is also an A-submodule, and hence it is generated by a finite set my, mo, ..., m,.
For some index n we have my,ms,...,m, € M, already. Then mi,mo,...,m,
generates M,, and hence M,, = N. So M,, = M, +; = ... and hence the chain is
stationary. (Il

Proposition 10.4. Let A be a ring, let M be an A-module and N be an A-
submodule of M. Then M is Noetherian (Artinian) if and only if N and M/N
are Noetherian (respectively Artinian).

Proof. We will give the proof in the Noetherian case, the argument in the Ar-
tinian case is the same. Suppose that M is Noetherian. An ascending chain of
A-submodules of N is also an ascending chain of A-submodules of M. Also, an
ascending chain of A-submodules of M /N corresponds to an ascending chain of A-
submodules of M containing N. Hence it follows that N and M /N are Noetherian.

Now assume that N and M/N are Noetherian. Consider an ascending chain of
submodules of M:

MiCM;C---C M, C---
Since the ascending chain
(M +N)/N C (Mz + N)/N C -+ C (Mo + N)/N C -

is stationary, there is an ng € N such that (M, + N)/N = (M,, + N)/N for all
n > ng. But the ascending chain

MinNCM;NNC---CM,ANNC--

of submodules of N must be stationary, too, so there is an n; € N such that
M,NN = M,, NN for all n > ny. Taking ns = max{ng,n1}, it is easy to see that
M, = M,, for all n > ny. Therefore it follows that M is Noetherian. O
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Corollary 10.5. Let A be a Noetherian (Artinian) ring and let M be a finitely
generated A-module. Then M is Noetherian (respectively Artinian).

Proof. Because M is the quotient of a finitely generated free A-module A®™, it will
be enough to prove that the latter is Noetherian (respectively Artinian). But this
follows from the proposition above by induction on n. ([l

Corollary 10.6. Let A be a ring and let M be an A-module. Let
O=MyCM C---CM,=M

be a finite chain of A-submodules. Then M is Noetherian (Artinian) if and only if
M1 /M; are Noetherian (respectively Artinian) for each i.

Proof. This follows from induction from Proposition 10.4. (]

Lemma 10.7. Let A be a Noetherian ring and S C A be a multiplicative set. Then
S~1A is Noetherian.

Proof. Let J be a non-empty set of ideals of S™1A. Let ¢ : A — S~'A be the
homomorphism given by a — ¢. Consider the collection {¢~(I)|I € J} of ideals
of A. Since A is Noetherian, this has a maximal element, say ¢~ !(ly). Then
Io = S71(¢71(Ip)) is a maximal element of J. Therefore S~1A is Noetherian. [

11. PRIMARY DECOMPOSITION

Definition 11.1. A proper ideal q of a ring R is primary if for all z,y € R such
that xy € q implies that either € q or y™ € q for some n € Z.

Proposition 11.2. Let q be an ideal in a ring R. If r(q) = m is a mazimal ideal,
then q is primary. In particular, any power of a mazximal ideal is primary.

Proof. Since r(q) is the intersection of all prime ideals containing g, if this inter-
section is a maximal ideal m, then m is the unique prime ideal containing q and
R/q is a local ring with N(R/q) = J(R/q) = m/q. In such a ring an element is
a zero-divisor if and only if it is not a unit, and the latter holds if and only if the
element is nilpotent. Therefore q is primary. Since for a maximal ideal m we have
r(m™) = m, the second claim follows. O

Proposition 11.3. If q is a primary ideal, then its radical r(q) is a prime ideal,
the smallest prime ideal containing q.

Proof. Let xy € r(q), so that (zy)™ = «™y™ € p for some m € Z. If ™ is in q then
x € r(q), so assume that ™ is not in q. Then 3™ is a zero divisor in R/q, so there
exists n € Z such that (y™)" € q, as q is primary, and then y € r(q). The second
statement holds for any ideal I whose radical is prime, since r(I) is the intersection
of all prime ideals containing 1. ([l

A primary ideal is said to be p-primary if its radical is the prime ideal p.
Lemma 11.4. If qq,...,q, are p-primary ideals, then q = ﬂ?zl qi 1S a p-primary
ideal, too.

Proof. Let x,y be elements of the ring R such that xy € q and © € R — q. Then
there is an index j such that x is not in q;, so because the latter is a primary ideal

we get that y is in the radical of q;, which is p. This implies that for all 1 <7 < n
there exists a; € N such that y* € q;, and then y™a{e:} ¢ ﬂ?zl i, SO q is primary.
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As we saw in the exercises we have r(q) = 7((/_, 9;) = (=, 7(q;) = p, so q is
p-primary, too. ([

Let R be a ring and I an ideal of R. We say that [ is irreducible if for any two
ideals J, K of R such that I = J N K we have either I = J or J = K.

Proposition 11.5. (a) A prime ideal is irreducible. (b) An irreducible ideal in a
Noetherian ring is primary.

Proof. (a) Let p be a prime ideal, and write p = I N J. Since then p D IJ, by
the second prime avoidance lemma we have p O I or p O J. Without the loss of
generality we may say that p O I. Then p = I'NJ 2 I, so that we must have I = p.
(b) By passage to the quotient, we may assume that the 0 ideal is irreducible
and we must show that it is primary. So suppose zy = 0 and = # 0. Consider the
chain of ideals
Ann(y) € Ann(y?) € --- C Ann(y") C ---

Since R is Noetherian, this chain stabilises, so there exists an n such that Ann(y") =
Ann(y"**) for all k. We claim that (z) N (y") = 0. Indeed, if a € (x) then ay = 0,
and if @ € (y") then a = by™ for some b € R, and hence by"*! = ay = 0. So
b€ Ann(y"*t) = Ann(y"), therefore a = by™ = 0. Since the ideal (0) is irreducible,
we must then have y™ = 0, and this shows that (0) is primary. O

Let R and I be as above. A primary decomposition of I is an expression of I as
a finite intersection of primary ideals, say I = (_, qi.

Theorem 11.6 (Noether). Any proper ideal in a Noetherian ring admits a primary
decomposition.

Proof. Let I be a proper ideal in the Noetherian ring R. We claim [ is a finite
intersection of irreducible ideals; by part (b) of Proposition 11.5 this gives the
desired result. To see this: suppose that the set of proper ideals which cannot
be written as a finite intersection of irreducible ideals is nonempty, and choose a
maximal element /. Then I is reducible, so we may write I = J N K where each of
J and K is strictly larger than I. But being strictly larger than I each of J and
K can be written as a finite intersection of irreducible ideals, and hence so can I,
which is a contradiction. ([

Lemma 11.7. Let R be ring, let < R be a p-primary ideal, and let x € R.
(a) If x € q then (q: (x)) = R.
(b) If x & q then (q : (x)) is p-primary.
(c) If x &p then (q: () =q.

Proof. (a) If z € qthen 1-(x) = (z) Cqsol € (q: (z)). (b) Ify € (q ())
then zy€q. By assumption x ¢ q, so y™ € q for some n and thus y € r(q) =
q C (q: (x)) C p; taking radicals we get r((q : (z))) = p. Moreover, if yz € ( ( )
with y € r(q: (z)) = p, then xyz = y(xz) € q, so xz € q, thus z € (q: (z)). We get
that (q : (z)) is primary.

(¢) Inany case q C (q: (z)). fa &€ p=r(q) and y € (q: (z)), then xy € g; since
no power of z is in q, we must have y € q. (]

We say that a primary decomposition I = (), q; of I is minimal if (¢) the 7(qg;)
are distinct, and (i4) we have q; 2 (1, q; for every index i. Clearly ever ideal
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which has a primary decomposition has a minimal primary decomposition, too, by
Lemma 11.4.

Theorem 11.8 (First Uniqueness Theorem). Let I = (,_, q; be any minimal
primary decomposition of the ideal I. Let p; = r(q;). Then the ideals p; are
precisely the prime ideals of the form r((I : (z))) as x ranges through elements of R.
In particular, they are independent of the choice of minimal primary decomposition.

Proof. For every © € R we have (I : (z)) = (Ni—, qi ¢ () = Nizy(qi : (z)), so
(I :z) =Ny r(e: (x) = MNegq, Pi by two of the exercises. So if r(I : (z))
is prime then (I : (x)) = p; for some i by the second prime avoidance lemma.
Conversely, for each i, by the minimality of the decomposition, there exists z; & q;
with z; € (1, 9; and then Lemma 11.7 implies 7( : (z;)) = p;. O

12. ARTINIAN RINGS AND MODULES

Definition 12.1. Let A be a ring and let M be an A-module. We say that M
is a simple A-module (or just simple) if it is not the zero module and every A-
submodule of A is either 0 or M itself. A composition series of M of length n is a
descending chain:

M=MyD>DM; D---DM,=0
such that the quotient modules M;/M,; are all simple.

Proposition 12.2. For an A-module M the following conditions are equivalent:

(1) The module M is both Noetherian and Artinian.
(2) The module M has a composition series.

Proof. (=): We are going to construct a composition series
M=MyODM, D---DM,=0

as follows. Since M is Noetherian, there must exist a proper maximal A-submodule,
say My (or M is zero and the claim is trivial). If M; is the zero module, we have
a composition series. Otherwise it has a proper maximal A-submodule, say Ms.
We continue in this way: since M is also Artinian, the process must eventually
terminate, yielding a composition series. (<): as every simple module is Noetherian
and Artinian, this follows easily from Corollary 10.6. (]

Proposition 12.3. If M has a composition series of length n, every composition
series of M has length n.

Proof. Induction on the length of a composition series. O

The common length of all composition series of M is called the length of M, and
it is usually denoted by I(M). We say that a module M has finite length if M has
a composition series. The following claim is easy:

Proposition 12.4. If

0 K M N P 0.
is an exact sequence of R-modules with finite length, then

I(K)+1(N)=1(M)+1(P). O
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Examples 12.5. 1. A field k is an Artinian ring. 2. A finite dimensional vector
space over a field k is an Artinian k-module. 3. A finite module is Artinian. In
particular Z/nZ is an Artinian Z-module. 4. If k is a field and A = k[z], then

() D (*)D---D (") D---
is an infinite strictly descending chain of ideals of A. Thus A is not Artinian.

Example 4 above shows that the natural analogue of Hilbert’s Basis Theorem is
not true for Artinian rings.

Lemma 12.6. An Artinian integral domain is a field.

Proof. Let A be an Artinian integral domain and let € A be nonzero. Since the
decreasing sequence of ideals

()2 (@) 22 @@ 2

must be stationary, there exists an n € N such that (z) = (2"™1). Since (2") =
(z™*1) we have 2™ = 2" 1y for some y € A. Since A is a domain and x # 0, we
get xy = 1. It follows that A is a field. O

Corollary 12.7. In an Artinian ring every prime ideal is mazimal.

Proof. Let A be an Artinian ring and p be a prime ideal of A. Then A/p is an
Artinian integral domain, which has to be a field by the above. Hence p must be a
maximal ideal of A. O

We have the following immediate

Corollary 12.8. If A is an Artinian ring, then the nilradical of A is the same as
the Jacobson radical of A. O

Lemma 12.9. Let A be an Artinian ring. Then A has only finitely many mazximal
ideals.

Proof. Suppose that the claim is false; then we can find an infinite set {m,|n € N}
of distinct maximal ideals of A. Since the descending sequence of ideals

momNmg O ---OmNmeN---Nm, 2 ---
must be stationary, for some n € N we have
mMNmeN---Nm, =my ﬂmgﬂ---ﬁmn+1 an_H.

Since m,, ;1 is a prime ideal, by the second prime avoidance lemma m,,; contains
m; for some 1 < i < n. Because m; is maximal, we get m,+; = m;, which is a
contradiction. [l

We say that an ideal I is nilpotent if there is a natural number n such that
" =0.

Lemma 12.10. Let A be an Artinian ring. Then the nilradical of A is nilpotent.
Proof. The descending chain
N(A)DN(A?D---DN(A)" D -

is stationary, so for some k € N we have N(A)* = N(A)! for all | > k. We claim
that V' (A)¥ = 0. Assume the contrary. Then the collection

C = {I < A|I is an ideal such that IN(A)* # 0}
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is nonempty (as N'(A)! € C for all [), and has a minimal element, say I, since A is
Artinian. Since IN(A)* # 0, there exists an element x € I such that zN'(A)* # 0.
The minimality of I in C implies that I = (z). Also, (zN(A)F)N(A)F = 2N (A)F #£
0, and hence A (A)* C I. The minimality of I again implies that (z)N(A)*F = I.
Therefore (zA(A)*) = (z), so x = zy for some y € N'(A)*. Since y is nilpotent we
have y” = 0 for some r, and hence z = 2y = zy?> = --- = zy” = 0. We get that
I = (z) = 0, a contradiction. So N'(4)* = 0 and N (A) is nilpotent. O

Lemma 12.11. For a vector space V' over a field k, the following are equivalent:

(1) The vector space V is finite dimensional over k.
(2) The vector space V is a Noetherian k-module.
(3) The vector space V' is an Artinian k-module.

Proof. (1) = (2): If V is a finite dimensional vector space over k then every k-
submodule of V' is a subspace of V which is finite dimensional and hence, finitely
generated. Therefore, V' is a Noetherian k-module. (2) = (3): If V is a Noetherian
k-module, then V is finitely generated, so it has a finite basis. Given any nonempty
collection C' of k-submodules (that is, vector subspaces) of V', we can choose a
subspace of least dimension, which serves as a minimal element of C'. Therefore V'
is Artinian. (3) = (1): Suppose that V is Artinian but not a finite dimensional
vector-space over k. Then we can find an infinite subset {e,|n € N} of linearly
independent vectors in V. Then

(1,9, y€n,y...) D{€2,€3,. . €ny.e) D D{Cmy Crmdlye-vyCpyere) Dorn
is an infinite strictly decreasing chain of k-submodules of V', a contradiction. This
completes the proof. O
Lemma 12.12. Let A be a ring and my, ma,..., m, be maximal ideals of A (not

necessarily distinct). Suppose that mimg---m,, = 0. Then A is Noetherian if and
only if A is Artinian.

Proof. First assume that A is Noetherian. Consider the finite descending chain:
mp2ommy 2 Dmmy--omy, =0

Let M; = mymy---m,,. Since A is noetherian, the module M;/M;; is also Noe-
therian for all ¢ by Proposition 10.4. But M;/M;,, is an A/m; 1 module, that is,
a vector space over the field A/m; ;. Therefore M;/M;;1 is Artinian by Lemma
12.11. Using Propostion 10.4 again we get that A is Artinian. The other implication
can be proved similarly. O

Definition 12.13. The Krull dimension of a ring A is the supremum of all natural
numbers n such that there is an ascending chain:

PoCp1 C--Chyn

of proper prime ideals of A. Therefore it is a natural number or co. It is denoted
by dim(A). Clearly dim(A) = 0 if and only if every prime ideal of A is maximal.

We are now set to prove the main equivalent characterisation of Artinian rings.
A noetherian ring may not be Artinian; for example, Z is Noetherian but not
Artinian. The next theorem will imply that an Artinian ring is always Noetherian,
so the descending chain condition is stronger than the ascending chain condition.



20 AMBRUS PAL

Theorem 12.14. A ring A is Artinian if and only if A is Noetherian and dim(A) =
0.

Proof. Suppose that A is an Artinian ring. Then every prime ideal of A is maximal
by Corollary 12.7, and hence dim(A) = 0. By Lemma 12.9 the ring A has only
finitely many maximal ideals, say my, mo,...,m,. By Corollary 12.8 and Lemma
12.10 we also know that

mmo---m, Cmy NmeN---Nm, =J(4) = N(A)

is nilpotent. So there is a k € N such that (mymg - -mn)k = 0. This along with
Lemma 12.12 implies that A is Noetherian.

For the converse we will need the analogue of Lemma 12.10: the nilradical in a
Noetherian ring A is nilpotent. Indeed the nilradical is finitely generated: N'(A) =
(x1,2,...,2,). There is a positive integer m such that 7" = 0 for every index i.
Every element of N/(A) is an R-linear combination of the z;, so its mn-th power is
zero, too, by the pigeonhole principle. Also note that every ideal n < A contains a
power of its radical. Because A is Noetherian, so is the quotient ring A/n, so by
the above its nilradical is nilpotent, and the remark follows. By Noether’s theorem
(0) has a primary decomposition. Because A has zero dimension, every prime ideal
appearing in this decomposition is maximal. By the above the product of some
power of these maximal ideals is (0). This along with Lemma 12.12 implies that A
is Artinian. ([

The next result is called the structure theorem for Artinian rings:

Theorem 12.15. An Artinian ring A is the finite direct product of Artinian local
rings.

Definition 12.16. Two ideals a,b of a ring R are coprime if a + b = R.

Now let R be a ring and let aj,as,...,a, be ideals of R. Consider the homo-
morphism:

¢: R— [[(R/w)
i=1
given by the rule z — (x + a1,z + ag,--- ,z + a,). We will need the following
Lemma 12.17. (i) If a;, and a; are coprime whenever i # j, then [[a; = () a;.
(13) The map ¢ is surjective if and only if a; and a; are coprime whenever i # j.
(#i1) The map ¢ is injective if and only if () a; = (0).

The proof is left as an exercise.

Proof of Theorem 12.15. Let my, mo, ..., m, be the maximal ideals of A (all pair-
wise different, of course). We saw that []!", m¥ = 0 for some k > 0. Clearly the
ideals m; and m; are coprime whenever ¢ # j, so there is an z € m; and y € m;
such that x +y = 1. Then

1=1*=@+y* em+mh

by the binomial theorem. Therefore the ideals mf and mf are coprime whenever
i # j,so (\mF =[] mk =0, and hence the map

¢A—>H(A/mf)a xH(x—"_m]lc?x""m]QCv)l"i_me)

=1
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is an isomorphism by the above. Now we only need to show that A/m¥ is a local
Artinian ring. As the quotient of an Artinian ring, it is Artinian. Note that in
A/mk the nilradical is m;/m¥, since the k-th power of any element of this ideal is
zero, but it is also a maximal ideal. As the nilradical is the intersection of all prime
ideals, all prime ideals of A/m¥ contain m;/m¥, but the latter is maximal, so they

are all equal to it. So this ring has a unique prime, and hence maximal ideal. [

13. GRADED RINGS, GRADED MODULES AND THE ARTIN-REES LEMMA

Definition 13.1. A graded ring is a ring R with a family (R,,)nen of subgroups
of the additive group of R such that R = EBZO:O R, and R, R, C Ry, for every
m,n € N. A graded R-module over such an R is an R-module M with a family
(Mp,)nen of subgroups of M such that M = @ZQ:() M,, and R,,M,, C M, for
every m,n € N. We say that an € M is homogeneous of degree n if x € M,,.

Example 13.2. Consider the polynomial ring R[z1,...,,| over the ring R. If
we set R, to be the R-module generated by {z%' ---zir | iy +--- +i, = n}, then
Rlz1,...,2r] = @,—, R, and the family (R,)nen equips R[z1,...,z,] with the
structure of a graded ring. If R, (R,)ren is a graded ring, then R with the family
(Rn)nen is a graded R-module.

Definition 13.3. Let R be any ring and let a< R. An a-filtration of an R-module
M is an infinite descending chain:

M=MyDM 2:--2M,2---

of R-submodules of M such that aM,, C M, ;1 for every n € N. We say that an
a-filtration as above is stable if aM,, = M, 41 for sufficiently large n.

Notation 13.4. Let R and a < R be as above. Then we may form the graded
ring R* = @, ,a” (where a” = R by convention). If M is an R-module equipped
with an a-filtration (M,,),en then M® = @ZOZO M, is a graded R%-module, as
a™ M, C M 4n.

Lemma 13.5. Let R be a Noetherian ring, let a<dR, let M be a finitely generated R-
module, and let (My,)nen be an a-filtration of M. Then the following are equivalent:

(i) M*® is a finitely generated R"-module,
(i3) the a-filtration (My)nen s stable.

Proof. As R is Noetherian, the ideal a is finitely generated, for example a =
(z1,...,27). Then R® is finitely generated by z1,...,z, as an R-algebra, so it
is Noetherian by Hilbert’s basis theorem. Since R is Noetherian and M is finitely
generated, we get that M is Noetherian. Therefore M,, is finitely generated for
each n. Hence so is each @,, = ®}'_yM,. The R"-submodule

My =My @+ & My, & aMy, & > M, & --a" M, & -

generated by @, in M*" is finitely generated as an R®-module. The M form an
ascending chain, whose union is M*°. Since R® is Noetherian, we get that M? is
finitely generated as an R® module < it is Noetherian < the chain M} is stationary
< we have M® = M2 for some m € N < we have M, = a¥M,, for all k € N &
the filtration is stable. O
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Theorem 13.6 (Artin—Rees lemma). Let R be a Noetherian ring, let a< R, let M
be a finitely generated R-module, and let (My,)nen be a stable a-filtration of M. If
M’ is an R-submodule of M then (M' N M, )nen is a stable a-filtration of M'.

Proof. We have

a(M'NM,) CaM’' NaM, C M' N M,,1,
so (M’ N M,)nen is an a-filtration. Hence it defines a graded R®-module which is
a submodule of M*® and therefore finitely generated, since R® is Noetherian. The
claim now follows from Lemma 13.5 above. O

Lemma 13.7. Let R,a and M be as above. Let (Mp)nen, (M), )nen be two stable
a-filtrations of M. Then there is a positive integer ng such that My 4n, € M, and
M! C M, for everyn € N.

n+ng

Proof. We may assume without the loss of generality that M/ = a™M. Since
aM,, C M, for all n, we have a®M = a"My C M,,. By stability aM, = M, 1
for all n > ng for some ng, and hence M4, = a"M,, C a"M. [l

14. POINCARE SERIES

Let R = @, , R, be a Noetherian graded ring and let M = @, , M, be a
finitely generated graded R-module.

Lemma 14.1. For every n the Ryg-module M, is finitely generated.

Proof. Note that M, = @z’;n M, is an R-submodule of M, so it is Noetherian,
as R is Noetherian and M is finitely generated. Therefore its quotient M, =
Msy/M>p41 is also Noetherian as an R-module, and hence as an Rg-module, too.
Hence it is finitely generated as an Rp-module. [

Definition 14.2. Now assume that Ry is Artinian. Then each M, is Artinian, since
it is finitely generated over an Artinian ring. Therefore it has a composition series,
and its length I(M,,) is well-defined. The Poincaré series of M is the generating
function of the I(M,), that is, the power series:
o0
P(M,t) =Y I(M,)t" € Z[[t]].

n=0

Theorem 14.3 (Hilbert, Serre). The power series P(M,t) is a rational function
in t of the form f(t)/T[;_,(1 — %), where f(t) € Z]t].

Proof. The ideal Ry = @, | R,, < R is finitely generated, since R is Noetherian.
Therefore there is a finite number of homogeneous elements mq, ms,...,ms € R4
which generate Ry. Set k; = deg(m;). We are going to prove the claim by induction
on s. If s =0 then R,, = 0 for every positive n, and hence M is actually finitely
generated as an Rg-module. Therefore M,, = 0 for every sufficiently large n, so
P(M,t) is a polynomial in this case.

Now assume that s > 0 and we know the theorem for s — 1. Multiplication by
myg furnishes an exact sequence:

Mg

0 K, M, Mk, — Lpyx, —> 0.

Let K =D, , K, and L = @, , L,. These are both finitely generated R-modules
annihilated by my, and hence they are finitely generated Rg[my, ..., ms—1]-modules,
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too. Therefore by the induction hypothesis their Poincaré series are of the form
g(t)/ TI;Z1(1 — t%) and h(t)/[[;Z1(1 — t*9), where g(t),h(t) € Z[t]. Using the
additivity of the length we get that

UK,) = U(My) + U Mygr,) = U(Kpgr,) =0,
and hence
(1 - tkb)P(Ma t) = P(Lvt) - tkSP(Ka t) +T(t)>

where r(t) is a polynomial. The claim is now clear. O
The following claim is proved in the exercises:

Corollary 14.4. If the ideal Ry is generated by Ry then I(M,,) is a polynomial in
n for large n. |

15. HILBERT FUNCTIONS

Definition 15.1. Let R be a ring and let a< R be an ideal. The associated graded
ring is:

Go(R) = @ a”/a" ™! with a® = R.
n=0

The multiplication of this graded ring is defined as follows: for each z,, € a™ let T,
denote the image of z, in a®/a"*!. Define T,,Z, to be Z,,7,, that is, the image
of Ty, in @™ /a7 One needs to check that T, 7, does not depend on the
particular representatives chosen. Now if M is an R-module and (M, )nen is an
a-filtration of M then we set:

G(M) = @ Mn/Mn+1
n=0

which is a graded G4(R)-module in a natural way. Let G,,(M) denote M,, /M, ;.

Lemma 15.2. Let R be a Noetherian ring and let a < R. Then:
(1) the ring G4(R) is Noetherian,
(ii) if M is a finitely generated R-module, and (M, )nen is a stable a-filtration
of M then G(M) is a finitely generated Gq(R)-module.

Proof. (i) Since R is Noetherian, the ideal a is finitely generated, so we have a =
(my,ma,...,ms). Let m; be the image of m; in a/a? for every index i. Then
Go(R) = R/a[fmy,Ma2,...,Ms]. As R/a is Noetherian, the same holds for G,(R) by
Hilbert’s basis theorem.

(#4) By assumption there is an ng such that M, 4, = a"M,, for every r € N,
so G(M) is generated by €D, .,,, Gn(M). Each G, (M) is Noetherian and annihil-
iated by a, so they are finitely generated R/a-modules. Hence D.<n, Gn(M) is a
generated by a finite number of elements as an R/a-module, so G(M) is finitely
generated as a Gq(R)-module. O

Proposition 15.3. Let R be a local Noetherian ring, let m be its mazimal ideal,
let M be a finitely generated R-module, and let (My,)nen be a stable m-filtration of
M. Then:

(i) the R-module M /M, is of finite length, for everyn € N,

(ii) for all sufficiently large n this length is a polynomial g(n),
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(#i1) the degree and the leading coefficient of g(n) depends only on M, not on
the filtration chosen.

Proof. (i) By Lemma 15.2 the graded module G(M) is finitely generated over the
Noetherian ring G (R). Since Gy (R)o is the field R/m, it is Artinian. Therefore
M, /M, 11 has finite length by Lemma 14.1. So the R-module M /M, has finite
length, too.

(ii) Let my,ma,...,ms generate m. Then the images m; of the m; in m/m?
generate G, (R) as an R/a-algebra, and each T; has degree 1. So we may use
Corollary 14.4 to conclude that (M, /M,+1) = f(n) where f(n) is a polynomial
for large n. From part (i) we get that [(M/M,,)—1(M/M,+1) = f(n), which implies
that [(M/M,,) is also a polynomial for large n.

(iii) Let (M, )nen be another stable m-filtration of M and set §(n) = I(M/M,).
By Lemma 13.7 there is a positive integer ng such that M, ,, C Mn and M,Hno -
M, for every n € N, and hence g(n + ng) > g(n) and g(n + ng) > g(n). Since g
and g are polynomials for large n, we have lim,_, g(n)/g(n) = 1, and therefore g

and ¢ have the same degree and leading coefficient. ([

Notation 15.4. The common degree of the polynomials above is denoted by
dr(M), or by d(M), if R is clear from the context. Let x* (n) denote the polyno-
mial for the stable m-filtration (m"M),en.

Proposition 15.5. Let R,m and M be as above, and let x € R be an element such
that multiplication by x on M is injective. Set M’ = M /xM. Then

d(M') < d(M) — 1.

Proof. Let N = xM. Since N is isomorphic to M as R-modules via multiplication
by x. Set N,, = N Nm"M. Then we have exact sequences

0—— N/N,, —— M/m"M —— M'/m"M' —— 0.
If we set g(n) = I(N/N,,), then we have
g(n) = xM(n) +x™ (n) =0
for large n. By the Artin—Rees lemma (V,,)nen is a stable m-filtration of N. Since

N = M, by part (iii) of Proposition 15.3 above g(n) and x™(n) has the same
degree and leading term. The claim is now clear. O

16. THE DIMENSION OF LOCAL NOETHERIAN RINGS
Theorem 16.1. Let R be a local Noetherian ring. Then dim(R) < d(R).

Proof. We prove the claim by induction on d(R). If d(R) = 0 then [(R/m") is
constant for all large n, hence m” = m™*! for some n, so m” = 0 by Nakayama’s
lemma. Thus R is Artinian, and so dim(R) = 0. Suppose now that d(R) > 0
and let pg C p; C --- C p, be any chain of ideals in R. Let z € p; — po and let
R’ = R/po. Let 2’/ be the image of x in R’. Then 2’ # 0 and R’ is an integral
domain so by Lemma 15.5 we have

d(R'/(z")) < d(R') — 1.

Also if m’ is the unique maximal ideal of R’ then R’/m’™ is the homomorphic image
of R/m™, and hence d(R’) < d(R). So we get that

d(R'/(a')) < d(R) — 1.
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Hence by the induction hypothesis the length of any chain of prime ideals in R’/(z')
is < d(R) — 1. But the images of p1,...,p, in R'/(2’) form a chain of length r — 1,
sor—1 <d(R) —1 and consequently r < d(R). The claim follows. O

We get the following immediate
Corollary 16.2. If R is a local Noetherian ring then dim(R) is finite. d

Another application is the following theorem, which we will prove assuming
Hilbert’s Nullstellensatz in the exercises:

Theorem 16.3. We have dim(Clzy, xa, ..., 2,]) = n. O

17. APPENDIX: ELEMENTS INTEGRAL OVER A RING

Theorem 17.1. Let R be a ring and let A C R be a subring. Let x € R. Then the
following are equivalent:

(a) there are ag,...,an—1 € A such that
2"+ ap_12" V.. +az+ag=0.

(b) The A-module Alx] is finitely generated.
(¢) There is a subring B C R which contains A, x and it is finitely generated
as an A-module.

Here A[z] denotes ring generated by A and z. It consists of polynomials in
with coefficients in A.

Proof. First assume (a). Let M be the A-module generated by 1,x,...,2" 1. By
assumption:
" = —q, 2" - =g

for every non-negative integer j. By induction on j we get that 2%/ € M for every
such 7 and hence M = Az]. Therefore as an A-module A|z] is finitely generated.

Assume now that (b) holds. Then the choice B = Alx| clearly satisfies the
conditions of (¢). Finally assume that (c) is true. Let y1,...,y, be a finite set
of generators for the A-module B. Since z € B we get that zy; € B for every
i=1,...,n, and hence zy; = Z?Zl a;;y; with some a;; € A. Let A be the matrix
(aij)i ;=1 and let d = det(z]—.A). By Cramer’s rule we have dy = 0 for every y € B.
Since 1 € B we get that x satisfies the monic polynomial relation det(t] — A) =0
in the variable . ]

Definition 17.2. Let R be a ring and let A C R be a subring. We say that x € R
is integral over A if it satisfies the three equivalent conditions of Theorem 17.1. Let
P € Alz] be monic polynomial such that P(z) = 0. The relation P(z) = 0 is called
an equation of integral dependence of x over A.



