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LECTURE 1

A brief introduction

Throughout these notes, unless otherwise specified a ring A is always assumed to be

e commutative;
e unital (i.e. there exists an element 1 € A such that1-x = x-1 = x for any x € A).

A morphism of rings f : A — B always maps 1 to 1. We also assume the axiom of choice together with
its consequence (e.g. Zorn’s lemma).
Modern Algebra II of this semester is mainly about the theory of commutative rings. Examples of
rings are
Z, Q, Z[", C[X], Z[X, Y]/(Y? - X® - X), C[X1,X>,...], ...

There are two main sources which motivate the development of the theory of commutative rings:
algebraic number theory and algebraic geometry.

1. Rings arising from number theory

1.1. Sums of two squares. When is a positive integer n equal to the sum of two squares, namely
n = a? + b? with a,b € Z? If n is odd, then an obvious necessary condition is that n € 4Z + 1. A little
experiment shows that
1=02+1%, 5=12+22, 9=0>+3% 13=2%2+3% 17=1%+4?,
21 is not a sum of two squares, 25 = 0%+ 52, 29 =22 + 52,
33 is not a sum of two squares, 37 = 12 + 62, ...... ,

and one see that the converse does not hold in general. However:
Theorem 1.1 (Fermat). Let p be an odd prime number. Then p is a sum of two squares if and only if p € 4Z + 1.

1.2. Gauss integers and Gauss primes. The proof of Fermat’s theorem we present here involves the
ring of Gauss integers:
Ziil={a+bi|abeZ}

where 1 is a square root of —1. One can run the Euclidean division with respect to the multiplicative
norm N : Z[1] — Z( defined by
N(a + bi) = a® + b°.

That Z[1] is a Euclidean domain implies that Z[1] is a unique factorization domain (UFD).
Exercise 1.2. Find the greatest common divisor of 8 + 10z and 2 + 61 by the Euclidean algorithm.
Exercise 1.3. What are the units of Z[:]? Show that z € Z[1] is a unit if and only if N(z) = 1.

The notions of prime elements and irreducible elements in Z[] therefore coincide, and we call them
Gauss primes. They relate the two statements in Fermat’s theorem as follows.

Theorem 1.4. Let p € Z be an odd prime number. The following assertions are equivalent:

(1) pis a sum of two squares.
(2) pis not a Gauss prime.
(3) pedZ+1.
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Proor. First we show that (2) implies (1). Suppose that p = aff with non-unit a, € Z[1]. Then
p* = N(p) = N@N(B).

As N(a), N(B) # 1 and p is a prime number, we have p = N(«a), which is a sum of two squares.
It remains to show that (3) implies (2). Suppose that p = 4k + 1 with k € Z,. Modulo p, we have

-1=(p-1)!=(2k?,
where the first equality follows from Wilson’s theorem. Thus if n := (2k)!, we have

pl(n+)(n-1)
in Z, and therefore in Z[1]. As neither factor is divisible by p, it follows that p is not a Gauss prime. O

In the following exercise, we describe all the Gauss primes.

Exercise 1.5. Show that z € Z[1] is a Gauss prime if and only if up to multiplying by a unit, z satisfies
one of the following descriptions:

1) z=1+7y

(2) z =a+ bisuch that N(z) a prime number with N(z) € 4Z + 1;

(3) zis a prime number with z € 4Z + 3.

(Hint: first show that N(z) = p or p? for some prime number p.)

Theorem 1.4 and its proof provide an example showing that how rings such as Z[:] can be used to
provide new perspectives, or to explain what lie behind some elementary statements in number theory.
There are other examples, such as solving the Diophantine equation

X2 —dy* =1
with X, Y € Z for a given square-free integer d is equivalent to finding units in the quadratic integer ring
Z[ Vd]. Historically, motivated by Fermat’s last "theorem", the rings of cyclotomic integers Z[(,] where

Cyn is a primitive nth root of unity were also heavily studied in the 19th century (e.g. whether Z[(,] is a
UFD).

Remark 1.6. See [3] for a one-line proof of Fermat’s theorem and related discussions.

2. Motivations from algebraic geometry

Apart from algebraic number theory, we’ve mentionned that another source of the theory of
commutative rings is algebraic geometry.

2.1. Manifolds. We have a contravariant fully faithful embedding’
Smooth manifolds — Commutative R-algebras

@1) M - €%(M)

So the study of smooth manifolds M (e.g. the de Rham cohomology, the embedding problem, etc.)
is formally equivalent to the study of their rings of smooth functions ¢ (M), together with the
homomorphisms between them. See also [4, Exercise 1.26].

Let M be a manifold. We also have a faithful functor

Smooth vector bundles on M — € (M)-modules

(2.2)
Ve TIX V),

whose essential image is the subcategory of finitely generated projective ¢"*°(M)-modules; see [11,
Chapter 12].

Igee [11, Chapter 7] for more detail. In physical language, € (X) can be regarded as the algebra of observables, and the fully
faithful embedding could be interpreted by the observability principle: namely things and differences exist if and only if we can
observe them.
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2.2. Affine space and its algebraic closed subsets. Instead of smooth manifolds, now consider the
affine space Ai := k? of dimension d € Zs( over an algebraically closed field k. The ring of polynomial
functions on A is the k-algebra

k[X3,..., X4l

The first objects that we are interested in algebraic geometry are the subsets
Z={P;=0] forallieJ}c Al
of Ai cut out by a collection of polynomial functions {P;};e;. Equivalently, Z is defined by the ideal
I=(P)igg Ck[Xy,...,X4]
generated by {Pi}ic):
(2.3) Z=27():={xeAl|f(x)=0forall fel}.

We call such a subset Z an affine algebraic closed subset. The study of Z in the context of algebraic geometry
is contained in the study of the quotient

R=K[X,...,X/I.

Modules over R are analogous to vector bundles over a manifold.

The local models in algebraic geometry are the so-called affine schemes, which form a category
equivalent to the category of commutative rings. Therefore just as multivariable calculus is the local
theory of differential geometry, the local study of algebraic geometry is equivalent to the study of
commutative rings.

Commutative rings appear in various contexts, and different perspectives allow us to formulate
and study concepts of commutative rings of different origins (geometric and topological ones such as
differentials, cohomology; arithmetic ones such as factoriality).



LECTURE 2

Algebraic numbers and integrality

3.1. Number fields and their Z-structures. The goal of algebraic number theory is to study algebraic
numbers, which, by definition, are the elements of the algebraic closure Q of Q in C. Studying them
consists of studying the finite field extensions K of Q. These fields are called number fields.

It is a remarkable and fundamental fact that each number field K has a canonical Z-structure. This
Z-structure provides a natural generalization of "integers" in a number field K and plays a central role
in the theory of algebraic numbers.

Theorem-Definition 3.1. There exists a unique maximal subring Oy of K which is a Z-structure of the Q-vector
space K; in other words, there exists a Q-linear isomorphism

K5 Qf
mapping Oy onto Z* € Q. We call Oy the ring of integers of K.

Note that if such a ring Ok exists, then Ok is a Z-module of finite type. We will then see that for
every a € Ok, we can find a monic polynomial P € Z[X] (i.e. the leading coefficient of P is 1) such that
P(a) = 0. Elements satisfying the above properties are called integral (over Z), and eventually we will
see that Ok consists of all integral elements of K. We shall first define and study integral elements in a
more general context.

3.2. Integral elements. Let B be a ring and let A C B be a subring. An element b € B is called integral
over A if there exists a monic polynomial P € A[X] such that P(b) = 0.

Proposition 3.2. Let b € B. The following assertions are equivalent:

(1) b € B is integral.
(2) The subring A[b] C B generated by A and b is an A-module of finite type.
(3) Alb] is contained in a subring C C B of finite type as an A-module.

Proor. The implications (1) = (2) = (3) are clear. The implication (3) = (1) follows from the Cayley-
Hamilton Theorem below, applied to the multiplication b : C O. m]

Theorem 3.3 (Cayley-Hamilton). Let R be a ring and let M be an R-module generated by n element. For every
R-linear endomorphism ¢ : M O, there exists a monic polynomial P € R[X] of degree n such that

P(¢) = 0.
Moreover if p(M) C IM for some ideal I C R, then we can choose
P=X"+r,1X"'+---+ryeR[X]
with r,_; € U for all j.

Proor. Let vy, ..., v, be generators of M and write

n

¢(Uz‘) = Z 7ij0;
j=1
with ;; € R (or r;j € I for the second statement). Let 6;; be the Kronecker delta and consider the matrix

A = (6ij¢ — Tij)1<ijj<n

8
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with coefficients in the subring R’ ¢ Endr(M) generated by ¢ and the multiplications x + rx for all
r € R; we still use r to denote the image of € R in Endg(M).
Note that R’ is commutative, so if C denotes the transpose of the cofactor matrix of A, then

CA = det(A)], € Mu(R).

By definition, we have Av = 0, where v is the column matrix consisting of vy, ...,v,, so det(4) € R’
evaluating at v; is zero for all i. It follows that det(4) = 0, and we finish the proof by developing
det(A). O

We prove by induction on # the following corollary.

Corollary 3.4. Let by, ..., b, € B be integral elements over A. Then Alby, ..., b,] C B is an A-module of finite
type.

3.3. Integral extensions and finite extensions. Let A be a ring. An A-algebra is a ring B together with
a ring homomorphism ¢ : A — B. An A-algebra is naturally a A-module, with

a-b:=op@b

foranya € Aand b € B. That ¢ : A — B is a ring homomorphism gives rise to several rules thata - b
needs to satisfy.
There are two notions of finiteness of algebras that we can define.

o We say that B is a finite A-algebra (or that B is finite over A) if B regarded as an A-module is of
finite type.

o We say that B is a finitely generated A-algebra (or an A-algebra of finite type) if there exists a
finite number of elements by, ..., b, such that any element of B is a polynomial in by, ..., b, with
coefficients in A. Equivalently, there exists a surjective morphism of A-algebras

A[X1,...,Xn] - A

for some n € Z.

Here, a morphism between two A-algebras B and C is a ring homomorphism f : B — C which commutes

B\—;/jc

Exercise 3.5. Let f : B — C be a ring homomorphism between two A-algebras. Show that f is a

with the structural morphisms:

morphism of A-modules if and only if f is a morphism of A-algebras.

Corollary 3.6. Let B be a ring and let A C B be a subring. Suppose that B is a finitely generated A-algebra. Then
B is integral over A if and only if B is finite over A.

Proor. The "if" part follows from Proposition 3.2 applied to C = B. The "only if" part follows from
Corollary 3.4. =]

Remark 3.7. The finite generation assumption in Corollary 3.6 is required: Consider for instance
Q= Q.
3.4. Integral closure. Let A be a subring of a ring B be as before.

Corollary-Definition 3.8. The subset A C B of integral elements over A is a subring. We call A the integral
closure of A in B.

Proor. Let x, y be two integral elements of B. Then both x + y and xy are in A[x, y], which is a finite type
A-module by Corollary 3.4. We conclude by Proposition 3.2 with C = A[x, y]. O
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If every b € B is integral over A, we say that B is an integral extension of A. On the other hand if
A = A, then we say that A is integrally closed in B. In general, we say that an integral domain A is an
integrally closed domain (or a normal domain) if it is integrally closed in its field of fractions.

The transitivity of integral extensions is another immediate corollary of Proposition 3.2.

Corollary 3.9 (Transitivity of integral extensions). Let A € B C C be inclusions of subrings. If B is an
integral extension of A and C is an integral extension of B, then C is an integral extension of A.

Proor. Let x € C. Since x is integral over B, we have
(3.4) X' 4+ by X by =0

for some by, ...,b,—1 € B. These coefficients are integral over A, so A’ := Alby,...,b,-1] € C is an
A-module of finite type. As A’[x] is an A’-module of finite type by (3.4), it is an A-module of finite type
by transitivity. We conclude by Proposition 3.2 with C = A’[x] that x is integral over A. m]

Exercise 3.10. Show that if a ring R is a UFD, then it is integrally closed in its field of fractions.

Exercise 3.11 (The Gauss lemma). Let A be an integrally closed domain and let K be its field of fractions.
Let f € A[t] be a monic. Suppose that f = gh in K[t] with g,k € K[t] monic. Show that g, h € A[t]. (Hint:
consider the splitting field L of f. Observe that the coefficients of g are in the ring generated by the roots
of f in L, and they are integral over A.)

Exercise 3.12. A be an integrally closed domain. Show that A[t] is also an integrally closed domain.
(Hint: By Exercise 3.10, enough to show that A[t] is integrally closed in K[t] where K be the field of
fraction of A. Show that if f € K][t] is integral over A[t], then the constant coefficient of f is in A.
Continue by induction on the degree of f.)

3.5. The geometry of numbers.

Proor or THEOREM 3.1. Let Ok be the integral closure of Z in the number field K. By the primitive
element theorem, there exists @ € Q such that K = Q[a] in Q. We can assume that « is integral over Z.
Then 1,a,...,a" ! where d := [K : Q] are Z-independent in Ok. So the free Z-module Ok has rank at
least d.

Now let x1, ..., x, be the real conjugates of a, and let z1,z1, .. ., z;, z; be the conjugates of & which
are not real. For each index i, Let 0; : K = R (resp. 7; : K < C) be the embeddings of K sending «a to x;
(resp. z;), and let

0=(01,...,0p,T1,...,T5) : K> R X CT =: V.

We claim that 0(0k) is a discrete subgroup of V. Indeed, otherwise for all ¢ > 0, there exists nonzero
x € Og such that |o;(x)|,|7j(x)| < € for all i and j, but then e.g.

01(x) - 0 ()T (X)T1 (%) - - Ty (X) T4 (),

which is the (nonzero) constant term in the minimal polynomial of x, cannot be an integer if ¢ is small. As
X € Ok, its minimal polynomial has coefficients in Z, which is a contradiction. Since dimg V =p+2q =4,
the discreteness of (k) in o(K) implies that Ok is a free Z-module of rank at most d, and therefore
equal to d. Hence Ok is a Z-structure of K.

Finally, suppose that A C K is another subring of K which is of finite type as a Z-module. Then for
any x € A, the subring Z[x] C Kis also a Z-module of finite type. So x is integral over Z by Proposition 3.2,
and thus A C Ok, which proves that Ok is maximal. O

Problem 3.13. What is the ring of integers of a cyclotomic field Q[C,]?



LECTURE 3

The geometry of rings and ideals

4. The historical origin of ideals
For a more complete treatment, see [6] and the references therein.

4.1. Failure of the uniqueness of factorizations. Some rings in Section 1 are not UFD. For instance in
Z[ V-5], we have
6=2-3=(1+ V=-5)(1- V-5).

Exercise 4.1. Show that 2 is irreducible in Z[ ¥-5], and both 1 + ¥-5and 1 — V-5 are not divisible by
2. (Hint: consider the multiplicative norm N(z) = |z]>.) When is 2 irreducible in Z[,]?

The ring of cyclotomic integers Z[C,] is a Principal Ideal Domain (PID) for n < 22, but not anymore
for n = 23! For instance, the product

(14 G5 + Ty + 05 + 035 + 03 + Ga)(1 4 Cos + 0 + 85 + 0 + 0y + 0)
is divisible by 2, but both factors are not. Again, since 2 is irreducible in Z[(,3], the ring Z[(x3] is even

not a UFD.

4.2. Kummer’s "ideal numbers". One of the key contributions of Kummer is the introduction of "ideal
numbers" (nowadays called ideals), which generalize "numbers" in Z[(,]. He also realized that contrary
to numbers in Z[(,], any proper ideal of Z[(,] admits a unique factorization into prime ideals. Later,
Dedekind generalized the statement to the ring of integers in any number field; we will come back
to this, and viewed it as a corollary of the primary decomposition. Note that this generalization is
interesting only when the ring R is not a PID.

5. Ideals and algebraic closed subsets

5.1. Zariski topology. Let k be an algebraically closed field. Recall that any ideal I C k[Xj, ..., Xy4] cuts
out an affine algebraic closed subset
Z=27():={xeAl|f(x)=0forall fel}.
For instance, the maximal ideal
my = (X1 —xl,...,Xd — xd)

cuts out the point x = (x1,...,x4) € Af(, which is thus an affine algebraic closed subset.

Exercise 5.1. Prove the following statements.

(1) The empty set and Ai are both algebraic closed subsets.
(2) For any collection of ideals {I;};cj of k[Xj, ..., X4], we have

z U L|= ﬂ Z(I).
i€] i€]
(3) For any pair of ideals I, ] c k[Xy, ..., X;], we have Z(I) U Z(]) = Z(I]) = Z(I N ]). Here we recall

that the product [11, of two ideals I, I; in a ring R is the ideal generated by x;x, for all x; € I
and x, € I7.

1His’corically, some unsuccessful attempt of proving Fermat’s last theorem was based on the false belief that Z[(,,] is always a PID.

11



5. IDEALS AND ALGEBRAIC CLOSED SUBSETS 12

Therefore the algebraic closed subsets of A{ define the closed subsets of a topology on Af, called
the Zariski topology.

For any algebraic closed subset Z C A4 the subset
I(Z):={feklXy,..., X4l | f(x) =0 forallx e Z}
of polynomial functions vanishing along Z form an ideal. We may then consider the quotient
k[Z] :=k[Xy,..., Xql/I(Z)
and call it the ring of polynomial functions of Z. This is the analogue of ¢ (X) of a smooth manifold X.
Exercise 5.2. LetZy,Z, C Ai be two algebraic closed subset. Show that
I(Z1 U Zy) = I(Z1) N I(Z,).

5.2. Radical. Suppose that Z C Ai is the algebraic subset defined by the ideal I. Note that I c I(Z).
More generally, I(Z) contains any polynomial function f such that f" € I for some power n € Z.. This
motivates the following definition:

Definition 5.3. Let R be a ring. For any ideal I C R, the radical of I is defined as
\/f:z{feR)f” elforsomeneZs}.
An ideal [ is called radical if I = VI.
For instance, any prime ideal (in particular, maximal ideal) of R is radical.

Proposition 5.4. The radical VI of I is an ideal. More precisely, suppose that I # R. Then V1 is the intersection
of the prime ideals containing I.

Proor. Let p be a prime ideal containing I. For every f € VI, we have f" € I C p for some integer 1 > 0.
Since p is a prime ideal, we have f € p. Thus Vic p.
Conversely, let f ¢ VI. Consider the set

Y :={J cRideal |IC]andf"qé]forallintegersn>0}.

ordered by inclusion. Since X # @ (because I € ¥), by Zorn’s lemma X has a maximal element p. Notice
that p is a prime ideal: indeed, for any x, y ¢ p, as p is maximal in X, we have

fre@+r, fle@+rp
for some integers m,n > 0. So f"*" € (xy) + p, showing that xy ¢ p. Hence p is a prime ideal such that
fén. m]

Remark 5.5. Quite often, given a collection of ideals satisfying certain properties, the maximal ones are
prime. See [12, Chapter 10.28] for more discussions.

Exercise 5.6. Give an elementary proof of the first statement of Proposition 5.4 without using Zorn’s
lemma.

Exercise 5.7. For any ideal I C R, show that VI = R if and only if I = R.

5.3. Hilbert’s Nullstellensatz: statement. We will see that in fact, VI contains already all the polyno-
mials vanishing along Z:

Theorem 5.8 (Hilbert’s Nullstellensatz). We have I(Z(I)) = VI.

As a consequence, Z +— I(Z) defines a one-to-one correspondence between the algebraic closed
subsets Z C Ai and the radical ideals of k[ X, ..., X4].

Corollary 5.9. Let Z C Ai be an algebraic closed subset. The above correspondence induces a bijection between
the points of Z and the maximal ideals of k[Z]. Precisely, it maps x € Z to the image of m, in k[Z].
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Proor. We prove Corollary 5.9 for the case Z = A{, and leave the general case as an exercise.
Let m C k[Xj, ..., X;] be a maximal ideal. Since m # k[Xj, ..., X;], we have Z(m) # 0 by Hilbert’s
Nullstellensatz and Exercise 5.7. Let x € Z(m). Then

m C I(Z(m)) C I({x}) € my
Since m is maximal, necessarily m = m,. Thus m — Z(m) = {x} is the inverse of I : x = I({x}) =m,. O
5.4. Irreducible closed subsets and prime ideals.
Definition 5.10. An algebraic closed subset Z is called irreducible if Z is nonempty and
Z=721UZy = (Z=ZyorZ=12y)
for any algebraic closed subsets Z; and Z,.
For instance, Z(X1X;) = Z(X7) U Z(X>) is not irreducible.

Exercise 5.11. Show that the correspondence Z — I(Z) induces a bijection between the irreducible
algebraic closed subsets of Ai and the prime ideals of k[Xj,...,X;]. (Your proof should involve
Hilbert’s Nullstellensatz.)

We therefore have a dictionary
Spaces «— Rings (of functions)
Al — K[Xy,...,X4]
Z «— k[Z]
as well as bijections
mAY  Ink[Xy,..., X4
Algebraic closed subsets «— Radical ideals
Irreducible closed subsets «— Prime ideals
(Closed) points «— Maximal ideals
6. Affine schemes: a first definition
6.1. Spectrum. Let R be a ring. The previous dictionary motivates the following definition.
Definition 6.1. As a set, the spectrum of R is defined as
Spec(R) := { prime ideals of R } .
The maximal spectrum of R is defined as
Specm(R) := { maximal ideals of R } .

Example 6.2. We still assume that k is algebraically closed. Let Z C A¢ be an algebraic closed subset.
By Corollary 5.9 we have
Specm(k[Z]) = Z.

Example 6.3. The ideals of Z are
0),(1),(2),...

and
Spec(Z) = { (p) | p prime number } U {(0)}.

Exercise 6.4. For R = R[X], show that
Spec(R[X]) = Speem(R[X]) U {(0)},
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and construct a natural bijection

{z € C\R}

=RU '
Speem(RIX]) = R U e conjugate

6.2. Zariski closed subsets.
Exercise 6.5. In § 5, show that (2.3) can be rewritten as
Z(I):{xekdllcmx}.
This motivates us to define for any ideal I C R, the subset
V() :={ p € Spec(R) | I < p} C Spec(R).

Such subsets are called Zariski closed subsets. They define a topology on Spec(R) by the following exercise,
called the Zariski topology.

As a first definition, an affine scheme is the data (Spec(R), R) associated to a ring R, where we regard
Spec(R) as a topological space. To simplfy the notation, such data (Spec(R), R) is again denoted by
Spec(R). The ring R could be interpreted as the "ring of (regular) functions" on Spec(R). For any f € R
and p € Spec(R), one could think of the relation f € p as "f vanishes at p" (or equivalently, f vanishes
along V(p)). We will explain how we "evaluate functions" after we introduce localization.

Exercise 6.6. Prove the analogous statements in Exercise 5.1 with k[Xj, ..., X4] replaced by R and Ai
by Spec(R). Show that
V(D) = V(D)

for any ideal I C R.

The following statement could be regarded as the "Nullstellensatz for Spec", which always holds
and is much easier then Hilbert’s Nullstellensatz (for the maximal spectrum).

Exercise 6.7. Let I C R be an ideal and let f € R. Show that f vanishes at every p € V(I) if and only if
f € VI. Deduce that

(6.1) V : Spec(R) — { Irreducible Zariski closed subsets of Spec(R) }
is a bijection.

6.3. Generic points, closed points. The following exercise shows that every irreducible Zariski closed
subset of Spec(R) has a unique dense point.

Exercise 6.8. Show that the Zariski closure of p € Spec(R) is V(p), and that p is the only point of V(p)
with this property.

We call p the generic point of V(p).

Exercise 6.9. Show that a point p is closed in Spec(R) if and only if p € Specm(R).
Elements of Specm(R) are therefore called closed points of Spec(R).

Example 6.10. Let k be an algebraically closed field. As sets, we have
Spec(k[Xy, ..., Xq]) = { Irreducible algebraic closed subsets of Ai } .
Let p € Spec(k[Xj, ..., X4]). Through the above description we have
p = { Irreducible algebraic closed subsets contained in Z(p) }

and
PNAL =Z(p).
Here is one way to draw Spec(k[X, Y]), taken from Mumford’s red book [9]:
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Ficure 1. A picture of Speck[X, Y] from [9]

In the picture, Zariski closed subsets have either dimension 0 (points), 1 (curves), or 2 (the whole
plane). The "fuzzy" points represent the generic points of some irreducible Zariski closed subsets.

6.4. Spec(Z), SpecC[X] and SpecZ[X].
There are two kinds of points in SpecC[X]:

e Maximal ideals (X — a), which correspond to a € C.
o The generic point (0) of SpecC[X], namely the point which is dense in SpecC[X].

Primt tdanls Gf GB"]

myimel ideals & Cla]

¥ -0 x- C )

Y o

3‘”'“‘"7; Tm[u{m' ; L a e € o _'7‘77_

=[w] =[(t—0] =[Cl“ﬂ =I£(ﬂ:]
W
pouts of €

— 4/
poids o g

Ficure 2. A picture of SpecC[X] from [13]

In Spec(Z), there are also two kinds of points:
e Maximal ideals (p), which corresponds to prime numbers p € Z.
e The generic point (0) of Spec(Z).

Therefore we may also visualize Spec(Z) as a line, just like SpecC[X]:
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° - ° o——o—&ocooJﬁﬂgggwfbv
3

generic point

~

Ficure 3. A picture of Spec(Z) from [9]

Exercise 6.11. Here is a picture of SpecZ[X], again from Mumford’s red book. Explain why we draw
SpecZ[X] this way.

|
((2)] ——g [(3) l(5))

[(5,X+4))

0
[(0)] generic

[(3,X+2)] :
' t
((5,X+3)] e
2xe11= : e -
[(5,X+2)] ((X%+1))

T[ta.xnll @[5 X+1)]

((2,x) L[(B.XI] (%) g
4 = 2 .

[(x)]

vil2) vIi(3)) vi(s) V(7))

Ficure 4. A picture of SpecZ[X] from [9]

6.5. Morphisms. Let g = f* : A — B be a ring homomorphism. Recall that the premimage g~'(I) of an
ideal I C B is again an ideal, and we have an induced injective ring homomorphism

A/g™\(I) — B/L

If I = pis a prime ideal, then B/p is an integral domain, so A/ g‘l(p) is an integral domain as well. This
shows that g7!(p) is a prime ideal of A, and we therefore have a map

f =g :Spec(B) — Spec(A).
Exercise 6.12. Show that f is continuous with respect to the Zariski topology.
Therefore, taking the spectrum defines a contravariant functor
Spec : Rings — Top

from the category of rings to the category of topological spaces.
A morphism of affine schemes is the data (f, f*) as above. Most of the time it is simply denoted by f,
but we shall keep in mind that f* determines the continuous map between spectra, and not conversely.
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Example 6.13. In algebraic geometry, we consider maps AY — Al between affine spaces defined by
polynomials, i.e. of the form

(6.2) /i Ai - A
x = (P1(x), ..., Py(x)).
for some Py,..., P, € k[Xq, ..., Xy]. It is induced by the homomorphism
KXy, ..., X, = K[X, ..., X4l
(6.3)
g g(P1,...,Py).
Conversely, every k-algebra morphism from k[Xj, ..., X,] to k[Xj, ..., X4] is of the form (6.3).
Exercise 6.14. Let R be a ring and let I C R be an ideal. Show that
Spec(R/I) — Spec(R)
induced by the quotient map R — R/I is homeomorphic onto V(I).
Exercise 6.15. "Draw" the morphism
SpecR[Y]/(Y? + 1) — Spec(R)
for R = C[X], and for R = Z.

6.6. Reduced subscheme. The radical V0 of the zero ideal 0 of a ring R is called the nilradical of R,
and is denoted by Nil(R). Elements of Nil(R) are called nilpotent elements. A ring R is called reduced if
Nil(R) = 0. Since Nil(R) is radical, the quotient

Ryeq := R/Nil(R)
is a reduced ring.

Exercise 6.16. Show that the morphism Spec(Rreq) — Spec(R) induced by the quotient R — Ryeq is a
homeomorphism. We call Spec(Ryeq) the reduced subscheme of Spec(R).

Remark 6.17. Although Spec(Req) and Spec(R) are topologically indistinguishable, the scheme structure
on Spec(R) is richer than that on Spec(Req) (informally, because there are more functions over Spec(R)
than over Spec(Ryeq)). For instance, let k be a field. Then both Spec(k) and Spec k[¢]/(¢?) are topologically
a point. Now assume that k is algebraically closed, and let Z C A{ be an algebraic closed subset together
with a closed point x € Z. Then the evaluation map ev, : k[Z] — k at x is only k-morphism such that
the image of the induced morphism
Spec(k) — Spec k[Z]

is x. On the other hand, there are in general many k-morphisms k[Z] — k[¢]/(¢?) having the same
property. Later in this course or in the course of algebraic geometry, you will see that such morphisms

Spec k[¢]/(¢*) — Spec k[Z]
correspond to tangent vectors of Z at x (therefore contains more information then just x — Z).

Remark 6.18. The functor R — R4 from the category of rings to the category of reduced rings is
surjective on objects. It follows from the universal property of quotient rings that this functor is left
adjoint to the inclusion functor.

6.7. Affine varieties. Let k be a field. An affine k-variety is the spectrum Spec(R) of a finitely generated
k-algebra R such that R is reduced.

Exercise 6.19. Suppose that k is algebraically closed. Show that

{ Affine k-varieties } = { Affine algebraic closed subsets (in some A;) }

Spec(R) — Specm(R).
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is a bijection

We will see that affine k-varieties satisfy some non-trivial geometric properties that we expect to
hold at an intuitive level (see e.g. Lecture 6, Sections 19 and 20).

6.8. Absolute versus relative. Any ring is naturally a Z-algebra. Precisely, the forgetful functor
Z-Alg — Ring

from the category of Z-algebras to the category of rings is an equivalence. So the study of rings is
contained in the study of R-algebras with R varying among rings. Statements for R-algebras are therefore
more precise and general than the same statements for rings.

Dually, the the study of schemes is contained in the study of schemes equipped with a morphism
to some fixed schemes S. Such data are called S-schemes. We qualify statements concerning S-schemes
as relative, and statements concerning schemes (or equivalently when S = Spec(Z)) as absolute.
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Tensor products

7. Tensor products
Let’s start with three facets of tensor products before we construct them.

7.1. First facet: extension of scalars. Let V be a vector space of dimension d over a field K. If we choose
abasisey,...,e; of V, then every element of V is a linear combination of the e;'s with coefficients in K,
which gives a K-linear isomorphism
~ @ .
V=e_K-e.
Now let L/K be a field extension. The tensor product
Vi, =V®kL

that we will define can be understood as the extension of scalars. With the above chosen basis ey, .. ., ¢4,
there exists a canonical isomorphism

V=&’ L-e,
through which V} can be described as an L-vector space having the same basis elements as V, but
replacing the coefficient field with L. If we have a K-linear map ¢ : U — V between K-vector spaces, it
also extends to an L-linear map

¢L: U, -V,

defined by the same matrix.

7.2. Universal property of extension of scalars. We also notice that if V is a K-vector space and W is
an L-vector space, then any K-linear map ¢’ : V. — W has a unique L-linear extension 1 : V; — W. This

motivates us to define extension of scalars as follows.

Theorem-Definition 7.1 (Universal property of extension of scalars). Let A be a ring and let B be an
A-algebra. Let M be an A-module. There exists a B-module M ®4 B, together with an A-linear map

¢:M—M®eyB,

satisfying the following universal property: for any A-linear map ¥ : M — N to some B-module N, there exists a
unique B-linear map 1 : M®4 B — N such that

vy

M ———N
EIRT
NS
M®s B

commutes. Moreover, the pair (M ®a B, ¢) is unique up to unique isomorphism. We call M ®, B the B-module
obtained from M by extension of scalars.

7.3. Second facet: fiber product of affine schemes. Let R be a ring and let A be an R-algebra. This
gives rise to a structural morphism of affine scheme

Spec(A) — Spec(R)

making Spec(A) an affine scheme over Spec(R).

19
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Through the functor Spec, showing that fiber products exist in the category of affine schemes over
R is equivalent to showing that fiber coproducts exist in the category of R-algebras. Tensor products of
R-algebras provide the answer.

Theorem-Definition 7.2 (Universal property of tensor products of algebras). Let A be a ring and let B, C
be A-algebras. There exists an A-module B ®, C, together with morphisms of A-algebras ¢p : B — B ®4 C and
¢c : C = B®a C, which satisfy the following universal property: for any pair of morphisms of A-algebras 1,1,
as in the diagram, there exists a unique morphism of A-algebras ¢ : B®a C — Z such that

Z
Vi
ay
B——= B®s C
[0l Yiha
|

A C

commutes. Moreover, the triple (B®a C; ¢p, Pc) is unique up to unique isomorphism. We call B®, C the tensor
product of B and C over A.

Therefore if Spec(A) and Spec(B) are affine schemes over R, we can define the product as
Spec(A) Xspec(r) Spec(B) = Spec(A ®g B).
7.4. Third facet: linearization of bilinear maps.

Theorem-Definition 7.3 (Universal property of tensor products of modules). Let M and N be two
R-modules. There exists an R-module M ®g N, together with an R-bilinear map

¢:MxN—MegN\,

satisfying the following universal property: for any R-bilinear map 1 : M X N — L to some R-module L, there
exists a unique R-linear map ¥ : M ®g N — L such that

v
MXxXN 4 L
X {3@
Mg N

commutes. Moreover, the pair (M ®g N, @) is unique up to unique isomorphism. The R-module M ®g N is called
the tensor product of M and N over R.

7.5. Construction of tensor products of modules. Now we start the constructions, and consider first
Theorem 7.3. Since we want ¢ : M X N — M ®g N to be R-bilinear, we just define the R-module M ®z N
straightforwardly by generators and relations as follows:

o Generators: m®n forallm € Mand n € N.
o The R-submodule of relations Z is generated by

m+mY@n=men+m ®n, mm+n)=mOn+men,
(rm)®@n=m® (r) =r(men),
forallm,m’ e M, n,n” € N,and r € R.
Namely,

M®RN:=[ o R-(m®n)]/92.

meMneN
For every m € M and n € N, we still use m ® n to denote its image in M ® N. Elements in M ®; N
of the form m ® n are called pure tensors, or simple tensors.
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Exercise 7.4. Prove Theorem 7.3.
Given a finite number of R-modules Mjy, ..., M,,, we define the tensor product
M; ®g - ®r M,
in a similar way. It satisfies a similar universal property, replacing bilinear maps with multilinear maps.

Exercise 7.5. Let M, N, L be R-modules. Show that we have canonical isomorphisms
e R M = M,
e M@ N S N@r M,
° (M®RN)®RL ;M®R (N®RL),
e M&N)®L = (MerL)®(N®gL),

defined by r@ m +— rm, m®n — n®m, etc.

7.6. Constructions of other tensor products. Now we consider Theorems 7.1 and 7.2. In the setting
of Theorem 7.1, the previous construction defines M ®4 B as an A-module. We define the B-module
structure on M ®, B by

b'-(m®b):=me (b'b)
for any pure tensor m ® b and any b’ € B, then extend linearly.

Exercise 7.6. Show that the B-module structure on M ®,4 B is well-defined and satisfies the universal
property in Theorem 7.1.

Likewise for Theorem 7.2, we define the ring structure (i.e. the product) on B®,4 C by
bc)- (V' ®c'):=b)®(cc)
for pure tensors b ® c and b’ ® c’, then extend linearly. Define
s:A—>B®yC
aa-(191).
Exercise 7.7. Show that s defines an A-algebra structure on B ®4 C. Prove Theorem 7.2.

7.7. Tensor product of morphisms. Let M;, My, N1, N, be R-modules. For any R-linear morphisms
f:M; = M and g : Ny = N, we have a well-defined R-linear map

f®g:M1®RN1—>M2®RN2

defined by (f ® g)(m ® n) — f(m) ® g(n) on pure tensors, then extend by linearity. In particular for any
R-module, this defines an endofunctor

e ®r N : Modg — Modg

on the category of R-modules, sending an R-module M to M ®; N, and f € Homgr(M;, M;) to f ® Idy.
Similarly let A be a ring and let B be an A-algebra. Taking tensor product defines a functor

e®4 B:Mody, — Modp

from the category of A-modules to the category of B-modules.

8. Properties of tensor products

8.1. Restriction and extension of scalars. Let A be a ring and let ¢ : A — B be an A-algebra. Any
B-module M has an induced A-module structure, defined by
a-m:=q@(a)-m

for every a € A and m € M. As a morphism of B-modules is naturally a morphism of A-modules, we
thus have a functor
Modg — Mody
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from the category of B-modules to the category of A-modules, called the restriction of scalars (or the

forgetful functor).
The restriction of scalars and the extension of scalars are related as follows.

Exercise 8.1. Show that the extension of scalars and the restriction of scalars form an adjoint pair:
namely there exist natural (to be defined below) bijections

Homp(M ®4 B, N) = Homy(M, N)
for any A-module M and B-module N. (Hint: use the universal property.)

In general, given a pair of functors F : ¢ — Z and G : ¥ — ¢, we say (F, G) forms an adjoint pair if
for every object X € ¢ and Y € 7, there exist bijections

axy : Homg(F(X),Y) = Home (X, G(Y))

which are natural, in the sense that for any morphism g : Y — Y’ in 2, the diagram

Homg (F(X), Y) —~> Hom (X, G(Y))

go l l G(g)o

Homg (F(X), Y') ——> Home (X, G(Y"))

commutes, and same for the similar diagram defined for any morphism f : X — X’ in ¥. We also say
that F is left-adjoint to G, and G is right-adjoint to F.

8.2. Aside 1: Un éventail infini de variétés. Consider an algebraic closed subset Z of A{, defined by
anideal I C Z[Xj, ..., X,] of polynomials with integer coefficients. For each prime number p, we may
consider the same collection of defining polynomials, and consider their coefficients modulo p. This
defines another algebraic closed subset Z, of in the affine space A" over F_p.

The theory of schemes provides a way to fit them together. Let’s consider instead the affine scheme

X = SpecZ[X;, ..., X,]/L
Since any ring R is naturally a Z-algebra, we have cartesian squares
Xg — X
]
Spec(R) —— Spec(Z)
When R = C, this turns X into a complex subscheme of AL When R = F,, we obtain the reduction
modulo p of X.

In general, if f : Spec(B) — Spec(A) is a morphism of affine schemes and I C A is an ideal, then the
fiber of f over the closed subscheme Spec(A/I) C Spec(A) is

Spec(B ®4 (A/1)) = Spec(B/IB) C Spec(B).

8.3. Aside 2: restricted and induced representations. Let G be a group acting on a vector space V over
a field k. This defines a structure of left k[G]-module on V, and we have an equivalence of categories

G—Rep/k =~ Modk[G]

between the category of G-representations over k and the category of right k[G]-modules.

Extension and restriction of scalars can be defined for right modules over noncommutative rings. If
we take a subgroup H < G, then the restriction of scalars to k[H] and the extension of scalars ®yk[G]
on the right hand side correspond on the left hand side to taking the restricted and the induced
representations.



8. PROPERTIES OF TENSOR PRODUCTS 23

8.4. ® and Hom. Tensor product of modules is related to the Hom-functor also by means of adjoint
pair.

Let N be an R-module. For any R-module L, let Homg(N, L) be the space of R-linear maps from N
to L. We regard Homg(N, L) as an R-module defined by (r¢)(x) := r¢(x) for any r € R, ¢ € Homg(N, L),
and x € N. We then have a covariant functor

Homg(N, e) : Modg — Modg
sending L to Homg(N, L), and a morphism ¢ : L — L’ to
¢o : Homgr(N, L) —» Homg(N, L").
Likewise, we have a contravariant functor Hompg(e, N).

Exercise 8.2. Let M be an R-module. Show that e ®z M is left adjoint to Homg(M, e): namely there exist
natural bijections
Homg(L ®r M, N) ~ Homg(L, Homg(M, N))

for any R-modules L and N.
Note that Homg(L, Homg(M, N)) can also be identified as the R-modules of R-bilinear maps
LxM — N.

In particular when N = R, it follows that the space of R-bilinear form on L X M is isomorphic to (L®z M)".
Here M" := Homg(M, R) (called the dual of M) for any R-module M.

Exercise 8.3. Do we have natural bijections Homgr(L, M ®g N) = Homgr(Homg(L, M), N)) for any R-
modules L, M, N?

8.5. Tensor product is right-exact. Let R be a ring and let M be an R-module. What is M ® (R/I) for
anideal I c R?

Let

-~-—>Ml'_1 il—)M{LMj.g—)u-

be a (finite or infinite) sequence of morphisms of R-modules. We say that the sequence is exact if
Im(fi-1) = ker(f;)
for all index i. For instance, saying that the sequence of R-modules
M Lm S Moo
is exact means that we can identify M as M’ quotient by the relations f(M").
Proposition 8.4. Let N be an R-module. For any exact sequence
®8.1) MLmwLMmoo
of R-modules the induced sequence

M’ @& N 2294 M op N 22 Meg N — 0

is also exact.

We may interpret Proposition 8.4 as follows: after tensoring N, the module M’ ®z N still generated
M ®g N, and the relations are precisely those induced by the relations before tensoring N.

Proor. From the exactness of (8.1), it is clear that g ® Id is surjective. Now consider the R-linear map
M g N

¢:M®RN_)III'[(](—®@
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defined by m ® n — m’ ® n on pure tensors, where m’ is any element of g~!(m). The exactness of (8.1)
again implies that ¢ is well-defined. By construction, ¢ is the inverse of g ® Id on pure tensors, so
g®1d = ¢! by R-linearlity. Hence Im(f ® Id) = ker(g ® Id). m

Proposition 8.4 implies the following useful isomorphism.
Exercise 8.5. Let M be an R-module and let I C R be an ideal. Show that
Mg (R/I) ~ M/IM
as R/I-modules. Similarly, if A is an R-algebra, show that
A®r (R/I) = A/IA
as A-algebras.

Remark 8.6. Left (resp. right) adjoint functors between abelian categories are always right-exact (resp.
left-exact).

9. Tensor algebras
Let R be a ring and let M be an R-module.
9.1. Tensor algebras. For every n € Z5y, we define inductively
TOM) :=R, T"(M):=T"Y{(M)®x M
and let .
T(M) = P T"(M).

n=0

We define product on T(M), first for pure tensors by

(x1®“‘®xi)‘(]/1®"'®]/j) = (x1®"'®xi®]/1®“'®]/j)/
then extend by linearity. We can therefore consider T(M) as a noncommutative graded R-algebra, and
call it the tensor algebra associated to M.

9.2. Symmetric and exterior algebras.

Theorem-Definition 9.1 (Universal property of symmetric and exterior powers). Let M be an R-module.
Let n be a positive integer. There exists an R-module N together with an R-multilinear symmetric (resp.
alternating) map

¢:M'—>N
which satisfies the following universal property: for any symmetric (resp. alternating) R-multilinear map
Y : M" — L to some R-module L, there exists a unique R-linear map ¢ : N — L such that

Vi
M —— L

.
NG
N
commutes. Moreover, the pair (N, ) is unique up to unique isomorphism. The R-module N is called the

symmetric power (resp. the exterior power) of M over R, and is denoted Sym"M (resp. \" M).

The symmetric algebra associated to an R-module M is defined as
T(M)
XY -y®x | x,y e M>’

Sym(M) :=

where the denominator is the two-sided ideal generated by allthe x® y — y ® x.
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Exercise 9.2. Show that the grading on T(M) induces a grading EBiSymi (M) on Sym(M), and that Sym(M)
is a commutative graded R-algebra. Show that the composition
¢ :M" - T"(M) — Sym" (M)
satisfies the universal property in Theorem 9.1.

Exercise 9.3. Show that Sym(M) satisfies the following universal property. For any R-linear map
1 : M — L to some R-algebra L, there exists a unique R-linear map 1 : Sym(M) — L such that

v
4 L

NE

Sym(M)

M

commutes.
The image of a pure tensor x; ® - - - ® x,, in Sym" (M) is denoted by
X1 X
When n! is invertible in R, the quotient g : T"(M) — Sym" (M) splits: the map defined by
X % Z Yoty ® -+ ® Ko,
€S,
extends to a morphism of R-modules 1 : Sym" (M) — T"(M) such that q o 1 is the identity.

Exercise 9.4. Let V be a vector space over a field k of finite dimension n. Show that there is an
isomorphism
Sym(V) ~ k[X, ..., X,]

as graded k-algebras.

The exterior algebra associated to an R-module M is defined as

_ T(M)
/\M'_ <x®x | xe M>’

where the denominator is the two-sided ideal generated by all the x ® x.

Exercise 9.5. Likewise, show that the grading on T(M) induces a grading ®; /\iM on A M, and that
A\ M is a graded-commutative graded R-algebra: namely, for everya € A'Mand b € A\’ M, we have

bAa=(-1)7anb,

where A is the product on /A M. Show that the composition

¢: M - T'M) - /n\M
satisfies the universal property in Theorem 9.1.
The image of a pure tensor x; ® - - - ® x,, in A\"(M) is denoted by
XA A Xy

When n! is invertible in R, the map defined by

1

X1 A AX, pr Z sgN(0)Xs(1) ® + * * ® Xo(n)
0eS,

extends to a morphism of R-modules A" M — T"(M) and defines a splitting of the quotient g : T"(M) —
AN'M.
Exercise 9.6. Let K be a field and let V be a K-vector space. Construct a natural K-linear identification
between Sym” (V) (resp. /A" V¥) and the space of symmetric (resp. alternating) multilinear forms on V.
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Localizations

10. Localizations
Let R be a ring.

10.1. Some guiding principle. A subset S C R is called multiplicative if

e 1eS;

® 1,b e Simpliesab € S.
Given such a subset S C R, we want to define a ring of fractions S™' R where elements of S are formally
inverted, namely elements of S7!R are of the form r/s with r € R and s € S. When R is an integral
domain and S = R — {0}, we want S"'R = Frac(R).

When R is an integral domain, naturally we want two fractions r/s and /s’ to be equal in S7!R if

and only if they satisfy their "cross-multiplications" are equal, namely rs" — r’s = 0. In general, it may
happen that some s € S is annihilated by some nonzero r € R, and we want

r_0_ 0= Ocsip
1 s s’

for any other s’ € S (for instance s’ = 1). In general we don’t haver-s’ —0-1 = 0, but rather

r-s’—0-1= 9
s
Therefore when R is an arbitrary ring (which might contain zero divisors), it is more natural to consider
the condition
rls=r/s © rd —1's= g forsomet € S,
namely s’ — r’s equals to some representative of zero.
Finally, the addition and multiplication of fractions should follow the usual rules.

10.2. Localization of rings and modules. As a set, the localization of R by a multiplicative subset S C R

1S
STIR=RxS)/ ~,

where ~ is the equivalence relation defined as
(r,s) ~(r',s') © t(s'r—sr’)=0forsomet € S.

The image of (r,s) in SR is also commonly denoted by r/s. Givenr/s,r’'[s’ € SR, we define

v rs'+71’s
5 5_ ss’
ror
s s s

Exercise 10.1. Verify that ~ is indeed an equivalence relation, and that (SR, +,")isa ring. Show that
the localization map R — S™'R sending r to r/1 defines an R-algebra structure on S'R.

Let M be an R-module and let S C R be a multiplicative subset. The localization S™'M of M is an
S~!R-module defined similarly, with R replaced by M everywhere in the above definition, except that
rom _rm
55 s

26
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is for every r/s € STIR and every m/s’ € S'M. Likewise, the localization map M — S~!M sending m to
m/1 is a morphism of R-modules. By construction,

ker(M — S7'M) = {m e M | sm = 0 for somes € S }.
Exercise 10.2. Show that S'R = 0 if and only if 0 € S.
Exercise 10.3. Show that the an R-module N is in the image of the forgetful functor
Modg-1g = Modg
if and only if the multiplication s : N O by any s € S is an automorphism.
10.3. The universal property. Let S C R be a multiplicative subset.

Proposition 10.4 (Universal property of localizations of rings). For every ring homomorphism ¢ : R — A
from R such that y(s) is invertible for all s € S, there exists a unique ring homomorphism { : ST'R — A such

that
Yy

R——A

ap
localization

SR
commuites.

As a consequence, if R — A is an R-algebra, then the universal property provides a natural
S~1R-algebra structure on S™'A.

Proposition 10.5 (Universal property of localizations of modules). Let M be an R-module. For every
S~'R-module N and every morphism of R-modules 1 : M — N, there exists a unique morphism of S~ R-modules
Y : ST'M — N such that

vy
M —N

El
localization

S IM
commuites.

Exercise 10.6. Prove the above universal properties.

For any morphism of R-modules f : M — N, the universal property yields a morphism of S™'R-
modules S7' f : ST'TM — S™'N such that

5—1
SIM —f> S7IN

-

commutes; explicitly,
(S™ f)m/s) = fm)]s.

Thus the localization defines a functor
$71: Modg — Mods-1g

from the category of R-modules to itself. If f : A — B is a morphism of R-algebra, then the localization
S71f:S7'A — S7!Bis also a morphism of S™!R-algebra.

Exercise 10.7. Let S C T C R be multiplicative subsets. Show that the localization
T-'M S TS IM)

of the localization map M — S™'!M by T is is an isomorphism of T~!R-modules.
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10.4. Localization as extension of scalars.
Exercise 10.8. For any R-module M and any multiplicative subset S C R, show that
M@ SR> S'M

sending m ® (r/s) to rm/s is well defined and is an isomorphism of S™'R-modules. (Hint: compare the
universal properties of both sides and use Exercise 10.3.)

In particular, the localization functor S~! : Modg — Modg-1y is left adjoint to the forgetful functor.

Exercise 10.9. Show that
STIM®s-1g STIN = STH{(M ®@r N)

sending (m/r) ® (n/s) to (m ® n)/rs is an isomorphism of S™!R-modules.
10.5. Exacteness of localizations.

Proposition 10.10. Let

LLMELN

be an exact sequence of R-modules. The induced sequence

-1 -1
s 2 s 28, 5N

is exact as well.

Proor. Since S~!isa functor, we have (S7'g)o(S7! f) = 0. Now suppose that (S~1g)(n/s) = g(n)/s = 0, then
g(tn) = tg(n) = 0 for some t € S. So tn = f(m) for some m € M. Thus n/s = f(m)/ts = (S~ f)(m/ts). O

In particular, the localization of a submodule is still a submodule, and localization commutes with
taking quotient.

Exercise 10.11. Let I C R be an ideal. Show that we have a ring isomorphism
SR/ = (STIR)/ISTIR
which identifies S'R — S7(R/I) and the quotient map S™'R — (S™'R)/IS™'R.
Exercise 10.12. Let M be an R-module. The map
S7!: {submodules of M } — { submodules of S'M }

is surjective. More precisely, for any submodule N ¢ S™'M, if ¢ : M — S™'M is the localization map,
then
ST @) =N,

In particular,
{ideals of S'R} ={I-S7'R | I'ideal of R }.

Proposition 10.13. The localization map ¢ : R — S™'R induces a homeomorphism
Spec(S™'R) = { p € Spec(R) | pNS=0}
where the target is endowed with the topology induced from Spec(R).

Proor. We only show that the map is bijective.

To show that the map is well defined and injective, it suffices by Exercise 10.12 to show that for any
prime ideal p’ of STIR, we have ¢~ 1(p’) N S = 0. Suppose thats € ¢~1(p’) N S, then ¢(s) € p’ is a unit of
S71R, which is impossible.

Let p be a prime ideal of R such that pN'S = 0. Leta/s, b/t € ST'R such that ab/st € p- S™'R. Then
ab € p-SR, so uab € p for some u € S. Since u ¢ p by assumption, necessarily a € p or b € p, thus
a/s€p-SRorb/t € p-S7IR. Hence p-S~'R is a prime ideal.
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Finally, we need to show that ¢~!(p- S7!R) = p. Clearly ¢~'(p - ST'R) D p. Conversely, if r € R such
that7/1 € p- S7IR, then ur € p for some u € S. Again since pN S = 0, we have r € p. O

Exercise 10.14. Finish the proof, by showing that the bijection is a homeomorphism.
10.6. Localization and Hom.

Proposition 10.15. Let M and N be R-modules and let S C R be a multiplicative subset. Suppose that M is
finitely presented (see § 13.3). Then we have an isomorphism of S™'R-modules

Homg-1z(S™'M, S7'N) ~ S'Homg(M, N).

Proor. Let
R" 5 R'"-M-—>0

be a finite presentation of M. Tensoring with S := S™IR yields an exact sequence
S"—S" > SexM — 0.

Applying Hom to the above exact sequences yields exact sequences

(10.1) 0 - Homgr(M,N) —» N — N"
and
(10.2) 0 — Homg(S®r M, S®r N) — (S®r N)" — (S®r N)".

Since localization is exact, applying S~ to (10.1) gives
(10.3) 0 — S~'Homg(M,N) — (S®r N)" — (S ® N)".

As the morphisms (S ® N)" — (5 ® N)" in (10.2) and in (10.3) are the same, we have
Homg-1z(S™'M, S7IN) ~ S"'THomg(M, N). i

Exercise 10.16. Write down the natural isomorphism Homg-1z(S™'M, S7IN) = S~ 'Homg(M, N).

Remark 10.17. Proposition 10.15 is false if we don’t assume that M is finitely presented, even if we
assume M finitely generated; see [2] for a counterexample.

10.7. First examples: the standard opens D(f). Let k be an algebraically closed field and let f €
k[X3, ..., X] be an irreducible polynomial. On the Zariski open Ai — Z(f), the functions of the form
g with g(z) = 0 implies z € Z(f)

is well defined. As a consequence of Nullstellensatz, the condition on g is equivalent to g = c - f" for
some 1 € Z5o and some unit ¢ € k*. Therefore the ring of such functions is exactly the localization of
k[Xj, ..., X4] by the multiplicative subset

{ f" | neZs}.
More generally for any ring R and any f € R, we consider
Ry := localization of R by { f" | neZs}.
By Proposition 10.13, the map R — Ry induces a homeomorphism
(10.4) Spec(Rf) = { p € Spec(R) | f ¢ p} = Spec(R) — V().

Through this homeomorphism, we can therefore endow the Zariski open Spec(R) — V(f) with an affine
scheme structure, so regard Ry as the ring of functions on Spec(R) — V(f). We call D(f) := Spec(Ry) a
standard Zariski open subset.

Exercise 10.18. Show that the standard open subsets D(f) form a basis of topology of Spec(R). In other
words, show that any Zariski open U C Spec(R) is a union of standard open subsets.
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When R = k[Xj, ..., X4], then for every f € R, the homeomorphism (10.4) restricts to a bijection
Specm(Ry) = A{ — Z(f).

The same statement holds more generally if A¢ and R are replaced with an affine algebraic closed subset
Z c AY and its coordinate ring.

Exercise 10.19.
(1) Show that Ry ~ R[X]/(1 — Xf).
(2) Let f,g € R. Show that R¢; = (Rf); = (Ry)s.

For an R-module M, the localization of M by { f" | n € Z } is denoted similarly by M.

10.8. Prime avoidance. We’ve mentioned that the standard open subsets D(f) form a basis of topology
of Spec(R). We have the following more precise statement.

Proposition 10.20. Let ¥ € Spec(R) be a finite subset. Suppose that . € Spec(R) — V(I) for some ideal I C R,
then there exists f € I such that ¥. € D(f) ( C Spec(R) — V(I)).

Proposition 10.20 is equivalent to the following algebraic reformulation, which we prove instead.

Proposition 10.21 (Prime avoidance). Let pi,...,p, C R be prime ideals and let I C R be an ideal. If
I c UL, i, then I C p; for some i.

Proor. We prove by induction on # the following equivalent statement: if I ¢ p; for every i, then there
exists x € I such that x ¢ p; for all i. The case n = 1 is clear. Suppose that the statement is proven for
n — 1. Then there exists r € [ such that y ¢ p; for everyi =1,...,n — 1. Assume that y € p, (otherwise
x = y works). We can assume that p; ¢ p; whenever i # j,so I ¢ p, implies that Ip; -+ p,—1 ¢ p, by the
Exercise below. Choose z € Ip; - - - p,—1 such that z ¢ p,. Then x = y + z works. O

Exercise 10.22. Let p C R be a prime ideal. Show that for every pair of ideals I, ] C R, if I] C pthen] C p
orJ]Cp.

Remark 10.23. The same conclusion of Proposition 10.20 still holds if we only assume that all but two
ideals among p1, ..., b, are prime [12, 00DS].

10.9. Germs of smooth functions. Let M be a manifold and let p € M be a point. Recall the a germ of
smooth functions (U, f) at p is a smooth function f : U — R defined on a neighborhood of U € M of p.
Two germs (U, f) and (V, g) are identified if and only if f = g on a smaller neighborhood of p. If we have
a basis of topology ¢ on M, every germs of smooth function is represented by (U, f) for some U € €.

The germ of smooth functions at p from a ring %1, Note that (U, fe @y 1s invertible if and only
if f(p) # 0. It follows that the kernel

m:= ker(%ﬁp — R)

of the evaluation map at p is the unique maximal ideal of €} .

Similarly, given a smooth vector bundle E over M of rank r, the germs of local sections of E at p are
defined in the same way as the germs of smooth functions. They form a free %A‘j;p—module &, of rank 7.

10.10. Second examples: rings of germs. Now let R be a ring and let p € Spec(R).

We’ve mentioned in Exercise 10.18 that the standard open subsets form a basis of Zariski topology,
so we copy the above definition, and define a germ of regular functions as a pair (D(f), g € Ry) with
p € D(f), and identify (D(f1), 91 € Rp) with (D(f2), 92 € R,) whenever "g1 = g2 on D(f1) N D(f2)", or
precisely g1 = g2 in Ry, p,.

Exercise 10.24. Show that the germs of regular functions at p form a ring, isomorphic to
R, := localization of R by R — p.

(Note that R — p is multiplicative because p is a prime ideal.)
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We call R, the localization of R at the prime ideal p. The reason we call the functor R — S™!R
localization is due to the above examples and the local nature of rings of germs. The following exercise
provides another indication.

Exercise 10.25. Show that
Spec(R;) = ﬂ U,

Usp
where Spec(Ry) is viewed as a subset of Spec(R) by Proposition 10.13, and U runs through all Zariski
open of Spec(R) containing p.

Exercise 10.26. Let f € R and p € D(f). Show that (Ry), = R,.

When R is an integral domain, its localization at the generic point is R(g) = Frac(R). We call Frac(R)
the function field of Spec(R).

10.11. Local rings. Let R be a ring and let p € Spec(R). The following corollary of Proposition 10.13 is
analogous to the case of rings of germs of smooth functions.

Corollary 10.27. pR, is the unique maximal ideal of R,

In general, a ring R with a unique maximal ideal is called a local ring. Equivalently, Spec(R) has a
unique closed point, whence the name "local ring". Sometimes a local ring is denoted more precisely by
(R, m), where m is the unique maximal ideal of R. The field R/ is called the residue field.

Exercise 10.28. Let R be a ring and m C R an ideal. Prove the equivalence of the following assertions.
(1) (R, m)is alocal ring.
(2) The non-unit elements of R form an ideal, equal to m.

(3) R #0and for every x € R, either x or 1 + x is a unit.

Let R be any ring and let p € Spec(R). The residue field of the local ring R, is also called the residue
field of p, sometimes denoted by «(p).

Exercise 10.29. Using the exactness of localization, show that «(p) = Frac(Ry).

10.12. Scheme-theoretic fibers. Let f : Spec(B) — Spec(A) be a morphism of affine schemes induced
by the ring homomorphism ¢ : A — B. Let p € Spec(A). A natural scheme structure on the fiber f~1(p)
is defined as follows.

Consider the cartesian square of affine schemes

(10.5) Spec(B ®4 k(p)) —— Spec(B)
Spec(x(p)) ——— Spec(A)

where the horizontal arrow at the bottom is induced by the composition A — A, — A,/pA,. This is
also a cartesian square of topological spaces by the following lemma.

Lemma 10.30. Let
1n:B— By — By/pBy ~ B®4 x(p)
be the composition of the localization and the quotient maps. The map
Spec(B ®4 k(p)) = f7(p)
(10.6) B
an(a).

is an order-preserving bijection.

Proor. The prime ideals of B ®4 x(p) are in bijection with the prime ideals q C B with ¢~!(q) = p by
Proposition 10.13 (for "C") and Exercise 12.1 (for "2"), and they are exactly the preimages of p under

f. O
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As topological spaces, Spec(k(p)) — Spec(A) is the inclusion of p into Spec(A). We therefore regard
Spec(B ®4 x(p)) as the scheme-theoretic fiber of p € Spec(A).

10.13. Local properties. Informally, a property (P) is called local if it holds whenever it holds for each
germ. For instance for smooth functions on a manifold, "being identically zero" is a local property.
Here we present some local properties of rings, modules, etc.

Proposition 10.31. Let M be an R-module and let m € M. The following assertions are equivalent.
(1) m=0;
(2) m =0in M, forall p € Spec(R);
(3) m =0 in My, for all maximal ideal m C R.

Proor. It is clear that (1) = (2) = (3). Now assume that m # 0 in M. Then 1 ¢ Ann(m), so the ideal
Ann(m) is contained in some maximal ideal m. Since no element of R — m annihilates m, we have m # 0
in M,,. O

Corollary 10.32. Let M be an R-module. The following assertions are equivalent.
(1) M=0;
(2) M, =0 for all p € Spec(R);
(3) My, = 0 for all maximal ideal m C R.
Corollary 10.33. Let f : M — N be a morphism of R-modules. The following assertions are equivalent.

(1) f is injective (resp. surjective);
(2) f, is injective (resp. surjective) for all p € Spec(R);
(3) fm is injective (resp. surjective) for all maximal ideal m C R.

Here, f, : M, — N, is the localization of f by R — ».

Proor. Since localization is exact, (1) implies (2). Clearly (2) implies (3). Now assume (3). Again since
localization is exact, we have ker(f)n = ker(f,) = 0 for all maximal ideal m c R. Hence ker(f) = 0 by
Corollary 10.32. The proof for the surjectivity is similar. ]

10.14. Support. Let f be a smooth function on a manifold M. The support of f is defined as

Supp(f) = (p e M| f(p) # 0] = {pe M| f20e %, ).

For an element m of an R-module M, the support of m is defined similarly:

Supp(m) = { p € Spec(R) | m#0eM,}.
We also define
Supp(M) := { p € Spec(R) | M,#0},
and call it the support of M.
Proposition 10.34. Let M be an R-module. We have
Supp(m) = V(Ann(m)) C Spec(R).

Proor. Let p € Spec(R). We have p € Supp(m) if and only if m # 0 in M,, which is equivalent to
Ann(m) C p. O

Corollary 10.35. Suppose that M is generated by finitely many elements my, ..., my over R. We have

k
Supp(M) = U Supp(m;) = V(Ann(M)) C Spec(R).

i=1

In particular, both Supp(m) and Supp(M) are closed in Spec(R).
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Proor. Let p € Spec(R). Then my, ..., my also generated M, over R, by Corollary 10.33. So p € Supp(M)
if and only if m; # 0 in M, for some i, namely p € Supp(m;). Hence

Supp(M) = U Supp(m;) = U V(Ann(m;)) = V(Ann(M)).

Exercise 10.36. Let 0 - M’ — M — M" — 0 be an exact sequence of R-modules. Show that
Supp(M) = Supp(M’) U Supp(M”).
10.15. Localization and integral extensions. Localization commutes with taking integral closure.

Proposition 10.37. Let B be a ring and A C B a subring. Let S be a multiplicative subset of A. If C is the
integral closure of A in B, then S™'C is the integral closure of SLA in S™'B.

Proor. Letc/s € STIC with c € C. Since cis integral over A, we have

for some integer n > 1 and a; € A, so
n-1 ) )
(/)" + ) (@i/s")c/s) =0,
i=0

which shows that ¢/s is integral over S~1A.
Conversely, let b/s € S™!B be an element integral over S'A. Then

m—1
(©/9)" + Y (a}/s)(b/s) =0
i=0

for some integer m > 1 and some a; € A. Up to replacing b and s by bo and so with o := sy~ -5,-1, we
have

m—=1
©/s)" + Y (@' /s")(b/s) = 0
i=0
for some a!’ € A. Multiplying the above equality by s” shows that b is integral over A, namely b € C. O

Corollary 10.38. Let R be an integral domain. The following assertions are equivalent.
(1) R is integrally closed;
(2) R, is integrally closed for all p € Spec(R);
(3) R is is integrally closed for all maximal ideal m C R.

Proor. Let C be the integral closure of A in Frac(A) and let f : A < C be the inclusion. For every
p € Spec(R), by Proposition 10.37 the localization f, : A, < C, is the inclusion of A, into its integral
closure. We conclude by Corollary 10.33. ]

11. Nakayama'’s lemma

11.1. Germs and fibers. Let M be a smooth manifold and let E be a smooth vector bundle over M of
rank r. Let p € M and let m, be the maximal ideal of %A‘jfp. Since m, is the kernel of the evaluation map
at p, the residue field G/ My i isomorphic to R. We have

Elp =6, By, (%A‘Zp/mp) =~ &/m,é, ~E, =R’
as R-vector spaces, where E,, is the fiber of the vector bundle E.

Now let M be a module over a ring R. If we consider M as an object over Spec(R), one could regard
it as an analogue of modules of sections of a vector bundle. For every p € Spec(R), elements of the
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localization M, are called germs of the module M at p. The tensor product
M|, == M, ®g, x(p)
is called the fiber of M at p, or the restriction of M to p. It is a x(p)-vector space.
Exercise 11.1 (The local nature of fibers above closed points). Let m C R be a maximal ideal. Show that
R/m = R, /mR,,.
More generally, show that for every R-module M, we have

M|y, = (Mm)|mR

m*

Elements of M can be regarded as global sections. For any o € M, the value of ¢ at p is defined as the
image o, € M|, of o in the fiber over p € Spec(R). In particular, the value fj, of a regular function f € R
at p is an element of the residue field x(p). Note that a section o € M takes values in different vector
spaces M|,, depending on .

Example 11.2. Let k be an algebraically closed field and let R = k[X, Y]. Consider e.g.
X —
fi= X(Y + X)

We can regard f as an element of Rx(y.x), i.e. as a regular function on the standard open D(X(Y + X)).

e k(X, ).

Take a closed point m € D(X(Y + X)), e.g. the maximal ideal corresponding to the point (2,3). Then
through the k-linear isomorphism x(m) =~ Rxy+x)/m Z k, we have
2-3 1
f ln = m = _E ’
which is exactly the evaluation of f at (2, 3).
Now consider p = (Y), the generic point of the X-axis. Under the natural isomorphism «(p) ~ k(X),

we have
X 1

f|D = ﬁ - )_</
namely we evaluate f by setting Y = 0.

Exercise 11.3. What is the value of % at (5) € Spec(Z)?

11.2. Spreading out generators from fibers to germs, and the Nakayama lemma. Again, consider a
smooth vector bundle E of rank r over a smooth manifold M. Let p € M. Then any v € E|, extends to a
germ of smooth sections 7 € &,. Moreover, if v, ..., vy are generators of E|, over R, then any extensions
v1,...,0N of them to &, again generate &, over ‘gﬁp.

Here is the analogue statement for finitely generated modules, which we will prove as a corollary
of the Nakayama lemma.

Corollary 11.4. Let (R, m, k) be a local ring and let M be a finitely generated R-module. Let vy, ..., v4 be a basis
of the k-vector space Mly. Then any liftings v1,...,03 € Mof vy, ..., v, generate M.

In this lecture, we call the following result the Nakayama lemma. The statement is the case d = 0 of
Corollary 11.4.

Theorem 11.5. Let (R, m) be a local ring and let M be a finitely generated R-module. If mM = M (ie.
M|y = 0), then M = Q.

Proor. Applying the Cayley—Hamilton theorem (Theorem 3.3) to the identity on M shows that (1+r)M =
0 for some r € m. Since (R, m) is a local ring, 1 + r is a unit. Hence M = 0. m|

Corollary 11.6. Let R be any ring and let M be a finitely generated R-module. Then M|, = 0 for every maximal
ideal m C R if and only if M = 0.

Proor. This is a direct consequence of Theorem 11.5 and Corollary 10.32. m]
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Proor or CoroLLARY 11.4. First of all, since M is finitely over R, so is the quotient M|, = M/mM. Thus
M, is indeed finite dimension over k. By assumption, we have

d
M=mM + ZRET
i=1

Applying Theorem 11.5 to M/ Y.L, Ro; (which is finite over R because so is M) shows that M =
Y4, Ro,. o



LECTURE 6

Maximal ideals and Hilbert’'s Nullstellensatz

12.

12.1. Maps between maximal spectra? In general, a ring homomorphism f : A — B does not induce a
map between their maximal spectra; consider e.g. f: Z — Q.

Exercise 12.1. Let f : A — B be a surjective ring homomorphism. Let I := ker f. Consider
7 : {1deals of B} — {Ideals of A containing I }

(1) Show that f~! is a bijection which preserves inclusions. More precisely, show that | — f(]) is
the inverse of f~1.
(2) Show that f~! sends maximal ideals to maximal ideals.

The following statement singles out another important class of homomorphisms f : A — B
containing Example 6.13, for which this property holds.

Proposition 12.2. Let k be a field and let A and B be finitely generated k-algebras. Any morphism f : A — B of
k-algebras induces
f‘1 : Specm(B) — Specm(A).

Proor. By Exercise 12.1, up to replacing A by f(A), we can assume that f is injective. Let m C B be a
maximal ideal. Then f induces an injective homomorphism

A/fY(m) = B/m

of k-algebras.
If we know that B/m is a finite field extension of k, then the k-algebra A/ f~(m) is a field, and thus
f71(m) is a maximal ideal of A. This is indeed the case by Zariski’s lemma stated below. m]

12.2. Zariski’s lemma.

Proposition 12.3 (Zariski’'s lemma). Let L/k be a field extension. Suppose that L is finitely generated as a
k-algebra. Then L/X is a finite extension.

Proor. By assumption, there exist x1,...x, € L such that L = k[xy,...,x,]. We prove the proposition
by induction on n > 0. The case n = 0 is trivial. Suppose that n = k € Z( and that the proposition is
proven for n = k — 1. Then L is a finite extension over k(x,). So there exists 0 # f € k[x,] such that f - x;
is integral over k[x,] foreveryi=1,...,n—1. As k(x,) C L = k[x,][x1,...,x,-1] and integral elements
form a subring, it follows that for every F € k(x,), there exists an integer N > 0 such that fNF € k(x,) is
integral over k[x,].

Suppose that k(x,) is not a finite extension k, then the morphism k(X) — k(x,) of k-algebras sending
X to x, is an isomorphism (see Exercise). Since k[x,] is integrally closed, we have fNF € k[x,]. But
this is impossible if we take F = 1/P for some P € k[x,] which does not divide f (such an element P
exists since there are infinitely many irreducible monic polynomials in k[X]). Thus k(x,)/k is a finite
extension. As L/k(x,) is also a finite extension by the induction hypothesis, the proposition follows. O

We will also use Zariski’s lemma later to prove Hilbert’s Nullstellensatz. The following corollary
gives a first hint how they are related.

36
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Corollary 12.4. Let m c k[Xj, ..., X,] be a maximal ideal.

(1) The residue field kK[X4, ..., X,]1/m is a finite extension of k.
(2) As a consequence, if k is algebraically closed then there exsit ay, . .., a, such that

m=(X1—a1,...,Xn—an).

Proor. The first assertion follows directly from Zariski’s lemma. For the second statement, since k is
algebraically closed, we have an isomorphism

k[Xy,..., X,]/m =~k
Foreachi=1,...,n, leta; € k denote the image of X;. Then
Xy -m,..., X, —a,) Ccm.
As (X; —a,..., X, — a,) is a maximal ideal, the above inclusion is an equality. O
Remark 12.5. Corollary 12.4.(2) should remind us Hadamard'’s lemma for smooth functions.

12.3. Nullstellensatz. Let k be a field.
For every subset S € k[Xj, ..., X,], let Z(S) C A% be the algebraic subset in the affine space over the

algebraic closure k cut out by S.

Proposition 12.6 (Weak Nullstellensatz). Let S C k[Xj,..., X,,] be a subset such that Z(S) = 0. Then the
ideal generated by S is k[Xy, ..., X,].

In other words if Z(S) = 0, then we have the "partition of unity" of the form
1=)" fu
with f; € Sand g; € k[Xy, ..., X,].

Proor. Assume to the contrary that the ideal I generated by S is not k[Xj, ..., X,]. Then I is contained
in a maximal ideal m. By Corollary 12.4, we have a k-linear inclusion

K[X1,..., Xu]/mck

of fields. Foreveryi=1,...,n,ifa; € k denote the image of X;, then f(ay,...,a,) = 0 for all f € m. Thus
Z(S) # 0. O

For every algebraic subset Z C AE, let
IZ):={fek[Xy,...,Xul | f(p) =O0forallpe Z},
which is an ideal of k[ X7, ..., X,].
Theorem 12.7 (Nullstellensatz). For every ideal I C k[Xy, ..., X,], we have
1(Z() = VI.

Proor. (Rabinowitch’s trick, conceptualized by localization.)
It is clear that VI c I(Z(])).
Let f € I(Z(I)). Since f € VI if and only if f is nilpotent in R := k[Xj, ..., X,,]/1, it suffices to show
that Ry = 0. We have
R, =~ R[X] _ k[Xy,..., Xy, X]
FTa-XH T I+ A-Xp
by Exercise 10.19. Regarding I as an ideal in k[Xj, ..., X;, X], we have

ZI+(1-Xf)=ZHNZ1-Xf)=0cC Ag“,
sol+(1-Xf) =k[Xj,...,X;, X] by weak Nullstellensatz. Hence Ry = 0. O
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12.4. Density of closed points. Here is a consequence of Hilbert’s Nullstellensatz.

Corollary 12.8. Let k be a field and let A be a finitely generated k-algebra. The closed points of Spec(A) form a
dense subset.

Proor. If I C A is an ideal such that Z(I) contains all the maximal ideals of A, then I is contained in the
Jacobson radical of A, defined as
rad(A) := ﬂ m.
meSpecm(A)
So it suffices to show that
rad(A) = Nil(A).

We have the following more general statement.

Lemma 12.9. For every ideal I C A, we have

Vi (] m

IcmeSpecm(A)

Proor. Itis clear that VI C (Nicmespeem(a) M-
Choose a surjective ring homomorphism

fiR:=Kk[X;,..., X4] = A

By Exercise 12.1, up to replacing I by f~1(I), it suffices to prove the statement for A = Rand I C R.
Let f € R such that f € m for all maximal ideal m C R containing I. Let p € Z(I) C A% and let

HCEI=E[X1,...,XL{]

be the corresponding maximal ideal. Then I T, where we identify I as a subset of R through R c R.
Let m := RN'm. We have m ¢ R (because 1 ¢ m). Though we don’t need this, actually m is a maximal
ideal of R: the natural map
R/m < R/m =~ k
is an injective homomorphism of k-algebras, so R/m is a field. AsI c RNm =m, we have f € m Cm,
and thus f(p) = 0. Hence
ﬂ m c [(Z(D)),

IcmeSpecm(A)
and we conclude by the Nullstellensatz I(Z(I)) = VI. O



LECTURE 7

Generators and relations

13. Finite generation and finite presentation
Let R be a ring and let M be an R-module.

13.1. Free modules. An R-module M is called free if it is isomorphic to @, R for some set I. For
instance, when k is a field, every k-module is free (by the axiom of choice). When I is finite, we call #I
the rank of M. It is well-defined by the following proposition.

Proposition 13.1. Let m, n € Zyg. If there exists an injective morphism f : R™ — R" of R-modules, then m < n.
In particular, R" = R" if and only if m = n.
Proor. Suppose that m > n. Consider the composition

¢:R" L R R

of f with the inclusion identifying R” with R" X 0 ¢ R". By Cayley-Hamilton, we have

S+ T+ =0
for some k € Z,y and ry,..., 71 € R; we can assume that k is minimal. The last component of the
image of (0,...,0,1) € R™ in R" under ¢* + rp_1¢* 1 + -+ + rg is o, so rg = 0. As ¢ is injective, we have
O + 1_10%7% + - - + r1 = 0, which contradicts the minimality of k. O
Remark 13.2. Infinite products [] R of a ring are not free in general. For instance, ZZ is not free (first

proven by Baer); see [1] for an interesting proof and related discussion. The group ZZ is also called the
Baer—Specker group (Specker shows that any countable subgroup of ZZ is free).

13.2. Generators. Given a subset {¢; | i € I } of elements of M. We call {e; | i € I } a set of generators of M
if every m € M is an R-linear combination of {¢; | i € I }; in other words the morphism

p:@R%M

of R-modules sending (r;)er to Y. 7i€i is surjective.

We’ve already mentioned that if M has a finite set of generators, then we call M an R-module of finite
type (or a finitely generated R-module, or simply a finite R-module). Every finite R-module is a quotient
of a free module of finite rank, and vice versa.

Exercise 13.3. Show that every finitely generated free R-module has finite rank.

Lemma 13.4. Let
0>K->M->N-0
be an exact sequence of R-modules.
(1) Suppose that K and N are finitely generated. Then M is also finitely generated.
(2) Suppose that M is finitely generated. Then N is finitely generated.

Proor. Exercise. O

Remark 13.5. In the above lemma, in general M is finitely generated does not imply that K is finitely
generated (see Exercise 13.7). We will see next that if we assume N to be finitely presented, then K is
finitely generated.

39
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13.3. Finite presentation. An R-module M is called finitely presented if there exists an exact sequence
R"—-R'->M-0

for some integers m and n. In plain words, a finitely presented module is a module having not only
finitely many generators, but also the module of relations among are generated by finitely many
relations.

Lemma 13.6. Let
0>K->M->N-0
be an exact sequence of R-modules.

(1) Suppose that K and N are finitely presented. Then M is also finitely presented.
(2) Suppose that M is finitely generated and N is finitely presented. Then K is finitely generated.
(3) Suppose that M is finitely presented and K is finitely generated. Then N is finitely presented.

Proor. Exercise. O

Exercise 13.7. Construct a finitely presented R-module M such that
(1) M admits a submodule which is not finite over R.
(2) M admits a quotient which is not finitely presented.

(Hint: considere.g. R=M = Z[Xy,X>,...].)

Exercise 13.8. Let M be a finitely generated (resp. finitely presented) R-module and let R — A be a ring
homomorphism. Show that the base change M ®g A is finitely generated (resp. finitely presented) over
A. In particular, the localization S™'M of M by a multiplicative subset S C R is finitely generated (resp.
finitely presented) over S~!R.

13.4. Openness of surjectivity and the isomorphism property. Let f : M — N be a morphism of
R-modules and let p € Spec(R).

Proposition 13.9. Suppose that N is finitely generated over R. If f, is surjective, then there exists a standard
open subset D(g) C Spec(R) containing p such that the localization My, — N, is surjective.

Proor. As localization is an exact functor, we have
coker(f), = coker(f,) = 0.

In particular the support X of coker(f) is strictly contained in Spec(R). Since N is finite over R,
so is coker(f) by Lemma 13.4, so Spec(R) — L is a Zariski open neighborhood of p € Spec(R) by
Exercise 10.35. As the standard open subsets form a basis of Zariski topology, there exists g € R such
that p € D(g) C Spec(R) — L. Since coker(f,) = coker(f), = 0 for every q € D(g), the localization M; — N,
is surjective by Corollary 10.33. ]

Proposition 13.10. Suppose that M is finitely generated and N is finitely presented over R. If f, is an
isomorphism, then there exists a standard open subset D(h) C Spec(R) containing p such that the localization
My, = Ny, is an isomorphism.

Proor. By Proposition 13.9, there exists a standard open D(g) C Spec(R) containing p such that f; :
M, — N, is surjective. Let K := ker(f,). Since M, is finitely generated and N, is finitely presented, K is
finitely generated. So Supp(K) C D(g) is a Zariski closed subset. As

K, = ker(fg)v = ker((fg)p) = ker(fy) =0,
we have p ¢ Supp(K), So there exists h € R such that p € D(h) C D(g) — Supp(K), and therefore
ker(f,) = ker((f,;)q) = ker(f;)qs = Ky =0

for every q € D(h). Thus f, is an isomorphism for every q € D(h). We conclude by Corollary 10.33 that
M), = Nj is an isomorphism. O
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13.5. Upper semicountinuity of the number of generators.
Corollary 13.11. Let M be a finite R-module. For every k € Z, the set
{ » € Spec(R) | M, is generated by k elements over R, }

is open in Spec(R). Moreover, for every point p in the above set, there exists a standard open subset D(h) C Spec(R)
containing p such that there exists a surjective morphism of Ry,-modules

RZ = Mh.

Proor. Let p € Spec(R) such that M, is generated k elements; we can assume that these elements are of
the form m1/1,...,m/1 with m; € M for all i. Consider the morphism of R-modules

f:RE M
(13.1)
(r1,...,15) > rimy + - - ey
Then f, is surjective. Since M is finite over R, we conclude by Proposition 13.9. O

13.6. Openness of being free.
Corollary 13.12. Let M be a finitely presented R-module. The set
{ » € Spec(R) | M, is free over R, }

is open in Spec(R). Moreover, for every point p in the above set, there exists a standard open subset D(h) C Spec(R)
containing p such that
M, =R

as Ry-modules, with k = rankg M.

Proor. Let p € Spec(R) such that M, is free over R,. Since M is finitely generated over R, so is M, over
Ry, so there exist my, ..., m, € M whose images in M, form a basis of the free R,-module M,. Consider
the morphism of R-modules

fRF > M
(13.2)
(1’1,. . .,T’k) = rimy + e Ty,
Since f, is an isomorphism and M is finitely presented, we conclude by Proposition 13.10. o

13.7. Finite generation/presentation are Zariski local properties. Suppose that (fi,... fy) = R.

Proposition 13.13. Let M be an R-module.

(1) If My, is finitely generated over Ry, for each i, then M is finitely generated over R.
(2) If My is finitely presented over Ry. for each i, then M is finitely presented over R.

Proor. Let X; C My be a finite subset which generate M¢; we can assume that %; is the image of some
finite subset ¥/ ¢ M under the localization map M — M. Let & := U' ¥/, and consider the map
g: RE 5 M sending (7s)sex t0 Y sex 75 - 5. For every prime ideal p C R, we have f; ¢ p for some i. So
gy : R5 — M, is the localization of R)Y; — M, which is surjective. Hence g is surjective.

We leave (2) as an exercise. O
14. Locally free modules
Let R be aring.
14.1. Definition.

Definition 14.1. An R-module M is called locally free if for every p € Spec(R), there exists a standard
open D(h) C Spec(R) containing p such that Mj, is a free R;-module.
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We could regard locally free modules over R as vector bundles on Spec(R). Note that by Proposi-
tion 13.13, every finitely generated locally free module is finitely presented. Assume that M is a finitely
presented R-module. Then by Corollary 13.12 and the exactness of localization, an R-module M is
locally free if and only if M, is free over R, for all p € Spec(R).

Exercise 14.2. Let M be a finitely presented R-module. Show that rankg, M, is finite for every p € Spec(R),
and that p = rankg M, is locally constant. When rankg M, is constant, we call it the rank of M.

Exercise 14.3. Let M and N be locally free modules over R of rank m and n respectively.

o Show that M ®g N is locally free of rank mn
e Show that
MY := Homgr(M, R)

is also locally free of rank m.
We will see that there exist locally free modules which are not free.
Exercise 14.4. Show that locally free modules are torsion free.

14.2. Picard group of a ring. Locally free modules of rank 1 are called invertible modules because of the
following property.

Exercise 14.5. Let M be a locally free R-module of rank 1. Show that
M@gM" ~R
as R-modules.
Together with Exercise 14.3, we see that
Pic(R) := { Invertible R-modules } / ~
endowed with the binary operation ®z is a group. We call Pic(R) the Picard group of R.

14.3. First examples: fractional principal ideals. Suppose that R is an integral domain. Then for every
nonzero r € R, the principal ideal (r) is isomorphic to R as an R-module, so (r) is an invertible R-module.
More generally, let K = Frac(R), and define fractional principal ideals as R-submodules of K of the form
(a) := a- R for some a € K. They are also invertible R-modules. We have (a)(b) = (ab) and (a)(@™!) = (1)
for every a,b € K*. So the fractional principal ideals form a group, denoted by Prin(R).

Exercise 14.6. Show that Prin(R) =~ K*/R*.

Note that since every fractional principal ideal is isomorphic to R, it is zero in Pic(R). Finally, we
note that Ry = Ujez(f") for every nonzero f € R.

14.4. Invertible modules and fractional ideals. Let M be an invertible R-module. Then there exists
h € R together with an isomorphism ¢ : M = Ry, of R,-modules. Suppose that R is an integral domain
and let K := Frac(R). Since M is torsion free, the localization M < M), is injective. We consider the
composition of injective morphisms of R-modules

Mo M, SR, > K,

and let I C K be the image. Since M is finite over R, necessarily I C (i) for some k € Z.

Still assuming that R is an integral domain. In general, a nonzero R-submodule I C K of a fractional
principal ideal is called a fractional ideal. We just saw that invertible modules are fractional ideals. If a
fractional ideal I is isomorphic (as an R-module) to some invertible module, then we call I an invertible
fractional ideal.

Note that every ideal of R is a fractional ideal. The product I of two fractional ideals I,] C K,
defined as the R-submodule of K generated by all ij € K withi € [ and j € ], is still a fractional ideal.
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14.5. Fractional ideals over a local integral domain.

Proposition 14.7. Let (R, m) be a local integral domain and let K := Frac(R). Let I C K be a fractional ideal.
The following assertions are equivalent.

(1) 1is invertible.

(2) Iis principal.

(3) I''I = (1), where I"! := {x e K| xI CR}.

Proor. We've already seen that (2) implies (1). Assume that I is invertible. Since R is already local, we
have an isomorphism ¢ : R = I as R-modules. So I is equal to the fractional ideal (¢(1)) C K. Thus (1)
implies (2).

Suppose that I = (h) is principal. Then h™! € I"!, s0 1 € I"!I. Thus (2) implies (3). Finally we assume
(3), and write 1 = Y. ; a;b; with a; € I and b; € I"1. Since 1 ¢ m, we have u := g;b; € R — m for some i. As
Rislocal, u is invertible. Thus for any x € I, we have

x = xu"tb; € (1),
namely I C (a;). Hence I = (a;), which proves (2). m|

14.6. Characterizations of invertible fractional ideals. Again, let R be an integral domain and let
K := Frac(R). For every fractional ideal I C K, define

I'V:={xeK|xIcR}.

This is a natural generalization of the inverse of a fractional principal ideal, which already appears in
Proposition 14.7.

We only have I"'I C R, and in general the inclusion is strict. The property I"'I = R actually
characterizes invertible fractional ideals.

Corollary 14.8. Let R be an integral domain and let I be a fractional ideal of R. The following assertions are
equivalent.

(1) Iis invertible.
(2) We have I"'1 = (1).

Proor. Since both (1) and (2) are local properties, Corollary 14.8 is a consequence of Proposition 14.7. O
Exercise 14.9. Let k be a field. Show that the ideal I of k[?, £*] generated by t* and #* is not invertible.
Invertible fractional ideals form a group, denoted by .#(R), which contains Prin(R) as a subgroup.
Exercise 14.10. Show that .#(R)/Prin(R) = Pic(R). In other words, we have an exact sequence
0— R*—> K*— #(R) - Pic(R) — 0.
Exercise 14.11. Let R be a UFD. Then every invertible fractional ideal of R is principal.

By Exercise 14.11, the Picard group Pic(R) is therefore an obstruction for an integral domain R to be
a UFD. When R is a ring of integer, Pic(R) is always finite, and the cardinal of Pic(R) is called the class
number of R. This is an important invariant of rings of integers, and we refer to lectures of algebraic
number theory for further properties.



LECTURE 8

Krull dimension and chain conditions

15. Krull dimension of a ring

15.1. Krull dimension. Let X be a topological space. In these lectures we will only be interested in
the situation where X is an affine scheme endowed with the Zariski topology. The Zariski topology is
quite coarse (if we compare with e.g. the Euclidean topology). It is then reasonable to first consider the
following definition of dimension; later we will see that when X is e.g. an affine algebraic closed subset
over a field, it has good properties and is indeed a suitable definition.

Definition 15.1. The (Krull) dimension of X, denoted dim X, is defined as the supremum of the length d
of the chains of irreducible closed subsets
ZoGCZ1 G- CZy

of X. If X is empty, we set dim X = —oo.

Here, a closed subset Z C X is called irreducible if

o Z +0;
o for any closed subsets Z1,Z, ¢ X, wehave Z = Z; U Z, implies Z = Z1 or Z = Z,.

A closed subset which is not irreducible is called reducible.

Remark 15.2. In algebraic geometry, the emptyset 0 is not connected by convention. In these lectures
we adopt such a convention.

Exercise 15.3. Show that an irreducible topological space is connected.
Exercise 15.4. Let Y C X, endowed with the topology induced from X. Show that

{ Irreducible closed subsets of Y'} — { Irreducible closed subsets Z Cc X withZNY #0}.

(15.1) .
W  the closure of W in X

is well defined, injective, and preserves inclusions. Deduce that dim Y < dim X.
The following exercise shows that dimension is a local notion.
Exercise 15.5. For every x € X, set
dim, X := min{ dim U | U c X is an open neighborhood of x }
and call it the dimension of X at x. Show that

dim X = sup dim, X.

xeX

Deduce that x — dim, X is upper semi-continuous.
15.2. Codimension. Let X be a topological space.

Definition 15.6. Let Z C X be an irreducible closed subset. The codimension of Z in X, denoted codimyZ,
is defined as the supremum of the length ¢ of the chains of irreducible closed subsets

2=20C 21 & CZ
of X containing Z.

44
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Remark 15.7. We always have
codimyx”Z + dimZ < dim X.

In general we do not have equality.

Exercise 15.8. Let U C X be an open subset. Show that (15.1) is bijective for Y = U. Deduce that
codimyZ N U = codimxZ

whenever Z N U # (. For U nonempty, do we have dim U = dim X?

15.3. More on irreducible closed subsets. Let X be a topological space. An irreducible component of X is
a maximal irreducible closed subset of X.

Proposition 15.9. Any topological space X is the union of its irreducible components. In particular, any
nonempty space X has an irreducible component.

Proor. We can assume that X # (. Let x € X and let (X, C) be the partially ordered set of irreducible
closed subsets of X containing x. By Exercise 15.4, the closure of any point of X is irreducible, so L is
nonempty. For any chain Z; C Z, C --- of elements of X, the union Z := U;Z; contains x and is still
irreducible. Indeed, suppose that Z = Z’ U Z"” for some closed subsets Z’,Z"" C X. Since each Z; is
irreducible, there exists an infinite subsequence {Zi/} such that 2’ N Z;, = Z;, forall jor 2" N Z; o =Zi; for
all j. Thus Z’ = Z or Z”" = Z. Hence by Zorn’s lemma, L~ contains a maximal element, which is thus an
irreducible component of X containing x. m]

15.4. Dimension and codimension of an affine scheme. Let Rbe aring. The Krull dimension dim R of R
is defined as the Krull dimension of Spec(R). Since there is a one-to-one order-reversing correspondence
between the irreducible subsets of R and the prime ideals of R, the dimension of R is also equal to the
supremum of the length 4 of the chains of prime ideals

of R.
The following two lemmas are both consequences of Proposition 10.13.

Lemma 15.10. We have

dimR = sup dimR,.
peSpec(R)

Proor. Every chain pg & p1 S -+ € pg =: p of prime ideals of R localizes to poR, € PR, € -+ € PaR,
by Proposition 10.13. So dimR < Sup cg,e(r) dim R, We use Proposition 10.13 again to show that
dim R > dim R, for any p € Spec(R). O

Exercise 15.11. Show that dim R, < dim, Spec(R), and that the inequality is strict in general.
Lemma 15.12. Let p € Spec(R) =: X and let Y =p C X. We have
codimyY = dim R,.

Proor. This is because we have a one-to-one order-preserving correspondence between the prime ideals
of R, and the prime ideals of R containing p, by Proposition 10.13. m]

Exercise 15.13. Let k be an algebraically closed field and let R = k[X, Y, Z]/(XZ, YZ). Compute dim R
and dim R, for all p € Spec(R).

Example 15.14. We have dimk[Xj, ..., X,] > d, because
(Xlr'- /Xd) 2 (Xli- . '/del) 22 (Xl) 2 (0)

Later we will see that it is actually an equality.
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16. Chain conditions

16.1. Chain conditions on partially ordered sets. Let (X, <) be a partially ordered set. We say that X
satisfies the ascending chain condition (a.c.c.) if any increasing sequence

51 <8 < -
in X is stationary after finitely many terms.

Lemma 16.1. The following assertions are equivalent.

(1) X satisfies a.c.c.
(2) Any nonempty subset of L. has a maximal element.

Proor. Assume (2). Then any increasing sequence s; < s, < --- has a maximal s,,. Hence the sequence
is stationary after s,. Assume that (2) does not hold. Then there exists S C X without maximal element.
We can therefore construct inductively an infinite strictly increasing sequence in S by the axiom of
choice. m]

Likewise, we say that L satisfies the descending chain condition (d.c.c.) if any decreasing sequence in
¥ is stationary after finitely many terms.

16.2. Noetherian topological space. Here is an application of Lemma 16.1. A topological space X
is called Noetherian if the set of closed subsets of X ordered by inclusion satisfies d.c.c. This implies
dim X < oo, but not conversely (e.g. R with the usual topology).

Proposition 16.2. Any closed subset of a Noetherian space X is a finite union of irreducible closed subsets.

Proor. Suppose that the set S of closed subsets Z ¢ X which does not satisfy the conclusion of the
proposition is nonempty. Then S has a minimal element Z by Lemma 16.1, which is necessarily reducible.
So Z = Z1 U Z,, with Z1, Z; closed subsets in X and Z;, Z, ¢ Z. The minimality of Z implies that both Z;
and Z, are finite unions of irreducible closed subsets, and therefore so is Z, which is a contradiction. 0O

Exercise 16.3. Show thata Noetherian topological space X has only finitely many irreducible components.
(Hint: show that if X = X; U---U X, where each X; is an irreducible closed subset, and X; ¢ X; whenever
i # j, then Xj, ..., X, are exactly the irreducible components of X.)

16.3. Noetherian rings. A ring R is called Noetherian if the set of ideals of R ordered by inclusion satisfies
a.c.c.

Exercise 16.4. Let R be a Noetherian ring. Show that Spec(R) is Noetherian.

The converse of Exercise 16.4 does not hold in general, for instance for R = k[Xj, X»,...]/ (x?, X%, ..l
(Exercise: (X3, Xy, ...) is the only prime ideal of R). The spectrum SpecR of a ring R is Noetherian if and
only if the set of radical ideals of R satisfies a.c.c.

The same ring R = k[X;, X, ...]/(X3,X3, .. ) also shows that in general, dim Spec(R) < co does not
imply that R is Noetherian. Actually the converse does not hold neither: see e.g. [12, 02JC] for examples
of Noetherian rings having infinite dimension. We will see, however, that Noetherian local ring is always
finite dimensional in Corollary 21.5.

Exercise 16.5. Let R be a Noetherian ring. Show that any f € Ris a product of finitely many irreducible
elements.

Exercise 16.6. Let R be a Noetherian ring. For every ideal I C R, show that (VI)* c I for some integer
n > 0. (Hint: VI is finitely generated.)

Exercise 16.7. Show that any surjective endomorphism f : R — R of a Noetherian ring is an isomorphism.
(Hint: consider ker(f) c ker(fo f)c:--.)
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16.4. Hilbert’s basis theorem.
Theorem 16.8 (Hilbert’s basis theorem). Let R be a ring. If R is Noetherian, then R[X] is also Noetherian.
Proor. Letly C I; C --- be an ascending chain of ideals of R[X]. For every pair of nonnegative integers
n and d, define the ideal

Jna := { Leading coefficient of P | P eI, with degP =d}U {0} CR.

Wehave [,,4 C Jy o if n <n”and d < d’. As R is Noetherian, there exists ny € Zy( such that |, 4 = J,, 4 for
alln > ngand alld € Z,.

Now let n > ng and let f = 2?20 a;X' € I, witha; € R. Thenay € J, 4 = Jio,d, SO a4 is also the leading
coefficient of some g € I,, with deg g = d. It follows that f — g € I,, with deg(f — g) < d — 1, and we argue
by induction on d that f € ;. ]

Corollary 16.9. Let R be a Noetherian ring (e.. a field). Any finitely generated R-algebra is Noetherian.

Remark 16.10. Let R be a Noetherian integral domain. The integral closure of R in Frac(R) is not
necessarily Noetherian (see e.g. [10, Appendix, Example 5]).

16.5. Noetherian modules. Let R be a ring. More generally, we say that an R-module M is Noetherian if
the set of submodules of M satisfies a.c.c. The following lemma shows that non Noetherian R-modules
M are exactly the R-modules which contain non finitely generated submodules. This characterization
is useful.

Lemma 16.11. Let R be a ring and let M be and R-module. The following assertions are equivalent.

(1) M is Noetherian.
(2) Every submodule of M is finitely generated.

Proor. Suppose that N C M is a submodule which is not finitely generated. Consider
S = { finitely generated submodules of N }.

Then S has no maximal element (by the axiom of choice). Hence M is not Noetherian.

Now assume (2). Let Ny € N, C --- be a sequence of submodules of M. Then N := U;N; is also a
submodule of M. By assumption, N is generated over R by finitely many elements n;, ..., 1y, and there
exists some N, which contains them. Hence N = N,,,. O

Corollary 16.12. Every principal ideal domain is a Noetherian ring.

Exercise 16.13. Let k be a field. Then k[X, Y] is Noetherian by Hilbert’s basis theorem. Show that the
subring of k[X, Y] generated by XY for i € Zs is not Noetherian.

Exercise 16.14. Let 0 - M’ — M — M"” — 0 be an exact sequence of R-modules. Show that M is
Noetherian if and only if both M" and M" are Noetherian.

Lemma 16.15. Let R be a Noetherian ring and let M be an R-module. The following assertions are equivalent.

(1) M s finitely generated.
(2) M is finitely presented.
(3) M is Noetherian.

Proor. Itis clear that (2) implies (1). Both (1) = (3) and (3) = (2) follow from Exercise 16.14. O
Lemma 16.16. Let M be an R-module. If M is Noetherian, then R/Ann(M) is Noetherian.

Proor. Up to replacing R by R/Ann(M), we can assume that Ann(M) = 0. Since M is Noetherian, by
Lemma 16.11 it is generated by finitely many elements m;, ..., m; € M. Since Ann(M) = 0, the morphism

R - M

r (rmy, ..., rmg)

of R-modules is injective. Since M* is Noetherian by Exercise 16.14, so is R by Lemma 16.11. m]
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Exercise 16.17. Let R be a Noetherian ring and let S C R be a multiplicative subset. Show that S7!R is
also Noetherian.

Exercise 16.18. Let M be a Noetherian R-module and let N be a finitely generated R-module. Show that
M ®g N is Noetherian.

16.6. Artinian rings and modules. A ring R (resp. an R-module M) is called Artinian if the set of ideals
of R (resp. submodules of M) ordered by inclusion satisfies d.c.c.

Exercise 16.19. Let V be a vector space over a field k. Show that the following assertions are equivalent.

(1) V has finite dimension.
(2) V is Noetherian.
(3) Vis Artinian.

Although the Noetherian and the Artinian conditions look alike, Noetherian rings and modules
are much more important (mostly due to Lemma 16.11). As the following theorem indicates, Artinian
rings are very specific.

Theorem 16.20. Let R be a ring. The following assertions are equivalent.
(1) Ris an Artinian ring.
(2) R is Noetherian with dim R = 0.
(3) R is Noetherian, and Spec(R) is discrete and finite.

Proor. First we show (3) = (1). The assertion (3) implies that R has only finitely many prime ideals
P1,..., by, and they are all maximal. By Exercise 16.6, we have Nil(R)" = 0 for some integer n > 0. Since

n n
Nil(R) = (9> [ ] o
i=1 i=1

there exists a finite sequence of maximal ideals my, ..., m; C R such that my ---my = 0. Let Jp :== R and
Ji == my ---m;. Consider the exact sequences of R-modules

0= Jiy1 = Ji = Ji/Ji1 — 0.

By induction starting from i = 0, all the terms in the exact sequence are Noetherian by Exercise 16.14.

Since Ji/Ji+1 isa module over the field R/m;,1, by Exercise 16.19 it is also an Artinian (R/m;;1)-module.
As - (Ji/Ji+1) = 0, the quotient J;/Ji+1 regarded as an R-module is also Artinian. Hence by a backward
induction starting from J; and the following exercise, R is Artinian.

Exercise 16.21. Let0 - M’ - M — M” — 0 be an exact sequence of R-modules. Show that M is
Artinian if and only if both M’ and M" are Artinian.

We show (1) = (2). Suppose that R is Artinian. First we prove that dim R = 0, namely every prime
ideal p C R is maximal. Let x € R/p be a nonzero element. As A := R/p also satisfies d.c.c., we have

n+1

(x") = (x"*1) for some integer n > 0. So x" = x"*!y for some y € A. Since A is an integral domain, we

have xy = 1. Hence x is invertible, so p is a maximal ideal.
Lemma 16.22. Let R be an Artinian ring. There exists n € Z. such that Nil(R)" = 0.

Proor. Since R is Artinian, there exits n € Z. such that Nil(R)" = Nil(R)"*! =: I. Assume that I # 0.
Consider

S:={IdealsJCR|JI#0}.
Since I € S # 0, by Lemma 16.1, the set S contains a minimal element . As JI # 0, there exists x € | such
that xI # 0. So | = (x) by minimality. Since (xI)I = JI> = JI # 0, again by minimality we have (x) = xI. So
xy = x for some y € I. Since 1 -y is unit (because y is contained in every maximal ideal of R), necessarily
x = 0, which is impossible. Hence Nil(R)" =1 = 0. O
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Since R is Artinian, we have
n n
NiR) = () »=( 0> ]]»
peSpec(A) i=1 i=1
for some prime, and therefore maximal, ideals p;. So there exists a finite sequence of maximal ideals
my,..., M C R such that my---mg = 0. Set Jy := R and J; := my ---m;, and consider again the exact
sequences of R-modules
0= Jiy1 = Ji = Ji/Jin — 0.
The same argument as before, exchanging Noetherian with Artinian, shows that R is Noetherian.
Now we show (2) = (3). Since dim R = 0, every point of Spec(R) is a closed point, and each closed

point is a maximal irreducible closed subset of Spec(R). If follows from Exercise 16.3 that Spec(R) is
finite, hence also discrete because every point of Spec(R) is a closed. m]

Exercise 16.23. Let p be a prime number. Show that the Z-module Z[}l—]]/ Z is Artinian but not Noetherian.

16.7. Length, composition series, Jordan-Holder property. Let R be a ring and let M be an R-module.
The module M is called simple if the only submodules of M are itself and 0.

Exercise 16.24. Show that an R-module M is simple if and only if M = R/m as R-modules for some
maximal ideal m C R.

A composition series of an R-module M is a finite filtration
M=My2M;2---2M,=0
of R-submodules such that each graded piece M;/M;,1 is a nonzero simple R-module.

Exercise 16.25. Show that the following assertions are equivalent:

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

Exercise 16.26. Suppose that M has a composition series (M;) of length . Prove the following statements.

(1) Any strictly decreasing sequence of submodules can be completed to a composition series.

(2) Any composition series of M has length n.

(3) (Jordan-Holder property) Moreover, if (M) is another composition series, then up to a permu-

tation of indices, we have M;/M;;1 =~ M;/M’_ , as R-modules for all i.
The length 1g(M) of an R-module M is defined as the length of any of its composition series if they
exist, otherwise l1g(M) := oo.
Exercise 16.27. Let
0O-M -M,—>--—>M,—0

be an exact sequence of R-modules. Show that Y} ;(—1)'1g(M;) = 0.

For the details, (i.e. the solutions of the exercises), we refer to [4, Chapter 6].

17. Associated points of modules
Let R be a ring and let M be an R-module. Throughout §17, we assume that R is Noetherian.
17.1. Associated points.

Definition 17.1. An associated point of M is the generic point p C Spec(R) of an irreducible component of
Supp(m) = V(Ann(m)) (by Proposition 10.34) for some m € M. They form a subset of Spec(R), denoted
by Ass(M).

Exercise 17.2. Let k be a field. Find the associated points and the embedded points of R =
k[X, Y]/(Y?,XY). Draw a picture.
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Exercise 17.3. Let R be an integral domain and let I C R be a nonzero ideal (e.g. I = R). Show that (0)
is the only associated point of I. Let p C R be a prime ideal. Viewing R/p as an R-module, show that
Ass(R/p) = {p}.

The above exercise implies in particular that every element in a minimal prime ideal p of R is a zero
divisor. This is true in general (without assuming R Noetherian)

Lemma 17.4. Let R be a (not necessarily) ring and let p C R be a minimal prime ideal. Every z € p is a zero
divisor.

Proor. Since p is a minimal prime, pA, is the unique prime ideal of A;. So z is nilpotent in A,. It follows
that z"t = 0 for some integern > 1and t € A — p. ]

Exercise 17.5. Let S C R be a multiplicative subset. Show that
Ass(S7IM) = Ass(M) N Spec(S‘lR).
Lemma 17.6. We have M = 0 if and only if Ass(M) = 0.

Proor. It is clear that if M = 0, then Ass(M) = 0. Suppose that there exists a nonzero element m € M.
Then Ann(m) # R, so V(Ann(m)) # 0. Hence the generic point of an irreducible component of V(Ann(m))
(which exists by Proposition 15.9) is an associated point of M. O

Proposition 17.7. Let p € Spec(R). The following assertions are equivalent.
(1) p € Ass(M).
(2) PR, € Ass(M,).
(3) There exists m € M, such that \J/Ann(m) = pR,.

Proor. The equivalence (1) & (2) follows from Exercise 17.5. It is clear that (3) = (2). Now assume
(2). Then there exists m € M, such that V(pR,) is an irreducible component of V(Ann(m)). So pR, is
a minimal prime ideal of R, which contains Ann(m). Since any prime ideal of R, is contained in pR,,

necessarily y/Ann(in) = pR,. m]
Exercise 17.8. (Compare Exercise 10.36.) Let 0 - M’ - M — M"” — 0 be an exact sequence of
R-modules. Show that

o Ass(M’) C Ass(M);

o Ass(M) C Ass(M’) U Ass(M").
(Hint: use Proposition 17.7.)

17.2. Embedded points.

Proposition-Definition 17.9. Assume that M is a finite R-module.
(1) We have Ass(M) C Supp(M).
(2) The generic points of the irreducible components of Supp(M) belong to Ass(M). The other elements of
Ass(M) are called the embedded points of M.

Proor. The first assertion is clear. Suppose that M is generated by mj,...,my. Then Supp(M) =
UL, Supp(im;) by Corollary 10.35. Since the union is finite and each Supp(in;) is closed, an irreducible
component Z of Supp(M) is necessarily an irreducible component of some Supp(;). m]

Example 17.10. If R = k[X, Y]/(Y?, XY), then (X, Y) is an embedded point of Spec(R).

Exercise 17.11. Let R = Z and M = Z & Z/nZ where n > 1 is an integer. Compute Ass(M) and find all
the embedded points of M.

Remark 17.12. Our definition of associated points also makes sense without assuming R to be Noetherian,
and they are called weakly associated points in [12, Tag 0546]. For a module M over an arbitrary ring R,
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the associated points of M are the points p € Spec(R) such that p = Ann(m) for some m € M. It is clear
that associated points are weakly associated points. Our definition of associated points when the ring
R is Noetherian is justified by the following result.

Lemma 17.13. Let M be a module over a Noetherian ring R. Then weakly associated points of M coincide with
associated points of M.

Proor. Let p € Spec(R) be a weakly associated point of M. As R is Noetherian, we have p = (fi,..., fx).
By Proposition 17.7, there exists m € M and f € R — p such that /Ann(m/f) = pR,. In particular, for
all index i, we have f{'m/f = 0 in M,. So up to replacing m by fi" --- f*m/ f for some suitable integers

1, ..., N, and noting that it only increases \/Ann(m /f) but \/Ann(m /f) = PR, is already maximal, we
can assume that fim/f = 0 for all i but still m/f # 0. Hence pR, = Ann(m/ f). It follows that p € Ann(m).
Since pR, is the maximal ideal of the local ring R,, necessarily p = Ann(m). m|

Exercise 17.14. Let (R, m) be a Noetherian local ring and let M be a finitely generated R-module. Show
that m € Ass(M) if and only if every element of m is a zero divisor of M.

17.3. A filtration on finite modules over a Noetherian ring.

Proposition 17.15. Let R be a Noetherian ring and let M be a finite R-module. There exists a finite filtration
0O=MycM;C---CcM, =M

such that for every index i, we have M;[/M;_1 = R/p; as R-modules for some prime ideal p; C R.

Recall that if each p; is maximal, then such a filtration is a composition series of M, which is a rather
special situation.

Proor. Suppose that M # 0. Then there exists p; € Ass(M) by Lemma 17.6. So there exists m € M such
that Ann(m) = p; by Lemma 17.13. It follows that M; := R -m C M is isomorphic to R/p;. Replacing M
by M/M; and repeating the same procedure give rise to an ascending chain

0=MycM;C---

such that each graded piece satisfies M;/M;_1 = R/p; for some prime ideal p; € R. We conclude by the
ascending chain condition of M. m]

Exercise 17.16. Let R be a Noetherian ring and let M be a finite R-module. Show that Supp(M) is a finite
set of closed points if and only if M has finite length.

Corollary 17.17. Let R be a Noetherian ring and let M be a finite R-module. Then Ass(M) is finite.

Proor. Since for any prime ideal p C R, the R-module R/p satisfies Ass(R/p) = {p}, Corollary 17.17
follows from Proposition 17.15 and Exercise 17.8. m|
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Dimension and integral morphisms

18. Finite and integral morphisms

A ring homomorphism A — B is called finite if the induced A-module structure on B is finitely
generated. A morphism of affine schemes Spec(B) — Spec(A) is called finite if it is defined by a finite
ring homomorphism A — B.

Example 18.1. Let k be a field. If A is a finite k-algebra, then A is Artinian. In particular, the underlying
topological space of Spec(A) is finite and discrete by Theorem 16.20.

Exercise 18.2.
(1) Show that the composition of two finite morphisms is finite.
(2) Let
Spec(B ®4 C) — Spec(B)
N
Spec(C) Spec(A)

be a cartesian square of affine schemes. Suppose that Spec(B) — Spec(A) is finite. Show that

the base change Spec(B ®4 C) — Spec(C) is also finite.
Proposition 18.3. Every finite morphism 1 : Spec(B) — Spec(A) has finite fibers.

Proor. Let p € Spec(A). It suffices to show that Spec(B ®4 «(p)) is finite, since it is the scheme-theoretic
fiber of p (see § 10.12). Since A — B is finite, so is the base change x(p) — B ®4 x(p), and we’ve seen in
Example 18.1 that Spec(B ®4 x(p)) is finite. O

18.1. Noether normalization. Let k be a field and let A be a nonzero finitely generated k-algebra. The
following theorem asserts that there always exists a finite k-morphism from Spec(A) onto an affine
space.

Theorem 18.4 (Noether normalization lemma). There exists an injective finite morphism of k-algebras
K[Xi,...,Xy] = A
for some integer n > 0.

When k is an infinite field, one strategy of proving Theorem 18.4 is the following. By assumption, we
have a surjective morphismk[Y7, ..., Y;,] » A of k-algebra, and therefore an embedding Specm(A) C AJ.
If kis an infinite field, then one can find some linear projection A" — AJ"~! whose restriction to Specm(A)
is finite. We continue until Specm(A) projects finitely onto some Aj.

Proor or TueoreM 18.4. We have
A=~K[Yy,...,Yul/I
as k-algebras, where m € Zyp and I C k[Y3, ..., Yy,] is an ideal which is not (1). We prove Theorem 18.4
by induction on m.
For m = 0, the structural morphism k — A does the job. Suppose that Theorem 18.4 is proven
for m — 1. If I = (0), then we already have k[Y7,..., Y] = A, so we assume I # (0). It suffices to find
Vi, Ym-1 €K[Y1,..., Y] such that k[yy, ..., ym—1] — A is finite: A is then finite over the k-subalgebra

52
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A’ C A generated by y1, ..., Yu-1, and by the induction hypothesis, we have a finite injective morphism
k[Xi,...,X,] = A’ of k-algebras. Hence the composition k[Xj, ..., X,] — A’ < A s also finite.

We can assume that I = (f) for some f # 0 € k[Yy,...,Y,]. Fori=1,...,m—1,sety;=Y; - Y €
k[Y1,...,Yn] It suffices to show that the image of Y, in A is integral over k[vy1,...,yn-1], and we
conclude by Corollary 3.8 and Proposition 3.2. This follows from the following exercise.

Exercise 18.5. Show that there exist positive integers e; > e, > --- > e,,_1 such that
Fyr + Y5, oo Y1 + YO, Y,) = aY?, + (lower degree terms in Y,,,)

for some a # 0 € k. (If k is infinite, the construction is simpler: show that there exist A4,...,A,-1 € k
such that
f+ A Y oo Yme1 + Ape1 Yo, You) = aYﬁ, + (lower degree terms in Y,)

for somea # 0 € k.)
m]

18.2. Lying-over property. A ring homomorphism ¢ : A — B is called integral if p(A) C B is an integral
extension. By Proposition 3.2, any finite ring homomorphism is integral.

Exercise 18.6. Show that the composition of integral morphisms is integral, and that integral morphisms
are preserved under base change. Namely, prove the statements in Exercise 18.2, replacing "finite" by
"integral.

Exercise 18.7. Let k be a field and let k < A be an integral extension. Show that dim A = 0, namely
every prime ideal of A is maximal. (Hint: integral domain + finite over k = field.)

Proposition 18.8 (Lying-over property). Let ¢p : A — B be an injective ring homomorphism. If ¢ is integral,
then the induced morphism Spec(B) — Spec(A) of affine schemes is surjective.

Proor. We have to show that for every p € Spec(A), its scheme-theoretic fiber Spec(B ®4 x(p)) is
nonempty; in other words, pB, C B,.

Assume to the contrary that pB, = By,. Then 1 = Y.\, fib; with f; € p and b; € B,. Since A < Bis
integral, so is A, = B, by Proposition 10.37. So if M C B, is the A,-subalgebra generated by by, ..., b,,
then M is finite as an A,-module by Corollary 3.6. As 1 = Y1, fib; implies (pA,)M = M, we conclude by
Nakayama’s lemma that M = 0, which is impossible. ]

Exercise 18.9. Show that an integral morphism Spec(B) — Spec(A) of affine schemes is closed.
18.3. Dimension and integral extensions.

Corollary 18.10 (Going-up property). Let A — B be an integral ring homomorphism and let f : Spec(B) —
Spec(A) be the induced morphism of affine schemes. Let p C p’ C A be prime ideals of A. If there exists q € f~1(p),
then there exists ¢’ € f~1(p’) such that q C ¢’

Proor. The homomorphism A — B induces an injective integral ring homomorphism A/p — B/q. So
there exists ¢’ € Spec(B/q) lying over p’/p € Spec(A/p) by Proposition 18.8. A preimage o’ € Spec(B) of

o’ satisfies the conclusion of the corollary. m]

Proposition 18.11. Let A — B be an integral ring homomorphism and let f : Spec(B) — Spec(A) be the
induced morphism of affine schemes. Let p € Spec(A) and let q,q" € f‘1(p). Then neither ¢ C ¢ nor ¢ C q. In
other words, all the (scheme-theoretic) fibers of f have dimension 0.

Proor. Since A — B is integral, so is k(p) — B ®4 x(p) by Exercise 18.6. So by Exercise 18.7, every prime
ideal of Spec(B ®4 x(p)) is maximal. Since the bijection Spec(B ®4 x(p)) — f~1(p) is order-preserving,
the first statement of Proposition 18.11 follows. The last statement follows from Lemma 10.30. m]

The following proposition shows that integral extensions preserve dimension.
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Corollary 18.12. Let ¢ : A — B be an integral ring homomorphism. Then dim A > dim B. If moreover ¢ is
injective, then dim A = dim B.

Proor. The first statement follows from Proposition 18.11. The second statement follows from the
lying-over property and the going-up property. O

18.4. Galois actions. Let K be a field and let A C K be subring. Let L/K be a field extension and let
B C L be the integral closure of A in L. As the Aut(L/K)-action on L fixes A, the subring B C L is stable
under Aut(L/K)-action. Also for every prime ideal p C A, the automorphism group Aut(L/K) acts on
the set of prime ideals of B lying over p.

The following proposition could be regarded as a generalization of the transitivity of the Galois
action on the conjugate elements for normal field extensions.

Proposition 18.13. Let A be an integrally closed domain and let K = Frac(A). Let L/K be a normal extension and
let B be the integral closure of A in L. For every prime ideal p C A, the Galois group Aut(L/K) acts transitively
on the set of prime ideals of B lying over p.

Proo¥, AssuMING THAT L/K 15 FINITE. We only proof Proposition 18.13 in the case where L/K is finite,
and refer to [7, Proof of Theorem 9.3.(iii)] for the general case. Then Aut(L/K) = {01,...,04} is finite.
Let q,q" C B be two prime ideals lying over p, and suppose that " # ¢;(q) for all j. Then ¢’ ¢ o;(q) by

Proposition 18.11. So by prime avoidance, there exists x € q" such that x ¢ g;(q) for all j. Since ;(x) ¢ q
L:K(x
for all j, we also have Nmp /x(x) = (H;’Zl Gj(x))[ el ¢ q by Exercise 18.14. As Nmpx(x) € BN K and A

is integrally closed, we have Nmy x(x) € A. Since x divides Nmy x(x) in B, we also have Nmy x(x) € ¢’.
But then Nmy x(x) € ¢ N A = p C g, which is a contradiction. O

Exercise 18.14. Let L/K be a normal field extension. Let @ € L. Let P, € K[X] be the minimal polynomial
of a and let ¢, € K[X] be the characteristic polynomial of the K-linear map

ot L—L
X - ax.

Show that

Co = P[[}L:K(a)].
Deduce that

[L:K(a)]
Nmpk(a) = detu, = o(a) .
oeAut(L/K)

We call Nmy k : L — K the norm map.

19. Dimension of finitely generated k-algebras

Krull dimension and codimension have better behavior for finitely generated algebras over a field
k. For instance, we will see that the inequality in Remark 15.7 is always an equality.

19.1. Transcendence bases. Let K/k be a field extension. A collection of elements {x; € K}, is called
algebraically independent if the morphism of k-algebras

k[X;;iel]l] - K

sending X; to x; is injective. We say that K/k is a purely transcendental extension if
K=k(X;iel)

as k-algebras.

Lemma-Definition 19.1. There exist algebraically independent elements {x; € K} such that the subfield F they
generate is purely transcendental over k, and K/F is algebraic. We call {x; € K}er a transcendence basis of K/k.
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Proor. Consider
r:={ScK | S algebraically independent over k }

ordered by inclusion. We have L # 0 (because 0 € X), and every chain S; C S, C - -+ is contained in U;S;,
which is also in 2. Thus by Zorn’s lemma, X has a maximal element B. By construction, K is algebraic
over F = k(B). O

Exercise 19.2. By adapting the above argument, show that any subset G C K such that k(G) = K contains
a transcendence basis.

Example 19.3. Let A be a finitely generated k-algebra which is an integral domain, and let K = Frac(A).
The Noether normalization lemma asserts that we even have a finite extension k[Xj, ..., X,] — A of
k-algebras. Taking the fractional fields yields a transcendence basis of K/k.

Lemma-Definition 19.4. Either all the transcendence bases of K/k are finite and have the same cardinality, or
all the transcendence bases of K/k are infinite. The transcendental degree of K over k is defined as the cardinal
(resp. o) in the first (resp. second) case. It is denoted trdeg, K € Z U {co}.

Proor. Let B and B’ be two transcendence bases of K/k. Suppose that |B| > |B’|. We can assume that
B’ ={pi,...,Bn } is finite. For any a; € B, since B’ is a transcendence basis, there exists a polynomial
fek[X Yy,...,Y,] involving X such that

(19.1) flai,Bi,...,Bu) =0.

The polynomial f also involves one of Y;, which we can assume to be Y;.

We claim that B” := { a1, B2, ..., Bu } is a transcendence basis of K/k. That f involves Y;, implies that
B is algebraic over B”, so the extensions K/k(B”, f1)/k(B’’) are algebraic. Assume to the contrary that
B” is not algebraically independent over k. Since { B, ..., 8, } is algebraically independent, a; is then
algebraic over k(B», ..., ). But then p; is algebraic over k(,, ..., ) by (19.1), which contradicts the
assumption that B’ is algebraically independent.

After finitely many substitutions as above, we obtain a subset { a1, ...,a;, } C B of cardinal # which
is a transcendence basis of K/k, so necessarily B = { ay,...,a, }. O

Exercise 19.5. Let K/L/k be field extensions. Show that

trdeg, K = trdeg, L + trdeg, K.

Exercise 19.6. Let f € k[Xj,..., X ] be an irreducible element and let K be the field of fractions of
k[Xi, ..., X4l/(f). Show that
trdeg, K=d — 1.

19.2. Dimension and transcendental degree. Let k be a field and let A be a nonzero finitely generated
k-algebra.

Theorem 19.7. Any injective finite morphism of k-algebras
R:=Kk[Xi,...,Xy] = A

satisfies n = dim A.
Proor. Since finite morphisms are integral, we have dim A = dim R by Corollary 18.12. Therefore it
suffices to prove Theorem 19.7 assuming that A is an integral domain; we now prove this by induction
onn > 0.

If n = 0, then A is a finite k-algebra. It follows that A is Artinian, so dim A = 0 by Theorem 16.20.
Now suppose that the statement is proven up to n — 1. We only need to show that dim R = n. We’ve
already seen that dimR > n. Let 0 = pg & p1 & -+ € Py be a chain of prime ideals of R. Up to replacing

p1 by (f) where f € p; is an irreducible element of R, we can assume that p; = (f). By the Noether
normalization lemma, there exists an injective finite morphism of k-algebras

k[er- ”rYl] — R/(f)r



19. DIMENSION OF FINITELY GENERATED k-ALGEBRAS 56

which induces a field extension
k(Yy,...,Y;) = Frac(R/(f)) = K

Since the images of Xj,..., X, in K generate K without being algebraically independent, we have
trdeg, Frac(R/(f)) < n—1by Exercise 19.2. It follows from Exercise 19.5 that] <n—1,so dimR/(f) =1 <
n — 1 by the induction hypothesis. Since (0) C pp/p1 -+ C P,/ 1 is a sequence of prime ideals of R/(f),
we have m < n. Hence dimR < n. O

Corollary 19.8. Let A be a finitely generated k-algebra which is an integral domain. Let K := Frac(A). We have
dim A = trdeg, K.

Proor. We can assume that A is nonzero. Then this follows from the Noether normalization lemma and
Theorem 19.7. O
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Codimension

20. Catenary spaces

Let X be a topological space. We call X catenary if for every pair of irreducible closed subsets
Y, Y c Xwith Y C Y/, we have codimy Y < oo and that all maximal chains of irreducible closed subsets
between Y and Y’ have the same length.

For an irreducible catenary space, the following exercise implies that the inequality in Remark 15.7
is always an equality.

Exercise 20.1. Show that the following statements are equivalent.

(1) Xis catenary.
(2) For every triplet of nested irreducible closed subsets Y1 C Y, C Y3, we have codimy,Y; < oo
and
codimy, Y7 = codimy, Y, + codimy, Y7.

20.1. Catenary rings. Let R be a ring. We call R catenary if Spec(R) is catenary.

Exercise 20.2. Suppose that for every pair of strictly nested prime ideals p C p” of R such that p C g C p’
implies q = p or q = p’ for every prime ideal q of R, we have

dimR/p=1+dimR/p’".
Show that R is catenary.
Let k be a field. Irreducible affine k-varieties are catenary.

Theorem 20.3. Let k be a field and let A be a finitely generated k-algebra. Suppose that X := Spec(A) is
irreducible. Then A is catenary. In particular, for every p € Spec(A), we have

dimX =dimY + dim A,
where Y = {p} c X.

The proof of Theorem 20.3 that we will present rely on the going-down property of some integral
extension that we shall prove first.

20.2. Going down.

Proposition 20.4 (Going-down property). Let A be an integrally closed domain and let A C B be an integral
extension with B an integral domain. Let f : Spec(B) — Spec(A) be the induced morphism of affine schemes Let
p C o’ C A be a pair of nested prime ideals of A. If there exists ¢’ € f~X(p’), then there exists q € f~1(p) such that
acq.

Proor. Let K = Frac(A) and let L/K be a normal closure of Frac(B)/K. Let C C L be the integral closure
of Ain L. By Proposition 18.8, there exist prime ideal q q1 c Clying over ¢ CE B and pC A, respectively.
By the gomg—up property, there exists a prime ideal q; C C such that q; C q1 and q; NA = p Since

both q q; € Clie over p’ C A, by Proposition 18.13 there exists 0 € Aut(L/K) such that o(ql) = q Then
q := BN o(qy) satisfies the conclusion of Proposition 29.15. O
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Corollary 20.5. Let k be a field and let A be a finitely generated reduced k-algebra such that X := Spec(A) is
irreducible. For every minimal nonzero prime ideal p € Spec(A), we have

dimX=dimY +1

where Y := {p} Cc X.

Proor. First we assume that A = k[Xj, ..., Xy]. Since p is minimal, we have p = (f) for some nonzero
irreducible element f € A. We conclude by Exercise 19.6 and Corollary 19.8 that dimY = dim X — 1.
Now we prove Corollary 20.5 for the general case. Let d := dim X. Since Y ¢ X and both Y and X
are irreducible, we have
dimY <d-1.

By the Noether normalization lemma, we have a finite injective morphism of k-algebras
¢ 'R = k[Xl,...,Xd] — A.
The induced morphism
R/(pNR) = A/p

is also injective and finite, so
dimY = dim nz(Y)
by Corollary 18.12, where 7 : X — Spec(R) is the projection induced by ¢.

Assume that dim 77(Y) < d —2. Since 7 is finite, 7(Y) is Zariski closed in Spec(R). As Y is irreducible,
so is 7(Y). Therefore by the case A = k[Xj,..., X4] above, we have n(Y) € Z C Spec(R) for some
irreducible closed subset Z of Spec(R). As 7 satisfies the going-down property by Proposition 29.15, we
have Y ¢ Z’ ¢ X for some irreducible closed subset Z’ of X, which contradicts the assumption that the
prime ideal p is minimal. Hence dim 7t(Y) = d - 1. m]

Proor or THEOREM 20.3. Theorem 20.3 now follows from Corollary 20.5 and Exercise 20.2. ]
21. Krull’s principal ideal theorem (Hauptidealsatz)
Throughout this section, let R be a Noetherian ring.

21.1. Statement. Krull’s principal ideal theorem asserts that the Zariski closed subset cut out by a
function, if not empty, has codimension at most 1.

Theorem 21.1 (Krull’s principal ideal theorem). Let f € R.

(1) The irreducible components of V(f) has codimension 0 or 1.
(2) If f is not a zero divisor, then all the irreducible components of V(f) have codimension 1.

Proor oF (2) assuMING (1). Suppose that not all irreducible components of V(f) have codimension 1.
Then by (1), f is contained in some minimal prime ideal p. By Lemma 17.4, f is a zero divisor. O

We prove Theorem 21.1.(1) in a series of exercises.

Exercise 21.2.

(1) Show that we can assume that R is a local ring, whose maximal ideal p is the minimal prime
ideal of R containing f. Thus we need to show that for any prime ideal q C R such that f ¢ q,
we have dim A, = 0.

(2) Consider the symbolic power of q:

™ :={reR ) the localization of r in R, lies in (qR,)" }.
Show that there exists an integer n > 0 such that
Q)+ () = "D + ()

in R, by showing that R/(f) is Artinian.
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(3) Show that g is g-primary: namely for any x, y € R such that xy € ¥, wehavex ¢ q = y € q®.
Deduce that
g = D 4 (f)q
and conclude by Nakayama’s lemma that ¢ = q+D.
(4) Deduce from ¢"A, C q™A, C VA, that

anq — qn+1Aq/

then g"A, = 0, again by Nakayama’s lemma.
(5) Conclude that dim A, = 0.

21.2. Krull’s height theorem.

Corollary 21.3 (Krull’s height theorem). Let fi,..., fx € R. Then every irreducible component of V(f1, ..., fi)
has codimension at most k.

Remark 21.4. The height of a prime ideal p C R is defined as the codimension of the irreducible closed
subset of associated to p in Spec(R).

Proor. Let p C Spec(R) be the prime ideal associated to an irreducible component of V(fi, ..., fr). Up
to replacing R by R,, we can assume that R is a local ring, and the maximal ideal p of R is the minimal
prime ideal containing fi, ..., fk.

We prove Corollary 21.3 in this setting by induction on k > 1. The case k = 1 is Krull’s principal
ideal theorem. Suppose that q C p is a maximal prime ideal of R which is strictly contained in p. We
will show that q is a minimal prime ideal of R containing some g, ..., gx—1; Corollary 21.3 then follows
from the induction hypothesis.

Since q € p, by the minimality of p we have (fi,..., fx) ¢ q; we can assume that f; ¢ q. By the
maximality of q and p, we have V(q, fy) = {p}. So for everyi =1,...,k -1, we have fl.”" = g; + a;f; for
some g; € q and 4; € R. Since

Vg1, g ) = VI 5 ) = VAL fo) = (o),

the ideal p/(g1, ..., gk-1) has codimension at most 1 in R/(g1, ..., gk-1) by the principal ideal theorem.
Since q € p, necessarily the prime ideal q/(g1, ..., gx-1) has codimension 0. Hence q is a minimal prime
ideal of R containing g1, ..., gk-1- O

21.3. System of parameters of Noetherian local rings.
Corollary 21.5. Any Noetherian local ring has finite dimension.

Proor. Let (R, m) be a Noetherian local ring. We have m = (fi, ..., fr), so V(fi,..., fx) = {m} since mis a
maximal ideal. We conclude by Krull’s height theorem that dim R < k. m|

Exercise 21.6. Let (R, m) be a Noetherian local ring such that dim R = d. Show that there exists fi, ..., f
such that

V(fr,.., fa) = {m}.
We call fi, ..., fi a system of parameters of (R, ).

21.4. Invertible ideals define subschemes of codimension 1. Let R be a Noetherian integral domain.

Corollary 21.7. Let I C R be an ideal. Suppose that I is invertible, then every irreducible component of V() has
codimension 1.

Proor. Let p € Spec(R) be a minimal prime ideal containing I. Then pR, be the unique prime ideal of R,
containing I,,. Since I, is principal and nonzero by Proposition 14.7, and since R, is an integral domain,
it follows from Theorem 21.1 that pR; has height 1 in R,. Thus p has height 1 in R. ]

Remark 21.8. The converse of Corollary 21.7 is not true: see Exercise 14.9.
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21.5. Characterization of UFDs. Here is another consequence of the principal ideal theorem.

Theorem 21.9. Let R be an integral domain. The following assertions are equivalent.

(1) Risa UFD.
(2) Every prime ideal of height one is principal.

Proor. We start with the easy direction (1) = (2). Suppose that R is a UFD. Let p C R be a prime ideal
of height 1. Let f € p. Since f is not a unit and p is prime, that R is a UFD implies taht f has a prime
factor p which belongs to p. Since (p) is a prime ideal and p has height 1, we have (p) = p.

Now assume (2). Since R is Noetherian, it suffices to show that every irreducible element f of R
is prime. Let p C R be a minimal prime ideal of R containing f. By the principal ideal theorem, p
has height 1, so p = (r) for some 7 € R\R* by assumption. Thus f = cr for some ¢ € R, and since f is
irreducible, c is a unit. Hence (f) = () = p. O



LECTURE 11

Valuation rings

22. Riemann surfaces and number fields

22.1. Reconstruction of a Riemann surface from its function field. Let X be a connected Riemann
surface. For any nonzero meromorphic function f on X and any point p € X, we have

fz) = Z a,z"

n>ord, f

for some local holomoprhic coordinate z of X around p, and some integer N with ay # 0. The integer
N is called the order of f of p, denoted by ord, f. The function ord, is a discrete valuation of . (X),
defined as follows.

Definition 22.1. Let K be a field. A discrete valuation of K is a surjective map
v:K*>»Z
with v(0) := oo, such that for every f,g € K, we have

e v(f +g) 2 min{v(f),v(g) };
° v(fg) =v(f) +v(9).

We have the following fundamental result in the theory of Riemann surfaces.
Theorem 22.2 (Dedekind, Weber). Let X be a connected compact Riemann surface. The map
X — { Discrete valuations on .#(X) }
p  ord,
is bijective.
Remark 22.3. The above result also holds for non-compact Riemann surfaces, which was proven by
Hironaka, under the pseudonym "Iss’sa".

Exercise 22.4. Let X be the Riemann sphere. Show that ord. f = —deg f for every f € .#(X) = C(z).

Finally, note that ord,(f) only depends on the local behavior of f atp. For instance, if f is holomorphic
at p, then ord,(f) only depends on f € 0y, regarded as a germ of holomorphic function at p.

22.2. p-adic valuation. For every prime number p, the p-adic valuation of a nonzero rational number r is
the integer v,(r) defined by the unique factorization

- I e

p prime number

This is also an example of discrete valuation.
22.3. Valuations and absolute values (or places). Let K be a field. An absolute value of K is a function
le]:K— Rso

satisfying the following properties: for every x, y € K, we have
(1) |x| = 0if and only if x = 0;
(2) |xyl = Ixlly] (multiplicativity);
(3) Ix+yl < |x| + |yl (triangle inequality).
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We call | e | non-Archimedean if moreover
(3) Ix + yl < max(|x|, |yl) for every x, y € K (ultrametric triangle inequality).

Otherwise, we call | ® | Archimedean. Note that (2) implies that [1| = 1 and that (3") is stronger than (3).
The name Archimedean is justified by the following characterization of Archimedean absolute values.

Proposition 22.5. Let | e | be an absolute value of K. The following assertions are equivalent.

(1) | ®|is Archimedean.

(2) Theset { |n| | n € Z} is unbounded

(3) | ®| satisfies the Archimedean property: for every pair of non zero elements x, y € K, there exists n € Z
such that [nx| > |yl.

Proor. We prove (1) = (2), and leave the other implications as exercises.
Suppose that there exists M > 0 such that |[n| < M for alln € Z. Let x,y € K. For every positive

n
, n
lx + yl S,-Zo‘ (z)

Taking e and letting n — oo yield |x + y| < max(|x], |yl). O

integer 1, we have

Iy < N(n + 1) max(jx|", [y|").

Corollary 22.6. If K has positive characteristic, then any absolute value on K is non-Archimedean.

Fix a real number e > 1. A discrete valuation v of a field K gives rise to a non-Archimedean absolute
value
lxl, == e™®  (x € K).
Note that the topology on K defines by the metric | ® |, does not depend on the choice of e > 0, and
we call it the v-adic topology on K.
An (topological) equivalence class of absolute values of K is called a place of K. The following
statement is an analogue of Theorem 22.2; we refer to [8, Theorem 7.12] for a proof.

Theorem 22.7 (Ostrowski).

{ Prime numbers } U {oo} — { Places on Q }
(22.1)
p = | o |p

where | o |, = | o |, and |e | is the restriction of the usual absolute value on R to Q, is bijective. Moreover, | ® | is
Archimedean if and only if | e | = | @ |,

22.4. Discrete valuation rings.

Theorem-Definition 22.8. Let (R, m) be a Noetherian local integral domain and let K := Frac(R). The following
assertions are equivalent.

(1) mis principal.

(2) Risa PID, and every nonzero ideal of R is of the form m for some integer k > 0.

(3) There exists a discrete valuation v on K such that

R={xeK|v(x)>0}.
Note that this implies
m={xeK|v(x)>1}.
(4) R is integrally closed, with Krull dimension 1.
If (R, m) satisfies the above properties, we call R a discrete valuation ring (or DVR for short). An element x € R

which generates m is called a uniformizing parameter (or uniformizer).

Proor. Assume (1), namely m = (x) for some x € R. By the principal ideal theorem, we have dimR = 1.
Let I C R be a non zero ideal. Then dim R/I = 0. Since R is Noetherian, R/I is Artinian. It follows from
Lemma 16.22 that mN c I for large N € Z. Note that (x)**! C (x)*: otherwise x* = rx**! for some r € R,
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so rx = 1 because R is an integral domain, which contradicts x € m. So there exists some integer k > 0
such that I ¢ m* and I ¢ m**!, namely there exists y € I such that y € (xX) but y ¢ (x**). Write y = ax*
for some a € R. Then a ¢ (x) = m, so a is invertible. It follows that x* € I so m* = (x*) c I ¢ m*. Hence (1)
implies (2).

Exercise 22.9. Assume (2) and that m = (x). For every integer k, let (x*) C K be the principal fractional
ideal associated to x*. Show that
v:K*—>Z
frmax{keZ|fe @)}
is a discrete valuationand R = {x € K| v(x) >0 }.

Assume (3). Let x € K be an integral element over R. Then

for some integer n and some ry, ..., 7,-1 € R. Suppose that x ¢ R. Then v(x) < 0, so v(1/x) > 0, which
implies 1/x € R. Thus x = Zf;ol rix™*1 € R, which is a contradiction. So R is integrally closed.

To show that dim R = 1, we need to show that m is the unique nonzero prime ideal of R. As v is
surjective, there exists x € R such that v(x) = 1. Note that m = (x): we have (x) C mby (3), and if y € m,
then y = x(y/x) and y/x € R because v(y/x) > 0. Let p C R be a nonzero prime ideal and let f € pbe a
nonzero element. Since k := v(f) > 1 (because f is not a unit in R), the quotient a := f/x* is a unit in R.
Since f = ax* € pand a ¢ p, we have x € p. This proves (4).

Finally we assume (4). By Proposition 14.7, it suffices to show that m is invertible, namely m™'m = R
Since dim R = 1, we have m # 0, so there exists x € m — m? by the Nakayama lemma. As (x) is not (0)
nor R, regarded R/(x) as an R-module we have Ass(R/(x)) = {m}. So there exists y € R such that

{zeR|yz€(x)}:m.

It follows that if a := y/x, thena € m™' and a ¢ R.
Suppose that m™'m ¢ R. Then m™'m = m. So a - m € m, which implies by Cayley-Hamilton that
P(a) - m = 0 for some
P=X"+r,1X"'+-- +1ryeR[X]
So P(a) = 0. Because R is integrally closed, this contradicts with a ¢ R. Hence m is invertible, which
proves (1). O

Exercise 22.10. Let (R,m) be a DVR. Show that every fractional ideal of R is of the form m* for some
integer k. Show that for all integers k, £, we have m* = m‘ c K if and only if k = .

22.5. Henselian trait. Let R be a DVR. Let K := Frac(R) and let k be the residue field of R. As a
topological space, S = Spec(R) consists of two points: the generic point 1 = Spec(K) and the special
point s = Spec(k). The generic point is dense, and the special point is closed. The spectrum of a DVR R is
often pictured as a (one-dimensional smooth) trait centered at s. They are among the simplest schemes
of positive dimension, and are ubiquitous in algebraic geometry.

22.6. Dedekind domain. The following statement is a direct consequence of Theorem 22.8.

Corollary-Definition 22.11. Let R be a Noetherien integral domain. The following assertions are equivalent.

(1) Ris integrally closed with dim R = 1.
(2) R is a DVR for every maximal ideal m C R.

If R satisfies the above properties, we call R a Dedekind domain.

Exercise 22.12. Show that the ring of integers of a number field is a Dedekind domain.
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Here is the generalization of Ostrowski’s theorem to algebraic number fields; we refer to [8, Theorem
7.14] for the details.

Theorem 22.13. Let K be a number field and let Oy be its ring of integer.

(1) The map
{ Real or complex embeddings o : K < R or C } — { Archimedean places on K }
(22.2)
0= |xls = lo(x)l
is bijective.
(2) The map
Spec(Ox) — { Non-Archimedean places on K }
(22.3)

p = Il = #(Ok/p) .
is bijective.
(3) If we call the above absolute values | ® |, and | e |; normalized places, then for every x € K*, we have

x|, = 1.

v normalized places
Exercise 22.14. In the above statement, show that Ok/p is finite.
23. Unique factorization of ideals in a Dedekind domain
Let R be a ring.

23.1. Chinese Remainder Theorem. Let I,] C R be ideals of R. We say that I and | are coprime if
I+]=R.

Example 23.1. Let m,n € Z. Then (m) and (n) are coprime if and only if ged(m, n) = 1.
Example 23.2. In any ring, distinct maximal ideals p, q of R are coprime.

Exercise 23.3. Let I, ] C R be ideals of R. Suppose that I and | are coprime. Show that I and [" are also
coprime for all positive integers m and n.

Proposition 23.4 (Chinese Remainder Theorem). Let Iy, ..., I, C R be ideals of R which are pairwise coprime.
Then

=

and the sequence

=

0-I—-RS[[RrR/L—=0
i=1
defined by the inclusion and the quotients is exact.

Proor. Itis clear that kerq = (;i_; I, We prove Proposition 23.4 by induction on n > 2. For n = 2, since
I and I, are coprime, we have a; +a; = 1 for some a3 € I; and a; € . So for any x3, x; € R, we have the
equalities in R/I;
X=X +axxy = (a1 +a2)x1 = X1,

and similarly x = x; in R/I;. Hence R — (R/I;) X (R/I,) is surjective. It is clear that the kernel is of the
above map is I N I,. We always have [1I, C I N I,. Now if r € I N I, then v = ayr + axr € [1 1.

We next prove Proposition 23.4 for n > 2 bases on the inductive hypothesis. Since I; is coprime to I;
for each indexi > 1, we have a; + b; = 1 for some a; € I and b; € I;. So

1=@+by) - @n+by) eh+ (1),
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namely [; and ] := []}., [; are coprime. By the induction hypothesis and, we have
RS [ R/ ®R/D)x R/])
i=1

and the composition is the product of the quotient map, which is surjective with kernel equal to
Lj=1---1, by the case n = 2. O

23.2. Unique factorization.

Lemma 23.5. Let R be a Noetherian integral domain with dim R = 1. Let I C R be a nonzero ideal. Suppose
that for every maximal ideal m € Specm(R), we have I, = m® Ry, for some integer ey, > 0. Then e,, = 0 for all
but finitely many m, and

€k
kl

where my, ..., my are the maximal ideals for which e; := ey, > 0.

I=ml--.m

1

Proor. Since R is Noetherian, R/I has finitely many associated points my, ..., m;. AsdimR = 1and R is
an integral domain, all prime ideals of R are maximal, except for (0). As (0) ¢ Ass(R/I) (because I # (0)),
these prime ideals my, ...,y are therefore maximal. Thus Supp(R/I) = {my,...,my }. It follows that
em > 0 if and only if m is one of m;, hence the number of m for which e,, > 0 is finite.

Next we show that I ¢ m*" for each m € Specm(R). Let r € I. Since I, = m™R,,, we have sr € m*"
for some s € R — m. Since m is a maximal ideal, we have Spec(R/m‘") = { m/m*" }, so (R/m®", m/m*")is a
local ring. It follows that s is invertible in R/m®", hence r € m®", showing that I C m*".

It follows that

Ic ﬂ me =mf -k,
meSpecm(R)

where the equality follows from Proposition 23.4 and Exercise 23.3. Since (mf")m = R,, whenever mis a
maximal ideal different from m;, we have

€1

(m;

o Tn;;k)m =m Rm-

Since I;, = m**R,, for all m € Specm(R), it follows from Corollary 10.33 that I = m‘l’1 e m?.
Theorem 23.6. Let R be a Dedekind domain. Every nonzero ideal I C R is a product

er
1

€k

I=m k

..m

of maximal ideals my, ..., my of R. Moreover, the maximal ideals my, ..., Wy and the exponents ey, ..., e are
unique (up to permutations).

Proor. Since Ry, is a DVR, Theorem 22.8 implies that I,, = m*"R,, for some e,, € Z5¢. Thus the existence
of factorization follows from Lemma 23.5. As

. . miRy, ifm=mny
(mll T mkk)m = !
R,, if mis different from all m;,
the uniqueness follows from Exercise 22.10. o

Exercise 23.7.

(1) Show that Z[ V=5] is a Dedekind domain.
(2) InZ[ V-5], wehave 6 =2-3 = (1 + \/—_5)(1 - \/—_5). What is the factorization of the ideal (6)?

23.3. Valuation rings. A totally ordered abelian group is an abelian group I endowed with a total order >
satisfying the following property: for all y,y1,72 €T,

yizy2 = y+yizy+n.
Definition 23.8. Let K be a field. A valuation of K is a map
v:K*—>T
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to some totally ordered abelian group (T, >) with v(0) := oo, such that for every f, g € K, we have

e v(f +g) 2 min{v(f),v(g) };
° v(fg) =v(f) +v(9).

(Here, we set co + x = co and oo > x for all x € I' U {e0}.)
Let v be a valuation on K. The ring
R,:={xeK|v(x)=>0}
is called the valuation ring of v.
Exercise 23.9. Show that R, is a local ring, with maximal ideal
m,:={xeK|v(x)>0}.
If a ring R is the valuation ring of some valuation v, then we call R a valuation ring.

Exercise 23.10. Let R be an integral domain. Show that the following assertions are equivalent:
(1) Ris a valuation ring.
(2) For every nonzero x € K = Frac(R), either x € Rorx™! € R.
(Hint for (2) = (1): First show that for every a4,b € K*, we have either (a) C (b) or (b) C (a). Show that
v : K* — Prin(R) is a valuation.)
Exercise 23.11. Show that a valuation ring is integrally closed.

23.4. Zariski-Riemann space. You may skip this paragraph if you have not learnt algebraic geometry.
Let X be an irreducible k-variety. Let k(X) be a function field of X. For any valuation v on k(X), the
set
Z={xeX|Ox:CR,}
is either empty or an irreducible closed subset. In the latter case, the generic point of Z is called the

center of v.

Example 23.12. Let X - Speck[X, Y] be the blowup at the origin o0 and let E C X be the exceptional
divisor. Then

£ ordg(f)
defines a discrete valuation on k(X, Y), whose center on Speck[X, Y] is o.
Assume that X is proper, then Z is always nonempty by the valuative criterion of properness.

The following theorem, due to Zariski, is a higher dimensional generalization of Dedekind—Weber’s
theorem.

Theorem 23.13 (Zariski). Let X be a proper irreducible k-variety. The map

{ Valuations on k(X), trivial onk } — lim X’
(23.1) X=X
v center of von X',

where X' — X runs through every proper birational morphism, is bijective.

24. Weil divisors and Cartier divisors
Let R be an integral domain and let X := Spec(R).

24.1. Weil divisors. Let XV denote the set of points of X of height 1. Define

2'(X) = z-[p] = & Z-D

pexX® DcSpec(R)
irreducible reduced closed subset
codimD=1

as the free abelian group generated by the prime ideals of R of height 1. Elements of Z!(X) are called
Weil divisors of X.
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24.2. Weil divisors and fractional ideals. Assume that R is reqular in codimension 1, namely R, is a DVR
for every prime ideal p C R of height 1; this is the case when e.g. R is a Noetherian integrally closed
domain. Then for every fractional ideal I C K := Frac(R), by Exercise 22.10 the localization I, ~ IR, C K
at p € XW is of the form (pR,)* for some integer e,,.

Lemma 24.1. Suppose that R is Noetherian. Then e, = 0 for all but finitely many p € X,

Proor. We have (f) C I C (1/g) C K for some nonzero f, g € R. By Krull’s principal ideal theorem, all
the irreducible components of V(f) and V(g) have codimension 1. Since R is Noetherian, there exist
only finitely many p € X such that f € por g € p. Let p € XV such that f,g ¢ p. As localization is
exact, we have I, = R,,. O

Thus if R is a Noetherian integral domain which is regular in codimension 1, then for every fractional
ideal I, we can define

div(l) := Z eo[p] € Z1(X).

pex)
Exercise 24.2. Let I, ] C K be two fractional ideals. Show that
div(I]) = div(I) + div()).
Exercise 24.3. Let f € K*. Show that
div(f) := div(fractional ideal generated by f) = Z vo(F)Ip],

peX(®

where v, is the valuation of the DVR R,,.
The Weil divisors of the form div(f) are called principal Weil divisors. The quotient
CI(R) := Z'(X)/ { Principal Weil divisors }
is called the class group of R.
24.3. Algebraic Hartogs’ lemma.

Theorem 24.4 (Algebraic Hartogs’ lemma). Let R be a Noetherian integrally closed domain. Then in
K := Frac(R) we have
R= (1] R

peX®
Proor. Let x € (,exm Ry and let
I:={reR|rxeR}
be the "ideal of denominators of x". Suppose that x ¢ R, then I is a proper ideal of R. Let q be the
minimal prime ideal of R containing I. Then x ¢ R,. By the exactness of localization, we have

Iq:{reRq|rxeRq}

As qR, is the only prime ideal of R, containing I, and R, is Noethrian, the quotient R, /I, is Artinian.
So there exists an integer k > 0 such that (qR,)**' € I, € (qR,)*. Let ¢ € (qR,)F\I, and z := cx. We have
z ¢ Rybutz-qC I, C qR,. It follows from Cayley—-Hamilton that z is integral over R,, so z € R,, which is
a contradiction. O

Corollary 24.5. Let R be a Noetherian integrally closed domain. Let p € XV. The following assertions are
equivalent.

(1) vis a principal ideal.
(2) [»] is a principal Weil divisor.

Proor. The easy direction (1) = (2) is left as an exercise.
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Suppose that [p] = div(f) for some f € KX. Then f € R, for all p € X, so f € R by algebraic
Hartogs’ lemma. Let g € p. Then v,(g) > v,(f) for all p € X. So g/f € R, again by algebraic Hartogs’
lemma. Hence p = (f). m]

Algebraic Hartogs’ lemma combined with the characterization of UFDs (Theorem 21.9) also shows
that the class group is the obstruction for an integrally closed domain to be a UFD.

Corollary 24.6. Let R be an integral domain. The following assertions are equivalent.

(1) Risa UFD.
(2) Ris integrally closed and CI(R) = 0.

Exercise 24.7.
(1) Show that (2,1+ V-5)isa prime ideal of Z][ v=5] which is not principal.
(2) What is the class group of Z[ V-5]?

24.4. Cartier divisors.

Corollary 24.8. Let R be a Noetherian integrally closed domain. Then
div: #(R) — Z4(X)
24 1o Y el
peX®

is an injective group homomorphism.
Elements in CDiv(X) := div(.#(R)) are called Cartier divisors.

Proor. That div is a group homomorphism follows from Exercise 24.2.
Suppose that I € .#(R) is mapped to 0. Then I, I"! C R are ideals of R by algebraic Hartogs’ lemma.
Since I"'] = R, necessarily I = R. m

Not all Weil divisors are Cartier:

Exercise 24.9. Let R = C[x, y,z]/(xy — z) (so X = Spec(R) is the quadric cone). Show that the (x,y) C R
(which defines the ruling of X) is Weil but not Cartier. Show that div(x) = 2div(x, y) (which is thus
Cartier).

24.5. Bonus: Jia-Lin Hsu'’s criterion of UFD.

Theorem 24.10 (Jia-Lin Hsu). Let R be a Noetherian integrally closed domain and let K = Frac(R). The
following assertions are equivalent.
(1) Risa UFD.
(2) Every x € K* can be written as f/g for some f,g € R such that every irreducible component of
V(f) N V(g) has codimension at least 2 in X.

Proor. (1) = (2) is easy.

Assume that R is not UFD, then there exists a prime ideal p C R of height 1 which is not principal.
Since R is Noetherian, there exists an irreducible element p € p. As p is not principal, there exists
g € psuch that p 1 g. Again since R is Noetherian, g has an irreducible factor; up to replacing ¢ by this
irreducible factor we can assume that g is irreducible. As p is also irreducible and p 1 g, we have q 1 p.

Suppose that p/q = f/g. For every Weil divisor D, write D = D, — D_ with both D, and D_ effective
without common component. Then

Div(f) = Div(f/g)+ = Div(p/q)+ < Div(p).

So flp by Hartogs’ lemma. Note that f is not unit: otherwise g/f = g/p € R, contradicting p 1 4. So
p = uf for some unit u € R. Thus q = ug, showing that f,g € p, contradicting the assumption on

V(HnV(g). o



LECTURE 12

Differentials

25.

25.1. Tangent vectors and derivations on smooth manifolds. Let M be a manifold. Recall that a
derivation at a point p € M is an R-linear map
G, , >R
f= fp)
satisfying the Leibniz rule

(f9)'(p) = f'()9(p) + f(p)g' (p).

Derivations at p form an R-vector space, canonically isomorphic to the tangent space Ty, of M at p.
Note that the Leibniz rule together with the R-linearity implies that f’(p) = 0if f is constant. So a
derivation is determined by its restriction
m—R
to the maximal ideal m of @iy Also, note that if f,g € m, then (fg)’ = 0 by the Leibniz rule. Thus the
derivation descends to an R-linear map
m/m?> — R.

Exercise 25.1. Show that the above construction defines an isomorphism of R-linear spaces.

Tamp = (m/m?)V.

25.2. Affine cones. Let k be an algebraically closed field. Then k* acts on k” by scalar multiplication.
If Z c k?isan algebraic closed subset which is stable under the k*-action, we call Z an affine cone.

Exercise 25.2. Show that an algebraic closed subset Z C k? is an affine cone if and only if I(Z) is a
homogeneous ideal, defined in the following exercise.

Exercise 25.3. Let R, be a Z;p-graded ring and let I C R, be an ideal.

(1) Show that the following assertions are equivalent.
(a) Iis generated by homogeneous elements (namely elements of R; for some d).
(b) I= @dzo I wherel; = R;N L
A homogeneous ideal is an ideal I C R, satisfying the above properties.
(2) LetI C R, be an homogeneous ideal. Show that the graded ring structure on R, induces a
graded ring structure on the direct sum EB::O R;/I; of abelian groups, and that the natural
map

P Rra/1s - R
d=0

is a ring isomorphism. Thus defines a graded ring structure on R, /I.
25.3. Tangent cone of an affine variety. Let f € C[Xj,...,X,] and let
X={xeC"|f(x)=0}.

Suppose that X contains the origin o0 € C" and that we want to take a photo of X centered at 0. If we
zoom in on o, which corresponds to the coordinate change x” = x/¢ for some small ¢ > 0, then the shape
we see is approximately a cone. Indeed, suppose that k is the lowest degree monomial appearing in f,
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fF=Y.f

=
where f; is the sum of all the monomials of degree ¢ of f, then

{x’ eC"|fle-x')= Ze"fg(x') = o}

2k
{x eC” (fk(x’) =0}
when ¢ — 0. We call it the tangent cone of X at o.

More generally, let k be a field and let I € R := k[Xj, ..., X4] be an ideal. Suppose that V(I) contains
the origin o € Ai. Then the tangent cone of Spec(R/I) at o is naturally defines as the scheme Spec(R/I*)

and write

is approximately

where
I"={geR ) g is the lowest degree homogeneous component of some f €I }.

The tangent cone of Spec(R/I) at any closed point z € V(I) is the tangent cone of Spec(R/]) at the origin,
where | = { f(x —z2) | f €1} 1is the translation of I by z.

25.4. Tangent cone of (the spectrum of) a local ring. Let (R, m) be a local ring. The tangent cone of
X := Spec(R) at the closed point p € X is defined as

Cx,p := Spec (@ mk/mk”] :

k=0

Example 25.4. Suppose that R is the localization of k[Xj, ..., X,] at the origin o € A{. Then P, mk/m+
is isomorphic to k[Xj, ..., X;] as graded rings.

Example 25.5. More generally, let I be an ideal of R := k[Xj, ..., X;]. Then the tangent cone of the affine
scheme Spec(R/I) at some closed point p is the tangent cone of the localization of R/I at p.
Indeed, suppose that p is the origin. Let m := (Xy,...,X,) and let m be the maximal ideal of the
localization of R/I at m/I. Then
md
md+1

= (md)lm = (

m? m?
W) i moa 1 = (I N md) + i+l
by Exercise 11.1. Note that

(I nmdy+m™ = [f + m™,

so we have ring isomorphisms

- i ©md
R/I = @ # 4 d+1 = @ d+1°
io Latm a0 "

Exercise 25.6. Suppose that [ is the vanishing ideal of a linear subspace X C Ai. With the same notations
as in the previous example, show that we have ring isomorphisms

(o8]

R/I = Sym®(m/m?) =~ @ mh/mkL,
k=0

25.5. Tangent space. Let k be an algebraically closed field and let Z C k? be an affine variety containing
the origin 0. We define the tangent space Tz, of Z at o to be the linear hull of the tangent cone Cz,:
namely, the smallest linear subsapce of k? containing C, as a scherme.

Exercise 25.7. Show that Ty, is defined by the linear terms of the elements of I(Z). Deduce that if Z is
defined by the polynomials fi, ..., f € k[Xj, ..., X4], then Tz, is defined by the linear equations

d d
Y Xidxfi=+=) Xidxfu=0.
i=1 i=1
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Exercise 25.8. Let k be an algebraically closed field. Let X and Y denote the coordinates of k?. Describe
the tangent cones and the tangent spaces of the three affine curves C C k? at the origin defined
respectively by the following equations.

1) Y2=X.
@) Y2 =X+ X2
3) X2 =Y°.

More generally, for any local ring (R, m), the tangent space of X := Spec(R) at the closed point p € X
is defined as
Txp = Spec(Sym* (m/m?)).
We have an embedding Cx, C Tx, induced by the projection

(e

Sym®(m/m?) - @ mk/mk+L,
k=0
The closed points of Tx, form a vector space over k := R/m, canonically isomorphic to (m/m?)¥ =
Homy (m/m?, k). By Exercise 25.6, this generalizes the previous definition of the tangent space of an
affine variety.

25.6. Cotangent space and the module of differentials. The study of an affine scheme Spec(R) consists
of the study of R, namely the ring of regular functions on Spec(R). From the algebraic perspective,
instead of studying the "tangent vectors" of Spec(R), it would be more natural to consider "differential
forms". This is already hinted when we mention that closed points of the tangent space of an affine
variety at a closed point m is canonically identified with the vector space (m/m?)". We thus define the
cotangent space of (the spectrum of) a local ring (R, m) at the closed point m to be m/m?.

In addition to cotangent space, we also define cotangent module Q 4,z of an R-algebra A; this is the
analog of the cotangent bundle over a manifold. We will see in Proposition 25.18 that over a rational
point p, the fiber (Q4/r)|, coincides with the cotangent space m, / m%.

Definition 25.9. Let R — A be an R-algebra. The module of (relative) differentials Qar of A over R is the
quotient of the free A-module generated by the symbols df for all f € A, quotient by the A-submodule
generated by the relations
(1) dr =0for all r € R (i.e. the functions pulled back from SpecR have vanishing differentials);
(2) d(f +g)=df +dg;
(3) (Leibniz’ rule) d(fg) = f-dg+g-df.
We also call Q4/r the module of Kdhler differentials.

Exercise 25.10. Let R be aring and let A = R[Xj, ..., X,]/(f1,.-., fm)- Show that Q4/r is the quotient of
the free A-module generated by dXj, ..., dX,, quotient by the relations df; = ---df,, or precisely

d d
@Ox fr)dXi=--= Z(&X‘fm)dXi =0.
=1 i=1

Exercise 25.11. Show that if R — A is a finitely generated (resp. finitely presented) A-algebra, then
Qyyr is a finitely generated (resp. finitely presented) A-module. Here, an R-algebra A is called finitely
presented if A is the quotient of R[Xj, ..., X,] by a finitely generated ideal.

25.7. Cotangent exact sequence. Recall that if 7 : M — N is a submersion of manifolds, then we have
a short exact sequence of vector bundles

0— TM/N - TM i T(*TN —>0,

defining the relative tangent bundle Tyyy. The following the is analogous statement for cotangent
modules, which also explains why Q4 is called module of relative differentials.
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Proposition 25.12. Let R — A — B be ring homomorphisms. We have an exact sequence of B-modules

b(da)—b-da db—db

B®y QA/R QB/R QB/A — 0.

Proor. It is clear that Qp;r — (4 is surjective. The composition of the two maps in the sequence
is zero, because da = 0 in Qpj4 for every a € A. Finally, it follows from the defining relations of the
modules of differentials that the kernel of Qp/r — (p/4 is the B-submodule generated by da for alla € A,
and this is exactly the image of B ®4 Qa/r — Qp/r. O

Exercise 25.13. Let L/K be a field extension with finite transcendental degree.

(1) Compute Q;/x when L/K is purely transcendental.
(2) Show that Qy x = 0if and only if L/K is an algebraic separable extension.

25.8. Conormal modules. Recall that if Z C M is a closed submanifold of a manifold M, then we have
a short exact sequence of vector bundles

00— TZ - TM|Z —>NZ/M —)O/

defining the normal bundle Nz of Z in M.
Here is the analogous statement for cotangent modules.

Proposition 25.14. Let R be a ring and let A — B be a surjective morphism of R-algebras. Let I := ker(A — B).
We have an exact sequence of B-modules
12 18 o &4 Ok b&(day—b-da Qg = 0.
In the above statement, we call I/I? the conormal module of Spec(B) in Spec(A).

Proor. First we note that since B = A/I, the map I /1> 5 B®4 Q4 /r is well defined by the Leibniz rule.
Since A — B is surjective, we have Qpja = 0, s0 B®4 Qa/r — Qp/r is surjective by Proposition 25.12.
Itis clear that the composition of the two maps in the sequence is zero. Finally, the first map is isomorphic
to B®s I — B®s Qur defined by b ® i = b ®di, so its cokernel Q is generated as a B-module by 1 ® db
for all b € B. We verify that the defining relations Qp/r can also be lifted to the defining relations of Q,
hence Q =~ Qp/z. O

25.9. Derivation and universal property. Let R be a ring and let A be an R-algebra. Let M be an

A-module. An R-derivation from A to M is a map D : A — M satisfying the following properties.

(1) Dr=0forallr € R;
(2) D(f +g9)=Df + Dgforall f,g € A;
(3) (Leibniz’ rule) D(fg) = f -Dg+g-Df forall f,g € A.
Equivalently and more concisely, an R-derivation is an R-linear morphism D : A — M which satisfies
Leibniz’ rule as above. The R-derivations from A to M form an A-module, denoted by Derg(A, M).
For instance, the map d : A — Qg is an R-derivation; this is the universal one.

Proposition 25.15 (Universal property of modules of differentials). For any A-module M, the map
HomA(QA/R,M) - DerR(A,M).
(25.1)
¢ pod

is an isomorphism of A-modules.
Exercise 25.16. Prove Proposition 25.15.

As a consequence, if D : A — N is an R-derivation such that the universal property stated in
Proposition 25.15 holds for D instead of d : A — Qg /g, then there is a unique isomorphism ¢ : N = Qu/r
of A-modules such that ¢ o D = 4.
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Exercise 25.17. Let k be a field and let R be a k-algebra. Let m C Specm(R) be a closed point such that
R/m = k (as k-algebras); such a point is called a k-point, or a rational point of Spec(R). Show that the map

Dery (R, k) — Homy (m/m?, k)

sending D to its restriction to m is well defined and is a k-linear isomorphism. (The argument should
be similar to that of Exercise 25.1.)

25.10. Cotangent space at a rational point. Let k be a field and let R be a finitely generated k-algebra.

Proposition 25.18. For every k-point x € Spec(R) which corresponds to the maximal ideal m € R, the map
m/m? = (Qryidlx

defined by f — (df)ly is a k-linear isomorphism.

Proor. That m/m? — (Qa /k)lx is well defined follows from the Leibniz rule. We will instead show that
the dual of m/m? — (Qa/x)ly is an isomorphism.
We have canonical isomorphisms of k-vector spaces

Homy (Qg/k ®r k, k) = Homg(Qg/i, k) = Dery(R, k) =~ Homy(m/ m?, k),

where the first isomorphism is the adjunction of extension-restriction of scalars, the second isomor-
phism is the universal property of modules of differentials, and the third isomorphism is the one in
Exercise 25.17. We verify that the dual of the composition of the above isomporhisms is f + (df).. O

Exercise 25.19. Let x € Spec(R) be a k-point and let ¢ : R — k be the induced quotient map. Show that

Homg(Qg/x, k) — { k-algebra factorizations R ﬂ k[e]/(e?) = k of ¢ } .
(25.2)

Y (@ f e O + ()
is a bijection. Thus morphisms of schemes Spec(k[e]/(¢%)) — Spec(R) over k can be regarded as tangent
vectors on Spec(R).

25.11. Pullback and localization. Let
(25.3) A——A
]
R . R’
be a commutative diagram of ring homomorphisms. It induces an morphism of A’-modules
¢: A ® Qar = Qar
sending a’ ® da to a’ - da.

Exercise 25.20.

(1) Show that the morphism ¢ : A’ ®4 Qa/r = Qa/r introduced above is well defined, and is the
image of the R-derivation A — A" — Qg under

Derr(A, Qar/r) = Homu (Qa/r, Qarjr) = Homa (A" ®4 Qa/r, Qaryrr),

where the first isomorphism is the universal property of modules of differentials, and the
second isomorphism is the adjunction of extension-restriction of scalars.
(2) Suppose that (25.3) is a co-cartesian square (namely A’ ~ A ®g R’), show that

(i) A ®a QA/R = QA!/R/

is an isomrophism.
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Exercise 25.21. Let f : R — A be a ring homomorphism. Let S C R and T C A be multiplicative subsets
such that f(S) c T. Show that

T_lgA/R = QT’lA/S’lR'

25.12. The cotangent module is the conormal module of the diagonal. Let R be a ring and let A be an
R-algebra. Let

X := Spec(A) Xspec(r) Spec(A) =~ Spec(A ®r A)
The diagonal of X is the subscheme A C X defined by the ideal Iy C A ®g A generated by

a:=a®1-1®a : ac€A.

Exercise 25.22. Show that I, is the kernel of A ®x A — A defined by a ® a’ + aa’. Hint: observe that if
Ziaia; =0, then

Za,- ®a; = 2(1 ®a)(a;®1-1®a).
i i
Exercise 25.23. Show that

6:A— /L.
(25.4) 2
A a®l-1®a mod I}

is an R-derivation.

We thus have a factorization ,
I} Ai QA/R L) IA/Ii
of 0, by the universal property of Q4,r. Note that since da for all a € A generate the A-module Q4/r, the
morphism ¢ of A-modules is surjective.
Exercise 25.24. Show that i : In/I; — Qu/r defined by a® b — a - db is well-defined, and i o ¢ = 1d.
The above statements lead to the following;:

Proposition 25.25. The map ¢ : Qg = Ip/I5 is an isomorphism of A-modules.

26. Dimension of the tangent cone
Let (R, m) be a Noetherian local ring.

Theorem 26.1. Let (R, m) be a Noetherian local ring. Let k = R/m. The function

Hg ;i +>: dimygem’/mi*!

is polynomial for i > 0, and the degree is equal to dim R — 1. As a consequence,
dim R = dim Cg .

26.1. Hilbert-Samuel function. We will derive Theorem 26.1 as a consequence of a more general
statement (Theorem 26.17) that we will prove by induction. For this reason, we consider the following
functions which generalize Hg .

Let M be a finitely generated R-module. Anideall C Ris called a parameter ideal of M if Supp(M/IM) =
{m}. This generalizes the notion of parameter ideal of a local ring. If I is a parameter ideal of M, then
for all n € Z5, by Exercise 17.16 the R-module I"M/I"*!M has finite length. The Hilbert—Samuel function
is defined as

Hpp oo g (I'M/TM).

26.2. Associated graded ring and module. Let I C R be an ideal. We define The associated graded ring
of R and associated graded module of M by

gr,R = @1’1 /I, grM = @I“M/I“”M
n=0 n=0
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We regard gr,M as a graded gr;R-module as follows: for any r € I'/I**! and m € I"M/I"*' M, we first lift
them to 7 € I and i € "M, then 77 € I**"M modulo I M is independent of the liftings.

Lemma 26.2. If M is finitely generated over R, then gr;M is finitely generated over gr,R.

Proor. Since M/IM is finitely generated over R and I"M/I""'M = (I"/I"*!) - (M/IM), Lemma 26.2
follows. =

Lemma 26.3. If R is Noetherian, then grR is also Noetherian.

Proor. Since I is a finitely generated ideal, by construction gr R is a finitely generated R/I-algebra. As
R/Iis Noetherian, it follows that gr;R is also Noetherian. O

26.3. Hilbert functions. LetR = @;0 Rgbea graded ring and let M = ) ,_, M; be a graded R-module;
in these lectures, a graded ring is always Zo but a graded module is Z-graded. Each M, is thus an
Ro-module. Suppose that each M, is an Ro-module of finite length, the function

Hy:i— lgRO My
is called the Hilbert function of the graded R-module M.
Exercise 26.4. Let I C R be a parameter ideal of the R-module M. Show that
Hymp = Hgm
where gr,M is regarded as a graded module over gr;R.

26.4. Polynomiality of Hilbert functions. Let R be a graded ring. We say that R is finitely generated in
degree 1 if there exist 14, ..., 7, € Ry which generate R as an Ro-algebra.

Theorem 26.5. Let R be a graded ring. Suppose that R is generated in degree 1 by k elements. Let M be a finitely
generated R-module such that each Ro-module My has finite length (this is the case when e.g. Ro is Artinian).
Then there exist an integer ng > 0 and a polynomial Pp; € Q[x] with deg P < k such that

Hyi(n) = Pum(n)
forall n > ny.
The polynomial Py, is called the Hilbert polynomial of the graded R-module M.

Proor. We prove Theorem 26.5 by induction on k. Suppose that k = 0. Then R = Ry. Since M is finitely
generated over R, we have M, = 0 for d sufficiently large. Hence P = 0 works.
Suppose that R is generated by x1, ..., x; € R; as an Rp-algebra. Consider the exact sequence

XX1

0>K->M-—>M1)-Q—0
where M(d) is the graded module defined by M(d); := M., and K and Q are the kernel and the cokernel

of M =5 M(1). Since M X, M(1) preserves the grading, both K and Q are graded R-modules. Since the
length function is additive, we have Hy(n + 1) — Hy(nn) = Hg(n) — Hx(n). Note that x; annihilates both K
and Q, we can regard them as modules over R/(x1). So by the induction hypothesis, n — Hg(n) — Hx(n)

is a rational polynomial function when n > 0. We conclude by Lemma 26.8 below. m]

Corollary 26.6. Let R be a local ring and let M be a finitely generated R-module. Let I C R be a parameter
ideal of M. Then there exists a polynomial Ppy; € Q[x] such that Hy1(n) = Pag1(n) for n > 0. Moreover, if I is
generated by k elements, then deg Py < k.

Proor. It suffices to show that deg Pyi; = deg Pym. Up to replacing R by R/Ann(M), we can assume
that Supp(M) = Spec(R). Then Ann(M/IM) = I, and thus V(I) = Supp(M/IM) = {m}. So dimR/I = 0.
Since R is Noetherian, R/I is thus Artinian, and we conclude by Theorem 26.5 and Exercise 26.4. O
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26.5. Polynomial differences. For any k € Z;, define the polynomial

x\  x(x-1)---(x—k+1)
k)T Kl

Exercise 26.7. For any k,n € Z5, show that
n\ & om
(1=20")
m=0
Lemma 26.8. Let H : Z — Z be a function. Suppose that there exist ng > 0 and a polynomial Q € Q[x] such

that
H(n+1)—-H(n) = Q(n)

forall n > ny, then there exists a polynomial P € Q[x] such that
H(n) = P(n)
forall n > ng. Moreover deg P = degQ + 1.

Proor. By translation, we can assume that 179 = 0. For every n > 0, we have

n-1

H(n) = H(0) + )" QG).

i=0
Since Q is a Q-linear combination of the polynomials x + (7) follows from Exercise 26.7. m]
26.6. A variant of the Hilbert-Samuel function. We also consider the following variant of the Hilbert-
Samuel function:
Hup : 1o 1go(M/I"M).
We have
H(n) = Hyi(n + 1) = Hy(n).

So there exists a polynomial I?M,I € QJx] such that ﬁMJ(n) = 13M,1(n) forn > 0and deg FM,I =1+degPum;.

26.7. Upper bound of the degree of the Hilbert polynomial. Let R be a local ring and let M be an
R-module.

Lemma 26.9. The degree of the Hilbert—Samuel polynomial Ppyr does not depend on the parameter ideal I.

Proor. It suffices to show that degPy; = deg Ppm. As we did in the proof of Corollary 26.6, up to
replacing R by R/Ann(M), we can assume that Supp(M) = Spec(R). This implies that R/I is Artinian, so
there exists some integer d > 0 such that

m?clcm.
Since
Hym(n) < Hyi(n) < Hyga (1),
we have
Puin(n) < Pagi(n) < Py (dn)
for n > 0. Hence deg 13M,1 =deg 13M,n1, which finishes the proof. O

Corollary 26.10. We have deg Pyy; < dim Supp(M) — 1.

Proor. Up toreplacing R by R/Ann(M), we can assume that Supp(M) = Spec(R). By Exercise 21.6, some
parameter ideal I is generated by dim R elements. It follows from Theorem 26.5 and Lemma 26.9 that
deg Py < dimR -1 = dim Supp(M) — 1. O

26.8. Blowup algebra. Let R be a ring and let I C R be an ideal. The blowup algebra (or the Rees algebra)
of I is R is the graded R-algebra
BIR = (P I".
d=0
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Remark 26.11. In this remark we assume some background in algebraic geometry. Suppose that [ is
finitely generated. Then the morphism The blowup Proj ;BliJR — Spec(R) defined by the R-algebra
structure of BI;R is the blowup of Spec(R) along I, which is why BL;R is called the blowup algebra. Note
that we have a surjective morphism

BIR ~» Cry := (P I/1*1,
d=0

and the kernel is the ideal I - B4R = I® > @ ---. The the ideal I - B;R cuts out a Cartier divisor E in

Proj zBliR, called the exceptional divisor. The divisor E is isomorphic to the projectivized normal cone
Proj Cgof Iin R.

Let M be an R-module. A filtration
I M=MyDM;D---

is called an I-filtration if IMy C My, for all index d. Let

BlyM = é Md,
d=0

regarded as a Bl;R-module in a natural way.

Proposition 26.12. Let .% : M = My D My D --- be an I-filtration of M such that each M is finitely generated
over R. The following assertions are equivalent.

(1) Bl.sM is finitely generated over BlR.
(2) There exists an integer ng such that M,.1 = IM,, for every n > ny.

If the filtration .7 satisfies (2) in Proposition 26.12, we call .# an I-stable filtration.

Proor. Itis clear that (2) implies (1). Suppose that Bl s M is finitely generated over Bl;R: we can assume
that Bl M is generated by homogeneous elements of degree < ny. Then for every i € Z;( and every

m € M+ we have
ny Sj

n= 3 Y

=0 (=0

for some ¥, € Ryy+i-j and mE,[) € M;. Hence

no+i—j
o
Myysi C Z ["IM; € M.
j=0
So My+i = IiMnO, which shows that M,,.1 = IM,, for every n > ny. O
Corollary 26.13 (Artin—Rees lemma). Let R be a Noetherian ring and let M be a finitely generated R-module

with an I-filtration
fIMZMoDMl Do

Let M' € M be a R-submodule. If .7 is I-stable, then the I-filtration
I'=Mns: MnNM)DMNM;)D---
is also I-stable.

Proor. Since R is Noetherian and Bl/R is a finitely generated R-algebra, BI/R is also Noetherian. By
Proposition 26.12, Bl s M is finitely generated over BlR, so Bl »~M’ is also finitely generated over Bl;R.
Hence .#’ is I-stable by Proposition 26.12. o

Corollary 26.14 (Krull’s intersection theorem). Let (R, m) be a Noetherian local integral domain. We have

ﬂm”:O.

n>0
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Proor. Let I C R be an ideal. Applying the Artin—Rees lemma to I endowed with the m-filtration
IDmN)>m>NI>---

shows that for n > 0, we have
m"™ N =mm" NI).

For I = (,5o m", we thus have I = mI, hence I by the Nakayama lemma. m]

Remark 26.15. Note the the conclusion of Krull’s intersection theorem does not hold for the local ring
(‘50 &, M), because m? is the ideal of germs of smooth functions f with f(0) = f’(0) = --- = f@D(0) =0
but x — exp(—1/x?) has vanishing derivatives at 0 of all orders.

26.9. An additivity result of the Hilbert-Samuel function.
Lemma 26.16. Let R be a local ring and let
0-M->M->M' -0

be a short exact sequence of R-modules. Let I be a parameter ideal of both M and M’. Then there exists Q € Q[x]
with positive leading coefficient and deg Q < deg Py 1 — 1 such that

Pari(1) = Pap 1(1) + Pap 1(11) — Q(n),
forn > 0.

Proor. We have an exact sequence
M NI'"M M M M
— - — = -0,
nmM’ nmM’ rm - mm-

00—

which yields
Pu(n) = Py (1) + Prpe (1) = Q(n),
where Q is a polynomial such that M ATM
"AT
Q0 = 167
for n > 0.
By Artin—Rees, there exsits an integer 1y such that for all positive integer i > 0, we have

M’ N IHM = (M N TPM’) € I'M.
So
Q(n) < Hyr 1(n) — Hyy 1(n = np),
for n > 0, showing that the polynomial Q satisfies deg Q < deg EM/,I -1 ]

26.10. Lower bound of the degree of the Hilbert polynomial.
Theorem 26.17. Let (R, m) be a local ring and let M be a finitely generated R-module. We have
deg FM,m = dim Supp(M).

Proor. By Corollary 26.10, it remains to show that deg Py > dim Supp(M).

We can assume that M # 0. We prove Theorem 26.17 by induction on dim Supp(M) > 0. Suppose
that dim Supp(M) = 0. Then EWm # 0 (otherwise, M = mM, which is impossible by Nakayama’s lemma).
So we always have deg IgM,m > 0.

Let p € Spec(R) be the generic point of an irreducible component of Supp(M) of maximal dimension.
In particular p € Assg(M), so p = Ann(m) for some m € M, and therefor M contains an R-submodule
isomorphic to R/p. Since PR/pm(n) < PM m(n) for n > 0, we can assume that M = R/p. Furthermore,

smce
R/p

l&r 5 p+m" mn/p’
we can assume that M = R and that R is a local integral domain.

= lgR/ P
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Let x € R be a nonzero element. Applying Lemma 26.16 to the short exact sequence
OﬁRiR—)R/(X)—)O
yields
deg PR,m >1+ deg PR/(x),mr
so deg IFR,m > 1+ dim R/(x) by the induction hypothesis. Since x # 0 and R is an integral domain, we

have dim R = 1 + dim R/(x) by the principal ideal theorem, which finishes the proof. O
26.11. Regular local rings.

Definition 26.18. A Noetherian local ring (R, m) is called regular if at the closed point m, the tangent
cone is equal to the tangent space.

Exercise 26.19. Let (R, m) be a Noetherian local ring of dimension d. Let k = R/m Show that the
following assertions are equivalent.

(1) Risregular.

(2) mis generated by exactly d elements.

(3) dimym/m? =d.

Exercise 26.20. Let (R, m) be a Noetherian local ring.

(1) Suppose that dim R = 0. Show that R is regular if and only if R is a field.
(2) Suppose that dim R = 1. Show that R is regular if and only if R is a DVR.



LECTURE 13

Projective modules and flat modules

Let R be aring.

27. Extensions

27.1. The set of extensions. Let M and N be R-modules. We can always produce a new R-module from
them by considering M @ N. It sits in the middle of a short exact sequence of the form

(27.1) 0> N->E->M-0
but not all R-module E fitting in (27.1) is isomorphic to M @ N, for instance we have the exact sequence
05237 52/22Z 0.

This is the main reason why R-modules are much more complicated then vector spaces over a field.
A short exact sequence (27.1) is called an extension of M by N. We let

Extr(M, N) := { extensions of M by N } /equivalence,

where two extensions N - E — M and N — E’ — M are equivalent if there exists an isomorphism
¢ : E = E’ of R-modules such that the diagram

N——E——M
|
N—sF—M
commutes.
Exercise 27.1. Let d > 0 be an integer. What is the cardinal of Extz(Z/d, Z)?
The above exercise imply in particular that equality in Extz(M, N) doesn’t imply that the middle
terms are isomorphic.

27.2. Pullback and pushout. Let f : L - M and g : L — N be morphisms of R-modules. Define

(L 22,

MHN := coker MGBN).
L

Exercise 27.2. Show that M ]]; N satisfies the universal property of the fiber coproduct of M and N over
L.
Let f: M — Land g : N — L be morphisms of R-modules. Define
Mx; N = ker (Mo N 22210720, 1)
Exercise 27.3. Show that M X, N satisfies the universal property of the fiber product of M and N over L.

27.3. Functoriality of Extz(M, N). Let M and N be R-modules. Every morphism of R-modules f : N —
N’ defines a natural map
EXtR(M, N) - EXtR(M, N/)

80



27. EXTENSIONS 81

sending N — E — M to the second line of the natural commutative diagram

0 N E M 0
o
0——N —EJ[y\N —M——0
Likewise, every morphism of R-modules g : M — M’ defines a natural map
Extg(M’, N) — Extg(M, N)
sending N — E — M’ to the first line of the natural commutative diagram
0——=N—ExXxyM——M——>0

L)

0 N E M 0

Exercise 27.4. Verify that
Extr(e, ®) : (Modg)°F X Modg — Set

is a bifunctor.
27.4. The Baer sum. Let E;, E; € Extg(M, N). We have the commutative diagram

0——=NO&N——E ¢E,—— MM ——0

(n,n')n+n’ L L H

0 N E’ MeM—-0
T
0 N Ei1+E; M 0

where E’ is the R-module such that upper-left square is co-cartesian and E; + E; is the R-module such
that lower-right square is cartesian; the horizontal arrows are the natural ones

Exercise 27.5. Prove the following statements.
(1) The horizontal sequences are exact.
(2) Extr(M, N) endowed with the addition defined by (E;, E;) = E; + E; is an abelian group.

27.5. The R-module structure on Extz(M, N). The extension group Extgr(M, N) has a natural R-module
structure defined as follows. For every r € R and every extension e € Extzr(M, N) which corresponds to
the exact sequence

0-NSEL M0,

the product r - e € Extg(M, N) is defined by the pushout construction

0 N E M 0

0——N——E[[\N—M —0
Exercise 27.6. Show that 7 - e € Extr(M, N) is also represented by the extension obtained by the pullback

construction

0——=N—EXyN—>M——0

0 N E M 0

Exercise 27.7. Given morphisms of R-modules M — M’ and N — N’, show that the maps Extg(M, N) —
Extr(M, N’) and Extg(M’, N) — Extr(M, N) are morphisms of R-modules.
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27.6. The Yoneda product between Hom and Ext. Let M, N, N’ be R-modules. Consider the map
p : Homg(M, N) X Extr(N, N") — Extg(M,N")

sending a morphism g : M — N and an extension e € Extz(M,N’) to the image of ¢ under the
homomorphism Extr(N, N") — Extgr(M, N’) induced by g.

Exercise 27.8. Show that p is R-bilinear.

27.7. Extending the exact sequence. Let M be an R-module. We know that the functors Homg (], e)
and Hompg(e, M) are left-exact, but not necessarily right exact. However, we can extend the induced
exact sequence from the right by a few terms involving Ext.

Exercise 27.9. Let N be an R-module and let
0-M->-M->M -0
be a short exact sequence of R-modules. Show that we have exact sequences
0 —» Homg(N, M’) —» Homg(N, M) —» Homg(N, M") — Extg(N,M’) — Extg(N, M) — Extg(N, M")
and
0 —» Homg(M"”,N) - Homg(M, N) —» Homg(M’, N) — Extg(M",N) — Extg(M, N) — Extr(M’,N),
where the maps between Hom and Ext are defined by the Yoneda product.

27.8. Computing Hom. Let M and N be R-modules. Every R-module M is defined by generators and
relations, and this is how Homg (M, N) is usually computed. Precisely, we have an exact sequence

R¥Y 5 R 5 M — 0,

which induces a short exact sequence
0 — Homg(M, N) — Homg(R®,N) — Homg(R¥, N).

Note that we have Homg(R®, N) ~ [], N.
27.9. Computing Ext. Next we compute Extr(M, N) Start with an exact sequence

0>K—>Fp—->M->0
where Fy is a free R-module (of generators of M, so K is the submodule of relations).
Exercise 27.10. Let F be a free module. Show that Extg(E,N) = 0.

By Exercise 27.9, we have a short exact sequence
Homg(Fy, N) - Homg(K, N) — Extg(M,N) — 0.

We can compute Homg(Fo, N) — Homg(K, N), again using generators and relations of K. Precisely, start
with an exact sequence
Fz i F1 —-K—-0

or equivalently, an exact sequence
Fpb>F —>Fp->M-0

where F; and F; are free R-modules, we then have

ker(Homg(F;,N) - Homg(F>, N
Extgr(M, N) =~ coker(Hompg(Fy, N) —» Hompg(K, N)) = Im((Hom;:((F; N)) - HomIIj((Flz N)))) .

28. Higher Ext-groups

28.1. Free resolutions and higher Ext. Any R-module M has a free resolution, namely an exact sequence
of R-modules
> F—>Fp—->M-—0
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where F; are free R-modules; the sequence can be unbounded from the left. The previous discussion
motivates us to consider free resolutions of R-modules, and use them to define higher Ext-groups
Ext% (M, N) and further extend the exact sequences in Exercise 27.9.

We will see that the key property in the construction of Ext, (M, N), is that the functor Hom(F;, ®) is
exact. An R-module P such that Hom(P, ) is (right-)exact is called a projective module, and it is thus more
natural to consider more generally projective resolutions of M: these are exact sequences of R-modules

AP APy M o0 (%)
such that each P; is a projective module.

Proposition 28.1. Let P be an R-module. The following assertions are equivalent.
(1) P is projective.
(2) Extr(P,N) = 0 for every R-module N.
(3) Pis a direct summand of a free module.

Proor. Assume (1). Then for any extension e € Extg(P, N) represented by the exact sequence
0->N-oELP—0,

the morphism ¢ has a section, showing that e is equivalent to the trivial extension N @ P.

Assume (2). Choose any surjective morphism ¢ : F - P of R-modules from a free R-module F.
Then (2) implies that the extension ker(¢) — F — P is trivial, so P is a direct summand of F.

Finally assume that (3). Then the identity Id : P — P has a factorization P < F —» P through a free
R-module F. This induces for any R-module N, a factorization

Homg(P, N) - Homg(F, N) - Homg(P, N)

of the identity map. Therefore if N - N’ is a surjective morphism of R-modules, since Homg(F, N) —
Homg(F, N’) is surjective (because F is free), necessarily the induces map Homg(P, N) - Homg(P, N’) is
surjective. O

Given such a projective resolution % of M, define for each i € Z the R-module
Exty(M, N)s := H'(Homg(P., N));

we set P; = 0if i < 0. Here, for any complex of R-modules C*, namely a sequence of morphisms of
R-modules ,
RN ai ﬂciﬂciﬂ — ...

such that d' o d"~! = 0), the ith cohomology of C* is defined as

_ kerd’

~ Imdi-1’

28.2. Functoriality and independence of the projective resolutions. Let M’ be another R-module and
let

H(C*) :

AP LS M 50 (%)
be a projective resolution of M’. For any morphism f : M — M’ of R-modules, since each P; is projective,
we can lift f to a morphism F : P, — P, of complexes, namely a commutative diagram of R-modules

P, Py Py M
le Llsl lFo Jf
P; P; P6 M.

It induces a morphism of R-modules

Exth (M, N) g — Extiy(M, N)z.
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Exercise 28.2. Two morphisms of complexes F, G : P, — P, are called homotopic if there exists for each
index i a morphism of R-modules k; : P; — P;_, such that

F; — Gi = dh, + h,‘_ld.
Show that if F,G : P, — P, are homotopic, then the morphism Ext%(M’,N Yo — Ext}‘{(M, N)z they

induce are the same.

Exercise 28.3. Let

AP L M0 (@)
be another projective resolution of M. Show that all lifts P, — P, of the identity Id : M — M are
homotopic. This provides a canonical isomorphism

Extiy (M, N) 7 = ExtL(M, N)z
Thanks to the previous exercise, we can set by a slight abuse of notation
Exti (M, N) := Ext, (M, N) .
28.3. Induced long exact sequence. Let N be an R-module. A short exact sequence
0-M->-M->M' -0
of R-modules induces a long exact sequence of R-modules
0 - Homg(M",N) —» Homg(M, N) - Homg(M’, N)
— Exty(M”,N) — Exth(M,N) — Extk(M’, N)
(@8.1) — Ext3(M”,N) — Ext3(M,N) — Exti(M’, N)

—_— e

constructed as follows. First we choose any projective resolutions P, — M’ and P} — M".

Exercise 28.4 (Horseshoe lemma). Show that there exists a resolution Ps — M of M together with an
exact sequence

0—-P,—-P.—>P/—0
of complexes such that

Py

M/%M%M/l

commutes. (Hint: Let Py = Pj & P and let Py — M be the sum of ¢’ and a lifting Pj’ — M of ¢”. The
snake lemma shows that 0 — ker ¢’ — ker e — ker ¢”” — 0 is exact and let ¢ is surjective. Continue by

— Py —— P(')’

induction.)

For every i, the maps P, — P, — P/ thus induce morphisms
Exthy(M”, N) — Ext, (M, N) — Exty (M, N).

The map o : Extﬁg(M’, N) — Extgl(M”, N) in (29.1) is constructed as follows. Let a € Ext%(M’, N) and let
«’ € Homg(P}, N) be a representative of a. Since P!’ is projective, by Proposition 28.1 and Exercise 27.9
applied to the short exact sequence

0—-P —-P;—P’'—0

show that o’ can be lifted to § € Homg(P;, N). Since &’ maps to 0 in Homg(P},,,N), the image
y € Homg(Pi+1,N) of f maps to 0 in Homg(P;},;,N). Therefore y is the image of some element
Yy’ € Homg(P},;,N), and )" maps to 0 in Homg(P},,,N). We define 6(a) to be the class of ) in

) i+27
Exty{(M”, N).



28. HIGHER EXT-GROUPS 85

Exercise 28.5. Show that the morphisms in (29.1) are well-defined (namely, independent of all choices
of we made in the constructions) and that (29.1) is an exact sequence.

Exercise 28.6. Show that the second exact sequence in Exercise 27.9 is isomorphic to the first six terms
of (29.1).

28.4. Injective modules and injective resolutions. An R-module [ is called injective if Hom(e, I) is
(right-)exact. An injective resolution of an R-module N is an exact sequence of R-modules

0s-NoPLPL P .. ()

where each [; is an injective module.
Given such an injective resolution .# of N, for every R-module M and every i € Z, we define the
R-module
Exty(M, N) » := H'(Homg(M, I*));
wesetl' =0ifi<0.
28.5. Comparison of Ext-groups.

Proposition 28.7. Let M and N be R-modules. Let (%Z) be a projective resolution of M and let (.%) be an injective
resolution of N. For each i, we have a canonical isomorphism

Ext, (M, N)g =~ Exth(M,N). .
Proor. Let K** be the double complex defined by K7 := Homg(P,, I). It follows from the exercise
below that we have canonical isomorphisms
H(Homg(P., N)) =~ H'(Tot(K**)) =~ H'(Homg(M, I*)).
]

Exercise 28.8. Let K** be a double complex of R-modules, namely a collection of R-modules K*7 indexed
by (p,q) € Z* together with morphisms of R-modules

d KT — KP*U, g7 KPA — KPATE
for each p, g € Z such that
d/Z — du2 — 0, ad’ =da"d.
The total complex Tot(K**) associated to K** is the complex K* defined by
K" := @pyg=n K"
and d : K" — K"*! is defined by
dx=d'x+ (-1)Pd"x
for all x € KP4,
Suppose that K/ = 0 whenever p <0 or g <0. Let

X* :=ker(d : K*® — K*), Y* :=ker(d: K" — K'"*).
Show that for each i, we have canonical isomorphisms
H'(X®) ~ H(Tot(K**)) ~ H'(Y*).
28.6. Ideal-theoretic criteria for injectivity.

Proposition 28.9. Let N be an R-module. The following assertions are equivalent.

(1) N is injective.
(2) For every ideal I C R, we have Ext}{(R/I, N)=0.
(3) For every ideal I C R, every R-linear morphism I C N extends to an R-linear morphism R — N.
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Proor. Itis clear that (1) implies (3). Applying Homg(e, N) to the short exact sequence
0->I->R->R/I->0
and note that Ex’clle (R,N) = 0, we obtain an exact sequence
Homg(R, N) — Homg(I, N) — Extr(R/I,N) — 0,

showing that (2) and (3) are equivalent.
The proof of (3) = (1) uses Zorn’s lemma; see [12, 0AVF]. O

Exercise 28.10. Let M be a Z-module (i.e. an abelian group). Show that M is injective if and only if M
is divisible: namely for any m € M and any nonzero integer #, there exists m’ € M such that we have
m=mn-m.

We admit the following proposition.

Proposition 28.11. Any R-module N has an injective resolution. Namely, there exists an exact sequence of
R-modules

0oNoPLPL2 L0 ()
where each I is an injective module.

Proor. See [12, Section 01D8]. O

As a consequence, we can always compute Extiy(M, N) using injective resolutions of N. Exactly the
"dual” argument of § 28.3 show that for every R-module M, a short exact sequence

0N ->N->N'-0
of R-modules induces a long exact sequence of R-modules
0 — Homg(M, N’) —» Homg(M, N) —» Homg(M, N"")
— BExty (M, N’) — Extx (M, N) — Extp(M,N")

28.2
@2 — Exti(M, N’) — Extx(M, N) — Ext5(M,N"’)

28.7. Aside: the Eilenberg-Mazur swindle. The following argument
0=1-D+1-D)+---=1+(-1+D)+(-1+1)+---=1

showing that 0 = 1 is obviously incorrect. But the similar idea sometimes works in other contexts. Here
is an example.

Proposition 28.12. For every projective R-module P, there exists a free module F such that
Pe&F~F
Proor. Take an R-module Q such that P @ Q is free. Then

F=PoQePoQ e --=Po®(QeP)o(QeP)®---~PaF.

29. Flat modules
Definition 29.1. An R-module M is called flat if M ®x e is left-exact.

Lemma 29.2. Let M be an R-module. If M is projective, then M is flat.
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Proor. Since M is projective, there exists an R-module Q such that M@ Q =: F is free. For every injective
morphism of R-modules N — N’, we have the commutative diagram

MR N —— M®r N’
FOQrN ——FQr N’

Since F is free, F®r N — F ®g N’ is injective. As M is a direct summand of F, the map M®x N — F® N
is also injective. Hence M ® N — M ®g N’ is injective. O

29.1. Tor functor. A flat resolution of an R-module M: is an exact sequence of R-modules
S S P oMo0 ()
such that each P; is a flat module. Given such a resolution # and another R-module N, define
Tor{ (M, N) 4 := Hi(P. ® N);

here, for any complex of R-modules

v > Cin ﬂciﬂci_l -,
the ith homology of C, is defined as
kerd;
Hi(C,) = ——.
() Imd;i4

By the same argument and construction as in § 28.2, Torf (M, N) is also functorial in M and in N, and
we have a canonical isomorphism TorlR (M,N)g = Torf(M, N) g if (#’) is another flat resolution of M.
By a slight abuse of notation we set

Tor{ (M, N) := Tor{ (M, N) .
Exactly as in § 28.5, we can also compute Tor\ (M, N) using flat resolutions of N.
Finally, the same argument as in § 28.3 shows that every short exact sequence

0N ->N->N"-0

of R-modules induces a long exact sequence of R-modules
-+« — TorX (M, N’) — TorX(M, N) — Tors(M,N"’)
(29.1) — TorX(M,N’) — TorX(M, N) — TorX (M, N”)
- M@ N - M&N—MerN"’" — 0.

Exercise 29.3. Show that we have isomorphisms

Tor® (M, N) = TorX(N, M)
which are natural in M and in N.

Example 29.4. Let r € R which is not a zero-divisor. For every R-module M, using the projective
resolution
0—>R5R—-R/()—0

of R/(r), we obtain

M/rM ifi=0
(29.2) Torf(M,R/(r)) ={{meM|rm=0} ifi=1
0 ifi > 2.

29.2. Basic facts of flat modules.
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Exercise 29.5 (Base change preserves flatness). Let M be an R-module and let ¢ : R — A be a ring
homomorphism. Show that the A-module M ®z A is flat.

Let ¢ : R — A be a ring homomorphism, which defines an R-module structure on A. We say that ¢
is flat, or A is flat over R, if this R-module A is flat.

Exercise 29.6 (Transitivity of flatness). Let R — A be a ring homomorphism and let M be an A-module.
Suppose that M is flat over A and that A is flat over R. Show that M is flat over R.

Exercise 29.7. Let S C R be a multiplicative subset. Show that the localization R — S™'R is flat.

Exercise 29.8. Let f : R — A be a flat ring homomorphism. Let p € Spec(A) and let q = f~!(p) € Spec(R).
Show that the induced morphism R, — A, is also flat.

29.3. Flatness is a local property.

Proposition 29.9. Let M be an R-module. The following assertions are equivalent.

(1) M is flat over R.
(2) M, is flat over R, for every prime ideal p C R.
(3) M.y, is flat over Ry, for every maximal ideal m C R.

Proor. By Exercise 29.7, it remains to prove (3) = (1). Let f : N — N’ be an injective morphism of
R-modules. Then for every maximal ideal m C R,

f‘u@Ide

(f ® IdM)m : (N &R M)m ~ Ny, ®R, M,, —— N:n QR,, M, =~ (N, ®Rr M)m

is injective; here the isomorphisms are the ones defined in Exercise 10.9. Hence f ® Idy is injective. O
Exercise 29.10. Show that locally free R-modules are flat.
29.4. Ideal-theoretic criteria for flatness.

Proposition 29.11. Let M be an R-module. The following assertions are equivalent.

(1) M is flat over R.

(2) For every finitely generated ideal I C R, the natural map I ® M — M is injective; therefore we have
I®r M ~ IM.

(3) For every finitely generated ideal I C R, we have Tork (M, R/I) = 0.

Proor. Itis clear that (1) = (3) = (2).
Assume (2). First we note that I ®x M — M is injective for every ideal. Indeed, suppose that
Zl;zl ri®@mj> 0. Let I’ := (rq,...,7). Then the composition

I'gM—>I®xM—> M
is the natural map, which is injective. Hence 21;21 ri®m;j = 0in I ® M. Therefore applying e ®: M to
0->I->R—->R/I->0
together with Torlf (R, M) = 0 shows that
TorX(M, R/I) = 0.

We need to show that for every injective morphism of R-module f : N < N’, the map g := f ® Idm
is also injective. Note that it suffices to prove the case where N’/N is finitely generated. Indeed, if
9(21;21 nj®mj) = 0, then Z’;Zl (f(nj), m;) is some element in the module of relations defining the tensor
product N’ ® M, which involves only finitely many n;,...,n, € N’. Thus Z,];-:l nj@m;=0in N @ M
follows from the injectivity of

4
N®RM—>[N+ZR~n;]®RM.

i=1
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By induction on the number of generators of Q := N’/N, it suffices to show that g : N&gM — N'®@xM
is injective in the case where Q is generated by one element. In this case, we have Q = R/Ann(Q).
Applying e ®z M to the short exact sequence

0—>N—->N — R/Ann(Q) — 0
together with Torlf(M, R/Ann(Q)) = 0 shows that g : N ®x M — N’ ® M is injective. O

29.5. Flatness and torsion-freeness. An R-module M is called forsion free if for every r € R and m € M,
rm = 0 implies that either m = 0 or r is a zero-divisor in R. The name "Tor" is partly due to the following
result.

Proposition 29.12. Flat modules are torsion free.

Proor. Let M be a flat R-module. Let r € R which is not a zero-divisor. Then R =5 R is injective, so by
flatness of M, its tensorization M 2, M with M is also injective. O

Exercise 29.13. Suppose that R is a PID. Show that an R-module M is flat if and only if M is torsion free.
29.6. Finite projective modules.

Proposition 29.14. Let M be a finitely presented R-module. The following assertions are equivalent.

(1) M is locally free.
(2) M is projective.
(3) Mis flat.

Proor. By Exercise 29.10, we have (2) = (3).

Assume (3). Let p € Rbe a prime ideal. Let d := dim,,) M|, By the Nakayama lemma, there exists
a surjective morphism f : RY - M, such that f[, : R, = M]|,. Since M, is flat over R,, we have
Torlf"(O,Mp) = 0, so tensoring x(p) to the exact sequence

0 — ker(f) » RY > M, - 0

shows that ker(f)|, = 0. Since M, is finitely presented, ker(f) is finitely generated. Thus ker(f), = 0
by the Nakayama lemma, which shows that M, is free. Again since M is finitely presented, M is thus
locally free.

Finally we show (1) = (2). Let ¢ : N — N’ be an surjective morphism of R-modules. We show
that the induced morphism ¢y : Homg(M, N) — Homg(M, N’) is surjective. Let p € Spec(R) be a prime
ideal By Proposition 10.15, the localization (¢), is isomorphic to the morphism

HOl’I'le (MD/ NP) - HOl’I'le (MD/ N;)
induced by ¢, : N, — Nj,. Since M, is free, (pum), is thus surjective. Hence ¢y is surjective. m]

29.7. Going-down for flat morphisms. As a geometric consequence of flatness, we have the following
statement.

Proposition 29.15 (Going-down property for flat morphisms). Let R — A be a flat morphism of rings. Let
f : Spec(A) — Spec(R) be the induced morphism of affine schemes. Let p C p’ C R be a pair of nested prime
ideals of R. If there exists o' € f‘l(p’), then there exists q € f ~1(p) such that q C ¢'.

We will prove Proposition 29.15 after we introduce and discuss about the notion of faithfully flat
modules.

29.8. Faithfully flat modules. An R-module M is called faithfully flat if for any morphism of R-modules
f:N—>N,
RN feldy -, C e
N — N'isinjective & N®&M —— N’ ® M is injective.

Exercise 29.16. Let M be a flat R-module. Show that the following statements are equivalent.
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(1) M is faithfully flat.
(2) M®r N =0implies N = 0 for any R-module N.

Exercise 29.17. Let M be an R-module. Show that the following statements are equivalent.
(1) M is faithfully flat.
(2) For any sequence of morphisms of R-modules Ny EN Ny 5 N,
Ny i> N, ER Nsisexact & Ni®M m) N, M w N3 ® M is exact.
The following statement shows that a flat module M is faithfully flat if and only if

Proposition 29.18. Let M be a flat R-module. The following assertions are equivalent.
(1) M is faithfully flat.
(2) Ml, # 0 for any prime ideal p C R.
(3) Ml # 0 for any maximal ideal m C R.

Proor. By Exercise 29.16 we have (1) = (2). (2) = (3) is clear. Now assume (3). Let N be any
nonzero R-module. By Exercise 29.16, it suffices to show that M ®¢ N # 0. Let x € N which is nonzero.
Since M is flat, the morphism (R - x) ® M — M ®g N is injective. Since x # 0, Ann(x) is a proper ideal
of R, so contained in a maximal ideal m. As R - x = R/Ann(x) -» R/m, we have a surjective morphism
(R -x) ® M - M|,,. Since M|, # 0 by assumption, we conclude that M ®z N # 0. O

29.9. Faithfully flat morphisms. Let f : R — A be a ring homomorphism, which defines an R-module
structure on A. We say that f is faithfully flat, or A is faithfully flat over R, if this R-module A is faithfully
flat.

Exercise 29.19. Let f : R — A be a ring homomorphism. Show that the following statements are
equivalent.

(1) f is faithfully flat.

(2) fisflat and Spec(A) — Spec(R) is surjective.

(3) fis flat and every closed point of Spec(R) is in the image of Spec(A) — Spec(R).
(Hint: Lemma 10.30.)

Proor or ProrosiTION 29.15. By Exercise 29.8, the morphism f’ : Ry — Ay induced by f is flat. Since
f~! takes the maximal ideal q’Ay to the maximal ideal p'Ry, it follows from Exercise 29.19 that
Spec(Ay) — Spec(Ry) induced by f” is surjective. In particular, pR, has a pre-image q € Spec(Ay).
Hence the pre-image q C A of q satisfies q C ¢" and f‘l(q) =p. O
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Completion

The final lecture of Modern Algebra II is devoted to completion. Due to time limit, some proofs
are omitted. Reading the relevant details in the literature, such as [5, Chapter 7] or the Stack Project, is
strongly recommended.

30. Examples and definition
Let p be a prime number.

30.1. p-adic integers. We've seen that C[X] and Z share some similarities. At every point p € C, every
polynomial function f € C[X] has a unique expansion

f(X):ao+a1(X—P)+...+an(X_p)n

with a; € C. Likewise, for any prime number p, any positive number N can be written in a unique way
in base p:
N=ay+a-p+---+a,-p"

integers:

(o)

with a, € {0,...,p — 1}. According to this dictionary, the analogue of formal power series are p-adic
Z,:= { formal infinite series Z a-p'

a,-zO,...,p—l}
i=0

Formal power series appear when we develop at a point p a rational function f which doesn’t
have a pole at p. Likewise, p-adic integers already when we try to develop fractions f such that the
denominator of its reduced form is not divisible by p (i.e. f € Z,). Infinite sum appears already when

-1= f(p— 1)-p.
i=0

The development of f € Z,), is based on the isomorphism Z/p"Z ~ Z ) /p"Z): the corresponding p-adic

f:Zﬂi'Pi

[ee)
i=0

we develop negative integers, e.g.

expansion
is a p-adic integer satisfying

for all n.
30.2. p-adic numbers. The analogue of formal Laurent series are p-adic numbers:
Q= {formal infinite series Za,- 'pi iv€Z;a0;=0,...,p—-1 }
=i
Just as we can develop a rational function into a formal Laurent series, we can develop a rational number
f into a p-adic number as follows. First we write

f=9-r"

91
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with g € Z,). If Y2y a; - p' is the p-adic expansion of g, then the p-adic expansion of f is

I
i=m
30.3. The implicit function theorem, Newton’s method, and Hensel’s lemma.
Theorem 30.1 (Formal implicit function theorem). Let f(x,y) € C[[x, y]]. If f(0,0) = 0 and 9, f(0,0) # 0,

then there exists y(x) € C[[x]] such that
flx,y(x) =0.

For instance, if f(x,y) = (y — 1)> —x — 1, then
y = 1 + power series expansion of Vx+1at0

works. Theorem 30.1 can be proven using Newton’s method.
Hensel’s lemma is the analogue of the implicit function theorem for Z,,.

Theorem 30.2 (Hensel’s lemma). Let f € Z,[x] and let 7 € F,[x] be its reduction modulo p. Suppose that
b € F, is a root of f and

—

7 () #0.

Then there exists a unique lift a € Z,, of b to a root of f, namely
f@@=0 and a=b modp.
Exercise 30.3. Is 7 a square in Z3?

30.4. Q, as a topological completion. Recall R is the completion of Q with respect to the usual absolute
value.

Theorem 30.4. Q, is the completion of Q with respect to the p-adic absolute value.

31. Completion

31.1. Definition and basic properties. Let R be a ring and let I be an ideal. The [-adic completion of R
is defined as

R:=limR/I" = {(an) e HR/I”

n=0

a, = a,,1 mod I" }
It is an R-subalgebra of [],-, R/I".

Exercise 31.1. Show that

_—

(1) RIX]] = R[X]x

—

(2) Z, = Z),

where the completions are defined with respect to the maximal ideals. Show that Z, is a DVR.

Exercise 31.2. Let m C R be a maximal ideal. Show that the m-adic completion of R is a local ring, with
maximal ideal m - R.

Similarly, if M is an R-module, its [-adic completion is defined as

N = lim M/I"M = { (my) € [ [ mym
n=0

My, = Myy1 mod "M }

Exercise 31.3. Show that the ([];, R/I")-structure on [[;~, M/I"M induces an R-module structure on
M.

For any morphism of R-modules f : M — N, the completion naturally induces a morphism of
R-modules f : M — N. Therefore the I-adic completion defines a functor from the category of R-modules
to itself.
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Lemma 31.4. Let f : M — N be a morphism of R-modules. If f : M/IM — N/IN is surjective (e.g. if f is
surjective), then f : M — N is also surjective.

Lemma 31.5. Let
0>K->M->N->0

be an exact sequence. If N is flat, then the completion
05K->M->N-0
is also exact.
Remark 31.6. In general, Completion is not an exact functor. It is not even right-exact.
Exercise 31.7. Show that the natural map M ®g R — M is surjective.
If the canonical morphism M — M is an isomorphism, then we say that M is I-adically complete.
Lemma 31.8. M is [-adically complete.

31.2. Complete local rings are Henselian. Let (R, m) be a local ring with residue field x. We call (R, m)
a Henselian ring if the following property holds: for any monic polynomial f € R[X] and any root ay € «
of its reduction f € x[X] modulo m such that

F (a0) %0,

there exists a € R such that
a=ap modm and f(a)=0.

Theorem 31.9. A complete local ring is henselian.

Proor. Let f € R[X] be a monic and let ay € x be a root of f € k[X] such that 7 (a9) # 0. We prove by
induction that a lifts to a root a, € R/m"*! of

fui=f mod m"™! e (R/m")[X]

using Newton’s method.
Suppose that a,, € R/m"*! is constructed. Let b € R/m"*? be any lift of a,. Then f,,1(b) € m"*! /m"*2,

n+2

As m is the maximal ideal of the local ring R, only units of R/m"** can map to units of R/m. Thus f, , (b)

is invertible in R/m"™*2. Now set

fn+1(b)
Fraa®’

Ape1 :=b—

32. Completion of Noetherian rings
In this section, we assume that the ring R is Noetherian. Let I be an ideal.
32.1. Basic properties.

Proposition 32.1. The I-adic completion R of R is also Noetherian.
In particular, R[[X]] is also Noetherian.

Proposition 32.2. Completion of finite R-modules is an exact functor.

Proposition 32.3. The ring morphism R — R s flat. If (R, m) is a local ring and I C m, then R — R is faithfully
flat.

32.2. Tangent cone of the completion. Let (R, m) be a Noetherian local ring, and let R be the m-adic
completion.

Proposition 32.4. We have a graded ring isomorphism

grmR = grmR‘
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32.3. Formal neighborhood. Let k be an algebraically closed field. The polynomial
f—ﬁ@+h

is irreducible in k[x, y](,), but not in k[[x, y]] (because x + 1 has a square root). The tangent cone at (0, 0)
of the curve defined by y* — x*(x + 1) also has two branches.
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