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1. AFFINE ALGEBRAIC VARIETIES

1.1. Algebraic sets and ideals. The goal is to establish a correspondence

geometric objects defined ideals in a

by polynomial equations polynomial ring |-
Let k be a fixed algebraically closed field of arbitrary characteristic. For example, &k could
be C, Q, or I, for p prime.

Say n is fixed. The n-dimensional affine space A™ or A} is (as a set) k™ and the polynomial
ring in n variables over k is R = k[xy, ..., z,)].

How do these two objects correspond to each other? First, note that if f € R and u =
(ug,...,u,) € k™ we can evaluate f at u to get f(u) € k. More specifically, for u =
(ug,...,u,) € k", we get a homomorphism

R=klzy,...,z,] = k, ©; = uy
which is surjective with kernel (z1 — uy,..., T, — uy).
Definition 1.1.1. Given a subset S C R, define
V(S)={u=(uy,...,u,) € A" | f(u) =0 for all f €S}
called the zero locus of S or the subset of A" defined by S.
An algebraic subset of A™ is a subset of the form V() for some S C R.

Example 1.1.2. A linear subspace of k" is an algebraic subset. We can take S to a finite
collection of linear polynomials:

{Z a;x; : a; € k,not all O} .
i=1

More generally, any translation of a linear subspace is an algebraic subset (called an affine
subspace).

Example 1.1.3. A union of 2 lines in A2

V($1!E2)

Example 1.1.4. A hyperbola in A2
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X2

x1 V(ZL‘1$2 — 1)

Remark 1.1.5. The pictures are drawn in R2. For obvious reasons, it is impossible to draw

pictures in C? (or especially @2 or E2), but even the pictures in R? can be used to develop
a geometric intuition.

Proposition 1.1.6.

0=V (1) =V(R) (hence 0 is an algebraic subset).
A" =V(0) (hence A™ is an algebraic subset).

If I is the ideal generated by S, then V(S) =V (I).
If I C J are ideals, then V(J) C V(I).

If (1,)0 is a family of ideals, then

V)=V (Uh) =V (ZJQ> .
(6) If I,J are ideals, thC;n ) )
VUV =V -J)=V(InJ).

Proof. Properties (1) and (2) are trivial. For (3), recall that

I={afi+  +9gnfm|m=>0,f €S 9 € R}
and

(1S 4+ gmSn) (W) = gr(w) fi(u) + - -+ g (w) fin ().
Properties (4) and (5) follow easily from definitions. For (6), note first that

V(DUV()CVINT)CV(I-J)

by property (4). To show V(I -J) C V(I)UV(J), suppose u € V(I -J)\ (V(I)UV(J)).
Then there exist f € I and g € J such that f(u) # 0 and g(u) # 0. But then f-ge I-J
and (f - g)(u) = f(u)g(u) # 0, which is a contradiction. O

Remark 1.1.7. By Proposition 1.1.6, the algebraic subsets of A™ form the closed sets of a
topology on A", the Zariski topology.

Suppose now that W C A" is any subset. Then
IW)={feR| fluy=0foralue W} CR

is an ideal in R.
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Recall that an ideal I C R is radical if whenever f¢ € I for some f € R, ¢ > 1, then f € I.
A ring R is reduced if 0 is a radical ideal, i.e. the ring has no nilpotents.
Since R = k[z1,...,x,) is reduced, I(WV) is a radical ideal.
Easy properties:
(1) 1(0) = R.
(2) I(A™) =0 (exercise: show this holds for any infinite field k).

2) I
(4) If W1 Q Wg, then ](Wl) 2 ](Wg)

We hence have the following maps:

subsets ideals
of A" in R
<< —
V(=)
Proposition 1.1.8. If W C A" is any subsect, then
V(I(W)) =W,

the closure of W. In particular, if W is an algebraic subset, then V(I(W)) =W.

Proof. The containment W C V(I(W)) is clear, and as the right hand side is closed,
W CV({I(W)).

Let us show that

VIW) W= ()2

ZoW
where the intersection is taken over Z 2O W closed. If Z O W is closed, then Z = V'(J) for
some J. We have that
JC1(Z) C 1)

and hence

Z=V(J) D V(I(W)).

This completes the proof. O

Recall: given an ideal J in a ring R,
V'J := {f € R | there exists ¢ > 0 such that f? € J}.

This is a radical ideal, the smallest such that contains J.

Theorem 1.1.9 (Hilbert Nullstellensatz). For every ideal J C R = k[xy,...,x,], we have
I(V(J) = V.

Homework. Read Review Sheet #1: Finite and integral ring homomorphisms.

Corollary 1.1.10. We have inverse, order reversing bijections
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{ algebraic subsets } & { radical ideals }

of A" m klxy, ..., x,

f w [ 1 ]

Note that if P = (ay,...,a,) € A", {P} is a closed subset. Clearly
I(P) D (x1—ay,...,on — ap),

and they are equal since the right hand side is a maximal ideal. Hence, the points are the
minimal nonempty algebraic subsets.

Thus the corollary implies that all maximal ideals are of the form
(iL‘l —QA1y...,Tp — an).
We will prove this first, and then the Hilbert Nullstellensatz 1.1.9.

Recall that a ring homomorphism A — B is finite if B is finitely generated as an A-module.
The following assertions clearly hold.

(1) The composition of finite homomorphisms is finite,
(2) If f is finite, then f ® 1¢ is finite:

A—L B

| !

o 1% pg,C

(3) If f: A — B is injective and finite, with A, B domains, then A is a field if and only
if B is a field. (Note: it is enough for f to be integral.)

Corollary 1.1.11. Suppose A — B is finite with A and B domains. If K = Frac(A),
L = Frac(B), the induced extension K — L is finite.

Proof. Since A — B is finite and injective,

ARy K —— By K finite injection of domains

l: I

K———1L

Since K is a field, B ®4 K is also a field by property (3) above, and hence L = B ®4 K is
finite over K. 0J

Theorem 1.1.12 (Noether Normalization Lemma). If k is a field (not necessarily alge-
braically closed), A is an algebra of finite type over k which is a domain, K = Frac(A),
n = trdeg(K/k), then there exists a k-subalgebra B of A such that

(1) B is isomorphic as a k-algebra to klxy, ..., x,],
(2) the inclusion map B — A is finite.

Proof. We will assume £ is infinite for simplicity. (For a proof in the general case, see [Mum99)).
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We use this as follows: given any nonzero f € k[xq,...,x,], there exists A = (A, ..., \,) € k"
such that f(\) # 0. (Exercise: prove this by induction on r > 1.)

Choose generators vy, ...,y of A as a k-algebra. Then
K = k<yla s 7ym)>
so n = trdeg(K/k) < m.

We use induction on m > n to show that there exists a linear change of variables

m
Y = E bz’jzja
Jj=1

where b;; € k and det(b;;) # 0 (hence A = klz1,. .., 2,]) such that
k[Zl,...,Zn] — A
is finite.

We claim that this is enough. Take B = k|z1,. .., z,]. Then Frac(B) < Frac(A) = K is finite
by Corollary 1.1.11. This implies n = trdeg(Frac(B)/k). Hence zi, ..., z, are algebraically
independent over k.

It remains to prove the above statement. If m = n, we can use identity as the change of vari-

ables because A is a polynomial algebra. Suppose m > n. Then y1,...,y,, are algebraically
dependent over k, so there exists a nonzero f € k[xy,...,x,] such that f(yi,...,ym) = 0.
Write

f = fa + lower degree terms = Z (N R e

—~
£0 Oz=(a1,...,am)€ZgL0

Then

0 :f(yh?ym)

61121 + -t blmzm, .. )

o

o Ca(bl 1y +---+ blmzm)‘f Ce (bm121 + -4 bmmzm)am

I
(<

(Dims - -, bm ) 2% + lower order terms in z,,.
-~ J/

€k
Choose the b;; so that fi(bim,- .., bmm) - det(b;;) # 0. We can do this since k is infinite.

After this change of variables and relabelling z; as y;,
k[yla s 7ym71] — k[yl; s 7ym]
is finite: generated as a module over the left hand side by 1, y,,, ...,y L.

By induction, after another change of variables in y1,...,¥,_1, we may assume

Fun o] = Kl ove] < Kl

finite

and hence the composition is finite. This completes the proof of the claim and hence the
theorem. 0
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Corollary 1.1.13 (Hilbert Nullstellensatz, Version I). If k is a field and A is a finitely
generated k-algebra, m is a mazximal ideal in A, then

[A/m: k] < occ.

Proof. Let K = A/m. Since K is a finitely generated k-algebra, by Theorem 1.1.12, there
exists a finite inclusion B «— K with B = k[xy,...,z,]. As K is a field, B is also a field by
property (3) above. Hence n = 0, and K/k is finite. O

Homework. Read Review Sheet #2 about Noetherian rings.

Corollary 1.1.14 (Hilbert Nullestellensatz, Version II). Suppose k = k and let m be a
mazximal ideal in k[, ..., x,] = R. Then there exist ay,...,a, € k such that

m=(x; —ay,...,T, — ay).
Proof. By Corollary 1.1.13, k — R/m is finite and since k is algebraically closed, this exten-
sion is an isomorphism.
For all 7, there exists a; € k such that x; = a; mod m. Then

(x1 — a1, ..., T, —a,) Cm,

but the left hand side is a maximal ideal, and hence equality holds. U

Proof of Hilbert Nullstellensatz 1.1.9. Note that J C I(V(J)) by definition, and since the
right hand side is a radical ideal:

VI CI(V(J)).

We need to prove the reverse inclusion.

Weak version: given an ideal a C R, we have V(a) # 0. This is clear, since any a # R is
contained in a maximal ideal m, and by Corollary 1.1.14,

m=(ry —ay,...,T, — ay)
for some aq,...,a, € k. Then

(a1,...,a,) € V(m) C V(a).

Rabinovich’s trick: use this property in k[xq,...,z,,y]. Let f € I(V(J)) and
a C Rly| = klz1, ..., 2, 9]
be the ideal generated by J and 1 — f(x)y, where z = (z1,...,2,).
If a # R[y], then V(a) # 0, so let (ay,...,a,,b) € V(a). Then
glay,...,a,) =0 for all g € J and hence (ay,...,a,) € V(J),
1 — f(a,...,a,)b =0 and hence f(ai,...,a,) #0.
This is a contradiction with f € I(V(J)).

Hence a = R[y|. Then we can write

1= fi(x)gi(z,y) + -+ fr(x)g:(x,y) + (1 = f(@)y)g(y)
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where fi,...,f. € Jand g1,...,9:,9 € R[y]. Consider
Rly] — Ry

given by y +— % (i.e. we substitute 1/ f for y). Such a map exists by the universal property
of polynomial rings. Under the image of this map

: 1
1= fifﬂgi(%—)-
21w (= 7
Clearing denominators (recalling R is a domain), we obtain
= Z fihi € J
i=1
for some h; € R and some N. Then f € v/J. O

1.2. The topology on A". Recall that a commutative ring R is Noetherian if one of the
following equivalent conditions holds:

(1) every ideal is finitely generated,
(2) there is no infinite strictly increasing chain of ideals,
(3) any nonempty family of ideals has a maximal element.

Theorem 1.2.1 (Hilbert’s basis theorem). If R is a Noetherian ring, then R[z] is a Noe-
therian ring.

Corollary 1.2.2. Any polynomial ring k[z1, ..., z,| over a field k is Noetherian.
Proof. Note that k is Noetherian and apply Hilbert’s basis theorem 1.2.1 repeatedly. U

Suppose again that k =k, n > 1, and R = klx1,...,2,]. Then R is Noetherian, and we get
the following consequences:

e Since every algebraic subset X C A" can be written as V(J), J ideal, and there exist
fi,..., fr € Jsuch that J = (fy,..., f.), we can in fact write

X =V(f1,...,[fr), the zero locus of finitely many polynomials.
e There is no infinite strictly decreasing chain of closed subset of A™.

Definition 1.2.3. A topological space X with no infinite strictly decreasing chain of closed
subsets is called Noetherian.

Example 1.2.4. The real line R with the usual topology is not Noetherian:
Most non-algebraic examples are not Noetherian.

Remark 1.2.5. If X is a Noetherian topological space, there is no infinite strictly increasing
sequence of open subsets, and hence X is quasi-compact (every open cover has a finite
subcover).
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Remark 1.2.6. If X is a Noetherian topological space, then every subspace of Y is Noe-
therian (and hence every subspace of X is quasi-compact). Indeed, if

Yo2V1 2
is an infinite decreasing sequence of closed subsets of Y, consider

Vo212
Since Y is closed in Y, Y; MY =Y;. This shows Y;; # Y, for all j, contradicting that X is
Noetherian.

Definition 1.2.7. A topological space X is irreducible if

e X # () and
e whenever X = X; U X, with X; and X5 closed, we have X; = X or Xy, = X.

Otherwise, we say X is reducible. We say Y C X is irreducible or reducible if it is so with
the subspace topology.

Remark 1.2.8. We note that X is irreducible if and only if X # () and for every two
nonempty open U,V C X, we have U NV # 0. Equivalently, every nonempty open subset
of X is dense in X.

Proposition 1.2.9. If X C A" is a closed subset, then X is irreducible if and only if 1(X)
18 a prime ideal.

Proof. Note that X is nonempty if and only if I(X) # R. Suppose X is irreducible. If
f,g€ Rand f-g € I(X), then X = (X NV(f))U(XNV(g)) is a decomposition into closed
subsets. Since X is irreducible, we may assume X = X NV(f), and hence f € I(X).

Conversely, suppose that 1(X) is prime and X = X; U X, with X7, X5 closed, and X; # X,
X5 # X. Then

I(z) € I(X;), fori=1,2.
Let f; € I(X;) \ I[(X). Then fifs € I(X1)NI1(Xy) = I(X), contradicting that I(X) is
prime. 0

Examples 1.2.10.

(1) Since k[xy,...,x,] is a domain, 0 is a prime ideal, so A" = V(0) is irreducible.

(2) Any linear subspace L C A" is irreducible: after a linear change of variables in R,
R = k[y1,...,yn) such that I(L) = (yi,...,y,) and this ideal is prime.

(3) A union of 2 lines in A? is reducible.

Remark 1.2.11. If we have a subset X of A" it is usually not hard to prove it is an
algebraic subset by finding an ideal I such that X = V/(I). However, it is sometimes not
easy to find I(X), the radical of the ideal I.

Remark 1.2.12.

(1) If Y C X is a subset, then Y is irreducible if and only if Y # () and if Y C F} U Fy,
Fy, Fy C X closed, then Y C Fy or Y C Fs.

(2) f Y C X, Y irreducible and Y C Fy U--- U F, for F; closed in X, then there exists
an 7 such that Y C F;. (To prove this, use induction on 7.)
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(3) Using the description of irreducibility in (1) and noting that for a closed F' we have
Y C Fif and only if Y C F, we conclude that Y C X is irreducible if and only if Y
is irreducible.

(4) If X is irreducible and U C X is a nonempty open set, then U is irreducible by
property (3), because U = X.

We saw in Proposition 1.2.9 that if X C A™ is closed, then X is irreducible if and only if I(X)
is prime. The following proposition shows that any such X is a finite union of irreducible
closed sets, so I(X) is a finite intersection of prime ideals.

Proposition 1.2.13. If X is Noetherian topological space andY C X is closed and nonempty,
then Y 1s a finite union of irreducible closed sets, i.e. Y =Y, U---UY, for someY; closed
and irreducible. We may assume this decomposition is minimal (so Y; CY; for i # j), and
in this case the Y; are unique up to reordering.

Definition 1.2.14. In this case, Y; are the irreducible components of Y and
Y=Y, U---UY,

is the irreducible decomposition of Y.

Proof of Proposition 1.2.13. If there exists a Y without such a decomposition, we may choose Y’
to be minimal without a decomposition, since X is Noetherian. In particular, this Y is not
irreducible, so there exists a decomposition Y = AU B with A and B closed and A # Y and
B #Y. Since A, B # (), by minimality of Y, both A and B are finite unions of irreducibles.
But then Y = AU B admits such a decomposition, contradiction.

The fact that we can assume the decomposition is minimal is clear. We show uniqueness.
Suppose now

Y:Y1U"'UYTZY1/U"'UYSI
are minimal decompositions with all Y;, Y} closed and irreducible. For all 4, Y; C Y{U---UY]
and Y; is irreducible, so there exists j < s such that Y; C Y. Similarly, there exists [ < r
such that Yj’ CY,. Then Y; C Y}, so ¢ =1 by minimality of the decomposition, which implies
Y, =Y.

Changing the roles of ¥; and Y] in the above argument, we get the result. 0

Definition 1.2.15. If X is a topological space and Y C X, Y is locally closed if for any
y € Y, there exists an open neighborhood U, of y in X such that U, NY C U, is closed.

Remark 1.2.16. If Y C X is a subset, then Y is closed in X if and only if for any y € X,
there exists an open neighborhood U, of y in X such that Y N U, C U, is closed. Exercise:
prove this.

Proposition 1.2.17. Let Y C X be a subset. The following are equivalent:

(1) Y is locally closed in X,
(2) Y is open in Y,
(3) we can write Y = U N F with U open and F closed.

Condition (3) gives a good way to think about locally closed subsets.
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Proof. We first prove (1) implies (3). If Y is locally closed, then for all y € Y choose U, as
in the definition. Consider the open set

v=_u

yey

in X. By Remark 1.2.16, Y is closed in U. Then Y = FNU for F' closed.

We now show (3) implies (2). If Y = U N F for U open and F' closed, then Y C F, and so
Y =UnNY, showing that Y is open in Y.

Finally, we show (2) implies (1). Suppose Y =Y NU. Then for any y € Y, take U, = U.
This works, since Y NU =Y NU is closed in U. 0

Principal affine open subsets. Let X C A™ be closed. If f € k[zy,...,x,], write
Dx(f) ={ue X | f(u) # 0}
This is clearly an open subset of X, since Dx(f) = X \ V(f).
Note that Dx(f) N Dx(g) = Dx(fg). In fact, any open subset of X is of the form:
X\ Dx(J)

for some J C k[zy,...,x,]. Since J is finitely generated, we can write it as J = (f1,..., f)
for some fi,..., f, € J, whence

XA\V(J) = Dx(fi)U---UDx(f)-

Hence the sets Dx(f) give a basis for the topology on X. We call them the principal affine
open subsets. This name will be justified later.

1.3. Regular functions and morphisms.

Definition 1.3.1. An affine variety is a closed subset of some A". A quasi-affine variety is
a locally closed subset of some A".

These are topological spaces with the induced topology. We will see later (when we talk
about sheaves) that these are ringed spaces.

We will do this by specifying the “allowable” functions.

Definition 1.3.2. Let Y C A" be a locally closed subset. A reqular function on Y is a map
©: Y — k which can locally be given by the quotient of two polynomial functions, i.e. for
any y € Y, there exists an open neighborhood U, of y in Y and f, g € k[z1,...,2,] such that
for any u € U, we have

g(u) # 0 and ¢(u) = % €k.

We write O(Y) to be the set of regular functions on Y. (By convention, O(0) = 0.)
Remark 1.3.3. Just like the notion of a differentiable function in differential topology, we

define regular functions by a local property. Examples of functions which are not globally
rational will be given later.
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Note that
O(Y) = {regular functions on Y} C {functions ¥ — k}.

~~
k-algebra

It is clear that O(Y) is actually a subalgebra. For example, suppose ¢1,p2 € O(Y), so for

any y € Y, there exist open neighborhoods U, Uy of y and fi, f2, 91, 92 such that on U,
gi(u) # 0 and ¢;(u) = szU; Then on U = U; NUs 3 y, we have that
gi\u

(01 =+ ¢2)(u)

_ fi(u) N falw) _ fi(u)ga(u) + fo(u)gi(u)
g1(u)  g2(u) g1(u)g2(u)
and g1 (u)ge(u) # 0. By a similar argument, ¢y - ¢ is regular.

Suppose X is closed in A™. We have a map
klxy, ...,z = O(X),
f o (s fw)
The kernel is 1(X).
Proposition 1.3.4. The induced k-algebra homomorphism
klxy,...,z,)/1(X) = O(X)
18 an isomorphism.

More generally, suppose X C A" is closed and U = Dx(g9) = {u € X | g(u) # 0} for
g € klxy,...,x,]. We have a k-algebra homomorphism

Q: klxy,...,x,], = OU)

v (77 )

Proposition 1.3.5. The induced k-algebra homomorphism

klzy,...,2,]4/1(X), = O(U)

s an isomorphism.

Note that Proposition 1.3.4 is the case g = 1 of Proposition 1.3.5.

Proof of Proposition 1.3.5. We first show I(X), = ker ®. Consider
ker & = {gim ‘ f(u) =0 for any u € X\V(g)} .

Clearly, I(X), C ker(®). For the other inclusion, if gim € ker(®), (fg)(u) =0 for any u € X,
so fg € I(X), and
gim ~ I nxy,

gm-‘rl
Thus ® induces an injective homomorphism as in the statement.
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We need to prove surjectivity. Fix ¢ € O(U). Then there exist open Vi,...,V, such that
U=ViU---UV, and f;,9; € k[xq,...,x,] such that for any u € V;, ¢;(u) # 0 and
fi(u)
plu) =
(v gi(u)

Since the principal affine open subsets form a basis, we may assume V; = D, (h;) for some
polynomial h; € k[zy,...,x,], for any i. Since g;(u) # 0 for any u € D,(h;),

XNV(gi) CV(hi).
By Hilbert Nullstellensatz 1.1.9, this shows that

hi € \/I(X) + (gi)-

Without changing V;, we may replace h; by a power or by an element with the same class
modulo 7(X). Hence we may assume without loss of generality that h; € (g;), say h; = g;h}.
After replacing f;, g; by fihl, g;h! respectively, we may assume g; = h; for any i:
sy - 10 FH ) fiwi)
gi(w)  gi(u)hi(u) hi(u)

for u € V;.

Since % = ngZ) for all u € D,(g:9;),

ﬁ _ & ‘n k’[xl, e 7$n]g¢gj

9i 9j [(X>9igj
by injectivity of the map. Therefore, there exists NV such that

(9i9:)" (fig; — fi9:) € 1(X).
Replacing f; by fig) and g; by gZN 1 we may assume
(1) fig; = figi € 1(X)
for any 1, 7.
By definition of U, we have that:

U= Dx(g9) = Dx(g1) U---U Dx(g,)-

Thus

and hence

By Hilbert Nullstellensatz 1.1.9,
VIX) +(9) = VIX) + (91, 90)-

Thus, there exists m > 1 and aq,...,a, € k[z1,...,x,] such that

(2) gm—ZaigiEI(X).
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r

Z a;fi

=1

We claim that ¢ is the image of . We need to show that for any u € Dx(g;), we have

r

g™ (u) 9i(u)

Hence it is enough to show that

Z a;(uw) fi(u)g;(u) = fij(uw)g(u)™

for any u € U. We have that

S i) =3 ) fy(wn) by equation (1)
. = };(u)g(u)m by equation (2).

This completes the proof. O
Example 1.3.6. Suppose X C A? is defined by 2,790 = 2314 and L C X is defined by

z9 = x3 = 0. Let
QO(UI,UQ,UB,U4) — 3

Z—; if U9 7é 0
Exercise. Show that there are no f,g € k[z,..., x4 such that
f(w)
p(u) = ==
) g(u)

for all z € X'\ L.

Note that this does not contradict Proposition 1.3.5, because X \ L is not a principal affine
open subset.

Let X C A™ Y C A" be locally closed subsets. Any map f: X — Y makes the following
diagram

f

X ——)
fi -
commute, and hence we can write f = (f1,..., f,) for fi=pr,of: X — k.

Definition 1.3.7. A map f: X — Y is a morphism if fi,..., f, € O(X).
Remark 1.3.8.

(1) Amap f: X — A'is amorphism if and only if f € O(X). So a morphism f: X — Al
is a regular map.
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(2) A map f: X — Y is a morphism if and only if the composition X — Y < A" is a

morphism.

Proposition 1.3.9. Every morphism f: X — Y is continuous with respect to the Zariski
topology.

Proof. Exercise. (Can also be found in the official notes.) U

Proposition 1.3.10. If f: X =Y and g: Y — Z are morphisms, then go f is a morphism.
Proof. Exercise. (Can also be found in the official notes.) O

Using Proposition 1.3.10, we can consider a category with locally closed subsets of affine
spaces over k as objects and the morphisms defined this way.

Morevoer, given a morphism f: X — Y, we get a morphism of k-algebras
fr0(Y) = 0(X),
prrpof.
This gives a contravariant functor

category of
quasi-affine varieties

} — {category of k:—algebras},
X — O(X),
[ fr

Theorem 1.3.11. This induces an anti-equivalence of categories

category of
} — finitely generated ,

reduced k-algebras

category of
afline varieties

Proof. Note that this map is well-defined. If X C A" is closed, Proposition 1.3.4 implies that
O(X) = klzy, ..., z,]/1(X)
is a finitely generated reduced k-algebra.

It is enough to show the following statements:

(1) For any affine varieties X, Y, the map
a: Homy,, (X,Y) = Homy . (O(Y), O(X))

is a bijection.
(2) For a finitely generated reduced k-algebra R, there exists an affine variety X such
that R = O(X).

We first show (2). If R is a finitely generated reduced k-algebra, there exists a radical ideal .J
such that

R= k[l’l,. .. ,:L’m]/J
For X =V(J), J = I(X), and hence

O(X) = klzy,...,zn]/J =R
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by Proposition 1.3.4.

It remains to show (1). Suppose X C A™ with coordinates 1, ..., x,, and Y C A" with coor-
dinates 1, . .., y, are closed. Given a morphism f: X — Y we recall that f = (f1,..., fa),
fi € O(X). Then by Proposition 1.3.4

klyi, .., Yn k[, )
1Y) - I(X)
Yi > [i
Since f is determined by fi,..., f,, it is clear that « is injective. For surjectivity, given a

morphism of k-algebras
QO:k[yla"'7yn]_>k[x17"'7xm]’
1Y) 1(X)
choose fi,..., fn € klz1,...,z,] such that
i fi
Take f: X — A" given by f(u) = (fi(u),..., fu(u)). By definition, this is a morphism. We
claim that f(X) C Y. Indeed, for g € I(Y'), we have that g(f(u)) = 0 for all u € X, because
g(fi,. .o, fu) € I(X).

This completes the proof of (1) and hence the proves the theorem. 0]

Definition 1.3.12. A map f: X — Y is an isomorphism if it is an isomorphism in the
category of quasi-affine schemes, i.e. there exists a morphism g: Y — X such that fog = idy
and go f =idy.

We note that f is an isomorphism if and only if f is bijective and f~! is a morphism.
Definition 1.3.13. We say that a quasi-affine variety is affine if it is isomorphic to a closed
subset in some A”".

The following is an important example of an affine variety.

Proposition 1.3.14. Suppose X C A" is closed. For f € O(X), Dx(f) ={u e X | f(u) #
0} is an affine variety.

(This justifies the name principal affine open subsets.)

Proof. Consider Y C A" defined by

I(X) - k[z,...,x0,y] + (1 = f(2)y).
Explicitly,
. Y={(z,y) |z € X, 1= f(x)y}.
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Let ¢: Dx(f) — Y be given by ¢(u) = <u, ﬁ) This is clearly a morphism and the map
¥:Y — Dx(f), ¥(u,t) = u is its inverse morphism. O

Remark 1.3.15. Let X C A" be locally closed. Then X is open in X, which is affine.
Hence by Proposition 1.3.14, we have a basis of open subsets in X which are affine varieties.

Proposition 1.3.16. Suppose that f: X — Y is a morphism of affine varieties and
o= f*0Y)— OX).

Let W C X be closed. Then

Proof. We have

as required. 0

In particular, if z € X with maximal ideal m, and y = f(z) with maximal ideal m,, then
~1
m, = (my).

Another special case is when W = X

Definition 1.3.17. We say that a morphism f: X — Y is dominant if f(X) =Y.

By Proposition 1.3.16, f is dominant if and only if ¢ is injective. More generally, Iy < f( )) =
ker ¢.

Proposition 1.3.18. Suppose Z C'Y 1is closed and Z =V (J). Then f~(Z) =V (J-O(X)),
where J - O(X) is the ideal of O(X) generated by elements in the image of J under f#.

Proof. We have that

we f71(Z) ifand only if f(u) €
if and only if (g)(u
if and only if w e V(p(J)) =V(J-O(X)).

This completes the proof. O
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1.4. Local rings.

Definition 1.4.1. Let X be a variety and W C X be closed and irreducible. We define the
local ring of X at W by
Oxw = hﬂ O(U)

U open,
UNW#£D

where the order on such U is given by reverse inclusion.

Note that this is a filtering poset, i.e. for any open Uy, Uy such that U;NW # (), we also have
Uy N Uy N W £ () by irreducibility, so Uy N Uy is a set bigger than U; and Us (under reverse
inclusion).

This gives a nice description of Ox yy:

C&WZ&M@‘Uqﬁé%wy%w}/”

where (Uy, 1) ~ (Us, 2) if there exists U C UyNUs such that UNW # () and (¢1)|v = (¢2)|v-
Then it is clear that Ox yy is a k-algebra. For example,

(U1, ¢1)] + [(Us, p2)] = [(Ur N U2, ¢l nv + @losns,)]-

We will show that if X is affine and p = Ix(W) is prime, then
Oxw = O(X),.
In particular, this is indeed a local ring.

The general goal is to describe Ox y more concretely. Intuitively, Ox - carries local infor-
mation about the functions on W. In particular, we have the following lemma.

Lemma 1.4.2. If V C X is open, VNW # (), then there exists a canonical isomorphism
Oxw — Ovvaw.

Proof. This follows since

Uopen, UNW NV #0 U open, UNW # ()
0 € O(U) }Q{UQX‘ 0 € O(U) }

and the right hand side is final. Explicitly, the map

{UQV

OX,W — OV,VmW
(Usp) = (UNV,ounv)
is the isomorphism, with inverse (U’, ¢’) — (U, ¢'). O

Remark 1.4.3. If (1, <) is a poset, a subset J C [ if final if for any a € I, there exists b € J
such that a < b.

Proposition 1.4.4. If X is affine, W C X is closed and irreducible, with ideal Ix (W) =p,
then
Oxw = O(X),.

In particular, Ox w is a local ring, with mazimal ideal

{(U.¢) | elwrv = 0}
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Proof. Since principal affine open subsets of X form a basis for the topology:

Oxw = lim O(Dx(g))
—_———r
geO(X) o0(X)
Dx (g)NW#0 g

and Dx(g) NW # () if and only if W & V(g) if and only if g € p. Then
Oxw = lim  O(X),.

geO0(X)
gép

Exercise: show that the natural map from the right hand size to O(X), is an isomorphism.

Finally, O(X), is a local ring with maximal ideal pO(X),. Since p = Ix(W), the corre-
sponding ideal of Ox w is {(U, ¢) | ¢|lwnv = 0}. O

Remark 1.4.5. This is the origin of the term local ring. The maximal ideal p corresponds
to a point p € X, and the localization O(X), describes the functions in a neighborhood of
the corresponding point. (See the first special case below.)

Two special cases.
(1) If W = {p} is a point
Ox,p = {germs of regular functions at p},

the local ring that captures the information about X in a neighborhood at p.
(2) If W = X (and hence X itself is irreducible), we define

]{(X) = OX,X-
If U C X is a nonempty open affine subset, k(X) = k(U) = Frac(O(U)). Then k(X)
is a finite type field extension of k, i.e. k(X) = k(a4,...,a,) for some ay,...,a, €

k(X).
The elements of k(X)) are called rational functions on X.
1.5. Rational functions and maps.
Lemma 1.5.1. If X, Y are quasi-affine varieties, f,g: X — Y are morphisms, then
{re X | flz)=g(x)}
15 closed 1 X.
Proof. Suppose Y C A" is locally closed. Write f = (fi1,..., f,) and ¢ = (¢1,...,9n). Then
A={ze X | (fi—g)(x)=0for 1 <i<n}

and f;—g; are regular functions, and hence are continuous. Thus A is closed as an intersection
of closed sets (f; — g;)71(0). O

Definition 1.5.2. Let X be a quasi-affine variety. The ring of rational functions on X is
{(U,¢) | U C X is open, dense and ¢ € O(U)}/ ~
where (Uy, ¢1) ~ (Us, o) if there exists V' C Uy N U, is open, dense, and (¢1)|y = (¢2)|v.
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Note that for open and dense sets Uy, Us, the set U; N U, is also open and dense. Moreover,
by Lemma 1.5.1, the condition (¢1)|y = (¢2)|v is equivalent to (¢1)|v,nv, = (92)|vinvs-

Hence we can make the following definition.

Definition 1.5.3. A rational function from X to Y, written f: X --» Y, is an equivalence
class under ~ of a pair (U, ), where U C X is open and dense, and ¢: U — Y, and

(U17901) ~ (UQ? 902) if (901)‘U1|'7U2 = (902)‘U1|'7U2'

Suppose f: X --» Y is a rational map, and (U, 1), (Us, p2) are both representatives of f.
Define
p: Uy UlUy =Y
by
x) fzeU
o) = { Z;Exg if v € U;’
Then ¢ is a morphism U; UUy; — Y and (U; U Us, ) is also a representative of f.

By Noetherianity, we can choose a representative of f, say (V,), such that V' is maximal.
Then by the above argument, any representative of f is of the form (V’,4|y-) for some dense
subset V' C V.

Definition 1.5.4. If (V) is a representative of f and V' is maximal, we say V' is the domain
of the rational function f.

To compose rational functions, we recall Definition 1.3.17.

Definition. A morphism f: X — Y is dominant if f(X) =Y, i.e. for any nonempty open
subset V C Y, f~5V) # 0.

If U C X is dense, then f: X — Y is dominant if and only if f|y: U — Y is dominant.
Hence we can make the following definition.

Definition 1.5.5. A rational map f: X --» Y, represented by (U, ¢), f is dominant if ¢ is
dominant.

This allows us to define composition.

Definition 1.5.6. Let f: X --» Y, g: Y --s Z be rational maps with XY, Z irreducible.
If f is dominant, we define the composition go f as follows: choose representatives ¢: U — Y,
Y: V — Z and since U N~ 'V #£ () (as f is dominant), we let the map

Plune=1(v)

Une (V) >y V v > 7

be a representative of g o f.

Remark 1.5.7.

e The above construction is independent of choices for ¢, 1.
e If g is dominant, g o f is also dominant.
e The identity 1x is dominant for all X.
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Therefore, we get a category whose objects are irreducible quasi-affine varieties and whose
morphisms are dominant rational maps. We write

Hom,(X,Y) ={f: X --» Y dominant rational maps},

the set of morphisms between X and Y in this category. This leads to an interesting notion
of isomorphism.

Definition 1.5.8. A dominant rational map f: X --» Y is birational if it is an isomorphism
in this category, i.e. there exists a dominant rational map ¢g: Y --+ X such that fog =1y,
go f =1x (as rational maps).

A birational morphism is a morphism f: X — Y which is birational.

Two irreducible varieties X and Y are birational if there exists a birational map X --+ Y.

Since the open sets in affine varieties are very large, varieties which are birational will share
a lot of the same properties. We will make this more precise later.

Examples 1.5.9.
(1) If X is an irreducible variety, U C X, then the inclusion i: U < X is a birational
morphism with inverse X --» U represented by 1.

(2) Let f: A" — A™ be given by f(xy,...,x,) = (z1, 2122, ...,712,). For L = (x; = 0),
f(L)={(0,...,0)}, and hence f induces a map

A"\ L — A"\ {0}
which is an isomorphism with inverse
g: A"\ {0} - A"\ L
g(yla"'ayn) = (yh%a"'ay_’n) :

Y1 Y1
Hence f is a birational morphism, although it is clearly not an isomorphism.

(3) Let X C A? be defined by 2? — y* = 0:
T

Let f: A' = X f(u) = (u3,u?) be a morphism. Then letting
9: X\ {(0,0)} — A,
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T
g(xay) =
Y

we see that fog=1x, go f = 1, and hence f is birational. In fact,
FHXNA(0,0)}) —— AT\ {0}

l%
XA{(0,0)}

Even though f is a bijection, it is not an isomorphism, since

k[, y]
# . ’ — kit
z—t3
Y = t2
is not an isomorphism.
Theorem 1.5.10. The contravariant functor
quasi-affine irreducible varieties finite type field extensions K /k
and — and
rational dominant maps k-algebra homomorphisms
X > k(X)
S > 7

18 an anti-equivalence of categories.

Note that if f: X --» Y is a dominant rational map, we get a map f#: k(Y) — k(X) by
f#(p) = po f, and this is an k-algebra homomorphism. Hence the functor is well-defined.

Proof. Tt suffices to show

(1) for any X, Y, the map
Hom o (X, Y) — Homy aig (k(Y), (X)),
(2) for any field extension K/k of finite type, there exists an irreducible quasi-affine
variety such that K = k(X).
Part (2) is clear. If K/k is of finite type, K = k(ay,...,a,) for some ay,...,a, € K. Then

klxy, ..., 2,
P

for some ideal P, and since A C K is a domain, P is a prime ideal. Hence set X = V(P),
which is irreducible, and O(X) = A, so k(X) = K.

I

A =Eklay, ..., ap)



24 MIRCEA MUSTATA

It remains to prove (2). Suppose X C A™ Y C A" are locally closed and irreducible.
Then X is open in X and Y is open in Y. Thus X < X, Y < Y are birational morphisms,
SO
Hom, o (X, Y) = Homyae (X, Y),
and k(X) 2 k(X), k(Y) = k(Y).
Replacing X by X, Y by Y, we may assume that X is closed in A™ and Y is closed in A”.
We note that
Hom,(X,Y) = | J Homdom(DX( ),Y)
9€0(X)

domlnant morphisms

- U Hom}?ilg (Y), 0(X)g) -
geO(X) g

injective morphlsms

Now,
Homy, o (E(Y), k(X)) = Hom™ _(O(Y), k(X))

k-alg

LJ Hom™ (O(Y),0(X),)

k- alg
geO(X

since O(Y) is a finitely generated k-algebra.
All these isomorphisms are compatible with each other, which completes the proof. ([l
Corollary 1.5.11. A dominant rational map f: X --+ Y between irreducible quasi-affine

varieties is birational if and only if f#: k(Y) — k(X) is an isomorphism.

Exercise. A rational map f: X --» Y for X, Y irreducible is birational if and only if there
exist open subsets U C X and V C Y such that f induces an isomorphism U — V.

1.6. Products of affine and quasi-affine varieties. We have an identification
AT x A" = A"

We we show that the topology on A™*" is finer than the product topology.

Proposition 1.6.1. If X C A™, Y C A" are closed, then X x Y C A™™ is closed.

Proof. Suppose X = V(I) for I C k[zy,...,x,] and Y =V (J) for J C k[yi, ..., y,). Then
XxXY=V(-R+J-R)
for R = k[x1,...,Zm,Y1,---,Ys]. This shows that X x Y is closed in A™". d

Corollary 1.6.2. If U C A™ and V C A" are open subsets, then U x V. C A™" 4s open.
(Hence the topology on A™™ is finer than the product topology.) Similarly, a product of
locally closed subsets is locally closed.

Proof. We have that
AT\ (U x V)= (A"\U) x A"UA™ x (A"\ V)

is closed by 1.6.1. The second assertion follows from the ones for open and closed sets. [J
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Example 1.6.3. The topology on A? is strictly finer than the product topology. For example,
the diagonal V (x; — x») is closed in A% but not closed in the product topology.

Remark 1.6.4. If X C A™ Y C A" are locally closed, then X x Y C A™*" is locally closed

and the diagram

X% Xxxy 2.y

Lo

Am pP1 Am+n p2 An
commutes.

We claim that (X X Y, ¢, ¢2) is the direct product of X and Y in the category of quasi-
affine varieties. Given two morphisms f: Z7 — X, g: Z — Y, there is a unique morphism
h: Z — X x Y such that g oh = f, go o h = g, namely h = (f, g).

The upshot of this is that if f: X — X" and ¢g: Y — Y are isomorphisms, then
(fig): X xY - X'xY'
is an isomorphism.
Proposition 1.6.5. Let X, Y be affine varieties. The two projections
p: X XY —> X

qg: X XY =Y

are open, i.e. the image of an open set under both p and q is open.

Proof. By symmetry, it is enough to prove the assertion for p. Note that ift X =U;U---UU,
and Y =V U---UVj are open covers, then for an open subset W C X x Y, we have that

p(W) = Jp(W N (U x V).
i,J
It is hence enough to prove the proposition for U; x V.

Since

e we are allowed to replace X, Y by isomorphic varieties,
e X Y can be covered by open subsets which are affine varieties,

we may assume X C A™, Y C A" are closed subsets. Also, every open subset W C X x Y
is a union of principal affine open subsets, so it is enough to show that p(W) is open for
W = Dxx«y(g), where g € k[z,y], v = (x1,...,Zm), y = (Y1, -, Yn)-

We can write
g(z,y) = > pi(x)a(y)
i=1

for polynomials p; € k[z], g; € k[y]. Given W, choose g and p;, ¢; such that r is minimal.
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We claim that @, ...,G. € O(Y) are linearly independent over k. Otherwise, we can write

Z)\iQi = P(z) € I(Y)

with some \; # 0. Take
g =g-pi\'P.
Then Dxy«y(g9) = Dxxy(¢'), since P € I(Y'), and
9 = Z(pz - XN g,
i#]
contradicting the minimality of . This proves the claim.

Suppose u € p(Dxxy(g)). Then there exists v € Y such that g(u,v) # 0. Then there
exists K € {1,...,r} such that pg(u) # 0, i.e. u € Dx(pk). It is enough to show that

Dx(px) € p(Dxxv(9)).

Suppose v’ € Dx(pk), so px(u') # 0. Suppose for a contradiction that for any v € Y we
have that g(u’,v") = 0. Then
sz )ai € 1(Y).

ek
Since pg (u') # 0, this contradicts the linear independence of g; proved above. O

Corollary 1.6.6. If X, Y are quasi-affine irreducible varieties, then X X Y 1is irreducible.

Proof. Tt is enough to show that, given nonempty open subsets U,V C X x Y, the inter-
section U NV is nonempty. We know that p(U), p(V) are nonempty and open in X by
Proposition 1.6.5. Since X is irreducible,

pU)Np(V) #0,
so let a € p(U) Np(V). Consider
U,={beY | (a,b) e U},
V,={beY | (ab) eV}

Since the map Y — X x Y given by y — (a,y) is a morphism, it is continuous, so U, is open.
Similarly, V, is open. Hence for a € p(U)Np(V), U,, V, # B and hence by irreducibility of Y,
we have that U, NV, # (), and hence (a,b) € U NV. This shows that U NV is nonempty,
and hence X x Y is irreducible. 0

Suppose X C A™ and Y C A™ are closed subsets, and I(X) C k[z], I(Y) C k[y| are their
ideals. It is easy to see that

X xY=VU(X)- klx,y| + 1Y) - k[z,y]).
The goal is to show that
I(X xY) = V(I(X) - klz,y] + I(Y) - [z, y]),
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i.e. the ideal I(X) - k[z,y] + [(Y) - k[x,y] is radical. This is equivalent to showing that the
quotient ring
klz, y]

is reduced. Note that this ring is isomorphic to

O(X) @k O(y).

Recall that k[z,y] = k[z] @ kly]. In general, given

A——— B

I

C iy BryC

and ideals I C B, J C C, then

B®aC
I-(BaC)+J-(BsC
by right-exactness of ®. Exercise. Prove this.

Proposition 1.6.7. If X, Y are affine varieties, then
O(X) @, O(Y)

B/I®sC/J =

18 reduced.

This is related to separability of field extensions. Thus, before we prove Proposition 1.6.7,
we recall a few properties of separability.

Lemma 1.6.8. If k is a field, K/k is a finite, separable extension, then K ® K' is reduced
for every field extension K'/k.

Proof. If K/k is finite and separable, by the Primitive Element Theorem, there exists u € K
such that K = k(u). Morevoer, if f € k[z] is the minimal polynomial of u, then f has no
multiple roots in any field extension of k. Moreover,

o bl
(f)
Then we have that K]
T
Ko, K~ ————.
R R
If the irreducible decomposition of f in K'[z] is g1, ..., gs, then the g;’s are relatively prime.

Indeed, if g; and g; had a common factor of positive degree, then they would have a common
linear factor in the algebraic closure of K’, i.e. f would have a double zero, contradicting
that f has no multiple roots.

Thus, by the Chinese Remainder Theorem,
field
s
K'[x]

K, K = H .
i1 (9:)
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Hence K ®; K’ is reduced. O
Lemma 1.6.9. Let k be a perfect field. If K/k is a finite type field extension. Then there
exists a transcendence basis x1, ..., x, of K/k such that

k(xy,...,z,) = K
1s separable.
Recall that k is a perfect field if every finite extension of k is separable. For example,

characteristic 0 fields are separable, and characteristic p fields are separable if k7 = k. In
particular, algebraically closed fields are perfect.

Proof. We may assume the characteristic of k is p > 0. Let z1,...,2, be a system of
generators of K /k. We may assume that

® x1,...,1, are a transcendence basis of K /k,

oz Tn4r are not separable over k(z x,) = K’
n+ly -y ntr P 1y-veydn )

® Tyi,i1,-..,%, are separable over K’

If r = 0, there is nothing to prove. Suppose r > 0. Then there exists an irreducible
polynomial f € K'[T] such that f € K'[T?] and f(z,+1) = 0. Choose 0 # u € k[z1,...,x,]
such that

g=uf € klry,...,x,,T"].
We claim that there exists ¢ < n such that % # 0. Otherwise,

g € k[xh, ... xbl TP]

» Um

and hence g = hP for a polynomial h, since k is perfect, contradicting the irreducibility of f.

Reordering, we may assume that ag # 0. Then z,, is separable over k(z1,...,Tp 1, Tpi1)-
Hence switching z,, and z,; will lower r. Repeating this procedure completes the proof of
the lemma. 0

Proposition 1.6.10. If k is a perfect field, then for any field extensions K/k and K'/k, the
tensor product K ®;, K' is reduced.

Proof. We first show that we may assume that K/k is of finite type. We can write
kCK;CK
K, /k finite type
Then
K @ K' = lim(K; @ K7)

and a direct limit of reduced rings is reduced. Hence we may assume K /k is of finite type.

By Lemma 1.6.9, there exists a transcendence basis x1, ..., z, such that K is separable over
K" = k(xq,...,2,). We have that

Ko, K =K @gn K" @, K,
and K" ® K’ is a localization of K'[xy,...,z,]|. Therefore,
K'"®, K'— K'(x1,...,1,).
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Tensoring with K, we obtain
K R K — K R g K/<.T1, R 71:71)
and K ®g» K'(x1,...,x,) is reduced by Lemma 1.6.8. O

We can finally prove that O(X) ®; O(Y) is reduced for affine varieties X, Y over k. In
particular, as we have seen, this implies that the natural map

OX)®,OY) = O(X xY)
is an isomorphism.

Proof of Proposition 1.6.7. We may assume that X and Y are irreducible. Let X;,..., X,
are irreducible components of X and Yj,...,Y; are the irreducible components of Y. We

have a morphism
X)=JJox
i=1

which is injective since X = |J X;. Similarly, the map

v) < [[om)

is injective. Then

O(X) ®; OY %Ho ) @i O(Y;).

The product is reduced if all O(X;) ®; O(Y;) are reduced, and in this case O(X) ®@; O(Y)
are reduced.

Hence we may assume X and Y are irreducible. Then O(X) and O(Y') are domains and
O(X) = k(X), O) = k(Y),
S0
O(X) @, OY) = k(X) ® k(Y).
Since k is algebraically closed, it is perfect, so k(X ) ®y k(Y") is reduced by Proposition 1.6.10,
and hence O(X) ®; O(Y) is reduced. O

Definition 1.6.11. A hypersurface in A™ is a closed subset defined by
{u] f(u) =0}

for some f € k[zq,...,x,] \ k.

Recall that if R is a UFD then R[z] is a UFD.! By induction, k[zy,...,z,] is a UFD. In
particular, f € k[zy,...,x,]\k is irreducible if and only if (f) is prime. This shows that V(f)
is irreducible if and only if f is a power of an irreducible polynomial.

Proposition 1.6.12. If X is an irreducible quasi-affine variety, then X is birational to some
irreducible hypersurface in some AN,

IThis is a standard theorem due to Gauss.
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Proof. We apply Lemma 1.6.9 to K = k(X) over k. There exists a transcendence basis
x1,..., 2, of K/k such that K is finite and separable over k(x1, ..., z,). By the Primitive El-
ement Theorem, there exists u € K such that K = k(z1,...,2,)(u). Let f € k(z1,...,2z,)[T]
be the minimal polynomial of u. Then

k(xy,...,z,)[T]
(f) '

After multiplying u be a suitable element of k(zq,...,z,), we may assume that
feklry,...,x,,T]

K=

and it is irreducible. In this case,

4(00)  Foae (k[ml, (f)xT]) |

and hence X is birational to
{u| f(u) =0},

which is a hypersurface. U

1.7. Affine toric varieties. We first recall a few definitions.

Definition 1.7.1. A semigroup is a set with an operation + which commutative, associative,
and has an identity element, 0.

A morphism of semigroups is a map f: S — S’ satisfying f(s1 + s2) = f(s1) + f(s2) and
£(0) = 0.

A subsemigroup of a semigroup S is a subset S’ C S such that Og € S’ and s; + s, € S’ for
51,82 € S’ (Then S’ is also a semigroup.)

Examples 1.7.2.
(1) Every abelian group is a semigroup.
(2) For a field k, (k,-) is a semigroup.
(3) The natural numbers N = Z~( are a semigroup (N, +).
(1)
()

For semigroups S7, Ss, S7 x S5 is a semigroup under pointwise addition.
The set {m € N | m # 1} is a semisubgroup of N.

We will require two properties:

e The semigroup S is finitely generated: there exist generators si,...,s, € 5, i.e. for
any u € S, there exist aq,...,a, € N such that
U=a181 + -+ ApSp-
In other words, there is a surjective morphism of semigroups

Nt —» §

(O,...,i,...,O) — S;

e The semigroup S is integral, i.e. S is isomorphic to a subsemigroup of a finitely
generated free abelian group.
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If S is a finitely generated, integral semigroup, then we can form the semigroup algebra

k(S) = P kx"

ses
with multiplication given by y* - x* = x“" and identity given by x°.

If Sy — S5 is a semigroup morphism, we get an induced morphism of semigroup algebras
k[S1] — k[So] given by "+ .

Examples 1.7.3. We have the following semigroup algebras associated to some semigroups:

k[S] = k[t?, %] C k[t].

If S is a finitely generated, integral semigroup, then

e there exists a surjective map N” — S, and hence a surjective homomorphism
klxy, ...,z = k[N"] — k[S],

and hence k[S] is a finitely generated k-algebra,
e there exists an injective map S — 7", and hence an injective morphism

K[S] = k[27],
and hence k[S] is a domain.

There exists an affine algebraic variety, unique up to canonical isomorphism, TV(S) such
that O(TV(S)) = k[S]. It is called the toric variety associated to S. The points of TV (S)
are in bijection with maximal ideals in k[S], i.e. with k-algebra homomorphisms k[S] — k,
which are in bijection with semigroup homomorphisms S — (k, ).

For example, if p: S — k is a semigroup homomorphism, the corresponding point of TV (S)
satisfies

forueS.

In summary, we have the following procedure

domain of finite irreducible affine

SemIgroup type over k variety

and

points on TV(S) «~~ semigroup homomorphisms S — (&, -).
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If S — S’ is a semigroup morphism, we get a map k[S] — k[S’] which gives a map TV (S") —
TV(S).
Exercise. Consider S to be the image of a semigroup morphism ¢: N* — 7Z*. Then
K[S] = EIN"/1,
where I = (x* — X° | a,b € N", ¢(a) = ¢(b)).

There is some extra structure on TV(S) coming from the semigroup structure on S. Specif-
ically, we get a morphism

TV(S) x TV(S) — TV(S)
corresponding to the k-algebra homomorphism
k[S] — E[S] ® k[S]
X" = xt @ Xt
To describe it at the level of points, let ¢,1: S — (k,-) be a semigroup morphism. Then the

map above corresponds to the map (i, 1) — ¢ -1, which is given by (¢ - ¥)(u) = p(u)(u).
This operation is commutative, associative, and has the identity element

S —k

u— 1.

Examples 1.7.4.

(1) Let S = N" so that TV (S) = A". The operation on A" is coordinate-wise multiplica-
tion. In particular, TV(S) is not a group in general.
(2) Let S = M be a free, finitely generated abelian group, so M = Z". Then
TV(M) = (k)"
is the algebraic torus. This is an algebraic group. Note that we can recover M from
TV (M) via
M = Homyjg o (TV(M), £¥).
Proposition 1.7.5. If M and M’ are free, finitely generated abelian groups, then the canon-
1cal map

Homy (M, M') — Hom . 0,(TV (M"), TV(M))

18 bijective.

Note that, more generally, if p: S — S is a semigroup morphism, then we have a commu-
tative square

k[S] —— k[S] ® k[S]

| |

k[S'] —— k[S"] ® K[S]

i.e. the induced map TV(S’) — TV(S) is compatible with our operations. Hence the map
in Proposition 1.7.5 is well-defined.
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Proof of Proposition 1.7.5. A morphism of algebraic groups TV(M') — TV (M) corresponds
(bijectively) to a k-algebra homomorphism f: k[M] — k[M'] such that

KM ——L s kM)

| |

K[M] @ k[M] 2255 k(M) @ k[M]

commutes. Suppose f(X") = Z (yw X" . Then the commutativity condition shows that
u'e M’

/ / ! /
E au,u’Xu ® X" = ( 5 au,u’XU) & ( E au,v’Xv>
u'eM’ u' eM’ v'eM’
/ /
- E au,u’au,v’Xu ® X"

u' w'eM’

This shows that if u' # ¢/, then ay v - @y = 0, so there exists a unique u’ such that a,,, # 0.
(Note that X* is invertible in k[M], so f(X") # 0.) Using the equality again, we get that
a2 = Quu, SO Gy = 1. Therefore, there exists f: M — M’ such that f(X*) = X,

w,u’

We have hence shown that any morphism TV(M') — TV(M) comes from a morphism
@: M — M'. Tt is clear that ¢ is unique, and if f is a k-algebra homomorphism, then ¢ is
a group homomorphism. 0]

We go back to the general case where S is a semigroup (not a group).

Exercise. Given an integral, finitely generated semigroup, there exists a semigroup homom-
rphism i: S — S®P. where S® is an abelian group, which is universal: given any morphism
g: S — A where A is an abelian group, there exists a unique morphism of semigroups
g: S8 — A such that the diagram

§—— 4
Sep

commutes.

In fact, if S < M, where M is a finitely generated free abelian group, we can take S®P to
be the subgroup of M generated by S. This clearly shows that:

(1) S®P is a finitely generated free abelian group,
(2) SeP is generated as a group by S,
(3) i: S — S®P is injective.
Let S be a finitely generated, integral semigroup. Then the map ¢: < S%P induces a map

TV(SE) — TV(S).
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Proposition 1.7.6. This map gives an isomorphism of TV (S®P) onto a principal affine open
subset of TV(S).

Proof. Let uy,...,u, € S be a system of generators. Then S*P is generated as a semigroup
by u1,...,u, and —(u; + - -+ + u,). Then

k[S] — k[S®P]
is the localization at X"+ +un, O

Note that the map TV(S8) — TV(S) is such that the action of TV(S%) on itself extends
to an algebraic group action of TV(S%) on TV(S) via the following commutative diagram

TV(S2) x TV(S=) s TV(S%P)
— I
TV(SE) 3¢ TV(S) - . TV(S)
TV(S) x TV(S) s TV(S)

Definition 1.7.7. An affine toric variety is an irreducible affine variety X with an open
subset 1" isomorphic to a torus such that the action of 7" on itself extends to an algebraic
action of T on X.

Remark 1.7.8. Normally, one adds the assumption that X is normal in the definition of an
affine toric variety. We will discuss this later on.

Hence we saw that if S is a finitely generated integral semigroup, then TV (.S) with TV (S&P) —
TV(S) gives an affine toric variety.

Proposition 1.7.9. Given any affine toric variety X with a torus T C X, there exists a
finitely generated semigroup S such that X = TV(S) as algebraic groups, and the diagram

X —— TV(S)

[

T —=— TV(S%)
commautes.

Proof. We have an induced injective k-algebra homomorphism
O(X) = O(T) = k[M],
where T'= TV(M). The commutative diagram

TxT ——T

[

I'x X — X
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gives a commutative diagram

K[M] —— K[M] @y, k[M]

J J

O(X) - k[M] @), O(X)

The commutativity condition shows that given f =" a, X" € O(X), we have that
Y auxt @ x" € k[M] @ O(X)

if and only if whenever a, # 0 , we have x* € O(X). Hence if S ={u e M | x* € O(X)},
we have O(X) = k[S]. It is clear that S is a semisubgroup of M and hence S is integral.
Moreover, as k[S] is finitely generated, so S is finitely generated as a semigroup.

We finally show that S8 = M. We note that S C 5% C M. Then the corresponding map
T=TV(M)— TV(S®®) - X
is injective because T" C X, and hence the first map 7" — TV(S®P) is injective. By the

structure theorem for modules over PIDs, there exists a basis eq,...,e, of M such that a
basis of S®P is given by ajey, ..., ane, for ay, ..., a, € Z~o. Thus the map T'— TV(S5P) can
be written as
TV(M) = (k)" — (k*)" =2 TV(S°®P)
Ay oy An) = (AT A0
Since this map is injective, we must have r = n and a; = 1 for 1 < ¢ < n if k has
characteristic 0. Hence M = S*P.

Exercise. Check that the fact that 7' — X is an isomorphism onto an open subset implies
that » = n and a; = 1 for all ¢ even in positive characteristic. 0

Definition 1.7.10. Suppose X, Y are affine toric varieties with tori Ty € X and Ty C Y.
A toric morphism f: X — Y is a morphism of algebraic varieties that induces a morphism
of algebraic groups g: Tx — Ty.

Note that in this case f(\-u) = g(\)f(u), since this holds on Tx x Tx C Tx x X which is
open and dense.

Example 1.7.11. If ¢: S} — S5 is a morphism of semigroups, then we have the induced
morphism St¥ — S5°, and hence a commutative diagram

f

TV(SQ) > TV(Sl)
TV(SE) — DO,y gep)

of alg. groups

Hence f is a toric morphism.
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Proposition 1.7.12. Given finitely generated integral semigroups Sy, Sy the canonical map
HomSgp(Sla SQ) - Homtoric(TV(SQ), TV<S1))

s a bijection.
Proof. By Proposition 1.7.5,

morphisms of algebraic groups group homomorphisms
TV(S5P) — TV(S{P) p: SfP — SEP '

The map ¢ extends to

if and only if p(S7) C Ss. This completes the proof, since the natural map
Homggp, (51, 52) = {1 St = S5° [ ¢(51) € Sz}
is clearly bijective. O

Examples 1.7.13.

(1) If S = N", then (k*)* = TV(Z") C TV(S) = A" and the action is component-wise
multiplication.
(2) For S =N\ {1} CN, S is generated by 2 and 3, so

k[S] = k[t?, ] C kl[t]
and the image of the map
TV(S) — A?

is the set X defined by 2% — y*> = 0. Note that k* — X under A — (A%, \?), and via
this embedding the action is given by component-wise multiplication.

Recall from the homework that if G is an algebraic group acting algebraically on an affine
variety X, there is an induced linear action of G on O(X) is given by

(Af)(w) = fF(A" ).

Example 1.7.14. Consider X = TV(S) DO V(S%) = T. For ¢ € T, ¢: S® — k* and
X* € O(X), we have that

(- X)) =x"(¢™" ) = ¢~ (W (w)
for ¢: S — k. Hence the induced action of 7" on O(X) is

1, w

©- XY = plw) X"
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Lemma 1.7.15. A linear subspace V' C k[S] is preserved by the torus action, i.e. \V C V
for all X € T, if and only if V is S-homogeneous, i.e. for all f = Z%XU € V we have

u€eS
x*eVifa, #0.

Proof. By Example 1.7.14, the “if” implication is clear. Conversely, suppose V is preserved
by the T-action and let f = Z a,x" € V. Given ¢ € T, by Example 1.7.14, we have that

> awp(u) X" eV
Repeating this, we see that
Z ayp(u) "y eV for any m > 0.

If uy,... ,u, € S8 are pairwise distinct, there exists a map ¢: S — £ such that o(u;) #
@(uy) for i # j. Indeed, given (ai,...,a}) € Z", there exist Ay,..., A, € (k*)" such that

’ '

[ #11%
j=1 j=1
for a # 5.

If f= Zauixu" and ¢: S& — k* satisfies ¢(u;) # p(u;) for i # j, we see that x**,..., x""
i=1

are linear combinations of
T

D auplu)
i=1

for0<m<r-—1. O

1.8. Normal varieties. We first recall a few definitions from Review Sheet #2. Let A — B
be a ring homomorphism, and let

B' = {u € B | u is integral over A},
i.e. u € B’ satisfies an equation of the form
W4 aum 4 ag =0, a; € A.
Then B’ is a subring of B, called the integral closure of A in B.
If A C B, then A is integrally closed in B if B’ = A.

Definition 1.8.1. A domain A is integrally closed if it integrally closed in Frac(A). It is
normal if it is Noetherian and integrally closed.

Definition 1.8.2. An irreducible affine variety X is normal if O(X) is normal, i.e. it is
integrally closed in its fraction field k(X).

Example 1.8.3. If a ring R is a UFD, then R is normal. In particular, A" and (k*)" are
normal varieties.
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Example 1.8.4. Let S be a finitely generated integral semigroup. Then TV(S) is normal
if and only if S is saturated, i.e. for any u € S& such that mu € S for some m > 1 implies
that u € S.

The only if implication is immediate, since (x*)™ € k[S] is integral. The converse is left as
an exercise. The solution can be found in the official notes.

2. DIMENSION OF ALGEBRAIC VARIETIES

2.1. Krull dimension.

Remark 2.1.1. Later on, we will define algebraic varieties and all the results about affine
algebraic varieties will hold also for algebraic varieties. For simplicity, we present everything
for affine varieties for now.

Definition 2.1.2. Let X be a nonempty topological space. The Krull dimension of X is

there exists a sequence
dim X =sup<r >0 Yo2¥i2---2Y
of closed and irreducible subsets Y; of X

By convention, we set dim(()) = —1.
Definition 2.1.3. Let R be a commutative ring, R # 0. The Krull dimension of R is

there exists a sequence
dimR=supqr>0| poSp S-S
of prime ideals p; of R

Example 2.1.4. If X is an affine variety over k, then dim X = dim(O(X)), where dim X is
the Krull dimension of X with the Zariski topology.

Remark 2.1.5. For every R, there is a topological space Spec R such that dim Spec(R) =
dim R. This will be made precise on the next homework.

Lemma 2.1.6. If X is a topological space and Y s a subspace of X, then dimY < dim X.
Proof. 1f Yy 2 Yy 2 --- 2 Y, are irreducible and closed in Y, then Yo2V,2---DVY, isa

sequence of irreducible closed sets. Moreover, since Y; is closed in YV, Y; = Y; NY for all i,
and hence the inclusion are strict. This shows that dim X > r. O

Lemma 2.1.7. Suppose X is a topological space, Yi,...,Y, are closed subsets of X, and
Y=Y U---UY,. Then
dimY = maxdimY;.

This applies, for example, if X is Noetherian space, Y is closed, and Y; are the irreducible
components of Y.

Proof. The inequality > follows by Lemma 2.1.6. To prove the other inequality, suppose
20D 2D I



MATH 631: ALGEBRAIC GEOMETRY I 39

are closed irreducible subsets of Y. Then
ZoCY =Y U---UY,

and since Zj is irreducible, there is an ¢ such that Zy C Y;. Then Z; C Y] for all j and hence
dim(Y;) > m. This implies the other inequality. O

Lemma 2.1.8. Suppose X is a topological space, X = UyU---UU, for open subsets U; C X.
Then dim X = maxdim U;,.

Proof. The inequality > follows by Lemma 2.1.6. To prove the other inequality, suppose
Zo DD I

are closed irreducible subsets of X. Since Z,, # 0, there is an ¢ such that Z,, N U; # ), and
hence

ZoNU; 2 -2 Zp,NU;
are closed in U;. Since the Z;’s are irreducible and U; N Z; # 0, U; N Z; is irreducible and
dense in Z;. In particular, Z; N U; 2 Z; 41 NU; for all j. Hence dim(U;) > m. O
Definition 2.1.9. Let X be a topological space and Y C X be an irreducible closed subset.
Then codimension of Y in X is

there exists a sequence
codimy(Y) =sup<r >0 o212 2V, =Y
for closed and irreducible subsets Y; of X

Definition 2.1.10. Let R be a commutative ring and p C R be a prime ideal. Then height
of p or codimension of p is

there exists a sequence
ht(p) = codim(p) =supr>0| poCTp1 S - Cp.-=p
for prime ideals p; of R

Remark 2.1.11. If X is an affine variety and Y C X is an irreducible closed subset with
ideal p = Ix(Y) C O(X), then codim(p) = codimx(Y).

Remark 2.1.12. Arguing as in Lemmas 2.1.6, 2.1.7, and 2.1.8, if Y is a closed irreducible
subset of X and U C X is an open subset such that U NV # (), then

codimx (Y') = codimy (Y NU).

2.2. Finite morphisms between affine varieties.

Definition 2.2.1. A morphism of affine varieties f: X — Y is finite if f#: O(Y) — O(X)
is finite, i.e. it makes O(X) into a finitely generated O(Y)-module.

Example 2.2.2. Let Y be any affine variety and let ay,...,a, € O(Y). Consider
X ={(u,t) | " +ar(u)t" ' 4+ an(u) =0} CY x Al
This is a closed subset in Y x A!. Clearly,

OX) =

Ol )

((t" +ar(u)t + - -+ ap(u))
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Then O(X) is generated as an O(Y)-module by 1,¢,...,#""'. Hence the composition
X—=YxA'—-Y
is a finite morphism.

Example 2.2.3. Let X be an affine variety and i: Y < X be an inclusion of a closed subset
of X. Then ¢ is finite, since O(X) — O(Y) is surjective, and hence finite.

Example 2.2.4. Let X C A" be a closed subset. Recall that in the proof of Noether
Normalization Lemma 1.1.12, we show that if z1,...,zy are the coordinates on A", then
there exists a change of coordinates

Y; = Zaijxj CLZ‘j - k, det(aij) 7& 0
such that
Elyi, ..., y:] = O(X)
is finite, where r = trdeg, (k(X)).

In other words, we have the commutative diagram

~

X < N AN = AN
\ linear l (ur, ..., un)
finite and dominant ____ A (Ul, ey ’LLT)

Example 2.2.5. Amap f: X — Y = {point} is finite if and only if X is a finite set. For the
“if” implication, note that O(X) = k#¥ is finitely generated over k. Conversely, if X — Y is
finite, then there exist irreducible components X; of X such that the induced map X; — Y
is finite (as a composition of finite maps). We may hence assume that X is irreducible.

The induced map k£ — O(X) is finite and O(X) is a domain, and hence O(X) is a field
which is a finite extension of & = k. Thus O(X) = k, which means that X is a point.

Remark 2.2.6. Note that a composition of finite morphisms between affine varieties is finite.

Remark 2.2.7. If f: X — Y is a finite morphism between affine varieties X and Y, and
Z C X, W CY satisty f(Z) C W, then the induced morphism g: Z — W is finite. This is

clear by the diagram
X Y
A w

Since f# is finite, g7 is also finite.
In particular, for any y € Y, the map f~!(y) — {y} is finite, so the set f~!(y) is finite.

N v) - ox)

#

O
ANy
ow) —<L— 0(2)

—

Proposition 2.2.8. Let p: R — S be a finite (or just integral) ring homomorphism.

(1) If ¢ C S is a prime ideal and p = p (q) then q is mazimal if and only if p is
mazximal.
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(2) If 91 C qo are prime ideals in S then ¢ (q1) # = (q2).
(3) If p is also injective, then for any prime p C R there exists a prime q C S such that
-1
v (a) = p.
(4) If p1 C po are primes in R and q; € S is a prime in S such that p=(q1) = p1, then
there exists a prime qo 2 qy such that o=(q2) = pa.

Proof. For (1), note that we have a finite injective homomorphism

Rfp — S/q,
domain domain

and hence S/q is a field if and only if R/p is a field. (See Review Sheet #1 for the proof of
the last assertion.)

For (2), suppose ¢ *(q1) = ¢ '(q2) = p. Recall that if a map A — B is finite, then the map
C — B®4C is also finite:

B finite
|

®4C finite

Q<

—_
—— B

Therefore, the map

R, — S, =S ®r R,
is finite. By part (1), both q1.5, and 25, are maximal ideals contained one in the other.
Then they must be equal, which is a contradiction.

Recall that there is a bijection

{ primes q in S } { primes in }
with o ~'(q) = p Sp/pSy = 5 ® Ry /pRy

q > qS,/pS,

The reason is the primes in S, /pS, are all of the form g5, /pS, where q is a prime in S such
that pS, Cq C S, and p(R\ p)Ng=0.

We will use this and Nakayama Lemma (which we recall in Remark 1.2.16) to prove (3). If
 is injective, then R, — S, is also injective. Since S, # 0 is a finitely generated R, module
and R, is local, by Nakayama lemma S, # pS,, i.e. Sp/pSy # 0. Therefore, this ring has a
prime ideal, which must be of the form

q5y/pSy
with a prime q C S such that ¢~'(q) = p. This implies (3).
For (4), consider the map
@: R/pr— S/m

which is injective and finite. Using (3) for po/p1, we get a prime ideal in S/q; equal to q2/q1,
whose inverse image under @ is po/p;. This implies (4). O
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Remark 2.2.9 (Nakayama Lemma). If (A, m) is a local ring and M is a finitely generated
A-module such that M = mM, then M = 0.

Corollary 2.2.10. Let f: X — Y be a finite morphism between affine varieties and p =
f#:0(Y) = O(X).

(1) The map f is closed, i.e. f(Z) is closed for Z C X closed. In particular, f is
surjective if and only if ¢ s injective.

(2) If Zy © Zy are irreducible and closed in X, then f(Zy) # f(Zs).

(3) If f is surjective, then for any irreducible and closed subset W C'Y | there ezists an
irreducible and closed subset Z C X such that f(Z)=W.

(4) If Wy C Wy is irreducible and closed in'Y and Zy C X is irreducible, closed, and
f(Zy) = Wy, then there exists an irreducible and closed subset Zy C X such that
Zy C Zy and f(Z,) = W1.

Proof. Let Z C X be the closed subset corresponding to I = Ix(Z) € O(X). We saw that
[(2) =V (e (I)).
We will show that V(¢~1(I)) C f(Z). Consider the finite injective homomorphism
O(Y) /e~ (I) = O(X)/1.

Given a point y € V(¢ !(I)) corresponding to a maximal ideal in n in O(Y)/p"1(I), by
Proposition 2.2.8 (3), there exists a prime ideal m C O(X) such that I C m. Since ¢! (m) =
n, m is maximal by Proposition 2.2.8 (1). Hence y € f(Z).

Finally, note that ¢ is injective if and only if f(X) =Y if and only if f is surjective, since
f is closed.

We have hence proved (1), and assertions (2), (3), (4) follow from the corresponding results in
Proposition 2.2.8 via the correspondence between prime ideals and irreducible closed sets. [

Corollary 2.2.11. If f: X — Y is a surjective finite morphism of affine varieties, then
dim X = dimY. Also, if Z is an irreducible closed subset of X, then codimy(Z) =
codimy (f(Z)).

Proof. It Zy 2 Z1 2 --- D Z, are irreducible and closed in X, then

[(Zo) 2 [(Z1) 2--- 2 f(Z,)
in Y are closed by Corollary 2.2.10 (1), irreducible, and the inclusions are strict by Corol-
lary 2.2.10 (2). Therefore, dimY > dim X.

Suppose Wy 2 Wy D --- D W; are irreducible and closed in Y. Since f is surjective, by

-

Corollary 2.2.10, there exists a closed irreducible subset Zy C X such that f(Z,) = Wy. By
Corollary 2.2.10 (4), there exists a sequence

20270 2 2 Zs

of irreducible and closed subset such that f(Z;) = W; for all i. Since the inclusions have to
be strict, dim X > dimY.

Exercise. Prove the assertion above codimension. O
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2.3. The Principal Ideal Theorem (Krull). The goal of this section will be to prove the
following theorem.

Theorem 2.3.1 (Principal Ideal Theorem, Krull). Let X be a quasi-affine variety, f €
O(X), and let Y be an irreducible component of V(f) = {u € X | f(u) = 0}. Then
codimy (V) < 1.

Remark 2.3.2. The corresponding statement holds in arbitrary Noetherian rings.
Remark 2.3.3. We show that this holds if X is affine and O(X) is a UFD.

If f=0,Y =X, and hence codimx(Y) = 0.

If f#0, we can write f = uf{™ ... f for a unit v and irreducibles f;. Then Y = V (f;)
for some 7. If codimy(Y) > 2, there is a prime ideal p such that 0 C p C (f;). Choose
a € p\ {0}. Let m be the exponent of f; in the prime factorization of a, i.e. a = f/"b € p for
b coprime f;. Since f; & p and p is prime, this shows that b € p. However, p C (f;), so fi|b,
contradicting the definition of m.

Homework. Read Review Sheet #3 on norms of elements with respect to finite field
extensions.

Before we proceed with the proof of Krull’s Theorem 2.3.1, we recall a few notions from
Review Sheet #3. Suppose L/K is a finite field extension. For u € L, let ¢,: L — L be the
K-linear map given by ¢, (v) = uv. We define the norm of u as

Nk (u) = det(p,) € K.
Then Ny i has the following properties

o Np/k(0) =0 and Np x(u) # 0 if u # 0,

o N(ujug) = N(up)N(uz),

o if u € K, then N(u) = ul*Kl,

e if f is a minimal polynomial of u over K, then N(u) = 4 f(0)FK 0],

Proposition 2.3.4. Let A < B be an injective integral homomorphism of integral domains
such that K = Frac(A) — L = Frac(B) is finite. If A is integrally closed, then for any
u € B, Nyk(u) € A. Moreover, if J is an ideal in B and u € J, then Np x(u) € J N A.

Proof. Let u € B and f € Klz| be the monic minimal of u over K. By hypothesis, there
exists a monic polynomial g € Alz| such that g(u) = 0. Then f|g in K[z]. For every root a of
f in some algebraic closure L of L we have that g(a) = 0, so a is also integral over A. Writing
f=a"+ az" 4+ - + a,, we know that each coefficient «; is a (symmetric) polynomial
function of the roots of f, so it is integral over A. Since A is integrally closed in K, o; € A
for all 4. This implies that f(0) = a,, € A. Hence

Np/k(u) = £(power of f(0)) € A.

Finally, if u € J, then
W4 oqut T 4y, =0,
and hence
o, = —u(y"_1 +tang) €,

-~

eB
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since o; € A C B and v € B. This shows that
Np/k(u) = £(power of a,) € J,
completing the proof. O

Before proving Theorem 2.3.1, we restate it here for convenience and make a few remarks.

Theorem (Krull’s Theorem 2.3.1). Let X be a quasi-affine variety and f € O(X). LetY
be an irreducible component of V(f) ={u € X | f(u) =0}. Then codimx(Y) < 1.

Remark 2.3.5.

(1) If Xy,...,X, are the irreducible components of X and f|x, # 0 for all i, then there
exists ¢ such that Y C X, so codimyx Y > 1. Hence by Theorem 2.3.1, codimy Y = 1.

(2) If U is an open subset of X and U NY # (), then codimyY = codimy(Y NU).
Moreover, Y N U is an irreducible component of V(f|y). Hence we may replace X
by U and Y by U NY in Krull’s Theorem 2.3.1.

(3) To prove Krull’s Theorem 2.3.1, we may assume X is affine, irreducible and Y = V'(f).
Indeed, if there is a chain Y C Y] C Y5 of irreducible closed subsets in X, then Y is
an irreducible component of V(f) NYs = V(fl|y,). Hence we may replace X by Y5 to
assume X is irreducible. Moreover, choose U C X open, affine such that UNY # ()
and U € X \ (other components of V(f)). By (2), we may replace X by U to
assume that X is affine and irreducible and Y = V/(f).

Proof of Theorem 2.3.1. By Remark 2.3.5 (3), we may assume that X is irreducible, affine,
and Y = V(f). Since O(X) is a domain of finite type over k, by Noether Normaliza-
tion Lemma 1.1.12, there exists a finite injective homomorphism B — O(X) with B =
klxy,...,z,] where r is the transcendence degree of k(X) over k.

Let p = Ix(Y) € O(X), which is a prime ideal, and let ¢ = p N B, which is a prime ideal
in B. Morevoer, let K = Frac(B), L = k(X) = Frac(O(X)), and v = Ny k(f) # 0. Since
f € p, by Proposition 2.3.4, u € q.
We will show that q = y/(u). The ‘2’ inclusion is clear since v € q and ¢ is prime. For the
other inclusion, ‘C’; suppose g € q. Then g € p = /(f), so there exists s > 1 such that
g° = fh for some h € O(X). Applying N,k to this, we obtain
u&[L:K] — NL/K(g>S

= Npi(f) - Noyk(9) € (u),

since Np/k(f) = v and N,k (h) € B by Proposition 2.3.4, and hence g € /(u).

Consider the finite surjective morphism ¢: X — A" such that Y C X goes to p(Y) = V(q).
By Corollary 2.2.11,

codimy Y = codimyr (V).
Since B is a UFD, we can apply Remark 2.3.3 to conclude that codima-(¢(Y)) < 1, because
©(Y') = V(u) by the claim. This completes the proof. O

Corollary 2.3.6. Let X be a quasi-affine variety and fi,..., f. € O(X). IfY is an irre-
ducible component of

V(fi,..., fr) ={x | fi(x) =0 for all i},
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then codimy (YY) < r.

Proof. We argue by induction on r. The base case r = 1 is Krull’s Theorem 2.3.1. As we
did in the proof of Krull’s Theorem 2.3.1, we may assume that X is affine (see specifically
Remark 2.3.5 (3)). Consider a sequence of irreducible closed subsets

Y=YCYiC QY

By hypothesis, there exists ¢ such that Y; € V(f;), and without loss of generality, assume
1 = 1. By Noetherianity, we may assume that there is no irreducible closed subset Z with
Y C Z C Y. Then Y is an irreducible component of Y1 NV (f).

After replacing X by some U open such that U N'Y # () and
UCX\ U(other compoments of Y1 NV (f1)),
we may assume Y = Y; NV(f1). (This is the same trick as in Remark 2.3.5 (3).) Then

Ix(Y) =VIx(W1) + (f1),

fi” —g; € (fl)
for some r; > 1 and g; € Ix(Y1). Note that

V(fl?"'af?”) = V<f17g27"'7g1”)'

It is enough to show that that Y; is an irreducible component of V' (ga,...,g.). Indeed, if
this holds, then by the inductive hypothesis m —1 <r —1,som < r.

We have Y1 C V(ga,...,9r). Suppose Yy C Z C V(ga,...,g.) and Z is irreducible and closed.
Since Y is an irreducible component of V' (fi, gs, ..., ¢g,), it is an irreducible component of

Z0V(H) =V((H)lz)-
But then Krull’s Theorem 2.3.1 implies that codimyz(Y) < 1, which is a contradiction. [

so for any 7 we can write

Corollary 2.3.7. For any n > 0, we have dim(A™) = n.

Proof. For “>”, note that
O:V(x17-..7xn) gV<I1,...7xn71) cC ... QX

—=

is a sequence of closed irreducible subsets of length n.

For “<”, it is enough to show that codimx{p} < n for any point p = (a4,...,a,) € A". But
{p}=V(r1 —ay,..., 2, — ay,),

so its codimension is at most n by Corollary 2.3.6. U

Corollary 2.3.8. If X is an irreducible quasi-affine variety, then dim X = trdeg, (k(X)).

Proof. Let X = U; U ---UU, for affine open subsets U;. Then
dim(X) = max dim U;.

7

Moreover, k(U;) = k(X), so we may assume X is affine.
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By Noether Normalization Lemma 1.1.12, there exists a finite surjective morphism X — A"
where r = trdeg, (k(X)), so dim X = dim A" = r. O

We get the following consequences of Corollary 2.3.8:

e for any quasi-affine variety X, dim X < oo,
e for any irreducible X and nonempty open subset U C X, dim U = dim X.

Corollary 2.3.9. Let X be a quasi-affine variety.
() IfY =Yy CY,--- C Y, = Z is a saturated chain of irreducible closed subsets (i.e.
there are no other such sets between Y;_1 and Y; for any i), then
r=dimZ — dimY.

(2) If X has pure dimension (i.e. all irreducible components of X have the same dimen-
sion) and Y C X is irreducible and closed, then

dimY + codimy Y = dim X.

Proof. The key statement is the following. Suppose Y C Z is irrreducible and closed, and
there is no irreducible and closed between Y and Z. Then

dimZ =dimY + 1.
We may assume that X = Z. By Corollary 2.3.8, we may replace X and Y by U and
UNY if U C X is open with UNY # (). We may hence assume that X is affine. Choose

feIx(Y)\{0}. Then Y C V(f) € X, so Y is an irreducible component of V(f), since
there are no irreducible closed subsets between Y and X.

Replace X by
X\ U(irreducible components of V(f) different from Y').

Since this subset is open, we may assume that Y = V(f). Similarly to the proof of Principal
Ideal Theorem 2.3.1, we apply Noether Normalization Lemma 1.1.12 to get a commutative
square

V(i)=Y —— X
V(u) =pY) —— A"

where p is finite and surjective. We have that Iy»(p(Y)) is a principal ideal (g). We claim
that dim(p(Y)) = n — 1. We have that

O(p(Y)) — ettt
(9)
After a linear change of coordinates (as in the proof of Noether Normalization Lemma 1.1.12),
we may assume that g is a monic polynomial in x, with coefficients in k[zi,...,z,_1]. The

the map
k[Ilv s 7$n—1] - O(p(Y))
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is finite and injective, and hence
dim(O(p(Y))) = dimk[z1, ...,z 1] =n—1,
where the last equality follows from Corollary 2.3.7.
This shows that dim Z = dimY + 1, as we claimed at the beginning of the proof.

In the setting of part (1), Y =Yy C Y;--- C Y, = Z is saturated, so dimY; = dimY; ; + 1
for all 1 <4 < r, and hence
dimZ =dimY + r.

This shows (1), and, in particular, r is independent of the choice of chain. Hence r =
codimy(Y'), proving part (2) when X is irreducible.

In general,
codimy Y = max{codimy, Y | Y C X},
where X7, ..., X,, are the irreducible components of X. By the above assertion,
codimy Y = max{dim X; —dimY | Y C X;},
and if X has pure dimension, this shows that
codimy Y = dim X —dimY,
completing the proof. O

We now prove a partial converse to Corollary 2.3.6.

Proposition 2.3.10. If X is an affine variety and Y C X is irreducible, closed and has
codimension r, then there exist fi,..., f, € O(X) such that Y is an irreducible component

OfV(fl, .. .,fT).

Proof. When r = 0, this is clear because V(0) = X.

Suppose r > 1. We want to show that there is an f; such that Y C V(f;) and if X3,..., X,
are the irreducible components of X, then X; C V(f;) for all 4. In other words, we want

=

fieIx(Y)\ U Ix (X))

Since Y # X; for any 4, Ix(Y) € Ix(X;), and by the Prime Avoidance Lemma 2.3.11, such
an f1 exists. Then Y C V(f;) and

codimy (sy(Y) <r — 1.
Repeat this procedure to find fs, ..., f, such that
Y C V(fh"'af’r‘)

has codimension 0. O

Remark 2.3.11 (Prime Avoidance Lemma). If pq, ..., p, are prime ideals in a ring R and

I C R is an ideal such that I C U p;, then I C p; for some 1.
i=1

The proof of this is left as an exercise, and will appear on a review sheet.
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In general, we cannot choose fi,..., f, € O(X) such that Y = V(f,..., f,) (even if one is
willing to pass to small neighborhoods of a given point).

Example 2.3.12. Let X = V(zj29 — 2374) € A, dim X = 3, and Y = V(zy,23) C X.

Then Y = A%, so dimY = 2. However, there is no f such that (z1,z3) = \/(f, 1Ty — T3Ty)
(even in Ox ).

Challenge. Can you prove this?

2.4. Dimension of fibers of morphisms. The setting is as follows. Suppose f: X — Y
is a dominant morphism of irreducible quasi-affine varieties. Then k(Y) — k(X), and let
d = trdegHk(X). Then

d = trdeg, (k(X)) — trdeg, (k(Y)) = dim X —dimY
by Corollary 2.3.8.

Note that if y € Y, then f~!(y) is a closed subset of X. More generally, if W C Y is closed,
then f~1(W) C X is closed.

We will show that

e for any y € f(X), every irreducible component of f~!(y) has dimension at least d,
e there exists V' C Y open such that for any y € V, every irreducible component of
f~Y(y) is nonempty and has dimension d.

Theorem 2.4.1. If Z is an irreducible closed subset of Y and W is an irreducible component
of f~Y(Z) which dominates Z, then dim W > dim Z + d (and, equivalently, codimx (W) <
codimy (Z)). In particular, if y € f(X), then every irreducible component of f~'(y) has
dimension at least d.

Proof. If we replace f by f~1(U) — U where U is an open subset such that UNZ # (), since W
dominates Z, W N f~Y(U) # 0. Thus the codimensions do not change, and by taking U to
be affine, we may assume that Y is affine. If codimy Z = r, by Proposition 2.3.10, there
exist fi,..., fr € O(Y) such that Z is an irreducible component of V(fi,..., f.). Then W
is an irreducible component of f~Y(V(f1,...,f.)) =V (fio f,..., fro f).

Indeed, if W C W' C f~YV(f1,..., fr)), then
Z=fW)c fW)CV(f,. ... fr),

so f(W’) = Z, and hence W’ C f~!(Z). Since W is an irreducible component of f~1(Z), we
have W = W', which is a contradiction.

By Corollary 2.3.6, codimyxy W < r. O

Theorem 2.4.2. Given f as before, there exists V C Y open, nonempty such that

(1) V C f(X),
(2) for any Z CY irreducible, closed such that ZN'V # 0, and for every W which is an
irreducible component of f~Y(Z) which dominates Z, we have that

dimW = dim Z + d.
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In particular, for any y € V, every irreducible component of f~(y) has dimension d.

Proof. Tt is clear that we may replace f by f~'(U) — U whenever U is open in Y. In
particular, we may assume Y is affine. We claim that we may also assume that X is affine.
Indeed, let Uy, ..., U, C X be affine open subsets such that X = J,U;. If V; C Y satisfies

(1) and (2) for U; — X EN Y, then V=V, N---NV, satisfies (1) and (2) for f.
Thus suppose X, Y are affine, and consider
fr0(Y) = 0(X),

which is injective, since f is dominant. (Note that O(Y) and O(X) are both domains since
X and Y are irreducible.) Consider the induced map

MY%%%OU@QHCXX)

R
Then R is a k(Y )-algebra of finite type and Frac(R) = k(X).

By Noether Normalization Lemma 1.1.12, there exist yq,...,yq € R such that

(1) they are algebraically independent over k(Y),
(2) k(Y)[y1,-..,ya) — R is finite.

After possibly multiplying the y; by an element in O(Y) to clear denominators, we may
assyme that yi,...,yq € O(X).

We claim that there exists s € O(Y) \ {0} such that O(Y),[y1, ..., v4] — O(X), is finite.?
Choose generators xy,...,zx of O(X) as a k-algebra. By (2) above, we have

-1

my my
Tt @ittt i, = 0

for some m; € Z~¢ and a;; € k(Y )[y1, ..., ya4]. Choose s € O(Y') such that sa;; € O(Y)[v1, ..., ya]
(i.e. clear denominators). Then all z;’s are integral over O(Y )s[y1, . . ., ya], and they generate
O(X)s over O(Y); as an algebra, which proves the claim.

Replace f by the restricted map Dx(f#(s)) = f~1(Dy(s)) — Dy(s). We may assume we
can factor f as

XLy xAat 2Ly,

where ¢ is finite and surjective. Let W be an irreducible component of f~!(Z). Then
g(W) C Z x A?. Since g is finite and surjective,

dim W = dim(g(W)) < dim(Z x A?) = dim Z + d,
where the last equality follows from a homework problem.?

The opposite inequality holds by Theorem 2.4.1. O

2In other words, instead of inverting all elements of O(Y) # {0}, we can just invert one element and still
get a finite morphism between the localizations induced by f.
3Specifically, for quasi-affine varieties X and Y, dim(X x Y) = dim(X) + dim(Y).
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Example 2.4.3. Let f: A% — A3 be given by

[y, 2) = (2°y’z, 2%, x)
for some a,b,¢c € Zsg. ItV C A% is V = Dys(zy) = (zy # 0), then f~(V) — V is an
isomorphism with inverse (u,v,w) — (w,vw=¢ uv=" w=**). Hence f is birational, and
on V the fibers are just single points.

What about the other fibers? We have that
_ 0 if 29 # 0 or yg # 0
1 . 0 0 )
I (@0, 0,0) = { >~ A% if wy = yo = 0.
Similarly, for zo # 0,

. B 0 if Xy 7& 0,
f (960,072’0) = { V(:E — Zo,y) ~ Al if xg = 0.

3. GENERAL ALGEBRAIC VARIETIES

General algebraic varieties are objects obtained by gluing finitely many affine algebraic vari-
eties together with a Hausdorff-type condition. We can glue affine varieties using atlases (for
example, in differential geometry) or using ringed spaces (which is the more modern point
of view). We will take the latter approach.

3.1. Presheaves and sheaves. The first goal will be to define sheaves.

Let X be a topological space. We can think of X as a category, Catx whose objects are the
open subsets of X and Hom(U, V') has 1 element if U C V' and is empty otherwise.

Let C be a category and X be a topological space. The main examples will come from
C = R-mod or C = R-alg, where R is a fixed commutative ring, but C could also be the
category of sets or the category of rings.

Definition 3.1.1. A presheaf on X of objects in C is a contravariant functor
F: Caty — C.

In other words, for any open set U C X, we have an object F(U) in C, and for any inclusion
U C V we have a morphism F(V) — F(U) in C, denoted by s — s|y, which satisfies:

(1) if U=V, s|ly =s,
(2)itUCV CW,se F(W), then (s|v)|v = s|uv.

The object F(U) in C is also written I'(U, F) and its elements are called sections of F on U.
The morphisms F (V) — F(U) are called restrictions of sections.

Suppose that C is a subcategory of the category of sets and a morphism in C is an isomorphism
if and only if it is a bijection.

Definition 3.1.2. A presheaf F is a sheaf if given any family (U;);er of open subsets of X
and U = U U; together with s; € F(U;) for all i € I such that (s;)|v,nv; = (s5)|viny; for all

el
i,7 € I, there exists a unique s € F(U) such that s|y, = s; for all i.
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In other words, sheaves are presheaves such that sections can be described locally.

Note that if we take I = (), the condition in the definition is that F({)) contains precisely
one element.

Remark 3.1.3. We can write the above definition categorically, without requiring that C is
a subcategory of sets. However, all the categories we consider are subcategories of sets, so
we simplify the definition to this case.

Remark 3.1.4. If F is a presheaf of objects in C which is a subcategory of the category
of abelian groups, the condition for F to be a sheaf can be reformulated as follows: for any

union U = | JU; of open sets U;, the sequence
i

0 —— F(U) — H]:(Ui) —— [[FU;NT)

0]

(Si)iel E— ((Si)UzﬂUg‘ - (Sj) UiﬂUj)

is exact.

Examples 3.1.5.

(1) Let X be a topological space, and let C = R-alg, and define for U C X open
Cxr(U) = {continuous functions f: U — R}

with restriction maps given by restrictions of functions. This is the sheaf of real
continuous functions on X.
(2) Let X be a C*°-manifold. For U C X open, define

CXrU)={f:U—=R| fisC™}

with restriction maps given by restrictions of functions. Then C7% is a sheaf of R-
algebras.
(3) Let X be a quasi-affine variety. For U C X open, let

Ox(U)={f:U — k| f regular function}

with restriction of functions. Then Oy is a sheaf of k-algebras.
(4) Let f: X — Y be a continuous function, and define a sheaf of sets on Y by setting
foraset U CY,

F(U) ={s: U — X continuous | f(s(y)) =y forally € U}

with restriction of functions. In this example, the section of F are actually sections
of a function, justifying the name.

Definition 3.1.6. If F, G are presheaves on X of objects in C, define ¢: F — G by defining
for any U C X open a morphism in C

v F(U) = G(U)

which is compatible with the restriction maps: if V' C U are open sets, then
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F(U) 2 G(U)

commutes, i.e. py(s|v) = @u(s)|v.

The same definition applies for sheaves.

Since the morphisms can be composed, we get a category of presheaves on X of objects in
C, and the full subcategory of sheaves on X of objects in C.*

Example 3.1.7. Let X and C be as before, W C X be open, and F be a presheaf on X.
Then Flw is a presheaf on W given by (F|w)(U) = F(U) for all U C W open with the
same restriction maps.

Clearly:

e if F is a sheaf, then F|y is a sheaf,
o if p: F — G is a morphism, we get

Hence restriction to W is a functor from presheaves on X to presheaves on W.

Example 3.1.8. Let X be a quasiaffine, W C X be open. Then Oy = (Ox)|w is the sheaf
of function on W.

Assume C has direct limits.
Definition 3.1.9. If F is a presheaf on X of objects in C and x € X, then the stalk of F at
T is
F, = lin F(U),
Uz
where U varies over the open neighborhoods of x, ordered by reverse inclusion.

More generally, if W C X is closed and irreducible, Fy = hgl FU).
UNW#(

Remark 3.1.10. This is a generalization of the definition of Ox v for a closed irreducible
subset W C X (cf. Definition 1.4.1).

Note that both sets are filtered, so the colimit is indeed a direct limit.
If C is R-mod or R-alg, we know how to describe Fyy (similarly to Ox ).

This gives a functor

presheaves on X c
of objects in C
F e W

4A subcategory D C C is full if objD C objC and Homp (D, D') = Home(D, D').
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since ¢: F — G induces ¢y : F(U) — G(U) and taking lim gives a map Fy — Gw.
Notation. If s € F(U) and = € X, we write s, for the image of s in F,.
Note that if F is a sheaf and s, 55 € F(U) satisty (s1), = (s2), for all z € U, then s; = so.

Definition 3.1.11. Let f: X — Y be a continuous map and F be a presheaf on X. We get
a presheaf on Y, denoted f,F and called the pushforward of F by f, given by

LV, £.F) =T(f (V). F)
for V' C Y open, and the restriction maps induced by those of F.
If F is a sheaf, then f,F is a sheaf.

This gives a functor: if ¢: F — G, then f.F — f.G is induced by the following commutative
diagram

Definition 3.1.12. If F is a presheaf on X, a subpresheafis a presheaf G such that G(U) is
a subset of F(U) and the restriction maps for G are induced by the restriction maps for F.

If moreover F, G are both sheaves, G is called a subsheaf of F.
If G is a subpresheaf of F, the inclusion map gives a morphism of presheaves G — F.

3.2. Prevarieties. Let k = k be fixed. Let X be a topological space. Define a sheaf on X
by setting for U open

Funx(U) ={f: U — k}
which is a k-algebra with respect to point-wise operations, and the restriction maps are
restrictions of functions.

If f: X — Y is a continuous map, we have a morphism of sheaves on Y given by
(%) Funy — f. Funy
where for U C Y we set
Funy (U) — Funx (f~'(U))
pr—=>pof

We define the category Top, as follows:

e objects are (X, Ox) where X is a topological space and Oy is a subsheaf of k-algebras

of Funy,
e morphisms (X,Ox) — (Y, Oy) are continuous functions f: X — Y such that for

any U C Y open and any ¢ € Oy (U), we have po f € Ox(f~*(U)), i.e. (x) induces
a morphism of sheaves Oy — f,Ox.
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Remarks 3.2.1.

(1) Let (X,0x) € Top,. If U C X is open, then we define Oy = (Ox)y C Funy, and
then (U, Opy) € Top,. The inclusion map i: U — X defines a morphism in Top,.
(2) If (X,0x),(Y,0y) € Top,, X = UUZ- is an open cover, «;: U; — X are the
icl
inclusions, and f: X — Y is any map, then
f is a morphism if and only if f o «; is a morphism for all i.

This is because of the sheaf condition for Ox.
(3) Isomorphisms in Top,: f: (X, Ox) — (Y, Oy) is an isomorphism if and only if f is a
homeomorphism and for any open U C Y

¢: U—kisin Oy(U) if and only if po f € Ox(f~HU)).

Terminology: Ox is the structure sheaf of (X,Ox). We sometimes abuse notation and
write X to mean (X, Ox), leaving the structure sheaf implicit.

Example 3.2.2. Let X C A" be a locally closed subset. We define a sheaf Ox by setting
U Ox(U)={f:U — k| f regular function}.
Then (X, Ox) is an object in Top,.

It X CA™ Y C A" are locally closed, then f: X — Y is a morphism in the new sense if
and only if it is a morphism in the old sense.

The ‘if” implication follows since for f continuous and ¢: U — k regular on U C Y open, we
have po f: f~1(U) — k is regular.

For the ‘only if’ implication, apply the definition for Y — A" Pk to conclude that if
f={(f1,---, fa), then each f; is a regular function.

Definition 3.2.3. An element (X, Ox) € Top,, is an affine variety if it isomorphic in Top,
to (Y, Oy) where Y is a closed subset of some A”".

Definition 3.2.4. A prevariety is an object (X,Ox) in Top, such that there is a finite
open cover X = U; U---U U, such that each (U;,Op,) is an affine variety. Morphisms of
prevarieties are just morphisms in Top,.

Definition 3.2.5. A quasi-affine variety (X, Ox) is an object in Top,, isomorphic to (Y, Oy)
where Y C A" is locally closed.

Note that any quasi-affine variety is a prevariety.

Properties.

(1) If (X, Ox) prevariety, then X is a Noetherian topological space.

Proof. It X = Uy U---UU, where (U;, Oy,) is affine, so U; is Noetherian for all 4, then
any chain
Fi2F 2.

of closed subsets in X gives a chain
FENU; DFNU; D ---
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of closed subsets in U;, so there exists n; such that [; N U; = Fj11 NU; for j > n,,
whence F; = Fj 4 for j > max{ni,...,n,}. O

(2) If (X,0Ox) is a prevariety, then Ox is a subsheaf of the sheaf Cx of continuous
functions to k, i.e. Cx(U) ={f: U — k| f continuous}.
This is clear since Ox is a sheaf and the property holds for affines.
(3) If (X, Ox) is a prevariety, ¢ € Ox(X), then U = {x | ¢(x) # 0} is open by (2), and
we have é € Ox(U).
This is clear since Oy is a sheaf and the property holds for affines by definition of
regular functions.
(4) All statements about dimension theory of quasi-affine varieties extends to all preva-
rieties.
This is because in all the proofs we reduced to the affine case, and the reduction
step is the same in the case of prevarieties.
(5) If (X, Ox) is a prevariety, then the open subsets of X that are affine form a basis for
the topology of X.
This is clear since Ox is a sheaf and the property holds for affines.

3.3. Subvarieties. Let (X, Ox) be an object in Top, and Z be a locally closed subset of X.
Define O on Z as follows

O4(U) = {f Uk ' for any = € U there exists V' 3 z open in X and g € Ox (V) }

such that VN Z C U and glynz = flvnz

Intuitively, elements of O are functions on Z that extend locally to sections of Ox.

It is clear that

(1) Oz is a subsheaf of Fung,
(2) If Z, X are as above and W is locally closed in Z, the sheaf Oy is the same whether
we consider W as a subset of X or of Z.

Note that if Z is open in X, we recover the previous definition, Oy = (Ox)|z.

Example 3.3.1. If Z is a locally closed subset in A", then the sheaf of regular functions
on Z is obtained in this way from Ogn.

Proposition 3.3.2. If (X, Ox) is a prevariety and Z C X s locally closed, then (Z,Oz) is

a prevariety.

Proof. There is an affine open cover X = U; U---UU,. It is enough to show that
(UZ NZ,0y

UZ‘QZ)

is a prevariety.

We have that U; N Z is a locally closed subset of U;, which is affine, and Oz|y,nz is a sheaf
induced by Ox on a locally closed subset U; N Z, which is the same the the sheaf induced by

Oy, on U; N Z. Therefore, (U; N Z, Oy,~z) is isomorphic to a quasi-affine variety, and hence
it is a prevariety. 0

Remark 3.3.3. If (X, Ox) and (Z,0z) are as in Proposition 3.3.2, then the inclusion map
Z — X gives a morphism of prevarieties.
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Definition 3.3.4. A locally closed (open, closed) subvariety of the prevariety (X,Ox) is a
prevariety (Z,Oz) where Z C X is locally closed (open, closed) and Oy is defined as before
from Ox.

Definition 3.3.5. A locally closed immersion (or embedding) is a morphism of prevarieties
f: X — Y which factors as

X257 t.y

where ¢ is an isomorphism and ¢ is the inclusion map of a locally closed subvariety. If Z is
open (closed), we say that f is an open (closed) immersion.

Proposition 3.3.6. Let f: X — Y be a locally closed immersion of prevarieties. Given
g: Z =Y, there exists h: Z — X such that f o h = g, i.e. the triangle

commutes, if and only if g(Z) C f(X).

Proof. 1f there is such an h, then g(Z) = f(h(Z)) C f(X). Conversely, suppose g(Z) C f(X).
Since f is injective, there is a unique function (set-theoretically) h: Z — X such that
foh = g. We need to show that h is a morphism. By definition of a locally closed
immersion, there exists a commuting triangle

X > Y

\

f/
w

where 7 is an inclusion of a locally closed subvariety and f’ is an isomorphism. Altogether,
the diagram

commutes and it is enough to show that (f’)~' ok is a morphism. After replacing f: X — Y
by W — Y, we may assume that f is the inclusion of a subvariety.

We now have the commuting triangle
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Choose Y = U; U --- U U, where U; is open and affine, and write
xX=Jr .
i=1

We can then restrict the above triangles to triangles

(quasi-affine) f~1(U;) < » U; (affine)

By covering g~ !(U;) by open affine subsets, we see that ¢~ (U;) — f~(U;) is a morphism
for all 7. Therefore, h is a morphism. O

Proposition 3.3.7. Let f: X — Y be a morphism of prevarieties. Then the following are
equivalent:

(1) f is a closed immersion,

(2) for any U CY open affine, f~2(U) is an affine variety and the induced homomor-
phism O(U) — O(f~1(U)) is surjective,

(3) there is an open cover Y = |J U; such that f~1(U,) is affine and O(U;) — O(f~1(U,))

=1
18 surjective.

Proof. We show that (1) implies (2). We have the commuting diagram
Y
U

As U is affine and open, f~!(U) is affine, and O(U) — O(f~1(U)) is surjective by the
description of regular functions on closed subsets of A™. This shows that (1) implies (2), and
it is clear that (2) implies (3).

f

_ closed immersion

X
J
f7U) —

closed immersion

We show that (3) implies (1). Each morphism f~'(U;) — U; is a closed immersion. In
particular, it is injective and a homeomorphism onto a closed subset of U;. Therefore, f is
injective and a homeomorphism onto a closed subset Z of Y. Consider on Z the sheaf Oy

defined from Ox. By Proposition 3.3.6, f factors as X M 7Y, Then his bijection and
we need to show h~! is a morphism. This follows since

Y U) = U;NZ) = U;
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is an isomorphism, since f~(U;) — U, is a closed immersion. O

3.4. Fibered products of prevarieties.

Proposition 3.4.1. If X and Y are prevarieties, then there is a product on X, Y in the
category of prevarieties such that

e the underlying set is X XY,
e the topology is finer than the product topology,
o the “projection maps” X xY — X and X xY — Y are the projections.

Sketch of proof. Cover both X and Y by affine open subsets

X:O%Y:On
i=1 j=1

Then
X xY = Ui x V).
ij
We know that U; x V; with the projections onto U; and Vj is the direct product of U; and
V; in the category of quasi-affine varieties, where the topology and the structure sheaf on
U; x V; come from embeddings U; C A" and V; C A™.

The key point is that on (U;, x V};) N (U;, x V},), the restrictions of the topology and the
struction sheaf coming from both U;, x V} and U;, x V}, coincide. This is because both of
them satisfy the universal property defining the product (U;, N U;,) x (V;, N'Vj,). We can
then define a topology and a structure sheaf on X x Y by

e W C X xY open if and only if W N (U; x Vj) is open for all i, j,
e ! W — kis in OXXy(W) if
elwnw,xv;) € Ov,xv; (W N (U; x Vj))
for all 1, 5.

This defines X x Y as an object in Top,. It is a prevariety since it is covered by the affine
open subsets U; x Vj.

Exercise. Check that X <— X x Y — Y satisfies the universal property. 0

Remark 3.4.2. If X and Y are irreducible is X x Y is irreducible. To prove this, you could
use the following fact proved on Homework 1.

Suppose X is topological space and X = U; U---UU, is an open cover and U; # 0. Then X
is irreducible if and only if Uj; is irreducible for all ¢ and U; N U; # 0 for all 4, j.

This allows to reduce to the case where X and Y are affine, where we know that this result

holds.
Definition 3.4.3. Let f: X — Y be a morphism of prevarieties. Define
Jrr X = X XY, v (z, f(z))

as the morphism defined by the universal property of products. Then j; is the graph mor-
phism of f and I'y = im(jy) is the graph of f.
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For example, if f = 1x, then I'y = Ax € X x X is the diagonal.

Proposition 3.4.4. Let f: X — Y be a morphism of prevarieties. Then jr: X — X xY
18 a locally closed immersion.

Proof. For any z € X, choose affine open neighborhoods V, C Y of f(x) and U, C f~}(V,)
of z. Then

W=JUxV,
reX
is open in X x Y. Since X x Y is Noetherian, we may take only finitely many x.

Note that j; factors through W

X » X xY
A
X‘ open subvariety
1>
14

and ¢ is a morphism. It is enough to show that g is a closed immersion. We have that
gil(Ux X Vr) =U,

is affine. By Proposition 3.3.7, we only need to show that O(U, x V,.) — O(U,) is surjective.
We may hence assume that X and Y are affine and show that j}#: OX xY) = O(X) is

surjective. If X CA™ Y CA™ f=(f1,...,fn), we have that j}éé is the map

Elxy, . o Ty Y1y Un]  ElTr, o )
I(X xY) I(X)
XT; = X;
yj = fi
The surjectivity is hence immediate. U

Corollary 3.4.5. The category of prevarieties has fibered products. More explicitly, if
f: X —=>Zandg:Y — Z, then

W ={(z,y) | f(z) = g(x)} € X xY

1s a locally closed subset and, with the maps inducted by projections. It is the fibered product
X Xz Y:

XxzY — X

| |

(satisfying the obvious universal property).

Proof. The map
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XxY s ZxZDA,

(z,y) —— (f(2),9(y))

is clearly a morphism, and W = h™!(Ay) is locally closed in X x Y by Proposition 3.4.4.

Consider the subvariety structure on W. It is enough to show that for any maps a: T" — X,
B:T — Y such that f oa = go f3, there is a unique map v: 7" — W such that povy = o,
qo~y = [, i.e. the following diagram commutes

iy
w -2

bl
N« <

X%

The uniqueness is clear since the map has to be given by v(t) = (a(t), 5(t)) € W.
We just need to show that this v is a morphism. We have that

T;}W;incl.—)XXY

is a morphism by the universal property of the product. Therefore, v is a morphism by the
universal property of a subvariety. U

Example 3.4.6. Let f: X — Y be a morphism of prevarieties. Let W C Y be a locally

closed subvariety. Then we have the commuting square

) — X
o
We—="——Y
and X xy W = f~1(W).
3.5. Separated prevarieties. When we define manifolds, we require the underlying topo-

logical space to be Haussdorff. We want to do similar for prevarieties, but algebraic preva-
rieties are almost never Hausdorff.

The key obvservation is that if X is a topological space then X is Hausdorff if and only if
Ax C X x X is closed under the product topology. This motivates the following definition.

Definition 3.5.1. A prevariety X is separated if Ax C X x X is a closed subset. A separated
prevariety is a variety.

Remarks 3.5.2.



MATH 631: ALGEBRAIC GEOMETRY I 61

(1) We know that A: X — X x X given by x — (z,z) is a locally closed immersion by
Proposition 3.4.4. Therefore, X is separated if and only if A is a closed immersion.
(2) If X is separated and f,g: Y — X are moprhisms, then

veY | fly) =9}

is closed in Y. (In particular, our discussion about the domain of a rational map
extends to varieties.)
To see this, note that we have a morphism

(f,9):Y = X x X, y— (f(y),9())
and the set we want (f,g)"'(Ax), which is closed in Y since X is separated.

Properties.

(1) If X is a variety and Y is a locally closed subvariety of X, then Y is a variety. In
particular, every quasi-affine variety is a variety.
Proof. We have the diagram

Y xY «—locally . X X

closed

/t\
I closed
J

AYZAXmYXY;)AX

and hence Ay is closed in Y x Y.
Finally, note that A™ is separated because Agn = V(21 — 41, ..., T, — yp) is closed

in A" x A", |
(2) If f: X — Y is a morphism with Y separated, then jr: X x X — Y is a closed
immersion.

Proof. By Proposition 3.4.4, we only need to show that I'y € X x Y is closed. We
have a morphism

h: XxY =Y xY
(z,y) = (f(2),9)
and 'y = h™!(Ay) is closed in X X Y since Y is separated. O

(3) If X and Y are varieties then X x Y is a variety. More generally, if f: X — Z and
g: Y — Z are morphisms of varieties, then

W ={(z,y) e X xY [ f(x) = g(y)}
is a subvariety of X x Y. In particular, X x ;Y is a variety by (1).

Proof. The first assertion follows from noting noting that Ayxy = pi3 (Ax)Npyt (Ay)
where

(X xY)x (X xY)

P24
p13

X x X Y xY
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Thus this set is closed in X x Y, so X x Y is separated. For the second assertion,
consider the map
h: X XY =-ZxZ
(@,y) = (f(),9(y))

and W = h™1(Ay) is closed in X x Y.
(4) If X is a variety and U,V C X are affine open subsets, then U NV is affine.

Proof. We have that A: X — X x X is a closed immersion, and U x V is affine, so
A YU x V) =UnNYV is affine. O

Proposition 3.5.3. If X s a prevariety and X = U, U---UU, is an affine open cover, then
X s separated if and only if U; N U; is affine for any 1,5 and the homomorphism

OU; x U;) ——— OU;NU;)

- /

oU;) @, O(U
18 surjective.

Proof. Apply Proposition 3.3.7, i.e. the crierion for
A X - X xX
to be a closed immersion in terms of the affine open cover X x X =JU; x Uj. O
.3
For gluing varieties, see problem set 5.
Example 3.5.4. Suppose X; = X, = A!, and define U C X;, V C X, by
U=V=A"\{0}.
o Glue X, X, via the isomorphism id: U — V. We get a prevariety X with 2 open
subsets Wi, Wy C X such that W; = A, Then X is separated if and only if W; NW,

is affine and the induced map O(W; N Wy) = O(W;) &, O(W3) — O(W; N Ws) is
surjective. While W, N W is affine, the induced map is

klz1] @ [xa] — k[t t7]
x1+—t
Ty — 1
is clearly not surjective. Hence X is not separated.
e On the other hand, let Y be obtained from gluing X;, X5 along U — V given by

t — t~1. We get two open affine subsets Wi, Wo C Y such that W, N W, = A\ {0}
and the induced map

O(Wl) Rk O(WQ) — O(Wl N Wz)
Ty —t

To > til
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is clearly surjective. Hence Y is separeted. In fact, one can see that Y is P*, which
we introduce in the next chapter.

4. PROJECTIVE VARIETIES
As always, k = k is a fixed field throughout.

4.1. The projective space. For n > 0, we define
P" = {lines in k"*'},

where a line is a 1-dimensional subspace. A line in k"' is given by some (ay,...,a,) €
k" t1\ {0}, and two tuples (a, ..., a,) and (bg, ..., b,) give the same line if there is a A € k*
such that b; = Aa; for all 7. This shows that, as a set,

P = (A1 {0}) /K"
where k* acts by A(aog, .. .,a,) = (Aag, . .., Aa,). Denote the quotient map by
7 AP\ {0} — P,
and write 7(ag, ..., a,) = [ag, ..., a,].
Note that S = k[zo,...,x,] is an N-graded k-algebra, where the grading is given by degree.

Definition 4.1.1. A commutative unital ring R is graded if

R:@Rm

meEZ
as abelian groups such that R, - R, C R,.,. It is moreover N-graded if R,, = 0 for all m < 0.

An element u € R,, \ {0} is homogeneous of degree m and 0 is homogeneous of any degree.
Accordingly, if f € Rand f = Y_ f; for f; € R;, then the f; are the homogeneous components

i>0
of f.

Note that Ry C R is a subring and R, is an Ro-module for all m. Hence R is actually an
Ry-algebra.

Definition 4.1.2. A graded ring R is an A-algebra if Ry is an A-algebra (so R is an A-
algebra).

Definition 4.1.3. If R, S are graded rings, a graded homomorphism ¢: R — S is a homo-
morphism such that ¢(R,,) C S, for all m.

Example 4.1.4. The main example, as we saw above, is S = k[xy, ..., z,] where

Sy = {homogeneous polynomials of degree m}.

Remark 4.1.5. A closed subset Y C A" is k*-invariant if and only if I4n+1(Y) is a
homogeneous ideal.

Exercise. If I C R is an ideal of a graded ring R, the following are equivalent:

(1) I is generated by homogeneous elements,
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(2) if f € I, all the homogeneous components of f are in I,
(3) the decomposition of R induces a decomposition I = @(I N Rpy).

We can use this to prove the assertion in Remark 4.1.5. If f € S, then
F M (ugy .- yupn)) = A" f(ug, ..., u,) forall X € k™.

This implies that I is generated by homogeneous elements, and hence V(I) C A" is k*-
invariant. Hence Ixn(Y') homogeneous implies Y is k*-invariant.

Suppose Y C A" is k*-invariant. Let f € I = I3n+1(Y) and write
F=>Y_r
i>0

with f; homogeneous of degree i. If u € Y, then Au € Y, so

0=f(hu)=> Xfi(u).

i>0
This holds for infinitely many A, and hence f;(u) = 0 for all <. Thus I is homogeneous.

Goal. To establish a correspondence between homogeneous radical ideals in .S and the closed
subsets in P" with respect to a suitable topology.

By the property
(M (ugy .- yun)) = A" f(ug, ..., u,) forall X € k*
for f € S,,, it makes sense to say that a homogeneous polynomial vanishes at a point in P".5

Given any f, we say that f wvanishes at p € P" if all the homogeneous components of f
vanish at p.

Definition 4.1.6. For a homogeneous ideal I C S, define the zero locus of I in P™ as
V(I)={peP"|all f eI vanish at p}.

Note that 7= (Vpa (1)) = Vans1 (1) \ {0}.

The same properties hold for V' in the projective case as did in the affine case:

—~ /CE /NN
<
3
N———
I
D)
=
£

Therefore, V' (I) for homogeneous ideals I C S form the closed sets of a topology on P,
which we call the Zariski topology again.

In the opposite direction, if X C P" is a subset, then we may define
I(X) ={f €S| f vanishes at all p € X},

®Note that it does not make sense to evaluate a polynomial at a point of P™.
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which is a homogeneous, radical ideal.

Consider the two compositions.

o If X C P then V(I(X)) = X in P" (and the proof is the same as in the affine case).
e If J is a homogeneous radical ideal in S such that J # (zo,...,x,), then

I(V(J)) = J,
which is known as the graded Nullstellensatz.

Proof. The ‘2’ inclusion is clear. For the other inclusion, suppose f € I(V(J)).
We will show that f € J. We may assume that f homogeneous of degree d (by
decomposing it into homogeneous components and proving the assertion for each of
them separately). Let Z be the zero locus of J in A", By hypothesis, f vanishes
on 7YV (J))) = Z\ {0}. If d > 0, then f(0) = 0, so f vanishes on Z, and by the
Nullstellensatz 1.1.9, f € J.

Suppose d = 0 and assume that f # 0. This implies that V(J) = () as a subset
of P". Therefore, Z C {0}, so by the Nullstellensatz 1.1.9,

(.’L’O, R ,Qﬁn) - IATH—l(Z) =J.
This is a maximal ideal different from J by hypothesis, so J = S and hence f € J. [

Note that I(V(xg,...,z,)) = 1(0) = S # (xg,...,x,). For this reason, (zg,...,z,) is
sometimes called the irrelevant ideal.

Corollary 4.1.7. We have inverse, order-reversing bijections

I : .

closed subsets (=) mdchl, homogeneous ideals
of P in klxo, x1, ..., T,

V(-) different from (xq, ..., x,)

Proof. This follows from the above discussion, since for any X C P" closed, I(X) #
(xg,...,x,). Otherwise, X = V(I(X)) =0, so I[(X) = S. 0

Exercise. If P C S is a homogeneous ideal, then P is prime if and only if for any homoge-
neous elements f,g of S, if fg € P then f € Por g e P.

Using this, if I C S is radical, homogeneous, and different from (xy,...,z,), then V(I) is
irreducible if and only if I is prime.

Notation. If X C P" is closed with corresponding ideal Iy, we let Sy = S/Ix called the
homogeneous coordinate ring for X. This is an N-graded k-algebra since [y is homogeneous.

In particular, S is the homogeneous coordinate ring of P*, and Sy = (xq,...,x,) is the
wrrelevant ideal.

Definition 4.1.8. If X C P" is closed and f € Sx is homogeneous, deg(f) > 0,
D(f) = X\ V()

where f € S lies over f.



66 MIRCEA MUSTATA

This is an open subset of X. Since every radical homogeneous ideal J # S, S is generated
by finitely many homogeneous polynomials of positive degree, the open subsets Dpn(f) give
a basis for the topology on P".

Recall that we have a map 7: A"\ {0} — P" sending u to k - u.

Definition 4.1.9. If X C P is closed, the affine cone C(X) over X is
cx)=Je
te X

where ¢ C A" is a line.

Note that for nonempty X, C(X) = 7~!(X) U {0}. Moreover, if I = Iy, then C(X) is the
zero-locus of I in A" so C(X) is also closed.

Next, we will want to characterize the irreducible components of closed subsets of P".

Exercise. If G is an irreducible linear algebraic group acting algebraically on the variety X
then every irreducible component Z of X is preserved by the G-action, i.e. gZ = Z for all
geaqG.

Suppose now that X C P" is a closed subset. Then C'(X) C A" is closed and we have a k*-
action on C(X). By the exercise, the irreducible components of C'(X) are preserved by the
k*-action. By Remark 4.1.5, this implies that the ideal defining each irreducible component
of C'(X) is homogeneous.

Hence the minimal primes in S containing [y are homogeneous. They correspond to the
irreducible components Xi,..., X, of X. The corresponding irreducible decomposition of
C(X)is

C(X)=C(Xp)U---UC(X,).

The next goal is to put a sheaf of functions on P", which will make it a variety.

The key observationis that if F,G € S are homogeneous polynomials of degree d we get a
function

D (G) = k
F(ug, ..., uy,)
[Uo,...,un] — G(uo’,,,,un)

which is well-defined.

Definition 4.1.10. Given a locally closed subset W C P", a regular function on W is
f: W — k such that for any p € W, there is an open neighborhood U, C W of p and
homogeneous polynomials F, G € S of the same degree such that for any ¢ € U, we have

G(q) # 0 and f(q) = %-

We then write
O(W) = {regular functions on W} C Fun(W).

We note that:
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e O(W) is a k-subalgebra of Fun(1V).

e if U C W is open, restriction of functions gives O(W) — O(U).

e the presheaf Oy, C Funy, we obtain is in fact a sheaf (by the local definition of regular
function).

Remark 4.1.11. The sheaf Oy is the sheaf induced on the locally closed subset W by the
sheaf Opn.

We will next work towards showing that (P, Opn) is a variety.

Let (z; # 0) = U; C P" for 0 < ¢ < n, an open subset of P", and define

Uo Uj—1 Uj41 Un,
[u07...,un]r—>(—,..., , e, — |

This map is bijective with the inverse
Y A" — U
(U1, .y 00) = (o1, 0 LU, -, U

Proposition 4.1.12. The maps ¢; and 1; are inverse isomorphisms in Top,,.

Proof. For simplicity, take i = 0. Suppose that U = Dyn(f) for some f € kl[zy,...,x,].
Then
P ) o).
Uo Ug

Uy Un\  g(uo,. .., Up)
f A - d ’
Ug Ug Ug

where g is homogeneous of degree d. Then

0o ' (U) = Dg. (vog(x0, - - -, 7))

gogl(U):{[uo,...,un]

If deg(f) = d, we can write

is open, so g is continuous.

Suppose V = Dy, (g). Then
Vo (V) ={(v1,...,v0) | g(1,01,...,v,) # 0} = Dyn(h),

where h(xy,...,2,) = g(1,21,...,2,), which is open. Hence 9 is continuous, which shows
that g is a homeomorphism.

It is enough to show that a: U — k on an open set U C A" is regular if and only if o o ¢q
is regular.

If a is regular, for any p € U we can write

flug, ... uy)

a(Up, ..., Up) =
( ' ) g(ula"'7un)
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in some neighborhood of p for some f, g € k[z1,...,x,]. Then

f(;j-g;-) deg g
(aowo)[uo,...,un] = 0 o/ _ o filuo, - . up)
o

d
u Un ul® gy (ug, . .., up)
AR

for some f;, g, homogeneous with deg f; = deg f, deg g1 = degg. Hence « o g is regular.

Exercise. Prove the other implication: if o o ¢q is regular, then « is regular. U

Therefore, P is a prevariety. We show that it is actually a variety.
Proposition 4.1.13. The prevariety P" is separated.
Proof. We have that P* = Uy U --- U U, where U, is affine and open. We recall that by
Proposition 3.5.3, we have that P" is separated if and only if U; NU; is affine for all ¢, 7, and
the induced map
is surjective. Recall that we have an isomorphism
Suppose ¢ < j. Then this induces
UiNU; = (z; #0) C A",
showing that U; N U; is affine.

Let use write x1, . . . , &, for coordinates on ¢;(U;) and yy, . . ., y,, for the coordinates on ¢;(U;).

Exercise. Show that () corresponds to a map

k[xl, .. ,.T}n] Rk /{Z[yl, c ;yn] — k[wl, .. 737”73;;1]
such that
Ty = Ty
Yi+1 — l'j_l.
This map is clearly surjective, which completes the proof. 0

Altogether, this proves that (P", Ops) is an algebraic variety, and hence for any locally closed
subset W of P™, (W, Ow ) is an algebraic variety.

4.2. Projective varieties.

Definition 4.2.1. A variety is projective (quasi-projective) if it is isomorphic to a closed
(locally closed) subvariety of some P".

Remark 4.2.2. Since there is an open immersion A" — P", quasi-affine varieties are quasi-
projective.

Remark 4.2.3. The map 7: A"\ {0} — P" is a morphism. Indeed, it is enough to show
that for any 4, 0 < i < n, if U; = D{.(x;), then 77 1(U;) — U; is a morphism. This follows
from the commutativity of the diagram:
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7T_1(UZ‘) y U

|= lg

AnJrl\V(ZL‘Z) > A"
(To, - @n) —— (—0+fc—>

since the bottom map is clearly a morphism.

We will use the following homework problem in the proof of the next proposition.

Remark 4.2.4 (Homework 6, Problem 5). Let X be a prevariety and let fi,...,f. €
['(X,Ox) be such that the ideal they generate is I'(X,Ox). If Dx(f;) is an affine vari-
ety for all 7, then X is an affine variety.

Proposition 4.2.5. If X C P" is a closed subvariety and f € Sx is homogeneous with
deg f > 0, then DX (f) = X \ (f = 0) is an affine variety.

Proof. If ]76 S maps to f € Sx, we have that

D}(f) = Di(f)nX.
Since X is closed in P, it is enough to show the assertion for P".
Consider the following regular functions on D, (f): ¢o, . - -, ¢, such that

d
us eg f

i([ug, .., un)) = )

We claim that the functions ¢y, ..., ¢, generate the unit ideal in O(Dg.(f)). Since f €
(zo,...,7,), there exists m such that f™ € (zd,...,2%), where d = deg f. We can hence
write

fr=>"hat.
i=0
Define ; € D, (f) by
ai([uo, ce ,un]) =

These are regular functions and

- d
0

Qi = = — =1
2 a Ty T
This shows that ¢y, ..., ¢, generate the unit ideal in O(Dg,(f)).

By Remark 4.2.4, to show that Dy, (f) is affine, we just need to note that Dpn(f) N Dpn(z;) =
D¢, (z;f). Indeed, the isomorphism
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with coordinates vy, ..., 4, on A" induces
D]P)"(xlf) = {f(y17 e Yiy 1ayi+17 <o 7yn> 7£ O} g Ana
which is a principal affine open subset and we know it is affine. 0

Localization in graded rings. If S = @ S,, is a graded ring and 7' C S is a multiplicative
system such that every element in T is homogeneous, then T—'S has a natural grading

(T7'S),, = {% ‘ teT,ac Sm+degt} .

Example 4.2.6. If f € S is homogeneous, Sy is graded and its degree 0 part is written
as S(p).

Example 4.2.7. If p C S is a homogeneous prime ideal, take T' = {u € S\p | v homogenenous}.
Then T7'S is graded and its degree 0 part is written as S).

Fix a closed subvariety X C P, let Sx be the homogeneous coordinate ring of X and f € S
be homogeneous of positive degree. Define

®: (Sx)( = ODx(f))
g o . g(u)
MY

for g homogeneous of degree degg = m - deg f.

Proposition 4.2.8. The map ® is an isomorphism.

Proof. The proof is very similar to the proof of Proposition 1.3.5, and hence it is left as an
exercise. U
4.2.1. Dimension of projective varieties.

Proposition 4.2.9. If ) # X C P" is a closed subvariety with homogeneous coordinate
ring Sx. Then dim X = dim(Sx) — 1.

Proof. Suppose first that X is irreducible. Then the diagram

AI\A{0} +—— C(X)\ {0}
iy s
P X
commutes. Since O(C(X)) = Sx, we have that
dim(C(X) \ {0}) = dim C'(X) = dim(SY).
Since X is irreducible, C'(X) is irreducible, and hence C'(X) \ {0} is also irreducible.

The map f is surjective and has 1-dimensional fibers (isomorphic to A' \ {0}). By Theo-
rem 2.4.2, we obtain that

dim(C(X) \ {0}) = dim(X) + 1.



MATH 631: ALGEBRAIC GEOMETRY I 71

This completes the proof in the irreducible case.

Generally, if X has irreducible components X7, ..., X, then C(X) has irreducible compo-
nents C(X1),...,C(X,). By the irreducible case, dim X; = dim C'(X;) — 1, and hence
dim X = maxdim X; = maxdim C(X;) — 1 =dimC(X) — 1

by Lemma 2.1.7. O

We will use the following homework problem to prove the next corollary.

Remark 4.2.10 (Homework 5, Problem 3). Suppose X and Y are irreducible closed subsets
of A”. Then any irreducible component of X NY has dimension at least dim X +dim Y —n.

Corollary 4.2.11. If X, Y C P" are nonempty closed subsets such that dim X +dimY > n,
then X NY # (0 and every irreducible component of X N'Y has dimension at least

dim X +dimY —n.

Proof. Clearly, (C(X)NC(Y))\ {0} =C(X NnY)\{0}. Note that
0eC(X)NC(Y),

so this set is nonempty. By Remark 4.2.10, every irreducible component of C'(X) N C(Y)
has dimension at least

dimC(X)+dimC(Y) — (n+1).

Then Corollary 4.2.9 implies that any irreducible component of C'(X)NC(Y) has dimension
at least

dimC(X)+dimCY)—-(n+1)=dmX +1+dimY +1—-n—-1>1,
Hence {0} # C(X)NC(Y), which shows that X NY # (.

We thus showed that C(X NY) = C(X) N C(Y). Then any irreducible component Z of
X NY gives an irreducible component C(Z) of C'(X)NC(Y) and

dimZ =dimC(Z)—-1>dmX +dimY —n+1—-1=dimX +dimY —n
by Corollary 4.2.9. O
Grothendieck’s philosophy was to work in a relative setting: instead of studying varieties,
study varieties over a given variety.

Definition 4.2.12. Given a variety Y, a variety over Y is a morphism f: X — Y and a
morphism of varieties X7, X5 over Y is a commuting triangle

Xl > X2

NS

Y

This defines a category of varieties over Y. If Y = {pt}, this is just the category of all
varieties.
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Today, we study projective varieties over a fixed affine variety Y. The setting is as follows. Let
S be a reduced, N-graded, finitely generated k-algebra. Note that Sy is a finitely-generated
k-algebra and S, is a finitely-generated Sy-module. We write

Si =P Sm-

m>0

Exercise. Homogeneous elements uy,...,u, € S, generate S as an Sp-algebra if and only
if they generate S, as an ideal.

We always assume S is generated by S as an Sp-algebra, i.e. there exists a surjective graded
homomorphism of Sy-algebras

SolTo, ... xy] = S
with the standard grading on Sz, ..., Z,).
Since S is a finitely-generated, reduced k-algebra, we can define
Wy = MaxSpec(Sy),
which is an affine variety associated to Sy. Similarly, to S we can associate
W = MaxSpec(S5)
and the inclusion Sy — S given a map W — W,

Remark 4.2.13. On Problem Set 6, we showed that given an commutative ring R, there is
a natural affine variety MaxSpec(R) whose points are the maximal ideals in R.

More generally, one would consider Spec(R), the prime ideals of R, but we restrict our

attention to this variety.

We have a k*-action on W with the morphism £* x W — W corresponding to
S — S[t,t71]

f=wa>Zfiti

with f; € S; the homogeneous components.

Choose graded surjective map Splxo, . . ., z,| — S, which is a morphism of Sy-algebras. This
gives a map

j: W < MaxSpec(So[zo, . . ., 7,]) = Wy x AT,
since So[zo, ..., xn] = So ®y k[zo, . .., Xp).
We also have the morphism
B kY x Wy x A" — Wy x A"
(A, wo, To, -+, ) = (W0, AZg, . .., AZy).
Then ( gives an algebraic group action of £*. Moreover,
Jle(h,w)) = B(A, j(w)),

which shows that a is a group action as well.
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Lemma 4.2.14. The orbits of the k*-action on W are either points or 1-dimensional. More-
over:

(1) © € W is fized by the k*-action if and only if x € V(Sy),
(2) if O is a 1-dimensional orbit, O is closed in Q\ V(S;), O = Al and ONV(S,) is 1

point.
Proof. Consider W — Wy x A" and note that V(S,) = W, x {0}. O

Recall that a subset Y C W is preserved by the k*-action if and only if I/ (Y") is homogeneous.

Definition 4.2.15. Given S as before, define the set

1-dimensional orbit | homogenenous prime ideals p C S
closures in W | such that dimS/p =1 such that S, € p [~

The topology on this set is defined by declaring that the closets sets are 1-dimensional orbit
closure contained in some closed subset of W, preserved by the torus action. These are
subsets of the form

MaxProj(S) = {

V(I) = {q € MaxProj(S) | q 2 I}.

One can easily check that this defines a topology on MaxProj(.S).
Remark 4.2.16. If S = k[zy,...,x,], then MaxProj(S) = P".

Remark 4.2.17. We use the notation MaxProj(.S) in analogy to the notation MaxSpec(S)
above. Similarly as before, Proj(S) would be a similar construction without the restriction
to maximal ideals in S.

Note that we have a map
MaxProj(S) — Wy
q > qN Sy
and it is continuous.

Remark 4.2.18 (Comments about the topology on X = MaxProj(S)). Since every homo-
geneous ideal I C S is generated by finitely many homogeneous elements, every open subset
in X is a finite union of open subsets of the form

Di(f)={acX|f¢a},

where f is a homogeneous element of S.

Moreover, we may only take f with positive degree. Suppose that tg,...,t, € S; generate S
as an Sg-algebra. Then S, = (ty,...,t,) and hence

D) = U Di(st).

In particular, as in the care of a projective space, we will use the decomposition

X = O D3 (t:).
=0
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Exercise. Prove the following version of Nullstellensatz. Suppose I C S is a homogeneous

ideal and f € S is homogeneous such that f € g for any q € MaxProj(S) with ¢ D I. Then
f-SCl

Moreover, if deg(f) > 0, then f € I.

Recall that if f € S is a homogeneous element then Sy is the degree 0 part of Sy, the
localization of S at f. Similarly, if ¢ € S is a homogeneous prime ideal, then S is the
degree 0 part of T1S where T' = {homogenenous elements in S\ q}.

Proposition 4.2.19. Suppose t € S;.

(1) There is an isomorphism of graded rings Sy = Sulx, 1]
(2) If I is a homogeneous ideal in Sy, then

1= @([ N S(t))tm.

meZ

(3) The set D% (t) is homeomorphic to MaxSpec(S)).
4) If ¢ € MaxProj(5), then Sy s a local ring with mazimal ideal
q (@)

{g ES(q) aeq}

and residue field k.

Proof. For (1), it is clear that the map
S(t) [.T}, x_l] — St
Tt

is an isomorphism. Then (2) follows from this isomorphism.

For (3), recall that
D (t) = {q € MaxProj(S) | ¢ q}.
We have a correspondence

homogeneous prime ideals
q in S such that t € S

with the property that

} = {homogeneous prime ideals in S;} = {prime ideals in S}

Si/aS; = Sy /plz, 271,
so dim S/q = dim S;/qS; = dim S(;)/p + 1. Hence dim S/q = 1 if and only if p is a maximal
ideal. This gives a homeomorphism

D% (t) = MaxSpec(S()).

Finally, for (4), given any q € MaxProj(5), choose t € S; such that ¢t € q. Via the previous
correspondence, let p correspond to q. Then
fe q}

f
St) 2 {—
)
is the unique maximal ideal, i.e. this is a local ring. Via the isomorphism
Si/aS; = Sy /plz, 27
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we obtain
S(q)/maximal ideal = S /p = k.
This completes the proof. 0

Define a sheaf of functions on X = MaxProj(S) as follows: ¢: U — k is in Ox(U) if and
only if for any € U, there is an open neighborhood U, C U of z and homogeneous elements
f,g € S of the same degree such that q € U,, g € q and

©(q) = image of § € S(q) in the residue field.

This gives an object (X, Ox) € Topy.

Properties.

(1) The map
MaxProj(S) — MaxProj(Sp)
q— 9N S

is a morphism in Top;,.
(2) Given a surjective, graded map T'— S, we get a map

MaxProj(S) — MaxProj(7T)
q ¢ (q)

which is an isomorphism onto a closed subset with the induced sheaf.
(3) For a commutative ring A, we have that

MaxProj(Alxo, . .., z,]) = MaxSpec(A) x P"
such that
DY (z;) = MaxSpec(Alzo/xi, - . ., Tn/x;])
corresponds to
MaxSpec(A) x Dy, (z;) = MaxSpec(A) x MaxSpec(k[zo/zi, . .., 2n/xi]).
The above isomorphism glues the isomorphisms
MaxSpec(Alxg /i, . . ., T, /x;]) = MaxSpec(A) x MaxSpec(k[xo/;, . .., xn/;])

on affine charts.
€ S is homogeneous of positive degree, is affine.
(4) If fe Sish f positive d D% (f) is affi
(5) Moreover, the homomorphism S(y) — O(D%(f)) given by

9
fm

is an isomorphism.

— (q — image of fimin the residue field of Sq)

More details, including proofs of the above facts, are provided in the official notes, but will
be skipped here.
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5. CLASSES OF MORPHISMS
This chapter will present certain distinguished classes of morphisms.

5.1. Proper morphisms and complete varieties. Recall that, topologically, a proper
continuous map is one that pulls back compact sets to compact sets. However, as we have
seen before, varieties behave differently from regular topological spaces (for example, they
are almost never Hausdorff, which is why we introduced the seperatedness condition), so we
will need to define this notion differently in this case.

We first want an algebraic analogue for the notion of compactness. To get it, we will argue
as we did when we defined sepearatedness as an analogue of the Hausdorff property.

The key point is that given a Hausdorff topological space X, X is compact if and only if
for any Hausdorff topological space Y, the projection X x Y — Y is closed. There is also a
similar characterization of proper continuous maps.

Definition 5.1.1. A variety X is complete if for any variety Y the projection p: X xY — Y
is closed.

More generally, a morphism f: X — Y of algebraic varieties is proper if for any morphism
g: Z — Y, the induced morphism X xy Z — Z is closed:

X ——Y proper
XXy 2 —— 7 closed.

Hence X is complete if and only if X — {*} is proper.

We will eventually prove that P" is a complete variety, but we begin with a few elementary
properties.

Proposition 5.1.2.

(1) If f: X =Y and g: Y — Z are both proper, then g o f is proper.
(2) Given a Cartesian diagram

XXz — X

gl lf
4L — Y,

if f is proper, then g is proper. In particular, if f is proper then f~'(y) is complete
forallyeY.

(3) Closed immersions are proper.

(4) If X is complete, then every morphism f: X — Y is proper.

(5) If Y = U V; is an open cover and f: X — Y is such that every f~1(V;) — V; is

iel
proper, then f is proper.

Proof. For (1), given W — Z, consider
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X xy (Y, W) Lo v, w 2w
Z

X ! s Y g

Since the two squares are Cartesian, the rectangle is Cartesian. By hypothesis, f’ and ¢’ is
closed, so ¢’ o f’ is closed, so g o f is proper.

For (2), given T' — Z, consider the diagram

(XXyZ)XzT—>XXyZ—>X

! b

T s 7 > Y

Since the two squares are Cartesian, so is the rectangle. Hence if f is proper, then h is
proper. Since this holds for all T"— Z, we conclude that g is proper.

For (3), consider a closed immersion ¢: X < Y and any morphism ¢g: Z — Y. We then have
the Cartesian square

g1 (i(X))
—N— j
XXy 24 — 7

| 5

Since ¢ is a closed immersion, j is a closed immersion, and hence j is closed. This shows i is
proper.

For (4), factor f as

for i(z) = (z, f(z)) and p(x,y) = y. Then p is proper since X is complete, by property (2).
Since i is a closed immersion (since X, Y are separated), it is proper by (3). Hence f = poi
is proper by property (1).

Part (5) is left as an exercise. O

Theorem 5.1.3. The projective space P" is complete.

Proof. We need to show that for every variety Z, the projection Z x P* — Z is closed. If

Z = |J U; is an affine open cover, it is enough to show that each U; x P* — Uj is closed. We
i=1
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may hence assume that 7 is affine and Z = MaxSpec(A). The map is then given by
Z x A" = MaxProj(A[xo, ..., z,|) — MaxSpec(A).

Choose V' C Z x P" closed, so V = V(I) for some I C Alx,...,x,] homogeneous. Note
that if

I'={he€ Alxg,...,1z,] | h-(xo,...,xn)g\/f},

then clearly I C I', and in fact V/(I) = V(I'), since the prime ideals in MaxProj do not
contain (xg, ..., T,).

We will show that Z\ p(V (1)) is open. Let m € MaxSpec(A)\p(V(I)). Let U; = D} pn(;),
which is an affine variety with ring

Zo T,

A[l‘o,...,xn](%):A{— ,—:|

b
€ X

For any ¢, m & p(U; NV (I)). Note that V(I) N U; is defined by
Iz = {im ' f € 1, f homogeneous, degree m}
Z;

Note that m ¢ p(U; NV (1)) is equivalent to
m - Alzo, .., T @) + L@ = Ao, -+ Tl
By writing 1 € LHS and getting rid of the denominators,
it em- Alzg, ..., Tpln, + In,-
If N > 0, localizing at m, we obtain
Anlzo, .. )y CSm- Agfzo, ... xp]n + Iv - Anlzo, - - -, ol N
By Nakayama’s Lemma (cf. Remark 2.2.9), we see that
Anlxo, .. 20]y T+ Anlxo, .., T N-

Then for some h € A\ m we obtain

and hence h € I'.

We claim that Dz(h) C Z \ p(V(I')). Note that m € Dy(h), so proving this claim will
complete the proof of the Theorem.

To prove the claim, take q € V/(I) = V(I'), ¢ C Alzo,...,2,). Then p(q) = q N A. Since
hel Cq,heq. Hence

p(V(I)) N D(h) =0,
completing the proof. O

Corollary 5.1.4. If X s a projective variety then X is complete. Therefore, any morphism
X — Y s proper; in particular, it is closed.
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Proof. There is a closed immersion
X —=P"

which is proper by Proposition 5.1.2. Moreover, the map
P" — {pt}
is proper by Theorem 5.1.3. Hence the composition
X <= P" — {pt}
is proper by Proposition 5.1.2.
Finally, the other two assertions follow from Proposition 5.1.2. 0

Corollary 5.1.5. If S is a reduced, N-graded k-algebra of finite typed, generated over Sy
by S1, then

MaxProj(S) — MaxSpec(Sy)

1S proper.
Proof. Choose a surjective graded morphism
SQ[LU(), . ,.’L’n] —- S.
This gives a closed immersion
MaxProj(S) < MaxProj(So[zo, . . ., z,]) = MaxSpec(Sy) x P,

and we obtain the diagram

MaxProj(S) —— MaxProj(So[zo, . . . , Zn])

l:

MaxSpec(Sp) x P* —— P"

lp L

MaxSpec(Sy) — {pr}

Since g is proper by Theorem 5.1.3, Proposition 5.1.2 shows that since p and ¢ are proper,
the map p o7 is proper. O

Theorem 5.1.6 (Nagate, Deligne).

o Any variety X admits an open immersion i: X < Y, with Y complete.
e More generally, any morphism of varieties f: X — S factors as

X « ‘ y Y
f
S

for an open immersion v and a proper morphism g.
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The proof of this theorem is difficult and is omitted here.

By Corollary 5.1.4, we know that projective varieties are complete. A natural question to
ask is for the converse relation. Chow’s Lemma allows to reduce the proof of statements
about complete varieties to projective ones.

Theorem 5.1.7 (Chow’s Lemma). If X is a complete variety, there exists f:Y — X such
that

(1) Y 1is projective,
(2) f induces an isomorphism between open dense subsets of X and Y .

In the relative setting, if g: X — S is a proper morphism, there exists f: Y — X such that

(1) The composition g o f factors as

Y « closed y S x ]];DN

immersion

gof pr

S

(2) f induces an isomorphism between open dense subsets of X and Y .

Idea of the proof (in the absolute case).

e Reduce to the case when X is irreducible.

e Cover X by affine open subsets Uy,...,U, and let U* = U; N ---NU,. Embed U;
in a projective space and take the closed U; to obtain a projective variety U;. Then
consider 2 locally cloed immersions:

U*L)ﬁlx...xl]_n

| T

U*L)XXEX---XE

Using the Segre embedding (see Homework 8), we know that
U x--xU,
is projective as a product of projective varieties. Hence
W = im(a)
is projective and letting Y = M, we have maps
h:Y =W
Y =X

The key point is the Y is an isomorphism, so Y is a projective variety.

The proof of this is technical, so it will not be presented here, but one can find it in the
official notes. 0
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5.2. Finite morphisms. We now discuss a special case of proper morphisms: finite mor-
phisms.

Definition 5.2.1. A morphism f: X — Y is affine if for any affine open subset V C Y,
f7YV) is an affine variety. Moreover, it is finite if it is affine and

O(V) = O(f~1(V))
is a finite morphism of k-algebras.

Proposition 5.2.2. Given f: X — Y and an affine open cover Y =V, U---UV, such that
f7Y(V;) s affine for all i (and O(V;) — O(f~1(V;)) is finite), then f is affine (respectively,
finite).

Lemma 5.2.3. If X is any prevariety and U,V C X are affine open subsets, we can cover
U NV by principal affine open subsets with respect to both U and V.

Proof. Given p € UNV, choose p € W = Dy(f) CUNYV for some f € OU). Choose
pe W, CW, Wy = Dy(g) for some g € O(V). We claim that W is a principal affine open
subset of U. Note that

o = h
glw = Fm
for some h € O(U). Then
Wi = Dy(fh),
so it is a principal affine open subset. 0

Lemma 5.2.4. Let X be an affine variety, fi,...,[f, € O(X) = A, and M be an A-
module such that My, is a finitely-generated Ag,-module. If (f1,..., fr) = A (or equivalently,

X = Dx(fi)), then M is finitely-generated.
i=1

Proof. Choose finitely many generators for My, over Ay,: mli’j. Take N C M generated by
all m; ;.

Then N is finitely-generated and Ny, = My, for all <. Then

(M/N))y, =0
for all 4. This implies M/N = 0: if u € M/N, for any i, there is an n; such that f/"u = 0,
and since (fi,..., f.) = A, also (f{",..., f'")=A,sou=0. |

Proof of Proposition 5.2.2. Let f: X =Y, Y = V;,, V CY affine.

=1

If V is a principal affine open subset of one of the V;, V' = Dy.(p), then
V)= Dywy(po f)

is affine, and

OV) = O(f~1(V))
N—— N———
=0(V), O(f~HV))pors

is finite.
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Let V be an arbitrary affine open subset. Then
v=Jvnwn).

By Lemma 5.2.3, we can cover each V' NV, by principal affine open subsets with respect to
both V' and V;. By the previous argument, the result holds for each of these sets.

Hence we have

V=JDvlp) (%

j=1
for ¢; € O(V) such that
FH(Dv(gy))
is affine (and O(Dy (p;)) = O(f~H(Dy(p;))) is finite). Note that (*) implies that
(1., 05) = O(V)

and

(profio,050f)=0(f1(V)).
Moreover

FH(Dv(e;)) = D1y (@5 0 f)-
By Remark 4.2.4, this shows that f~!(V) is affine.

Consider O(V) — O(f~*(V)). We have that
O(V)g, = O(f (V)

is finite for all . Lemma 5.2.4 for O(f~1(V')) implies that it is finitely generated over O(V),
completing the proof. 0

As a consequence of Proposition 5.2.2, if f: X — Y is a morphism of affine varieties, the
new definition agrees with the old one.

All properties of finite morphisms that we discussed for morphisms between affine varieties
extend to arbitrary finite morphisms by taking affine open cover of the target. For example:

(1) Finite morphisms have finite fibers.

(2) Finite morphisms are closed.

(3) Finite morphisms are closed under composition and base change: if f is finite and
we have a Cartesian square

XxyZ — X
Lol
4 ——Y
then ¢ is also finite. Indeed, if X,Y,Z are affine and O(Y) — O(X) is finite, then

we have the triangle
oY) Ro(y) RO(Z)=0(X) — O(X xy Z)

quotient by nilradical
finite

O(X) o) O(Z)
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Another way to see this is to consider the diagram

O(Z) —— O(X xy Z)

\ I

X) ®oy) O(Z)

[

O(X) &, O(Z)
(4) Closed immersions are finite.

Remark 5.2.5. How to compute O(X xy Z) for X,Y, Z affine where Y C A" and

h=(h1,....hn)
We have
{(z,2) | flz) =h(2)} =X Xy Z > X x Z
and hence
~ O(X x Z)
O(X Xy Z) = m

O(X) ®, O(2)
rad(fy ® 1 —1® hy)
O(X) ®ow) O(Z)

nilrad '

Another way to see this would be to note that the fibered coproduct in the category of
reduced k-algebras is the tensor product.

Remark 5.2.6. Finite morphisms are proper:

Xxy2Z — X

gl f finite

4J ——Y

and since f is finite, g is finite, and hence closed.

Theorem 5.2.7. A proper morphism with finite fibers is finite.

We omit the proof here.

If f: X — Y is finite, then for any Z closed in X, dim Z = dim f(Z). Moreover, if Z is
irreducible, then codimy Z = codimy f(Z). Both of these results follow from the affine case.
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5.3. Flat morphisms. Next, we consider flat morphisms f: X — Y, i.e. morphisms such
that for x € X, the k-algebra homomorphism Oy, ¢,y — Ox, is flat. We start with a review
of the underlying commutative algebra.

Recall that if A is a commutative ring and M is an A-module, then
— ®4 M is right exact.
We say that M is flat if this functor is exact.
If A — B is a ring homomorphism and 4B is flat, we say that B is a flat A-algebra or simply
p is flat.
Examples 5.3.1.

(1) The module M = A is flat over A since — ®4 A = id.
(2) A direct sum of flat modules is flat. In particular, free modules are flat (for example,
any vector space over a field is flat).
(3) For a filtered set I,
liﬂ(ﬂat modules) is flat.
iel
(4) If S C A is a multiplicative system, A — S™'A is flat, since N @4 S™'A =~ S7IN.
(5) If M is flat over A and a € A is non-zero-divisor, the map A — A given by multipli-
cation by a is injective. Applying — ®4 M, we see that
M % M is injective.

In particular, if A is a domain, then M is torsion free.

If A is a PID, the converse also holds: if M is torsion-free, M is a filtered direct
limit of finitely-generated submodules (which are free so they are flat), and hence M
is flat.

Proposition 5.3.2.

(1) If AM is flat and ¢: A — B is a ring homomorphism, then M @4 B is flat over B.
(2) If o: A — B s flat and gM 1is flat, then s M 1is flat.
(3) If p prime in A and M is an A,-module, then 4, M is flat if and only if M s flat.
(4) If A — B is a ring homomorphism and gM, then M is flat over A if and only if for
any prime (mazimal) ideal p C B, M, is flat over A.
Proof. For (1), if N is a B-module, then
(M ®aB)®@g N=M®yuN.

For (2), if N is an A-module, then
N®sM=(N®sB)®g M,
and both — ®4 B and — ®pg M are exact, so their composition is exact.

The ‘only if” implication in (3) follows by (2) since A — A, is flat. Conversely, use the
following: if NV is an Ay-module, then

N®a, M=N@, M,
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which follows from

N®g, M=Z(N®aAy) @4, M=EN®4 (Ay @4, M) =N @4 M,
~N ~M

since N, M are A,-modules.
For (4), if M is a flat A-module and N is an A-module, then
N ®a My = (N®@4M)Ra Ay,

so — ®a M, is exact as a composition of exact functors. Conversely, if M, is flat over A for
all p: suppose N’ < N is an injective homomorphism of A-modules, then

is injective for every p. Therefore, N ®4 M — N ®4 M is injective. U

Remark 5.3.3. To conclude (4), we use the factor that if M is an R-module such that
M, = 0 for all prime (maximal) ideals p, then M = 0. Applying this to ker(f) shows that f
is injective if and only if f, is injective for all p.

Remark 5.3.4. Suppose ¢: A — B is a flat ring homomorphism, p C A is prime, and let
q 2 p - B be the minimal prime in B containing pB. Then ¢~ !(q) = p.

To see this, note that by Proposition 5.3.2,
A/p 5 B/pB
is flat, so if @ € A/p\ {0}, »(a) is a non-zero-divisor. But
q/pB C {zero divisors of B/pB},
since it is a minimal prime ideal (see Proposition 2.1 in Review Sheet 5). Hence
o (a/pB) = {0},

Proposition 5.3.5. Let f: X — Y be a morphism of algebraic varieties. Then the following
are equivalent:

(1) Given any U C X, V CY is an affine open cover such that f(U) CV,

18 flat.
(2) There exist affine open covers X =J,U;, Y =, V; such that f(U;) CV; and

18 flat.
(3) For all x € X, the homomorphism

OY,f(a:) — OX,$
18 flat.

Definition 5.3.6. A morphism f: X — Y is flat if it satisfies any (and all) of the equivalent
conditions in Proposition 5.3.5.
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Proof of 5.53.5. Suppose U C X, V C Y affine open such that f(U) C V and consider
A=0(V)5 0OWU)=B.

Condition (3) for those # € U shows that for all maximal ideals q in B, if p = ¢~ 1(q),
A, — B, is flat. By Proposition 5.3.5 (2), this is equivalent to A — B, being flat for all
g, which is equivalent to A — B being flat by Proposition 5.3.5 (4). This proves that (2)
implies (3) and (3) implies (1), and it is clear that (1) implies (2). O

Examples 5.3.7.

(1) Any open immersion is flat.

(2) If X and Y are algebraic varieties, then the projections p: X x Y — X and ¢: X X
Y — Y are flat. To see this, reduce to the case when X and Y are affine. For p, since
O(Y) is flat over k, by Proposition 5.3.2 (1), we see that O(X) — O(X) ®; O(Y) is
flat.

(3) If f: X — Y is flat and W C Y is an irreducible closed set with f=(W) # 0,V C X
is any irreducible component of f~1(W), then f(V)=W.

By choosing affine open subsets in X and Y meeting V and W, we may assume
that X and Y are affine. Apply Remark 5.3.4 to f#: O(Y) — O(X) and p C O(Y)
corresponding to W, g C O(X) corresponding to V, to see that (f#)~1(q) = p.

(4) If f: X — A' is any morphism, then f if flat if and only if no irreducible component
of X is contracted by f.

The ‘only if” implication follows from (3). For the converse implication, reduce to
the case when X is affine. Since k[z] is a PID, f is flat if and only if O(X) is torsion
free over k[z] = O(A'). Suppose u € k[z] \ {0} such that f#(u)-v = 0 for some
u € O(X)\ {0}. If X’ is an irreducible component of X such that v|x: # 0, then
f(X") € {u = 0}, contradiction.

Theorem 5.3.8. A flat morphism f: X — 'Y of algebraic varieties is open.

This generalizes the result that projections are open (cf. Proposition 1.6.5).
We will use the following lemma in the proof.

Lemma 5.3.9. If Y is a Noetherian topological space, then W C'Y is open if and only if
for all closed irreducible subset Z CY such that W N Z # (), W contains an open nonempty
subset of Z.

Proof. The ‘only if” implication is clear. For the ‘if” implication, argue by Noetherian induc-
tion. We may assume that the property holds for all proper closed subsets of Y and show it
for Y. We may assume W = (). Consider an irreducible decomposition

Y:}/‘IU...UKN

Then W NY; # 0 for some i. By the assumption, there exists (} # U C Y; open such that
U C W. Replace U by U \ | Y;, which is still open in Y.

i#j
Consider W\U C Y'\U. Note that Y\ U is a proper closed subset of Y. If Z is an irreducible
closed subset of Y\ U such that (W \U)NZ # (), W contains an open subset of Z, so W\ U
contains an open subset of Z. By the inductive hypothesis, W \ U is open in Y \ U.
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Then Y\ W = (Y \U)\ (W \U) is closed in Y \ U, and hence in Y. Hence W is open in Y,
completing the proof. [l

Proof of Theorem 5.3.8. It U C X is open, f|y: U — Y is flat. Hence it is enough to show
that f(X) is open.

Let us show that f(X) satisfies the condition in Lemma 5.3.9. Given Z C Y closed irreducible
such that f(X)NZ # 0, choose V to be an irreducible component of f~'(Z). As we have seen
in Example 5.3.7 (3), f(V) = Z, so f(V) contains an open subset of Z. Then Lemma 5.3.9
implies that f(X) is open. O

Proposition 5.3.10 (Going down for flat homomorphisms). Let ¢: A — B be a flat ho-
momorphism. If po C p1 are prime ideals in A and q1 is a prime ideal in B such that
©71(q1) = p1, then there is a prime ideal qz C q1 in B such that ¢1(qs) = pa:

A — B
p1 q1
po q2.

Proof. We saw that since ¢ is flat, the induced homomorphism A,, — By, is flat. We may
hence assume that (A, p;) and (B, qy) are local and ¢ is a local homomorphism.

Primes in B lying over ps are in bijection with the primes with the primes in
Bp2/p2BP2 = B®a A)J2/p2AP2'
We only need to show that this ring is nonzero.

In fact, for every nonzero module 4M, the B-module M ® 4 B is nonzero. Suppose M # 0
and choose u € M, u # 0. Since Ann(u) # A, Anng(u) C py, a prime ideal. Considering
the map A — M given by a — au, we get an injective map

A/Anng(u) — M,
and since B is flat over A, tensoring with B over A gives an injective map
A/AHHA(U) QRuB—M®®jB.

But since Anny(u) - B C ¢y, a prime ideal, the quotient B/Ann,(u) - B is nonzero. Hence
M &4 B # 0. O

Proposition 5.3.11. Suppose ¢: A — B is a ring homomorphism which satisfies the going
down property. Let q C B be prime and p = o~ (q). Then

dim By /pB, < dim B, — dim A,.
(If the dimensions are infinite, this still holds in the form dim By/pBy + dim A, < dim B;.)

Proof. Let r = dim B;/pB, and s = dim A,. Then there is a chain of prime ideals in A:
PSP S Chs=p
and a chain of prime ideals in B:

pPBCqgpCa s Cq,.

=
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Since pB C g, we have that
S ps SP Sy ()
Applying the going down property several primes, we obtain primes in B such that
Po S S P Cao
such that p~!(p:) = p;. The chain
PG P CnGCCa =g
shows that dim By > r + s. OJ

Theorem 5.3.12. If f: X — Y s a flat morphism and W C Y s an irreducible closed
subset such that W N f(X) # 0 and V is an irreducible component of f~(W), then

codimy (V') = codimy (W).
For example, if X has pure dimension m and Y has pure dimension n, and if V' and W are

as in the theorem, then dimV = dimW + m — n. In particular, for any y € f(X), f~'(y)
has pure dimension m — n.

Proof of Theorem 2.4.2. Since f is flat, f(V) = W. The map Oyw — Oxy is flat, and
hence it satisfies the going down property by Proposition 5.3.10. Then

dim Ox v /mywOxy =0,
since V is an irreducible component of f~!(W). Hence Proposition 5.3.11 implies that

codimy (V) = dim O,y > dim Oy = codimy (V).

For the reverse inclusion, choose an irreducible closed subset X’ of X such that codimy (V) =

codimy (V). Choose Y’ to be an irreducible component of Y containing f(X’). Then by
Theorem 2.4.1:

codimy (V') = codimx/ (V) < codimy (W) < codimy (W),
completing the proof. 0

6. SMOOTH VARIETIES

To introduce smooth varieties, we first have to discuss the tangent space of a variety at a
point.

Let X be an algebraic variety. For x € X, we have the local ring O, with maximal ideal
my .. Zariski’s defintion of a tangent space is

*
mxy
T.X==2],
mX,x

a vector space over Oy, /mx , = k. We will discuss the geometric description and also show
that dim 7, X > dim, X = dim(Ox,). Then X is smooth at z if this is an equality.
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6.1. The tangent space. If (R,m) is a Noetherian local ring, then m/m? is a finitely-
generated vector space over k = R/m.
By Nakayama’s Lemma, dim, m/m? is the minimal number of generators of m.

We first consider the case when X is an algebraic variety, p € X, R = Ox,, m, is the
maximal ideal, and R/m, = k.

Definition 6.1.1 (Zariski). The tangent space to X at p is

T,X = (mp/mf])* = Homk(mp/mi, k).
If we replace X by an open neighborhood of p, T}, X does not change. Hence to describe this
geometrically, we may assume X C A" is a closed subset with ideal Ix.

Proposition 6.1.2. There is an isomorphism

i a@f (p)u; =0 for all f € [X}_

I‘.
i=1 ?

T,X = {(ul,...,un) € k"

Moreover, it is enough to only take f amongst a set of generators of Ix.

Proof. If p = (a4, ...,a,), the ideal of p in A™ is (x; — ay,..., 2z, — a,). We have that

OXﬁ,,/mf7 =klzy, ..., 20/ (fr, o fr) + (21 —ay, .. T — ap)?,
where Iy = (f1,..., f;). Given any f € Iy, we have

f Ei:(?+; gj;(p)(xz —a;) mod (11 —ay,..., 7, — a,)*.

Then m,/ mg is the vector space generated by ey, ..., e,, where e; = x; — a;, with the relations

for f € Ix. By taking the dual, we obtain the isomorphism.

Note that if g = ) ¢;f; with g; € k[z1,...,2,], then

j=1
N Of;
— n ; Z asz

by the product rule and the fact that f;(p) = 0 for all j. This proves the last assertion. [

Terminology. If X C A" is closed, the linear subspace in the proposition is the embedded
tangent space of X at p.

Functoriality. If f: X — Y is a morphism and p € X, we obtain the morphism
Ov.iw) = Oxp

mapping the maximal ideal inside the maximal ideal, and hence it gives

My () /M) — My/m2.
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Applying (—)*, we obtain the linear map
dfp: TyX = Thp)Y.
If g: Y — Z is a morphism, then
dggp) 0 dfy = d(g © f)p-

Example 6.1.3. If i: X — Y is a closed immersion, then di, is injective. If i: X — Y is
an open immersion, then di, is an isomorphism.

Proposition 6.1.4. Suppose X C A™, Y C A" are closed subvarieties and

f=0, o fa): X=2Y

for fi € klz1,...,xn], 1 < i < n. Then, under the identification in Proposition 6.1.2, the
diagram

X 2 Ty, Y

/ /

EmM o > k"

(#w)

commautes.

Proof. We have the map

Ov.rm) = Oxp

m@mﬁm%mﬂﬁ

yj — fi(z)
yj — filp) = fi(x ng@ vy —a;) mod (1 —ai,..., T, — )
where y; — f;j(p) generate ms(,) and x; — a; generated m,, writing p = (a1,...,ay). After
applying (—)*, the result follows. O
We present a variant of this for projective varieties. Let [ag,...,a,] = p € X C P" be a

closed subvariety and Ix the radical ideal corresponding to X. We define

T,X = {[uo,...,un] € p"

"0
Z a—f(ao, ...y ap)u; = 0 for all homogeneous f € [X} :
e
i=0
which is called the projective tangent space.
Note that:

(1) if we rescale the coordinates a; by A\ € k*, the equations get rescaled by a suitable
power of A\,
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(2) p € T, X by Euler’s identity: if f is homogeneous of degree d,

n

of
iz_;xi%—d-f.

Exercise. Suppose p € U; = (x; # 0) = A", Via this isomorphism, T, X N U; is the image
of the embedded tangent space to X NU; at p via the translation that maps 0 — p.
Note that if f € Ix and 1 =0, g = f(1,21,...,x,), then

of _ 0Og

8—%(17a17...,an) axi(al,...,an),
of " Jg
a—xo(lyal, .. .,an) = _Z aw.(al,. .. 7an)ai

by Euler’s identity.
Then the equation defining T, X becomes

Z ag' (a1, ... an)u; — % (a1, ..., an)a; = Z 8g4 (ar, s an)(wi — a;).

ox;
i=1 v

Proposition 6.1.5. Let (R,m) be the localization of a k-algebra of finite type at a prime
tdeal. Then

dimg m/m? > dim(R),
where K = R/m.

Proof. Write R = A,, m = pA,, where A is a k-algebra of finite type. Let I C A be the
nilradical. Then consider the quotient

and note that
m/m? = m/m? + IR.

Then

dimg m/m? < dimg m/m?

dim R = dim R.

It is hence enough to prove the assertion when A is reduced.
Let X be an affine variety such that O(z) = A and r = dimg m/m?. By Nakayma’s Lemma,
pA, is generated by r elements %, e ;—:, so there exists f = fi... f, € p such that pAy C Ay
is generated by r elements. Replace A by Ay to assume that p = (aq,...,a,). Then

dim(A,) = codim V' (p) <,
completing the proof. O

Definition 6.1.6. A ring R, which is a localization of a k-algebra at a prime ideal, is reqular
if dim(R) = dim/m m/m?.
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6.2. Smooth points and varieties.

Definition 6.2.1. If X is an algebraic variety, z € X is a smooth point (or a nonsingular
point) if Ox , is regular. Moreover, X is smooth (or nonsingular) if all points of X are smooth
points. More generally, if V' C X is an irreducible closed subset, we say X is smooth at V' if
Ox v is regular.

We will see that X is smooth at V' if and only if there exists x € V' which is a smooth point.
Examples 6.2.2.

(1) Both A™ and P" are smooth varieties.

(2) If H C A™ is a hyperplane defined by a radical ideal (F'), then for any p € H,
dim Oy, = n — 1. Hence p € H is a smooth point if and only if dim7,H = n — 1.
This is equivalent to g—z(p) # 0 for some i.

Hence the set of singular points® of H is defined by the ideal

oF oFr
( 76]}17 78:];”’) )
so it is closed.

For example, both 72—y = ( has a singular point at (0, 0) (this is called a cuspidal
cubic) and y* — x® + 3z — 2 = 0 has singular points at (1,0) (this is called a nodal
cubic).

y? = a2? V=23 -3r+2=(z—1)>*(x+2)

Theorem 6.2.3. If X is an algebraic variety, then
Xem = {2z € X | x is a smooth point of X}
s a nonempty open subset of X.
Assume for now the following proposition. It will only be proved later.

60f course, a point is singular if it is not nonsingular.
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Proposition 6.2.4. If x € X is a smooth point, Ox, is a domain, i.e. T lies on a unique
wrreducible component of X.

This result says that any intersection point of irreducible components is a singular point.
Indeed, in the example y*> = x3 above, (0,0) was in the intersection of two irreducible
components of this cubic. However, the converse of this proposition is not true; and indeed
y* = 23 — 32 + 2 above has a singular point (1,0) which does not lie on the intersection of
irreducible components.

Proof of Theorem 6.2.3. Let X1, ..., X, be the irreducible components of X. Then Propo-
sition 6.2.4, for all i # j, X; N X; C X \ Xy, e

X\Xm:(UQMU@>ULK&v&%J
i#j i=1
Hence it is enough to prove the theorem when X is irreducible.

Let r = dim X. By covering X by affine open subsets, we may assume that X is affine.
Suppose that X C A" is defined by Ix = (f1,..., fq).

For any p € X,

3%

TpX:{u:(ul,..., ) € k"

8fz - = ( for all z}

by Proposition 6.1.2. Hence

dim 7}, X < r if and only if rank ((9f
Oz,

(M)zn—r

This is an open condition, and hence X, is open.

To prove X, # (), we may replace X by any irreducible variety birational to X. By
Proposition 1.6.12, we may assume that X C A" is an irreducible hypersurface. Let F be
a generator for Iy, the radical ideal corresponding to X. We saw that p € X is singular if
and only if g—i(p) = 0 for all 7.

Suppose Xyn = 0. Then for any p € X, we have that 812( ) = 0 for all 4, and hence F‘g—i
for i. If d; = deg,, F', then deg,. g—i < d;, so F|g if and only if 6F = 0. Therefore, 7 =0

for all . Hence char(k) =p > 0 and f € k[2},...,2P]. Since k is a perfect field, F' = GP? for
some G € k[xq,...,x,], which contradicts the fact that (F) is radical. O

Example 6.2.5. If G is an algebraic group acting algebraically and transitively on a variety
X, then X is smooth. Indeed, since there is a smooth point, using the transitivity of the
group action, we see that any point is smooth.

In particular, any algebraic group G is smooth, since it acts transitively on itself.
6.3. Blow ups (of affine varieties). To prove Proposition 6.2.4, we first need to introduce
blow ups. They will also be useful in other settings, so it is an important topic on its own.

The set up is as follows: let X be an affine variety, A = O(X) and I C A is an ideal.
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Definition 6.3.1. The Rees algebra of I is
R(AI) =Dt C Alt).

m>0

It is a graded subring of A[t]. Note that:

(1) since A is reduced, R(A,I) is reduced,
(2) if A is a domain (i.e. X is irreducible), then R(A,I) is a domain.

Note also that R(A, I) is a finitely generated over k. In fact:

(1) R(A,I)o = A which is finitely-generated over k,
(2) R(A,I) is generated over A by finitely many elements in R(A,I);; for example, if
I=(f1,...,fr), then fit ..., f.t generate R(A,I) over A.

We are now in the setting similar to the one in section 5.1, and we will use the results and
notation from that section without further reference. We first make the following definition.

Definition 6.3.2. The blow-up of X along I is
X = MaxProj(R(A, I))
together with the natural map

7 X — X.

Proposition 6.3.3.

1) If Z=V(I), then 7 is an isomorphism over X \ Z.

)
) The set 7=1(Z) C X s locally defined by 1 element which is a non-zero-divisor.
) If X is irreducible and I # 0, then m is birational.

) More generally, if Z does not contain any irreducible component of X, we have a

(
(2
(3
(4
bijection between the irreducible components of X and irreducible components of X

by applying m; each component of X is birational to the corresponding component
of X.

Proof. For (1), it is enough to show that if Dy(a) C X \ Z, then 77! (Dx(a)) — Dx(a) is
an isomorphism. Note that

7' (Dx(a)) = MaxProj(R(A, I),).

Note also that the square

A —— R(AT)

| |

A, — R(A D),
———
=R(Aq,1Aq)



MATH 631: ALGEBRAIC GEOMETRY I 95

commutes. Since Dx(a) € X \ Z, we have that V(I) = Z C V(a), so a € VI, and hence
1A, = A,. Therefore:

7Y (Dx(a)) = MaxProj(A,[t]) & Dx(a) x P° = Dx(a).
This proves (1).
For (2), note that

7 HZ)=V(I-R(AI)).
Say I = (f1,...,fr). Then R(A,I) is generated over A by fit,..., f.t and
X =DL(Ait)U---UDL(fh).
Consider D}(flt) = U; = MaxSpec(R(A, I)(f,)). Then
Z)nU; CU;

is defined by I - R(A,I)(f,), which is generated by % for all j. However,
fi _f it

1 1 fit’

so I - R(A,I), is generated by % Finally, we note that % is a non-zero-divisor in

h
R(A I) (0 if = f (f ™) = 0, then f;h(fit)? = 0 for some p, and hence h - (fit)P*1 = 0,
o ——=0.
(fit)™
Since (3) follows from (4), it remains to prove (4). By (1), 7 is an isomorphism over X \ Z,
so if Xy,..., X, are irreducible components of X, then each

X\ Z)

is an irreducible component of X and

X = Uw (X;\ Z)ur~4(2).

By (2), 71(Z) cannot contain any irreducible component of X. Therefore, the irreducible
components of X are the 771(X; \ Z). O

Special case. Suppose I = m is a maximal ideal defined by a point a € X. Suppose x is
not isolated. Then

7~ 1(Z) = MaxProj <n§%((%/ml rad)
and
_ @ it
i>0
We define

R(A, m) i foritl
wR(Am) =grn(A) = Z'ez?m/m :
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Note that in this case the irreducible components of X meeting 7~!(Z) correspond to the
irreducible components of X containing x. By property (2) and the Principal Ideal Theo-
rem 2.3.1, we see that

dim7~!(Z) = dim(Ox,) — 1.
We also know that
dim 7 '(Z) = dim(gr,,(A)) — 1.
Therefore,
dim Oy, = dim(gr,(4))

This is also true if x is an isolated point of X, since both of the dimensions are 0.

Remark 6.3.4. For X = A", we defined the blow up at 0 as

{(p,0) | pel}) =X —— A" x P!
\ l
An

and if x1, ..., x, are coordinates on A" and ¥, ...,y, are coordinates on P"~!, then
X' ={xy; —xy; =0 for all i,5}.
We showed in the problem session that X’ is irreducible and X’ — A™ is birational.
We relate this to the blow up X at the maximal ideal m = (x1,...,2,). We have
X = MaxProj (@ miti)
i>0
and we have the map

Elxy,...,zn)[y1, -, yn] = R(A,m)

Since all x;3; — x;y; are contained in the kernel, we have

X — X' closed immersion

.

X =A"

Since both vertical maps are birational, we have that X=X

Definition 6.3.5. Let 7: X — X be a blow up and Z = V(I). If Y is a closed subvariety
of X such that no irreducible component of Y lies inside Z, then

Y =7 (Y \ Z)

is called the strict transform (proper transform) of Y in X.



MATH 631: ALGEBRAIC GEOMETRY I

We claim that Y is the blow-up of Y along J = I - O(Y).
If B= O(Y), we have the natural map

R(A,I) - R(B,J).
Then

Y = MaxProj(R(B, J)) —— MaxProj(R(A,I)) = X

bk

Y « ! y X

97

We have that ZNY < Y and Z contains no irreducible component of Y, and hence im(5)

is the strict transform of Y.

We now discuss how to compute strict transforms. For X = A" > p, consider

BL,X = X <+~ E=n"Y(p)
s l
X +— {p}
Let p € Y, where Y is a hyperplane with I(Y) = (f) for f # 0. Then define
mult,(Y) = largest power of m, containing f.
Apply a translation to assume p = 0. Then
f="fm(z, o mn) + -+ falzr, ..o 2y)
where f; is homogeneous of degree i, f,, # 0 and d > m = multy(Y) > 1.
What is the strict transform of Y in this case? We want to compute 771 (Y"). Recall that
X C A" x Pt
is given by x;y; = x;y; for all 4, j. Then
Ui = D}(%) = (y: #0).
On this set, z; = Zﬁxj for j # i, and
U; =2 A" with coordinates uq, ..., u,
and we have the map 7: U; — A". Then
7 (z) = u;,
7 (x;) = wsu; for j # i.
Recall that Y = (f = 0). Then
'YV NU; = {f(urwg, . .., w4, - - upu;) = 0},
Note that
flurwg, ooy upy) = wl (fr(ug, ooy ooy tn) + i frngr (o) +-40).
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Moreover,
1 ({0}) = {0} x P
and
T {0V N T, = (u; = 0).
Since

(g, oy 1o ug) + i fra () -

does not vanish on 7~1({0}), its zero locus is Y NU; (in fact, it generates the ideal of Y NU;).

Special case: n = 2. We have that
f(z1,29) = fi(x1, 22) + higher degree terms.

Note that

The forms ¢4, ..., ¢, define the tangents of Y at 0.

Examples 6.3.6. For the cuspidal cubic

the unique tangent is y = 0.

For the nodal cubic
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V=23 —-3r4+2=(z—1)>*(x+2)

there are two tangents given by y = 3z 4+ 1 and y = —/3x + 1.7

Exercise. Show the the points of YNE , where E = P! is parametrized by lines through 0,
correspond to presicely to the tangent lines of Y at 0. Show that in these 2 examples (the

cusp and the node), Y is smooth.

6.4. Back to smooth points. We still need to prove Proposition 6.2.4. We restate it here
for convenience.

Proposition (Proposition 6.2.4). If v € X is a smooth point, then Ox, is a domain.

We begin with some preparation. Let z € X is a smooth point, choose U > z to be affine
open and let
A =0O(U) 2 m ideal corresponding to x.

If n=dimOx,,
minimal number of generators for mA,, = dim; m/ m? = n.
After replacing A by Ay for some f ¢ m, we may assume that m = (f1,..., f,). Consider
gro(A) = G}m"/mprl =kom/m*om?/m* Q...

i>0
which is generated over k by fi,..., f, € m/m?2.
Hence the map

o: klxy, ...z, — gr,(A4)

z; — f; € m/m?
"To agree with the above discussion, we should shift the point (1,0) to (0,0) and, indeed, the example

considered in class was actually y? = z2(x+1). However, since I already used these graphs for Examples 6.2.2
(because they looked nice), I will stick to the same ones here.
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is surjective. We saw in the previous section that
n =dim(Ox,) = dim(gr,(A4)).
Since k[x1,...,x,] is a domain of dimension n, ker ¢ = 0.

The conclusion is that if x € X is a smooth point and X is affine, O(X) = A, m is the
corresponding maximal ideal, then

grmAm(Am) = grm(A) = k[xla s 7xn]'
In particular, the left hand side gr,,(A) is a domain.

Proof of Proposition 6.2.4. Let R = Ox, 2 m be a maximal ideal. Then gr,,(R) is a domain
by the above discussion.

If R is not a domain, there exist a,b € R\ {0} such that ab = 0. Since a,b # 0, by Krull’s
Intersection Theorem 6.4.1, there exist 7, 7 such that

i i+1
a€em’\mT

bem!\m/th

Then
0#ae grm(R)l
0 # l_) S grm(R>j
so @b # 0. But then 0 = ab € m**7*! which is a contradiction. O

In the proof, we have used the following theorem.

Theorem 6.4.1 (Krull’s Intersection Theorem). If (R, m) is a local ring, then (m’ = 0.

Proof. This is Theorem 3.1 in Review Sheet #4 and it is proved there. U

Remark 6.4.2. We can use the same method to show that if A is a k-algebra of finite type
and m C A is a maximal ideal such that A, is regular, then A, is a domain.

Indeed, let I C A, be the nilradical and A, = A,/I with maximal ideal m = m/I. As
before, we have

k... 2] — @Hm'/m!

|

@ mz' /mi—l-l
>0
—_——

dimn

The composition is an isomorphism for dimension reasons. Hence the first map is injective,
and therefore an isomorphism, so gr,,(Ay) is a domain. Then we can use the same argument
to conclude that A, is a domain.
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Remark 6.4.3. If m C A is a maximal ideal, then

8rm(A) = groa,, (Am)-
Indeed,

N m'A
8l Ay (Am) = @ mz‘+1;1l ’
120 e —
(m?/mi*1)m

since m’/m’™! is an A/m-module.

Proposition 6.4.4. Let X be an algebraic variety, ¥ — X be a closed subvariety, and
x € Yym. Suppose there is an affine open neighborhood U of x such that

(1) IU<Y N U) = (fh .. .,f,«) fO’I’ fz € O(U),
(2) Y NU is irreducible and
codimy (Y NU) =r.
Then x € Xgp,.
Example 6.4.5. If Y C X and = € Y, is such that for some open affine neighborhood U of
zin X, Iy(YNU) = (f) for a function f € O(U) which is a non-zero-divisor, then z € Xg,,.
Proof of Proposition 6.4.4. We have
R = OX,:E - E — OY,x = R/(fl,za ceey fr,z)-

Then
m=m/(fiz - fra)
SO
m/m? =m/m* + (fiz,. .., fra)-
Hence
dim(Oy,) = dimy T,.Y > dim;, T, X — 7.
Since

dim(Ox ) > codimy (Y NU) + dim Oy,
we have that
dim(Ox ) > r 4+ dimy T, X —r = dim; T, X.
This shows that x € X,,. O

Corollary 6.4.6. If X is a variety and V C X is an irreducible and closed subset such
that X is smooth at V (i.e. Oxy is regular), then there exists x € V' such that v € Xgp,.

Note that the converse also holds: this is a special case of a theorem by Auslander-Buchsbam
and Serre which says that if (R, m) is regular, then R, is regular for any prime ideal p. A
direct proof will be given later, when we discuss the sheaf of differentials.

Proof. Let dim Ox y = r. By the hypothesis, the maximal ideal in Oy y is generated by r
elements. After replacing X by a suitable U which is affine, open and U NV # (), we may
assume that X is affine and Ix (V) = (f1,..., f). By Proposition 6.4.4, if x € Yy, v € Xgn.
Since by Theorem 6.2.3, Yy, # ), this completes the proof. 0J
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Example 6.4.7. Let H C P" be a hyperplane and let X C H be a closed subvariety. Let
p € P*\ H. The projective cone over X with vertex p is

Cp(X) = U {line joining p and z}.

zeX

We claim that this is closed in P".
Choose coordinates on P™ such that H = (z, = 0) and p = [0,...,0, 1]. Then
X H=p!

where [ug,...,u,_1,0] € H corresponds to [ug,...,u, 1] € P*"*. The line joining p and
x=lag,...,ap,1] € X is

p_.T - [Aa07 s 7/\an—17 ,LL]
Then if Iy C k[zo, ..., x,_1] is the ideal of X, then Iy - k[zo, ..., x,] is the ideal of C,(X).
In particular, note that C,X N (x, # 0) C A" is the affine cone over X.
Finally, we claim that p € C,(X) is smooth if and only if X is a linear space.

Exercise. Prove this claim.

Example 6.4.8. Suppose char(k) # 0. Let Q C P™ be a quadric hypersurface, i.e. I = (F)
where F' is homogeneous of degree 2. If zq, ..., z, are the coordinates on P", we can write

n
F = Z A ;LT 5 with Q5 = Qj;
i,j=0
The rank of ) is rank(a;;); ;. This is independent of the choice of coordinates.

Since k = k, char(k) # 2, after a suitable linear change of variables, we can write

,
F = E xf
i=0

where rank(F') = r + 1.

Note that this is smooth if and only if » = n. Moreover r > 1 since (F') is radical, and r > 2
if and only if @) is irreducible.

For example, if n = 2, we either have a smooth conic or two intersecting lines.

If n = 3, we either have a smooth quadric or a projective cone over smooth conic in P? or a
union of 2 hypersurfaces.

Exercise. If X C P3 is a smooth quadric, the variety of lines on X has two connected
components, each isomorphic to P!.

Note that every smooth quadric in P? is isomorphic to the one given by
Lol3 = X122

which is the image of the Segre embedding P! x P! < P3. The two families are given by the
two copies of P!.
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6.5. Bertini’s Theorem. Let (P™)* be the parameter space for hyperplaces in P".

Terminology: if Z is an irreducible variety, we say that a property holds for a general point
in Z if there exists an open subset 0 # U C Z such that the property holds for all points
in U.

Note that if a few properties hold for a general point, then they all hold for a general point
simultaneously.

Definition 6.5.1. Given a smooth variety X and two smooth closed subvarieties Y and Z
of X, recall that for every p € YZ, we may consider 7,,Y and 7,Y as linear subspaces of
T,X. We say that Y and Z intersect transversely if for every p € Y N Z, we have

codimp, (x)(1,Y NT,Z) = codim’y (Y') + codim’ (Z)

for codim% (V') = codimy/(Y”) where p lies on a unique irreducible components X’ and Y’
of X and Y.

Note that if X CP" and H € (P™)*, then X and H intersect transversely if and only if for

allpe X NH, T,(X) CT,P"is not contained in 7,H, or in other words for all p € X N H,
T,X ¢ H.

Theorem 6.5.2 (Bertini). If X C P" is a smooth variety, then for a general hypersurface
H € (P")*, H and X intersect transversely. In particular, X N H is smooth of dimension
dim X — 1.

Proof. We may assume that X is irreducible. Consider

Z={(p,H)e X x (P |T,X CH}
/ \]Pm

We first claim that Z is a closed subset of X x (P")*. Let fi,..., f. € Ix be generators. If
peX,
T, X = { Uy, . ooy U

If H= (Z aju; = 0), T,X C H is equivalent to
7=0

0fz

':Oforalli}.

ag aq an
L) L - STf;(p) f; -
rank ) ) i =13 (p)) =n—dim X.
. . N x]
L) £ - =)

We get a condition of the form

3
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where all g; are homogeneous of the same degree. It is then easy to see that Z is closed in
X x (P™)* by covering X and (P™)* by affine open subsets. In particular, Z is a projective

variety.

We now have that

7T1_1 (p) ~ ]P;n—l—dimX’

since dim T, X = dim X. Indeed, suppose

Then

This is

T,X ={xg="---=x, =0} where n —m — 1 = dim X.

T,X C (Z a;T; = O) if and only if a; = 0 for j > m.

a linear subspace of (P,)* of dimension m =n — 1 — dim X.

By Theorem 2.4.1, we have that

dmZ <dmX+n—-1—-dimX =n—1.

This shows that mo(Z) is a proper closed subset of (P™)*. Hence every hyperplane H such
that [H] € (P")*\ m2(Z) has the property that H and X intersect transversely. Hence H N X
is smooth of dimension equal to dim X — 1 by Problem 3 on Problem Set 10. ([l

There are other versions of Bertini’s Theorem 6.5.2:

(1)

(2)

If X C P is irreducible, dim X > 2, then for a general [H] € (P™)*, X N H is
irreducible.

Proof. Consider X < P" — PN¢, using the dth Veronese embedding. If H' C P is
the hyperplane corresponding to H, then v4(X) N H' = X N H. We can hence apply
Bertini’s Theorem 6.5.2 for v4(X) to get the result. O

(Due to Kleiman) If char(k) = 0, we get a version in which instead of X C P" we
just have a morphism f: X — P" and take f~!(H).

Special case. If X = P", this implies that a general hypersurface H C P" of degree d is
smooth.

Proposition 6.5.3. If the characteristic of k is bigger than d, then

singular hypersurfaces c hypersurfaces of | 1y
of degree d = degree d in P" T

1s an 1rreducible closed subset of codimension 1.

Proof. Consider

Z={(p.H)|peP"H € Hg, P € Hgpg} CP" x PN

IP’"/ \’H

d
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Exericse. Check that Z is closed in P x H,.

We want to find a~!(p). We may assume p = [1,0,...,0]. Then

_ OF
ol (p) = {[F] ePM | F(p) =0, 5—(p) = 0}
and note that F(p) = 0 means that the coefficient of z§ is 0 and 9 (p) = 0 means that the

coefficients of 28 'z; are 0.

Let
F
2= {0 F) | P =0. 55 = 0 fora i} B B

Then fiber over p € P" is a linear subspace of codimension n 4 1 in PV¢,

The map Z — P" is proper and the fibers are irreducible of the same dimension. Therefore, Z
is irreducible of dimension N; — 1. Since Z is open in Z, it is irreducible of the same
dimension. Therefore, f(Z) C H, is closed and irreducible.

To complete the proof, it is enough to find a O-dimensional fiber. For example, consider

xd+ ...+ 2% | =0. Then the singular locus is [0,...,0,1].

This shows that  has a 0-dimensional fibers. By Theorem 2.4.1, for any y € B(Z2),
dim 837(y) > dim Z — dim 3(Z). If B is not dominant, then every fiber of 3 has dimen-
sion at least 1. U

6.6. Smooth morphisms between smooth varieties. Smooth morphisms are the ana-
logue of submersions for differentiable manifolds. In particular, recall that preimages of
submersions are submanifolds.

Definition 6.6.1. Let f: X — Y be a morphism between smooth varieties X and Y. Then
f is smooth at x € X if
dfm: T.X — Tf(w)y

is surjective, and f is smooth if it is smooth at every xz € X.

In general (for varieties which are not smooth), a morphism is smooth if it is flat and the
fibers are smooth, but since we did not talk about smoothness of fibers, we postpone this
until later.

Example 6.6.2. Consider the map
f: A - Al
t—t"

for char(k) not dividing n. Then df; is multiplication by nt™!:

TtAl L Tf(t)Al

4 i

nt"il

k ———

Hence f is smooth at ¢ if and only if ¢ # 0.
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We will next see that for a smooth maps f, every fiber f~!(y) is a smooth variety with
dim, (f~'(y)) = dim, X — dimy,) Y for f(z) =y.

We have an analog of Sard’s Theorem in this case, but we omit the proof here.

Theorem 6.6.3. If char(k) = 0, then for any dominant f: X — Y with X and Y smooth,
there exists an open subset V- C 'Y such that f~1(V) — V is smooth. In particular, for all
y €V, the fiber f~1(y) is smooth.

Note that the assumption that char(k) = 0 is essential. For example, the map Al — Al
t — t? in characteristic p > 0 has df; = 0 for all ¢, so it is not surjective.

Proposition 6.6.4. If f: X — Y is a smooth morphism between smooth irreducible vari-
eties, then

e [ is dominant,
o for anyy € f(X), the fiber f~(y) is smooth and has dimension dim X —dimY and

To(f 7' (y)) = ker(dfa).

Proof. Fix © € X and let y = f(x). We have

_ f
) r X »Y

and hence T,(f~!(y)) C ker(df,). Therefore,
dim T,(f'(y)) < dim T, X — dim7},Y = dim X — dim Y.

On the other hand, we know that every irreducible component of f~!(y) has dimension at
least dim X —dim Y by Theorem 2.4.1 (with strict inequality if f is not dominant). Therefore,

dim Of-1(y) > dim X — dimY > dim T, (' (y)).

Since we always have the other inequality 6.1.5, we conclude that f~!(y) is smooth, T,.(f ' (y)) =
ker(df,), all irreducible components of f~!(y) have dimension equal to dim X —dimY", and
is dominant. 0J

Example 6.6.5. Note that fibers are not always irreducible. Consider the smooth map
fo AT\ {0} — AN
given by z — z%.
Definition 6.6.6. A morphism f: X — Y of smooth varieties is étale at x if f is smooth

at r and dim, X = dimjq) Y.

A map is finite and étale if and only if it is a covering space.
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6.7. Resolution of singularities. We would like to be able to deal with singular points
using a variety which is smooth but without losing much information about them. This
motivates the following definition.

Definition 6.7.1. Let X be an irreducible algebraic variety. A resolution of singularities of
X is a proper, birational morphism f: Y — X with Y smooth.

One might require more properties. For example, that f is an isomorphism over X, Y is
projective if X is projective, etc.

Theorem 6.7.2 (Hironaka). If char(k) = 0, then every irreducible algebraic variety has a
resolution of singularities.

Remark 6.7.3. Tt is conjectured (and hoped) that this result also holds in characteristic
p > 0. Hironaka recently posted a paper on his website claiming to have proved it, but it
has not been checked as of yet.

The proof of this theorem is difficult and technical, so we omit it here.

One can in fact be more precise with the statement. Assume for simplicity that there is a
closed immersion X — W such that W is smooth. For example, this is always true if X is
quasiprojective. Then Hironaka’s Theorem 6.7.2 can be stated more precisely by saying that
there exists a sequence of blow-ups W, with smooth centers Z;

Zy, — W,

2 v

Zp — W

v v

Zo%W:WO

such that at every step the strict transform of X is not contained in Z; and the strict
transform of X on W, is smooth.

7. QUASICOHERENT AND COHERENT SHEAVES

7.1. Operations with sheaves. Fix a commutative ring R and a topological space X. All
sheaves and presheaves are of R-modules. (For example, one can think of R =Z or R = k,
a field.)

7.1.1. The sheaf associated to a presheaf. Recall that we have a functor
Shf < Psh¥ .
We construct a left adjoint. For any presheaf F, there is a sheaf 7T together with a morphism

©: F — F which satisfies the universal property: for any sheaf G with a morphism ¢: F —
G of presheaves, there is a unique morphism of sheaves ov: F© — G making the diagram
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F—— 7t

vl
\5

commute. In other words, ¢ induces a bijection
HomSh(.F+, Q) = Hompsh(f, Q)
We call F* the sheafification of F.

Construction. Define 77 (U) as the set of maps
s: U — H Fu
xzcU
such that
(1) for any x € X, s(z) € Fy,

(2) for any x € U, there exists an open neighborhood U, C U of z and t € F(U,) such
that s(y) =t, for all y € U,.

We check that this F1 works.

(1) As F is a presheaf of R-modules, each F, is an R-module, so each F*(U) is an
R-module.
(2) Restriction of functions gives for V- C U the map

FHU) = FH(V)

which shows that F* is a presheaf of R-modules.

(3) Tt is clear that F7 is a sheaf, because we deal with functions characterized by a local
condition.

(4) Define

o: F— F*t
FU)— FH(U)

3»—)(U9xr—>smEH]:x>.

zelU

(5) We check the universal property. Suppose 1¢: F — G is a morphism of presheaves
for a sheaf G. Take s € F*(U), s: U — [] Fz. By hypothesis, we can cover U by

zelU
some U; open with t; € F(U;) such that s(y) = t;, for all y € U;. Then
Y(ti) € G(U)
Ip(tz)y = @b(t])y for all Yy < Uz N Uj.
Since G is a sheaf and
V() |vino;, = ¥ (L)
there is a unique t € G(U) such that |y, = ¥ (t;) for all i.

v;nu; for all 4, 7,
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Define a(s) =t € G(U). It is then easy to check that this gives a morphism of
sheaves

Fr—g

which is the unique one making the diagram comumute.
Properties.

(1) If F is a sheaf, then ¢: F — F* is an isomorphism.
(2) This is functorial: if u: F — G is a morphism, there is a unique morphism u*: F* —
G' making the diagram

F—"5g
|
Ft —— gt
commute.

This gives a functor Psh¥ — Sh¥.
(3) For any open subset U C X, we an isomorphism

(Fu = (Flo)*

of sheaves.
(4) The morphism F — F induces for any € X an isomorphism F, — F,. Indeed,

the inverse map is defined as follows: for x € U, s € F(U), s: U — [] Fy, and the
yeU
assignment (U, s) — s(z) € F, gives the inverse of ¢,.

Example 7.1.1. If M is an R-module, we have the constant presheaf M:
U—M
for any U. The corresponding sheaf is M.

If X has the property that for every open set in X is a disjoint union of connected open
subsets, then

M(U) ={s: U — M | s is constant on connected components of U}.

7.1.2. The category Shg} 15 an abelian category. Note that

e Homgz (F,G) is an R-module,
e composition of morphisms is bilinear,
e given Fi,...,F,, define

(Fr@--- @ F)(U) = FAU)®©--- 0 F(U)

and it is easy to check this gives a sheaf of R-modules,
e for any x € X, we have

(EB E) = D (F)

i=1
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e we have morphisms

E%Ebfj
j=1

which make € F; the coproduct of the F;, and also

B -7
j=1

which make the @@ F; the product of the F;.

This makes Sh§ into an additive category. To shows that Sh§ is abelian, we need to discuss
kernels and cokernels.

Kernels. If ¢: F — G is a morphism of sheaves, we may define
(ker())(U) = ker(py: F(U) = G(U)).

It is easy to check this is a subsheaf of F. It is the (categorical) kernel of ¢: for every
morphism w: F' — F such that ¢ ou = 0, there is a unique v: F" — ker(p) such that

u

F ot

T

ker(p)

commutes.

Since filtered direct limits are exact, we see that

(ker(p))s = ker(p,: Fo = Gy).

Cokernels. For a map ¢: F — G between sheaves, we define the presheaf

coker(p)(U) = coker(py: F(U) — G(U)) = %.

Then define

—_—

coker(p) = coker(p) .

e This is the categorical cokernel of ¢: this is clear from the following diagram

P —~— 4+
©
F > g > coker —— coker = coker
gt

where we get v; by the universal property of cokernels of R-modules, and v, by the
universal property of sheafification. Moreover,

(coker(p)), = coker(yy: Fr — Gy)

using exactness of filtered direct limits and the fact that M, = M for all presheaves M
and all .
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e If 7' is a subsheaf of F, then we define the quotient by
F|F' = coker(F — F).
Note that for all x € X, we then have an exact sequence
0 > o > Fu > Fu/ Fr, —— 0.
o If p: F — G, define im(yp) := ker(G — coker(y)). In other words,
im(p) = (U + im(py))".
Exercise. Show that for any open subset U C X, we have

for all z € U there exists an open
I'(U,im(p)) = ¢ s € (U, G) neighborhood U, C X of «
such that s|y, € im(F(U,) — G(U,))

Note that if ¢: F — G is a morphism of sheaves, then we have a canonical morphism
F/ker(p) — im(p)

induced by the universal properties. This is an isomorphism: for any x € X, the
induced morphism is an isomorphism by the following diagram

(F/ker(p))e — im(p).

| |

Fo/ ker(p,) —— im(p,)

Altogether, this makes Sh¥ into an abelian category.

Definition 7.1.2. Let ¢: F — G be a morphism of sheaves. Then ¢ is injective if any of
the following equivalent conditions hold:

(1) ker(p) =0,
(2) ¢(U) is injective for all U,
(3) ¢, is injective for all z.

If ¢ is injective, it gives an isomorphism of F with a subsheaf of G.

Definition 7.1.3. Let ¢: F — G be a morphism of sheaves. Then ¢ is surjective if any of
the following equivalent conditions hold:

coker (¢ ) =0,
m(p) =G,

im
@, is surjective for all z,
¢ induces and 1som0rph1sm

(1)
(2)
(3)
(4)

F/ker(G) = G.
Definition 7.1.4. A sequence

f/ 50>‘F ¢>]_-,,

is ezxact if ker(v)) = im(yp) or, equivalently, if 1) o ¢ = 0 and ker(¢))/im(p) = 0.
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Such a sequence is exact if and only if

is exact for all x € X.
Key point. If U C X is open, then the functor
(U, —): Sh% — R-mod

is left exact: if

is exact, then
0 —— T(U,F) —£= T(U, F) —2 T(U, F")

is exact, but the right map might not be surjective.
Given F,G € Sh¥, Homygz (F,G) is an R-module. There exists a sheaf of R-modules:

Homp(F,G)
given by

U — Homg,r (Flv, Glv).
If V C U, we get the restriction map
HOHI(.F‘U, Q|U) — Horn(]:|v, g’\/)
= ol

This makes Hom(F,G) into a presheaf. In fact, it is a sheaf, because morphisms of sheaves
can be glued uniquely (see problem session 5).

Note that
(X, Hom(F,G)) = Hom(F,G).

Finally, we define functors related to continuous maps between topological spaces. Fix a
continuous map f: X — Y. Define

fo: ShE — Shif
by (f.F)(V) = F(f~1(V)), the push-forward functor.
Note that f, is left exact: if

F//

2\
=}

0 > F

~
2\

is exact on X, then

0 — fF —2 fF —2 fF

is exact on Y, since for all V' C Y, the sequence
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0 —— F(H V) == FUHV) —= P/ V)

is exact.

We construct a left adjoint of f., the pull-back f~!. Given a sheaf G on Y, define a sheaf F
on X by:
X2Uw lim G(V),

V2f(U)
open

where the open sets V' O f(U) are ordered by reverse inclusion. If U’ C U, then for every V
such that f(U) C V, we have f(U’) CV, and we get a restriction map

FU) = F(U"),
which makes F a presheaf. Then define f~!G = FT.

e This is functorial: if ¢: G — G’ is a morphism, we get an induced map F — F’ which
gives a unique map
[G=F (P =G
This gives a functor f~': Sh{f — Sh¥.
e Note that for z € X:
(F19). = Fo =l lig G(U) = 1ty G(V) = Gy

Usz VD f(U) V3 f(=)

This implies that f~': Shif — Sh¥ is an exact functor, because it is exact at the
level of stalks.

Example 7.1.5. If F is a sheaf on X, x € X, the inclusion i,: {z} — X gives
iy (F) = Fa

xT

Proposition 7.1.6. The pair of functors (f, f.) is an adjoint pair, i.e. we have an natural
isomorphism

Hom(f~'G, F) = Hom(G, f.F)
for all F € Sh¥, G € Shit.

Proof. By the universal property of sheafification, giving a morphism f~!'G — F is equivalent
to giving a morphism
lim G(V) = F(U)
V2£(U)

for any open subset U C X, compatible with restrictions. By the universal property of direct
limits, this is equivalent to giving a morphism

g(vV)— F(U)
for any open subsets U C X, V' C Y such that f(U) C V, compatible with restrictions.
Finally, f(U) C V if and only if U C f~%(V), and hence, by compatibility with restrictions,
this is equivalent to giving for all V' C Y a morphism

G(V) = F(f (V)

which is compatible with restrictions. This is the same as giving a morphism G — f,F. U
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7.2. Ox-modules. Fix a ringed space (X, Ox), i.e. X is topological space and Oy is a sheaf
of rings on X. For example, we can take X to be an algebraic variety and Ox to be the
sheaf of regular functions on X.

Definition 7.2.1. A presheaf (sheaf) of Ox-modules is a presheaf (sheaf) M of sbelian
groups such that for any U C X open, M(U) is an Ox(U)-modules, and these structures
are compatible with restriction maps. Explicitely, if V' C U, a € Ox(U), s € M(U), we
have that

(a-s)lv =aly-s|v.

Definition 7.2.2. A morphism of preseaves of Ox-modules M — N is a morphism of
presheaves of abelian groups such that for any U C X open, M(U) — N (U) is a morphism
of Ox(U)-modules.

Example 7.2.3.
(1) The sheaf Ox is naturally and Ox-module.

(2) Giving a sheaf of Oyx-modules is equivalent to giving a sheaf of abelian groups M
together with a morphism

OX — }[omZ(M,M).
This implies that if O = R for some ring R, then

{sheaves of Ox-modules} = {sheaves of R-modules}.

Remark 7.2.4. If M is an Ox-module, then M is a sheaf of Ox(X)-modules. Indeed,
M(U) is an Ox (U)-module, and we have a map Ox(X) — Ox(U), which makes M(U) into
an Ox(X)-module by restriction of scalars. We thus get a functor

Ox-mod — Sh?(X(X),
where Ox-mod is the category of sheaves of Ox-modules.
Remark 7.2.5. If F is a presheaf of Ox-modules, F, is naturally and Ox ,-module.

Remark 7.2.6. If F is a presheaf of Ox-modules, F* is naturally a sheaf of Ox-modules
such that F — F T is a morphism of presheaves of Ox-modules. Indeed, define

FHU) = {s: U— H}"x

zelU

old conditions and an extra condition}

where the extra condition is: if a € Ox(U), s € F*(U), then
(as)) = 0 s(x).
EOX,x

Then F* will satisfy the same universal proprety with respect to the morphism F, so it is
a sheaf of Ox-modules.

Examples 7.2.7.

(1) If My,..., M, are sheaves of Oyx-modules, then M; & --- & M, has a natural
structure of Ox-modules, which makes it both a product and a coproduct in the
category of Ox-modules.
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(2) If ¢p: F — G is a morphism of Ox-modules, then ker(y), coker(y), im(yp) carry
natural Ox-module structures, where ker(¢p) is the kernel of ¢ in Ox-mod etc.

Altogether, this makes Ox-mod an abelian category.

For an infinite family (M;);cs, we consider the product and direct sum. The product
U [[MiU)

is an Ox-module, but its stalks are tricky to describe. The direct sum
U~ P Mi(U)

is only a presheaf, but

(U~ P Mi(U)*

is an Ox-module, and its stalks are easy to describe:
(M) - B

Multilinear constructions. All of ®, Sym”, A" have analogues for Ox-modules. If M
and NV are Ox-modules, then we may set

U= M(U) @ox @) N(U)
and for V' C U we get a natural map
MU) @oxwy N(U) = M(V) @0, vy N(V).
This defines a presheaf and its sheafification is
M®o, N.

It is useful to note that
(M ®(9X N)z = Mx ®OX,z NZv

since ® commutes with hﬂ and taking the sheafification does not change stalks.
Similarly, we define
_l’_
SymP(M) = (U = Symg, oy M(U)) :
+

P P
AM=(U= N\ MU)| ,
Ox(U)
both of which behave nicely with stalks.
Example 7.2.8. An Ox-module M is locally free (of finite rank) if for all x € X, there is

an open set U 2 x such that M|y = OF" for some n. If n is independent of x, we say that
M is locally free of rank n.

Note that Homp, (Ox, F) = F(X) and hence
}[Oﬂlox(OX,Jr) = F.
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Behavior with respect to morphisms of ringed spaces. A morphism of ringed spaces
is

(X,0x) L5 (Y Oy)
where f: X — Y is a continuous map and f#: Oy — f,Ox.

The main example to have in mind is a morphism of algebraic varieties f: X — Y. In this
case, f7 is determined by f, for p € Oy (V), we get ¢ o f € Ox(f~1(V)) and this gives the
morphism

Oy — f.Ox.

Ringed spaces form a category with composition given by

(X,0x) L (v 0,) 1298

\_/

((go/),(f#og#))

(Z,0z)

since the map Oy — (g o f).Ox is given by the composition

(gof)* 1/ —
Oz(W) : » Ox(f~Hg™ ' (W)
Oy (f~1(W))
Suppose M is an Ox-module. Then f,M is an f,Ox-module, so it is an Oy-module via
restriction of scalars for Oy — f,Ox.

We want a left adjoint to f,: if N is an Oy-module, f~*N is an f~!Oy-module, where
f~'Oy is a sheaf of rings on X, and f#: Oy — f.Ox corresponds to f'Oy — Ox by
adjointness.

Define
f*N = f_lN Rf-10y Ox

which has a natural structure of an Ox-module.

We have that
(f*N)e = (fT'N)e @-10y), Oxp = Ny ®0y 1wy Ox .25
where Oy, ¢y — Ox, is obtained by taking the stalk of f 10y — Ox. Explicitely,
(V'3 flz),p € Oy (V) = (fTH(V), f# ().
As a consequence, we see that f* is right exact.

Example 7.2.9. If f: X — Y is a morphism of algebraic varieties and f is flat, then f* is
exact, since Oy, is a flat module over Oy f(,) for any r € X.
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Example 7.2.10. Suppose U C X is open. Then Oy = Ox|U, i: U < X is a morphism of
ringed spaces and we have

Ox — i*OU
Ox<V) — Ox<Uﬂ V)
S — S|UDV~

Note that i *M = M|y and i *Ox = Oy. Therefore,

M= M.
Exercise. Show that f* is compatible with ®, Sym?, AP. For example, for @, if f: X — Y
and M, N are Oy-modules, then there is a canonical isomorphism

Mo, N) = ffMQo, [*N.

Hint. Use universal property or construct a morphism and show it induces and isomorphism
on stalks.

Remark 7.2.11. If
(X,0x) —1= (V,0y) —2= (2,0,

are morphisms of ringed spaces, then

(g« © L) (M) = g.(f:(M))
by definition, and
(g N)) = (g o f)"(N),
since both sides give a left adjoint to g, o f..
Remark 7.2.12. If F,G are Ox-modules,
Homp, (F,G) is an Ox(X)-module,

S0
Home,, (F,G) is an Ox-module.

7.3. Quasicoherent sheaves on affine varieties. The goal is to define a functor
Ox(X)-mod — Ox-mod
for an affine variety X.

We first need a few preliminary notions. Suppose (X,Ox) is a ringed space and P C
{open subsets of X} such that

(1) P is a basis for the topology on X: every open subset U C X is a union of elements
of P,
(2) if U,V € P,then UNV € P.

The main example are principal affine open subsets of an affine variety.
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Definition 7.3.1. A P-sheaf of Ox-modules is
P>U— M(U) an Ox(U)-module,

with restruction maps M(U) — M(V) for V' C U satisfying the obvious compatibility

conditions and the sheaf aziom for covers of subsets in P by subsets in P: for U = |J U; for
iel
U,U; € P, we get the sheaf condition.

Define similarly a morphism of P-sheaves.

Proposition 7.3.2. The forgetful functor
sheaves of . P-sheaves of
Ox-modules Ox-modules
18 an equivalent of categories.

Sketch of the proof. Define the inverse functor by sending a P-sheaf a to the sheaf F, given
by

FoU)=ker | [Ja(V) = ][] a(VinVi)

VCU Vi,VaCU
VeP Vi,Vo€eP

where the map is given by
(Sv)v = (SU1 |V10V2 - 5112|V10V2)'

Then check that this gives an inverse to the forgetful functor. O

For an affine variety X, we mentioned that
P = {principal affine open subsets of X}
satisfies propeties (1) and (2). Let A = Ox(X) and M be an A-module. We want to define
an Ox-module M on X such that
D(Dx(f), M) = My = M ®4 Ay.

We need to check that this is well-defined. If Dx(g) € Dx(f), then V(f) C V(g) so

g € \/(f), and by the universal property of localization, we have a canonical morphism
Ay — A, making the triangle

Af > Ag

commute. Therefore:

(1) My only depends on Dx(f) (up to canonical isomorphism),
(2) if Dx(g) € Dx(f), we have a restriction map M; — M, and these are compatible.

By Proposition 7.3.2, to get a sheaf of Ox-modules M , we only need to show the following
lemma.
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Lemma 7.3.3. If
Dx(f) = Dx(f),

el

then the sequence 0 > My —— HMfi SN H My, 1, s exact.

iel i1,ia€l

Proof. We may replace X by Dx(f) and M by M/ to assume f = 1.
We first show « is injective. Suppose v € M such that 7 = 0 in My, for all . Note that

X = JDx(f:)
iel
is equivalent to (f; | i € I) = A. Moreover, ¥ = 0 in My, is equivalent to f;"u = 0 for some

n; > 0. This shows that Ann(u) D (f" | i € I) = A, so u = 0. Therefore, « is injective.

It remains to prove that im a = ker 5. Since im o C ker  trivially, we just need to show that
ker 5 C im . Suppose we have f‘“ = u; € My, such that the images of u; and u; in My,

7

are the same. After replacing cach fi by a suitable power, we may assume that m; = 1 for
all 7.

Choose J C [ finite such that (f; | j € J) = A. If there exists u € M such that the image
of uwin M;j is u; for all j € J, the same holds for all 7 € I. Indeed, given ¢ € I, consider
Dx(f;) = U Dx(fif;), so this is true by injectivity of a.. This shows that we may assume [

jeJ
is finite.
Recall that u; = ¢ € My, and ¢ = (}—j in Mjy,s,, we have that
(fif5)* (fiaifiaz) =0
in M for all ¢, 7 and some g;;.

After replacing each f; by a large power of f;, we may assume that f;a;, — fia; = 0 for all
i,j. Since (f; | i € I) = A, we may write

iel

u:Zblal e M.

el

We claim that we can take

We need to show that w
u=-L1in M;..
i i
We have that
fiu= Z fibia;
icl
= Z fibia;
icl
= Clj.
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This completes the proof. O

Altogether, we obtain the following corollary.

Corollary 7.3.4. For every module M over A, we get a sheafﬂ on X such that

[(Dx(f), M) = My,

compatible with restriction.

Moreover, if ¢: M — N is a morphism of A-modules, then for any f, we get a morphism
My — Ny, compatible with restriction, which gives a morphism of sheaves M — N by
Proposition 7.3.2.

Therefore, we have a functor
A-mod — Ox-mod.

Definition 7.3.5. An Ox-module M on X is quasicoherent if it is isomorphic to M for
some M. It is coherent if, in addition, M is a finitely-generated A-module.

We finally note that for an irreducible closed subset V' C X corresponding to the prime ideal
p C A, we have s
My = hﬂ Mf:ling%Mp.
Dx (f)NV#D fép
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