Massachusetts Institute of Technology

Notes for 18.721

INTRODUCTION TO ALGEBRAIC GEOMETRY

(This is a preliminary draft. Please don’t reproduce.)






TABLE OF CONTENTS

Chapter 1: PLANE CURVES
The Affine Plane

The Projective Plane
Plane Projective Curves
Tangent Lines

Nodes and Cusps
Transcendence Degree
The Dual Curve
Resultants

A sy || Nl
NO) ~ | RIS RS

Hensel’s Lemma

[[.I0] Coverings of the Projective Line
Genus

[[12] Bézout’s Theorem

[L13] The Pliicker Formulas

Chapter 2: AFFINE ALGEBRAIC GEOMETRY
1] Rings and Modules

The Zariski Topology

Some Affine Varieties

The Nullstellensatz

The Spectrum of a Finite-type Domain
Morphisms of Affine Varieties

Finite Group Actions

515 G (1] [
3 |o [\

Chapter 3: PROJECTIVE ALGEBRAIC GEOMETRY
Projective Varieties
Homogeneous Ideals
Product Varieties
Morphisms and Isomorphisms
Affine Varieties
.6 Lines in Projective Three-Space

Chapter 4: STRUCTURE OF VARIETIES I: DIMENSION
4.1 Dimension

Proof of Krull’s Theorem

The Nakayama Lemma

Integral Extensions

Normalization

Geometry of Integral Morphisms

Chevalley’s Finiteness Theorem

HEEEEDEE

Double Planes



Chapter 5: STRUCTURE OF VARIETIES II: CONSTRUCTIBLE SETS
Localization, again

Valuations

Smooth Curves

Constructible sets

Closed Sets

Fibred Products

Projective Varieties are Proper

B[ BV EI B B B

Fibre Dimension

Chapter 6: MODULES

The Structure Sheaf
O-Modules

The Sheaf Property
Some O-Modules
Direct Image

Twisting

Proof of Theorem

REE R[E 8 E

Chapter 7: COHOMOLOGY

Cohomology of O-Modules
Complexes

Characteristic Properties
Construction of Cohomology
Cohomology of the Twisting Modules
Cohomology of Hypersurfaces
Finiteness of Cohomology

Bézout’s Theorem

el [ 5 [ [ [ (] 2
o] |1 O s

Chapter 8: THE RIEMANN-ROCH THEOREM FOR CURVES
B.1] Branched Coverings

Modules

Divisors

The Riemann-Roch Theorem I

The Birkhoff-Grothendieck Theorem

Differentials

o0

Trace, and proof of Riemann-Roch
The Riemann-Roch Theorem IT
Using Riemann-Roch

CFESEREE



Chapter 1 PLANE CURVES

The Affine Plane

The Projective Plane
Plane Projective Curves
Tangent Lines

Nodes and Cusps
Transcendence Degree
The Dual Curve
Resultants

Coverings of the Projective Line
[L11 Genus

[L12] Bézout’s Theorem

The Pliicker Formulas

6 HEEEEEE

Plane curves were the first algebraic varieties to be studied, so we begin with them. They provide helpful
examples, and we will see in Chapter [5how they control varieties of arbitrary dimension. Chapters [2]-[7] are
about varieties of arbitrary dimension. We come back to curves in Chapter 8]

1.1 The Affine Plane

The n-dimensional affine space A™ is the space of n-tuples of complex numbers. The affine plane A? is the
two-dimensional affine space.

Let f(x1,z2) be an irreducible polynomial in two variables with complex coefficients. The set of points
of the affine plane at which f vanishes, the locus of zeros of f, is called a plane affine curve. Let’s denote this
locus by X. Using vector notation x = (z1, z2),

(1.1.1) X = {z|f(z) =0}
The degree of the curve X is the degree of its irreducible defining polynomial f.

1.1.2.

®

The Cubic Curve y? = 2> — z (real locus)



1.1.3. Note. In contrast with polynomials in one variable, most complex polynomials in two or more variables
are irreducible — they cannot be factored. This can be shown by a method called “counting constants”. For
instance, quadratic polynomials in x1, 22 depend on the six coefficients of the monomials of degree at most
two. Linear polynomials az1 +bxs+c depend on three coefficients, but the product of two linear polynomials
depends on only five parameters, because a scalar factor can be moved from one of the linear polynomials to
the other. So the quadratic polynomials cannot all be written as products of linear polynomials. This reasoning
is fairly convincing. It can be justified formally in terms of dimension, which will be discussed in Chapter 4]

We will get an understanding of the geometry of a plane curve as we go along, and we mention just one
important point here. A plane curve is called a curve because it is defined by one equation in two variables. Its
algebraic dimension is one. But because our scalars are complex numbers, it will be a surface, geometrically.
This is analogous to the fact that the affine line A' is the plane of complex numbers.

One can see that a plane curve X is a surface by inspecting its projection to the affine x;-line A'. One
writes the defining polynomial as a polynomial in x5, whose coefficients ¢; = ¢;(x1) are polynomials in x1:

f(x1,m9) = cozd + crzd™ + .- 4 ¢4
Let’s suppose that d is positive, i.e., that f isn’t a polynomial in z; alone (in which case, since it is irreducible,
it would be linear).
The fibre of amap X — Z over a point p of Z is the inverse image of p, the set of points of X that map to
p. The fibre of the projection X — A over the point 21 = a is the set of points (a, b) such that b is a root of
the one-variable polynomial

fla,z0) =Cozd +C12d  + -+ 2y

with ¢; = ¢;(a). There will be finitely many points in this fibre, and the fibre won’t be empty unless f(a, z2)
is a constant. So the curve X covers most of the x;-line, a complex plane, finitely often.

(1.1.4) changing coordinates

We allow linear changes of variable and translations in the affine plane A2. When a point z is written as
the column vector (1, x2)?, the coordinates x’ = (), z4)! after such a change of variable will be related to =
by the formula

(1.1.5) z=Qx +a

where @ is an invertible 2x2 matrix with complex coefficients and a = (a1, a2)* is a complex translation vector.
This changes a polynomial equation f(z) = 0,to f(Qz’+ a) = 0. One may also multiply a polynomial f by
a nonzero complex scalar without changing the locus {f = 0}. Using these operations, all lines, plane curves
of degree 1, become equivalent.

An affine conic is a plane affine curve of degree two. Every affine conic is equivalent to one of the loci

(1.1.6) ¥ —x5=1 or xzp=at

The proof of this is similar to the one used to classify real conics. The two loci might be called a complex
"hyperbola’ and ’parabola’, respectively. The complex ’ellipse’ 27 + 23 = 1 becomes the “hyperbola’ when
one multiplies x5 by 1.

On the other hand, there are infinitely many inequivalent cubic curves. Cubic polynomials in two variables
depend on the coefficients of the ten monomials 1,1, 22, 23, 122, 23, ¥3, 2329, x173, 23 of degree at most
3 in z. Linear changes of variable, translations, and scalar multiplication give us only seven scalars to work
with, leaving three essential parameters.

1.2 The Projective Plane

The n-dimensional projective space P™ is the set of equivalence classes of nonzero vectors @ = (xq, 1, ..., Tn),
the equivalence relation being



(L.2.1) (TQy ees @) ~ (X0, ooy ) i (2], e, @) = (AT, ooy ATy

for some nonzero complex number A. The equivalence classes are the points of P, and one often refers to a
point by a particular vector in its class.

Points of P™ correspond bijectively to one-dimensional subspaces of C"!. When x is a nonzero vector,
the vectors Az, together with the zero vector, form the one-dimensional subspace of the complex vector space
C"*! spanned by x.

The projective plane P? is the two-dimensional projective space. Its points are equivalence classes of
nonzero vectors (g, 21, T2).

(1.2.2)  the projective line

Points of the projective line P* are equivalence classes of nonzero vectors (g, 7). If o isn’t zero, we
may multiply by A = z, ! to normalize the first entry of (o, ;) to 1, and write the point it represents in a
unique way as (1, ), with w = x1 /2. There is one remaining point, the point represented by the vector (0, 1).
The projective line P! can be obtained by adding this point, called the point at infinity, to the affine u-line,
which is a complex plane. Topologically, P! is a two-dimensional sphere.

(1.2.3) lines in projective space

A line in projective space P" is determined by a pair of distinct points p and q. When p and q are represented
by specific vectors, the set of points {rp + sq}, with r, s in C not both zero is a line L. Points of L correspond
bijectively to points of the projective line P!, by

(1.2.4) rp+sq <« (rs)

A line in the projective plane P? can also be described as the locus of solutions of a homogeneous linear
equation

(1.2.5) Soxo + S1L1 + Sax2 =0

1.2.6. Lemma. [In the projective plane, two distinct lines have exactly one point in common and, in a pro-
Jective space of any dimension, a pair of distinct points is contained in exactly one line. (I

(1.2.7)  the standard covering of P?

If the first entry xq of a point p = (xq, x1, x2) of the projective plane P? isn’t zero, we may normalize it to 1
without changing the point: (zg, 21, ¥2) ~ (1,u1,uz), where u; = x; /0. We did the analogous thing for P!
above. The representative vector (1, w1, us) is uniquely determined by p, so points with 2y # 0 correspond
bijectively to points of an affine plane A? with coordinates (w1, us):

(o, 1, 22) ~ (Lur,ug)  +—  (u1,u2)

We regard the affine plane as a subset of P? by this correspondence, and we denote that subset by U°. The
points of UY, those with zg # 0, are the points at finite distance. The points at infinity of P2, those of the form
(0,1, x2), are on the line at infinity L, the locus {x¢ = 0}. The projective plane is the union of the two sets
U° and L°. When a point is given by a coordinate vector, we can assume that the first coordinate is either 1 or
0.

When looking at a point of U°, we may simply set zo = 1, and write the point as (1, x1, ). To write
u; = x;/xo makes sense only when a particular vector (g, z1, z2) has already been given.

There is an analogous correspondence between points (g, 1, 22) and points of an affine plane A2, and
between points (2,21, 1) and points of A2, We denote the subsets {1 # 0} and {zy # 0} by U! and U?,
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respectively. The three sets U°, U, U? form the standard covering of P? by three standard affine open sets.
Since the vector (0,0,0) has been ruled out, every point of P? lies in at least one of the standard affine open
sets. Points whose three coordinates are nonzero lie in all of them.

1.2.8.

(0 10 (100

(00 1)

A Schematic Representation of the Projective Plane, with a Conic

This figure shows the plane W: x + y + z = 1 in the real projective space RP?. If p = (x,y, 2) is a nonzero
vector, the one-dimensional subspace of R3 spanned by p will meet W in a single point unless p is on the line
x + 1y + z = 0. So the plane is a faithful representation of most of RIP?,

1.2.9. Note. Which points of P? are at infinity depends on which of the standard affine open sets is taken to
be the one at finite distance. When the coordinates are (zg, x1, 22), I like to normalize z to 1, as above. Then
the points at infinity are those of the form (0, 21, 22). But when coordinates are (x,y, z), I may normalize z
to 1. Then the points at infinity are the points (z, y,0). I hope this won’t cause too much confusion. U

(1.2.10) digression: the real projective plane

The points of the real projective plane RIP? are equivalence classes of nonzero real vectors 2 = (zo,x1,%2),
the equivalence relation being x’ ~ z if ' = Az for some nonzero real number \. The real projective plane
can also be thought of as the space of one-dimensional subspaces of the real vector space V' = R3.

The plane U : {x¢ = 1} in the space V is analogous to the standard affine open subset U° in the complex
projective plane P2. We can project V' from the origin py = (0,0,0) to U, sending a point = = (zg, ¥1, ¥2) of
V distinct from pg to the point (1, w1, us), with u; = x;/xq. The fibres of this projection are the lines through
po and x, with p, omitted. Looking from the origin, U becomes a “picture plane”.

1.2.11.

This illustration is from Diirer’s book on perspective

The projection to U is undefined at the points (0, x1,z2), which are orthogonal to the xg-axis. The line
connecting such a point to py doesn’t meet U. Those points correspond to the points at infinity of RP?,

The projection from 3-space to a picture plane goes back to the the 16th century, the time of Desargues
and Diirer. Projective coordinates were introduced by Mobius, 200 years later.



(1.2.12)  changing coordinates in the projective plane

An invertible 3 x 3 matrix P determines a linear change of coordinates in P2. With z = (z¢, 71, 72)" and
x' = (z, x}, x})" represented as column vectors, the coordinate change is given by

(1.2.13) Px' ==z

As the next proposition shows, four special points, the three points eg = (1,0,0)!,e; = (0,1,0)!,eq =
(0,0, 1)%, together with the point € = (1, 1, 1), determine the coordinates.

1.2.14. Proposition. Let pg, p1, 2, q be four points of P2, no three of which lie on a line. There is, up to
scalar factor, a unique linear coordinate change Px' = x such that Pp; = e; and Pq = e.

proof. The hypothesis that the points pg, p1, p2 don’t lie on a line means that the vectors that represent those
points are independent. They span C3. So g will be a combination copg + ¢1p1 + capa, and because no three
points lie on a line, the coefficients ¢; will be nonzero. We can scale the vectors p; (multiply them by nonzero
scalars) to make ¢ = po+p1+p2 without changing the points. Next, the columns of P can be an arbitrary set
of independent vectors. We let them be pg, p1, p2. Then Pe; = p;, and Pe = q. The matrix P is unique up to
scalar factor, as can be verified by looking the reasoning over. (]

(1.2.15) conics

A polynomial f(zg,z1,22) is homogeneous , and of degree d, if all monomials that appear with nonzero
coefficient have (total) degree d. For example, 23 + 3 — oz 12 is a homogeneous cubic polynomial.

A homogeneous quadratic polynomal is a combination of the six monomials
g, @1, x5, wow1, T1T, T
A conic is the locus of zeros of an irreducible homogeneous quadratic polynomial.
1.2.16. Proposition. For any conic C, there is a choice of coordinates so that C' becomes the locus
ToT1 + Tox2 + x122 =0

proof. Since the conic C'isn’t a line, it will contain three points that aren’t colinear. Let’s leave the verification
of this fact as an exercise. We choose three non-colinear points on C, and adjust coordinates so that they
become the points eg, e1, e2. Let f be the quadratic polynomial in those coordinates whose zero locus is C.
Because ¢ is a point of C, f(1,0,0) = 0, and therefore the coefficient of x3 in f is zero. Similarly, the
coefficients of 22 and z3 are zero. So f has the form

f =axgri + brors + Cr1T2
Since f is irreducible, a, b, ¢ aren’t zero. By scaling the variables appropriately, we can make a = b =c¢ = 1.

We will be left with the polynomial xpx1 + o2 + z122. O

1.3 Plane Projective Curves

The loci in projective space that are studied in algebraic geometry are those that can be defined by sys-
tems of homogeneous polynomial equations. The reason for homogeneity is that the vectors (ay, ..., a,,) and
(Aag, ..., Aa,, ) represent the same point of P™. One wants to know that if f(x) = 0 is a polynomial equation,
and if f(a) = 0, then f(Aa) = 0 for every A # 0. As we verify now, this will be true if and only if f is
homogeneous.

A polynomial f can be written as a sum of its homogeneous parts:
(1.3.1) f=fo+fi+-+fa

where fj is the constant term, fj is the linear part, etc., and d is the degree of f.
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1.3.2. Lemma. Let f be a polynomial of degree d, and let x = (xy, ..., x,,) be a particular nonzero vector.
Then f(Az) = 0 for every nonzero complex number \ if and only if f;(x) is zero for every i =0, ..., d.

proof. f( Az, ..., ATn) = fo + A1(x) + A2 fa(x) + - + A fs(x). When we evaluate at a given vector x, the
right side of this equation becomes a polynomial of degree at most d in A. Since a nonzero polynomial of
degree at most d has at most d roots, f(Ax) won’t be zero for every A unless that polynomial is zero — unless
fi(xz) = 0 for every i. O

1.3.3. Lemma. If a homogeneous polynomial f is a product gh of polynomials, then g and h are homogeneous,
and the zero locus { f = 0} in projective space is the union of the two loci {g = 0} and {h = 0}. O

It is also true that relatively prime homogeneous polynomials f and g have only finitely many common
zeros. This isn’t obvious. It will be proved below, in Proposition [I.3.T1]

(1.3.4) loci in the projective line

Before going to plane curves, we describe the zero locus in the projective line P* of a homogeneous
polynomial in two variables.

1.3.5. Lemma. Every nonzero homogeneous polynomial f(x,y) = apz? + a1x?~ty + --- + agy? with
complex coefficients is a product of homogeneous linear polynomials that are unique up to scalar factor.

To prove this, one uses the fact that the field of complex numbers is algebraically closed. A one-variable
complex polynomial factors into linear factors in the polynomial ring C[y]. To factor f(z,y), one may factor
the one-variable polynomial f(1,y) into linear factors, substitute y/z for y, and multiply the result by z.
When one adjusts scalar factors, one will obtain the expected factorization of f(x,y). For instance, to factor
f(z,y) = z? — 3zy + 2y, substitute z = 1: 2y> — 3y + 1 = 2(y — 1)(y — 3). Substituting y = y/z and
multiplying by 2, f(z,y) = 2(y — z)(y — 3x). The scalar 2 can be distributed arbitrarily among the linear
factors. (]

Adjusting scalar factors, we may write a homogeneous polynomial as a product of the form
(1.3.6) f(@,y) = (nz —wy)™ - (vpr — upy)™

where no factor v;x — u,;y is a constant multiple of another, and where 1 + - - - + 7, is the degree of f. The
exponent r; is the multiplicity of the linear factor v;z — u;y.

A linear polynomial v — uy determines a point (u,v) in the projective line P!, the unique zero of that
polynomial, and changing the polynomial by a scalar factor doesn’t change its zero. Thus the linear factors of
the homogeneous polynomial determine points of P!, the zeros of f. The points (u;,v;) are zeros of
multiplicity r;. The total number of those points, counted with multiplicity, will be the degree of f.

The zero (u;,v;) of f corresponds to a root x = w;/v; of multiplicity r; of the one-variable polynomial
f(x, 1), except when the zero is the point (1,0). This happens when the coefficient aq of f is zero, and y is a
factor of f. One could say that f(z,y) has a zero at infinity in that case.

This sums up the information contained in an algebraic locus in the projective line. It will be a finite set of
points with multiplicities.

(1.3.7) intersections with a line

Let Z be the zero locus of a homogeneous polynomial f(zo, ..., ,,) of degree d in projective space P"*, and
let L be a line in P™ (1.2.4). Say that L is the set of points rp + sq, where p = (aq, ..., a,) and ¢ = (bo, ..., by,)
are represented by specific vectors, so that L corresponds to the projective line P! by 7p + sq <+ (r, s). Let’s
also assume that L isn’t entirely contained in the zero locus Z. The intersection Z N L corresponds to the zero
locus in P! of the polynomial in 7, s that is obtained by substituting rp + sq into f. This substitution yields a
homogeneous polynomial f(r, s) of degree d in r, 5. For example, if f = o1 +xoz2+1 22, then with p and
q as above, f is the following quadratic polynomial in 7, s:
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f(r,s) = f(rp+sq) = (rao + sbo)(ray + sb1) + (rag + sbo)(raz + sba) + (ray + sb1)(raz + sbs)
= (apai +agaz +a1a2)r2 + (Zi;éj aibj)rs + (boby +b0b2+b1b2)82

The zeros of f in P! correspond to the points of Z N L. There will be d zeros, when counted with multiplicity.
d

1.3.8. Definition. With notation as above, the intersection multiplicity of Z and L ata point p is the multiplicity
of zero of the polynomial f. O

1.3.9. Corollary. Let Z be the zero locus in P™ of a homogeneous polynomial f, and let L be a line in P™ not

contained in Z. The number of intersections of Z and L, counted with multiplicity, is equal to the degree of f.
]

(1.3.10) loci in the projective plane

1.3.11. Proposition. Homogeneous polynomials f1, ..., f, in three variables x,vy, z that have no common
factor have finitely many common zeros.

As this shows, the most interesting type of locus in the projective plane is the zero set of a single equation.
The proof of the proposition is below.

The locus of zeros of an irreducible homogeneous polynomial f is called a plane projective curve. The
degree of a plane projective curve is the degree of its irreducible defining polynomial.

1.3.12. Note. Suppose that a homogeneous polynomial is reducible, say f = ¢ - - - gi, where g; are irreducible
and distinct (i.e., g; and g; don’t differ by a scalar factor when ¢ # j). Then the zero locus C of f is the union
of the zero loci V; of the factors g;. In this case, C' may be called a reducible curve.

When there are multiple factors, say f = g7' ---g;" and some e; are greater than 1, it is still true that
the locus C' : {f = 0} will be the union of the loci V; : {g; = 0}, but the connection between the geometry
of C and the algebra of f is weakened. In this situation, the structure of a scheme becomes useful. We
won’t discuss schemes. The only situation in which we will need to keep track of multiple factors is when
counting intersections with another curve D. For this purpose, one can define the divisor of f to be the integer
combination eq V4 + - - - + e V. O

We need a lemma for the proof of Proposition The ring C[z, y] embeds into its field of fractions
F, which is the field of rational functions C(z,y) in z,y. The polynomial ring C[z, y, 2] is a subring of the
one-variable polynomial ring F'[z]. It can be useful to study a problem in F[z] first because F'[z] is a principal
ideal domain. Its algebra is simpler.

Recall that the unit ideal of a ring R is the ring R itself.

1.3.13. Lemma. Let f1, ..., fx, be homogeneous polynomials in x, vy, z with no common factor. Their greatest
common divisor in F[z] is 1, and therefore fi, ..., f, generate the unit ideal of F[z]. There is an equation of
the form > g f; = 1 with g} in F[z].

proof. (i) Let i/ be an element of F[z] that isn’t a unit of F'[z], i.e., that isn’t an element of F', and suppose
that, for every i, h’ divides f; in F'[z], say f; = u,h’. The coefficients of 4’ and u have denominators that
are polynomials in z, y. We clear denominators from their coefficients, to obtain elements of C|x, y, z]. This
will give us equations of the form d; f; = u;h, where d; are polynomials in x, y and u;, h are polynomials in
T,Y, 2.

Since h isn’t in F', it will have positive degree in z. Let g be an irreducible factor of i of positive degree
in z. Then g divides d; f; but doesn’t divide d; which has degree zero in z. So g divides f;, and this is true for
every 4. This contradicts the hypothesis that f1, ..., f have no common factor. O

proof of Proposition[I.3.11]
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We are to show that homogeneous polynomials f1, ..., f- in z,y, z with no common factor have finitely
many common zeros. Lemma [1.3.13| tells us that we may write > g/f; = 1, with ¢} in F[z]. Clearing
denominators from g; gives us an equation of the form

Zgifi =d

where d is a polynomial in z, y and g; are polynomials in x, y, z. Taking suitable homogeneous parts of d and
g produces an equation Y g; f; = d in which all terms are homogeneous.

Lemma [1.3.5| asserts that d is a product of linear polynomials, say d = ¢;---£,.. A common zero of
f1s -y fi is also a zero of d, and therefore it is a zero of ¢; for some j. It suffices to show that, for every j,
f1, -, fr and £; have finitely many common zeros.

Since f1, ..., fr have no common factor, there is at least one f; that isn’t divisible by ¢;. Corollary
shows that f; and ¢; have finitely many common zeros. Therefore f1, ..., f have finitely many common zeros
for every j. ]

1.3.14. Corollary. Every locus in the projective plane P? that can be defined by a system of homogeneous
polynomial equations is a finite union of points and curves. (Il

The next corollary is a special case of the Strong Nullstellensatz, which will be proved in the next chapter.

1.3.15. Corollary. Let f be an irreducible homogeneous polynomial in x,vy, z that vanishes on an infinite
set S of points of P2. If another homogeneous polynomial g vanishes on S, then f divides g. Therefore, if an
irreducible polynomial vanishes on an infinite set S, that polynomial is unique up to scalar factor.

proof. If the irreducible polynomial f doesn’t divide g, then f and g have no common factor, and therefore
they have finitely many common zeros. O

(1.3.16)  the classical topology

The usual topology on the affine space A™ will be called the classical topology. A subset U of A™ is open in
the classical topology if, whenever U contains a point p, it contains all points sufficiently near to p. We call this
the classical topology to distinguish it from another topology, the Zariski topology, which will be duscussed in
the next chapter.

The projective space P™ also has a classical topology. A subset U of P™ is open if, whenever a point p of
U is represented by a vector (x, ..., Z,), all vectors 2’ = (x{,, ..., z,) sufficiently near to z represent points of
U.

(1.3.17) isolated points

A point p of a topological space X is isolated if both {p} and its complement X —{p} are closed sets, or if
{p} is both open and closed. If X is a subset of A™ or P, a point p of X is isolated in the classical topology
if X doesn’t contain points p’ distinct from p, but arbitrarily close to p.

The proof of the next proposition is below.

1.3.18. Proposition Let n be an integer greater than one. The zero locus of a polynomial in A™ or in P™
contains no points that are isolated in the classical topology.

An element f(x1, ..., 2, ) of the polynomial ring C[z1, ..., z,,] is a formal polynomial, but the next lemma
shows that we needn’t be careful to distinguish formal polynomials from polynomial functions.

1.3.19. Lemma. A formal polynomial f(x1, ..., 2y, ) is determined by the function that it defines on A™.

proof. We are to show that if two formal polynomials f and g define the same function, they are equal. We
replace f by f — g. Then what we must show is that, if a formal polynomial f defines the zero function, then

12



f = 0. We use induction on the number n of variables. We label the variable x,, as y, so that our formal
polynomial becomes
f(xla ---7$n717y) = Ckyk —+ Ckflyk_l + - 4

where c; are polynomials in 1, ..., £,,—1 and ¢y, isn’t the zero polynomial. By induction, c; doesn’t define the
zero function. We choose ay, ..., a,—1 so that c¢x(a) # 0. Then f(ay,...,an—1, %) is a nonzero polynomial in
y of degree k, that has at most k zeros. Choosing b so that f(ay, ..., a,—1, b) isn’t zero shows that the function
defined by f isn’t identically zero. O

1.3.20. Lemma. Let f be a polynomial of degree d in the variables x1, ..., x,. There is a linear change of
variable Pz’ = x, where P is an invertible n x n matrix, such that f(Px') is a monic polynomial of degree d
in the variable z!,.

proof. We write f = fo + f1 + -+ - + fq4, where f; is the homogeneous part of f of degree i, and we choose
a point p of A™ at which f, isn’t zero. We change variables so that p becomes the point (0, ..., 0,1). We call
the new variables 1, .., .z,, and the new polynomial f. Then f4(0, ..., 0, z,,) will be equal to cx? for some
nonzero constant c. When we adjust x,, by a scalar factor to make ¢ = 1, f will be monic. U

proof of Proposition[1.3.18 The proposition is true for loci in affine space and also for loci in projective space.
We look at the affine case. Let f(z1, ..., 2, ) be a polynomial with zero locus Z, and let p be a point of Z. We
adjust coordinates so that p is the origin (0, ...,0) and f is monic in x,,. We relabel x,, as y, and write f as a

polynomial in y. Let’s write f(x,y) = f(y):

Fy) = f@,y) =y + car(@)y? 4+ -+ col)

where ¢; is a polynomial in 1, ..., z,_1. For fixed x, co(x) is the product of the roots of f(y). Since p is the

origin and f(p) = 0, ¢o(0) = 0. So ¢co() will tend to zero with 2. Then at least one root y of f(y) will tend
to zero. This gives us points (x,y) of Z that are arbitrarily close to p. U

1.3.21. Corollary. Let C' be the complement of a finite set of points in a plane curve C. In the classical
topology, a continuous function g on C that is zero at every point of C' is identically zero. (]

1.4 Tangent Lines

(14.1) homogenizing and dehomogenizing

We will often want to inspect a plane curve C' : {f(xo,x1,22) = 0} in a neighborhood of a particular point
p. To do this we may adjust coordinates so that p becomes the point (1, 0,0), and look in the standard affine
open set U° : {zg # 0}. The intersection C° of C with U° will be the zero locus of the non-homogeneous
polynomial f(1, 21, x2), and p will be the origin in the affine x1, 25-plane. The polynomial f (1,1, 23) is the
dehomogenization of f.

A simple procedure, homogenization, inverts dehomogenization. Suppose given a non-homogeneous poly-
nomial F'(x1, z5) of degree d. To homogenize F, we replace the variables z;, i = 1,2, by u; = x;/x¢. Then
since u; have degree zero in , so does F'(uy,u2). When we multiply by x¢, the result will be a homogeneous
polynomial of degree d in x¢, 21, x2 not divisible by x,

1.4.2. Lemma. A homogeneous polynomial f(xg,x1,22) not divisible by x is irreducible if and only if its
dehomogenization f(1,x1,x2) is irreducible. O

We will come back to homogenization in Chapter 2}

(1.4.3) smooth points and singular points

Let C' be the plane curve defined by an irreducible homogeneous polynomial f (zo,21,22), and let f;
denote the partial derivative %, computed by the usual calculus formula, and a point of C' at which the partial
derivatives f; aren’t all zero is called a smooth point of C, and a point at which all partial derivatives are zero is
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a singular point. A curve is smooth, or nonsingular, if it contains no singular point. Otherwise it is a singular
curve.

The Fermat curve
(1.4.4) zd ol +ad=0

is smooth because the only common zero of the partial derivatives dxg_l, dz‘f_l, dxg_l, which is (0,0, 0),
doesn’t represent a point of P2. The cubic curve 23 + 23 — zoz122 = 0 is singular at the point (0,0, 1).

The Implicit Function Theorem explains the meaning of smoothness. Suppose that p = (1,0, 0) is a point
of C. We set 7y = 1 and inspect the locus (1,21, 22) = 0 in the standard affine open set U°. If fo(p) isn’t
zero, the Implicit Function Theorem tells us that we can solve the equation f (1, z1,z2) = 0 for x5 locally as
an analytic function ¢ of ;. Sending 1 to (1,21, ¢(x1)) inverts the projection from C' to the affine xz-line,
locally. So at a smooth point, C' is locally homeomorphic to the affine line.

./images/Intersecting/Circle-Intersecting.]

14.5. intersecting the lines y = 0, 1.

Note. (about figures) In algebraic geometry, dimensions are too big to allow realistic figures. Even with a
plane curve, one is dealing with a locus in the space A2, whose dimension as a real vector space is four. In
some cases, such as in the figures above, depicting the real locus can be helpful, but in most cases, even the
real locus is too big, and one must make do with a schematic figure. The figure below is an example. My
students tell me that all of my figures look more or less like this:

1.4.6.

A Typical Schematic Figure

1.4.7. Euler’s Formula. Let f be a homogeneous polynomial of degree d in the variables xy, ..., x,. Then
gl =df.
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proof. It is enough to check this formula when f is a monomial. As an example, let f be the monomial 223>z,
then

vfe+yfy +2f: = 2(22y°2) + y(3a?y?z) + 2(2%y’) = 62”2 = 6 f =
1.4.8. Corollary. (i) Let p be a point of P2. If all partial derivatives of an irreducible homogeneous poly-
nomial f are zero at p, then f is zero there, and therefore p is a singular point of the curve defined by f.
(ii) The partial derivatives of an irreducible polynomial have no common (nonconstant) factor.
(iii) A plane curve has finitely many singular points. O

(1.4.9) tangent lines and flex points

Let C be the plane projective curve defined by an irreducible homogeneous polynomial f. A line L is
tangent to C' at a smooth point p if the intersection multiplicity of C' and L at p is at least 2 (see (1.3.8)). As
we will see, there is a unique tangent line at a smooth point.

A smooth point p of C'is a flex point if the intersection multiplicity of C' and its tangent line at p is at least
3, and p is an ordinary flex point if the intersection multiplicity is equal to 3.

Let L be a line through a point p and let g be a point of L distinct from p. We represent p and ¢ by specific
vectors (po, p1,p2) and (qo, g1, ¢2), to write a variable point of L as p + t¢, and we expand the restriction of f

to L in a Taylor’s Series. Let f; = % and f;; = %. Then
” 075

(1.4.10) flo+te) = f(p) + <Zfi(p)%'>t + é(Zqifij(p)qj>t2 + 0(3)

where the symbol O(3) stands for a polynomial in which all terms have degree at least 3 in ¢. The point q is
missing from this parametrization, but this isn’t important.

Note. The Taylor expansion carries over to complex polynomials because it is an identity. It can be used to
show that the derivative has some properties analogous to properties of the derivative of a real polynomial.

Let V be the gradient vector (fo, f1, f2), let H be the Hessian matrix of f, the matrix of second partial
derivatives

Joo  for  foz
(1.4.11) H = | fio fi1 fi2
Joo far o fa2

and let V,, and H, be the evaluations of V and H, respectively, at p. Regarding p and ¢ as column vectors,
Equation [T.4.10|can be written as

(14.12) flo+ta) = fp) + (Vpa)t + 5(d"Hy )t + O(3)

in which V¢ and ¢" H,q are matrix products.

The intersection multiplicity of C' and L at p is the lowest power of ¢ that has nonzero coefficient
in f(p + tq). The intersection multiplicity is at least 1 if p lies on C, i.e., if f(p) = 0.

Suppose that p is a smooth point of C'. Then L is tangent to C' at p if the coefficient (V,q) of ¢ is zero, and
p is a flex point if (V,¢) and (¢ H,q) are both zero.

The equation of the tangent line L at a smooth point p is V,x = 0, or

(1.4.13) fo(p)xo + fr(p)z1 + fo(p)r2 =0

It tells us that a point g lies on L if the linear term of (I.4.12) is zero.

By the way, Taylor’s formula shows that the restriction of f to every line through a singular point has a
multiple zero. However, we will speak of tangent lines only at smooth points of the curve.

It is convenient to introduce the notation (u, v) for the symmetric form u H,, v on C3 x C3. It makes sense
to say that this form vanishes on a pair of points of P2, because the relation (u,v) = 0 doesn’t depend on the
vectors that represent those points.

Note that p is a smooth point of C'if and only if (p,p) = 0 but (p, x) is not identically zero.
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1.4.14. Proposition. Equation can also be written as
fo+ta) = gipp) + Fra)t + 3(a.9)t* + O(3)

proof. This follows from the two formulas

p'H, = (d—1)V, and V,p = df (p),, which can be obtained by applying Euler’s formula to the entries of
Hy, and V. U

1.4.15. Corollary. Let p be a smooth point of P2, let L be the line with the equation ¥V ,x = 0, and let q be
a point of L distinct from p. Then

(i) L istangent to C at p if and only if {p,p) = (p,q) =0, and

(ii) p is a flex point of C with tangent line L if and only if {p,p) = (p,q) = {q,q) = 0. O

1.4.16. Theorem. A smooth point p of the curve C' is a flex point if and only if the determinant det H, of
the Hessian matrix at p is zero.

proof. Let p be a smooth point of C, so that (p,p) = 0 but (p,v) isn’t identically zero. If det H, = 0, the
form is degenerate. There is a nonzero null vector ¢, and because (p, v) isn’t identically zero, g is distinct from
p- But (p, q) = (¢,q) = 0, so p is a flex point.

Conversely, suppose that p is a flex point and let ¢ be a point on the tangent line at p and distinct from p,
so that (p,p) = (p,q) = (g, q¢) = 0. The restriction of the form to the two-dimensional space W spanned by p
and ¢ will be zero. A form on a space V' of dimension 3 that restricts to zero on a two-dimensional subspace
W is degenerate: If (p, ¢, v) is a basis with p, ¢ in W, the matrix of the form on V" will look like this:

0 0 =
0 0
*x k%

|
1.4.17. Proposition.

() Ler f(z,y, ) be an irreducible homogeneous polynomial of degree at least two. The Hessian determinant
det H isn’t divisible by f. In particular, det H isn’t identically zero.

(ii) A curve that isn’t a line has finitely many flex points.

proof. (i) Let C be the curve defined by f. If f divides the Hessian determinant, every smooth point of C will
be a flex point. We set z = 1 and look on the standard affine U2, choosing coordinates so that the origin p is
a smooth point of C', and ?szj # 0 at p. The Implicit Function Theorem tells us that we can solve the equation
f(z,y,1) = 0 for y locally, say y = ¢(z). The graph I : {y = ¢(z)} will be equal to C in a neighborhood
of p (see below). A point of I is a flex point if and only if Z%f is zero there. If this is true for all points near to
p, then ZII%’ will be identically zero, which implies that ¢ is linear: y = ax. Then y = ax solves f = 0, and
therefore y—ax divides f(z,y, 1). Butsince f(z,y, z) is irreducible, and so is f(x,y, 1). Therefore f(z,y,1)
and f(x,y, z) are linear, contrary to hypothesis.

(ii) This follows from (i) and (1.3.11). The irreducible polynomial f and the Hessian determinant have finitely
many common zeros. U

1.4.18. Review. (about the Implicit Function Theorem)
Let f(z,y) be a polynomial such that f(0,0) = 0 and %(07 0) # 0. The Implicit Function Theorem

asserts that there is a unique analytic function ¢(x), defined for small z, such that ¢(0) = 0 and f(z, p(x)) is
identically zero.

We make some further remarks. Let R be the ring of functions that are defined and analytic for small z. In
the ring R [y] of polynomials in y with coefficients in R, the polynomial y—(x), which is monic in y, divides
f(z,y). To see this, we do division with remainder of f by y — o(x):

(1.4.19) flz,y) = (y — p(x))q(x,y) +r(z)

The quotient g(z, y) is in R[y], and the remainder r(x) has degree zero in y, so it is in R. Setting y = ¢(x) in
the equation, one sees that r(z) = 0.
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Let I" be the graph of ¢ in a suitable neighborhood U of the origin in x, y-space. Since f(z,y) = (y —
o(z))g(x,y), the locus f(z,y) = 0 in U has the form I' U A, where I is the graph of ¢ and A is the zero
locus of ¢(z, y). Differentiating, we find that 2—5(0, 0) = ¢(0,0). So ¢(0,0) # 0. Then A doesn’t contain the
origin, while I does. This implies that A is disjoint from T, locally. A sufficiently small neighborhood U of
the origin won’t contain any of points A. In such a neighborhood, the locus of zeros of f will be T. U

1.5 Nodes and Cusps

Let C be the projective curve defined by an irreducible homogeneous polynomial f(x,y, z) of degree d, and
let p be a point of C. We choose coordinates so that p = (0,0, 1), and we set z = 1. This gives us an affine
curve Cy in Ai,y, the zero set of the polynomial f(z,y) = f(z,y,1), and p becomes the origin (0,0). We
write

(1.5.1) f@y)=fo+fitfot -+ fa,

where f; is the homogeneous part of fof degree 4, which is also the coefficient of 24~ in f(x,y, ).
If the origin p is a point of Cy, the constant term fy will be zero. Then the linear term f; will define the
tangent direction to Cj at p, If fy and f; are both zero, p will be a singular point of C'.

It seems permissible to drop the tilde and the subscript 0 in what follows, denoting f(z,y, 1) by f(z,v),
and Cy by C.

(1.5.2) the multiplicity of a singular point

Let f(x,y) be an analytic function, defined for small z, y, and let C' denote the locus of zeros of f in a
neighborhood of p = (0,0). To describe the singularity of C' at p, one expands f as a series in z, y and looks
at the part of f of lowest degree. The smallest integer r such that f,.(x,y) isn’t zero is the mulriplicity of p.
When the multiplicity of p is r, f will have the form

(1.5.3) f@y)=frt+frmat--

Let L be a line {vz = uy} through p. The intersection multiplicity of C' and L at the origin p will be
r unless f,(u,v) is zero. If f.(u,v) = 0, the intersection multiplicity will be greater than r. Such lines are
special. They correspond to the zeros of f, in P'. Because f, has degree r, there will be at most r of them.

1.54.

a Singular Point, with its Special Lines

(1.5.5) double points
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Suppose that the origin p is a point of multiplicity 2, a double point,. Let the quadratic part of f be
(1.5.6) fo = az® + by + cy?

The point p is called a node if f, has distinct zeros in P'. A node is the simplest singularity that a curve can
have.

When the discriminant b? — 4ac is zero, fo will be a square. We may arrange coordinates so that ¢ # 0.
Then

(1.5.7) 4e(az® + bry + cy®) = (bx + 2cy)?

The line L: {bx + 2cy = 0} is special. The point p is a cusp if the multiplicity of intersection of C' and L at p
is 3. This will be true if and only if bz + 2cy doesn’t divide f3(z,y).

When the discriminant is zero, one can adjust coordinates to make fo = y2. Then p is a cusp if the
coefficient of the monomial =3 in f3 isn’t zero. The standard cusp is the locus y? = 3.

The definitions of nodes and cusps are made in terms of particular coordinates z,y, though they don’t
depend on the choice of coordinates.

1.5.8. Lemma. Let f(x,y) be an analytic function, let x = x(u,v), y = y(u,v) be an analytic change of
variable, and let g(u,v) = f(x(u,v),y(u,v)). Also, let C and D be the local zero sets of f and g at p. Then
C has a node or a cusp if and only D does. O

The simplest example of a double point that isn’t a node or cusp is a tacnode, a point at which two smooth
branches of a curve intersect with the same tangent direction (see Figure ??).

1.6 Transcendence degree

Let F' C K be a field extension. A set @ = {az, ..., @, } of elements of K is algebraically dependent over F
if there is a nonzero polynomial f(x1, ..., z,) with coefficients in F', such that f(a) = 0. If there is no such
polynomial, the set « is algebraically independent over F'.

An infinite set is called algebraically independent if every finite subset is algebraically independent — if
there is no polynomial relation among any finite set of its elements.

The set consisting of a single element oy of K will be algebraically dependent if «; is algebraic over
F. Otherwise, the set {«;} of one element will be algebraically independent, and then «; is said to be
transcendental over F'.

An algebraically independent set & = {aq, ..., a, } that isn’t contained in a larger algebraically indepen-
dent set is called a transcendence basis for K over F'. If there is a finite transcendence bases, its order is the
transcendence degree of the field extension K of F. Lemma [[.6.2] below shows that all transcendence basis
for K over F' have the same order. Therefore the transcendence degree is well-defined. If there is no finite
transcendence basis, the transcendence degree of K over F' is infinite.

For example, let K = F(x1, ..., ) be the field of rational functions in n variables. The variables form a
transcendence basis of K over F’, and the transcendence degree of K over F'is n.

A nonzero ring with no zero divisors will be called a domain, and a domain that contains the field F' as a
subring will be called an F-algebra. We use the customary notation F'[ay, ..., a,] or F«a] for the F-algebra
generated by a set « = {ay, ..., @, }, and we may denote the field of fractions of F|a] by F(aq, ..., ay,) or by
F(a).

The set {1y, ..., a, } is algebraically independent over F if and only if the surjective map from the poly-
nomial algebra F'[x1, ..., x,] to Faq, ..., ;] that sends x; to a; is bijective.

1.6.1. Lemma. Let K/F be a field extension, and let o« = {a, ..., } be a set of elements of K that is
algebraically independent over F, and let F(«) be the field of fractions of Fa.

(i) Every element of the field F'(«) that isn’t in F is transcendental over F.

(ii) If B is another element of K, the set {1, ..., c,, B} is algebraically dependent if and only if 8 is algebraic
over F(a).

(iii) The algebraically independent set o is a transcendence basis if and only if every element of K is algebraic
over F(a).
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proof. (i) We write an element z of F'(«) as a fraction p/q = p(«)/q(«), where p(z) and ¢(x) are relatively
prime polynomials. Suppose that z satisfies a nontrivial polynomial relation co2™ + ¢12" "1 +--- + ¢, = 0
with ¢; in F. We may assume that ¢ = 1. Substituting z = p/q and multiplying by ¢™ gives us the equation

u p—

P =—qleip" '+ g™

Because « is an algebraically independent set, this equation is equivalent with a polynomial equation in F'[x].
It shows that ¢ divides p”, which contradicts the hypothesis that p and q are relatively prime. O
1.6.2. Lemma.

(i) Let K/F be a field extension. If K has a finite transcendence basis, then all algebraically indepen-
dent subsets of K are finite, and all transcendence bases have the same number of elements. Therefore the
transcendence degree is well-defined.

(ii) IfL D K D F are fields and if the degree [L : K| of L over K is finite, then K and L have the same
transcendence degree over F.

proof. (i) Let o = {aq,...,a,} and B = {f1,..., Bs}. Assume that K is algebraic over F'(«) and that the
set [ is algebraically independent. We show that s < r. The fact that all transcendence bases have the same
order will follow: If both « and 3 are transcendence bases, then s < r, and since we can interchange « and f3,
r <s.

The proof that s < r proceeds by reducing to the trivial case that 3 is a subset of . Suppose that some
element of j3, say s, isn’t in the set . The set 8’ = {31, ..., Bs—1} is algebraically independent, but it isn’t
a transcendence basis. So K isn’t algebraic over F(3’). Since K is algebraic over F'(«), there is at least one
element of «, say ., that isn’t algebraic over F/(8'). Then v = 8’ U{a,} will be an algebraically independent
set of order s, and it will contain more elements of the set « than 3 does. Induction shows that s < r. O

1.7 The Dual Curve

(1.7.1)  the dual plane

Let IP denote the projective plane with coordinates xq, x1, X2, and let L be the line in [P whose equation is
(172) Soxo + S11 + S22 = 0

The solutions of this equation determine the coefficients s; only up to a common nonzero scalar factor, so the
line L determines a point (sg, $1, $2) in another projective plane P* called the dual plane. We denote that point
by L*. Moreover, a point p = (x¢, x1, 2) in P determines a line in the dual plane, the line with the equation
(I.7.2), when s; are regarded as the variables and z; as the scalar coefficients. We denote that line by p*. The
equation exhibits a duality between P and P*. A point p of P lies on a line L if and only if the equation is
satisfied, and this means that, in P*, the point L* lies on the line p*.

(1.7.3)  the dual curve

Let C be a plane projective curve of degree at least two, and let U be the set of its smooth points. This is
the complement of a finite subset of C'. We define a map

N

If p is a point of U and L be the tangent line to C' at p, we define ¢(p) = L*, where L* is the point of P* that
corresponds to L.

Denoting the partial derivative % by f; as before, the tangent line L at a smooth point p = (z9, 1, 22)
of C has the equation foxg + fix1 + foxre = 0. Therefore L* is the point

(1.7.4) (s0,51,82) = (fol(2), f1(2), f2())

Let U* be the image of U in P*. Points of U* correspond to tangent lines at smooth points of C.

7?7 figure??

We assume that C' has degree at least two because, if C' were a line, U* would be a point.
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1.7.5. Lemma. Let ¢(sg, s1, S2) be a homogeneous polynomial, and let g(xq, x1, 22) = @(fo(z), f1(x), f2(x)).
Then (s) is identically zero on U* if and only if g(x) is identically zero on U. This is true if and only if f
divides g.

proof. The first assertion comes from the fact that (sg, s1, s2) and (fo(x), f1(z), f2(z)) represent the same
point of P*, and the last one follows from Corollary|1.3.21} because U is the complement of a finite set.  [J

1.7.6. Theorem. Let C be the plane curve defined by an irreducible homogeneous polynomial f of degree at
least two. With notation as above, the closure C* of the image U* = t(U) is a curve in the dual space P*.

The curve C* referred to in the theorem is the dual curve .

proof. If an irreducible homogeneous polynomial ¢(sg, s1, s2) vanishes on U*, it will be unique up to scalar
factor (Corollary [I.3.T3)). Its zero locus will be the dual curve.

We show first that there is a nonzero polynomial ¢, not necessarily irreducible or homogeneous, that
vanishes on U*. The field C(x¢, z1,22) has transcendence degree three over C. Therefore the four polyno-
mials fo, f1, f2, and f are algebraically dependent. There is a nonzero polynomial (s, $1, $2,t) such that
U(fo(z), f1(x), fo(x), f(2)) is the zero polynomial in x. We can cancel factors of ¢, so we may assume that
isn’t divisible by ¢. Let ©(sq, s1, s2) = ¥(s0, s1, S2,0). When ¢ doesn’t divide v, ¢ isn’t the zero polynomial.

Let 7 = (T1,T2,T3) be a vector that represents a point of U, and let f(Z) = f and f;(Z) = f,. Then
f = 0, and therefore

@(?07?1)?2) = w(?m?l?% 0) = w(?m?h?%?)

Since ¥ (fo, f1, fo, f) is identically zero. o(f, f1, f2) = O for all T that represent points of UU. The vector \&
represents the same point of U, and if f is homogeneous of some degree d, the derivatives f; are homogeneous
of degree d — 1. Therefore p( fo(\T), f1(AT), f2(AT)) = A Yo (fq, f1, f2) = 0.

Since A?~! can be any complex number, Lemmatells us that the homogeneous parts of ¢ vanish at
(fo» f1, f2), and the homogeneous parts of ¢(s) vanish on U* . So we may assume that ¢ is homo-
geneous, of some degree r. Then if f has degreee d, the polynomial g(x) = ¢(fo(x), fi(x), f2(x)) will be
homogeneous, of degree (d — 1). It will vanish on U, and therefore on C' . So f will divide g. Finally,
if ¢(s) factors, then g(x) factors accordingly, and because f is irreducible, it will divide one of the factors
of g. The corresponding factor of ¢ will vanish on U* (I.7.3). So we may replace the polynomial ¢, now
homogeneous, by one of its irreducible factors. U

In principle, the proof of the theorem gives a method for finding a polynomial that vanishes on C*. That
is to find a polynomial relation among f, fy, f-, f, and then set f = 0. But it can be painful to determine the
defining polynomial of the dual curve explicitly. The degrees of C' and C* will often be different, and several
points of the dual curve C* may correspond to a singular point of C', and vice versa.

However, the computation is simple for a conic.

1.7.7. Examples.
(i) (the dual of a conic) Let f = xox1 + xox2 + 122 and let C be the conic f = 0. Let (sg, 51, S2) =
(fo, f1, f2) = (w1+22, 20422, 2o+ 21). Then

(1.7.8) 24824582 —2x2+a2+22) =2f and  sgs; + s152 + 5080 — (28 + 27 +23) = 3f
We eliminate (23 + 23 + 23) from the two equations.

(1.7.9) (82 + 57+ 53) — 2(s051 + 5152 + s082) = —4f

Setting f = 0 gives us the equation of the dual curve. It is another conic.

(ii) (the dual of a cuspidal cubic) It isn’t easy to compute the dual of a smooth cubic, whose equation
has degree 6. We compute the dual of a cubic with a cusp instead. The curve C defined by the irreducible
polynomial f = y2z + 3 has a cusp at (0,0, 1). The Hessian matrix of f is

6z 0 O
H = 0 2z 2y
0 2y O
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and the Hessian determinant h = det H is —24xy?. The common zeros of f and h are the cusp point (0,0, 1)
and a single flex point (0, 1,0).

We scale the partial derivatives of f to simplify notation. Let u = f,/3 = 2%, v = fy/2 = yz, and
w = f, = y%. Then

V= = y1e = a® = (P2 + 2% (s — 2%) = (g — o)

The zero locus of the irreducible polynomial v?w — u? is the dual curve. It is another cuspidal cubic. (]

(1.7.10) alocal equation for the dual curve

We label the coordinates in P and P* as x, y, 2z and u, v, w, respectively, and we work in a neighborhood
of a smooth point py of the curve C' defined by a homogeneous polynomial f(z,y, z), choosing coordinates
so that pg = (0,0, 1), and that the tangent line at py is the line Ly : {y = 0}. The image L§ of py in the dual
curve C* is (u, v, w) = (0,1,0).

Let jN’(:c, y) = f(x,y,1). In the affine x, y-plane, the point py becomes the origin (0,0). So f(O, 0) =0,
and since the tangent line is the line {y = 0}, ch(O’ 0) = 0, while 2—5(070) # 0. The Implicit Function
Theorem allows us to solve the equation f = 0 for y as an analytic function y(z) for small z, with y(0) = 0.
Let y'(x) denote the derivative %' Differentiating the equation f(x, y(x)) = 0 shows that ¢’ (0) is zero too.

Let p1 = (x1,y1) be a point of Cy near to py, so that y; = y(x1), and let y; = y'(x1). The tangent line
L4 at p; has the equation

(1.7.11) y—y1 =y (x—x1)

Putting z back, the homogeneous equation of the tangent line L, at the point (x1,y1,1) is

(—y)z+y+ (yiz1—y1)z =0

Equation (1.7.11) tells us that the point L7 of the dual plane that corresponds to Ly is (—y}, 1, yjz1—y1). Let’s
drop the subscript 1. As x varies, and writing y = y(z) and y' = ¢/(x),

(1.7.12) (u,v,w) = (—=y', 1,y z—1y),

There may be accidents: Ly might be tangent to C' at distinct smooth points go and pg, and it might pass
through a singular point of C. If either of these accidents occurs, we can’t analyze the neighborhood of Lj in
C* by this method. But, provided that they don’t occur, the path (1.7.12)) will trace out the dual curve C* near

to L = (0,1,0). (See (1.4.18}) O

(1.7.13) the bidual

The bidual C** of a curve C' is the dual of the curve C*, which is a curve in the space P** = P.
1.7.14. Theorem. A plane curve of degree greater than one is equal to its bidual: C** = C.

1.7.15. Lemma.
(i) The set V' of points py of a curve C such that C' is smooth at py and its dual C* is smooth at t(py) is the
complement of a finite subset of C.

(ii) Let py be a point near to a smooth point pgy of a curve C, let Ly and L be the tangent line to C at p, and

po, respectively, and let q be intersection point L1 N Lg. Then lim ¢ = po.
P1—Po
(iii) If po is a point of V with tangent line Ly, then the tangent line to C* at L is p},.

proof. (i) Let S and S* denote the finite sets of singular points of C, and C*, respectively. So the set U of
smooth points of C'is the complement of S in C, and V is obtained from U by deleting points whose images
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are in S*. The fibre of ¢ over a point L* of C"* is the set of smooth points p of C' such that the tangent line at
pis L. Since L meets C' in finitely many points, the fibre is finite. So the inverse image of S* N U will be a
finite subset of U whose complement is V.

(ii) We work analytically in a neighborhood of py, choosing coordinates so that py = (0,0, 1) and that Ly is
the line {y = 0}. Let (x4, yq, 1) be the coordinates of ¢ = Ly N L;. Since ¢ is a point of Ly, yq = 0. The
coordinate x4 can be obtained by substituting z = x4 and y = 0 into the equation (1.7.11) of L:

T, = 1 — Y1/}

Now, when a function has an nth order zero at the point = 0, i.e, when it has the form y = 2"h(x),
where n > 0 and h(0) # 0, the order of zero of its derivative at that point is n— 1. This is verified by
differentiating 2™ h(x). Since the function y(x) has a zero of positive order at py, lim y;/y; = 0. We also
P1—Po
have lim x1 =0.So lim z,=0and lim ¢= lim (x4, y4 1) = (0,0,1) = po.
Po

P1—Po P1—Po P1—Po P1—>

figure

(iii) Let p; be a point of C near to pg, and let L; be the tangent line to C' at p;. The image of p; is L] =
(fo(p1), f1(p1), f2(p1)). Because the partial derivatives f; are continuous,

lim L7 = (fo(po), f1(po), f2(po)) = Lg

P1—DPo

With ¢ = Lo N Ly, ¢* is the line through the points L and L. As p; approaches pg, L approaches L{, and
therefore ¢* approaches the tangent line to C* at L{j. On the other hand, the lemma tells us that ¢* approaches
pg- Therefore the tangent line at Lj is p. d

proof of theorem Let V' be the set of smooth points of C' whose images in C* are smooth, as in Lemma
1.7.15] Let U* denote the set of smooth points of C*, and let U* L5 P = P be the map analogous to the
map ¢. Recall that ¢ is defined by ¢(p) = L*. Since the tangent line to C* at L* is p*, the map U* ANYo)
analogous to ¢ is t*(L*) = (p*)* = p. So for all points p of V, t*t(p) = t*(L*) = p. It follows that the
restriction of ¢ to V' is injective, and that it defines a bijective map from V to its image V*, whose inverse
function is t*. So V is contained in the bidual C**. Since V is dense in C and C** is a closed set, C' C C**.
Since C and C** are curves, C' = C**, O

1.7.16. Corollary. Let C' be a smooth curve. The map C Y5 ©*, which is defined at all points of C, is
surjective.

proof. Let W denote the image of C' in C*. The map C* 7 0** = C'is defined at the smooth points of C*,
and it inverts ¢ at those points. Therefore W contains the smooth points of C*. The complement S of W in C*
is a finite set. Since C' is compact, its image W is compact, and therefore closed in C'*. Then its complement
S is open, and since it is a finite set, S is also closed. So S consists of isolated points of C*. Since a plane
curve has no isolated point (I.3.T8), S is empty. O

1.8 Resultants

Let " and GG be monic polynomials in = with variable coefficients:

(1.8.1) F(zx)=a2m+ az™ '+ +a, and Glz)=a2"+ biza" 4+ by,

The resultant Res(F, G) of F' and G is a certain polynomial in the coefficients. Its important property is that,
when the coefficients of are in a field, the resultant is zero if and only if £’ and G have a common factor.

The formula for the resultant is nicest when one allows leading coefficients different from 1. We work with
homogeneous polynomials in two variables to prevent the degrees from dropping when a leading coefficient
happens to be zero.
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Let f and g be homogeneous polynomials in z, y with complex coefficients:
(1.8.2) fla,y) = agz™ +a1a™ ty + -t amy™,  g(w,y) =boa™ +bra" Ty oo 4 buy”

Suppose that they have a common zero (z,y) = (u,v) in P}, . Then vz —uy divides both f and g. The
polynomial h = fg/(vz —uy) of degree m+mn —1 will be divisible by f and by g, say h = pf = qg,
where p and g are homogeneous polynomials of degrees n—1 and m —1, respectively. Then A will be a linear
combination pf of the polynomials x*y’ f, with i+j = n—1, and it will also be a linear combination ¢g of the
polynomials 2*y’g, with k+¢ = m—1. The equation pf = qg tells us that the m+n polynomials of degree
m+n—1,

(1.8.3) " Py Lyt 2™ g, 2 g,y g

will be dependent. For example, suppose that f has degree 3 and g has degree 2. If f and g have a common
zero, the polynomials

zf =  apr* + a1’y + asxy® + asry®

yf = apr®y + a1y + axxy® + agy®
229 = boxt 4+ bizdy + box?y?

ryg = box?y + b1x®y® + byay?

g = ba?y? + bray® + bay*

will be dependent. Conversely, if the polynomials (1.8.3)) are dependent, there will be an equation of the form
pf = qg, with p of degree n—1 and q of degree m— 1. Then at least one zero of g must also be a zero of f.

Let r =m+n—1. We form a square (r+1)x(r+1) matrix R, the resultant matrix, whose columns are indexed
by the monomials z”, x" 1y, ..., y" of degree r, and whose rows list the coefficients of the polynomials (1.8.3).
The matrix is illustrated below for the cases m,n = 3,2 and m,n = 1, 2, with dots representing entries that
are zero:

ap a1 a2 ag

- ay ai a2 as ap ai -
(184) R = bo b1 b2 . . or R= . apg Qi
- by by by - by by by
- by by by

The resultant of f and g is defined to be the determinant of R.

(1.8.5) Res(f,g) = detR

The coefficients of the polynomials f and g can be in any ring.

The resultant Res(F, G) of the monic, one-variable polynomials F(z) = 2™ +a;2™ 1 +---+a,, and
G(x) = 2" +byz" "1+ -+b, is the determinant of the matrix R, with ag = by = 1.

1.8.6. Corollary. Let f and g be homogeneous polynomials in two variables, or monic polynomials in one
variable, of degrees m and n, respectively, and with coefficients in a field. The resultant Res(f, g) is zero if
and only if f and g have a common factor. If so, there will be polynomials p and q of degrees n—1 and m—1
respectively, such that pf = qg. If the coefficients are in C, the resultant is zero if and only if f and g have a
common root. (I

When the leading coefficients aq and by of f and g are both zero, the point (1,0) of ]P’}:y will be a zero of f
and of g. In this case, f and g have a common zero at infinity.

(1.8.7)  weighted degree
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When defining the degree of a polynomial, one may assign an integer called a weight to each variable. If
one assigns weight w; to the variable x;, the monomial 27" - - - x5~ gets the weighted degree

ejwy + -+ epwy

For example, it is natural to assign weight & to the coefficient ay, of the polynomial f(z) = 2" — ayz™~* +
asx™ "2 — ... 4 a,. The reason is that, if f factors into linear factors, f(z) = (x — a1)--- (z — a,), then ay,
will be the kth elementary symmetric function in a, ..., ,. When written as a polynomial in «, the degree of
ar will be k.

We leave the proof of the next lemma as an exercise.

1.8.8. Lemma. Let f(x,y) and g(x,y) be homogeneous polynomials of degrees m and n respectively, with
variable coefficients a; and b;, as in (m When one assigns weight i to a; and to b;, the resultant Res(f, g)
becomes a weighted homogeneous polynomial of degree mn in the variables {a;,b;}. [l

1.8.9. Proposition. Let F' and G be products of monic linear polynomials, say F = [[,(x — ;) and G =
Hj(x — B;). Then
Res(F,G) = [J(w—8;) = [][G()

]

proof. The equality of the second and third terms is obtained by substituting «; for x into the formula G =
[1(z — ;). We prove that the first and second terms are equal.

Let the elements «; and (3; be variables, let R denote the resultant Res(F, G) and let IT denote the product
[1; ;(ci — Bj). When we write the coefficients of F" and G as symmetric functions in the roots a; and 3;,
R will be homogeneous. Its (unweighted) degree in oy, 3; will be mn, the same as the degree of 11 (Lemma
. To show that R = II, we choose ¢, j and divide R by the polynomial o;; — 3;, considered as a monic
polynomial in «;:

where 7 has degree zero in oy;. The resultant R vanishes when we substitute o;; = ;. Looking at this equation,
we see that the remainder r also vanishes when o; = 5]-. On the other hand, the remainder is independent of
;. It doesn’t change when we set o;; = 3;. Therefore the remainder is zero, and «; — §; divides R. This is
true for all ¢ and all j, so II divides R, and since these two polynomials have the same degree, R = cII for
some scalar c. To show that ¢ = 1, one computes R and II for some particular polynomials. We suggest using
F=z"and G=2z2"—1. ([

1.8.10. Corollary. Let F', G, H be monic polynomials and let ¢ be a scalar. Then
(i) Res(F,GH) = Res(F,G)Res(F,H), and
(ii) Res(F(zx—c),G(x—c)) = Res(F(x), G(x)). O

(1.8.11) the discriminant

The discriminant Discr(F') of a polynomial F' = agz™ + a1xz™ ' 4+ .- a,, is the resultant of F' and its
derivative F’:

(1.8.12) Discr(F) = Res(F, F')

The computation of the discriminant is made using the formula for the resultant of a polynomial of degree m.
The definition makes sense when the leading coefficient ag is zero, though the discriminant will be zero in that
case.

Note. The formula for the discriminant is often normalized by a factor . We won’t make this normalization,
so our formula of the discriminant is slightly different from the usual one.

When the coefficients of F' are complex numbers, the discriminant is zero if and only if either F' has a
double root, which happens when F' and F’ have a common factor, or else I’ has degree less than m.
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For example, the discriminant of the quadratic polynomial F(x) = az? + bz + ¢ is

a b ¢
(1.8.13) det [2a b | = —a(V? — 4ac).
- 2a b

The discriminant of the monic cubic 2 + px + ¢ whose quadratic coefficient is zero is

1 - p g
. 1 . p q
(1.8.14) det |3 - p - = 4p3 + 274
-3 . p
. 3 . p

These are the negatives of the usual formulas. The signs are artifacts of our definition.

1.8.15. Proposition. Let K be a field of characteristic zero. The discriminant of an irreducible polynomial F
with coefficients in K isn’t zero. Therefore an irreducible polynomial F' with coefficients in K has no multiple
root.

proof. When F is irreducible, it cannot have a factor in common with the derivative F”, which has lower
degree. (]

This proposition is false when the characteristic of K isn’t zero. In characteristic p, the derivative £ might be
the zero polynomial.

1.8.16. Proposition. Ler F' = [[(z — «;) be a polynomial that is a product of monic linear factors. Then

Discr(F) = HF/(O%) = H(Oéi — o) = iH(O‘i —ay)?

i#] i<

proof. The fact that Discr(F) = [ F'(«;) follows from Proposition We show that

o —

Fl(a;) = H(Ozi—aj)=(Oéi—041)"'(041'—041‘)"'(0%’—0411)

JJ7#
where the hat ~ indicates that that term is deleted. By the product rule for differentiation,

—

F'(x) =Z(x—a1)~-~(x—ak)~-~(£—an)
k
Substituting x = «y, all terms in the sum, except the one with i = k, become zero. O
1.8.17. Corollary. Discr(F(z)) = Discr(F(x — ¢)). O

1.8.18. Proposition. Let F'(x) and G(x) be monic polynomials. Then

Discr(FG) = + Discr(F) Discr(G)Res(F, G)?

proof. This proposition follows from Propositions[T.8.9)and [1.8.16] for polynomials with complex coefficients.
It is true for polynomials with coefficients in any ring because it is an identity. U

1.9 Hensel’s Lemma

The resultant matrix (I.8.4) arises in a second context that we explain here.
Suppose given a product P = F'G of two polynomials, say

(1.9.1) (Co$m+n+01£€m+n_1+"'+cm+fn) _ (aoxm+a1xm—1+._.+am)(b0xn+b1mn—1+,..+bn)
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We call the relations among the coefficients that are implied by this polynomial equation the product equations.
The product equations are
¢ = ajbo + ai—1b1 + -+ + agb;

fori = 0, ..., m+n. For instance, when m = 3 and n = 2, they are

1.9.2.
co = agbo
C1 = a1b0 + a061
c2 = agbo + arby + agbe
cs = azbg + azby + a1be
cy = azby + azbs
c5 = azbs

Let J denote the Jacobian matrix of partial derivatives of ¢y, ..., ¢+, With respect to the variables by, ..., b,
and aq, ..., an, treating ag, by and cg as constants. When m,n = 3, 2,

ag . bo .
b1 by .
o(c; ar ap 01 0o
(193) J = 8[)& = as ap b2 bl bo
( 7 ak) az a . b2 b1
as . . bg
1.9.4. Lemma. The Jacobian matrix J is the transpose of the resultant matrix R . O

1.9.5. Corollary. Let F' and G be polynomials with complex coefficients. The Jacobian matrix is singular if
and only if, either F and G have a common root, or ag = by = 0. O

This corollary has an application to polynomials with analytic coefficients. Let
(1.9.6) P(t,z) = co(t)x? + c1(t)z? 1 + - + eq(t)

be a polynomial in 2 whose coefficients ¢; are analytic functions, defined for small values of ¢, and let P =
P(0,7) = ¢oz? + ¢1x?71 4 -+ + ¢4 be the evaluation of P at t = 0, so that ¢; = ¢;(0). Suppose given a
factorization P = F G, where G = byz"+b1z" 1+ -+b, isa polynomial and F=a"+a ™ 14 .+a,,
is a monic polynomial, both with complex coefficients. Are there polynomials F(t,z) = 2™ + a;2™ ! +
o+ ay, and G(t, x) = boz™ + by 2"~ 1 + ... + b, with F monic, whose coefficients a; and b; are analytic
functions defined for small ¢, such that P = FG, F(0,z) = F, and G(0,2) = G ?

1.9.7. Hensel’s Lemma. With notation as above, suppose that F and G have no common root. Then P
factors, as above.

proof. Since F is supposed to be monic, we set ag(t) = 1. The first product equation tells us that by (t) = co(t).
Corollary[1.9.5]tells us that the Jacobian matrix for the remaining product equations is nonsingular at ¢ = 0, so
according to the Implicit Function Theorem, the product equations have a unique solution in analytic functions
a;(t), b;(t) for small ¢. O

Note @at P isn’t assumed to be monic. If ¢y = 0, the degree of P will be less than the degree of P. In that
case, G will have lower degree than G.

figure

1.9.8. Example. Let P = co(t)x? + ¢1(t)x + c2(t). The product equations for factoring P as a product FG
of two linear polynomials with F' monic are

co="by, c1=abp+b1, c2=aib

and the Jacobian matrix is ( 1 b0> .
a1 bl
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Suppose that P = P(0, z) factors: ¢yz% + €12 + ¢ = (x + @y)(box + b1) = F G. The determinant of
the Jacobian matrix at t = 0 is b; — @1 bo. It is nonzero if and only if the two factors are relatively prime, in
which case P factors too.

On the other hand, the one-variable Jacobian criterion allows us to solve the equation P(¢,z) = 0 for x as
function of ¢ with ©(0) = —ay, provided that & = 2cqz + ¢; isn’t zero at the point (¢,z) = (0, —a;). In
that case, P factors. Substituting ¢y = bo and & = dybg + by, shows that —26¢a; + ¢, = by — G1by. Not
surprisingly, the two conditions for factoring are the same. O

1.10 Plane Curves as Coverings of the Projective Line

When f and ¢ are polynomials in several variables including a variable z, Res.(f,g) and Discr,(f)
will denote the resultant and discriminant, computed regarding f, g as polynomials in z. The resultant and
discriminant will be polynomials in the other variables.

1.10.1. Lemma. (i) Let F = C(x,y) be the field of rational functions in x,y. An irreducible polynomial f in
Clz, y, ] has positive degree in z, but isn’t divisible by z is also an irreducible element of F'[z].

(i) Let f(x,y, ) be an irreducible polynomial in Clx, y, z| that isn’t divisible by z. The discriminant Discr,( f)
of f with respect to the variable z is a nonzero polynomial in x, y. Il

proof. (i) Say that f(z,y, z) factors in F[z], f = g’h/, where ¢’ and b’ are polynomials of positive degree in
2. When we clear denominators from g’ and h’, we obtain an equation of the form df = gh, where g and h are
polynomials in x, y, z of positive degree in z and d is a polynomial in x, y. Since g and h have positive degree
in z, neither of them divides d. Then f must be reducible.

(ii) This follows from Proposition|1.8.15 O

Let 7 denote the projection P> — P! that drops the last coordinate, sending a point (z,y, 2) to (z,y).
This projection is defined at all points of P2 except at the point ¢ = (0,0, 1), which is called the center of
projection.

The fibre of 7 over a point p = (z¢,yo) of P! is the line L, through p = (x¢, 0, 0) and ¢ = (0,0, 1),
with the point ¢ omitted — the set of points (xg, yo, 20)-

figure

Let C be a plane curve that doesn’t contain the center of projection ¢. The projection P? 5 P! will
be defined everywhere on C. Say that C' is defined by an irreducible homogeneous polynomial f(x,y, z) of
degree d. We write f as a polynomial in z,

(1.10.2) Fecort+ ezt ety

with ¢; homogeneous, of degree ¢ in z,y. Then f(0,0,1) = ¢o, and since C' doesn’t contain ¢, ¢y will be a
nonzero constant that we normalize to 1, so that f becomes a monic polynomial of degree d in z.

The fibre of C over a point p = (zo,yo) of P! is the intersection of C with the line L, described above.
It consists of the points (xg, Yo, @) such that « is a root of the one-variable polynomial

(1.10.3) f(2) = f(zo0,90, 2)

We call C' a branched covering of P! of degree d. Its most important property is that all but finitely many
fibres of C' over P! consist of d points (Lemma [I.10.1). The fibres with fewer than d points are those above
the zeros of the discriminant. Points of P* whose fibres contain fewer points are branch points of the covering.
Let’s suppose that coordinates are chosen so that ¢ = (0,0, 1) is in general position. In algebraic geometry,
the phrases general position and generic indicate an object (the point ¢ here) that has no special ’bad’ prop-
erties. Typically, the object will be parametrized somehow, and the word generic indicates that the parameter
representing that particular object avoids a proper closed subset of the parameter space that may be described
explicitly or not. For Proposition [I.10.6]below, we require that ¢ shall not lie on any of the following lines:

(1.10.4)
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flex tangent lines and bitangent lines,

lines that contain more than one singular point,
special lines through singular points (see (1.5.2)),
tangent lines that contain a singular point of C'.

1.10.5. Lemma. This is a list of finitely many lines that q must avoid.

beginning of the proof. Proposition shows that there are finitely many flex tangents. Since there are
finitely many singular points, there are finitely many lines through pairs of singular points and finitely many
special lines. To show that there are finitely many tangent lines that pass through singular points, we project C'
from a singular point p and apply Lemma[I.T0.1] The discriminant isn’t identically zero, so it vanishes finitely
often.

The proof that there are finitely many bitangents will be given later, in Corollary

1.10.6. Propeosition. Ler f(x,y, z) be a homogeneous polynomial with no multiple factors, and let C be the
(possibly reducible) plane curve { f = 0}. Suppose that ¢ = (0,0, 1) is in general position with respect to C.

@) Ifp is a smooth point of C with tangent line L,,, the discriminant Discr,(f) has a simple zero at p.
(ii) If p is a node of C, Discr,(f) has a double zero at p.

(iii) If p is a cusp, Discr,(f) has a triple zero at p.

(iv) If p is a an ordinary flex point of C ) with tangent line L,q, Discr,(f) has a double zero at p.

proof. There are several ways to prove this, none especially simple. We’ll use Hensel’s Lemma. We set z = 1,
to work in the standard affine open set U with coordinates y, z. In affine coordinates, the projection 7 is the
map (y, z) — y. We may suppose that p is the origin in U. Its image p will be the point y = 0 of the affine
y-line, and the intersection of the line L,, with U will be the line L: {y = 0}. We’ll denote the defining

polynomial of the curve C, restricted to U, by f(y, z) instead of f(1,y, 2). Let f(2) = f(0, 2).

(i)—(iii) In these three cases, the polynomial f(z) = f(0, z) will have a double zero at z =0, so we will have
f(z) = 22h(z), with h(0) # 0. Then 22 and h(z) have no common root, so we may apply Hensel’s Lemma to
write f(y,z) = g(y,2)h(y, z), where g and h are polynomials in z whose coefficients are analytic functions
of y, defined for small 3, g is monic, g(0, z) = 22, and h(0, 2) = h. Then

(1.10.7) Discr, (f) = + Discr, (g) Discr, (h) Res. (g, h)?

Since ¢ is in general position,  will have simple zeros. Then Discr, (k) doesn’t vanish at y = 0. Neither does
Res, (g, h). So the orders of vanishing of Discr,(f) and Discr,(g) are equal. We replace f by g.

Since g is a monic quadratic polynomial, it will have the form

9(y, z) = 22 + b(y)z + c(y)

The coefficients b and c are analytic functions of y, and g(0, z) = 22. The discriminant Discr, (g) = b? — 4cis
unchanged when we complete the square by the substitution of z — %b for z, and if p is a node or a cusp, that
property isn’t affected by this change of coordinates (Lemma [I.5.8). So we may assume that g has the form
2% + ¢(y). The discriminant is D = 4c(y).

We write c(y) as a series in y:
c(y) = co+ery+ oy’ +eay’ + -

The constant coefficient ¢y is zero because p is a point of C. If ¢; # 0, p is a smooth point with tangent line
L : {y = 0}, and D has a simple zero. If pis a node, ¢y = ¢; = 0 and ¢y # 0. Then D has a double zero. If p
isacusp, co =c¢1 = co =0, and ¢z # 0. Then D has a triple zero at p.

(iv) In this case, the polynomial f(z) = f(0, z) will have a triple zero at z =0. Proceding as above, we may
factor: f = gh where g and h are polynomials in z with analyic coefficients in y, and g(y, z) = 23 +a(y)2z? +
b(y)z + c(y). We eliminate the quadratic coefficient a by substituting z — 5~ for z. With g = 2® + az + b, the
discriminant Discr, (g) is 4b® + 27¢? (1.8.14). We write ¢(y) = co + c1y + -+ and b(y) = by + bry + - - -.
Since p is a point of C' with tangent line {y =0}, co = 0 and ¢; # 0. Since the intersection multiplicity of C'

with the line {y =0} at p is three, by = 0. The discriminant has a zero of order two. O
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1.10.8. Corollary. Let C : {g = 0} and D : {h = 0} be plane curves that intersect transversally at a point
p = (20, Yo, 20). With coordinates in general position, Res. (g, h) has a simple zero at (g, yo).

Two curves are said to intersect transversally at a point p if they are smooth at p and their tangent lines there
are distinct.

proof. Proposition (ii) applies to the product fg, whose zero locus is the union C' U D. It shows that
the discriminant Discr, (fg) has a double zero at p. We also have the formula with f = gh. Since
coordinates are in general position, Discr,(g) and Discr,(h) will not be zero at p. Then Res,(g,h) has a
simple zero there. (|

1.11 Genus

We describe the topological structure of smooth plane curves in the classical topology here, deferring the proof
of one statement.

1.11.1. Theorem. The smooth projective plane curves of a given degree d in P? are homeomorphic manifolds
of dimension two. They are compact, orientable and connected.

The fact that a smooth curve is a two-dimensional manifold follows from the Implicit Function Theorem. (See

the discussion at (1.4.3)).

orientability: A two-dimensional manifold is orientable if one can choose one of its two sides in a continuous,
consistent way. A smooth curve C' is orientable because its tangent space at a point is a one-dimensional
complex vector space — the affine line with the equation (I.4.12). Multiplication by i orients the tangent space
by defining the counterclockwise rotation. Then the right-hand rule tells us which side of C' is “up”.

compactness: A plane projective curve is compact because it is a closed subset of the compact space P2.

The connectedness of a plane curve is a subtle fact whose proof mixes topology and algebra. Unfortunately,
I don’t know a proof that fits into our discussion here. It will be proved later (see Theorem [8.4.9).

If one wants to have a proof now, one can begin by showing that the Fermat curve 29 + y? + 2¢ = 0
is connected, by studying the projection to P! from the point (0,0, 1). I propose this as an exercise. Then
one can show that every plane curve is connected by proving a plausible fact: If a family C; of smooth plane
projective curves of degree d is parametrized by ¢ in an interval of the real line, the curves in the family are
homeomorphic. This can be proved using a gradient flow, If you are interested in following this up, read about
gradient flows. However, the approach has two drawbacks: It leads us far afield, and it applies only to plane
curves.

The topological Euler characteristic e of a compact, orientable two-dimensional manifold M is the alter-
nating sum b° — b + b? of its Betti numbers. (The Betti number b' is the rank of the ith homology group of
M in the classical topology.) The Euler characteristic depends only on the topological structure of M, and it
can be computed in terms of a topological triangulation, a subdivision of M into topological triangles, called
faces, by the formula

(1.11.2) e = |vertices| — |edges| + |faces|

For example, a sphere is homeomorphic to a tetrahedron, which has four vertices, six edges, and four faces.
Its Euler characteristic is 4 — 6 +4 = 2. Any other topological triangulation of a sphere, such as the one given
by the icosahedron, yields the same Euler characteristic.

Every compact, connected, orientable two-dimensional manifold is homeomorphic to a sphere with a finite
number of holes, or “handles”. Its genus is the number of holes. A torus has one hole. Its genus is one. The
projective line P!, which is a two-dimensional sphere, has genus zero.

Figure
The Euler characteristic and the genus are related by the formula

(1.11.3) e=2-12g
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The Euler characteristic of a torus is zero, and the Euler characteristic of P! is two.

To compute the the Euler characteristic of a smooth curve C' of degree d, we analyze a generic projection
to represent C' as a branched covering of the projective line: C' —— P*.

figure

We choose generic coordinates z,y, z in P? and project form the point ¢ = (0,0,1). When the defining
equation of C' is written as a monic polynomial in z,

f=204c2% 4+ feg

where ¢; is a homogeneous polynomial of degree ¢ in the variables x,y, the discriminant Discr, (f) with
respect to z will be a homogeneous polynomial of degree d(d—1) = d*>—d in z, y.

If p is the image in P! of a point p of C, the covering C — P! will be branched at 7 when the tangent
line at p is the line L,, through p and the center of projection q. If so, C' and L,, will have d — 1 intersections
. Proposition tells us that the discriminant Discr, (f) has a simple zero at the image of a tangent
line. So there will be d> — d points p in P* over which the discriminant vanishes. They are the branch points
of the covering. All other fibres consist of d points.

We triangulate the sphere P! in such a way that the branch points are among the vertices, and we use the
inverse images of the vertices, edges, and faces to triangulate C. Then C' will have d faces and d edges lying
over each face and each edge of P!, respectively. There will also be d vertices of C' lying over a vertex p of
P!, except when p is one of the d2 — d branch points. In that case the the fibre will contain only d — 1 vertices.
The Euler characteristic of C' is obtained by multiplying the Euler characteristic of P! by d and subtracting the
number of branch points.

(1.11.4) e(C) = de(P) — (d*—d) = 2d — (d*—d) = 3d — d*
This is the Euler characteristic of any smooth curve of degree d, so we denote it by e,:
(1.11.5) eq =3d — d*

Formula (I.11.3) shows that the genus g4 of a smooth curve of degree d is

(1.11.6) ga = Hd-1)(d—-2)= (")

Thus smooth curves of degrees 1,2, 3,4, 5,6, ... have genus 0,0, 1, 3, 6, 10, ..., respectively. A smooth plane
curve cannot have genus two.

1.12 Bézout’s Theorem

Bézout’s Theorem counts intersections of plane curves. We state it here in a form that is ambiguous because it
contains a term “multiplicity” that hasn’t yet been defined.

1.12.1. Bézout’s Theorem. Let C and D be distinct curves of degrees m and n, respectively. When inter-
sections are counted with the appropriate multiplicity, the number of intersections is equal to mn. Moreover,
the multiplicity at a point is 1 at a transversal intersection.

As before, C and D intersect transversally at p if they are smooth at p and their tangent lines there are distinct.

1.12.2. Corollary. Bézout’s Theorem is true when one of the curves is a line.

See Corollary The multiplicity of intersection of a curve and a line is the one that was defined there. [

The proof in the general case requires some algebra that we would rather defer. It will be given later
(Theorem[7.8.T)). It is possible to determine the intersections by counting the zeros of the resultant with respect
to one of the variables. To do this, one chooses generic coordinates x, y, z, Then neither C nor D contains the
point (0,0, 1). One writes their defining polynomials f and g as polynomials in z with coefficients in Clz, y].
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The resultant R with respect to z will be a homogeneous polynomial in z, y, of degree mn. It will have mn
zeros in ]P’}E’y, counted with multiplicity. If p = (x0, yo) is a zero of R, f(z0, yo, z) and g(xo, Yo, z), which are
polynomials in z, have a common root z = zy, and then p = (x¢, Yo, 20) Will be a point of CND. It is a fact that
the multiplicity of the zero of the resultant R at the image p is the (as yet undefined) intersection multiplicity
of C'and D at p. Unfortunately, this won’t be obvious, even when multiplicity is defined. However, one can
prove the next proposition using this approach.

1.12.3. Proposition. Let C and D be distinct plane curves of degrees m and n, respectively.

(i) The curves C' and D have at least one point of intersection, and the number of intersections is at most
mmn.

(ii) If all intersections are transversal, the number of intersections is precisely mn.

It isn’t obvious that two curves in the projective plane intersect. If two curves in the affine plane have no
intersection, if they are parallel lines, for instance, their closures in the projective plane meet on the line at
infinity.

1.12.4. Lemma. Let f and g be homogeneous polynomials in x,y, z of degrees m and n, respectively, and
suppose that the point (0,0, 1) isn’t a zero of f or g. If the resultant Res, (f, g) with respect to z is identically
zero, then f and g have a common factor.

proof. Let the degrees of f and g be m and n, respectively, and let F* denote the field of rational functions
C(z,y). If the resultant is zero, f and g have a common factor in F[z] (Corollary [1.8.6). There will be
polynomials p and ¢ in F'[z], of degrees at most n—1 and m—1 in z, respectively, such that pf = qg .
We may clear denominators, so we may assume that the coefficients of p and ¢ are in C[z, y]. Then pf = qg
is an equation in C[x, y, z]. Since p has degree at most n—1 in z, it isn’t divisible by g, which has degree n in
z. Since C|z, y, 2] is a unique factorization domain, f and g have a common factor. U

proof of Proposition[1.12.3] (i) Let f and g be irreducible polynomials whose zero sets C' and D, are distinct.
Propositionshows that there are finitely many intersections. We project to P! from a point ¢ that doesn’t
lie on any of the finitely many lines through pairs of intersection points. Then a line through q passes through
at most one intersection, and the zeros of the resultant Res,(f, g) that correspond to the intersection points
will be distinct. Since the resultant has degree mn @, it has at least one zero, and at most mn of them.
Therefore C' and D have at least one and at most mn intersections.

(ii) Every zero of the resultant will be the image of an intersection of C' and D. To show that there are mn
intersections if all intersections are transversal, it suffices to show that the resultant has simple zeros. This is

Corollary[1.10.8 U

1.12.5. Corollary. If the curve X defined by a homogeneous polynomial f(x,y,z) is smooth, then f is
irreducible, and therefore X is a smooth curve.

proof.  Suppose that f = gh, and let p be a point of intersection of the loci {g = 0} and {h = 0}. The
previous proposition shows that such a point exists. All partial derivatives of f vanish at p, so p is a singular
point of X. (]

1.12.6. Corollary. (i) Let d be an integer > 3. A smooth plane curve of degree d has at least one flex point,
and the number of flex points is at most 3d(d—2).

(ii) If all flex points are ordinary, the number of flex points is equal to 3d(d—2).

Thus smooth curves of degrees 2, 3,4, 5, ... have at most 0,9, 24, 45, ... flex points, respectively.

proof. (i) The flex points are intersections of a smooth curve C' with its Hessian divisor D : {det H = 0}.
(The definition of divisor is given in (1.3.12}) Let C' : {f(x0,21,22) = 0} be a smooth curve of degree d.

2
The entries of the 3 x 3 Hessian matrix H are the second partial derivatives 83 afm -. They are homogeneous
k3 J

polynomials of degree d—2, so the Hessian determinant is homogeneous, of degree 3(d —2). Propositions

1.4.17)and|1.12.3tell us that there are at most 3d(d—2) intersections.

(ii) Recall that a flex point is ordinary if the multiplicity of intersection of the curve and its tangent line is 3.
Bézout’s Theorem asserts that the number of flex points is equal to 3d(d—2) if the intersections of C' with its
Hessian divisor D are transversal, and therefore have multiplicity 1. So the next lemma completes the proof.
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1.12.7. Lemma. A curve C : {f = 0} intersects its Hessian divisor D transversally at a point p if and only
p is an ordinary flex point of C.

proof. We prove this by computation. There may be a conceptual proof, but I don’t know one.

Let L be the tangent line to C' at the flex point p, and let h denote the restriction of the Hessian determinant
to L. The Hessian divisor D will be transversal to C' at p if and only if it is transversal to L, and this will be
true if and only if the order of vanishing of h at p is 1.

We adjust coordinates x, y, z so that p = (0,0, 1) and L is the line {y = 0}, and we write the polynomial
f of degree d as

(1.12.8) flz,y,2) = Z aijriyl 2F,
itj+k=d
We set y = 0 and z = 1, to restrict f to L. The restricted polynomial is

f(.T,O, 1) = Z aioiﬂi

i<d

Since p is a flex point with tangent line L, the coefficients agg, a19, and asg are zero, and p is an ordinary
flex point if and only if the coefficient asg is nonzero.

Let h be the restiction of det H to L: h = det H(z,0,1). We must show that p is an ordinary flex point
if and only if h has a simple zero at x = 0.

To evaluate the restriction f,.(z, 0, 1) of the partial derivative to L, the relevant terms in the sum (1.12.8)
have j = 0. Since agp = a10 =0,

faox(2,0,1) = 6agg + 12a402% + - - - = 6azor + O(2)
Similarly,

fwz(-raoal) :0+O(2)
f22(2,0,1) =04 O(2)

For the restriction of f, ., the relevant terms are those with j = 1:
fyz(2,0,1) = (d—1)ap1 + (d—2)ar1z + O(2)

We don’t need f,, or fy,.
Let v = 6agox and w = (d—1)ap; + (d—2)ay1x. The restricted Hessian matrix has the form

(1.12.9) H(z,0,1) = + 0(2)

o % <
S % %
o8 o

where * are entries that don’t affect terms of degree at most one in the determinant. The determinant is
h = —vw? + 0(2) = —6(d — 1)%azpai,z + O(2)

It has a zero of order 1 at x = 0 if and only if asg and agy; aren’t zero. Since C' is smooth at p and a19 = 0,
the coefficient ag; isn’t zero. Thus the curve C and its Hessian divisor D intersect transversally, and C' and L
intersect with multiplicity 3, if and only if a3 is nonzero, which is true if and only if p is an ordinary flex. [J

1.12.10. Corollary. A smooth cubic curve contains exactly 9 flex points.

proof. Let f be the irreducible cubic polynomial whose zero locus is a smooth cubic C. The degree of the
Hessian divisor D is also 3, so Bézout predicts at most 9 intersections of D with C'. To derive the corollary, we
show that C intersects D transversally. According to Proposition a nontransversal intersection would
correspond to a point at which the curve and its tangent line intersect with multiplicity greater than 3. This is
impossible when the curve is a cubic. (]

32



(1.12.11) singularities of the dual curve

Let C be a plane curve. As before, an ordinary flex point is a smooth point p such that the intersection
multiplicity of the curve and its tangent line L at p is precisely 3. A bitangent to C is a line L that is tangent to
C at distinct smooth points p and ¢, and an ordinary bitangent is one such that neither p nor g is a flex point.
A tangent line L at a smooth point p of C'is an ordinary tangent if it isn’t a flex point or a bitangent.

The line L will have other intersections with C. Most often, these other intersections will be transversal.
However, it may happen that L is tangent to C' at such a point, or that it is a singular point of C. Let’s call such
occurences accidents.

1.12.12. Proposition. Let p be a smooth point of a curve C, and let L be the tangent line at p. Suppose that
there are no accidents.

(i) If L is an ordinary tangent at p, then L* is a smooth point of C*.
(ii) If L is an ordinary bitangent, then L* is a node of C*.
(iii) If p is an ordinary flex point, then L* is a cusp of C*.

proof. We refer to the map U 5 cr from the set of smooth points of C' to the dual curve. We set
z = 1 and choose affine coordinates so that p is the origin, and the tangent line L at p is the line {y = 0}.
Let f(m, y) = f(z,y,1). We solve f=0fory = y(x) as analytic function of x near zero, as before. The
tangent line L, to C' at a nearby point p; = (x,y) has the equation (1.7.11)), and L7 is the point (u,v,w) =
(—=y,1,y'z — y) of P* (L.7.12). Since there are no accidents, this path traces out all points of C* near to L*.

If L is an ordinary tangent line, y () will have a zero of order 2 at x = 0. Then v = —y’ will have a simple
zero. So the path (—y/, 1,y'x — y) is smooth at z = 0, and therefore C*, is smooth at the origin.

If L is an ordinary bitangent, tangent to C' at two points p and p’, the reasoning given for an ordinary
tangent shows that the images in C* of small neighborhoods of p and p’ in C' will be smooth at L*. Their
tangent lines p* and p’* will be distinct, so p is a node.

The case that p is an ordinary flex point of C is trickier. Most probably, we won’t know the defining
equation f = 0 of C. We write the analytic function y(x) that solves f(z,y) = 0 as a power series. Since p is

a flex point, the coefficients of x* are zero when i < 3: y(x) = cx® + - - -, and since the flex is ordinary, we
may assume that ¢ = 1. In the local equation (u, v, w) = (—y’, 1,y'x — y) for the dual curve, u = —3z2+- - -
and w = 223 + - - - . In affine u, w-space, the locus

(1.12.13) (u,w) = (—=y,y'z —y) = (=32% +--- , 223 +--)

contains the points of C* near to L*.

Let X and U denote the x-line and the u-line, respectively. We substitute (1.12.13) for v and v: u =
—322 +--- and w = 223 4 - - -. This gives us a diagram of maps

X%U

L

cr U
that are defined in small neighborhoods of the origins in the three spaces. The map a is locally bijective, and
since the leading term of u(z) is 322, b has degree 2. Therefore c also has degree 2. This implies that the
origin in C* is a point of multiplicity 2, a double point.
Let g(u,w) = >, giju'w’ be the irreducible polynomial equation for C*. Substituting for u and w, the
series in x that we obtain evaluates to zero for all small x, and this implies that it is the zero series. The orders
of vanishing of the monomials u%w’ as functions of z are as follows:

1w wu? ww w? v Pw vww? wd ---

(1.12.14)
0234 5 6 6 7 8 9
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Looking at these orders of vanishing, one sees that the coefficients goo, g10, go1, g20 and g11 in the series
g =" giu'w’ must be zero, and that go2 + g30 = 0. Since the origin is a double point of C*, go2 # 0, and
therefore g3y # 0. The origin is a cusp of C*. O

figure

1.12.15. Corollary. A plane curve has finitely many bitangents.

This corollary is true whether or not the bitangents are ordinary. It follows from the fact that the dual curve
C* has finitely many singular points (1.4.8). If L is a bitangent, ordinary or not, L* will be a singular point of
C*. O

1.13 The Pliicker Formulas

A plane curve C is ordinary if it is smooth, if all of its bitangents and flex points are ordinary (see (L.12.11),
and if there are no accidents. The Pliicker formulas compute the number of flexes and bitangents of an ordinary
plane curve.

For the next proposition, we refer back to the notation of Section [I.T0] With coordinates in general position,
let 7 : C — X be the projection of a plane curve C' to the projective line X from ¢ = (0,0,1). If p = (20, yo)
is a point of X, we denote by Lj the line in P? such that the fibre of 7 over p is the complement of ¢ in L.

The covering 7 will be branched at the points p = (zo,yo) of X such that L tangent line to C' at some
point. It will also be branched the images of singular points of C'.

1.13.1. Proposition. Let C be a plane curve, projected to P* from a generic point q of the plane. With notation
as above:

(i) The number B of points p such that line Ly is tangent to C at a smooth point is equal to the degree d* of
the dual curve C*.

(i) If C is a smooth curve of degree d, the degree d* of C* is d* — d.

proof. (i) We have three numbers that we will show are equal: the number f referred to in the proposition, the
degree d* of the dual curve C*, and the number N of intersections of the line ¢* with C*.

Let L be a line in [P that contains g and is tangent to C' at a smooth point p. Then L* is one of the IV points
of ¢* N C*. Since q is generic, ¢ isn’t a point of C, L isn’t a bitangent or a flex tangent, and L doesn’t pass
through a singular point of C' (I.10.5). So L is an ordinary tangent line to C' at p, and ¢ # p. The number of
such lines is 3. So 5 = N.

Proposition[I.12.12]and Lemmal[I.7.15]tell us that C"* is smooth at L*, and that the tangent line to C* at L*
is p*. Since p and q are points of L and ¢ # p, L* is the intersection p* N ¢*. So C* intersects ¢* transversally
at L*. The intersection multiplicities are equal to 1. Therefore N = deg C* = d*.

(ii) When we consider a smooth curve C' as a branched covering of P? by projection from ¢, the branch points
are the images of tangent lines through ¢, and those tangent lines are ordinary. The discriminant of the defining
polynomial f with respect to the chosen variable z will have degree d>—d. There will be d? —d ordinary tangent
lines through ¢, so d* = d? — d. O

1.13.2. Theorem: Pliicker Formulas. Let C' be an ordinary curve of degree d at least two, and let C* be its
dual curve. Let f and b denote the numbers of flex points and bitangents of C, and let §* and k* denote the
numbers of nodes and cusps of C*, respectively. Then:

(i) The dual curve C* has no flexes or bitangents. Its singularities are nodes and cusps.
(i) f=rk"=3d(d—2), and b=0*= %d(d —2)(d* —9).

proof. (i) A bitangent or a flex on C* would produce a singularity on the bidual C**, which is the smooth
curve C.

(i) Bézout’s Theorem counts the flex points (see (1.12.6)). The facts that x* = f and §* = b are dealt with in
Proposition|1.12.12] Thus k* = f = 3d(d — 2).
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We project C* to P! from a generic point s of P*. Let 8* be the number of branch points that correspond
to tangent lines through s at smooth points of C*. Since C** = C, Proposition[I.13.1] applied to C*, tells us
that 5* = d, and that d* = d? — d.

Next, let F be the defining polynomial for C*. The discriminant Discr, (F) has degree d*?> — d*. Propo-
sition describes the order of vanishing of the discriminant at the images of the § tangent lines, the §
nodes, and the x cusps of C*. It tells us that

Substituting the known values d* = d? —d, 8* =d, and k* = 3d(d — 2) into this formula gives us
(d®>—d)? —(d* —d) =d+25* +9d(d—2) or 25 = (d*—2d)(d*>—9) 0

Note. It isn’t easy to count the number of bitangents directly.

1.13.3. Examples.

(i) All curves of degree 2 and all smooth curves of degree 3 are ordinary.

(ii) A curve of degree 2 has no flexes and no bitangents. Its dual curve has degree 2.

(iili) A smooth curve of degree 3 has 9 flexes and no bitangents. Its dual curve has degree 6.

(iv) An ordinary curve C of degree 4 has 24 flexes and 28 bitangents. Its dual curve has degree 12. ]

We will make use of the fact that a quartic curve has 28 bitangents in Chapter [ (see (4.8.15)). The Pliicker
Formulas are rarely used for curves of degree greater than four.
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Chapter 2 AFFINE ALGEBRAIC GEOMETRY

Rings and Modules

The Zariski Topology

Some Affine Varieties

The Nullstellensatz

The Spectrum

Morphisms of Affine Varieties

™ ][9] [
o tof | =

Finite Group Actions

In the next chapters, we study varieties of dimension greater than one. We use some basic terminology that
is introduced in Chapter [I] including the concepts of discriminant and transcendence degree, but most of the
results of Chapter[I|won’t be used again until Chapter 8]

We begin by reviewing some basic facts about rings and modules, omitting proofs. Please look up infor-
mation on the concepts that aren’t familiar, as needed.

### Need to put localization of a module back##$

2.1 Rings and Modules

By the word ‘ring’, we mean ’commutative ring’, ab = ba, unless when the contrary is stated explicitly. A
domain is a ring that has no zero divisors and isn’t the zero ring,

An algebra is a ring that contains the field C of complex numbers as subring. A set of elements o =
{ai,...,a,} generates gnerates an algebra A if every element of A can be expressed (usually not uniquely)
as a polynomial in aq, ..., «;,, with complex coefficients. Another way to state this is that « generates A if
the homomorphism C[z1, ..., z,,] — A that evaluates a polynomial at « is surjective. If o generates A, then
A will be isomorphic to the quotient C[x]/I of the polynomial algebra C[z]|, where I is the kernel of 7. A
finite-type algebra is one that can be generated by a finite set of elements.

If I and J are ideals of a ring R, the product ideal, which is denoted by I.J, is the ideal whose elements
are finite sums of products > a;b;, with a; € I and b; € J. (This is not the product set, whose elements are
the products ab, with a € I and b € .J.) The power I* of I is the product of k copies of I, the ideal spanned
by products of k£ elements of I. The intersection I N J is also an ideal, and

(2.1.1) INnJ)?*clIJcInJ

An ideal M of aring R is maximal if there is no ideal I such that M < I < R and if it isn’t the unit ideal
R. This is true if and only if the quotient ring R/M is a field. An ideal P is a prime ideal if the quotient R/ P
is a domain. A maximal ideal is a prime ideal.

2.1.2. Lemma. Let P be an ideal of a ring R, not the unit ideal. The following conditions are equivalent.
(i) P is a prime ideal.

(ii) If a and b are elements of R and if ab € P, thena € P orb € P.

(iii) If A and B are ideals of R, and if the product ideal AB is contained in P, then A C P or B C P. (]

It is sometimes convenient to state (iii) this way:

(iii*) If A and B are ideals that contain P, and if the product ideal AB is contained in P, then A = P or
B=P.

37



2.1.3. Mapping Property of Quotient Rings. Ler R and S be rings, let K be an ideal of R, and let R —
R denote the canonical map from R to the quotient ring R = R/K. Homomorphisms R “5 8 correspond
bijectively to homomorphisms R —2 S whose kernels contain K, the correspondence being ¢ = p o T:

R 238

A

R-—*.5

If ker o =1, then ker g =I/K. d

(2.1.4) commutative diagrams

In the diagram displayed above, the maps @7 and ¢ from R to S are equal. This is referred to by saying
that the diagram is commutative. A commutative diagram is one in which every map that can be obtained by
composing its arrows depends only on the domain and range of the map. In these notes, all diagrams of maps
are commutative. We won’t mention commutativity most of the time. (|

2.1.5. Correspondence Theorem.

() Let R 25 Sbea surjective ring homomorphism with kernel K. For instance,  might be the canonical
map from R to the quotient algebra R/ K. There is a bijective correspondence

{ideals of R that contain K} <+— {ideals of S}

This correspondence associates an ideal I of R that contains K with its image (1) in S and it associates an
ideal J of S with its inverse image o~ '(J) in R.

If an ideal I of R that contains K corresponds to an ideal J of S, then ¢ induces an isomorphism of
quotient rings R/I — S/J. So if one of the ideals, I or J, is prime or maximal, they both are.

(ii) Let R be a ring, and let M —> N be a surjective homomorphism of R-modules with kernel L. There is a
bijective correspondence

{submodules of M that contain L} <— {submodules of N}

This correspondence associates a submodule S of M that contains L with its image ¢(S) in N and it associates
a submodule T of N with its inverse image o~ (T) in M. O

Ideals I3, ..., I, of aring R are said to be comaximal if the sum of any two of them is the unit ideal.

2.1.6. Chinese Remainder Theorem. Let I+, ..., I, be comaximal ideals of a ring R.
(i) The product ideal I - - - Iy, is equal to the intersection I; N - - - N I.

(ii) The map R — R/I; x - -+ x R/I} that sends an element a of R to its vector of residues is a surjective
homomorphism whose kernel is Iy N --- NI, (=11 Ix).

(iii) Let M be an R-module. The canonical homomorphism M — M /1M x---x M /I;; M is surjective. O

2.1.7. Proposition. Let R be a product of rings, R = Ry X - X Ry, let I be an ideal of R, and let R=R/I
be the quotient ring. There are ideals I; of Rj such that I = I x---xIand R = Ry /Iy x---x Ry /I, O

(2.1.8)  Noetherian rings

A finite module M over a ring R is a module that is spanned, or generated, by a finite set {m1,...,my} of
elements. To say that the set generates means that every element of M can be obtained as a combination
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rymy + - - - + rymy with coefficients r; in R, or that the homomorphism from the free R-module R¥ to M
that sends a vector (71, ..., 1) to the combination 71mq + -+ - + rgmy,  is surjective.

An ideal of aring R is finitely generated if, when regarded as an R-module, it is a finite module. A ring R
is noetherian if all of its ideals are finitely generated.

The ring Z of integers is noetherian. Fields are notherian. If I is an ideal of a noetherian ring R, the
quotient ring R/I is noetherian.

2.1.9. Hilbert Basis Theorem. If R is a noetherian ring, the ring R[x1, ..., x,,] of polynomials with coefficients
in R is noetherian. (]

Thus Z[x1, ..., x,] and F|x,, ..., z,], F a field, are noetherian rings.

2.1.10. Corollary. Every finite-type algebra is noetherian. O

Note. It is important not to confuse the concept of a finite-type algebra with that of a finite module. A finite
R-module M is a module in which every element can be written as a (linear) combination rymy + - - - +rpmg
of some finite set {m, ..., my } of elements of M, with coefficients in R. A finite-type algebra A is an algebra
in which every element can be written as a polynomial f(c;, ..., ) in some finite set of elements {1, ..., g }
of A, with complex coefficients.

(2.1.11) the ascending chain condition

The condition that a ring R be noetherian can be rewritten in several ways that we review here.

Our convention is that if X’ and www are sets, the notation X’ C X means that X' is a subset of X, while
X’ < X means that X’ is a subset that is different from X. A proper subset X' of a set X is a nonempty
subset different from X —a set such that ) < X’ < X.

A sequence X7, Xo, ..., finite or infinite, of subsets of a set Z forms an increasing chain if X,, C X, 1
for all n, equality X,, = X,,+1 being permitted. If X,, < X, for all n, the chain is strictly increasing.

Let S be a set whose elements are subsets of a set Z. A member M of S is a maximal member if there is no
member M’ of S such that M < M’. For example, the set of proper subsets of a set of five elements contains
five maximal members, the subsets of order four. The set of finite subsets of the set of integers contains no
maximal member.

A maximal ideal of a ring R is a maximal member of the set of ideals of R different from the unit ideal.

2.1.12. Proposition. The following conditions on a ring R are equivalent:

(i) R is noetherian: Every ideal of R is finitely generated.

(ii) The ascending chain condition: Every strictly increasing chain 11 < Iy < --- of ideals of R is finite.
(iii) Every nonempty set of ideals of R contains a maximal member. t

The next corollary follows from the ascending chain condition, but the conclusions are true whether or not
R is noetherian.

2.1.13. Corollary. Let R be a noetherian ring.

() If R isn’t the zero ring, every ideal of R except the unit ideal is contained in a maximal ideal.

(ii) A nonzero ring R contains at least one maximal ideal.

(iii) An element of a ring R that isn’t in any maximal ideal is a unit — an invertible element of R. (]

2.1.14. Corollary. Let s1,...,S; be elements that generate the unit ideal of a noetherian ring R. For any
positive integer n, the powers s, ..., s generate the unit ideal. U

2.1.15. Proposition. Let R be a noetherian ring, and let M be a finite R-module.
(i) Every submodule of M is a finite module.
(ii) The set of submodules of M satisfies the ascending chain condition.

(iii) Every nonempty set of submodules of M contains a maximal member. O

This concludes our review of rings and modules.
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2.2 The Zariski Topology

As before, the affine space A" is the space of n-tuples (ay, ..., a,) of complex numbers. Algebraic geome-
try studies polynomial equations in terms of their solutions in affine space. If f1, ..., fi are polynomials in
T1,..., Ty, the set of points of A™ that solve the system of equations

2.2.1) fi=0,..., fu=0

is a Zariski closed subset of A™. A Zariski open subset U is a subset whose complement in A", the set of
points not in U, is Zariski closed.

When it seems unlikely to cause confusion, we may abbreviate the notation for an indexed set, using a
single letter. The polynomial algebra C|x, ..., 2,,] may be denoted by C|x], and the system of equations
by f = 0. The locus of solutions of the equations f = 0 may be denoted by V(f1, ..., fx) or by V(f).
Its points are called the zeros of the polynomials f.

We use analogous notation for infinite sets. If 7 is any set of polynomials, V' (F) denotes the set of points
of affine space at which all elements of F are zero. In particular, if I is an ideal of the polynomial ring, V'(I)
denotes the set of points at which all elements of I vanish.

The ideal I generated by the polynomials f1, ..., f is the set of combinations ry f1+- - - +7 fi, With poly-
nomial coefficients r;. Some notations for this ideal are (f1, ..., fx) and (f). All elements of this ideal vanish
on the zero set V(f), so V(f) = V(I). The Zariski closed subsets of A™ are the sets V' (I), where I is an
ideal.

We note a few simple relations among ideals and their zero sets here. To begin with, we note that an ideal
I isn’t determined by its zero locus V'(I). For any k > 0, the power f* has the same zeros as f.

The radical of an ideal I of a ring R, which will be denoted by rad I, is the set of elements « of R such
that some power o is in [I.

(2.2.2) radI = {a € R|a" € I for some r > 0}

The radical of [ is an ideal that contains /. An ideal that is equal to its radical is a radical ideal. A prime ideal
is a radical ideal.

The radical describes the ideals that define the same closed set.

2.2.3. Lemma. If I is an ideal of the polynomial ring Clx|, then V(I) = V (rad I). d

Consequently, if I and J are ideals and if rad I = rad J, then V' (I) = V(J). The converse of this statement
is also true: If V(I) = V(J), then rad I = rad J. This is a consequence of the Strong Nullstellensatz that
will be proved later in this chapter. (See (2.4.7).)

Because (INJ)2CcIJCINd,
(2.2.4) rad(IJ) =rad(INJ)

and rad(I N J) = (rad I) N (rad J).

2.2.5. Lemma. Ler I and J be ideals of the polynomial ring Cz].
@) If 1 C J, then V(I) > V(J).

i) V(1) = V(I).

Gii) V(I NJ) = V(L) = V() UV(]).

(iv) If I, are ideals, then V (3" 1) = V(1)

proof. (iii) V(I N J) = V(IJ) because the two ideals have the same radical, and because I and .J contain I.J,
V(IJ) D V(I)UV(J). To prove that V(IJ) C V(I) UV (J), we note that V(I.J) is the locus of common
zeros of the products fg with f in I and g in J. Suppose that a point p is a common zero: f(p)g(p) = 0 for
all fin I andall gin J. If f(p) # 0 for some f in I, we must have g(p) = 0 for every g in J, and then p is a
point of V(J). If f(p) = 0 forall f in I, then p is a point of V' (I). In either case, p is a point of V(1) UV (J).
(]

Zariski closed sets are the closed sets in the Zariski topology on A™. This topology is very useful in
algebraic geometry, though it is very different from the classical topology.
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To verify that the Zariski closed sets are the closed sets of a topology, one must show that

« the empty set and the whole space are Zariski closed,
« the intersection (| C,, of an arbitrary family of Zariski closed sets is Zariski closed, and
« the union C'U D of two Zariski closed sets is Zariski closed.

The empty set and the whole space are the zero sets of the elements 1 and 0, respectively. The other conditions
follow from Lemma O

2.2.6. Example. The proper Zariski closed subsets of the affine line, or of a plane affine curve, are finite sets.
The proper Zariski closed subsets of the affine plane A? are finite unions of points and curves. We omit the
proofs of these facts. The corresponding facts for loci in the projective line and the projective plane have been
noted before (see (1.3.4) and (1.3.14)). O

figure
(Caption: A Zariski closed subset of the affine plane (real locus).)

A subset S of a topological space X becomes a topological space with the induced topology. The closed
(or open) subsets of .S in the induced topology are intersections S MY, where Y is closed (or open) in X.

The induced topology on a subset .S of A™ will be called its Zariski topology too. A subset of S is closed
in the Zariski topology if it has the form S NY for some Zariski closed subset Y of A™. If S itself is a Zariski
closed subset of A™, a closed subset of .S will be a closed subset of A™ that is contained in S.

Affine space also has a classical topology. A subset U of A™ is open in the classical topology if, whenever
apoint p is in U, all points sufficently near to p are in U. Since polynomial functions are continuous, their zero
sets are closed in the classical topology. Therefore Zariski closed sets are closed in the classical topology too.

When two topologies T and 7" on a set X are given, 7" is said to be coarser than T if it contains fewer
closed sets or fewer open sets, and finer than 7' if it contains more closed sets or more open sets. The Zariski
topology is coarser than the classical topology. The next proposition shows that it is much coarser.

2.2.7. Proposition. Every nonempty Zariski open subset of A™ is dense and path connected in the classical
topology.

proof. The (complex) line L through distinct points p and g of A” is a Zariski closed set whose points can be
written as p + (¢ — p), with ¢ in C. It corresponds bijectively to the one-dimensional affine t-space A!, and
the Zariski closed subsets of L correspond to Zariski closed subsets of A!. They are the finite subsets of L,
and L itself.

Let U be a nonempty Zariski open set, and let C be its Zariski closed complement. To show that U is dense
in the classical topology, we choose distinct points p and ¢ of A™, with p in U. If L is the line through p and
q¢, C N L will be a Zariski closed subset of L that doesn’t contain p, a finite set. In the classical topology, the
closure of the complement of this finite set, which is U N L, will be the whole line L. Therefore the closure of
U contains ¢, and since ¢ was arbitrary, the closure of U is A™.

Next, let L be the line through two points p and g of U. As before, C'N L will be a finite set. In the classical
topology, L is a complex plane. The points p and ¢ can be joined by a path in L that avoids a finite set. (]

Though we will refer to the classical topology from time to time, the Zariski topology will appear more
often. For this reason, we will refer to a Zariski closed subset simply as a closed set. Similarly, by an open set
we mean a Zariski open set. We will mention the adjective “Zariski” only for emphasis.

(2.2.8) irreducible closed sets

The fact that the polynomial algebra is a noetherian ring has important consequences for the Zariski topol-
ogy that we discuss here.

A topological space X satisfies the descending chain condition on closed subsets if there is no infinite,
strictly descending chain Cy > Cy > --- of closed subsets of X. The descending chain condition on closed
subsets is equivalent with the ascending chain condition on open sets.
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A topological space that satisfies the descending chain condition on closed sets is called a noetherian
space. In a noetherian space, every nonempty family S of closed subsets has a minimal member, one that
doesn’t contain any other member of S, and every nonempty family of open sets has a maximal member. (See

@.L11))

2.2.9. Proposition. With its Zariski topology, A" is a noetherian space.

This follows from the ascending chain condition for ideals in C[z1, ..., ] ]

2.2.10. Definition. A topological space X is irreducible if it isn’t the union of two proper closed subsets.
Another way to say that X is irreducible is this:

If C and D are closed subsets of X, and if X =CUD, then X =C or X = D.

The concept of irreducibility is useful primarily for noetherian spaces. The only irreducible subsets of a
Hausdorff space are its points. In particular, with the classical topology, the only irreducible subsets of affine
space are points.

The closure of a subset S of a topological space X is the smallest closed subset that contains S. The
closure is the intersection of all closed subsets that contain S.

2.2.11. Lemma. (i) The following conditions on topological space X are equivalent.
o X is irreducible.

o The intersection U NV of two nonempty open subsets U and V' of X is nonempty.

o Every nonempty open subset U of X is dense — its closure is X.

(ii) A noetherian topological space is quasicompact: Every open covering has a finite subcovering. O

2.2.12. Lemma. (i) Let Z be a subspace of a topological space X, let S be a subset of Z, and let S denote
the closure of S in X. The closure of S in Z is the intersection S N Z.

(i) The closure Z of a subspace Z of a topological space X is irreducible if and only if Z is irreducible.
(iii) A nonempty open subspace W of an irreducible space X is irreducible.

proof. (ii) Let Z be an irreducible subset of X, and suppose that its closure Z is the union C' U D of two
closed sets C' and D. Then Z is the union of the sets C = CNZand D = DN Z, and they are closed in
Z. Therefore Z is one of those two sets; say Z = C. Then Z C C, and since C is closed, Z C C. Because
C C Z as well, C = Z. Conversely, suppose that the closure Z of a subset Z of X is irreducible, and that
Z is a union C' U D of closed subsets. Then Z = C U D, and therefore Z = C or Z = D, say Z = C So
Z =CnNZ=C,and C is not a proper subset.

(iii) The closure of W is the irreducible space X. ]

Irreducibility is somewhat analogous to connectedness. A topological space is connected if it isn’t the
union C'U D of two proper disjoint closed subsets. However, the condition that a space be irreducible is much
more restrictive because, in Definition the closed sets C' and D aren’t required to be disjoint. In the
Zariski topology on the affine plane, the union of two intersecting lines is connected, but not irreducible.

2.2.13. Theorem. In a noetherian topological space, every closed subset is the union of finitely many irre-
ducible closed sets.

proof. Let Cy be a closed subset of a topological space X that isn’t a union of finitely many irreducible closed
sets. Then Cy isn’t irreducible, so it is a union C; U D1, where C; and D are proper closed subsets of Cj, and
therefore closed subsets of X. Since Cj isn’t a finite union of irreducible closed sets, C; and D4 cannot both
be finite unions of irreducible closed sets. Say that C; isn’t such a union. We have the beginning Cy > C}
of a chain of closed subsets. We repeat the argument, replacing Cy by C, and we continue in this way, to
construct an infinite, strictly descending chain Cy > C7 > Cy > ---. So X isn’t a noetherian space. ]

2.2.14. Definition. An affine variety is an irreducible closed subset of affine space A".

Theorem [2.2.13] tells us that every closed subset of A™ is a finite union of affine varieties. Since an affine
variety is irreducible, it will be a connected set in the Zariski topology. It will also be connected in the
classical topology, but this isn’t very easy to prove. We may not get to it.
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(2.2.15)  the coordinate algebra of a variety

2.2.16. Proposition. Let P be a radical ideal of the polynomial algebra Clx1, ...,x,) and let V be
the locus of zeros V (P) in affine space A™. Then V is irreducible if and only if P is a prime ideal.

Thus the affine varieties in A™ are the sets V(P), where P is a prime ideal of the polynomial algebra Clz].
We will use this proposition in the next section, but we defer the proof to Section

As before, an algebra is a ring that contains the complex numbers.

2.2.17. Definition. Let P be a prime ideal of the polynomial ring C[x1, ..., ,,], and let V be the affine variety
V(P) in A™. The coordinate algebra of V is the quotient algebra A = C[z]/P.

Geometric properties of the variety are reflected in algebraic properties of its coordinate algebra and vice
versa. In a primitive sense, one can regard the geometry of an affine variety V' as given by closed subsets and
incidence relations — the inclusion of one closed set into another, as when a point lies on a line. A finer study
of the geometry takes into account things such as tangency, but it is reasonable to begin by studying incidences
C’ C C among closed subvarieties. Such incidences translate into inclusions P’ O P in the opposite direction
among prime ideals. This is one reason that prime ideals are important.

2.3 Some affine varieties

This section contains a few simple examples of varieties.

2.3.1. A pointp = (ay,...,ay) of affine space A" is the set of solutions of the n equations z; — a; =0, i =
1,...,n. A point is a variety because the polynomials x; — a; generate a maximal ideal in the polynomial
algebra C[z], and a maximal ideal is a prime ideal. We denote that maximal ideal by m,. It is the kernel of
the substitution homomorphism 7, : C[z] — C that evaluates a polynomial g(x1, ..., z,) at p: m,(g(z)) =
g(a, ..., an) = g(p). As here, we usually denote that homomorphism by 7.

The coordinate algebra of a point p is the quotient algebra C[z]/m,,. It is also called the residue field at p,
and it will be denoted by k(p). The residue field at p is isomorphic to the image of m,, the field C of complex
numbers, but k(p) is a particular quotient of the polynomial ring.

2.3.2. The varieties in the affine line A! are its points and the whole line A!. The varieties in the affine plane
A? are points, plane affine curves, and the whole plane.

This is true because the varieties correspond to the prime ideals of the polynomial ring. The prime ideals of
Clz1, 2] are the maximal ideals, the principal ideals generated by irreducible polynomials, and the zero ideal.
The proof of this is a good exercise.

2.3.3. The set X of solutions of a single irreducible polynomial equation f; (1, ..., ) = 0 is a variety, called
an affine hypersurface.

The special linear group S Lo, the group of complex 2 x 2 matrices with determinant 1, is a hypersurface
in A%. Tt is the locus of zeros in A* of the irreducible polynomial z17x92 — 12291 — 1.

The reason that an affine hypersurface is a variety is that an irreducible element of a unique factorization
domain is a prime element, and a prime element generates a prime ideal. The polynomial ring C[z1, ..., ,] is
a unique factorization domain.

2.3.4. A hypersurface in the affine plane A? is a plane affine curve.

A line in the plane, the locus of a linear equation ax + by — ¢ = 0, is a plane affine curve. Its coordinate
algebra is isomorphic to a polynomial ring in one variable. Every line is isomorphic to the affine line A®.
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2.3.5. Letp = (a1,...,a,) and ¢ = (b1, ..., b,) be distinct points of A™. The point pair (p, q) is the closed
set defined by the system of n? equations (z; — a;)(z; —b;) = 0 with 1 <4, j < n. A point pair isn’t a variety
because the ideal I generated by the polynomials (z; — a;)(x; — b;) isn’t a prime ideal. The next proposition,
which follows from the Chinese Remainder Theorem [2.1.6] describes the ideal I.

2.3.6. Proposition. The ideal of polynomials that vanish on a point pair is the product of the maximal ideals
m,mg, and the quotient algebra Clz]/1 is isomorphic to the product algebra C x C. O

2.4 Hilbert’s Nullstellensatz

2.4.1. Nullstellensatz (version 1).  Let C[z] be the polynomial algebra in the variables x1, . .., z,. There
are bijective correspondences between the following sets:

e points p of the affine space A",
e algebra homomorphisms m, : Clz] — C,
o maximal ideals my, of C[z].

Ifp = (a1,...,a,) is a point of A", the corresponding homomorphism m, evaluates a polynomial at p:
mp(9) = glai, ..., an) ( = g(p)), and the maximal ideal wy, is the kernel of m,. It is generated by the linear
polynomials x1—aq, ..., %Xy, —0n. O

It is obvious that every algebra homomorphism C[z] — C is surjective and that its kernel is a maximal ideal. It
isn’t obvious that every maximal ideal of C|x] is the kernel of such a homomorphism. The proof can be found
manywhereE]

The Nullstellensatz gives us a way to describe the closed set V' (I) of zeros of an ideal I in affine space in
terms of maximal ideals. The points of V'(I) are those at which all elements of I vanish. Thus

(2.4.2) V(I)={peA”|ICm,}

2.4.3. Proposition. Let I be an ideal of the polynomial ring R = C[x]. If the zero locus V (I) is empty, then
I is the unit ideal of R.

proof. Every ideal I that is not the unit ideal is contained in a maximal ideal (Corollary 2.1.13). O

2.4.4. Strong Nullstellensatz. Let I be an ideal of the polynomial algebra Clxy, ..., x,], and let V be the
locus of zeros of I in A™: 'V =V (I). If a polynomial g vanishes at every point of V, then I contains a power

of g.

proof. This beautiful proof is due to Rainich. Let g(z) be a polynomial that is identically zero on V. We are to
show that I contains a power of g. If g is the zero polynomial, it is in . So we may assume that g isn’t zero.

The Hilbert Basis Theorem tells us that [ is a finitely generated ideal; let f = fi,..., fx be a set of
generators. In the n+ 1-dimensional affine space with coordinates (z1,...,z,,y), let W be the locus of
solutions of the k41 equations

(2.4.5) file)=---=fr(x)=0 and g(z)y—1=0

Suppose that we have a solution = of the equations f(z) = 0, say (z1,...,2,) = (a1,...,a,). Then a is a
point of V, and our hypothesis tells us that g(a) = 0 too. So there can be no b such that g(a)b = 1. There
is no point (ay, ..., an,b) that solves the equations : The locus W is empty. Proposition m tells
us that the polynomials f1, ..., fx, gy — 1 generate the unit ideal of C[z1, ..., z,,y]. There are polynomials

p1(x,y),...,pr(x,y) and g(z, y) such that
(2.4.6) pifit-Fpefrtalgy—1)=1

The ring R = C[x,y]/(gy — 1) can be described as the one obtained by adjoining an inverse of g to the
polynomial ring C[z]. The residue of y is the inverse of g. Since g isn’t zero, C[z] is a subring of R. In R,

'While writing a paper, the mathematician Nagata decided that the English language needed this word, and then he managed to find it
in a dictionary.
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gy — 1 = 0, so the equation (2.4.6) becomes p1 f1 + - - - + pr.fr = 1. When we multiply both sides of this
equation by a large power g% of g, we can use the equation gy = 1, which is true in R, to cancel all occurences
of y in the polynomials p;(z, y). Let h; () denote the polynomial in z that is obtained by cancelling y in g™V p;.
Then

hi() fi(x) + -+ hi(2) fio(z) = g7 (2)

is a polynomial equation that is true in R and in its subring C[z]. Since fi, ..., fx are in I, this equation shows
that ¢V is in 1. O

2.4.7. Corollary. Let I and J be ideals of the polynomial ring Cx1, ..., x,).

(i) Let P be a prime ideal of C|x), and let V = V (P) be the variety of zeros of P. If a polynomial g vanishes
at every point of V, then g is an element of P.

(ii) Let f be an irreducible polynomial in C|x]. If a polynomial g vanishes at every point of V(f), then f
divides g.

(i) V(I) D> V(J)ifand only if radI C rad J, and V(I) > V(J) if and only if rad I > rad J (see (2.2.2)).
O

As before, a finite-type algebra is an algebra that can be generated by a finite set of elements.

2.4.8. Nullstellensatz (version 2). Let A be a finite-type algebra. There are bijective correspondences
between the following sets:

« algebra homomorphisms 7 : A — C,
« maximal ideals m of A.
The maximal ideal m that corresponds to a homomorphism 7 is the kernel of 7.

If A is presented as a quotient of a polynomial ring, say A ~ C[z1, ..., z,]/I, then these sets also corre-
spond bijectively to points of the set V' (I) of zeros of I in A™.

(We use the symbol ~ to indicate an isomorphism.)
proof. We choose a presentation of A as a quotient of a polynomial ring to identify A with a quotient C[z]/I.

The Correspondence Theorem tells us that maximal ideals of A correspond to maximal ideals of C[x] that
contain /. Those maximal ideals correspond to points of V' (I) (see (2.4.2)).

Let 7 denote the canonical homomorphism C[z] — A. The Mapping Property [2.1.3] applied to 7, tells us

that homomorphisms A — C correspond to homomorphisms C[z] —— C whose kernels contain I. Those
homomorphisms also correspond to points of V'(I).

(2.4.9) Tl H

O
2.5 The Spectrum

The Nullstellensatz allows us to associate a set of points to a finite-type domain A without reference to a
presentation. We can do this because the maximal ideals of A and the homomorphisms A — C don’t depend
on the presentation. If A is presented as a quotient C[z]/P of a polynomial ring, P a prime ideal, it becomes
the coordinate algebra of the variety V' (P) in affine space. Then the points of V' (P) correspond to maximal
ideals of A and also to homomorphisms A — C.

When a finite-type domain A is given without a presentation, we replace the variety V' (P) by an abstract
set of points, the spectrum of A, that we denote by Spec A and call an affine variety. We put one point into the
spectrum for every maximal ideal of A, and then we turn around and denote the maximal ideal that corresponds
to a point p by m,. The Nullstellensatz tells us that p also corresponds to a homomorphism A — C whose
kernel is m,. We denote that homomorphism by 7,,. The domain A is the coordinate algebra of the affine
variety Spec A (see (2.2.17)). To work with Spec A, we may interpret its points as maximal ideals or as
homomorphisms to C, whichever is convenient.
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When defined in this way, the variety Spec A isn’t embedded into affine space, but if we present A as a
quotient C[z]/ P, points of Spec A correspond to points of the subset V' (P) in A™. Even when the coordinate
ring A of an affine variety is presented as C[x]/ P, we may denote the variety by Spec A rather than by V' (P).

Let X = Spec A. The elements of A define (complex-valued) functions on X: A point p of X corresponds

to a homomorphism A 7, C. If o is an element of A, the value of the function « at p is defined to be 7, (c):

2.5.1) alp) < 7, ()

Then the kernel m,, of 7, is the set of elements « of the coordinate algebra A such that a(p) = 0:
m, = {a € 4] a(p) = 0}

The functions defined by the elements of A are the regular functions on X. (See Proposition[2.6.2] below.)

For example, the spectrum Spec C[z1, ..., x,] of the polynomial algebra is the affine space A™. The
homomorphism 7, : C[z] — C that corresponds to a point p = (a1, ..., ay) of A" is evaluation at p. So
p(9) = g(a1,...,an) = g(p). The function defined by a complex polynomial g(x) is the polynomial function.

2.5.2. Lemma. Let A be a quotient Clx]/P of the polynomial ring Clxy, ..., ] modulo a prime ideal P,
so that Spec A becomes the closed subset V (P) of A™. Then a point p of Spec A corresponds to a point
(a1, ...,an) of A™. When an element o of A is represented by a polynomial g(x), the value of « at p is

a(p) = glay, .., an) = g(p).

proof. The point p of Spec A gives us a diagram (2.4.9), with 7 = 7, and 7 = m,, and where 7 is the
canonical map C[z] — A. Then @ = 7(p), and

(2.5.3) 9(p) "L m(9) = Tpr(9) = Tpla) “L" a(p). 0

Thus the value «(p) at a point p of Spec A can be obtained by evaluating a polynomial g at p. However, the
polynomial g that represents the regular function o won’t be unique unless P is the zero ideal.

(2.5.4) the Zariski topology on an affine variety

Let X = Spec A be an affine variety with coordinate algebra A. An ideal .J of A defines a locus in X, a

closed subset, that we denote by Vx (J):
(2.5.5) Vx(J) = {p € SpecA|J Cc m,}

When a presentation C[x]/P ~ A, is given, the ideal J of A corresponds to an ideal J of C[z] that contains

P. Then if Vi~ (J) denotes the zero locus of J in A", Vx (J) = Van(J).

The properties of closed sets in affine space that are given in Lemmas [2.2.3] and [2.2.5] are true for closed
subsets of an affine variety. In particular, Vx (J) = Vx(rad J),and Vx (IJ) = Vx(INJ) = Vx (1)U Vx(J).

2.5.6. Proposition. Let J be an ideal of a finite-type domain A, and let X = Spec A. The zero set Vx (J) is
empty if and only if J is the unit ideal of A. If X is empty, then A is the zero ring.

proof. The zero ring is the only ring with no maximal ideals. O

2.5.7. Note. We have put bars on the symbols m and 7 here in order to distinguish maximal ideals of A from
maximal ideals of C[x] and homomorphisms A — C from homomorphisms C[z1, ..., z,] — C. In the future,
we will put bars over the letters only when there is a danger of confusion. O

(2.5.8) ideals whose zero sets are equal

2.5.9. Lemma. An ideal I of a noetherian ring R contains a power of its radical.
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proof. Since R is noetherian, the ideal rad I is generated by a finite set of elements & = {«1, ..., ay }, and for
large r, o is in I. We can use the same large integer  for every i. A monomial 3 = aJ" - - - o;* of sufficiently
large degree n in o will be divisible o for at least one ¢, and therefore it will be in /. The monomials of degree
n generate (rad I)", so (rad I)" C I (and I C rad[). O

2.5.10. Corollary. Let I and J be ideals of a finite-type domain A, and let X = Spec A. Then Vx(I) D
Vx (J) if and only if rad I C rad J.

This follows from Corollary O

For example, there is a bijective correspondence between radical ideals in the polynomial ring C[z1, ..., 2]
and closed subsets of A™.

The next proposition includes Proposition as a special case.

2.5.11. Proposition. Ler X = Spec A, where A is a finite-type domain. The closed subset Vx (P) defined by
a radical ideal P is irreducible if and only if P is a prime ideal.

proof. Let P be a radical ideal of A, and let Y = Vx(P). Let C' and D be closed subsets of X such that
Y = CUD. Say C = Vx(I), D = Vx(J). We may suppose that I and J are radical ideals. Then the inclusion
C C Y implies that I D P. Similarly, J D P. Because Y = CUD, we alsohave Y = Vx(INJ) = Vx(1J).
So IJ C P (Corollary 2.5.10). If P is a prime ideal, then I = P or J = P, and therefore C =Y or D =Y.
So Y is irreducible. Conversely, suppose that P is not a prime ideal. Then there are ideals A, B strictly larger
than P, such that AB C P . Then Y will be the union of the two proper closed subsets Vx (A) and

Vx (B), and is not irreducible (2.5.10). O

2.5.12. Examples.

(i) Let I be the ideal generated by 3 and y? — 2 in the polynomial algebra C[z,y] in two variables. The
origin y = x = 0 is the only common zero of these polynomials in the affine plane, and the polynomial z also
vanishes at the origin. The Strong Nullstellensatz predicts that I contains a power of z. This is verified by the
following equation:
yy’ = (y* +y?2’ +2°)(y? — 2%) = a°

(i) We may regard pairs A, B of n x n matrices as points of an affine space A2 with coordinates aij,bij,
1 < 4,5 < n. The pairs of commuting matrices (AB = BA) form a closed subset of A2"2, the locus of
common zeros of the n? polynomials c;; that compute the entries of the matrix AB — BA:

(2.5.13) cij(a, b) = Z ai,,bl,j — biual,j

Let I denote the ideal of the polynomial algebra Cla, b] generated by the polynomials ¢;;. Then V' (I) is the
set of pairs of commuting complex matrices. The Strong Nullstellensatz asserts that if a polynomial g(a, b)
vanishes on every pair of commuting matrices, some power of g isin I. Is g itself in I? It is a famous conjecture
that [ is a prime ideal. If so, g would be in /. Proving the conjecture would establish your reputation as a
mathematician, but I don’t recommend spending very much time on it right now. U

(2.5.14) the nilradical

The nilradical of a ring is the set of its nilpotent elements. It is the radical of the zero ideal. The nilradical
of a domain is the zero ideal. If a ring R is noetherian, its nilradical will be nilpotent: some power of will be
the zero ideal (Lemma[2.5.9).

2.5.15. Proposition. The nilradical of a noetherian ring R is the intersection of the prime ideals of R.

proof. Let x be an element of the nilradical N. So some power of z is zero. Since the zero element is in every
prime ideal, z is in every prime ideal. Therefore /V is contained in every prime ideal. Conversely, let = be
an element not in [V, i.e., not nilpotent. We show that there is a prime ideal that doesn’t contain any power
of z. Let S be the set of ideals that don’t contain a power of z. The zero ideal is one such ideal, so S isn’t
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empty. Since R is noetherian, S contains a maximal member P (2.1.11). We show that P is a prime ideal by
showing that, if two ideals A and B are strictly larger than P, their product AB isn’t contained in P. Since P
is a maximal member of S, A and B aren’t in S. They contain powers of z, say z¥ € A and z° € B. Then
x*+%isin AB but not in P. Therefore AB ¢ P. O

The conclusion of this proposition is true whether or not the ring R is noetherian.

2.5.16. Corollary.
(i) Let A be a finite-type algebra. An element that is in every maximal ideal of A is nilpotent.
(ii) Let A be a finite-type domain. The intersection of the maximal ideals of A is the zero ideal.

proof. (i) Say that A is presented as C[x]/I. Let a be an element of A that is in every maximal ideal, and let
g(x) be a polynomial whose residue in A is . Then « is in every maximal ideal of A if and only if g = 0 at
all points of Vi (I). If so, the Strong Nullstellensatz asserts that some power g™ is in I. Then o™ = 0. O

2.5.17. Corollary. An element « of a finite-type domain A is determined by the function that it defines on
X = Spec A.

proof. It is enough to show that an element « that defines the zero function is the zero element. Such an
element is in every maximal ideal (2.5.6), so « is nilpotent, and since A is a domain, a = 0. O

(2.5.18) localization

Let s be a nonzero element of a domain A. The ring A[s~!] obtained by adjoining an inverse of s to A
is called a localization of A. The localization is isomorphic to the quotient A[z]/(sz — 1) of the polynomial
ring A[z] in the variable z by the principal ideal generated by sz — 1, and it will be denoted by A;. If A is a
finite-type domain, the variety Spec A will also be called a localization of X, and it may be denoted by X;.

2.5.19. Proposition. (i) With terminology as above, points of the variety X = Spec Ay correspond bijectively
to the open subset of X of points at which the value of s is nonzero.

(i) When we identify a localization X ;s with a subset of X, the Zariski topology on X is the induced topology
from X. So X is an open subspace of X.

proof. (i) Let p be a point of X, let A T2, C be the corresponding homomorphism, and let ¢ = s(p) ( =
mp(s)). If ¢ # 0, m, extends uniquely to a homomorphism A, — C that sends s~! to ¢~*. This gives us a
unique point of X whose image in X is p. On the other hand, if ¢ = 0, then 7, doesn’t extend to A,. So X
identifies with the complement of the zero locus of s.

(ii) If C'is closed in X = Spec A4, say C' = Vx (I), then C N X is the zero set of I in X,. So it is closed in
X,. We must show that if D is a closed subset of X, there is a closed subset C' of X such that D = C' N Xj.
Say that D is the zero set of an ideal J of Ag, and let aq, ..., oy be generators for J that are contained in A.
Let I be the ideal (o, ..., ax)A, and let C' = Vx(I). If m, is the maximal ideal of A at a point p of X,
the maximal ideal of A, at p is the extended ideal (m,),, the ideal of A, generated by m,,. Its elements are
fractions as~*, with @ in m,. The point p is in D if and only if J C (m,),, and this is true if and only if
I C my, i.e., if and only if p is a point of C'. U

We usually identify X as an open subset of X. Then the effect of adjoining the inverse is to throw out the
points of X at which s vanishes. For example, the spectrum of the Laurent polynomial ring C[t, ¢~ !] becomes
the complement of the origin in the affine line A’ = Spec C[t].

This illustrates the benefit of working with an affine variety without a fixing an embedding into affine
space. If X is embedded into A", the localization X wants to be in AL

As is true for many open sets, the complement X’ of the origin in the affine plane Spec C[z, 23] isn’t
a localization. Every polynomial that vanishes at the origin vanishes on an affine curve, which has points
different from the origin. Its inverse doesn’t define a function on X',

It may be hard to tell whether or not a given open set is a localization. The general facts at our disposal are
that the intersection of localizations is a localization, because X, N X; = X, and the next proposition.
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2.5.20. Proposition. The localizations X s of an affine variety X form a basis for the Zariski topology on X.

A basis for the topology on a topological space X is a family 53 of open sets such that every open set is a union
of open sets that are members of B.

proof of Proposition|2.5.20, We must show that every open subset U of X can be covered by localizations of
X, i.e., that for every point p of U, there is a localization X that is contained in U and that contains p.

Let C be the complement of U in X, and let A be the coordinate algebra of X. Because C'is closed, it is
the zero locus of some elements of A. Since p isn’t in C, at least one of those elements, say s, will be nonzero
at p though it is identically zero on C. Then X contains no point of C, so X, C U, and because s(p) # 0,
p € Xs. ([

2.5.21. Lemma. Let U and V' be open subsets of an affine variety X.
(i) If V is a localization of U and U is a localization of X, then V is a localization of X.
(i) If U and V are affine, V. C U, and if V is a localization of X, then V is a localization of U.

(iii) Let p be a point of U N V. IfU and V are affine, there is an open set Z containing p that is a localization
of U and also a localization of V.

proof. (i) Say that X = Spec A, U = X, = Spec A; and V = U; = Spec(Ay);. Then t is an element of
Ag, say t = s~*r with r in A. The localizations (A);, (As), are equal, and (Ay), = A,.. So V = X,

(ii) Say that X = Spec A, U = Spec B, and V' = Spec A;, where ¢ is a nonzero element of A. The elements
of B are the fractions t ~¥a with @ € A, and ¢ is an element of B. So B, = A;.

(iii) Since localizations form a basis for the topology, U N V' contains a localization X of X that contains p.
By (ii), X is a localization of U and of V. [l

(2.5.22) extension and contraction of ideals

Let A C B be the inclusion of a ring A as a subring of a ring B. The extension of an ideal I of A is the
ideal I B of B generated by /. Its elements are finite sums ) . z;b; with z; in I and b; in B. The contraction
of an ideal J of B is the intersection J N A. It is an ideal of A.

If A, is a localization of A and I is an ideal of A, the elements of the extended ideal I A, are fractions of
the form zs—*, with z in I. We denote this extended ideal by I,.

2.5.23. Lemma.

(i) Let A C B be rings, let I be an ideal of A and let J be an ideal of B. Then I C (IB) N A and
(JNA)B C J.

(ii) Let A, be a localization of A, let I' be an ideal of A, and let I = I' N A. Then I' = I A,. Every ideal of
A is the extension of an ideal of A.

(iii) Let P be a prime ideal of A. If s is an element of A that isn’t in P, the extended ideal P is a prime ideal
of As. If sis in P, the extended ideal is the unit ideal. U

2.6 Morphisms of Affine Varieties
Morphisms are the allowed maps between varieties. Morphisms between affine varieties are defined below.

They correspond to algebra homomorphisms in the opposite direction between their coordinate algebras. Mor-
phisms of projective varieties require more thought. They will be defined in the next chapter.

(2.6.1) regular functions

The function field K of an affine variety X = Spec A is the field of fractions of A. A rational function on
X is a nonzero element of the function field K.
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As we have seen, @ elements of the coordinate algebra A define functions on X, the rule being
a(p) = mp(a), where m, is the homomorphism A — C that corresponds to p. A rational function f = a/s
with @ and s in A is an element of A, and it defines a function on the open subset X. A rational function f
is regular at a point p of X if it can be written as a fraction a/s such that s(p) # 0. A rational function is a
regular function on X if it is regular at every point of X.

2.6.2. Proposition. The regular functions on an affine variety X = Spec A are the elements of the coordinate
algebra A.

proof. Let f be a rational function that is regular on X. So for every point p of X, there is a localization
Xs = Spec A that contains p, such that f is an element of A;. Because X is quasicompact, a finite set of
these localizations, say X, ,..., Xs,, will cover X. Then sy, ..., s; have no common zeros on X, so they
generate the unit ideal of A . Since f is in Ay, we can write f = s; "b;, or sI'f = b;, with b; in A,
and we can use the same exponent n for each 4. Since the elements s; generate the unit ideal of A, so do the
powers s?. Say that > sP'c; = 1, with ¢; in A. Then f = > sPc¢; f = > ¢;b; is an element of A. O

(2.6.3) morphisms

Let X = Spec A and Y = Spec B be affine varieties, and let A — B be an algebra homomorphism.
A point g of Y corresponds to an algebra homomorphism B ~4, C. When we compose 7, (, we obtain a

homomorphism A T¢% C. The Nullstellensatz tells us that there is a unique point p of X such that 7, is the
homomorphism 7,:

A—*-B
(2.6.4) ﬂpl lwq

C C

2.6.5. Definition. Let X = Spec A and Y = Spec B. A morphism Y — X is a map defined, as above, by
an algebra homomorphism A 3 B:Ifgisa point of Y, then ugq is the point p of X such that 7, = m,¢.

Then if « is an element of A and 8 = ¢(«),

(2.6.6) B(q) = mq(B) = m4(pa) = mp(a) = a(p)

The morphism Y — X is an isomorphism if and only if there is an inverse morphism. This will be true if
and only if A —5 B is an isomorphism of algebras. O

The relationship between a homomorphism A 5 B and the associated morphism ¥ —% X can be
summed up by the next formula. If ¢ is a point of Y and « is an element of A, then

(2.6.7) alu(q)] = [pa(q)
Thus the homomorphism ¢ is determined by the map u. But most maps Y — X aren’t morphisms.

The description of a morphism can be confusing because the direction of the arrow is reversed. It will become
clearer as we expand the discussion.

Morphisms to the affine line.

A morphism Y - A from a variety Y = Spec B to the affine line Spec C[t] is defined by an algebra

homomorphism C[z] —*+ B, which substitutes an element 3 of B for 2. The morphism u that corresponds to
 sends a point ¢ of Y to the point of the z-line at which = 3(q).

For example, let Y be the space of 2 x 2 matrices, so that B = C[yij], 1 < 4,57 < 2. The determinant
bir b2

defines a morphism Y — A! that sends a matrix 3 = (b b
21 D22

) to its determinant by1bas — by2ba1. The
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corresponding algebra homomorphism C|x] LN Clyi;] substitutes y11y22—y12y21 for x. It sends a polynomial
f(x) to f(yi1y22 — y12y21)-

In the other direction, a morphism from A to a variety Y is a (complex) polynomial path in Y. For
example, if Y is the space of matrices, a morphism A! — Y corresponds to a homomorphism Cly;;] — Clz],
which substitutes polynomials in x for the variables y;;.

Morphisms to affine space.

A morphism from an affine variety Y = Spec B to affine space A™ will be defined by a homomorphism
Clx, ooy Tp] %, B which substitutes elements 3; of B for x;: ®(f(x)) = f(B). The corresponding mor-
phism Y —%5 A”™ sends a point ¢ of Y to the point (31(q), ..., B (q)) of A™.

Morphisms to affine varieties.

Let X = SpecA and Y = Spec B be affine varieties. Say that we have chosen a presentation A =
Clz1, ooy zm]/(f1, -y fre) Of A, so that X becomes the closed subvariety V(f) of affine space A™. There
is no need to choose a presentation of B. A natural way to define a morphism from a variety ¥ to X is
as a morphism Y — A" to affine space, whose image is contained in X. We check that this agrees with
Definition 2.6.3}

As above, a morphism Y —%5 A" corresponds to a homomorphism C[z1, ..., ] 2, B, and defined by
a set (01, ..., Bm) of elements of B. Since X is the locus of zeros of the polynomials f, the image of Y will
be contained in X if and only if f;(51(q), ..., Bm(q)) = O for every point ¢ of Y and every i, i.e., f;(5)isin
every maximal ideal of B, in which case f;(8) = 0 for every i (i). Another way to say this is:

The image of Y is contained in X if and only if 8 = (51, ..., Bn) solves the equations f(z) = 0.
And, if 3 is a solution, the map ® defines a map A 5 B.

Clz] —2—> B

l H

L}B

This is an elementary, but important, principle:

o Homomorphisms from an algebra A = Clx]/(f) to an algebra B correspond to solutions of the equa-
tions f = 0in B.

2.6.8. Corollary. Let X = Spec A and let Y = Spec B be affine varieties. Suppose that A is presented as
the quotient C[x1, ..., Zm]/(f1, ..., fr) of a polynomial ring. There are bijective correspondences between the
following sets:

e algebra homomorphisms A — B, or morphisms Y — X,
o morphisms Y — A™ whose images are contained in X,
o solutions of the equations f;(x) = 0in B, (I

The second and third sets refer to an embedding of the variety X into affine space, but the first one does not. It
shows that a morphism depends only on the varieties X and Y, not on the embedding of X into affine space.

The geometry of a morphism will be described more completely in Chapters[dand[5] We note a few more
facts about them here.

2.6.9. Proposition. Let X <— Y be the morphism of affine varieties that corresponds to a homomorphism of
coordinate algebras A -5 B.

() Let Y < Z be another morphism, that corresponds to another homomorphism B R of finite-type
domains. The the composition Z s X. is the morphism that corresponds to the composed homomorphism
A4 R

(ii) Suppose that B = A/P, where P is a prime ideal of A, and that @ is the canonical homomorphism
A — A/P. Then u is the inclusion of the closed subvariety Y = Vx (P) into X.

(iii) o is surjective if and only if w maps Y isomorphically to a closed subvariety of X. O
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It is useful to rephrase the definition of the morphism ¥ —~ X that corresponds to a homomorphism
A -5 B in terms of maximal ideals. Let m, be the maximal ideal of B at a point q of Y. The inverse image
of my in A is the kernel of the composed homomorphism A s B X% C, so it is a maximal ideal of A:
¢~ 'm, = m,, for some point p of X. That point is the image of ¢: p = ug.

In the other direction, let m,, be the maximal ideal at a point p of X, and let J be the ideal generated by the
image of m,, in B. This ideal is called the extension of m,, to B. Its elements are finite sums ) ¢(2;)b; with
z; in my, and b; in B. If ¢ is is a point of Y, then ug = p if and only if m;, = ¢ ~'m,, and this will be true if
and only if J is contained in m,.

Recall that, if Y — X is a map of sets, the fibre of Y over a point p of X is the set of points ¢ of Y that
map to p.

2.6.10. Corollary. Ler X = Spec A and Y = Spec B, and let Y — X be the morphism corresponding to
a homomorphism A 5 B, let m,, be the maximal ideal at a point p of X, and let J = m, B be the extended
ideal.

() The fibre of Y over p is the set Vy (J) of points q such that J C m,.

(ii) The fibre of Y over p is empty if and only if J is the unit ideal of B. (]

2.6.11. Example. (blowing up the plane)

Let Z and Y be the affine planes with coordinates z, z and z, y, respectively. The map Z — Y defined
by y = xz, the morphism that corresponds to the algebra homomorphism C[z,y] —+ C[z, z] defined by
o(r) =z, o(y) = zz.

The morphism 7 is bijective at points (x,y) with x # 0. At such a point, y = 2~ '2. The fibre of Z over
a point of Y of the form (0, y) is empty unless y = 0, and the fibre over the origin (0,0) in Y is the z-axis
{(0, )} in the plane Z Because the origin in Y is replaced by a line in Z, this morphism is called a blowup of
the affine plane Y. (]

figure

2.6.12. Proposition. A morphismY —— X of affine varieties is a continuous map in the Zariski topology and
also in the classical topology.

proof. First, the Zariski topology: Let X = Spec A and Y = Spec B, so that u corresponds to an algebra
homomorphism A 2+ B. A closed subset C' of X will be the zero locus of a set o = {a1, ..., a } of elements
of A. Let B; = pay;. The inverse image v~ 'C is the set of points ¢ such that p = uq is in C, i.e., such that
a;(ugq) = 0, and o;(uq) = 5;(q) . So u~1C is the zero locus in Y of the elements 3; = op(«;) of B. It
is a closed set.

Next, for the classical topology, we use the fact that polynomials are continuous functions. A morphism if

affine spaces A} %5 A™ is defined by an algebra homomorphism C[z, ..., Z,,] 2 Cly1, ---, Yn), and this
homomorphism is determined by the polynomials hi (y), ..., b, (y) that are the images of the variables x. The
morphism @ sends the point (y1, ..., ¥, ) of A™ to the point (h1(y), ..., hm(y)) of A™. It is continuous.

The morphism Y — X is defined by a homomorphism A — B. We choose presentations A = Clz]/I
and B = C[y|/J, and we form a diagram of homomorphisms and the associated diagram of morphisms:

Clz] —2— Cly] Ar AT
- o] |
A —*5 B X +* Yy

Here « and §3 are the canonical maps of a ring to a quotient ring. The map « sends z1, ..., z, to a1, ..., Q.
Then ® is obtained by choosing elements h; whose images in B are the same as the images off «;. In the
diagram of morphisms, % is continuous, and the vertical arrows are the embeddings of X and Y into their
affine spaces. Since the topologies on X and Y are induced from their embeddings, v is continuous. (|

As we see here, every morphism of affine varieties can be obtained by restricting a morphism of affine
spaces. However, in the diagram above, the morphism w isn’t unique. It depends on the choice of the polyno-
mials ~;.
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2.7 Finite Group Actions

Let GG be a finite group of automorphisms of a finite-type domain B. An invariant element of B is an element
that is sent to itself by every element o of G. For example, the product and the sum

(27.1) [[ev . D> ob

ceG c€eG

are invariant elements. The invariant elements form a subalgebra of B that is often denoted by B“. Theorem
below asserts that B is a finite-type algebra, and that points of Spec BE correspond bijectively to
G-orbits in Spec B.

2.7.2. Examples.
(i) The symmetric group G = S, operates on the polynomial ring R = Cl[zy, ..., z,] by permuting the
variables, and the Symmetric Functions Theorem asserts that the elementary symmetric functions

S1 = E i, S9 = E LTiTj oy eeny Sp =T1T2° T
4

1<j

generate the ring R of invariant polynomials. Moreover, s1, ..., s,, are algebraically independent, so R is
the polynomial algebra C|[sy, ..., s,,]. The inclusion of R into R gives us a morphism from affine z-space A"
to affine s-space A? = Spec R®. If a = (a1, ..., a,,) is a point of A", the points b = (by, ..., b,) of A” that
map to a are those such that s;(b) = a;. They are the roots of the polynomial 2" — a;2"~! + - - - & a,,. Since
the roots form a G-orbit, the set of G-orbits of points of A? maps bijectively to A7.

(i) Let ¢ = €27/, let o be the automorphism of the polynomial ring B = Cl[y1, 92| defined by oy; = Cy1
and oys = (" 'yo. Let G be the cyclic group of order n generated by o, and let A denote the algebra B¢
of invariant elements. A monomial m = yiy3 is invariant if and only if n divides i — j, and an invariant
polynomial is a linear combination of invariant monomials. You will be able to show that the three monomials

(2.7.3) ur =y, uz =yy , and w = y1yo

generate A. We’ll use the same symbols g, ua, w to denote variables in the polynomial ring Cluy, us, w]. Let
J be the kernel of the canonical homomorphism Cluy, ug, w] - A that sends U, U2, WO Y7, Y5, Y1Y2.

2.7.4. Lemma. With notation as above, the kernel J of T is the principal ideal of Cluy, ua, w) generated by
the polynomial f = w™ — ujus.

proof. First, f is an element of J. Let g(uj,us,w) be an element of J. So g(yf, y¥,v1y2) = 0. We
divide g by f, considered as a monic polynomial in w, say g = fq + r, where the remainder r has degree
< n in w. The remainder will be in J too: r(y7, y%,y1y2) = 0. We write r as a polynomial in w: r =
ro(ut, uz) +71(ug, ug)w + - - + 1,1 (ug, ug)w™ L. When we substitute ¥, y%, y192, the term 7; (uy, us )w®
becomes 7;(y?, y%)(y1y2)!. The degree in y; of every monomial that appears here will be congruent to i
modulo n, and the same is true for yo. Since r(y7, y%,y1y2) = 0, and because the indices i are distinct,
r:(y7, y5 ) will be zero for every 7. And if r; (v}, y%) is zero, then 7;(u1, u2) = 0. So r = 0, which means that
f divides g. O

We go back to the operation of the cyclic group on B. Let Y denote the affine plane Spec B, and let
X = Spec A. The group G operates on Y, and except for the origin, which is a fixed point, the orbit of a
point (y1,y2) consists of the n points ((*y1, (" y2),i = 0,...,n — 1. To show that G-orbits in Y correspond
bijectively to points of X, we fix complex numbers w1, uo, w with w"™ = wujus, and we look for solutions of
the equations . When u; # 0, the equation u; = y7 has n solutions for y;, and then ys is determined
by the equation w = y1y2. So the fibre has order n. Similarly, there are n points in the fibre if uy # 0. If
u1 = ug = 0, then y; = yo = w = 0. In all cases, the fibres are the G-orbits. O

2.7.5. Theorem. Let G be a finite group of automorphisms of a finite-type domain B, and let A denote the
algebra B of invariant elements. Let Y = Spec B and X = Spec A.
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(i) A is a finite-type domain and B is a finite A-module.
(ii) G operates by automorphisms on'Y .

(iii) The morphism 'Y — X defined by the inclusion A C B is surjective, and its fibres are the G-orbits of
points of Y.

When a group G operates on a set Y, one often denotes the set of G-orbits of Y by Y/G. With that notation,
the theorem asserts that there is a bijective map Y/G — X.

proof of (i): The invariant algebra A = B is a finite-type algebra, and B is a finite A-module.
This is an interesting indirect proof. To show that A is a finite-type algebra, one constructs a finite-type
subalgebra R of A such that B is a finite R-module.

Let {21, ..., z; } be the G-orbit of an element z; of B. The orbit is the set of roots of the polynomial

fit) = (t—2z1)--(t—2z) = tF— s tF o s

whose coefficients are the elementary symmetric functions in {z1, ..., 2 }. Let Ry denote the algebra generated
by those symmetric functions. Because the symmetric functions are invariant, R; C A. Using the equation
f(z1) = 0, we can write any power of z; as a polynomial in z; of degree less than k, with coefficients in R .

We choose a finite set of generators {y1, . .., y, } for the algebra B. If the order of the orbit of y; is k;, then
y; will be the root of a monic polynomial f; of degree k; with coefficients in A. Let R denote the finite-type
algebra generated by all of the coefficients of all of the polynomials fi, ..., f,. We can write any power of y;
as a polynomial in y; with coefficients in R, and of degree less than k;. Using such expressions, we can write
every monomial in yy, ..., ¥, as a polynomial ¥y, ..., y, with coefficients in R, whose degree in each variable
y; is less than k;. Since y1, ..., y, generate B, we can write every element of B as such a polynomial. Then the
finite set of monomials y7* - - - yo with e; < k; spans B as an R-module. Therefore B is a finite R-module.

Since R is a finite-type algebra, it is noetherian. The algebra A of invariants is a subalgebra of B that
contains R. So when regarded as an R-module, A is a submodule of the finite R-module B. Since R is
noetherian, A is also a finite R-module. When we put a finite set of algebra generators for R together with a
finite set of R-module generators for A, we obtain a finite set of algebra generators for A. So A is a finite-type
algebra. And, since B is a finite R-module, it is also a finite module over the larger ring A.

proof of R.7.5|ii): The group G operates on'Y .

A group element ¢ is a homomorphism B —— B, which defines a morphism Y <~ Y, as in Definition
Since o is an invertible homomorphism, i.e., an automorphism, u, is also an automorphism. Thus G
operates on Y. However, there is a point that should be mentioned.

Let’s write the operation of G on B on the left as usual, so that a group element o maps an element 3 of B
to ob. Then if o and 7 are two group elements, the product o7 acts as first do 7, then o (o7)p = o(75).

(2.7.6) B B-5B

We substitute © = u,, into Definition m If ¢ is a point of Y, the morphism Y <“Z Y sends ¢ to the
point p such that 7, = m,0. It seems permissible to drop the symbol u, and to write the morphism simply as
Y <7~ Y. But since arrows are reversed when going from homomorphisms of algebras to morphisms of their
spectra, the maps displayed in (2.7.6), give us morphisms

2.7.7) Y+~ Y&V

On Y = Spec B, the product o7 acts as first do o, then T.

To get around this problem, we can put the symbol o on the right when it operates on Y, so that o sends a
point g to go. Then if ¢ is a point of Y, we will have ¢(o7) = (¢qo)7, as required of an operation.

. If G operates on the left on B, it operates on the right on Spec B.

This is important only when one wants to compose morphisms. In Definition [2.6.5] we followed custom
and wrote the morphism w that corresponds to an algebra homomorphism ¢ on the left. We will continue to
write morphisms on the left when possible, but not here.
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Let 3 be an element of B and let ¢ be a point of Y. The value [0 3](q) of the function o at ¢ is the same
as the value of § at qo: [03](q) defn 7qg(08) = T4 (B) deln B(go) (2.6.6)

(2.7.8) [05](q) = B(q0) O

proof of .7.3](iii): The fibres of the morphismY — X are the G-orbits in'Y .

We go back to the subalgebra A = B®. For ¢ in G, we have a diagram of algebra homomorphisms and
the corresponding diagram of morphisms

B—25 B Y «+ 72— Y
(2.7.9) T T l l
A A X —— X

The diagram of morphisms shows that the elements of Y forming a G-orbit have the same image in X, and
therefore that the set of G-orbits in Y, which we denote by Y/G, maps to X. We show that the map Y/G — X
is bijective.

2.7.10. Lemma. (i) Let p1,...,pr be distinct points of affine space A™, and let c1,...,cy be complex
numbers. There is a polynomial f(x1,...,x,) such that f(p;) =c¢; for i=1,...,n.

(ii) Let B be a finite-type algebra, let q1, . . . , q, be points of Spec B, and let ¢, . . ., cx, be complex numbers.
There is an element [ in B such that B(q;) = ¢; fori =1,... k. O

injectivity of the map Y/G — X:

Let O; and O, be distinct G-orbits. Lemma[2.7.10| tells us that there is an element /3 in B whose value is
0 at every point of O1, is 1 at every point of Os. Since GG permutes the orbits, o3 will also be 0 at points
of O and 1 at points of O,. Then the product v = [[_ o3 will be 0 at points of O; and 1 at points of O,
and vy is invariant. If p; denotes the image in X of the orbit O;, the maximal ideal m,, of A is the intersection
A N mg, where ¢ is any point in O;. Therefore v is in the maximal ideal m,,,, but not in m,,,. The images of
the two orbits are distinct.

surjectivity of the map Y/G — X :
It suffices to show that the map Y — X is surjective.

2.7.11. Lemma. If I is an ideal of the invariant algebra A, and if the extended ideal I B is the unit ideal of
B, then I is the unit ideal of A.

As before, the extended ideal I B is the ideal of B generated by I.

Let’s assume the lemma for the moment, and use it to prove surjectivity of the map ¥ — X. Let p be
a point of X. The lemma tells us that the extended ideal m, B isn’t the unit ideal. So it is contained in a
maximal ideal m, of B, where ¢ is a point of Y. Thenm,, C (m,B)NA C m,NA.

The contraction my N A is an ideal of A, and it isn’t the unit ideal because 1 isn’t in m,. Since m,, is a
maximal ideal, m,, = m, N A. This means that ¢ maps to p in X. O

proof of the lemma. 1f IB = B, there will be an equation ), z;b; = 1, with 2; in I and b; in B. The
sums o; = Zg ob; are invariant, so they are elements of A, and the elements z; are invariant. Therefore
Yo 0(zib) = 2z ). ob; = z;y isin I. Then

Zl :ZU(I) :ZU(Zibi) :Zziozi

o,

The right side is in I, and the left side is the order of the group which, because A contains the complex
numbers, is an invertible element of A. So I is the unit ideal. [l
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Chapter 3 PROJECTIVE ALGEBRAIC GEOMETRY

Projective Varieties
Homogeneous Ideals

Product Varieties

Morphisms and Isomorphisms
Affine Varieties

Lines in Projective Three-Space

EEIEEEE

3.1 Projective Varieties

The projective space P of dimension n was defined in Chapter[I] Its points are equivalence classes of nonzero
vectors (zo, ..., T, ), the equivalence relation being that, for any nonzero complex number A,

(3.1.1) (20, ey Tn) ~ (AT, ey ALy).

A subset of P™ is Zariski closed if it is the set of common zeros of a family of homogeneous polynomials
f1, ..., fx in the coordinate variables x, ..., x,,, or if it is the set of zeros of the homogeneous ideal Z generated
by such a family (see Section . Homogeneity is required because the vectors (x) and (Az) represent the
same point of P". As explained in , f(Az) = 0 for all X if and only if f is homogeneous. We usually
omit the word *Zariski’, and refer to a Zariski closed set simply as a closed set.

Because the polynomial ring C[zy, ..., ] is noetherian, P" is a noetherian space: Every strictly increasing
family of ideals of C[x] is finite, and every strictly decreasing family of closed subsets of P" is finite. Therefore
every closed subset of P is a finite union of irreducible closed sets (2.2.13). The irreducible closed sets are
the closed subvarieties of P™, the projective varieties.

Thus a projective variety X is an irreducible closed subset of some projective space. We will also want to
know when two projective varieties are isomorphic. This will be explained in Section [3.4] where morphisms
are defined.

The closed subsets of P™ are the closed sets in the Zariski topology on P", and the Zariski topology on a
projective variety X is induced from the topology on the projective space that contains it. Since a projective
variety X is closed in P”, a subset of X is closed in X if it is closed in P".

3.1.2. Lemma. The one-point subsets of projective space are closed.

proof. This simple proof illustrates a general method. Let p be the point (aq, ..., a,,). The first guess might be
that the one-point set {p} is defined by the equations x; = a;, but the polynomials x; — a; aren’t homogeneous
in z. This is reflected in the fact that, for any A # 0, the vector (Aag, ..., Aa,,) represents the same point,
though it won’t satisfy those equations. The equations that define the set {p} are

(3.1.3) a;Tj = QjTq,
fori,j =0, ...,n, which show that the ratios a;/a; and x;/z; are equal. (I

3.1.4. Lemma. The proper closed subsets of the projective line are the nonempty finite subsets, and the proper
closed subsets of the projective plane are finite unions of points and curves. ([

Though affine varieties are important, most of algebraic geometry concerns projective varieties. It isn’t
very clear why this is so, but one property of projective space gives a hint of its importance: With its classical
topology, projective space is compact.
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A topological space is compact if it has these properties:

Hausdorff property: Distinct points p, g of X have disjoint open neighborhoods, and
quasicompactness: If X is covered by a family {U*} of open sets, then a finite subfamily covers X .

By the way, when we say that the sets {U?} cover a topological space X, we mean that X is the union
JU?. We don’t allow U® to contain elements that aren’t in X, though that would be a customary English
usage.

In the classical topology, affine space A™ is a Hausdorff space, but it isn’t quasicompact, and therefore it
isn’t compact. The Heine-Borel Theorem asserts that a subset of A™ is compact if and only if it is closed and
bounded.

We’ll show that P™ is compact, assuming that the Hausdorff property has been verified. The 2n+ 1-
dimensional sphere S of unit length vectors in A" is a bounded set, and because it is the zero locus of the
equation Toxg + - - + Tpr, = 1, it is closed. The Heine-Borel Theorem tells us that S is compact. The
map S — P” that sends a vector (zy, ..., Z,) to the point of projective space with that coordinate vector is
continuous and surjective. The next lemma of topology shows that P™ is compact.

3.1.5. Lemma. Let Y 15 X be a continuous map. Suppose that'Y is compact and that X is a Hausdorff
space. Then the image Z = f(Y') is a closed and compact subset of X.

proof. The image Z gets the induced topology. Since it is a subspace of X, Z is a Hausdorff space. If {V?}
is an open covering of Z, the inverse images U’ = f~'V form an open covering of Y that has a finite
subcovering U™, ..., U . The open sets V' are the images of U, and they cover Z. So Z is quasicompact.
d

The rest of this section contains a few examples of projective varieties.

(3.1.6) linear subspaces

Let V denote the affine space A"+, The complement of the origin in V' is mapped to the projective space
P™ by sending a vector (x, ..., ;) to the point of P™ it defines. This map can be useful when one studies
projective space.

If W is a subspace of dimension 7+ 1 of the vector space V, the points of P that are represented by the
nonzero vectors in W form a linear subspace L of P", of dimension r. If (wo, ..., w,) is a basis of W, the
linear subspace L corresponds bijectively to a projective space of dimension 7, by

cowo + -+ cpw, —— (co, ..., Cr)

For example, the set of points (x, ..., ,, 0, ..., 0) is a linear subspace of dimension 7. O

(3.1.7) a quadric surface

A quadric in P63 is the locus of zeros of an irreducible homogeneous quadratic equation in four variables. We
describe a bijective map from the product P! x P! of projective lines to a quadric.

Let coordinates in the two copies of P! be (g, 1) and (yo, y1), respectively, and let the four coordinates
in P3 be w;;, with 0 < ¢, j < 1. The map is defined by w;; = x;y;. Its image is the quadric () whose equation
is

(3.1.8) WopW11 = Wo1W10

Let’s check that the map P' x P! — @ is bijective. If w is a point of ), one of the coordinates, say wqg, will
be nonzero. Then if (z,y) is a point of P! x P! whose image is w, so that w;; = x;y;, the coordinates xy and
yo must be nonzero. When we normalize wqg, ¢ and yg to 1, there is a unique solution for x and y such that
w;j = x;Y;, namely x1 = wy and y; = wo.
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The quadric with the equation (3.1.8) contains two families of lines (one dimensional linear subspaces),
the images of the subsets 2 x P! and P*x y of P x IP.

Note. Equation @]) can be diagonalized by the substitution wog = s+¢t, w3 = s — t, wo1 = u+wv,
wip = u — v. This substitution changes the equation (3.1.8) to s> — t> = u% —v2. When we look at the affine
open set {u = 1}, the equation becomes s%+v2—t> = 1. The real locus of this equation is a one-sheeted
hyperboloid in R3, and the two families of complex lines in the quadric correspond to the familiar rulings of
this hyperboloid by real lines.

figure : hyperboloid with rulings. perhaps actual picture of thelocus above O

(3.1.9) hypersurfaces

A hypersurface is the locus of zeros in a projective space P" of an irreducible homogeneous polynomial
f(xo, ..., z,). Plane projective curves and quadric surfaces are hypersurfaces.

(3.1.10)  the Segre embedding of a product

The product P;" x PP}/ of projective spaces can be embedded by its Segre embedding into a projective space
PV that has coordinates w;;, with i = 0,...,m and j = 0,...,n. So N = (m+1)(n+1)—1. The Segre
embedding is defined by

We call the coordinates w;; the Segre variables.
The map from P! x P! to IP? that was described in (3.1.7) is the simplest case of a Segre embedding.

3.1.12. Proposition. The Segre embedding maps the product P™ x P™ bijectively to the locus Z of the Segre
equations

(3.1.13) Wi jWEy — WipWgj = 0.

proof. When one substitutes into the Segre equations, one obtains equations in {x;,y; } that are true.
So the image of the Segre embedding is contained in Z.

Let U?, V7 and W% denote the standard affine open subsets {z; # 0}, {y; # 0} and {w;; # 0} of P™, P"
and PV, respectively. Say that we have a point p of Z that lies in W, and that p is the image of (z,y). Then
wWoo 1s nonzero, so Tg and yo are also nonzero. We normalize wog, Zo, and yg to 1. Then w;; = w;owo; for all
i,j, Tr; = W;0 andyj = Wopj- U

The Segre embedding is important because it makes the product of projective spaces into a projective
variety, the closed subvariety of PV defined by the Segre equations. However, there is a point that should
be discussed. To show that the product is a variety, we need to show that the locus of the Segre equations is
irreducible. We defer discussion of this point to Section [3.3](see Proposition [3.3.1).

(3.1.14) the Veronese embedding of projective space

Let the coordinates in P" be x;, and let those in PV be v;;, with 0<i<j<n. Then N = (";2) — 1. The

Veronese embedding is the map P” 4 PN defined by v;; = x;x;. The Veronese embedding resembles the
Segre embedding, but in the Segre embedding, there are distinct sets of coordinates x and y, and there is no
requirement that ¢ < j.

The proof of the next proposition is similar to the proof of (3.1.12).

3.1.15. Proposition. The Veronese embedding f maps P™ bijectively to the locus X in PN of the equations

VijUe = ViV for 0<i<k<j<{l<n O
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For example, the Veronese embedding maps P! bijectively to the conic vgov1; = v3; in P2.

(3.1.16) the twisted cubic

There are higher order Veronese embeddings, defined in an analogous way by the monomials of some
degree d > 2. The first example is the embedding of P! by the cubic monomials in two variables, which maps
PL to P3. Let the coordinates in P? be vy, ..., v3. The cubic Veronese embedding is defined by

3 2 2 3
Vo = T, U1 = Ty, Vg = T, V3 = Ty

Its image is a twisted cubic in P?, the locus (vg, vy, v, v3) = (23, 23z 1, oz}, ¥3), Which is the set of common
zeros of the three polynomials

(3.1.17) VU2 — v% , VU2 —VoV3 , VU3 — 115

These polynomials are the 2 x 2 minors of the 2 x 3 matrix

(3.1.18) (“0 1 ”2>

v V2 U3

A 23 matrix has rank < 1 if and only if its 2x2 minors are zero. So a point (vg, v1, Vg, v3) lies on the twisted
cubic if has rank one. This means that the vectors (vg,v1,v2) and (v1, va, v3), if both are nonzero,
represent the same point of P2, Setting o = vp = 1 and 21 = vy = ¢, the twisted cubic becomes the locus of
points (1,¢,t2 t3). There is also one point at which vy = 0, the point (0,0, 0, 1). O

3.2 Homogeneous Ideals

We denote the polynomial algebra Clxy, ..., 2,,] by R here.

3.2.1. Lemma. Let Z be an ideal of R. The following conditions are equivalent.
(i) Z can be generated by homogeneous polynomials.
(ii) A polynomial is in T if and only if its homogeneous parts are in I. U

An ideal 7 of R that satisfies these conditions is a homogeneous ideal.

3.2.2. Lemma. The radical of a homogeneous ideal is homogeneous.

proof. Let Z be a homogeneous ideal, and let f be an element of its radical radZ. So f" is in Z for some r.
When f is written as a sum fo + - - - + f4 of its homogeneous parts, the highest degree part of f” is (f4)".
Since 7 is homogeneous, (f;)" isin Z and fg isin rad Z. Then fo + - - - + f4—1 is also in rad Z. By induction
on d, all of the homogeneous parts fy, ..., fg are in rad Z. [l

If f is a set of homogeneous polynomials, the set of its zeros in P may be denoted by V' (f) or Ve (f),
and the set of zeros of a homogeneous ideal Z by V' (Z) or Vpn (Z). (This is the same notation as is used for
closed subsets of affine space.)

A homogeneous ideal Z has a zero locus in projective space P and a zero locus in affine space A"*!. We
can’t use the V' (Z) notation for both of them, so let’s denote these two loci by V' and W, respectively. Unless Z
is the unit ideal, the origin x = 0 will be a point of W, and the complement of the origin will map surjectively
to V. If a point x other than the origin is in W, then because a homogeneous polynomial f vanishes at x if and
only if it vanishes at Ax, every point of the line through 0 and x is in W. An affine variety that is the union of
lines through the origin is called an affine cone. If the locus W contains a point x other than the origin, it is an

affine cone.

The familiar locus 23 + 22 — 23 = 0 is a cone in A3. The zero locus of the polynomial =} + 23 — z3 is

also called a cone.

Note. The real locus 23 + 27 — 23 = 0 in R3 decomposes into two parts when the origin is removed. Because
of this, it is sometimes called a “double cone”. However, the complex locus doesn’t decompose.
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3.2.3) the irrelevant ideal

In the polynomial algebra R = C|xo, ..., Z,], the maximal ideal M = (o, ...,z,) generated by the
variables is called the irrelevant ideal because its locus of zeros in projective space is empty.

3.2.4. Proposition. The zero locus in P of a homogeneous ideal T of R is empty if and only if T contains a
power of the irrelevant ideal.

Another way to say this is that V' (Z) is empty if and only if either Z is the unit ideal R, or its radical is the
irrelevant ideal.

proof of Proposition Let Z be the zero locus of Z in P™. If 7 contains a power of M, it contains a power
of each variable. Powers of the variables have no common zeros in projective space, so Z is empty.

Suppose that Z is empty, and let W be the locus of zeros of Z in the affine space A"*!. Since the
complement of the origin in W maps to the empty locus Z, it is empty. The origin is the only point that might
be in W. If W is the one point space consisting of the origin, then rad Z is the irrelevant ideal M. If W is
empty, Z is the unit ideal. (|

3.2.5. Lemma. Let P be a homogeneous ideal in the polynomial algebra R, not the unit ideal. The following
conditions are equivalent:

(i) P is aprime ideal.

(ii) If f and g are homogeneous polynomials, and if fg € P, then f € P or g € P.

(iii) If A and B are homogeneous ideals, and if AB C P, then A C P or B C P.

Thus a homogeneous ideal is a prime ideal if the usual conditions for a prime ideal are satisfied when the
polynomials or ideals are homogeneous.

proof of the lemma. The facts that (i) implies (ii) and (iii) follow from the analogous statements for nonho-
mogeneous ideals, and the implication (iii) = (ii) is proved by considering the principal ideals generated by f
and g.

(ii) = (i) Suppose that a homogeneous ideal P satisfies the condition stated in (ii), and that the product fg
of two polynomials, not necessarily homogeneous, is in P. If f has degree d and g has degree e, the highest
degree part of fg is the product f;g. of the homogeneous parts of f and g of maximal degree. Since P is a
homogeneous ideal, it contains fg.. Therefore one of the factors, say fg, isin P. Let h = f — f4. Then hg
is in P, and it has lower degree than fg. By induction on the degree of fg, h or g is in P, and if h is in P, so
is f. O

3.2.6. Proposition. LetY be the zero locus in P™ of a homogeneous radical ideal I, not the irrelevant ideal.
Then'Y is a projective variety (an irreducible closed subset of P") if and only if T is a prime ideal. Thus a
subset Y of P™ is a projective variety if and only if it is the zero locus of a homogeneous prime ideal that isn’t
the irrelevant ideal.

proof. Let W be the locus of zeros of Z in the affine space A"*!. Then W is irreducible if and only if Y is
irreducible. This is easy to see. Proposition[2.2.16]tells us that W is irreducible if and only if the radical ideal
7 is a prime ideal. (]

As before, V' (Z) stands for the zero locus of a homogeneous ideal Z in projective space.

3.2.7. Strong Nullstellensatz, projective version.

(i) Let g be a nonconstant homogeneous polynomial in xy, ..., T, and let T be a homogeneous ideal of C[x].
If g vanishes at every point of V(I), then T contains a power of g.

(ii) Let f and g be homogeneous polynomials. If f is irreducible and if V() C V (g), then f divides g.

(iii) Let Z and J be homogeneous ideals, and suppose that rad Z isn’t the irrelevant ideal or the unit ideal.
Then V(Z) = V(J) if and only if radZ = rad J.
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proof. (i) Let W be the locus of zeros of Z in the affine space A"™! with coordinates z. The polynomial g
vanishes at every point of W different from the origin, and since g isn’t a constant, it vanishes at the origin
too. So the affine Strong Nullstellensatz applies to V.

(i) If f is irreducible, the principal ideal (f) will be a prime ideal. So f divides a power of g if and only if f
divides g.

(iii) If radZ = rad J, then because V(Z) = V(radZ) = V(rad J) = V(7). Suppose that radZ > rad Z.
Then V(Z) C V(Z). Let g be a homogeneous polynomial in rad Z that isn’t in rad Z. Then g is zero on V(Z),
but by (i), g isn’t zero on V(7). So V(Z) < V(Z). O

3.2.8) quasiprojective varieties

A nonempty (Zariski) open subset X of a projective variety is called a quasiprojective variety. For instance,
a projective variety is quasiprojective. The complement of a point in a projective variety is a quasiprojective
variety. An affine variety X = Spec A may be regarded as a quasiprojective variety by embedding it as a
closed subvariety of the standard affine space U°. It becomes an open subvariety of its closure in P", which is
a projective variety (Lemma [2.2.12] (ii)).

The topology on a quasiprojective variety is induced from the topology on projective space.

3.2.9. Lemma. The topology on the affine open subset U° : zq # 0 of P" that is induced from the Zariski topol-
ogy on P is the same as the Zariski topology obtained by viewing U° as the affine space Spec Cluy, ..., u,],
u; = T;/To. (]

Here is the description of a quasiprojective variety X in terms of equations:

3.2.10. Let X be the closure of X in projective space P", and let C be the (closed) complement of X in X.
The closed set X will be the zero set of a family f1, ..., fx of homogeneous polynomials, and C' will be the
zero set of another family g1, ..., g¢. Then a point p of X will be a point of projective space that solves the
equations f = 0 but doesn’t solve g = 0: All of the polynomials f; vanish at p, and there is at least one
polynomial g; that doesn’t vanish there.

For example, if an affine variety X is embedded as a closed subvariety of U® and the locus of zeros of
f = 0is the closure X, then a point of X is a zero of f, but g isn’t zero at p. (I

These days, it is customary to define varieties without reference to an embedding into projective space,
as we did for affine varieties in Chapter 2] (??). However, to do this requires work. Most operations that one
wants to make preserve the quasiprojective property, and though there are varieties that cannot be embedded
into any projective space, they aren’t very important. In fact, it is hard enough to find convincing examples
of such varieties that we won’t try to give one here. All varieties that we consider will be quasiprojective. In
order to simplify terminology, and because the word “quasiprojective” is ugly, we will henceforth use the word
“variety” to mean “quasiprojective variety”.

3.3 Product Varieties

The properties of products of varieties seem intuitive, but some of the proofs aren’t obvious.

3.3.1. Proposition. Let X and Y be irreducible topological spaces, and suppose that a topology is given on
the product P = X XY, such that

o the topology on X XY is at least as fine as the product topology, i.e., the projections P = X and P =Y
are continuous, and

o forall x in X and all y in'Y, the fibres , P = x XY and Py, = X xy, with topologies induced from P, are
homeomorphic to'Y and X, respectively.

Then P is an irreducible topological space.

3.3.2. Lemma. Let X,Y, P be as in the proposition. If W is an open subset of P, its image U via the
projection P — Y is an open subset of Y.
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proof. Since W is open, the intersection , W/ = W N , P is an open subset of the fibre , P, whose image , U
in the homeomorphic space Y is also open. Since W is the union of the sets , W, U is the union of the open
sets ,U. So U is open. (]

proof of Proposition Let C and C’ be closed subsets of the product P. Suppose that C < P and
C' < P,andlet W = P — C and W/ = P — ("’ be the open complements of C and C’ in P. To show that P
is irreducible, we must show that C' U C’ < P. We do this by showing that W N W’ is nonempty.

Since C' < P, W is nonempty, and similarly, W' is nonempty. The lemma tells us that the images U
and U’ of W and W’ via projection to Y are nonempty open subsets of Y. Since Y is irreducible, U N U is
nonempty. Let y be a point of U N U’. Then the open subsets W,, = W N P, and W, = W' N P, of P, are
nonempty. Since P, is homeomorphic to the irreducible space X, W, N Wé is nonempty. Therefore W N W’
is nonempty, as was to be shown. O

3.3.3) products of affine varieties

We inspect the product X x Y of the affine varieties X = Spec A and Y = Spec B. Say that X is
embedded as a closed subvariety of A™, so that A = C[z]/P for some prime ideal P, and that Y is embedded
similarly into A", and B = C[y]/Q. Then in affine z,y-space A™*", X x Y is the locus of the equations
f(x) = 0and g(y) = 0 with f € P and g € Q. Proposition shows that X xY is irreducible. Therefore
it is a variety.

Let I = (P, Q) denote the ideal of C|x, y] generated by the elements f(x) of P and g(y) of Q. The zero
locus of I in A™*™ is the variety X x Y.

3.3.4. Proposition. Let P and Q be prime ideals of C[z]| and Cly), respectively, and let X = V(P) and
Y = V(Q) be their zero sets in A™ and A", respectively. Then I = (P, Q) is the ideal of all elements of
Clx, y] that vanish on the variety X XY . Therefore I is a prime ideal.

The fact that V() is the variety X Xy tells us only that the radical of I is a prime ideal.

proof of Proposition The ideal generated by P in C[z, y] consists of finite sums of products of elements
of P with polynomials in x, y. Let’s denote that ideal by P too. Similarly, let () denote the ideal generated in
Clz,y] as well as the ideal of C[y]. Let A = C[z]/P, B = C[y]/Q, and R = Cl[z,y]/I. (The ring R is the
tensor product algebra A ® B (see(??).)

When we evaluate polynomials p(x, y) at a point y” of Y, we obtain an algebra R that is isomorphic to A.
Therefore the homomorphism A — R defined by the inclusion C[z] C Clz, y] is injective. Similarly, we have
an injective map B — R. Let’s identify A and B with their images in R. Together, these images generate R.
Any element p of R can be written as a finite sum

k
(33.5) p=>ab
i=1

with a; in A and b; in B. We show that if p vanishes identically on X x Y, then p = 0. To do this, we show

that the same element p can be written as a sum of k — 1 products.
If ay is zero, then p = Zi:ll a;b;. Suppose that aj, # 0. Then ay, isn’t identically zero on X. We choose
a point 2° of X such that ay(z%) # 0. Then, writing a;(z%) = af and p°(y) = p(2°, y), we have the equation

P (y) = Zle adb;. Since p vanishes on X x Y, p° vanishes on Y. Therefore p° = 0. Then since ag #0,

we can solve the equation Zle adb; = 0forby: by = Zi:ll c;bi, where ¢; = —a? /af). Substituting into p
gives us an expression for p as a sum of k£ — 1 terms. Finally, when &k = 1, a?bl = 0. Therefore by = 0, and
p=0. U

(3.3.6) the Zariski topology on P™ x P"
As mentioned above (3.1.10), the product of projective spaces P x P™ is made into a projective variety by

identifying it with its Segre image, the locus of the Segre equations w;;wyre = w;ewy;. However, its Zariski
topology merits discussion.
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The first examples of closed subsets of P x P™ are products of the form X xY, where X is a closed
subset of P and Y is a closed subset of P, These are the closed sets in the product topology on P™ x P".
The product topology is much coarser than the Zariski topology. For example, the proper closed subsets of P*
are the nonempty finite subsets. In the product topology, the proper closed subsets of P! x P! are finite unions
of points and sets of the form P! x ¢ and px P! (horizontal’ and *vertical’ lines). Most Zariski closed subsets
of P! x P! aren’t of this form.

Since P™ x P, with its Segre embedding, is a projective variety, we don’t really need a separate definition
of its Zariski topology. Its closed subsets are the zero sets of families of homogeneous polynomials in the
Segre variables w;; that include the Segre equations.

One can also describe the closed subsets of P x P™ directly, in terms of bihomogeneous polynomials. A
polynomial f(z,y) is bihomogeneous if it is homogeneous in the variables x and also in the variables y. For
example, the polynomial z2yy + zox1y; is bihomogeneous, of degree 2 in - and degree 1 in y.

Because (x,y) and (A\x, uy) represent the same point of P™ x P™ for all nonzero A and p, we want to know
that f(x,y) = 0 if and only if f(Az, uy) = 0, and this is true for all nonzero A and p if and only if f is
bihomogeneous.

3.3.7. Proposition. Let x and y be coordinates in P and P™, respectively.

(i) A subset of P x P™ is closed if and only if it is the locus of zeros of a family of bihomogeneous polynomials.
(ii) If X and Y are closed subsets of P and P™, respectively, then X XY is a closed subset of P"* x P".

(iii) The projections P™ x Py, — P™ and P™ x P — P" are continuous maps.

(iv) For all x in P™ and all y in P", the fibres x X P"™ and P™ Xy, with topologies induced from P7* x Py, are
homeomorphic to P and P™, respectively.

proof. (i) For the proof, we denote the Segre image of P"*x P" by II. Let f(w) be a homogeneous polynomial
in the Segre variables w;;. When we substitute w;; = z;y; into into f, we obtain a polynomial f(x;y;) that is
bihomogeneous and that has the same degree as f in  and in y. Let’s denote that bihomogeneous polynomial
by f(a:, y). The inverse image of the zero set of f in II is the zero set of fvin P™ x P™. Therefore the inverse
image of a closed subset of II is the zero set of a family of bihomogeneous polynomials in P x P,

Conversely, let g(x, y) be a bihomogeneous polynomial, say of degrees r and s in « and y, respectively. If
r=s, we may collect variables that appear in g in pairs x;y; and replace each pair x;y; by w;;. We will obtain
a homogeneous polynomial G in w such that G(w) = g(z,y) when w;; = z;y,. The zero set of G in IT is the
image of the zero set of g in P x P™.

Suppose that r > s, and let K = r —s. Because the variables y cannot all be zero at any point of P”, the
equation g = 0 on P™ x P” is equivalent with the system of equations gy(’)C =gyt = = gy* = 0. The
polynomials gy¥ are bihomogeneous, of same degree in z as in y.

(ii) A polynomial f(x) can be viewed as a bihomogeneous polynomial of degree zero in y, and a polynomial
g(y) is bihomogeneous of degreee zxero in z. So X x Y, which is the locus f = g = 0in A™™" is a closed
subset of P™ x P".

(iii) We look at the projection P x P* — P™. If X is the closed subset of P™ defined by a system of
homogeneous polynomials f;(z), its inverse image in P x P™ is the zero set of the system of bihomogeneous
equations f;(x)yo, .--, fi(x)yn. So the inverse image is closed, which shows that the projection is continuous.

(iv) It suffices to show that the inclusion map X — P x P that sends X to P™ Xy is continuous. If f(x,y)
is a bihomogeneous polynomial and 3" is a point of Y, the zero set of f in P x4 is the zero set of f(x,y°).
This polynomial defines a closed subset of P, ]

3.3.8. Corollary. Let X andY be projective varieties, and let P denote the product X XY, a closed subset of
P <P,

(i) The projections P — X and P — Y are continuous.

(ii) For all x in X and all y in Y, the fibres . P = xxY and Py, = X Xy, with topologies induced from P, are

homeomorphic to'Y and X, respectively. O
The next corollary follows from Proposition [3.3.1and Corollary
3.3.9. Corollary. If X and Y are projective varieties, so is X XY . U

We will discuss the mapping property of a product in Chapter 5]
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3.4 Morphisms and Isomorphisms

When defining morphisms varieties, one must keep in mind that points of projective space are equivalence
classes of vectors, not the vectors themselves. This is a complication that turns out to be very useful.

Some morphisms are sufficiently obvious that they don’t require discussion. They include the projection
from a product variety X xY to X, the inclusion of X into the product X x Y as the set X xy for some point
y of Y, the morphism of products X xY — X’ XY when a morphism X — X' is given, and of course, the
analogous maps when Y replaces X.

If X and Y are subvarieties of projective spaces P™ and P", respectively, a morphism Y — X will be
determined by a morphism from Y to P”* whose image is contained in X. However, it is an important fact that

a morphism Y’ I X needn’t be the restriction of a morphism from P” to P". There will often be no way to
extend the morphism from Y to P™. Or, put another way, it may not be possible to define f using polynomials
in the coordinate variables of P".

For example, The Veronese map from the projective line P* to P2, defined by (zg, x1) ~ (23, zoz1, 23),
is an obvious morphism. Its image is the conic C' : wgov1; — v3; = 0 in the projective plane P? with

coordinates vgg, vo1,v11. The Veronese defines a bijective morphism P! L) C. TIts inverse function sends
a point (vgg, vo1,v11) of C' with vgg # 0 to the point (g, 1) = (vo1,v11). There is no way to extend this
inverse function to P2, though it is a morphism. In fact, there is no nonconstant morphism from P2 to P!

In order to have a definition that includes all cases, we will define morphisms using points with values in a
field.

34.1) the function field

Let X be a projective variety, and let X* be its intersection with the standard affine open subset U’ of
projective space. Then if nonempty, X will be an irreducible closed subset of U, an affine variety. Let’s omit
the indices for which X is empty. Then the intersection X = X* N X7 will be a localization of X* and also
a localization of X7. If X* = Spec A; and if u;; = x;/x;, then X" = Spec A;;, and A;; = Av[ul_jl] =
A; [u;l] The fields of fractions of the coordinate algebras A; are equal for all 7 such that X? isn’t empty.

3.4.2. Definition. The function field K x of a projective variety X is the field of fractions of the coordinate
algebra A; of any one of its nonempty affine open subsets X* = X N U*. A rational function on a variety X
is a nonzero element of its function field.

A point p of a projective variety X will lie in one of the nonempty affine open sets X* = X N U’. A
rational function v on X is regular at p if it is a regular function at p on one of those affine open sets. (]

Suppose that X is affine: X = Spec A. As has been noted, we may regard X as a quasiprojective variety by
embedding it as a closed subset of U°. The function field of X will be the field of fractions of its coordinate
algebra A, and a rational function o on X will be regular at a point p of X if it can be written as a fraction
a = a/s, where a and s are in A and s isn’t zero at p. Thus « is regular at p if it is an element of the coordinate
algebra of some localization X that contains p.

We note in passing that if « is regular at p and a(p) # 0, then a~! will be regular at p too.

3.4.3. Lemma. The regularity of a rational function at p doesn’t depend on the choice of the open set X that
contains p. O

Finally, let X be a (quasiprojective) variety. The function field K x of X is the function field of its closure

X in projective space.

(3.4.4) the function field of a product
To define the function field of a product X xY of projective varieties, we use the Segre embedding P7" x

Py — PV, We use notation as in (3.1.10), and let’s denote the product X xY by II. So x;, Y4, and w;; are
coordinates in the three projective spaces, and the Segre map is defined by w;; = z;y;. Let U?, V7, and W
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be the standard affine open sets x; # 0, y; # 0 and w;; # 0. The function field will be the field of fractions
of the nonempty intersections IT N W4 =T1%, and TIY ~ X*x Y7, where X' = X NU'and Y’/ =Y NV,
Since IT%¥, X?, and Y/ are affine varieties, the function field of the product IT = X x Y is the field of fractions
of any one of the nonempty affine open sets IT*/.

Since IT¥ = X? N Y7, all that remains to do is to describe the field of fractions of a product of affine
varieties IT = X XY, when X = Spec A and Y = Spec B. If A = C[z]/P and B = CJ[y]/Q, the coordinate
algebra of II is the algebra C[x, y]/(P, Q). As mentioned before, this is the tensor product algebra A ® B. We
don’t need to know much about the tensor product algebra here, but let’s use the tensor product notation.

The function field K x of X is the field of fractions of the coordinate algebra A. Similarly, Ky is the field
of fractions of B and K xy is the field of fractions of A ® B. The one important fact to note is that K xxy
isn’t generated by K x and Ky. For example, if A = C[z] and B = C[y] (one x and one y), then K xyy is
the field of rational functions in two variables C(z, y). The algebra generated by the fraction fields C(x) and
C(y) consists of the rational functions p(x,y)/q(x,y) in which ¢ is a product fg, where f is a polynomial in
2 and g is a polynomial in y. Most rational functions, 1/(z + y) forexample, aren’t of this type.

But, K xyy is the fraction field of A ® B.

(3.4.5) interlude: rational functions on projective space

Let R denote the polynomial ring C|xo, ..., z,]. If f is a homogeneous polynomial of positive degree d, it
makes sense to say that f vanishes at a point of P", because f(Az) = A\?f(x). But f doesn’t define a function
on P™. On the other hand, a fraction g/h of homogeneous polynomials of the same degree d does define a
function wherever h isn’t zero, because

g(\2)/h(Az) = Xg(2)/X*h(z) = g(x)/h()

A homogeneous fraction f is a fraction of homogeneous polynomials. The degree of a homogeneous
fraction f = g/h is the difference of degrees: deg f = deg g — deg h.

3.4.6. Definition. A homogeneous fraction f is regular at a point p of P™ if, when it is written as a fraction
g/h of relatively prime homogeneous polynomials, the denominator h isn’t zero at p, and f is regular on a
subset U if it is regular at every point of U. O

This definition agrees with the one given above, in Definition[3.4.2]

3.4.7. Lemma. (i) Let h be a homogeneous polynomial of positive degree d, and let V' be the open subset of
P™, of points at which h isn’t zero. The nonzero rational functions that are regular on V' are those of the form
g/h*, where k > 0 and g is a homogeneous polynomial of degree dk.

(ii) The only rational functions that are regular at every point of P™ are the constant functions.

For example, the homogeneous polynomials that are nonzero at every point of the standard affine open set
UV are the scalar multiples of powers of zy. So the rational functions that are regular on U are those of the
form g/zf, g homogeneous of degree k. This agrees with the fact that the coordinate algebra of U° is the
polynomial ring Cluy, ..., u,,], with u; = x;/x0:  g(z0, -, T ) /2§ = g(Uo, ..., upn) (With ug = 1).

proof of Lemma (i) Let « be a regular function on the open set U, say g1 /h1, where ¢g; and hy are
relatively prime homogeneous polynomials. Then h; doesn’t vanish on U, so its zero locus in P™ is contained
in the zero locus of h. According to the Strong Nullstellensatz [3.2.7, h; divides a power of h, say h* = fh;.

Then g1 /hy = fg1/fh1 = fg1/h".

(ii) If a rational function f is regular at every point of P, then it is regular on U°. It will have the form g/xf,
g has degree k and isn’t divisible by 9. And since f is also regular on U?, it will have the form h/z!, where
x1 doesn’t divide h. Then gz{ = hzf. Since z¢ doesn’t divide g, k = 0, g is a constant, and f = g. O

It is also true that the only rational functions on a projective variety X that are regular at every point of
X are the constant functions. The proof of this will be given later (see Corollary [§.4.8). When studying
projective varieties, the constant functions are useless. One has to look at at regular functions on open subsets.
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One way that affine varieties appear in projective algebraic geometry is as open subsets that have enough
regular functions.

(3.4.8) points with values in a field

Let K be a field that contains the complex numbers. A point of projective space P™ with values in K is an
equivalence class of nonzero vectors & = (o, ..., a, ) With «; in K, the equivalence relation being analogous
to the one for ordinary points: « ~ o’ if &’ = A« for some A in K.

If a closed subvariety X of P" is defined by a set of homogeneous polynomial equations f(x) = 0, a point
o of X with values in a field K is a point of P" with values in K, such that f(a) = 0.

If X is quasiprojective and C' is the complement of X in its closure X in projective space, then as for
ordinary points (3.2.10), a point of X with values in K x is a point of X with values in Kx that isn’t a point
of C.

3.4.9. Lemma. Let X be a projective variety, a subvariety of P", and let K x be the function field of X.
(i) The projective embedding of X defines a point («v, ..., iy, ) of P™ with values in the function field K x.
(ii) A homogeneous polynomial f(xo, ..., xy) vanishes at every point of X if and only if f(a) = 0.

proof. (i) Let X* = X NU* be the intersection with a standard affine open set, and assume that X is nonempty.
Let A; be its coordinate algebra. The embedding X* C U is defined by a homomorphism Clu] — A;,
U = Ug, ..., U, and u; = x; /x;. The function field K x is the field of fractions of A;, so we have a composed
homomorphism C[u] — A; — Kx. The point « is the image of (ug, ..., u,) via this homomorphism.

(ii) If f(z) = 0, then f(u) = 0 and therefore f(«) = 0. O

In what follows, it will be helpful to have a separate notation for the point with values in K determined by
a nonzero vector . We’ll denote that point by a. Thus o = o' if @’ = A« for some nonzero A in K. We’ll
drop this notation later.

(3.4.10) morphisms to projective space

Let K be the function field of a variety Y, and let o« = («yp, ..., @, ) be a nonzero vector with entries in K.
We try to define a morphism from Y to projective space P™ using the point a. To define the image «(q) of a
point g of Y (an ordinary point), we look for a vector o' = («, ..., o, ), with @ = @, i.e., &' = Aq, such that
the rational functions ¢ are all regular and not all zero at . Such a vector may exist or not. If it exists, we
define

(3.4.11) a(q) = (ap(q), - an(a))  (=2a'(a))
If such a vector o’ exists for every point g of Y, we call a a good point.
3.4.12. Lemma. A point o of P with values in the function field Ky of Y is a good point if either one of the

two following conditions holds for every point q of Y :

o There is an element X\ in Ky such that the rational functions o, = Ao, © = 0, ..., n, are regular and not
all zero at q.

o There is an index j, 0 < j < n, such that the rational functions ai/aj, 7 =0,...,n, are regular at q.

proof. The first condition simply restates the definition. We show that it is equivalent with the second one.

Suppose that a;/c; are regular at ¢ for all i. Let A = a;l, and let o, = Aoy = «;/c;. The rational
functions o} are regular at ¢, and they aren’t all zero there because ag =1.

Conversely, suppose that o, = A«; are all regular at ¢ and that oz;- isn’t zero there. Then oz;-_l is a regular
function at ¢, so the rational functions o/ a;, which are equal to «; /«v;, are regular at g for all . O

3.4.13. Lemma. With notation as in (3.4.11), the point a(q) is independent of the choice of the vector o'
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proof. Let o' = Ao and o = pa. Suppose that o, are all regular and not all zero at ¢, and that ¢ are also
regular and not all zero there. We need to show that o' = o/, and we may assume that o/’ = «.. Then o’ = Aa.
The rational functions «; and o are all regular at ¢, and there are indices j, k such that a;(¢) and o, (q) are
nonzero. Then A = a;/a; and A\™' = ay,/c, are both regular at g. So A(q) # 0, &/(q) = A(¢g)a(q), and
o(q) = a(q). O

3.4.14. Definition. Let Y be a variety with function field Ky . A morphism from Y to projective space P" is
a map that is defined by a good point & with values in Ky, as in (3.4.T1).

3.4.15. Example. The identity map P* — PL.

Let X = P!, and let (x¢, 1) be coordinates in X. The function field of X is the field K = C(t) of rational
functions in the variable ¢ = x1/xo. The identity map X — X is the map « defined by the point o = (1,¢)
with values in K. For every point p of X except the point (1,0), a(p) is defined an not zero, so a(p) = a(p).
At the point (0,1), o/ = (t71,1) = ¢t~ defines a. O

(3.4.16) morphisms to quasiprojective varieties

3.4.17. Definition. Let Y be a variety, and let X be a subvariety of a projective space P". A morphism of
varieties Y — X is the restriction of a morphism Y =5 P" whose image is contained in X.

Thus if a projective variety X is the locus of zeros of a family f of homogeneous polynomials, a morphism
Y - P" defines a morphism Y — X if f(a) = 0.

A word of caution: A morphism Y 2, X won’t define a map on function fields Kx — Ky unless the
image of Y is dense in X.

3.4.18. Proposition. A morphism of varieties Y =5 X is a continuous map in the Zariski topology, and also
in the classical topology.

proof. Let U? be the standard affine open subset of P™, and let Y'? be an affine open subset of the inverse image
of Ui, If X = P™, the restriction Y? — U’ of « is continuous in both topologies because it is a morphism
of affine varieties. Since Y can be covered by affine open sets such as Y, « is continuous. Continuity for a
morphism to a subvariety X of P follows because the topology on X is the induced topology. (]

3.4.19. Proposition. Let X,Y, and Z be varieties and let Z g Y and Y = X be morphisms. The

B
composed map Z S Xisa morphism.

proof. Say that X is a subvariety of P"*. The morphism « is the restriction of a morphism ¥ — P"™ whose
image is in X, and that is defined by a good point o, &« = (g, ..., iy, ) of P with values in the function field
Ky of Y. Similarly, if Y is a subvariety of P, the morphism g is the restriction of a morphism Z — P"
whose image is contained in Y, and that is defined by a good point 3, § = (Boy --+y Br) of P™ with values in
the function field K of Z. N

Let z be a point (an ordinary point) of Z. Since 3 is a good point, we may adjust 5 by a factor in Kz
so that the rational functions 3; are regular and not all zero at z. Then 3(z) is the point (8(2), ..., Bn(2)) of
Y. Let’s denote that point by ¢ = (go, ..., @n). S0 ¢; = B;(2). The elements «; are rational functions on Y.
We may adjust « by a factor in Ky, so that they are regular and not all zero at ¢. Then [af](z) = a(q) =
(0(q), -y am(q)), and v (q) = ;(Bo(2), .., Bn(2)) = ;(B(2)) are not all zero. When these adjustments
have been made, the point of P™ with values in Kz that defines o3 is (ao(8(2)), ..., am (B8(2))). O

This next is a lemma of topology.

3.4.20. Lemma. Let { X'} be a covering of a topological space X by open sets. A subset Y of X is open (or
closed) if and only if Y N X' is open (or closed) in X' for every i. In particular, if {U"} is the standard affine
cover of P*, a subset Y of P™ is open (or closed) if and only if Y N'U is open (closed) in U’ for everyi. [

3.4.21. Lemma.
(i) The inclusion of an open or a closed subvariety Y into a variety X is a morphism.
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(ii) Let Y i> X be a map whose image lies in an open or a closed subvariety Z of X. Then f is a morphism
if and only if its restriction Y — Z is a morphism.

(iii) Let {Y*} be open an open covering of a variety Y, and let Y* L X be morphisms. If the restrictions of
frand f7 to the intersections Y' NY7 are equal for all i, j, there is a unique morphism f whose restriction to
Yiis f. O

(3.4.22)  isomorphisms

A bijective morphism Y — X of quasiprojective varieties whose inverse function is also a morphism is
an isomorphism. Isomorphisms are important because they allow us to identify different incarnations of the
“same variety”, i.e., to describe an isomorphism class of varieties. For example, the projective line P!, a conic
in P2, and the twisted cubic in P? are isomorphic.

3.4.23. Example.

Let 40,41 be coordinates in Y = PL. As before, the function field of Y is the field K = C(t) of rational
functions in t = y; /yo. The degree 3 Veronese map Y — P3 defines an isomorphism of Y to its
image, a twisted cubic X. The Veronese map is defined by the point o = (1,%,¢2,¢3) of P? with values in K.
On the open set {yo # 0} of Y, the rational functions 1,¢,¢2,3 are regular and not all zero. Let A = ¢t~3 and
o = Xa = (t73,t72,¢+71 1). The functions ¢ ~* are regular on the open set {y; # 0}. So a is a good point.
It defines a morphism Y = X.

The twisted cubic X is the locus of zeros of the equations (3.1.17).

_ .2 _ .2
VoV2 = V71 , V2V1 = VU3 , V1V3 = Uy

To identify the function field K; of X, we put vy = 1, obtaining relations ve = vf, vy = vi)’. Then K, is
the field C(vy), and the point of Y = P! with values in K that defines the inverse of the morphism « is
ﬁ = (1, Ul). O

3.4.24. Lemma. Let Y L X be a morphism of varieties, let {X*} be an open covering of X, and let

Y = f~1 X" Ifthe restrictions Y I xi of f are isomorphisms, then f is an isomorphism.

proof. Let g* denote the inverse of the morphism f?. Then g* = ¢/ on X N X7 because f = f/on Y'NYJ.
i3.4.21

By { ) (iii), there is a unique morphism X —2+ Y whose restriction to Y is g?. That morphism is the
inverse of f. O

(3.4.25) the diagonal

Let X be a variety. The diagonal X a, the set of points (p, p) in X x X is an example of a subset of X x X that
is closed in the Zariski topology, but not in the product topology.

3.4.26. Proposition. Let X be a variety. The diagonal XA is a closed subvariety of the product variety
X xX.

proof. Let P denote the projective space P that contains X, and let xq, ..., z,, and yo, ..., Y, be coordinates in
the two factors of P x P. The diagonal Pa in P x P is the closed subvariety defined by the bilinear equations
x;y; = x;¥y;, or in the Segre variables, by the equations w;; = w,;, which show that the ratios x;/z; and
y;/y; are equal.

Next, suppose that X is the closed subvariety of P defined by a system of homogeneous equations f(x) =
0. The diagonal X A can be identified as the intersection of the product X x X with the diagonal P in PXxP, so
it is a closed subvariety of X x X. As a closed subvariety of PxP, the diagonal X A is defined by the equations

(3.4.27) iy = xjy; and  f(x) =0
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The equations f(y) = 0 are redundant. Finally, X s is irreducible because it is homeomorphic to X . O

It is interesting to compare Proposition [3.4.26| with the Hausdorff condition for a topological space. The
proof of the next lemma is often given as an exercise in topology.

3.4.28. Lemma. A topological space X is a Hausdorff space if and only if, when X x X is given the product
topology, the diagonal X A is a closed subset of X x X. O

Though a variety X with its Zariski topology isn’t a Hausdorff space unless it is a point, Lemma [3.4.2§|
doesn’t contradict Proposition [3.4.26|because the Zariski topology on X x X is finer than the product topology.

(3.4.29) the graph of a morphism

LetY L5 X bea morphism of varieties. The graph I" of f is the subset of Y x X of pairs (g, p) such that
p=f(q)

3.4.30. Proposition. The graph L'y of a morphism Y i> X is a closed subvariety of Y x X, and it is
isomorphicto Y.

proof. We form a diagram of morphisms
'y —— YxX
(3.431) vl lfxid
Xp — XxX

where v sends a point (g, p) of I'y with f(g) = p to (p,p). The graph I's is the inverse image in Y x X of the
diagonal XA . Since the diagonal is closed in X x X, I'f is closedin ¥ x X.

Let 7; denote the projection from X xY to Y. The composition of the morphisms Y (id—’f>) YxX LY
is the identity map on Y, and the image of the map (id, f) is the graph I'y. Therefore Y maps bijectively to
I'y. The twomaps Y — I'y and I'y — Y are inverses, so I'y is isomorphic to Y. U

(3.4.32) projection
The map
(3.4.33) pr L prt

that drops the last coordinate of a point: 7 (o, ..., Zn) = (X0, ..., Tn—1) is called a projection. It is defined
at all points of P except at the point ¢ = (0, ...,0, 1), which is called the center of projection. So 7 is a
morphism from the complement U = P" — {¢} to P" 1.

Let the coordinates in P and P"~! be x = xy, ..., ¥, and y = ¥, ..., Yn_1, respectively. The fibre 71 (y)
over a point (yo, ..., Yn—1) is the set of points (zo, ..., z,,) such that (xq,...,x,—1) = (\yo, ..., \yn—1), while
Xy, is arbitrary. It is the line in P"* through the points (y1, ..., yn—1,0) and ¢ = (0, ..., 0, 1), with the center of
projection g omitted.

The graph I" of m in U xIP’Z‘l is the locus of solutions of the equations w;; = w;; for 0 <4, j <n—1, which

imply that the vectors (o, ..., ,,—1) and (Yo, ..., Yn—1) are proportional.

3.4.34. Proposition. In P x Py~1, the locus T of the equations x;y; = x;y;, or wi; = wy;, with 0 < i,j <
n — 1, is the closure of the graph T’ of .

proof. The equations are true at points (,y) of I' at which 2 # ¢, and also at all points (g, ). So the locus T,
a closed set, is the union of the graph I" and the set ¢ x P"~1. We must show that a homogeneous polynomial
g(w) that vanishes on I" vanishes at all points of ¢ x P"~!. Given y, let z = (tyo, ..., tyn_1,1). Forall t # 0,
the point (z,y) is in I" and therefore g(x, y) = 0. Since g is a continuous function, ¢g(z,y) approaches g(q, y)
ast — 0. So g(gq,y) = 0. O
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The projection I' — P that sends a point (z,y) to  is bijective except when x = ¢. The fibre over ¢,
which is gx]P’”*l, is a projective space of dimension n—1. Because the point ¢ of P is replaced by a projective
space in I', the map I' — P7 is called a blowup of the point q.

figure: projection with closure of graph??
axp

a B
3.4.35. Proposition. Let Y — X and Z — W be morphisms of varieties. The product map Y x Z —
X xW that sends (y, z) to (a(y), B(2)) is a morphism

proof. Let P and q be points of X and Y, respectively. We may assume that «; are regular and not all zero at
p and that 3; are regular and not all zero at g. Then, in the Segre coordinates w;;, [ax 5](p, ¢) is the point
wi; = a;(p)P;(q). We must show that c; 5; are all regular at (p, ¢) and are not all zero there. This follows
from the analogous properties of «; and ;. U

3.5 Affine Varieties

We have used the term ’affine variety’ in several contexts:

A closed subset of affine space A” is an affine variety, the set of zeros of a prime ideal P of C[z]. Its
coordinate algebra is A = C[z]/P.

The spectrum Spec A of a finite type domain A is an affine variety that becomes a closed subvariety of
affine space when one chooses a presentation A = C[z]/P.

An affine variety becomes a quasiprojective variety by identifying the ambient affine space A™ with the
open subset U° of projective space.

We combine these definitions now: An affine variety X is a variety that is isomorphic to a variety of the
form Spec A.

If X = Spec A is an affine variety with function field K, its coordinate algebra A will be the subalgebra of
K of regular functions on X. So A and therefore Spec A, are determined uniquely by X, and the isomorphism
Spec A — X is determined uniquely too. When X is affine, it seems permissible to identify X with Spec A.

3.5.1) regular functions on affine varieties

Let X = Spec A be an affine variety. Its function field K is the field of fractions of A. A rational function
« is regular at a point p of X if it can be written as a fraction a/s where a, s are in A and s(p) # 0, and « is
regular on X if it is regular at every point of X. On the other hand, in Chapter 2] (2.6.1), « is defined to be a
regular function on X if and only if it is an element of the coordinate algebra A. The next lemma shows that
the two conditions are equivalent.

3.5.2. Lemma. The regular functions on an affine variety X = Spec A, as defined in , are the elements
of its coordinate algebra A.

proof. Let o be a regular function on X, as defined above. So for every point p of X, there is a localization
X, = Spec A, that contains p, such that « is an element of A,. Because X is quasicompact, a finite set of
these localizations, say X, , ..., X, , will cover X. Then s1, ..., s, have no common zeros on X, so they
generate the unit ideal of A. Since «v is in A,,, we can write o = s; "b; with b; in A, and we can use the
same exponent n for all ¢. Since the elements s; generate the unit ideal of A, so do the powers s}'. Say that
> sta; =1, witha; in A. Then o = Y sPa;a = Y a;b; is in A. O

3.5.3. Proposition.
(i) Let R be the algebra of regular functions on a variety Y, and let A be a finite-type domain. A homomor-

phism A — R defines a morphism'Y N Spec A.

(i) When X and Y are affine varieties, say X = Spec A and' Y = Spec B, morphisms Y — X, as defined
in Definition[3.4.17| correspond bijectively to algebra homomorphisms A — B, as in Definition[2.6.5]

Note. Since Y isn’t affine, all that we know about the algebra R is that its elements are rational functions that
are regularon Y.
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proof of Proposition (i) Let {Y*} be an affine open covering of Y, and let R; be the coordinate algebra

of Y. The inclusions A C R C R; define morphisms Y = Spec R; Ty Spec A. Tt is true that fi=f/on
YN Y7, so Lemmal3.4.21|(iii) applies. U
3.5.4. Lemma. Let X and Y be affine varieties, say X = Spec A and Y = Spec B. Morphisms Y — X,
as defined in (13.4.]4[) and (13.4.] 71) correspond bijectively to algebra homomorphisms A -~ B.

proof. We choose a presentation of A, to embed X as a closed subvariety of affine space, and we identify
that affine space with the standard affine open set UY of P". Let K be the function field of Y — the field of
fractions of B. A morphism Y — X is determined by a good point o with values in K, and since o # 0,
we may suppose that this point has the form « = («p, ...., &, ). Then the rational functions «;/ay = «; will
be regular at every point of Y. So they are elements of B. The coordinate algebra A of X is generated by
the residues of the coordinate variables 1, ..., x,, with zg = 1. Sending x; — «; defines a homomorphism
A% B. Conversely, if ¢ is such a homomorphism, the good point that defines the morphism Y — X is

(1,(,0(1:1),...,30(5Cn)). [l

3.5.5) affine open subsets

An affine open subset of a variety X is an open subset that is an affine variety. If V' is a nonempty open
subset of X and R is the algebra of rational functions that are regular on V, then V' is an affine open subset if
and only if

o R is a finite-type domain and

« V is isomorphic to Spec R.

In Theorem [3.5.9] below, we prove an important fact, that the intersection of two affine open sets is again an
affine open set.

3.5.6. Proposition. The complement of a hypersurface is an affine open subvariety of P™.

proof. Let V be the complement of the hypersurface {f = 0}, where f is an irreducible homogeneous
polynomial of degree d, let K be its fraction field, and let R be the algebra of regular functions on V.

The regular functions on V' are the homogeneous fractions of degree zero of the form g/ f* , and
the fractions m/ f, where m is a monomial of degree d, generate R. Since there are finitely many monomials
of degree d, R is a finite-type domain. Let w be an arbitrary monomial of degree d — 1, and let s; = z;w/ f.
The point (zg, ..., x,) of V can also be written as (s, ..., S5, ). The fractions s; are among the generators for
R. Soif W = SpecR, (so, ..., S, ) is a point with values in K that defines a morphism W —~5 V. We show
that z is an isomorphism.

3.5.7. Lemma. Let U? be the standard affine open subset of P™. With s; as above, the intersection V* = V NU!
is isomorphic to the localization W, of W.

proof. Say that i = 0, and let denote S = sg = xd/f and t = s~ = f/zd. Let A be the coordinate algebra of
U°. Then VO = V' NUY is the set of points of U° at which ¢ isn’t zero. Its coordinate algebra is the localization
Ay, and VO is the affine variety Spec 4;.

It suffices to show that A, is the localization R, of R. With coordinates u; = x;/x¢ for UO, a fraction
m/ f, where m = x;, ---x;,, can be written as u;, - - - u;,/t. These fractions generate R, so R C A;, and
since s~ = tisin A;, Ry C A;. For the other inclusion, we write u; = (z;24 ' /f) s~'. Because z;z3 '/ f
isin R, u; is in R,. Therefore A C R; and A; C R,. So A; = R, as claimed. O

We go back to the proof of Proposition The sets Vi = V N U for i = 0, ...,n cover V, and the
morphism z restricts to an isomorphism V¢ — Spec R,,. So the morphism z defined above is an isomorphism

34249). O

3.5.8. Lemma. The affine open subsets of a variety X form a basis for the topology on X.
proof. See Proposition [2.5.20] O
Let [A, B] denote the algebra generated by two subalgebras A and B of the function field K of X. The

elements of this algebra are finite sums of products of elements of A and B. If A = Cla}, @ = a4, ..., a,, and
B =CJbl, b= by, ..., bs, then [A, B] is the finite-type subalgebra of K generated by the set {a, b}.
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3.5.9. Theorem

Let U and V' be affine open subvarieties of a variety X, say U ~ Spec A and V = SpecB. The
intersection U NV is an affine open subvariety whose coordinate algebra is generated by the two algebras A
and B.

proof. With A and B as in the statement of the theorem, let R = [A, B], and let W = Spec R. We are to show
that W is isomorphic to U N V. The inclusions of coordinate algebras A — R and B — R give us morphisms
W — U and W — V. We also have inclusions U C X and V' C X, and X is a subvariety of a projective
space P™.

Let « be the point of P" with values in K that defines the projective embedding X —— P". The maps
from U and V' to P defined by « are restrictions of ¢. The variety W also has function field K, and a defines
a morphism W %, P" whose image is in U N V. This gives us a morphism W —— U N V. We show that ¢
is an isomorphism.

Let p be a point of U N V. We choose an affine open subset Z of U N V that is a localization of U and of

V, and that contains p (2.5.21))(ii). Let .S be the coordinate ring of Z. So .S = A; for some nonzero s in A
and also S = B; for some nonzero ¢t in B. Then

R, =[A,B], = [A,, B] = [B., B| = B, = §

So e maps the localization Wy = Spec R, of W isomorphically to the open subset Z of U N V. Since we can
cover U NV by open sets such as Z, Lemma [3.4.21|(ii) shows that € is an isomorphism. (]

3.6 Lines in Projective Three-Space

The Grassmanian G(m,n) is a variety whose points correspond to subspaces of dimension m of the vector
space C", and to linear subspaces of dimension m —1 of P"~1. One says that G(m,n) parametrizes those
subspaces. For example, the Grassmanian G(1,n+1) is the projective space P™. Points of P™ parametrize
one-dimensional subspaces of C" 11,

The Grassmanian G/(2,4) parametrizes two-dimensional subspaces of C%, and lines in P2, In this section
we describe this Grassmanian, which we denote by G. The point of G that corresponds to a line £ in P3 will
be denoted by [¢].

One can get some insight into the structure of G using row reduction. Let V' = C%, let uy, us be a basis
of a two-dimensional subspace U of V and let M be the 2 x 4 matrix whose rows are w1, us. The rows of
the matrix M’ obtained from M by row reduction span the same space U, and the row-reduced matrix M’ is
uniquely determined by U. Provided that the left hand 2 x 2 submatrix of M is invertible, M’ will have the
form

; (1 0 x =
3.6.1) M—(O 1 % *>

So the Grassmanian G contains, as an open subset, a four-dimensional affine space whose coordinates are the
variable entries of M.

In any 2 x4 matrix M with independent rows, some pair of columns will be independent. Those columns
can be used in place of the first two in a row reduction. So G is covered by six four-dimensional affine spaces
that we denote by Wi, 1<i < 7 <4, Wi being the space of 2 x 4 matrices such that column; = (1, O)t and
column; = (0,1)". Since P* and the Grassmanian are both covered by affine spaces of dimension four, they
may seem similar, but they aren’t the same.

(3.6.2) the exterior algebra

Let V be a complex vector space. The exterior algebra \'V (read ‘wedge V) is a noncommutative ring
that contains the complex numbers and is generated by the elements of V', with the relations

3.6.3) vw = —wv forall v,w in V.

3.6.4. Lemma. The condition (3.6.3) is equivalent with: vv = 0 forallvin'V.
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proof. To get vv = 0 from (3.6.3), one sets w = v. Suppose that vo = 0 for all v in V. Then (v+w)(v+w)
vu = ww = 0, and since (v+w)(v+w) = vv + vw + wv + ww, Vw + wov = 0.

ol

To familiarize yourself with computation in A V, verify that vovsv1v4 = v102v3v4 and that vov3V4V1
—U1V2V3V4.

Let A\" V denote the subspace of /A V spanned by products of length r of elements of V. The exterior algebra
/\ 'V is the direct sum of the subspaces /\" V. An algebra A that is a direct sum of subspaces A?, and such that
multiplication maps A*x A7 to A**7 is called a graded algebra. Since its multiplication law isn’t commutative,
the exterior algebra is a noncommutative graded algebra.

3.6.5. Proposition. If (v1,...,v,) is a basis for V, the products v;, - - - v;, of length r with increasing indices
i1 < ig < --- <1, forma basis for \" V.

The proof is at the end of the section.

3.6.6. Corollary. Let vy, ..., v, be elements of V. The product vy --- v, in \" V is zero if and only if the set
(v1, ..., ) is dependent. O

For the rest of the section, we let V' be a vector space of dimension four with basis (vy, ..., v4). Proposition
13.6.5[tells us that

(3.6.7)
A’V = Cis a space of dimension 1, with basis {1}
A'V = V is a space of dimension 4, with basis {v1,va, vs, v}
/\2 V is a space of dimension 6, with basis {v,;v; i < j} = {vive, V103, v1v4, V2vs, V2V4, VU4 }
A® V is a space of dimension 4, with basis {v;v;uy, |i < j < k} = {01020, V10204, V1 U304, V2V3V4 }

/\4 V is a space of dimension 1, with basis {v;vav3v4}
A?V =0 when g > 4

The elements of /\2 V' are combinations

(3.6.8) w =Y a;vv;

i<J

We regard /\2 V' as an affine space of dimension 6, identifying the combination w with the vector whose
coordinates are the six coefficients a;; (¢ < j). We use the same symbol w to denote the point of the projective
space IP° with those coordinates: w = (a12, a13, @14, @23, A4, a34).

3.6.9. Definition. An element w of /\2 V' is decomposable if it is a product of two elements of V.

3.6.10. Proposition. The decomposable elements w = ), _ j ijviv; of /\2 V' are those such that ww = 0,
and the relation ww = 0 is given by the following equation in the coefficients a;;:

(3.6.11) 12034 — 13024 + a14a23 =0

proof. If w is decomposable, say w = ujusg, then w? = ugugu U = —u%u% is zero because u% = 0. For the
2 — iy i

converse, we compute w* when w = 7, . a;;v;v;. The answer is

ww = 2(a12a34 — a13a24 + A14023) V1 V2V3V4

To show that w is decomposable if w? = 0, it seems simplest to factor w explictly. Since the assertion is
trivial when w = 0, we may suppose that some coefficient of w, say a2, is nonzero. Then if w? = 0, w is the
product

1
(3.6.12) w = o <a12U2 + ai13v3 + a14v4)( — a12v1 + ag3v3 + a24v4) 0
12
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3.6.13. Corollary. (i) Let w be a nonzero decomposable element of /\2 V, say w = uyug, withu; in V. Then
(u1, us) is a basis for a two-dimensional subspace of V.

() If (u1,us2) and (ul, uy) are bases for the same subspace U of V, then w = uyus and w' = ul v} differ by
a scalar factor. Their coefficients represent the same point of P°.

(iii) Let u1,us be a basis for a two-dimensional subspace U of V, and let w = ujus. The rule ¢(U) = w
defines a bijection € from G to the quadric Q in P° whose equation is (3.6.11)).

Thus G can be represented as the quadric (3.6.11)).

proof. (i) If an element w of /\2 V is decomposable, say w = wujug, and if w is nonzero, then u; and us must
be independent (3.6.6). They span a two-dimensional subspace.

(i) When we write the second basis in terms of the first one, say (u}, u5) = (aui+bus, cus+dus), the product
ujub becomes (ad—bc)uiug, and ad—be # 0.

(iii) In view of (i) and (ii), all that remains to show is that, if (u1,us2) and (u},u}) are bases for distinct
two-dimensional subspaces U and U, then wyuy # ujul in A\* V.

Since U # U’, the intersection W = U N U’ has dimension at most 1, o at least three of the vecotrs
uy, ug, uy, uh will be independent. Therefore ujug # u)uh. O

For the rest of this section, we use the algebraic dimension of a variety, a concept that will be studied in
the next chapter. We refer to the algebraic dimension simply as the dimension. The dimension of a variety X
can be defined as the length d of the longest chain Cy > C7 > --- > Cj of closed subvarieties of X.

As was mentioned in Chapter [T} the topological dimension of X its dimension in the classical topology, is
always twice the algebraic dimension. Because the Grassmanian G is covered by affine spaces of dimension
4, its algebraic dimension is 4 and its topological dimension is 8.

3.6.14. Proposition. Let P be the projective space associated to a four dimensional vector space V. In the
product P2 x G, the locus T of pairs p,[{] such that the point p of P3 lies on the line { is a closed subset of
dimension b.

proof. Let £ be the line in P? that corresponds to the subspace U with basis (u1, uz), and say that p represented
by the vector z in V. Let w = ujug. Then p € £ means x € U, which is true if and only if (z,uq,us) is a
dependent set, and this happens if and only if zw = 0 . So T is the closed subset of points (z, w) of
P2 x P® defined by the bihomogeneous equations w? = 0 and zw = 0.

When we project I" to G, The fibre over a point [¢] of G is the set of points p, [¢] such that p is a point of the
line ¢. The fibre over the point [¢] of G is the line £. Thus I can be viewed as a family of lines, parametrized
by the four-dimensional variety G. Its dimension is dim ¢ + dimG =144 = 5. O

(3.6.15) lines on a surface

One may ask whether or not a given surface in P contains a line. One surface that contains lines is the quadric
Q in P3 with equation wo;wo = woow11, the image of the Segre embedding P!x P! — P23 (3.1.7). It contains
two families of lines, corresponding to the two “rulings” p x P! and P! x q of P! x P!. There are surfaces of
arbitrary degree that contain lines, but, that a generic surface of degree four or more doesn’t contain any line.

We use coordinates x; with i = 1,2, 3,4 for P3 here. There are N = (d‘g:’)) monomials of degree d in four
variables, so homogeneous polynomials of degree d are parametrized by an affine space of dimension /N, and
surfaces of degree d in P2 by a projective space of dimension N —1. Let S denote that projective space, and
let [S] denote the point of S that corresponds to a surface S. The coordinates of [S] are the coefficients of the
monomials in the defining polynomial f of S. Speaking infomally, we say that a point of S “is” a surface of
degree d in P3. (When f is reducible, its zero locus isn’t a variety. Let’s not worry about this.)

Consider the line ¢y defined by x3 = x4 = 0. Its points are those of the form (x1,x2,0,0), so a surface
S : {f = 0} will contain ¢y if and only if f(x1,x2,0,0) = 0 for all z1, zo. Substituting 3 = x4 = 0 into f
leaves us with a polynomial in two variables:

(3.6.16) f(z1,22,0,0) = cox‘{l + clm‘fflxg + 4 cdxg,
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where the coefficients ¢; are among the coefficients of the polynomial f. If f(xz1,z2,0,0) is identically zero,
all of its coefficients must be zero. So the surfaces that contain ¢y correspond to the points of the linear
subspace Lo of S defined by the equations ¢y = - - - = ¢4 = 0. Its dimension is (N —1)—(d+1) = N—d—2.
This is a satisfactory answer to the question of which surfaces contain ¢y, and we can use it to make a guess
about lines in a generic surface of degree d.

3.6.17. Lemma. In the product variety G xS, the set T' of pairs [£],[S] such that { C S is a closed subset.

proof. Let W7, 1 <i < j <4 denote the six affine spaces that cover the Grassmanian, as at the beginning of
this section. It suffices to show that the intersection I'/ = T' N (W% x S) is closed in W¥ x S (3.4.20). We
inspect the case ¢, j = 1, 2.

A line / such that [¢] is in W!2 corresponds to a subspace of C? with basis of the form u; = (1,0, az, a3),
uz = (0,1, bo,b3) and £ is the line {ru; + suz}. Let f(z1, z2, x3, 24) be the polynomial that defines a surface
S. The line ¢ is contained in S if and only if f(r,s,ras + sbe,ras + sbs) is zero for all r and s. This is a
homogeneous polynomial of degree d in , s. Let’s call it f(r, s). If we write f(r,s) = zor® 42177 Ls+- - -+
zq48%, the coefficients z, will be polynomials in a;, b; and in the coefficients of f. Thelocus zp = --- = z4 =0
is the closed set I''? of W!2 x §. O

The set of surfaces that contain our special line ¢y corresponds to the linear space Ly of S of dimension
N—d—2, and /£, can be carried to any other line £ by a linear map P> — P2. So the sufaces that contain another
line ¢ also form a linear subspace of S of dimension N —d—2. They are the fibres of I" over G. The dimension
of the Grassmanian G is 4. Therefore the dimension of ' is dimI" = dimLg +dimG = (N—-d—2) + 4.
Since S has dimension N —1,

(3.6.18) dimI' = dimS —d + 3.

We project the product G x S and its subvariety I" to S. The fibre of I" over a point [S] is the set of pairs
[€],[S] such that £ is contained in S — the set of lines in S.

When the degree d of the surfaces we are studying is 1, dimI" = dim S+2. Every fibre of I" over S will
have dimension at least 2. In fact, every fibre has dimension equal to 2. Surfaces of degree 1 are planes, and
the lines in a plane form a two-dimensional family.

When d = 2, dim I'" = dim S+ 1. We can expect that most fibres of I" over S will have dimension 1. This
is true: A smooth quadric contains two one-dimensional families of lines. (All smooth quadrics are equivalent
with the quadric .) But if a quadratic polynomial f(x1, 22,23, x4) is the product of linear polynomials,
its locus of zeros will be a union of planes. It will contain two-dimensional families of lines. Some fibres have
dimension 2.

When d > 4, dimI" < dimS. The projection I' — S cannot be surjective. Most surfaces of degree 4 or
more contain no lines.

The most interesting case is that d = 3. In this case, dimI" = dim'S. Most fibres will have dimension
zero. They will be finite sets. In fact, a generic cubic surface contains 27 lines. We have to wait to see why the
number is precisely 27 (see Theorem [4.8.17).

Our conclusions are intuitively plausible, but to be sure about them, we need to study dimension carefully.
We do this in the next chapters.

proof of Proposition Let v = (vy,...,v,) be a basis of the vector space V. The proposition asserts that
the products v;, - - - v;, of length r with increasing indices ¢; < i3 < --- < %, form a basis for /\T V.

To prove this, we need to be more precise about the definition of the exterior algebra A V. We start with
the algebra T'(V') of noncommutative polynomials in the basis v, which is also called the tensor algebra on
V. The part T"(V') of T (V') of degree r has as basis the n” noncommutative monomials of degree 7, products
v;, -+ - v;, of length r of elements of the basis v. Its dimension is n". When n = r = 2, T?(V) the basis is
(22, 2129, o1, T3).

The exterior algebra A\ V' is the quotient of T'(V') obtained by forcing the relations vw-+wv = 0 (3.6.3).
Using the distributive law, one sees that the relations v;v; +v;v; = 0, 1 <1, j <n, are sufficient to define this
quotient. The relations v;v; = 0 are included when 7 = j.
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To obtain A" V, we multiply the relations v;v;+v;v; on left and right by arbitrary noncommutative mono-
mials p and ¢ in vy, ..., v, whose degrees add to r —2. The noncommutative polynomials

(3.6.19) p(viv; +v;v;)q

span the kernel of the linear map 77 (V) — A" V. Soin A" V, p(v;vj)qg = —p(v;v;)q. Using these relations,
any product v;, ---v;, in /\" V is, up to sign, equal to a product in which the elements v;, are listed in
increasing order. Thus the products with indices in increasing order span /\" V, and because v;v; = 0, such a
product will be zero unless the indices are strictly increasing.

We go to the proof now. Let v = (v1, ..., v, ) be a basis for V. We show first that the product w = vy - - - vy,
in increasing order of the basis elements of V is a basis of A" V. We have shown that this product spans
A"V, and it remains to show that w # 0, or that A" V # 0.

Let’s use multi-index notation: (i) = (i1, ..., %), and v(;y = vy, - - - v;,. We define a surjective linear map
T"(V) £+ C on the basis of 7" (V') of products vy = (v4, -+~ v;,) of length n. If there is no repetition
among the indices i1, ..., i, then (i) will be a permutation of the indices 1, ..., n. In that case, we set p(v(;)) =
@(vi, - - -y, ) = sign(i). If there is a repetition, we set p(v(;)) = 0.

Let p and ¢ be noncommutative monomials whose degrees add to n—2. If the product p(v;v,)g has no
repeated index, the indices in p(v;v,)q and p(v,v;)g will be permutations of 1,...,n, and those permutations
will have opposite signs. Then p(v;v; + v;v;)q will be in the kernel of ¢. Since these elements span the space
of relations,  defines a surjective linear map A"V — C. Therefore A" V # 0.

To prove @ we must show that for » < n, the products v;, - - - v;. with i; < 92 < --- < %, form a basis
for \" V, and we know that those products span A" V. We must show that they are independent. Suppose
that a combination z = ) ¢(;)v;) is zero, the sum being over sets of strictly increasing indices. We choose a
set (41, ..., jr) of strictly increasing indices, and we let (k) = (k1, ..., k) be the set of indices not occuring
in (4), listed in arbitrary order. Then all terms in the sum 2V(k) = > C(5)V(i)V(k) Will be zero except the term
with (i) = (j). On the other hand, since z = 0, zv() = 0. Therefore c(;)v(;)v) = 0, and since v(;)v(y)
differs by sign from vy - - - v,, it isn’t zero. It follows that ¢y =0. This is true for all (j), so z = 0.
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Chapter 4 STRUCTURE OF VARIETIES I: DIMENSION

Dimension

Proof of Krull’s Theorem

The Nakayama Lemma

Integral Extensions
Normalization

Geometry of Integral Morphisms
Chevalley’s Finiteness Theorem
Double Planes
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4.1 Dimension

Let X be a variety and let K be its function field. The dimension of X, which will be denoted by dim X, is
the transcendence degree of K over C. The dimension of a finite-type domain A is the transcendence degree
of its field of fractions. Thus, if X’ is an open subvariety of X, then dim X’ = dim X.

A proper closed subvariety of an affine variety X will have lower dimension than X, but it isn’t obvious
how much lower its dimension will be. Krull’s Theorem is a tool that helps to determine the drop in dimension.

Krull’s Principal Ideal Theorem. Let X be an affine variety of dimension n, and let o be a nonzero element
of its coordinate algebra. Every irreducible component of the zero locus of « in X has dimension n—1.

So a single equation drops dimension by precisely 1. The proof of Krull’s Theorem will be given in Section
[4.2] We use that Theorem here to derive properties of dimension.

(4.1.1) chains of subvarieties

A chain of subvarieties of X of length k is a strictly decreasing sequence of closed subvarieties (irreducible
closed sets)

“4.1.2) Co>Ci1>Cog>--->C

The chain is maximal if it cannot be lengthened by inserting another closed subvariety. This will be true if
Cy = X, if there is no closed subvariety C' with C; > C > (41 when ¢ < k, and if C is a point.

The chain
(4.1.3) P >pPrls o> PO

in which P is the subspace of P" of points (zo, ..., 7%, 0, ..., 0), is a maximal chain in P". The maximal chains
in IP? have the form P? > C > p, where C'is a plane curve and p is a point.

4.1.4. Lemma. Let X' be an open subset of a variety X. There is a bijective correspondence between chains
Cy > --- > Cy of closed subvarieties of X such that Cy, N X' is nonempty and chains Cy > --- > C, of
closed subvarieties of X'. Moreover, the chain C; is maximal if and only if C} is maximal.

Given a chain Cy > - -+ > Cy in X such that C,yN X' # (, the corresponding chainin X' is C] = C;NX’,
and given a chain C| in X', the corresponding chain in X consists of the closures C; of the varieties C in X.
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proof. Suppose given a chain Cy > C7 > --- > Cj in X, and that Ci, N X’ isn’t empty. Then the intersection
C! = C; N X’ will be nonempty for every 7. It will be a dense open subset of the irreducible closed set C; that
is closed in X', and its closure in X will be C;. Since C; is irreducible and C; > C;41, it is also true that C
is irreducible and that C; > Cj ;. Therefore C) > --- > (7 is a chain of closed subsets of X". Conversely,
let Cj > --- > Cj, be a chain in X’, and let C; be the closure of C} in X. Then C] = C; N X, s0 C; > C;41.
The closures in X form a chain of closed subsets of X. O

The codimension of a closed subvariety Y of a variety X is defined to be the difference dim X —dimY.
Krull’s Theorem tells us that if X = Spec A and Y is a component of the zero locus of a nonzero element «
of A, the codimension of Y will be 1.

4.1.5. Corollary. (i) Every proper closed subvariety of a variety X is contained in a closed subvariety of
codimension 1.

(ii) A closed subvariety Y of a variety X has codimension 1 if and only if X > Y, and there is no closed
subvariety Y such that X > C >Y. (]

4.1.6. Theorem. Let X be a variety of dimension n. All chains of closed subvarieties of X have length at
most n, and all maximal chains have length n.

proof. Induction allows us to assume that the theorem is true for a variety of dimension less than n. The base
case n = 0 is that X is a point. That case is trivial.

Let X be a variety of dimension n > 0 and let Cy > C7 > --- > C}, be a chain in X. We are to show that
k < n and that k = n if the chain is maximal. We choose an affine open subset X’ of X whose intersection
with Cy, is nonempty. Lemma [4.1.4]shows that the intersections C} = C; N X’ form a chain in X’. We may
replace X by X', so we may assume that X is affine, say X = Spec A.

We can insert closed subvarieties into our chain when possible. This will increase k. So we may assume
that Cy = X. If k = 0, there is nothing to show. Otherwise Cy > ;. Some nonzero element o of A will
vanish on C7. Then C; will be contained in a component C” of the zero locus of a.. Krull’s Theorem tells us
that the dimension of C” is equal to n—1.

If C’ > C we insert C’ into the chain. So we may assume that ¢/ = (4, i.e., that C; is a component
of the zero locus of the element «, and that dim C; = n — 1. Induction applies to the chain C; > --- > C},
of closed subvarieties of C;. The length of that chain is at most n— 1, and it is equal to n—1 if the chain is
maximal. Moreover, there is no closed subvariety D such that X > D > (4 (Corollary 4.1.5). Therefore the
chain C7 > --- > (Y is maximal if and only if the given chain Cy > Cy > --- > (Y is maximal. So k < n
and k£ = n if the given chain is maximal. O

On an affine variety, Theorem [4.1.6|can be stated in terms of chains of prime ideals. A chain C; > --- >
Cy, of closed subvarieties of X = Spec A will correspond to an increasing chain

4.1.7) Po<P<P<- <Py,
of prime ideals of A, a prime chain. For instance, in the polynomial algebra C[z1, ..., z,], the prime chain
(4.1.8) 0< (zp) < (Tp,Tpn—1) << (Tpn,...,21)

corresponds to a chain A™ > A"~! > ... > A® in affine space A".

A prime ~ideal Pofa noethgrian domain A has codimension 1 if it is not the zero ideal, and there is no
prime ideal P such that (0) < P < P. Thus C = V(P) is a closed subvariety of codimension 1 in Spec A if
and only if P is a prime ideal of codimension 1 of A.

The prime ideals of codimension 1 in the polynomial algebra C[z1, . .., xz,] are the principal ideals gener-
ated by irreducible polynomials.

4.2 Proof of Krull’s Theorem

###ERROR HERE###

We restate the theorem for reference.
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4.2.1. Krull’s Theorem. Let X be an affine variety of dimension n, and let o be a nonconstant element of its
coordinate algebra A. Every irreducible component of the zero locus of « in X has dimension n—1.

proof. Let W be a component of the zero locus Vx («), and let Z be the union of the components of Vx ()
that are distinct from W. We eliminate Z by localizing. We choose an element s in A that is identically zero on
Z, but not identically zero on . Then the localization X contains points of W, but no point of Z. Since X
and X have the same function field, their dimensions are equal. Similarly, W and W have the same fraction
field F', and their dimensions are equal. We replace X by X, and W by W.

We may now suppose that W = Vx («) is an irreducible closed subset — a closed subvariety. Let B be its
coordinate algebra. The inclusion W C X gives us a surjective homomorphism A — B, whose kernel P is a
prime ideal that contains «. Moreover, Vx (o) = Vx (P). Therefore P is the radical of the principal ideal («),

and () contains a power P* of P (2.5.9).
We extend the element « to a transcendence basis o, ..., o, of K, with «; in A and ov,, = . Let @; denote

the residue of «; in B. Then @,, = 0. We show that @, ..., &, _1 is a transcendence basis of the function field
F of W, and therefore that W has dimension n — 1.

Suppose given a polynomial f(x1,...,2,—1) such that f(aq,...,@,—1) = 0. Then f(ai,...,q,_1) is
in P, so f(ai,...,a,_1)¥ is in (ay,). There is a polynomial g(x1,...,x,) such that f(ay,...,q,_1)¥ =
ang(ay,...,a,). Because ai,...,q, are algebraically independent, f(z1,...,2,_1)* — 2,9(21,...,2,) is
the zero polynomial. Then, since f(z)* isn’t divisible by z,,, f and g must be zero too. This shows that
@y, ...,y are algebraically independent. The dimension of W is at least n — 1.

To show that the dimension of W is n — 1, we show that if 3 is any element of B, then @y, ..., @,_1, 3
is algebraically dependent. We represent 3 by an element 3 of A. Since o, ..., o, is a transcendence basis
of K, there is a nontrivial polynomial g(z1,...,%,,y) such that g(aq,...,a,,8) = 0. We may cancel a
power of x,, from g(z,y). So we may assume that g(z1,...,2,—_1,0,y) isn’t the zero polynomial. But
g(@i,...,0,-1,0,8) = 0. So {@y,...,@,_1, 3} isn’t algebraically independent. Therefore @y, ..., @, _1 is a
transcendence basis for K. O

4.3 The Nakayama Lemma
This lemma is a cornerstone of the theory of modules.
4.3.1. Nakayama Lemma. Let M be a finite module over a ring A, and let J be an ideal of A such that

M = JM. There is an element z in J such that m = zm for all m in M, or such that (1—z)M = 0.

It is always true that M D JM, so the hypothesis M = JM can be replaced by M C JM.

4.3.2) eigenvectors

It won’t surprise you that eigenvectors are important, but the way that they are used to study modules may
be unfamiliar.

Let P be an n x n matrix with entries in a ring A. The concept of an eigenvector for P makes sense when
the entries of a vector are in a module. A column vector v = (v1, ..., v, )" with entries in an A-module M is
an eigenvector of P with eigenvalue ) if Pv = Av.

When the entries of a vector are in a module, it becomes hard to adapt the usual requirement that an
eigenvector must be nonzero, so we drop it, though the zero eigenvector tells us nothing.

4.3.3. Lemma. Let p(t) be the characteristic polynomial det (tI — P) of a square matrix P. If v is an
eigenvector of P with eigenvalue )\, then p(\)v = 0.

The usual proof, in which one multiplies the equation (A]—P)v = 0 by the cofactor matrix of (A\[—P), carries
over. 0
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proof of the Nakayama Lemma. By definition, JM denotes the set of (finite) sums » | a;m; with a; in J and
m; in M. Let vy, ..., v, be generators for the finite A-module M, and let v be the vector (vq, ..., vn)t. The
equation M = JM tells us that there are elements p;; in J such that v; = > p;;v;. In matrix notation,
v = Pv. So v is an eigenvector of P with eigenvalue 1, and if p(¢) is the characteristic polynomial of P, then
p(1)v = 0. Since the entries of P are in J, inspection of the determinant of 7— P shows that p(1) has the form
1—2z, with z in J. Then (1—z)v; = 0 for all 7. Since vy, ...., v, generate M, (1—z)M = 0. O

4.3.4. Corollary. With notation as in the Nakayama Lemma, let s = 1—z, so that sM = 0. The localized
module My is the zero module.

4.3.5. Corollary. (i) Let I and J be ideals of a noetherian domain A. If I = JI, then either I is the zero
ideal or J is the unit ideal.

(ii) Let A C B be rings, and suppose that B is a finite A-module. If J is an ideal of A, and if the extended
ideal J B is the unit ideal of B, then J is the unit ideal of A.

(iii) Letr x be an element of a noetherian domain A, and let J be the ideal x A. The intersection (| J™ is the
zero ideal. Therefore, if y is a nonzero element of A, the integers k such that ¥ divides v in A are bounded.

proof. (i) Since A is noetherian, [ is a finite A-module. If I = JI, the Nakayama Lemma tells us that there is
an element z of J such that zx = z for all x in I. Suppose that [ isn’t the zero ideal. We choose a nonzero
element x of I. Because A is a domain, we can cancel = from the equation zx = z, obtaining z = 1. Then 1
isin J, and J is the unit ideal.

(ii) Suppose that B = JB. The Nakayama Lemma tells us that there is an element 2 in .J such that zb = b for
all bin B. Setting b = 1 shows that z = 1. So J is the unit ideal.

(iii) Let I = () J". The elements of I are those that are divisible by ™ for every n. Let y be an element of I.
So for every n, there is an element a,, in A such that y = a,2". Then y/z = a,, 2™~ !, which is an element of
J"~L. This is true for every n, so y/x is in I, and y is in JI. Since y can be any element of I, I = JI. But .J
isn’t the unit ideal, so (i) tells us that I = 0. [l

The proof of the next corollary is left as an exercise

4.3.6. Corollary. Let A C B be noetherian domains and suppose that B is a finite A-module. Then A is a
field if and only if B is a field. (I

Since there are many subrings of fields that aren’t fields, we see that the hypothesis that one is dealing with a
finite module cannot be dropped from the Nakayama Lemma.

4.4 Integral Extensions

Let A be a domain. An extension B of A is a ring that contains A as a subring. An element 3 of an extension
B is integral over A if it is a root of a monic polynomial

(4.4.1) fx)=2"4+ap_ 12" " +--- 4 ao,
with coefficients a; in A, and an extension B is an integral extension if all of its elements are integral over A.

4.4.2. Lemma. Let A C B be an extension of domains.

(i) An element b of B is integral over A if and only if the subring A[b] of B generated by b is a finite A-module.
(ii) The set of elements of B that are integral over A is a subring of B.

(iii) If B is generated as A-algebra by finitely many integral elements, it is a finite A-module.

(iv) Let R C A C B be rings, and suppose that A is an integral extension of R. An element of B is integral
over A if and only if it is integral over R. 0

4.4.3. Corollary. An extension A C B of finite-type domains is an integral extension if and only if B is a
finite A-module. U

4.4.4. Definition. Let Y —— X be a morphism of affine varieties Y = Spec B and X = Spec 4, and let
A %5 B be the corresponding homomorphism of finite-type domains. If ¢ makes B into a finite A-module,
we call u a finite morphism of affine varieties. If A C B and B is an integral extension of A, we call u an
integral morphism of affine varieties.
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Thus an integral morphism is a finite morphism whose associated algebra homomorphism A 5 Bis
injective.

4.4.5. Example. If G is a finite group of automorphisms of a finite-type domain B and A = B is the algebra
of invariants, then B is an integral extension of A. (See Theorem[2.7.5])

If A C Bis an integral extension of finite-type domains with fraction fields X C L, then L will be a finite
field extension of K, and the transcendence degrees of K and L will be equal. Therefore dim Y = dim X.

The next example is helpful for an intuitive understanding of the geometric meaning of integrality.

4.4.6. Example. Let f(z,y) be an irreducible polynomial in C[z,y], let B = C|xz,y]/(f) (one x and one
y), and let A = C[z]. So X = Spec A is the affine line A!, and Y = Spec B is an affine plane curve. The
canonical map A — B defines a morphism Y —— X, which can be described as a restriction of the projection
Az — AL

We write f as a polynomial in ¢, whose coefficients are polynomials in z:

(4.4.7) f(@,y) =ao(@)y" +a1(@)y" "+ + an(z)

The fibre of Y over a point & = x of X is the set of points (g, yo) such that yg is a root of the one-variable
polynomial f(xg,y) = ~(y) Because f is irreducible, its discriminant with respect to the variable y isn’t
identically zero lb For all but finitely many values x, f(y) its discriminant will be nonzero and it will
have degree n. Then f(y) will have n distinct roots.

When f(x,y) is a monic polynomial in y, w will be an integral morphism. If so, the leading term y" of f
will be the dominant term, when y is large. For = near to any point z, there will be a positive real number B
such that

e Y e

when |y| > B. Then f(y) # 0 when |y| > B. Therefore the roots y of f(x,y) are bounded for all x near to
any point xg.

On the other hand, when the leading coefficient ag(x) isn’t a constant, B won’t be integral over A, and
when zg is a root of ag, f(zo,y) will have degree less than n. In this case, as a point z; of X approaches zg,
at least one root of f(x1,y) tends to infinity. In calculus, one says that the locus f(xz,y) = 0 has a vertical
asymptote at xg.

To see this, we divide f by its leading coefficient. Let g(z,y) = f(x,y)/ao = y" +c1y™ 1 +- - +c, with
¢i(x) = ai(x)/ao(x). For any x at which ag(z) isn’t zero, the roots of g are the same as those of f. However,
let zy be a root of ay. Because f is irreducible, there is at least one coefficient a;(x) that isn’t divisible by
x — xo. Then ¢;(z) is unbounded near o, and because the coefficient c; is an elementary symmetric function
in the roots, the roots can’t all be bounded.

This is the general picture: The roots of a polynomial remain bounded where the leading coefficient isn’t
zero. If the leading coefficient vanishes at a point, some roots are unbounded near that point. U

figure : nonmonic polynomial, but compare with figure for Hensel’s Lemma
The next theorem is a useful tool.

4.4.8. Noether Normalization Theorem. Let A be a finite-type algebra over an infinite field k. There exist
elements y1,...,y, in A that are algebraically independent over k, such that A is a finite module over its
polynomial subalgebra k[y1, . .., yn]-

The Noether Normalization Theorem is also true when k is a finite field, though the proof given below
needs to be modified. When K = C, the theorem can be stated by saying that every affine variety X admits
an integral morphism to an affine space.

4.4.9. Lemma. Let k be an infinite field, and let f(x) be a nonzero polynomial of degree d in x1,...,x,,
with coefficients in k. After a suitable linear change of variable, the coefficient of x% in f will be nonzero.
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proof. Let f; be the homogeneous part of f of maximal degree d. We regard f; as a polynomial function.
Since k is infinite, this function isn’t identically zero. We choose coordinates z1, ..., x, so that the point
q = (0,...,0,1) isn’t a zero of f;. Then f4(0,...,0,2,) = czl, and the coefficient ¢, which is f4(0, ...,0,1),
will be nonzero. By scaling x,,, we can make ¢ = 1. U

proof of the Noether Normalization Theorem. Say that the finite-type algebra A is generated by elements
Z1,...,%,. If those elements are algebraically independent over k, A will be isomorphic to the polynomial
algebra C|z], and we will be done. If not, they will satisfy a polynomial relation f(z) = 0 of some degree
d, with coefficients in k. The lemma tells us that, after a suitable change of variable, the coefficient of x‘fl
in f will be 1. Then f will be a monic polynomial in x,, with coefficients in the subalgebra R generated by
T1,.-.,Tn_1. SO x, Will be integral over R, and A will be a finite R-module. By induction on n, we may
assume that R is a finite module over a polynomial subalgebra P. Then A will be a finite module over P too.
O

The next proposition is an example of a general principle: Any construction involving finitely many oper-
ations can be done in a simple localization (see[5.1.17).

4.4.10. Proposition. Let A C B be finite-type domains. There is a nonzero element s in A such that By is a
finite module over a polynomial subring As[y1, .., yr|-

proof. Let S be the set of nonzero elements of A, so that X = AS~! is the fraction field of A, and let
By = BS™! be the ring obtained from B by inverting all elements of S. Also, let 3 = (B4, ..., Bx) be a
set of elements of the finite-type algebra B that generates B as algebra. Then By is a finite-type K -algebra,
generated as K -algebra by 5. (A K-algebra is a ring that contains K as subring. The Noether Normalization
Theorem tells us that B is a finite module over a polynomial subring P = K[y1, ..., y|. So B is an integral
extension of P. Any element of B will be in By, and therefore it will be the root of a monic polynomial, say

fl@)=a"+cna(y)a” "+ +eo(y) =0

where the coefficients c;(y) are elements of P. Each coefficient is a combination of finitely many monomials
in y, with coefficients in K. If d € A is a common denominator for all of those coefficients, then c;(x) will
have coefficients in A4[y]. Since the generators 5 of B are integral over P, we may choose a denominator s
so that all of the generators 1, ..., O are integral over A,[y]. The algebra B; is generated over A, by f, so it
will be an integral extension of A;[y]. O

4.5 Normalization

Let A be a domain with fraction field K, and let L be a finite field extension of K. The integral closure of
A in L is the set of elements of L that are integral over A. It follows from Lemma (ii) that the integral
closure is a domain that contains A.

The normalization A* of A is the integral closure of A in its fraction field K — the set of elements of K
that are integral over A. A domain A is normal if it is equal to its normalization.

A variety X is a normal variety if it has an affine covering { X = Spec A;} in which the algebras A; are
normal domains. To justify this definition, we need to show that if an affine variety X = Spec A has an affine
covering X i = Spec A;, in which A; are normal domains, then A is normal. This follows from Lemma
(iii) below.

Our goal here is the next theorem, whose proof is at the end of the section.

4.5.1. Theorem. Let A be a finite-type domain with fraction field K of characteristic zero, and let L be a
finite field extension of K. The integral closure of A in L is a finite A-module, and therefore a finite-type
domain. In particular, the normalization of A is a finite A-module and a finite-type domain.

Thus, if B is the integral closure of A in L, there will be an integral morphism Spec B — Spec A.

The proof given here makes use of the characteristic zero hypothesis, though the theorem is true for a finite-

type k-algebra when £k is a field of characteristic p.
4.5.2. Example. (normalization of a nodal cubic curve) The algebra A = Clu,v]/(v? —u? —u?) can be

embedded into the one-variable polynomial algebra B = C[z], by u = 22 — 1 and v = 2® — z. The fraction
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fields of A and B are equal because = v/u, and the equation 22 — (u+1) = 0 shows that z is integral over
A. Since B is normal, it is the normalization of A (see Lemma @)).

In this example, Spec B is the affine line AL, and the plane curve C = Spec A has a node at the origin
p = (0,0). The inclusion A C B defines an integral morphism Al — C whose fibre over p is the point pair
x = +1. The morphism is bijective at all other points. I think of C' as the variety obtained by gluing the points
x = =£1 of the affine line together.

figure: curve, not quite glued

In this example, the effect of normalization can be visualized geometrically. This isn’t always so. Normaliza-
tion is an algebraic process whose effect on geometry may be subtle. O

4.5.3. Lemma. (i) A unique factorization domain is normal. In particular, a polynomial algebra over a field
is normal.

(ii) If s is a nonzero element of a normal domain A. The localization Ay is normal.

(iii) Let s1, ..., Sk, be nonzero elements of a domain A that generate the unit ideal. If the localizations A, are
normal for all i, then A is normal.

proof. (i) Let A be a unique factorization domain, and let 5 be an element of its fraction field that is integral
over A. Say that

(4.5.4) B+ a4 an1 B+ an =0

with a; in A. We write 8 = /s, where r and s are relatively prime elements of A. Multiplying by s™ gives us
the equation
= —s(ar" 4 4 aps™h)

This equation shows that if a prime element of A divides s, it also divides r. Since r and s are relatively prime,
there is no such element. So s is a unit, and 3 is in A.

(ii) Let 3 be an element of the fraction field of A that is integral over A. There will be a polynomial relation
of the form (4.5.4), except that the coefficients a; will be elements of A,. The element v = s*3 satisfies the
polynomial equation

,yn + (skal)'y”_l 4o+ (S(7L_1)kan,1)’}/ + (Snkan) -0

Since a; are in Ay, all coefficients of this polynomial will be in A when £ is sufficiently large, and then y will
be integral over A. Since A is normal, 7 will be in A4, and 5 = s*k'y will be in A,.

(iii) This proof follows a familiar pattern. Suppose that A, is normal for every i. If an element 5 of K is
integral over A, it will be in A;, for all 4, and s}’ will be an element of A if n is large. We can use the same
exponent n for all 7. Since s1, ..., 53, generate the unit ideal, so do their powers s7', ..., s}'. Say that > 7;s} = 1,
with 7; in A. Then 8 =Y r;s!'( is in A. O

4.5.5. Lemma. Let A be a normal noetherian domain with fraction field K of characteristic zero, and let L
be a field extension of K. An element 3 of L that is algebraic over K is integral over A if and only if the
coefficients of the monic irreducible polynomial f for 8 over K are in A.

proof. If the monic polynomial f has coefficients in A, then [ is integral over A. Suppose that § is integral
over A. Since we may replace L by any field extension that contains 3, we may assume that L is a finite
extension of K. A finite extension embeds into a Galois extension, so we may assume that L/K is a Galois
extension. Let G be its Galois group, and let {f31, ..., 5, } be the G-orbit of 3, with 8 = (;. The irreducible
polynomial for 5 over K is

(4.5.6) f@)y=(x—-p) - (x—05)

Its coefficients are symmetric functions of the roots. If /3 is integral over A, then all elements of the orbit are
integral over A, and therefore the symmetric functions are integral over A. Since A is normal, they are in A.
So f has coefficients in A. O
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4.5.7. Example. A polynomial in A = Clz, y| is square-free if it has no nonconstant square factors and isn’t a
constant. Let f(z,y) be a square-free polynomial, and let B denote the integral extension C[z, y, w]/(w? — f)
of A. Let K and L be the fraction fields of A and B, respectively. Then L = K[w]/(w? — f) is a Galois
extension of K. Its Galois group is generated by the automorphism o of order 2 defined by o(w) = —w. The
elements of L have the form 5 = a + bw with a,b € K, and 0(8) = ' = a — bw.

We show that B is the integral closure of A in L. Suppose that 8 = a+ bw is integral over A. If b = 0, then
B = a. This is an element of A and therefore it is in B. If b # 0, the irreducible polynomial for § = a + bw
will be

(z = B)(z — f) = 2® - 2az + (a*~b*f)

Because f3 is integral over A, 2a and a? —b?f are in A. Because the characteristic isn’t 2, this is true if and
only if @ and b? f are in A. We write b = u/v, with u, v relatively prime elements of A, so b?f = u?f/v?. If
v weren’t a unit, then since f is square-free, it couldn’t cancel v2. So from b2 f in A we can conclude that b is
in A. Summing up, [ is integral if and only if a and b are in A, which means that (5 is in B. ]

(4.5.8) trace

Let L be a finite field extension of a field K and let 3 be an element of &X. When L is viewed as a K -vector

space, multiplication by 3 becomes a linear operator L i> L. The trace of this operator will be denoted by
tr(f). The trace is a K-linear map L — K.

4.5.9. Lemma. Let L be a finite field extension of K, let f(x) = 2" + a12" ! + - - - + a,. be the irreducible
polynomial for an element 3 of L over K, and let K () be the extension of K generated by . Say that
[L:K(B)]=dand [L: K] =n. Since [K(8) : K] =1, n=rd, and tr(8) = —day. If B is an element of K,
then tr(B) = np.

proof. The set (1,3,...,8"~1) is a K-basis for K(§3), and on this basis, the matrix M of multiplication by 3
has the form illustrated below for the case » = 3.

0 0 —as
M=11 0 —a
0 1 —a

For all r, the trace of the matrix M is —a;. Next, let (u1,. .., u,4) be a basis for L over K (3). Then {B%u;},
withs=0,...,r—1andj =1,...,d, will be a basis for L over K. When this basis is listed in the order

(uh ulBa ceey ulﬁn_l; Uz, UQB, e ’U'Qﬁn_l; <o 3 Ud, udﬁ7 eeey udﬁn_l)a
the matrix of multiplication by S will be made up of d blocks of the matrix M. O

4.5.10. Corollary. Let A be a normal domain with fraction field K and let L be a finite field extension of K.
If an element [3 is integral over A, its trace is an element of A.

This follows from Lemmas and O

4.5.11. Lemma. Let A be a normal noetherian domain with fraction field K of characteristic zero, and let L
be a finite field extension of K. The form L x L — K defined by (o, ) = tr(af) is K-bilinear, symmetric,
and nondegenerate. If o and 3 are integral over A, then («, 8) is an element of A.

proof. The form is obviously symmetric, and it is /K -bilinear because multiplication is K -bilinear and trace
is K-linear. A form is nondegenerate if its nullspace is zero, which means that when « is a nonzero element,
there is an element /3 such that (o, ) # 0. We let 3 = o~ L. Then (a, 8) = tr(1), which, according to (#.5.9),
is the degree [L: K| of the field extension. It is here that the hypothesis on the characteristic of K enters: The
degree is a nonzero element of K.

If o and (3 are integral over A, so is their product a8 (Lemma (ii)). Corollary shows that
(c, B) is an element of A. O
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4.5.12. Lemma. Let A be a domain with fraction field K, let L be a field extension of K, and let B be an
element of L that is algebraic over K. If B is a root of a polynomial f = anx™ + ap_12"" 1 + - + ag with
a; in A, then v = a, 3 is integral over A.

proof. One finds a monic polynomial with root vy by substituting = = y/a,, into f and multiplying by a”~1. O
proof of Theorem[.5.1] Let A be a finite-type domain with fraction field K of characteristic zero, and let L be
a finite field extension of K. We are to show that the integral closure of A in L is a finite A-module.

Step 1. We may assume that A is normal.

We use the Noether Normalization Theorem to write A as a finite module over a polynomial subalgebra
R =Clyi,...,yd)- Let F be the fraction field of R. Then K and L are finite extensions of F'. An element of
L will be integral over A if and only if it is integral over R ( (iv)). So the integral closure of A in L is
the same as the integral closure of R in L. We replace A by the normal algebra R and K by F'.

Step 2. Bounding the integral extension.

We assume that A is normal. Let (vy,...,v,) be a K-basis for L whose elements are integral over A.
Such a basis exists because we can multiply any element of L by a nonzero element of K to make it integral

(Lemma[4£.5.12)). Let

(4.5.13) T:L— K"

be the map T'(8) = ((v1, ), ..., (vn,B)), where ( , ) is the form defined in Lemma This map is
K-linear. If (v;, 5) = 0 for all ¢, then because (v1, ..., vy,) is a basis for L, (, 3) = 0 for all v in L, and since
the form is nondegenerate, 3 = 0. Therefore 7' is injective.

Let B be the integral closure of A in L. The basis elements v; are in B, and if S isin B, v; will be in B
too. Then (v;, 8) will be in A, and T'(3) will be in A™ (4.5.11). When we restrict 7' to B, we obtain an injective
map B — A" that we denote by Tg. Since T is K-linear, Tj is a A-linear. It is an injective homomorphism
of A-modules. It maps B isomorphically to its image, a submodule of A™. Since A is noetherian, every
submodule of the finite A-module A" is finitely generated. Therefore the image of T} is a finite A-module,
and so is the isomorphic A-module B. O

4.6 Geometry of Integral Morphisms

The main geometric properties of an integral morphism of affine varieties are summarized below, in Theorem
[4.6.6|below, which shows that the geometry is as nice as could be expected.

We use the following notation:

(4.6.1) Yy 5 X

will be an integral morphism of the affine varieties X = Spec A and Y = Spec B. So B is an integral
extension of A. Also, C' will be a closed subvariety of X, D will be a component of its inverse image u~C,
and the prime ideals of A and B corresponding to C' and D, respectively, will be P and @), and P C Q). Let
A=A/P,B=B/Q,C = SpecA, and D = Spec B.

The homomorphisms and the corresponding morphisms form the diagrams

B——B Y «—— D
| [ |
A— A X+——C

The images in B of a set of A-module generators for B will generate B as A-module. So B is a finite A-
module, and the induced morphism D — C' is a finite morphism of affine varieties. Therefore dim D <
dim C. In many cases, though not always, dim D = dim C, and if so, the map D — C will be an integral
morphism.
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We say that a closed subvariety D of Y lies over the closed subvariety C' of X if the image of D is C, and
we say that a prime ideal @) of B lies over the prime ideal P of A if the contraction ) N A of @ is P.

For instance, a point g of Y lies over its image p, and the maximal ideal m, of B at q lies over the maximal
ideal m,, of A at p.

4.6.2. Lemma. An integral morphismY — X of affine varieties is surjective.

proof. Let m,, be the maximal ideal at point p of X. Corollary (ii) shows that the extended ideal m, B
isn’t the unit ideal of B. So it is contained in a maximal ideal of B, say in m,, where ¢ is a point of Y. Then
myNADm,BNADm,. Since m; N A doesn’t contain 1, it isn’t the unit idea, and since m,, is a maximal
ideal, the inclusions are equalities. So g lies over p. (|

The next lemma will allow us to replace X and Y by C' and D in some situations.

4.6.3. Lemma. With notation as at the beginning of the section,
() If Q lies over P then B is an integral extension of A.
(ii) Q lies over P if and only if D lies over C. (]

proof. (i) The kernel of the composed map A — B — B is QN A. If Q lies over P, i.e.,if QN A = P, the
mapping property of quotient rings gives us an injective map A — B. Since B is a finite A-module, it is an
integral extension of A.

(ii) Suppose that ) lies over P. Then (i) shows that B is an integral extension of A, and Lemma shows
that the integral morphism D — C'is surjective. Thus D lies over C. Conversely, if D lies over C, an element
a of A will be zero at every point of C' if and only if it is zero at every point of D. This means that an element
aof Aisin Pifandonly ifitisin Q. So P = Q N A, i.e., Q lies over P. O

4.6.4. Lemma. Let A C B be an integral extension of finite-type domains, and let J be a nonzero ideal of B.
The contraction J N A is a nonzero ideal of A.

proof. A nonzero element 3 of J will be integral over A. There will be a polynomial relation of the form
B4+ ai B+ - +a, =0, with q; in A. If a,, = 0, then because B is a domain, we can cancel 3 from
the equation. So there is a polynomial relation with constant term a,, 7# 0. The equation shows that a,, is in J,
and since it is also in A, it is a nonzero element of J N A. O

4.6.5. Lemma. Let Y — X be an integral morphism of affine varieties, with Y = Spec B and X =
Spec A. The fibres of u have bounded cardinality. If B is generated as A-module by a set of n elements, there
are at most n. points in the fibre over a point p of X.

proof. Let q1, ..., q, be the points of Y that lie over p, and let k; denote the residue field of B at ¢;. The
maximal ideals m; of B at ¢; contain the maximal m, of A at p, and they are comaximal. By the Chinese
Remainder Theorem, the map B — ki x- - - Xk, is surjective. The images of the n generators 3 for B generate
the product k1 X - - - X k,., which is a vector space of dimension r over the residue field k of A at p. Therefore
n>r. (I

4.6.6. Theorem. LetY — X be an integral morphism of affine varieties, Y = Spec B and X = Spec A.

(i) The image of a closed subset of Y is a closed subset of X.

(ii) Let D' and D be closed subvarieties of Y that lie over the same closed subvariety C of X. If D' D D,
then D' = D.

(iii) The set of closed subvarieties D of Y that lie over a closed subvariety C of X is finite and nonempty.

proof. (1) (The image of a closed set is closed.)

It suffices to show that the image of a closed subvariety D of Y is closed. Let () be the prime ideal of B that
corresponds to D, and let P be the contraction Q N A. Lemma (ii) shows that D lies over C' = Vx (P).
So the image of D is the closed set C.

(i) (inclusions among subvarieties that lie over C).

We rename D’ as Y and C as X. With this notation, what must be shown is that the image of a proper
closed subset of Y is a proper closed subset of X. Or, the contraction P = ) N A of a nonzero prime ideal @)
of B is a nonzero prime ideal of A. The contraction of P is a prime ideal, and Lemma4.6.4]shows that P # 0.
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(iii) (subvarieties that lie over a closed subvariety)

Let C be a closed subvariety of X. Its inverse image Z = u~'C is a closed subset of Y, the union of
finitely many irreducible closed subsets, say Z = | J D;. As (i) shows, the image C; of D; will be an irreducible
closed subset of X. Since the map w is surjective, C' = | C;, and since C is irreducible, it is equal to at least
one C;. The components D; of Z such that C; = C are subvarieties that lie over C.

Next, any subvariety D’ that lies over C' will be contained in Z, and since it is irreducible, D’ will be
contained in D; for some 7. Part (ii) shows that D’ = D,. Therefore the closed subsets that lie over C' are
among the finitely many closed sets D;. U

4.7 Chevalley’s Finiteness Theorem

(4.7.1) finite morphisms

The concepts of a finite morphism and an integral morphism of affine varieties were defined in Section
A morphism Y —% X of affine varieties X = Spec A and Y = Spec B is a finite morphism if the
homomorphism A —~5 B that corresponds to u makes B into a finite A-module. As was explained, the
difference between a finite morphism and an integral morphism of affine varieties is that for a finite morphism,
the homomorphism ¢ needn’t be injective. If ¢ is injective, B will be an integral extension of A, and u will be
an integral morphism. We extend the definitions to varieties that aren’t necessarily affine here.

By the restriction of a morphism Y — X to an open subset X’ of X, we mean the induced morphism
Y’ — X', where Y’ is the inverse image of X'.

4.7.2. Definition. A morphism of varieties Y — X is a finite morphism if X can be covered by affine open
subsets to which the restriction of v is a finite morphism of affine varieties, as defined in (4.4.4). A morphism
u is an integral morphism if there is a covering of X by affine open sets to which the restriction of u is an
integral morphism of affine varieties.

4.7.3. Corollary. An integral morphism is a finite morphism. The composition of finite morphisms is a finite
morphism. The inclusion of a closed subvariety into a variety is a finite morphism. O

When X is affine, Definition and Definition both apply. The next proposition shows that the
two definitions are equivalent.

4.7.4. Proposition. Let Y — X be a finite or an integral morphism, as in , and let X' be an affine
open subset of X. The restriction of u to X' is a finite or an integral morphism of affine varieties, as defined

in (F23)
4.7.5. Lemma. (i) Let A —% B be a homomorphism of finite-type domains that makes B into a finite A-
module, and let s be a nonzero element of A. Then By is a finite Az-module.

(ii) The restriction of a finite (or an integral) morphism Y — X to an open subset of X is a finite (or an

integral) morphism, as in Definition

proof. (i) In the statement, B denotes the localization of B as A-module. This localization can also be
obtained by localizing the algebra B with respect to the image s’ = (s), provided that it isn’t zero. If s is
zero, then s annihilates B, so B; = 0. In either case, a set of elements that spans B as A-module will span B,
as A,-module, so By is a finite A,-module.

(ii) Say that X is covered by affine open sets to which the restriction of u is a finite morphism. The localiza-
tions of these open sets form a basis for the Zariski topology on X. So X’ can be covered by such localizations.
Part (i) shows that the restriction of u to X' is a finite morphism. O

proof of Proposition We’ll do the case of a finite morphism. The proof isn’t difficult, but there are
several things to check. This makes the proof a bit longer than one would like.

Step 1. Preliminaries.

We are given a morphism Y — X, X is covered by affine open sets X* , and the restrictions of u to these
open sets are finite morphisms of affine varieties. We are to show that the restriction to any affine open set X’
is a finite morphism of affine varieties.
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The affine open set X’ is covered by the affine open sets X’* = X’ N X*, and the restrictions fo X’* are
finite morphisms ({.7.5) (ii)). So we may replace X by X'. Since the localizations of an affine variety form a
basis for its Zariski topology, we see that what is to be proved is this:

A morphism Y - X is given in which X = Spec A4 is affine, and there are elements sy, ..., s, that
generate the unit ideal of A, such that for every 4, the inverse image Y of X = X, if nonempty, is affine,
and its coordinate algebra B; is a finite module over the localized algebra A; = A,,. We must show that Y is
affine, and that its coordinate algebra B is a finite A-module.

Step 2. The algebra B of regular functions on'Y .

If Y is affine, the algebra B of regular functions on Y will be a finite-type domain and Y will be its
spectrum. Since Y isn’t assumed to be affine, we don’t know very much about B other than that it is a
subalgebra of the function field L of Y. On the other hand, the inverse image Y of X?, if nonempty, is affine.
It is the spectrum of a finite-type domain B;. Since the localizations X* cover X, the affine varieties the Y
cover Y. We throw out the indices i such that Y is empty. Then a function is regular on Y if and only if it is
regular on each Y?, and

B =B

Let’s denote the image of s; in B by the same symbol.

the intersection being in the function field L.

Step 3. For any index j, Bj is the localization B[sj_l] of B.

The intersection Y7 N Y is an affine variety. It is the set of points of Y/ at which s; isn’t zero, and its
coordinate algebra is the localization B;[s; ']. Then

5151 2 Nl 2 N8t L Bl 2 5,

where the explanation of the numbered equalities is as follows:

(1) A rational function S is in B; [sj_l] if s B is in B; for large n, and we can use the same exponent n for all
i=1,...,r.SoBisin|) (Bl-[sj*l]) if and only if s7 3 is in (] B; = B, i.e., if and only if 3 is in B[s}l].

(2) Thisistrue because Y’ NY*=Y"'NY7J.

(3) Foralli, B; C Bj[s;']. Moreover, s; doesn’t vanish on Y7. It is a unit in B;, and therefore B, [5;1] =
Bj: B; C(\Bj[s; '] C By[s; '] C B;.

Step 4. B is a finite A-module.

We choose a finite set b = (b, ..., by,) of elements of B that generates the A;-module B; for every i. We
can do this because we can span the finite A;-module B; by finitely many elements of B, and there are finitely
many algebras B;. We show that the set b generates the A-module B.

Let x be an element of B. Since x is in B;, it is a combination of the elements b with coefficients in A;.
Then for large k, s¥z will be a combination of b with coefficients in A, say

si—“x = Z a;,uby
v
with a; , € A. We can use the same exponent & for all . Then with 3 risf‘ =1,
k
r= Y e = Y
i [ v
The right side is a combination of b with coefficients in A.

Step 5. Y is affine.

The algebra B of regular functions on Y is a finite-type domain because it is a finite module over the finite-
type domain A. Let Y = Spec B. The fact that B is the algebra of regular functions on Y gives us a morphism

Y Y (Corollary . Restricting to the open subset X7 of X gives us a morphism Y7 -~ ¥/ in which
Y7 and Y7 are both equal to Spec B;. Therefore €/ is an isomorphism. Corollary|3.4.21|(ii) shows that € is an
isomorphism. So Y is affine and by Step 4, its coordinate algebra B is a finite A-module. U

We come to Chevalley’s theorem now. Let P denote the projective space P™ with coordinates yyo, ..., Yn-
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4.7.6. Chevalley’s Finiteness Theorem. Ler X be a variety, let Y be a closed subvariety of the product
Px X, and let 7 denote the projection Y — X. If all fibres of w are finite sets, then 7 is a finite morphism.

4.7.7. Corollary. LetY be a projective variety and let Y — X be a morphism whose fibres are finite sets.
Then  is a finite morphism. In particular, if Y is a projective curve, any nonconstant morphismY — X is
a finite morphism.

This corollary follows from the theorem when one replaces Y by the graph of v in Y x X. If Y is embedded
as a closed subvariety of P, the graph will be a closed subvariety of P x X (Proposition [3.4.30)). O

In the next lemma, A denotes a finite-type domain, B denotes a quotient of the algebra A[u] of polynomials

in n variables u1, ..., u, with coefficients in A, and A —5 B denotes the canonical homomorphism. We’ll use
capital letters for nonhomogeneous polynomials here. If G(u) is a polynomial in Afu], we denote its image in
B by G(u). too.

4.7.8. Lemma. Let k be a positive integer. Suppose that, for each i = 1,...,n, there is a polynomial
Gi(u1, ..., un) of degree at most k—1 in n variables with coefficients in A, such that u¥ = G;(u) in B.
Then B is a finite A-module.

proof. Any monomial in uy, ..., u,, of degree at least nk will be divisible by u¥ for at least one i. So if m
is a monomial of degree d > nk, the relation u¥ = G;(u) shows that, in B, m is equal to a polynomial in
U1, ..., Uy, of degree less than d, with coefficients in A. By induction, it follows that the monomials of degree
at most nk—1 span B. (]

Let 4o, .., Yn be coordinates in P, and let A[yo, ..., yn] be the algebra of polynomials in y with coefficients
in A. A homogeneous element of Aly| is an element that is a homogeneous polynomial in y with coefficients

in A. A homogeneous ideal of Aly] is an ideal that can be generated by homogeneous polynomials.

4.7.9. Lemma. Let Y be a closed subset of P x X, where X = Spec A is affine,
(i) The ideal T of elements of Aly| that vanish at every point of Y is a homogeneous ideal of Aly].
(i) If the zero locus of a homogeneous ideal T of Aly| is empty, then T contains a power of the irrelevant ideal

M = (Yo, -y Yn) of Aly].

proof. (i) Let’s write a point of Px X as ¢ = (yo, ..., Yn, ), With 2 representing a point of X. So (y,x) =
(A\y, x). Then the proof for the case A = C that is given in (1.3.2) carries over.

(ii) Let V' be the complement of the origin in the affine n 4+ 1-space with coordinates y. The complement of
the origin in V' x X maps to Px X (see[3.2.4). If the locus of zeros of Z in Px X is empty, its locus of zeros in
V' x X will be contained in o X X, o being the origin in P. Then the ideal of o0 x X, which is the radical ideal
generated by the elements vy, ..., ¥, Will contain Z. O

proof of Chevelley’s Finiteness Theorem. This proof is adapted from a proof by Schelter.
We abbreviate the notation for a product Z x X of a variety Z with X, denoting X x X by Z.

We are given a closed subvariety Y of P = Px X, and the fibres over X are finite sets. We are to prove
that the projection Y — X is a finite morphism. We may assume that X is affine, say X = Spec A, and by
induction on n, we may assume that the theorem is true when P is a projective space of dimension n—1.

Case 1. There is a hyperplane H in P such that 'Y is disjoint from H=HxXinP=PxX.

This is the main case. We adjust coordinates ¥y, ..., Y, in P so that H is the hyperplane {yo = 0}. Because
Y is a closed subvariety of P disjoint from H,Y is also a closed subvariety of 00 = U9x X, U° being the
standard affine {yo # 0}. So Y is affine.

Let P and Q be the (homogeneous) prime ideals in A[y] that define Y and H, respectively, and let Z =
P + Q. So ¢ is the principal ideal of A[y] generated by yo. A homogeneous element of Z of degree & has the
form f(y) + yog(y), where f is a homogeneous polynomial in A[y] of some degree k, and g is a homogeneous
polynomial of degree k—1.

The closed subsets Y and H are disjoint. Since Y N H is empty, the sum Z = P + Q contains contains
a power of the irrelevant ideal M = (yq, ..., Yn ), say M¥* C Z. Then y¥ isin Z for i = 0,...,n. So we may
write

(4.7.10) i = fi(y) + yogi(y)
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with f; of degree k in P and g; of degree k—1 in A[y]. We omit the index ¢ = 0. For that index, one can take
fo=0and gg = y(’)“*l.

We dehomogenize these equations with respect to the variables y, substituting u; = y;/yo for y;, i =

1,...,n with ug = 1. Writing dehomogenizations with capital letters, the dehomogenized equations that
correspoind to the equations y* = fi(y) + yog(y) have the form
(4.7.11) uf = Fy(u) + Gi(u)

The important point is that the degree of G; is at most k—1.

Recall that Y is also a closed subset of U°. Let P be its (nonhomogenous) ideal in A[u], which contains
the polynomials F1, ..., F},. The coordinate algebra of Y is B = A[u]/P. In the quotient algebra B, the terms
F; drop out, leaving us with equations u¥ = G;(u). These equations are true in B. Since G; has degree at
most k—1, Lemma[4.7.8]tells us that B is a finite A-algebra, as was to be shown. This completes the proof of

Case 1.

Case 2. the general case.

We have taken care of the case in which there exists a hyperplane H such that Y is disjoint from H. The
next lemma shows that we can cover the given variety X by open subsets to which this special case applies.
Then Lemma[4.7.4) and Proposition f.7.4] will complete the proof.

4.7.12. Lemma. Let Y be a closed subvariety of P="P"x X, and suppose that the projection Y — X has
finite fibres. Suppose also that Chevalley’s Theorem has been proved for closed subvarieties of P* ! x X. For
every point p of X, there is an open neighborhood X' of p in X, and there is a hyperplane H in P, such that
the inverse image Y' = w=' X" is disjoint from H.

proof- Let p be a point of X, and let ¢ = (¢1, ..., G.-) be the finite set of points of ¥ making up the fibre over p.
We project ¢ from Px X to [P, obtaining a finite set ¢ = (qz, ..., ¢,-) of points of P, and we choose a hyperplane
H in P that avoids this finite set. Then H avoids the fibre q. Let W denote the closed set Y N H. Because
the fibres of ¥ over X are finite, so are the fibres of W over X. By hypothesis, Chevalley’s Theorem is true
for subvarieties of P! x X, and H is isomorphic to P"~! x X. It follows that, for every component W'
of W, the morphism W’ — X is a finite morphism, and therefore its image is closed in X (Theorem .
Thus the image Z of W is a closed subset of X, and it doesn’t contain p. Then X’ = X — Z is the required
neighborhood of p. (]

figure: ??’m not sure

4.8 Double Planes

(4.8.1) affine double planes

Let A be the polynomial algebra Clz, y], and let X be the affine plane Spec A. An dffine double plane is a
locus of the form w? = f(x,y) in affine 3-space with coordinates w, x,y, where f is a square-free polynomial
in z, y, as in Example Let B = C[w, z,y]/(w? — f). So the affine double plane is Y = Spec B.

We’ll denote by w, x, y both the variables and their residues in B.

4.8.2. Lemma The algebra B is a normal domain of dimension two, and a free A-module with basis (1, w).
It has an automorphism o of order 2, defined by o(a + bw) = a — bw. O

The fibres of Y over X are the o-orbits in Y. If f(zg,y0) # 0, the fibre consists of two points, and if
f(zo,yo) = 0, itconsists of one point. The reason that Y is called a double plane is that most points of the
plane X are covered by two points of Y. The branch locus of the covering, which will be denoted by A, is the
(possibly reducible) curve { f = 0} in X. The fibres over the branch points, points of A, are single points.

We study the closed subvarieties D of Y that lie over a curve C' in X. These subvarieties will have
dimension one, and we call them curves too. If D lies over C, and if D = Do, then D is the only curve lying
over C. Otherwise, there will be the two curves that lie over C, namely D and Do. In that case we say that C'
splitsinY.

A curve C in X will be the zero set of a principal prime ideal P of A, and if D lies over C, it will be the
zero set of a prime ideal @) of B that lies over P (4.6.3). The prime ideal () isn’t always a principal ideal.
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4.8.3. Example. Let f(z,y) = 22 + 3? — 1. The double plane Y = {w? = 22 +y%—1} is an affine quadric
in A3. In the affine plane, its branch locus A is the curve {22 +y? = 1}.

The line C : {y = 0} in X meets the branch locus A transversally at the points (x,y) = (+1,0), and y
generates a prime ideal of B. When we set y = 0 in the equation for Y, we obtain the irreducible polynomial
w?—x2+1. On the other hand, the line Cy : {y = 1} is tangent to A at the point (0, 1), and it splits. When
we set y = 1 in the equation for Y, we obtain w? = z2. The locus {w? = 2} is the union of the two lines
{w = z} and {w = —x} that lie over C;. The prime ideals of B that correspond to these lines aren’t principal
ideals.

. . . O
figure circle with two lines

This example illustrates a general principle: If a curve intersects the branch locus transversally, it doesn’t
split. We explain this now.

(4.8.4) local analysis

Suppose that a plane curve C' : {g = 0} and the branch locus A : {f = 0} of a double plane w? = f meet at
a point p. We adjust coordinates so that p becomes the origin (0, 0), and we write

fla,y) = aia’y’ = aior + aoy + agoa® + - -

Since p is a point of A, the constant coefficient of f is zero. If the two linear coefficients aren’t both zero, p
will be a smooth point of A, and the tangent line to A at p will be the line {a10x + ag1y = 0}. Similarly,
writing g(x,y) = > b;;x"y?, the tangent line to C, if defined, is the line {b1oz + bo1y = 0}.

Let’s suppose that the two tangent lines are defined and distinct — that A and C' intersect transversally at
p. We change coordinates once more, to make the tangent lines the coordinate axes. After adjusting by scalar
factors, the polynomials f and g will have the form

flz,y) =z +u(r,y) and g(z,y) =y +v(z,y),
where u and v are polynomials all of whose terms have degree at least 2.

Let X; = Spec C[z1,y1] be another affine plane. We consider the map X; — X defined by the substi-
tution 1 = x + u, y1 = y + v. In the classical topology, this map is invertible analytically near the origin,
because the Jacobian matrix

a(9617 yl) )
4.8.5 —_—
(8 ( 9,0) ) o

at p is the identity matrix. When we make this substitution, A becomes the locus {7 = 0} and C becomes
the locus {y; = 0}. In this local analytic coordinate system, the equation w? = f that defines the double plane
becomes w? = x;. When we restrict it to C by setting y; = 0, x1 becomes a local coordinate function on C'.
The restriction of the equation remains w? = z1. So the inverse image Z of C' doesn’t split analytically near
p. Therefore it doesn’t split globally either.

4.8.6. Corollary. A curve that meets the branch locus transversally at some point doesn’t split. (]

This isn’t a complete analysis. When C' and A are tangent at every point of intersection, C' may split or
not, and which possibility occurs cannot be decided locally in most cases. However, one case in which a local
analysis suffices to decide splitting is that C'is a line. Let ¢ be a coordinate in a line C, so that C' ~ Spec C[¢].
Let’sassume that C' does’t intersect A at ¢ = oco. The restriction of the polynomial f to C will give us a
polynomial f(t) int. A root of f corresponds to an intersection of C' with A, and a multiple root corresponds
to an intersection at which C' and A are tangent, or at which A is singular. The line C' will split if and only if
f is a square in C[t], and this will be true if and only if the multiplicity of every root of f is even.

A rational curve is a curve whose function field is a rational function field C(¢) in one variable. One can
make a similar analysis for any rational plane curve, a conic for example, but one needs to inspect its points at
infinity and its singular points as well as the smooth points at finite distance.
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(4.8.7) projective double planes
Let X be the projective plane P2, with coordinates xq, 21, 2. A projective double plane is a locus of the form

(4.8.8) y? = f(wo,21,22),

where f is a square-free, homogeneous polynomial of even degree 2d. To regard this as a homogeneous
equation, we must assign weight d to the variable y (see[1.8.7). Then, since we have weighted variables, we
must work in a weighted projective space WP with coordinates g, x1, Z2,y, where x; have weight 1 and y
has weight d. A point of this weighted space WP is represented by a nonzero vector (zg, 1, Z2,y) with the
relation that, for all A # 0, (xq, 71, T2,y) ~ (Azo, A\x1, A2, A%). The points of the projective double plane
Y are the points of WP that solve the equation (#.8.8).

The projection WP — X that sends (x, y) to « is defined at all points except at (0,0, 0, 1). If (z, y) solves
and if x = 0, then y = 0 too. So (0, 0,0, 1) isn’t a point of Y. The projection is defined at all points of
Y. The fibre of the morphism Y — X over a point « consists of points (z,y) and (x, —y), which will be equal
if and only if x lies on the branch locus of the double plane, the (possibly reducible) plane curve A : {f = 0}
in X. The map o : (z,y) ~ (x,—y) is an automorphism of Y, and points of X correspond bijectively to
o-orbits in Y.

Since the double plane Y is embedded into a weighted projective space, it isn’t presented to us as a pro-
jective variety in the usual sense. However, it can be embedded into a projective space in the following way:
The projective plane X can be embedded by a Veronese embedding of higher order, using as coordinates the
monomials m = (my,ma,...) of degree d in the variables . This embeds X into a projective space PV
where N = (df) — 1. When we add a coordinate y of weight d, we obtain an embedding of the weighted
projective space WP into PN+ that sends the point (x,y) to (m,y). The double plane can be realized as a
projective variety by this embedding.

If Y — X is a projective double plane, then, as happens with affine double planes, a curve C' in X may
split in Y or not. If C has a transversal intersection with the branch locus A, it will not split. On the other
hand, if C'is a line, and if C intersects the branch locus A with multiplicity 2 at every intersection point, it will
split. For example, when the branch locus A is a generic quartic curve, the lines that split will be the bitangent
lines (see Section[T.13).

(4.8.9) homogenizing an affine double plane

To construct a projective double plane from an affine double plane, we write the affine double plane as
(4.8.10) w? = F(uy,uz)

for some nonhomogeneous polynomial F'. We suppose that F' has even degree 2d, and we homogenize F',
setting u; = x;/xz9. We multiply both sides of this equation by x2% and set y = xd w. This produces an
equation of the form ([@.8.8), where f is the homogenization of F.

If F has odd degree 2d — 1, one needs to multiply F' by g in order to make the substitution y = xdw

permissible. When we do this, the line at infinity {7 = 0} becomes a part of the branch locus.

(4.8.11)  cubic surfaces and quartic double planes

We use coordinates zg, T1, T2, z for the (unweighted) projective 3-space P here, and X will denote the
projective z-plane P2, Let P> -+ X denote the projection that sends (z, z) to x. It is defined at all points
except at the center of projection ¢ = (0,0, 0, 1), and its fibres are the lines through ¢, with ¢ omitted.

Let S be a cubic surface in P, the locus of zeros of an irreducible homogeneous cubic polynomial g(z, z).
We’ll denote the restriction of 7 to S by the same symbol 7.
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Let’s suppose that ¢ is a point of S. Then the coefficient of 2% in g will be zero, and g will be quadratic
in2: g(x,2) = az? + bz + ¢, where the coefficienta a, b, c are homogeneous polynomials in z, of degrees
1,2, 3, respectively. The equation for S becomes

(4.8.12) az? +bz+c=0

The discriminant f = b2 — 4ac of g is a homogeneous polynomial of degree 4 in . Let Y be the projective
double plane

(4.8.13) y? = b% — dac

We denote by V' the affine space of polynomials a, b, ¢ of degrees 1,2, 3 in x, and by W the affine space
of homogeneous quartic polynomials in z. Sending g to its discriminant f defines a morphism V' —= W

EET).

4.8.14. Lemma. The image of the morphism u contains all quartic polynomials f such that the divisor
D : f =0 has at least one bitangent line. Therefore the image of u is dense in W.

proof. Given such a quartic polynomial f, let a be a linear polynomial such that the line ¢; : {a = 0} is a
bitangent to D : {f = 0}. Then, as noted above, ¢; splits in the double plane y? = f. So f is congruent to a
square, modulo a. Let b be a quadratic polynomial such that f = b? modulo a. When we take this polynomial
as b, we will have f = b? — 4ac for some cubic polynomial c.

Conversely, if g(x,y) = az? + bz + ¢, the line ¢; : {a = 0} will be a bitangent to D provides that the
locus b = 0 meets ¢; in two distinct points. (]

It follows from the lemma that, if g(z,2) = az? + bz + ¢ is a polynomial in which a, b, ¢ are generic
homogeneous polynomials in x, of degrees 1,2, 3, respectively, the discriminant b> — 4ac will be a generic
homogeneous quartic polynomial in x.

We go back to the generic cubic surface S : az? + bz + ¢ = 0 and the generic double plane Y : y? =
b? — 4ac.

4.8.15. Theorem. A generic cubic surface S in P contains precisely 27 lines.

This theorem follows from next lemma, which relates the 27 lines in S to the 28 bitangents of the generic

quartic curve A : {b? — 4ac = 0} in the plane X (1.13.3).
As noted above, the line ¢; defined by the linear equation a = 0 is a bitangent to the quartic curve A.

4.8.16. Lemma. Let S be a generic cubic surface. The 27 bitangent lines in X that are distinct from {1 are
the images of the lines in S, and distinct lines in S have distinct images.

proof. Because the cubic surface S is generic, it contains finitely many lines (3.6). When we project to X from
a generic point ¢ of S, ¢ won’t lie on any of those lines. The fibres of the projection P> — X are lines through
g, and they aren’t contained in S. So a line in .S projects bijectively to a line in X.

A line in X is defined by a homogeneous linear equation in the variables . The same linear equation
defines a plane H in P3 that contains ¢, and the intersection C' = S N H will be a cubic curve in H. At least
one of the irreducible components of C' contains ¢, and that component isn’t a line. So if C' is reducible, it
will be a union @ U L, where () is a conic that contains ¢ and L is a line in S. Thus lines L in S correspond
bijectively to lines in X such that the corresponding cubic C'is reducible.

Referring to (4.8.12) and (4.8.13), the quadratic formula solves for z in terms of y whenever a # 0:

b
(4.8.17) z= ;y or y=2az+b
a

These equations define a bijection S’ +— Y between the open subsets S’ and Y of points of S and Y at
which a # 0.

If £ is a line in X, not the line ¢1, the intersection £ N £1 will be a point p. The bijection S” +— Y’ will be
defined at all points that lie over ¢ except those whose images are p. If £ is the image of a line in .S, the cubic
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curve C' = S N H is reducible. Because ¢ splits in Y, it is a bitangent to the quartic curve A. Conversely, if ¢
splits in Y, then C' will be reducible. It will be the union of a line and a conic. So every bitangent line distinct
from ¢; is the image of a unique line in S.

The line ¢; : {a=0} is special. Its inverse image C in S is the locus of zeros of the two polynomials a and
az? +bz+c, or equivalently, the locus @ = 0 and bz + ¢ = 0.

Let’s adjust coordinates so that a becomes the polynomial zg. The locus {x¢ = 0} in P? is the projective
plane P with coordinates 1, x2, 2, and in P C is the locus § = 0 in that plane, where § = bz + ¢, b, € being
the polynomials obtained from b, ¢ by substituting zo = 0. In P, the point ¢ becomes (0, 0, 1), and C becomes
the cubic curve g = 0. The cubic curve C' is singular at g because g has no term of degree > 1 in z. As we
have noted, C' cannot be the union Q U L, of a conic and a line that meet at q. Therefore C' is irreducible. It
doesn’t contain a line, so ¢; doesn’t split. O

Summing up: The 27 bitangents distinct from ¢; are images of lines in .S, but ¢; is not the image of a line
in S.
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Chapter 5 STRUCTURE OF VARIETIES II: CONSTRUCTIBLE SETS

5.1 Modules

Valuations

Smooth Curves

Constructible sets

Closed Sets

Fibred Products

Projective Varieties are Proper

HEEEEE B

Fibre Dimension

The goal of this chapter is to explain how algebraic curves control the geometry of higher dimensional
varieties. We do this, beginning in Section[5.5] We begin with a short review about modules that we will use
in the chapter. We omit most proofs.

5.1 Modules
(58.1.1)  exact sequences

A sequence
ey Ty AN e
of homomorphisms of R-modules is exact if the image of d*~! is equal to the kernel of d*. For example, a

d . . . C d .
sequence 0 — V' — V"’ is exact if and only if the map d is injective, and a sequence V. — V'’ — 0 is exact
if and only if d is surjective.

Any homomorphism V' ~%5 V7’ can be embedded into an exact sequence

05KV -5Sv 500,

where K and C' are the kernel and cokernel of d, respectively.
A short exact sequence is an exact sequence of the form
b
0=V -5V V"=
The statement that this sequence is exact asserts that the map « is injective, and that V"' is isomorphic to the
quotient group V'/aV .

5.1.2. Proposition. (functorial property of the kernel and cokernel) Suppose given a (commutative) diagram
of R-modules

Vv —= Vv V' — 0
A
0 w W’ w

v

whose rows are exact sequences. Let K, K', K" and C,C", C"' denote the kernels and cokernels of f, |, and
f", respectively.
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(i) (kernel is left exact) The kernels form an exact sequence K — K' — K. If u is injective, the sequence
0— K — K' — K" is exact.

(ii) (cokernel is right exact) The cokernels form an exact sequence C — C' — C". If v is surjective, the
sequence C' — C' — C" — 0 is exact.
. . . d . .
(iii) (Snake Lemma) There is a canonical homomorphism K" — C' that combines with the above sequences
to form an exact sequence
d
K—+K +K' —C—-C —=C".

If w is injective and/or v is surjective, the sequence remains exact with zeros at the appropriate ends. O

(5.1.3) tensor products

Let U and V' be modules over a ring R. The tensor product U @ pV is an R-module that is generated by
elements © ®@v called tensors, one for each u in U and v in V. Its elements are combinations of tensors with
coefficients in R.

The defining relations among the tensors are the bilinear relations:
(5.1.4) (u1+uz2) ®v =u; @Vtuza v, U (V1+v2) =u® v1+u® Vo
and r(u®v) = (ru) v =u® (rv)

forall win U, vin V, and r in R. The tensor symbol ® is used as a reminder that the elements u ® v are to be
manipulated using these relations.

One can absorb a coefficient from R into either one of the factors of a tensor, so every element of U @ pV'
can be written as a finite sum » . u; ®v; with u; in U and v; in V.

5.1.5. Example. Let U be the space of m dimensional (complex) column vectors, and let V' be the space of
n-dimensional row vectors. Then U ®@c V identifies naturally with the space of m x n-matrices. If U and V" are
free R-modules with bases {u; } and {v;}, respectively, then U ® gV is a free R-module with basis {u; ® v, }.

There is an obvious map of sets U x V/ U ® rV from the product set to the tensor product, that
sends (u,v) to w ® v. This map isn’t a module homomorphism. The defining relations (5.1.4) show that it is
R-bilinear, not linear. It is a universal bilinear map.

5.1.6. Corollary. Let U,V, and W be R-modules. Homomorphisms of R-modules U @ p V' — W correspond
bijectively to R-bilinear maps U xV — W. O

Any R-bilinear map U x V' L. W to a module W can be obtained from a module homomorphism

UegrV Low by composition with the bilinear map 3 defined above: U XV N ®rV Lw.
This follows from the defining relations. (]

5.1.7. Proposition. There are canonical isomorphisms

e U®®r R=U,definedbyu@r «~ ur

UaU)@rV = UgrV)® (U ®rV), defined by (u1 + uz) @ v e~ 41 @ 0+ us @ v

URrV =V ®grU, definedby u @ v e~ v Qu

UrV)RrW =UQQgr (Ver W), definedby (u®v) @w «~ u® (v®w) O

5.1.8. Proposition. Tensor product is right exact: Let U T v 5 U = 0 be an exact sequence of
R-modules, then for any R-module V, the sequence below is exact:

UorV 28 0 @pv 248 0" 9 pV = 0

98



Tensor product operation isn’t left exact. For example, Let R = C[z]. Then R/zR =~ C, so there is an exact

sequence 0 — R —+ R — C — 0. When we tensor with C we get the sequence 0 — C 2 csC—o.
The zero map isn’t injective.

5.1.9. Corollary. Let U and V be modules over a domain R and let s be a nonzero element of R. Let
R, Us, Vi be the (simple) localizations of R, U,V respectively.

(i) There is a canonical isomorphism Us =~ U Qg (R;).

(ii) Tensor product is compatible with localization: Us Qg Vs ~ (U @r V), g

We note that the product module U x V' and the tensor product module U ®p V are very different. For
instance, when U and V are free modules of ranks » and s, U xV is free of rank r+ s, while U ® g V is free
of rank rs.

(5.1.10) extension of scalars in a module

Let R 25 Sbea ring homomorphism. Extension of scalars constructs an S-module from an R-module.

Let’s write scalar multiplication on the right. So M will be a right R-module. Then M ®pg S be comes an
S-module, multiplication by s € S being (m ® a)s = m @ (as). This gives the functor

R—modules &% S —modules

that is called extension of scalars.

(5.1.11) localization, again

If s is a nonzero element of a domain A, the simple localization A, which is often referred to simply
as a localization, is the ring obtained by adjoining an inverse of s, and to work with the inverses of finitely
many nonzero elements, one may simply adjoin the inverse of their product. For working with an infinite set
of inverses, the concept of a multiplicative system is useful. A multiplicative system S in a domain A is a
subset that consists of nonzero elements, is closed under multiplication, and contains 1. If S is a multiplicative
system, the ring of S-fractions AS™! is the ring obtained by adjoining inverses of all elements of S. Its
elements are equivalence classes of fractions as~! with a in A and s in S, the equivalence relation and the
laws of composition being the usual ones for fractions. The ring AS~! called a localization too..

5.1.12. Examples. (i) The set consisting of the powers of a nonzero element s of a domain A is a multiplica-
tive system whose ring of fractions is the simple localization A; = A[s™1].

(ii) The set S of all nonzero elements of a domain A is a multiplicative system whose ring of fractions is the
field of fractions of A.

(iii) An ideal P of a domain A is a prime ideal if and only if its complement, the set of elements of A not in
P, is a multiplicative system. (|

5.1.13. Definition. Let A C B be a ring extension, and let I and J be ideals of A and B, respectively. The
extension of I is the ideal I B of B generated by I, whose elements are finite sums » ; 2ib; with z; in I and b;
in B. The contraction of J is the intersection J N A, which is an ideal of A.

The next lemma explains what happens when one combines extension and contraction.

5.1.14. Lemma. Let A C B be rings, and let I and J be ideals of A and B, respectively. Then I C (IB)NA,
and (JNA)B C J. O

5.1.15. Proposition. Let S be a multiplicative system in a domain A, and let A’ be the localization AS™1.

(i) Let I be an ideal of A. The extended ideal 1A' is the set 1S~ whose elements are classes of fractions
xs~ Y, withx in I and s in S. The extended ideal is the unit ideal if and only if I contains an element of S.
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(ii) Ler J be an ideal of the localization A" and let I denote its contraction J N A. The extended ideal 1A’ is
equal to J: If J is an ideal of A', then J = (J N A)A".

(iii) If Q is a prime ideal of A and if Q N S is empty, the extended ideal Q' = QA’ is a prime ideal of A, and
the contraction Q' N A is equal to Q. If Q N S isn’t empty, the extended ideal is the unit ideal. Thus prime
ideals of AS™" correspond bijectively to prime ideals of A that don’t meet S. O

5.1.16. Corollary. Every localization AS™" of a noetherian domain A is noetherian. ]

(5.1.17)  a general principle

An important, though elementary, principle for working with fractions is that any finite sequence of com-
putations in a localization AS~! will involve only finitely many denominators, and can therefore be done in a
simple localization A, where s is a common denominator for the fractions that occur. This principle has been
mentioned before, in Proposition [4.4.10}

For example, let A C B be finite-type domains, and let S be the multiplicative system of nonzero elemets
of A. Then AS~! = K is the field of fractions of A, and Bxr = BS~! is a finite-type K -algebra. The Noether
Normalization Theorem tells us that B is a finite module over a polynomial subring Ky, ..., Y], Therefore
there is a nonzero element s in A such that B is a finite module over the polynomial ring A4[y1, ..., Yn]-

#tugh fix this ###

(5.1.18) module homomorphisms

Beginning in Chapter@ we will work with modules over various rings. Let R L5 R'bea ring homomor-
phism, let M be an R-module, and let M’ be an R’-module. A homomorphism M 25 M’ associated to the

ring homomorphism p is an additive group homomorphism M M compatible with scalar multiplication.
If min M and a in R, then

(5.1.19) p(am) = p(a)p(m)

For example, if M is a module over a domain R and s is a nonzero element of R, the localization My is an
Rs-module. The homomorphism M — M is compatible with the localization map R — R.

If A 25 B is a ring homomorphism, a B-module N can be made into an A-module by restriction of
scalars, scalar multiplication by an element a of A being defined by the formula

(5.1.20) an = p(a)n

If it seems necessary in order to avoid confusion, we may denote the B-module N and the A-module obtained
from it by restriction of scalars by g N and 4 N, respectively.

Let M —2 M’ be a homomorphism compatible with a ring homomorphism R —+ R’. When M’ is made
into an R-module by restriction of scalars, ¢ becomes a homomorphism of R-modules.

(5.1.21) localizing a module

Let S be a multiplicative system in a domain A. The localization M S™' of an A-module M is defined in
a natural way, as the AS~!-module whose elements are equivalence classes of fractions ms~! with m in M
and s in S, and there will be a homomorphism M — M S —1 that sends an element m to the fraction m /1.
The only complication comes from the fact that A/ may have S-torsion elements — nonzero elements m such
that ms = 0 for some s in S. If ms = 0 and s is in S, then m must map to zero in M S~1, because in M .S~!,

we will have m = mss™!.

To define MS~1, it suffices to modify the equivalence relation. Two fractions mlsfl and mas, L are
defined to be equal if there is an element 5 € S such that 11825 = mos15. Then msl_1 = 0 if and only if
ms = 0 for some 5 in S. This takes care of torsion, and M .S~! becomes an AS~!'-module.

This is also how one localizes a ring that isn’t a domain.

When S is the set of powers of an element s, the localized As-module will be denoted by M. Its elements
have the form ms~*, k > 0, and m;s~*1 = mys~*2 if for sufficiently large n, m;s*+" = mysh1+n,
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5.1.22. Proposition. Let S be a multiplicative system in a domain A.
(i) Localization is an exact functor: A homomorphism M <3 N of A-modules induces a homomorphism

MS—1 25 NS—! of AS~Y-modules, and if M -2+ N Y Pis an exact sequence of A-modules, the

¢ "
localized sequence MS™ ' — NS™1 ' — PS~1is exact.

(ii) Let M be an A-module. and let N be an AS~'-module. Homomorphisms of AS™'-modules MS™" — N
correspond bijectively to homomorphisms of A-modules M — N.

(iii) If multiplication by s is an injective map M — M for every s in S, then M C S~ M. If multiplication
by every s is a bijective map M — M, then M =~ S~ M. (]

(5.1.23) local rings

A local ring is a noetherian ring that contains just one maximal ideal. If an element of a local ring R isn’t
in its maximal ideal M, then it isn’t in any maximal ideal, so it is a unit. A local ring R will have a residue
field R/M . The case that is most important for us is that the residue field is the field of complex numbers.

We make a few general comments about local rings here though we will be interested mainly in some
special local rings, discrete valuation rings that are discussed below.

The Nakayama Lemmal4.3.T] has a useful version for local rings:

5.1.24. Local Nakayama Lemma. Let R be a local ring with maximal ideal M, let V' be a finite R-module,
and let V be the quotient V/ MV, which is a vector space over the residue field k of R as well as an R-module.

G)If V = 0, then V = 0.
(ii) Let v = (v1, ..., vy) be a set of elements of V, and let v = (vy, ..., D) be the residues of v in V. If U spans
V, then v spans V.

proof. () If V = 0, then V = MV. The Nakayama Lemma tells us that M contains an element z such that
1—z annihilates V. Then 1—z isn’tin M, so it is a unit. A unit annihilates V', and therefore V' = 0.

(ii) Let V' be the submodule of V' spanned by v, let W = V/V", and let W = W/MW . To show that v spans
V', we show that W = 0, and according to (i), it suffices to show that W = 0.

We inspect the iagram

0 MV V— 7 0
| IE
0 MW W— W 0

Its rows are exact, the maps labelled a, b, ¢, d are surjective, and thj kernel of b is V’. If v spans V, ie., if
aV’' =V, then caV' = W = dbV’. Since bV’ = 0, it follows that W = 0, as required. O

5.1.25. Corollary. Let R be a local ring with maximal ideal M and residue field k, and let m = {mq, ..., m,}
be a set of elements of M. If the residues of m span the k-vector space M /M?, then m spans M. (|

(5.1.26) the local ring at a point

Let m be the maximal ideal at a point p of an affine variety X = Spec A. The complement .S of m is
a multiplicative system (iii)), and the prime ideals P of the localization AS~! (the ring obtained by
inverting the elements of S) are extensions of the prime ideals Q of A that are contained inm: P = QS~!
. Thus AS~! is a local ring whose maximal ideal is mS—!. This ring is called the local ring of A at p
, and is often denoted by A,,.

For example, let X = Spec A be the affine line, A = C[t], and let p be the point ¢t = 0. The local ring A,
is the ring whose elements are fractions f(¢)/g(t) with g(0) # 0.

Any finite set a1, ..., o, of elements of the local ring A,, at p will be contained in a simple localization A,
for some s in S. It will be in the coordinate algebra of the affine open neighborhood X of p.
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5.2 Valuations

A local domain R with maximal ideal M has dimension one if (0) and M are distinct, and if those ideals are
the only prime ideals of R. In this section, we describe the normal local domains of dimension one. They are
the discrete valuation rings that are defined below.

Let K be a field. A discrete valuation v on K is a surjective homomorphism
(5.2.1) K* Lzt

from the multiplicative group of nonzero elements of K to the additive group of integers such that, if a, b are
elements of K and if a, b and a+b aren’t zero, then

e v(a+b) > min{v(a),v(b)}.

The word “discrete” refers to the fact that Z* has the discrete topology. Other valuations exist. They
are interesting, but less important, and we won’t use them. To simplify terminology, we refer to a discrete
valuation simply as a valuation.

Let k be a positive integer. If v is a valuation and if v(a) = k, then k is the order of zero of a, and if
v(a) = —k, then k is the order of pole of a, with respect to the valuation.

5.2.2. Lemma. [fv is a valuation on a field K that contains the complex numbers, every nonzero complex
number has value zero.

proof. This is true because C contains n th roots. If v is an n th root of a nonzero complex number c¢, then
because v is a homomorphism, v(7) = v(c)/n. The only integer that is divisible by every positive integer n is
Zero. B

The valuation ring R associated to a valuation v on a field K is the subring of elements of K with non-
negative values, together with zero:

(5.2.3) R={ac K*|v(a) >0} U {0}.

Valuation rings are usually called “discrete valuation rings”, but since we have dropped the word discrete from
the valuation, we drop it from the valuation ring too.

5.2.4. Proposition. Valuations of the field C(t) of rational functions in one variable correspond bijectively
to points of the projective line P}. The valuation ring that corresponds to a point p # oc is the local ring of
the polynomial ring C[t] at p.

beginning of the proof. Let K denote the field C(t), and let a be a complex number. To define the valuation
v that corresponds to the point p : ¢ = a of P!, we write a nonzero polynomial f as (¢t — a)¥h, where t — a
doesn’t divide h, and we define, v(f) = k. Then we define v(f/g) = v(f) — v(g). You will be able to check
that with this definition, v becomes a valuation whose valuation ring is the local ring at p. The valuation that
corresponds to the point at infinity of P! is obtained by working with ¢~! in place of ¢.

The proof that these are all of the valuations of C(¢) will be given at the end of the section.
5.2.5. Proposition. Let v be a valuation on a field K, let R be its valuation ring, and let x be an element of
the multiplicative group K* with value v(z) = 1.

(i) The ring R is a normal local domain of dimension one. Its maximal ideal M is the principal ideal xR. The
elements of M are those that have positive value:

M ={ae€ K*|v(a)>0}U{0}

(i) The units of R are the elements of K* with value zero. Every element z of K* has the form z = z*u,

where u is a unit and k = v(z) is an integer.

(iii) The proper R-submodules of K are the sets x* R, where k is a positive or negative integer. The set t*R
consists of zero and the elements of K* with value > k. The nonzero ideals of R are the principal ideals " R
with k > 0, the powers of the maximal ideal.

(iv) There is no ring properly between R and K: If R’ is a ring and if R C R’ C K, then either R = R' or
R =K.
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proof. We prove (i) last.

(ii) Since v is a homomorphism, v(u~!) = — v(u). So u and u~! are both in R, i.e., u is a unit, if and only if

v(u) = 0. If 2 is a nonzero element of K with v(z) = k, then u = 2% has value zero, so it is a unit, and
k

z = uz”.

(iii) The R-module 2* R consists of the elements of K of value at least k. Suppose that an R-submodule N
of K contains an element z with value k. Then z = uxz”, where u is a unit, and therefore N contains z* and
2¥ R. If k is the smallest integer such that IV contains an element z with value k, then N = x* R. If there is no
minimum value of the elements of N, then N contains z* R for every k,and N = K.

(iv) This follows from (iii). The ring R’ will be an R-submodule of K. If R’ # K, then R’ = x* R for some
k, and since R’ contains R, k < 0. If k < 0 then 2* R isn’t closed under multiplication. So k = 0 and R’ = R.

(i) First, R is noetherian because (iii) tells us that it is a principal ideal domain, and it follows from (ii) that
the only prime ideals of R are {0} and M = zR. So R is a local ring of dimension 1. If the normalization of
R were larger than R, then according to (iv), it would be equal to K. Then z~! would be integral over R. It
would satisfy a polynomial relation =" + a;z~ "~V + ... 4+ a,, = 0 with a; in R. When one multiplies this
relation by 2", one sees that 1 would be a multiple of z. Then = would be a unit, which it is not. O

5.2.6. Theorem.
(i) A local domain whose maximal ideal is a nonzero principal ideal is a valuation ring.
(i) Every normal local domain of dimension 1 is a valuation ring.

proof. (i) Let R be a local domain whose maximal ideal M is a nonzero principal ideal, say M = z R, with
x # 0, and let y be a nonzero element of R. The integers k such that z* divides y are bounded . Let
2" be the largest power that divides . Then y = ux”, where k > 0 and w isn’t in M. It is a unit. Then any
nonzero element z of the fraction field K of R will have the form z = uz"” where v is a unit and r is an integer,
possibly negative. This is shown by writing the numerator and denominator of a fraction in such a form and
dividing.

The valuation whose valuation ring is R is defined by v(z) = r when z = ua” as above. If z; = u;z™,
i = 1,2, where u; are units and 1 < rg, then 21 + 29 = ax™, where o = u1 + usx™ " is an element of
R. Therefore v(z1 + 2z2) > 1 = min{v(z1),v(22)}. We also have v(z122) = v(z1) + v(22). Thus v is a
surjective homomorphism. The requirements for a valuation are satisfied.

(ii) The fact that a valuation ring is a normal, one-dimensional local ring is Proposition (i). We show that
a normal local domain R of dimension 1 is a valuation ring by showing that its maximal ideal is a principal
ideal. The proof is a bit tricky.

Let z be a nonzero element of M. Because R is a local ring of dimension 1, M is the only prime ideal
that contains z, so M is the radical of the principal ideal zR, and M" C z R if r is large. Let r be the smallest
integer such that M" C zR. Then there is an element y in M"~! that isn’t in zR, but such that yM C zR.
We restate this by saying that w = y/z isn’t in R, but wM C R. Since M is an ideal, multiplication by an
element of R carries wM to wM. So wM is an ideal. Since M is the maximal ideal of the local ring R, either
wM C M, orwM = R. If wM C M, the lemma below shows that w is integral over R. This can’t happen
because R is normal and w isn’t in R. Therefore wM = R and M = w~!R. This implies that w~! is in R
and that M is a principal ideal. ]

5.2.7. Lemma. Let I be a nonzero ideal of a noetherian domain A, and let B be a domain that contains A.
An element w of B such that wl C I is integral over A.

proof. This is the Nakayama Lemma once more. Because A is noetherian, [ is finitely generated. Let v =
(V1 -ery vn)t be a vector whose entries generate I. The hypothesis wl C I allows us to write wv; = ) DijUj
with p;; in A, or in matrix notation, wv = Pv. So w is an eigenvalue of P. If p(t) denotes the characteristic
polynomial of P, p(w)v = 0. Since I # 0, at least one v; is nonzero. Since A is a domain, p(w)v; = 0
implies that p(w) = 0. The characteristic polynomial is a monic polynomial with coefficients in A, so w is
integral over A. O

5.2.8. Lemma. A rational function o on a variety X is regular on X if it is in the local ring of X at every
point p.
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This is true because a function « is in the local ring at p if and only if it is in the coordinate algebra of some
affine neighborhood of p (5.1.26). ]

5.2.9. Corollary. Let X = Spec A be an affine variety.
(i) The coordinate algebra A is the intersection of the local rings Ay, at points of X.

A= ()4,

peX
(ii) The coordinate algebra A is normal if and only if all of its local rings A,, are normal.

See Lemma[4.5.3]for (ii). O

5.2.10. Note. (about the overused word local) A property is true locally on a topological space X if every
point p of X has an open neighborhood U such that the property is true on U.

The words localize and localization refer to the process of adjoining inverses. The localizations X of an
affine variety X = Spec A form a basis for the topology on X. So if some property is true locally on X, one
can cover X by localizations on which the property is true. There will be elements s1, ..., si of A that generate
the unit ideal, such that the property is true on each of the localizations X,.

An A-module M is locally free if there are elements s1, ..., s, that generate the unit ideal of A, such that
My, is a free Ag,-module for each i. If a locally free A-module U that is locally isomorphic to A*, then U has
rank k.

An ideal I of A is locally principal if there are elements s; that generate the unit ideal, such that I, is a
principal ideal of A, . O

5.2.11. Corollary. Let M be a finite module over a finite-type domain A. If for some point p of X = Spec A
the localized module M, is a free module, there is an element s not in m,, such that My is free.

proof. See the general principle (5.1.17). O

We finish the proof of Proposition [5.2.4] now, by showing that every valuation v of the function field
K = C(t) of P! corresponds to a point of P*.

Let R be the valuation ring of v. If v(t) < 0, we replace ¢ by 1. So we may assume that v(¢) > 0. Then
t is an element of R, and therefore C[t] C R. The maximal ideal M of R isn’t zero. It contains a nonzero
element of K, a fraction & = f/g of polynomials in ¢. The denominator g is in R, so M also contains the
nonzero polynomial f = ga. Since M is a prime ideal, it contains an irreducible factor of f. The irreducible
polynomials in ¢ are linear, so M contains ¢ — a for some complex number a. Then ¢ — c isn’t in M when
¢ # a, because the scalar ¢ — a cannot be in M. Since R is a local ring, ¢ — ¢ is a unit of R for all ¢ # a. The
localization Ry of C[t] at the point ¢ = a is a valuation ring that is contained in the valuation ring R (5.2.4).
There is no ring properly containing Ry except K, so Ry = R. O

5.3 Smooth Curves
A curve is a variety of dimension 1. The proper closed subsets of a curve are its nonempty finite subsets.

5.3.1. Definition. A point p of a curve X is a smooth point if the local ring at p is a valuation ring. Otherwise,
p is a singular point. A curve X is smooth if all of its points are smooth.

##be careful about smooth curve and smooth affine curve##

Let p be a smooth point of a curve X, and let v, be the corresponding valuation. As with any valuation,
we say that a rational function « on X has a zero of order k > 0 at p if v,,(«r) = k, and that it has a pole of
order k at pif vp(a) = —k.

5.3.2. Lemma. (i) An affine curve X is smooth if and only if its coordinate algebra is a normal domain.

(ii) A curve has finitely many singular points.

(iii) The normalization X of a curve X is a smooth curve, and the canonical morphism X — X becomes an
isomorphism when the finite set of singular points of X and their inverse images are deleted.
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proof. (i) This follows from Theorem 5.2.6|and Proposition [4.5.3]

(iii),(iii) Any nonempty open subset of a curve X will be the complement of a finite set, so we may replace X
by an affine open subset, say Spec A. The normalization A of A will be a finite A-module, and therefore a
finite-type algebra with the same fraction field as A, and Spec A will be a smooth curve. It follows from the
principlethat A and A have a common localization, say A,. The open subset X; = Spec A, of X will
be smooth. (|

5.3.3. Proposition. Let X be a smooth curve with function field K. Every point of P" with values in K defines
a morphism X — P".

proof. A point (o, ..., ) of P" with values in K determines a morphism X — P™ if and only if, for every
point p of X, there is an index j such that the functions «;/c; are regular at p for every i (3.4.14). This will
be true when j is chosen so that the order of zero v, («a;) of a; at p is minimal. U

As the next example shows, the analog of this proposition isn’t true for varieties X of dimension greater
than one.

5.3.4. Example. Let Y be the complement of the origin in the affine plane X = SpecCl[z,y], and let
K = C(x,y) be the function field of X. The vector (z, y) defines a point of I, , with values in K. This point
can be written as (1.y/x) and also as (x/y,1). So (z,y) defines a morphism to P wherever at least one of
the functions x/y or y/x is regular, which is true at all points of Y. However, there is no way to extend the
morphism to X. t

5.3.5. Proposition. Let X = Spec A be a smooth affine curve with function field K. The local rings of X are
the valuation rings of K that contain A. Therefore the maximal ideals of A are locally principal, and if R is a
valuation ring with maximal ideal M, its residue field R/M is isomorphic to C.

proof. Since A is a normal domain of dimension one, its local rings are valuation rings that contain A (Theorem
[5.2.6). Let R be a valuation ring of K that contains A, let v be the associated valuation, and let M be the
maximal ideal of R. The intersection M N A is a prime ideal of A. Since A has dimension 1, the zero ideal
is the only prime ideal of A that isn’t a maximal ideal. We can clear the denominator of an element of M,
multiplying by an element of R, to obtain an element of A while staying in /. So M N A isn’t the zero ideal.
It is the maximal ideal m,, of A at a point p of X. The elements of A that aren’t in m,, aren’t in M either, so
they are invertible in R. Therefore the local ring A,, at p, a valuation ring, is contained in R. This implies that

Ap =R (5.2.5) (iii). O
5.3.6. Proposition. Let X’ and X be smooth curves with the same function field K.

(i) Any morphism X' Ly X that is the identity on the function field K maps X' isomorphically to an open
subvariety of X.

(ii) If X is projective, every smooth curve X' with function field K is isomorphic to an open subvariety of X.
(iii) If X’ and X are both projective, they are isomorphic.

(iv) If X is projective, every valuation ring of K is the local ring at a point of X.

proof. (i) Let g be a point of X, let U be an affine open neighborhood of p = f¢, and let V be an affine open
neighborhood of ¢ in X' that is contained in the inverse image of U. Say U = Spec A and V = Spec B.
The morphism f gives us a homomorphism A — B, and since ¢ maps to p, this homomorphism extends
to an inclusion of local rings A, C B,. These rings are valuation rings with the same field of fractions, so
A, = B,. Since B is a finite-type algebra, there is an element s in A, with s(g) # 0, such that A, = B;.
The open subsets Spec A; of X and Spec B of X' are the same. Since g is an arbitrary point of X', X" is
covered by open subvarieties of X. So it is an open subvariety of X too.

(i) The projective embedding X C P is defined by a point («o, ..., o, ) with values in K, and that same point
defines a morphism X' — P". If f(xo, ..., x,) = 0 is a set of defining equations of X in P", then f(«) = 0 in
K, and therefore f vanishes on X’ too . So the image of X' is contained in the zero locus of f, which
is X. Then (i) shows that X’ is an open subvariety of X.

(iii) This follows from (ii).
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(iv) The local rings of X are normal and of dimension one. They are valuation rings. We prove the converse.
Let 8 = (Bo, ..., Bn) be the point with values in K that defines the projective embedding of X. and let R
be a valuation ring of K, and let v be the corresponding valuation. We order the coordinates so that v(5p)
is minimal. Then the ratios v; = /8o will be in R. The coordinate algebra Ag of the affine variety
X0 = X N1Y is generated by the coordinate functions ;. So Ay C R, and R is the local ring of X at some

point[5.3.5] O

5.3.7. Proposition. < Let X = Spec A be an affine curve, and let m and v be the maximal ideal and valuation,
respectively, at a smooth point p. Let R be the valuation ring of v and let M be its maximal ideal.

(i) The power m* of m consists of the elements of A whose values are at least k. If I is an ideal of A whose
radical is wm, then I = m* for some k > 0.

(ii) The algebras A/m™ ! and R/M™ " are isomorphic to the truncated polynomial ring C[t]/(t" ).

(iii) If X is a smooth affine curve, every nonzero ideal I of A is a product m$* - --m;* of powers of maximal
ideals.

proof. (i) The nonzero ideals of R are powers of M. Let I be an ideal of A whose radical is m, and let k be the
minimal value v(z) of the nonzero elements = of I. We will show that I is the set of all elements of A with
value > k, i.e., that I = M" N A. Since we can apply the same reasoning to m¥, it will follow that I = m*.

Let x be an element of I with value £, and let y be an element with value at least k. Then x divides y in R,
say y/x = u, with v in R. The element u will be a fraction a/s with s,a in A and s not in m, and sy = ax.
The element s will vanish at a finite set of points ¢, ..., g, but not at p. We choose an element z of A that
vanishes at p but not at any of the points ¢, ..., ¢.. Then z is in m, and since the radical of I is m, some power
of z isin I. We replace z by that power. Then z is in I. By our choice, z and s have no common zeros in X.
They generate the unit ideal of A. We write 1 = ¢s+ dz with cand d in A. Then y = csy + dzy = cax + dzy.
Since = and z are in I, so is .

(ii) Since p is a smooth point, the local ring of A at p is the valuation ring R, and A contains an element ¢
with value v(t) = 1. Let P be the subring C[t] of A, and let Py, = P/(t)*, Ay, = A/m*, and R}, = R/M".
Since m isn’t the zero ideal, m*~1 < m* (Corollary[4.3.5[ii)). It follows from (i) that tm*~! = m*. Therefore
mk =1 /m* has C-dimension 1. The map labelled g;,_; in the diagram below is bijective.

0 — (t5-1)/(th) 2 Pry — 0
9k*1l ka/ flc—lj/
0 mh/mh A, At — 0

Induction on & shows that the map labelled fy.—1 is bijective, so fj is bijective. A similar argument shows that
Py, and Ry, are isomorphic

(iii) Let I be a nonzero ideal of A. Because X has dimension one, the locus of zeros of I is a finite set
{p1,...,pr}. Therefore the radical of I is the intersection m; N --- N my, of the maximal ideals m; at p;,
which, by the Chinese Remainder Theorem, is the product ideal m; - - - my, Moreover, I contains a power of

that product, say I D my ---m¥ Let J = m{¥ - .- m}. The quotient algebra A/ J is the product By x- - - x By,

with B; = A/m¥ and A/I is a quotient of A/.J. Proposition tells us that A/T is a product Ay x- - -x Ay,

where A; is a quotient of B;. By part (ii), each B; is a truncated polynomial ring. Then the quotients A; must
also be truncated polynomial rings. So the kernel I of the map A — A; x--- X Ay, is a product of powers of
the maximal ideals m;. O

(5.3.8) isolated points
5.3.9. Proposition. A curve, smooth or not, contains no point that is isolated in the classical topology.

This was proved before for plane curves (Proposition [I.3.T8§).

5.3.10. Lemma.

(i) Let Y’ be an open subvariety of a variety Y. Then q is an isolated point of Y if and only if it is an isolated
point of Y.
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(ii) Let Y' — Y be a nonconstant morphism of curves and let ¢ be a point of Y'. If the image of ¢’ is an
isolated point of Y, then ¢’ is an isolated point of Y.

proof. (i) A point ¢ of Y is isolated if {g} is an open subset of Y. If {¢} is open in Y’ and Y’ is open in Y,
then {¢} isopenin Y. If {¢} is open in Y, it is open in Y.

(ii) Because Y has dimension one, the fibre over ¢ will be a finite set, say {¢'} U F, where F is finite. Let
Y" denote the (open) complement Y’ — F of F'in Y, and let u” be the restriction of u’ to Y. The fibre of
Y over q is the point ¢’. If {¢} is open in Y, then because v is continuous, {¢'} will be open in Y, and
therefore open in Y. O

proof of Proposition Let ¢ be a point of a curve Y. Part (i) of Lemma[5.3.10]allows us to replace Y by
an affine neighborhood of ¢. Let Y’ be the normalization of Y. Part (ii) of the lemma allows us to replace Y
by Y’. So we may assume that Y is a smooth affine curve, say Y = Spec B. We can still replace Y by an
open neighborhood of ¢, so we may assume that the maximal ideal m, is a principal ideal.

Say that B = Clz1, ..., &)/ (f1, .-, fx), ¢ is the origin (0, ...,0) in A7, and that the maximal ideal m, is
generated by the residue of a polynomial fj in B. Then fo, ..., fr generate the maximal ideal (x1, ..., x,) in
Clz1, ..., zn). Let's write f; = >"7 ¢;;x; + O(2), where O(2) denotes an undetermined polynomial, all of

whose terms have degree > 2 in x. The coefficient c;; is the partial derivative gﬂ’: L evaluated at ¢. If J denotes
J

(k+1)xn Jacobian matrix (%) at g, we have (fo, ..., fx)! = J(x1, ..., )" + O(2). Since fo, ..., fr generate
the maximal ideal, there is a matrix P with polynomial entries such that P f* = z*. Then 2! = PJz' + O(2).

If Py is the constant term of P, PyJ will be the identity matrix. So J has rank n.

Let J! be the matrix obtained by deleting the column with index 0 from .J. This matrix has rank at least
n— 1, and we may assume that the submatrix with indices 1 < ¢, 7 < n— 1 is invertible. The Implicit Function
Theorem says that the equations fi, ..., f,—1 can be solved for the variables 1, ..., z,,_1 as analytic functions
of x,,, for small x,,. The locus Z of zeros of fi, ..., f,,—1 has dimension at most 1, it is locally homeomorphic
to the affine line @) and it contains Y. Since Y has dimension 1, the component of Z that contains ¢
must be equal to Y. So Y is locally homeomorphic to A', which has no isolated point. Therefore g isn’t an
isolated point of Y.

5.4 Constructible Sets

In this section, X will denote a noetherian topological space. Every closed subset of X is a finite union
irreducible closed sets (2.2.13).

The intersection L = C'N U of a closed set C' and an open set U is a locally closed set. Open sets and
closed sets are examples of locally closed sets.

A constructible set is a set that is the union of finitely many locally closed sets.

5.4.1. Lemma. The following conditions on a subset L of A are equivalent.

o L is locally closed.

o L is a closed subset of an open subset U of X.

o L is an open subset of a closed subset C of X. O

5.4.2. Examples.

(i) A subset S of a curve X is constructible if and only if it is either a finite set or the complement of a finite
set. Thus S is constructible if and only if it is either closed or open.

(i) Let C be the line {y = 0} in the affine plane X = Spec C[z,y], let U = X — C be its open complement,
and let p = (0,0). The union U U {p} is constructible, but not locally closed. O

We will use the following notation: L is a locally closed set, C'is a closed set, and U is an open set.

5.4.3. Theorem. The family of constructible subsets of a noetherian topological space X, which we denote
by S, is the smallest family of subsets that contains the open sets and is closed under the three operations of
finite unions, finite intersections, and complementation.
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proof. Let S; denote the family of subsets obtained from the open sets by the three operations mentioned in
the statement. Open sets are constructible, and with those three operations, one can produce any constructible
set from the open sets. So S C S;. To show that S = S;, we show that the family of constructible sets is closed
under the three operations.

It is obvious that a finite union of constructible sets is constructible. The intersection of two locally closed
sets L1 = Cy NU; and Ly = Cy N Us is locally closed because Ly N Ly = (C; N Ce) N (U N Us). If
S=LU---ULgand S" = L} U--- U L are constructible sets, the intersection S N S’ is the union of the
locally closed intersections (L; N L), so it is constructible.

Let S be the constructible set L; U --- U Ly. Its complement is the intersection of the complements of
Lz 8¢ = L{Nn---NL§. We have shown that intersections of constructible sets are constructible. So to
show that the complement S° is constructible, it suffices to show that the complement of a locally closed set
is constructible. Let L be the locally closed set C' N U, and let C and U€ be the complements of C' and U,
respectively. Then C'¢ is open and U € is closed. The complement L€ of L is the union C“UU* of constructible
sets, so it is constructible. O

5.4.4. Proposition. Let X be a noetherian topological space. Every constructible subset S is a union Ly U
-+ U Ly of locally closed sets L; = C; N Uy, in which the closed sets C; are irreducible and distinct.

proof. Suppose that L = C'NU is a locally closed set, and let C' = C;U- - -UC),. be the decomposition of C' into
irreducible components. Then L = (C, NU) U ---U (C, NTU), which is constructible. So every constructible
set S is a union of locally closed sets L; = C; N U; in which the C}; are irreducible. Next, suppose that two of
the irreducible closed sets are equal, say C; = Co. Then L1 U Ly = (C1NU;)U(C1NUz) = C1N (U1 UU,)
is locally closed. So we can find an expression in which the closed sets are distinct as well. (]

5.4.5. Lemma.

(i) Let X, be a closed subset of a variety X, and let Xo be its open complement. A subset S of X is con-
structible if and only if S N X1 and S N X5 are constructible.

(ii) Let X' be an open or a closed subvariety of a variety X.

a) If S is a constructible subset of X, then S’ = S N X' is a constructible subset of X'.

b) If S’ is a constructible subset of X', then it is a constructible subset of X.

proof. (i) This follows from Theorem[5.4.3]

(iia) It suffices to prove that the intersection L' = L N X' of a locally closed subset L of X is a locally closed
subset of X'. If L = C NU, then ¢’ = C N X’ is closed in X', and U' = U N X’ is open in X’'. So
L' = ' NU is locally closed.

(iib) It suffices to show that a locally closed subset L' = C'NU’ of X" it is locally closed in X. If X’ is closed
in X, then C” is closed in X, and U’ = X N U for some open subset U of X. If X’ is open in X, then U’ is
open in X, and if C is the closure of C’ in X, then CNU’' = C'NU’. So L' = CNU’ is locally closed in X.
O

The next theorem illustrates a general fact, that sets arising in algebraic geometry tend to be constructible.

5.4.6. Theorem. Let Y L> X be a morphism of varieties. The inverse image of a constructible subset of X
is a constructible subset of Y. The image of a constructible subset of Y is a constructible subset of X.

proof. The fact that a morphism is continuous implies that the inverse image of a constructible set is con-
structible. To prove that the image of a constructible set is constructible, one keeps reducing the problem until
there is nothing left to do.

Let S be a constructible subset of Y. Noetherian induction allows us to assume that the theorem is true
when S is contained in a proper closed subvariety of Y, and also when its image f(.5) is contained in a proper
closed subvariety of X.

Suppose that Y is the union of a proper closed subvariety Y7 and its open complement Ys, and let .S; =
S NY;. It suffices to show that .S; is a constructible subset of Y;, ¢ = 1,2, and induction applies to Y;. So we
may replace Y by any nonempty open subvariety.

Let X be a proper closed subvariety of X and let X, be its open complement. The inverse image
Y; = f~1(X;) will be closed in Y, and its open complement will be the inverse image Y = f~1(X>).
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A constructible subset S of Y is the union of the constructible sets S1 = SNY; and S, = SNY;. So
it suffices to show that f(.S;) is constructible. To show this, it suffices to show that f(.S;) is a constructible
subset of X; forz = 1,2 (iib). Moreover, induction applies to X;. So we need only show that f(.S2)
is a constructible subset of X5. This means that we can replace X and Y by nonempty open subsets finitely
many times.

Since S is a finite union of locally closed sets, it suffices to treat the case that .S is locally closed. Moreover,
we may suppose that S = C' N U, where C is irreducible. Then Y is the union of the closed subset C' = Y;
and its complement Y5. Since S N Y3 = 0, it suffices to treat Y;. We may replace Y by C. So we may assume
that S =Y NU = U, and we may replace Y by U. We are thus reduced to the case that S = Y.

At this point, we may still replace X and Y by nonempty open subsets, so we may assume that they
are affine, say Y = Spec B and X = Spec A. Then the morphism ¥ — X corresponds to an algebra
homomorphism A — B. If the kernel of ¢ were nonzero, the image of ¥ would be contained in a proper
closed subset of X to which induction would apply. So we may assume that ¢ is injective.

Proposition f.4.10] tells us that, for suitable nonzero s in A, B, will be a finite module over a polynomial
subring A;[y1, ..., yx]). Then the maps Y5 — Spec A;[y] and Spec As[y] — X, are both surjective, so Y
maps surjectively to X,. When we replace X and Y by X and Y, the map Y — X becomes surjective, and
we are done. O

5.5 Closed Sets

Limits of sequences are often used to analyze subsets of a topological space. In the classical topology, a subset
Y of C” is closed if, whenever a sequence of points in Y has a limit in C™, the limit is in Y. In algebraic
geometry one uses curves as substitutes.

We use the following notation:

(5.5.1) C is a smooth affine curve, q is a point of C, and C' is the complement of q in C.

The closure of C’ will be C, and we think of ¢ as a limit point. Theorem [5.5.3] which is below, asserts that a
constructible subset of a variety is closed if it contains all such limit points.

The next theorem tells us that there are enough curves to do the job.

5.5.2. Theorem. (enough curves) Let Y be a constructible subset of a variety X, and let p be a point of its

closure Y. There exists a morphism C o x from a smooth affine curve to X, and a point q of C with
f(q) = p, such that the image of C' = C' — {q} is contained in'Y.

proof. We use Krull’s Theorem to slice Y down to dimension 1. If X = p, then Y = p too. In this case, we
may take for f the constant morphism from any curve C to p. So we may assume that X has dimension at
least one. Next, we may replace X by an affine open subset X' that contains p, and Y by Y/ =Y N X'. The
closure Y of Y’ in X’ will be the intersection ¥ N X, and it will contain p. So we may assume that X is
affine, say X = Spec A.

Since Y is constructible, it is a union Ly U - - - U Ly, of locally closed sets, say L; = Z; N U; where Z; are
irreducible closed sets and U; are open sets. (We use Z; in place of C; here to avoid confusion with a curve.)
The closure of Y is the union Z; U - - - U Zy, and p is in one of the closed sets Z;. We may replace X by Z;
and Y by L;, so we may assume that Y is a nonempty open subset of X.

Suppose that the dimension n of X is at least two. Let D = X — Y be the (closed) complement of the
open set Y. The components of D have dimension at most n — 1. We choose an element « of the coordinate
algebra A of X that is zero at p and isn’t identically zero on any component of D except p itself, if p happens
to be a component. Krull’s Theorem tells us that every component of the zero locus of « has dimension n — 1,
and at least one of those components, call it V', contains p. If V' were contained in D, it would be a component
of D because dimV = n — 1 and dim D < n — 1. By our choice of «, this isn’t the case. So V' ¢ D, and
therefore V NY # ). Because V is irreducible and Y is open, V' N'Y is an open dense subset of V, and p is a
point of its closure V. We replace X by V and Y by V NY. The dimension of X is thereby reduced to n — 1.

Thus it suffices to treat the case that X has dimension one. Then X will be a curve that contains p and Y’
will be a nonempty open subset of X. The normalization of X will be a smooth curve x; that comes with an
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integral and therefore surjective morphism to Y. Finitely many points of X; will map to p. We choose for C'
an affine open subvariety of X that contains just one of those points, and we call that point g. ]

5.5.3. Theorem (curve criterion for a closed set) Let Y be a constructible subset of a variety X. The following
conditions are equivalent:

(@) Y is closed.
(b) For every morphism C i> X from a smooth affine curve to X, the inverse image f~'Y is closed in C.

(c) Let q be a point of a smooth affine curve C, let C' = C —{q}, and let C Ly X bea morphism. If
f(C") CY, then f(C)CY.

The hypothesis that Y be constructible is necessary. For example, let X be the affine line A'. The set Z
of points of X with integer coordinates isn’t constructible, but it satisfies the curve criterion. Any morphism
C’" — X whose image is in Z will map C’ to a single point, and therefore it will extend to C.
proof. The implications (a) = (b) = (c) are obvious. We prove the contrapositive of the implication (¢) =
(a). Suppose that Y isn’t closed. We choose a point p of the closure Y that isn’t in Y, and we apply Theorem

There exists a morphism C i> X from a smooth curve to X and a point ¢ of C such that f(q) = p
and f(C") C Y. Since ¢ ¢ Y, this morphism shows that (¢) doesn’t hold either. O

5.5.4. Theorem. A constructible subset Y of a variety X is closed in the Zariski topology if and only if it is
closed in the classical topology.

proof. A Zariski closed set is closed in the classical topology because the classical topology is finer than the
Zariski topology.

Suppose that Y is closed in the classical topology. Let ¢ be a point of the Zariski closure Y of Y, and
let C' L> X be a morphism from a smooth affine curve to X that maps the complement C’ of ¢ to Y. Let
Y’ = f~1Y. Then Y’ contains C’, so it is ieither C’ or C'. A morphism is a continuous map in the classical
topology. Since Y is closed in the classical topology, Y’ is closed in C. If Y’ were equal to C’, then {q}
would be open as well as closed. It would be an isolated point of C'. Since a curve contains no isolated point,
the closure is C'. Therefore the curve criterion (5.5.3]) is satisfied, and Y is closed in the Zariski topology. [J

5.6 Fibred Products

(5.6.1) the mapping property of a product

The product X xY of two sets X and Y has a mapping property that is easy to verify: Maps from a set T" to

the product set X XY, correspond bijectively to pairs of maps T’ L> XandT -%5 Y. The map T’ (f—’g>) XxY

defined by the pair of maps f, g sends a point ¢ to the point pair (f(t), g(¢)).
Let X xY ™% X and X xY 2 Y denote the projection maps. If T M XxYisa map to the product,
mw10h mwooh

the corresponding maps to X and Y are the compositions with the projections: 7' — X and T — Y:
The analogous statements are true for morphisms of varieties.

5.6.2. Proposition. Let X and Y be varieties, and let X XY be the product variety.
(i) The projections X xY % X and X XY ==Y are morphisms.

(ii) Morphisms from a variety T to the product variety X XY correspond bijectively to pairs of morphisms
T — X andT — 'Y, the correspondence being the same as for maps of sets. O

It was proved in Proposition (3.4.35|that if X L Zandy % W are morphisms of varieties, the product

map X XY P4 7« W defined by [f xg](z,y) = (f(x), g(y)) is a morphism.

(5.6.3) fibred products of sets
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If X i> ZandY % Z are maps of sets, the fibred product X x zY is the subset of the product X xY
consisting of pairs of points x, y such that f(x) = g(y). It fits into a diagram

XxzVY —25Y

(5.6.4) ml gi

x L.z

in which 7 and 79 are the projections. Many important subsets of a product can be described as fibred
products. If amap Y — Z is given, and if p — Z is the inclusion of a point into Z, then px 7Y is the fibre of
Y over p. The diagonal in X x X is the fibred product X x x X.

The reason for the term “fibred product” is that the fibre of X x 7Y over a point x of X maps bijectively
to the fibre of Y over the image z = f(x), and the analogous statement is true for fibres over points of Y.

(5.6.5) fibred products of varieties

Since we are working with varieties, not schemes, we have a small problem: The fibred product of varieties
will be a scheme, but it needn’t be a variety.

5.6.6. Example. Let X = SpecClz], Y = SpecC[y] and Z = Spec C[z] be affine lines, let X s Zand
X 25 Z be the maps defined by z = 22 and z = g2, respectively. The fibred product X x Y is the closed
subset of the affine x, y-plane consisting of points (x,y) such that z2 = y2. It is the union of the two lines
r=yand x = —y. O

The next proposition will be enough for our purposes.

5.6.7. Proposition. Ler X L Zandy 25 7 be morphisms of varieties. The fibred product X X zY is a
closed subset of the product variety X xY.

proof. The graph I'y of a morphism X —f> Z of varieties is a closed subvariety of X x Z isomorphic to X
(Proposition [3.4.30). Next, let u and v be two morphisms from a variety X to another variety: Z. We show
that the set W consisting of points x in X such that u(z) = v(x) is a closed subset of X. In X x Z, let W' be
the intersection of the graphs of v and v: W/ =T, NT,. A point (z, z) is in W’ if z = ux = vz. This is an
intersection of closed sets, so it is closed in I, (and in I';)). The projection I';, — X, which is an isomorphism,
carries W’ to W, so W is closed in X.

With reference to Diagram X xzY is the subset of the product X XY of points at which the maps
fmx and gmy to Z are equal, so it is closed in X X Y. O

5.7 Projective Varieties are Proper

As has been noted (3.T), an important property of projective space with the classical topology is that it is a
compact space. A variety isn’t compact in the Zariski topology unless it is a single point. Howver, in the
Zariski topology, projective varieties have a property closely related to compactness: They are proper.

Before defining the concept of a proper variety, we explain an analogous property of compact spaces.

5.7.1. Proposition. Let X be a compact space, let Z be a Hausdorff space, and let C be a closed subset of
Z x X. The image of C'in Z is a closed subset of Z.

proof. Let D be the image of C. We show that if a sequence of points z; of D has a limit z in Z, then z is in
D. For each i, we choose a point p; of C' that lies over z;. So p; is a pair (z;, x;), ; being a point of X. Since
X is compact, there is a subsequence of the sequence z; that has a limit  in X . Passing to subsequences, we
may suppose that z; has limit . Then p; will have the limit p = (z, ). Since C is closed, p is in C, and
therefore z is in D. B B O
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5.7.2. Definition. A variety X is proper if has the following property: Let Z x X be the product with
another variety Z, let m denote the projection Z x X — Z, and let C' be a closed subvariety of Z x X. The
image D = 7(C) of C is a closed subvariety of Z.

C —S— ZxX

(5.7.3) l lﬂ

DS+ Zz

If X is proper, then because every closed set is a finite union of closed subvarieties, the image of any closed
subset of Z x X will be closed in Z.

5.7.4. Theorem. Projective varieties are proper.

This is the most important application of the use of curves to characterize closed sets.
proof. Let X be a projective variety. With notation as in Definition suppose we are given a closed
subvariety C' of the product Z x X. We must show that its image D is a closed subvariety of Z. If the image
is a closed set, it will be irreducible. So it suffices to show that D is closed, and to do this, it suffices to show
that D is closed in the classical topology (Theorem5.5.4). Theorem[5.4.6]tells us that D is a constructible set,
and since X is closed in projective space, it is compact in the classical topology. Proposition[5.7.1|tells us that
D is closed in the classical topology. ]

The next examples show how the theorem can be used.

5.7.5. Example. (singular curves) We parametrize the plane curves of a given degree d. The number of

distinct monomials x{ ] x5 of degree d = i+j+k is the binomial coefficient (df) . We order those monomials

arbitrarily, and label them as my, ..., m,, with r = (d;rz) — 1. A homogeneous polynomial of degree d will
be a combination »_ z;m; of monomials with complex coefficients z;, so the homogeneous polynomials f
of degree d in x, taken up to scalar factors, are parametrized by the projective space of dimension r with
coordinates z. Let’s denote that projective space by Z. Points of Z correspond bijectively to divisors of degree
d in the projective plane.

The product variety Z x P2 represents pairs (D, p), where D is a divisor of degree d and p is a point of P2,
A variable homogeneous polynomial of degree d in = will be a bihomogeneous polynomial f(z,z) of degree
1 in z and degree d in x. So the locus I: {f(z,2) = 0} in Z x P? is a closed set. Its points are pairs (D, p)
such that D is the divisor of f and p is a point of D.

Let X be the set of pairs (D, p) such that p is a singular point of D. This is also a closed set. It is defined by
the system of equations fo(z,z) = fi(z,z) = fa(z,x) = 0, where f; are the partial derivatives %_ Euler’s
Formula shows that then f(x,z) = 0. The partial derivatives f; are bihomogeneous, of degree 1 in z and
degree d—1 in x.

The next proposition isn’t very easy to prove directly, but the proof becomes easy when one uses the fact
that projective space is proper.

5.7.6. Proposition The singular divisors of degree d, the divisors containing at least one singular point, form
a closed subset S of the projective space Z of all divisors of degree d.

proof. The points of S are the images of points of the set ¥ via projection to Z. Theorem[5.7.4]tells us that the
image of ¥ is closed. U

5.7.7. Example. (surfaces that contain a line) We go back to the discussion of lines in a surface, as in (3.6).
Let S denote the projective space that parametrizes surfaces of degree d in P3, as before.

5.7.8. Proposition In P3, the surfaces of degree d that contain a line form a closed subset of the space S.

proof. Let G be the Grassmanian G (2,4) of lines in P2, and let = be the subset of G xS of pairs of pairs [¢], [S]
such that ¢ C S. Lemma/|3.6.17|tells us that = is a closed subset of G xS. Therefore its image in S is closed.[]
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5.8 Fibre Dimension

A function Y —% Z from a variety to the integers is constructible if, for every integer n, the set of points of
Y such that §(p) = n is constructible, and § is upper semicontinuous if for every n, the set of points such that
d(p) > n is closed. For brevity, we refer to an upper semicontinuous function as semicontinuous, though the
term is ambiguous. since a function might be lower semicontinuous.

A function § on a curve C' is semicontinuous if and only if for every integer n, there is a nonempty open
subset C” of C such that §(p) = n for all points p of C’ and §(p) > n for all points not in C”.

The next curve criterion for semicontinuous functions follows from the criterion for closed sets.

oge .o . .o . . 8 . .
5.8.1. Proposition. (curve criterion for semicontinuity) LetY be a variety. A function Y — 7 is semicon-

tinuous if and only if it is a constructible function, and for every morphism C i) Y from a smooth curve C
to'Y, the composition § o f is a semicontinuous function on C. O

LetY i) X be a morphism of varieties, let ¢ be a point of Y, and let Y}, be the fibre of f over p = f(g).
The fibre dimension 0(q) of f at ¢ is the maximum among the dimensions of the components of the fibre that
contain q.

5.8.2. Theorem. (semicontinuity of fibre dimension) LetY —— X be a morphism of varieties, and let §(q)
denote the fibre dimension at a point q of Y.

(i) Suppose that X is a smooth curve, that Y has dimension n, and that the image of u is a point. Then § is
constant: Every nonempty fibre has constant dimension n — 1.

(ii) Suppose that the image of Y contains a nonempty open subset of X, and let the dimensions of X and Y
be m and n, respectively. There is a nonempty open subset X' of X such that 6(q) = n—m for every point q
in the inverse image of X'.

(iii) 0 is a semicontinuous function on'Y.

We leave the proof of this theorem as an exercise. When you have done it, you will have understood the
chapter.
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Chapter 6 MODULES

6.1 The Structure Sheaf
O-Modules

The Sheaf Property
Some O-Modules
Direct Image

Twisting

Proof of Theorem

BEE BE B

This chapter explains how modules on a variety are defined. variety.

We will need few facts about localization. Recall that, if s is a nonzero element of a domain A, the symbol
A, stands for the localization A[s~!], and if Spec A = X, then Spec A, = X,.
e Let U = Spec A be an affine variety. The intersection of two localizations U; = Spec A; and U; =
Spec A; is the localization Ug; = Spec Ag;.
e LetW C V C U be affine open subsets of a variety X. If V is a localization of U and W is a localization
of V, then W is a localization of U (2.5.21).
« The affine open subsets of a variety X form a basis for the topology on a variety X. The localizations of
an affine variety form a basis for its topology (2.5.20).
e If U and V are affine open subsets of X, the open sets W that are localizations, both of U and of V, form
a basis for the topology on U N V. (2.5.21).

6.1 The Structure Sheaf.

We introduce two categories associated to a variety X. The first is the category (opens). Its objects are the
open subsets of X, and its morphisms are inclusions: If U and V' are open sets and if V' C U, there is a unique
morphism V' — U in (opens). If V' ¢ U there is no morphism V' — U.

We also introduce a subcategory (affines) of the category (opens). Its objects are the affine open subsets
of X, and its morphisms are localizations. A morphism V' — U in (opens) — an inclusion V' C U of open
subsets — is a morphism in (affines) if U is affine and V is a localization of U — if V' is an open subset of the
form U, where s is a nonzero element of the coordinate algebra of U.

The structure sheaf Ox on a variety X is the functor

(6.1.1) (affines)° Ox (algebras)

from affine open sets to algebras, that sends an affine open set U = Spec A to its coordinate algebra A, which
is then denoted by Ox (U).

As has been noted before, inclusions V' — U of affine open subsets needn’t be localizations. We focus
attention on localizations because the relationship between the coordinate algebras of an affine variety and a
localization is easy to understand. However, the structure sheaf can be extended without much difficulty to the
category (opens), (See Corollary [6.1.3|below.)

A brief review about regular functions: The function field F' of a variety X is the field of fractions of the
coordinate algebra of any one of its affine open subsets, and a rational function on X is a nonzero element of
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F. A rational function is regular on an affine open set U = Spec A if it is an element A, and is regular on
any nonempty open set that can be covered by affine open sets on which it is regular. The function field of a
variety X contains the regular functions on every nonempty open subset, and the regular functions on X are
governed by the regular functions on its affine open subsets.

An affine variety is determined by its regular functions, but regular functions don’t suffice to determine a
variety that isn’t affine. For instance, the only rational functions that are regular everywhere on the projective
line P! are the constant functions, which are useless. We will be interested in regular functions on non-affine
open sets, especially in functions that are regular on the whole variety, but one should always work with the
affine open sets, where the definition of a regular function is clear.

6.1.2. Lemma. Let U and V be open subsets of a variety X, with V' C U. If a rational function is regular on
U, it is also regular on V. U

Thus if U C V is an inclusion of affine open subsets, say U = Spec A and V = Spec B, then A C B.
However, it won’t be clear how to construct B from A unless B is a localization. If V = U, then B = A[sil].
If B isn’t a localization, the exact relationship between A and B remains obscure.

6.1.3. Corollary. When Ox (U) is defined to be the algebra of regular functions on U, the structure sheaf O x
on a variety X extends to a functor

(opens)° Ox, (algebras)
from all open subsets to algebras, . O
If it is clear which variety is being studied, we may write O for Ox.

As for affine open sets, the algebra of regular functions on an open set U is denoted by Ox (U). Its
elements are called sections of the structure sheaf Ox on U.

When V' — U is a morphism in (opens). Lemma tells us that Ox (U) is contained in Ox (V). This
gives us the homomorphism, an inclusion,

Ox(U) — O0x(V)

that makes O x into a functor.

Note that arrows are reversed by Ox. If V — U, then Ox (U) — Ox (V). A functor that reverses arrows
is a contravariant functor. The superscript o in (6.1.1) and (6.1.4) is a customary notation to indicate that a
functor is contravariant.

6.1.4. Proposition The (extended) structure sheaf has the following sheaf property:

e Ifan open subset Y of X is covered by affine open subsets U* = Spec A;, then
Ox(¥)=0xU") (=[)4)

This sheaf property is especially simple because regular functions are elements of the function field. It is more
complicated for O-modules, which will be defined in the next section.

The proposition is quite simple. By definition, if f is a regular function on X, there is a covering by affine
open sets U such that f is regular on each of them, i.e., that f is in O(U?) for every i.

6.1.5. Lemma. Let Y be an open subset of a variety X. The intersection N Ox (U?) is the same for every
affine open covering {U"} of Y.

We prove the lemma first in the case of a covering of an affine open set by localizations.

6.1.6. Sublemma. Let U = Spec A be an affine variety, and let {U*} be a covering of U by localizations,
say U = Spec Ag,. Then A = As,, i.e, O(U) =N OU?).

proof. A finite subset of the set {U*} will cover U, so we may assume that the index set is finite.

It is clear that A is a subset of (] As,. Let « be an element of () A;,. So a = s; "a;, or s} o = a; for some
a; in A and some integer 7, and we can use the same r for every i. Because {U"} covers U, the elements s;
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generate the unit ideal in A, and so do their powers s]. There are elements b; in A such that > b;s7 = 1. Then
a=> bisia=> ba;isin A. O

proof of Lemma Say that Y is covered by affine open sets {U*} and also by affine open sets {V7}.
We cover the intersections U’ N V7 by open sets W%¥ that are localizations of U? and also localizations of
V3. Fixing i and letting j and v vary, the set {7}, , will be a covering of U’ by localizations, and the
sublemma shows that O(U*) = ();,, O(W*"). Then (), O(U") =, ;,, O(W""). Similarly, (); O(V7) =
M OO7), 0
6.1.7. Example.

Let A denote the polynomial ring C|xz, 3], and let Y be the complement of a point p in affine space X =
Spec A. We cover Y by two localizations of X, X, = Spec A[z~'] and X,, = Spec A[y~!]. A regular
function on Y will be regular on X, and on X, so it will be in the intersection of their coordinate algebras.
The intersection A[z~!] N A[y~1] is A. So the sections of the structure sheaf Ox on Y are the same as the
sections on X. They are the elements of A.

O

6.2 (O-Modules

A module on an affine variety X = Spec A is simply an A-module. On an arbitrary variety X, an O x-module
associates an A-module to every affine open subset U = Spec A.

6.2.1. Definition. An O-module M on a variety X is a (contravariant) functor

(affines)° M, (modules)

such that M(U) is an O(U)-module for every affine open set U, and such that, if s is a nonzero element of
O(U), the module M (Us) is the localization of M(U):

If M(U) is a finite O(U)-module for every affine open set U, M is called a finite O-module. A section of an
O-module M on an affine open set U is an element of M(U).

A homomorphism M —£5 N of O-modules consists of homomorphisms of O(U)-modules

M) Y )

for each affine open subset U of X such that, if s is a nonzero element of O(U), the homomorphism ¢(Us) is
the localization of p(U).

A sequence of homomorphisms
(6.2.2) MNP

of O-modules on a variety X is exact if the sequence of sections M(U) — N (U) — P(U) is exact for every
affine open subset U of X. ]

Note. When stating that M(Uy) is the localization of M(U), it would be more correct to say that M (Uy)
and M(U), are canonically isomorphic. Let’s not worry about this.

One example of an O-module is the free module OF. The sections of the free module on an affine open set
U are the elements of the free O(U)-module O(U)*. In particular, O can be considered as an O-module.
The kernel, image, and cokernel of a homomorphism M 5 N are among the operations that can be

made on O-modules. The kernel K of ¢ is the O-module defined by C(U) = ker (M(U) 29 N (U)) for
every affine open set U, and the image and cokernel are defined analogously. Many operations, such as these,
are compatible with localization.

At first glance, the definition of O-module seems rather complicated. However, when a module has a
natural definition, the data involved in the definition take care of themselves. This will become clear as we go
along.
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6.3 The Sheaf Property

In this section, we extend an O-module M on a variety X to a functor (opens)° M, (modules) on all open
subsets of X, such that M (Y) is an O(Y')-module for every open subset Y, and when U is an affine open set,
M(U) = M(U).

The tilde is used for clarity here. We will drop it when we have finished with the discussion, and use the
same notation M for the functor on (affines) and for its extension to (opens).

6.3.1. Terminology. Let (opens)° M, (modules) be a functor and let U be an open subset. An element of
M (U) is a section of MonU. If V -1 U is an inclusion of open subsets, the associated homomorphism
M(U) = M(V) is the restriction from U to V.

The restriction to V' of a section m on U may be denoted by j°m. However, the operation of restriction
occurs very often. Because of this, we often abbreviate, using the same symbol m for a section and for its

restriction. Also, if an open set V' is contained in two open sets U and U’, and if m, m’ are sections of M on
U and U’, respectively, we may say that m and m’ are equal on V' if their restrictions to V' are equal. O

6.3.2. Theorem. An O-module M extends uniquely to a functor

(opens)° M, (modules)

that has the sheaf property described below. Moreover, for every open set U, M (U) is an O(U)-module,
and for every inclusion V. — U of nonempty open sets, the map M(U) — M(V) is compatible with scalar
multiplication in this sense:

Let m be a section of M on U, let a be a regular function on U, and let m' and o denote the restrictions
to V. The restriction of am is o’'m/’.

In order not to break up the discussion, we have put the proof of this theorem into Section[6.7]at the end of this
chapter.

(6.3.3) the sheaf property

The sheaf property is the key requirement that determines the extension of an O-module M to a functor M
on (opens).

Let Y be an open subset of X, and let {U?} be a covering of Y by affine open sets. The intersections
U% = U* N U’ are also affine open sets, so M(U") and M(U") are defined. The sheaf property asserts that
an element m € M (Y') corresponds to a set of elements m; in M (U?) such that the restrictions of m; and m;
to UY are equal.

If the affine open subsets U’ are indexed by @ = 1,...,n, the sheaf property asserts that an element of
M(Y) is determined by a vector (my, ..., my,) with m; in M(U?), such that the restrictions of m; and m; to
U’ are equal. This means that M (Y) is the kernel of the map

(6.3.4) [[m@) 2 T mw™)

that sends the vector (mq,...,m,) to the n x n matrix (z;;), where z;; is the difference m; — m; of the
restrictions of m; and m; to U*. The analogous description is true when the index set is infinite.

In short, the sheaf property tells us that sections of M are determined locally: A section on an open set Y
is determined by its restrictions to the open subsets U* of an affine covering of Y.

Note. The morphisms U% — U? needn’t be localizations, and if not the restriction maps M(U?) — M(U%¥)
aren’t a part of the structure of an @-module. We need a definition of the restriction map for an arbitrary
inclusion V' — U of affine open subsets. This point will be taken care of by the proof of Theorem|[6.3.2} (See
Step 2 in Section[6.7]) Let’s not worry about it here. (]
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We drop the tilde now.
The next corollary follows from Theorem[6.3.2]

6.3.5. Corollary. Let {U*} be an affine open covering of a variety X.
(i) An O-module M is zero if and only if M(U?) = 0 for every i.
(i) A homomorphism M s N of O-modules is injective, surjective, or bijective if and only if the maps

, Ut .
M(UY) S0(—>) N (UY) are injective, surjective, or bijective, respectively, for every i.

proof. (i) Let V be any open subset of X. We can cover the intersections V N U? by affine open sets V%
that are localizations of U?, and these sets, taken together, cover V. If M(U Z) = 0, then the localizations
M(V®) are zero too. The sheaf property shows that the map M (V') — [ M (V%) is injective, and therefore
M((V)=0.

(ii) This follows from (i) because a homomorphism ¢ is injective or surjective if and only if its kernel or its
cokernel is zero. (]

(6.3.6) families of open sets

It is convenient to have a compact notation for the sheaf property. For this, one can use symbols to
represent families of open sets. Say that U and V represent families of open sets {U*} and {V"}, respectively.
A morphism of families V. — U consists of a morphism from each V' to one of the subsets U?. Such a
morphism will be given by a map v ~ i, of index sets, such that V¥ C U'».

There may be more than one morphism V — U, because a subset V¥ may be contained in more than one
of the subsets U*. To define a morphism, one must make a choice among those subsets. For example, let
U = {U"} be a family of open sets, and let V be another open set. There is a morphism V' — U that sends V'
to U whenever V' C U?. In the other direction, there is a unique morphism U — V provided that U? C V for
all 7.

A functor (opens)° M, (modules) can be extended to families U = {U*} by defining

(6.3.7) M) = [[m@).

Then a morphism of families V L U defines a map M(V) M (U) in a way that is fairly obvious, though

notation for it is clumsy. Say that f is given by a map v ~ i,, of index sets, with V¥ — U%. A section of M
on U, an element of M (U), can be thought of as a vector (u;) with u; € M(U?), and a section of M (V) as a
vector (v,) with v, € M(V?). If the map f° sends (u;) — (v, ), then v, is the restriction of u;, to V.

We can write the sheaf property in terms of families of open sets. Let Uy = {U"} be an affine open
covering of an open set Y, and let U; denote the family {U%} of intersections: U* = U? N U7, which are
also affine. . Then we have a morphism Uy — Y, and the two sets of inclusions

U9 cU" and UY c U’

define two morphisms of families U; D4 ) of affine open sets, Ul %% U7 and Uij - U'. The two

composed morphisms Uy A Uy — Y are equal. These morphisms form what we all a covering diagram

(6.3.8) Y+ Uy = Uy

When we apply a functor (opens) M, (modules) to this diagram, we obtain a sequence

(6.3.9) 0= M(Y) 2% M(Up) 2% M(Uy)

where «ay is the restriction map and Sy is the difference M(dy) — M (d;) of the maps induced by the two
morphisms U; = Uy. The sheaf property for the covering Uy of Y is the assertion that this sequence is exact,
which means that ayy is injective, and that its image is the kernel of Fy.
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6.3.10. Note. One can suppose that the open sets U* that make a covering are distinct. However, the intersec-
tions won’t be distinct, because U¥ = UJt. Also, U? = U*. These coincidences lead to redundancy in the
statement (6.3.9) of the sheaf property. If the indices are i = 1, ..., k, we only need to look at intersections U'*/
with ¢ < j. The product M(U1) = [[, ; M(U iJ) that appears in the sheaf property can be replaced by the
product [, j M (U with increasing pairs of indices. For instance, suppose that an open set Y is covered
by two affine open sets U and V. Then, with Uy = {U, V'}, the sheaf property is the exact sequence

0 = MY) -2 MU)XxM(V) -5 MU NT)xMUNV)x MV AU)x MV V)
is equivalent with the exact sequence
6.3.11) 0 = M(= MU)xM(V) 25 MUNV) 0

6.3.12. Example.

We go back to Proposition which describes the correspondence between an O-module M on an
affine variety X = Spec A and an A-module M. Namely, if U = Spec B is an affine open subset of X, then
M(U) = B ®4 M. The next example shows that, when a subset U isn’t affine, defining M(U) = B®4 M
may be wrong.

Let X be the affine plane Spec A, A = Clx, y], let U be the complement of the origin in X, and let M
be the A-module A/yA. This module can be identified with C[x], which becomes an A-module when scalar
multiplication by y is defined to be zero. Here O(U) = O(X) = A (6.1.7). If we followed the method used
for affine open sets, we would set M(U) = A ®4 M = Cl[z].

To identify M(U) correctly, we cover U by the two affine open sets U, = Spec A[z~!] and U,
Spec Aly~']. Then M(U,) = M[z~'] while M(U,) = 0. The sheaf property of M shows that M (U)
M(U,) = M[z71] = Clz,z~1].

ol

We have tacitly assumed that our open sets aren’t empty. The next lemma takes care of the empty set.

6.3.13. Lemma. The only section of an O-module M on the empty set is the zero section: M() = {0}. In
particular, O(D) is the zero ring.

proof. This follows from the sheaf property. The empty set is covered by the empty covering, the covering
indexed by the empty set. Therefore M () is contained in an empty product. Since we want the empty product
and M(()) to be modules, we have no choice but to set them equal to {0}.

If you find this reasoning pedantic, you can take M(()) = {0} as an axiom. O

(6.3.14) the coherence property

In addition to the sheaf property, an O-module on a variety X has a property called coherence.

6.3.15. Proposition. (the coherence property) Let Y be an open subset of a variety X, let s be a nonzero
regular function on'Y, and let M be an Ox-module. Then M(Y) is the localization M(Y)s of M(Y).

Compatibility with localization is a requirement for an O-module when Y is affine. The coherence property is
an extension to all open subsets.

proof of Proposition Let Uy = {U*} be a family of affine open sets that covers an open set Y. The
intersections U will be affine open sets too. We inspect the covering diagram Y < Uy &= U;. If sis a
nonzero regular function on Y, the localization of this diagram forms a covering diagram Y < Ug s &= Uy ,
in which Ug s = {U?} is an affine covering of Y;. Therefore M(Up)s ~ M(Uy s). The sheaf property gives
us exact sequences

0= MY)—> M(Uy) - M(U;) and 0— M(Ys) = M(Ups) = M(Uyps)

and the localization of the first sequence maps to the second one:
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0 —— M(Y), —— M(Uy)s —— M(Uy)s

0 —— M(Y;) —— M(Up,s) —— M(Uyy)

The bottom row is exact, and since localization is an exact operation, the top row of the diagram is exact too.
Since Uy and U; are families of affine open sets, the vertical arrows b and c are bijections. Therefore a is a
bijection. This is the coherence property. U

6.4 Some O-Modules

6.4.1. modules on a point

Let’s denote a point, the affine variety Spec C, by p. The point has only one nonempty open set: the whole
space p, and Op(p) = C. Let M be an O,-module. The space of global sections M (p) is an Op(p)-module, a
complex vector space. To define M, that vector space can be assigned arbitrarily. One may say that a module
on the point is a complex vector space. U

6.4.2. the residue field module x,,.

Let p be a point of a variety X. A residue field module «,, is defined as follows: If U is an affine open
subset of X that contains p, then O(U) has a residue field k(p) at p, and £, (U) = k(p). If U doesn’t contain
p, then k,(U) = 0.

6.4.3. ideals.
An ideal 7 of the structure sheaf is an @-submodule of O.

Let p be a point of a variety X. The maximal ideal at p, which we denote by m,, is the ideal of O defined
as follows: If an affine open subset U contains p, its coordinate algebra O(U) will have a maximal ideal
consisting of the elements that vanish at p. That maximal ideal is the module of sections m,(U). If U doesn’t
contain p, then m,(U) = O(U).

When 7 is an ideal of O, we denote by Vx (Z) the closed set of points p such that Z C m,, — such that all
elements of Z vanish at p.

6.4.4. examples of homomorphisms
(i) There is a homomorphism of O-modules O — £, whose kernel is the maximal ideal m,,.
(ii) Homomorphisms O™ — O™ of free O-modules correspond to m x n-matrices of global sections of O.
(iii) Let M be an O-module. Then @-module homomorphisms @ —+ M correspond bijectively to global
sections of M.

This is analogous to the fact that, when M is a module over a ring A, A-module homomorphisms A — M

correspond to elements of M. To be explicit: If m is a global section of M, the homomorphism O(U) LN

M(U) is multiplication by the restriction of m to U.

(iv) If f is a global section of O, scalar multiplication by f defines a homomorphism M LM

6.4.5. kernel

As we have remarked, many operations that one makes on modules over a ring are compatible with local-
ization, and therefore can be made on O-modules. However, when applied to sections over non-affine open
sets the operations are almost never compatible with localization. One important exception is the kernel of a
homomorphism.

6.4.6. Proposition. Let X be a variety, and let 0 — K — M — P be an exact sequence of O-modules. For
every open subset Y of X, the sequence of sections

(6.4.7) 0= KY)—=>MY)->NY)
is exact.
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proof. We choose a covering diagram Y +— Uy & U;, and we inspect the diagram

| l |

where the vertical maps are the ones described in (6.3.9). The rows are exact because Uy and U; are families
of affines, and the sheaf property asserts that the kernels of the vertical maps form the sequence (6.4.7)), which
is exact because taking kernels is a left exact operation. ]

The section functor isn’t right exact. When
0>K—->M-—->N—=0

is a short exact sequence of O-modules and Y is a non-affine open set, the sequence (6.4.7) may fail to be
exact when a zero is added on the right. There is an example below. Cohomology, which will be discussed in
the next chapters, is a substitute for right exactness.

6.4.8. modules on the projective line

The projective line P! is covered by the standard open sets U° and U?, and the intersection U°* = U° N U!
is a localization of U° and of U'. The coordinate algebras of these affine open sets are Clu] = A and
C[v] = Ay, respectively, with v = u~!, and O(U) = Clu,u"!] = Ag1. The algebra Ap; is the Laurent
polynomial ring, whose elements are (finite) combinations of powers of u, negative powers included. The
sheaf property asserts that a global section of O is determined by polynomials f(u) in Ag and g(v) in Ay such
that f(u) = g(u~!) in Ag;. The only such polynomials f,g are the constants. The constants are the only
rational functions that are regular everywhere on P!. I think we knew this.

If M is an O-module, M(U°) = M, and M(U') = M; will be modules over the algebras Ay and
Ay, and the Ag;-module M(U) = My, can be obtained by localizing My and also by localizing Mj:
My [u‘l} ~ My ~ M, [v‘l]. A global section of M is determined by a pair of elements m1,ms in My, Mo
that become equal in the common localization My, .

Suppose that My and M; are free modules of rank r over Ay and A;,. Then My, will be a free Ap;-module
of rank r. A basis By of the free Ag-module M, will also be a basis of the Ag;-module My, and a basis B,
of M, will be a basis of My;. When regarded as bases of My, Bg and By will be related by an rxr invertible
App-matrix P, and that matrix determines M up to isomorphism. When r» = 1, P will be an invertible 1 x 1
matrix in the Laurent polynomial ring Agp; — a unit of that ring. The units in Ap; are scalar multiples of
powers of u. Since the scalar can be absorbed into one of the bases, an O-module of rank 1 is determined, up
to isomorphism, by a power of w. It is one of the twisting modules that will be described in Section [6.6]

The Birkhoff-Grothendieck Theorem, which will be proved in Chapter[8] describes the O-modules on the
projective line whose sections on UY and on U" are free, as direct sums of free O-modules of rank one. This
means that by changing the bases B;, one can diagonalize the matrix P. Such a change of basis is given by an
invertible Ag-matrix ()y and an invertible A;-matrix )1, respectively. In down-to-Earth terms, the Birkhoft-
Grothendieck Theorem asserts that, for any invertible Ag;-matrix P, there exist an invertible Ap-matrix Qg
and an invertible A;-matrix ()1 , such that Q) 1 P@Q; is diagonal. This can be proved by matrix operations. []

6.4.9. tensor products

Tensor products are compatible with localization. If M and N are modules over a domain A and s is a
nonzero element of A, the canonical map (M ® 4 N)s — M ® 4, Ny is an isomorphism. Therefore the tensor
product M @ N of O-modules M and A can be defined.

Let M and N be O-modules, let M ®¢ N be the tensor product module, and let V' be an open subset of
X. For every open set V, there is a canonical map

(6.4.10) M(V) @ow) N(V) = Mo N|(V)

By definition of the tensor product module, M(V) @) N (V) = [M @0 N](V) when V is affine. For
arbitrary V', we cover by a family Uy of affine open sets. The family U; of intersections also consists of affine
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open sets. One forms a diagram

MV) @owyN(V) —— M(Up) ®ow,) N(Uo) —— M(U1) @ow,) N (U1)

[ s I
0 —— [MoN|(V) —— M @0 N](Up) — M@0 N|(Uy)
The composition of the two arrows in the top row is zero, the bottom row is exact, and the vertical maps b and

c are equalities. The map a is induced by the diagram. It is a bijective map when V is affine, but when V isn’t
affine, it may fail to be either injective or surjective.

6.4.11. Examples. (i) Let p and ¢ be distinct points of the projective line X, and let x,, and «, be the residure
field modules on X. Then £, (X) = kg(X) = C, 50 £,(X) ®o(x) kg (X) = CcC = C. But k, ®0 kq = 0.
The canonical map (6.4.10) is the zero map. It isn’t injective.

(ii) Let p a point of a variety X, and let m,, and x,, be the maximal ideal and residue field modules at p. There
is an exact sequence of O-modules

(6.4.12) 0—mp,— 02k, —0
In this case, the sequence of global sections is exact.

(i) Let po and p; be the points (1,0) and (0, 1) of the projective line P!. We form a homomorphism
my, Xm,, — O

¢ being the map (a, b) — b — a. On the open set U, m,,, — O is bijective and therefore surjective. Similarly,
m,, — O is surjective on U'. Therefore ¢ is surjective. The only global section of m,,, xm,,, is zero, while
O has the nonzero global section 1. So the map ¢ isn’t surjective on global sections. O

6.4.13. the function field module

Let F" be the function field of a variety X. The module of sections of the function field module F on any
nonempty open set is the field F. This is an O-module. It is called a constant O-module because the modules
of sections F(U) are the same for every nonempty open set U. It isn’t a finite module unless X is a point.

Tensoring with the function field module: Let M be an O-module on a variety X, and let F be the function
field module. Then M ®p F is a constant O-module whose sections on any affine open set U form an F'-vector
space (that might be zero).

(6.4.14) annihilators

Let A be a ring, and let m be an element of an A-module M. The annihilator I of an element m of M is
the set of elements a of A such that am = 0. This is an ideal of A that we may denote by ann(m).

The annihilator of the A-module M is the set of elements of A such that aM = 0. This annihilator is also
an ideal, but we will have little use for it.

6.4.15. Lemma. Let I be the annihilator of an element m of M, and let s be a nonzero element of A. The
annihilator of the image of m in the localized module My is the localized ideal 14 U

This allows us to extend the concept of annihilator to sections of a finite O-module on a variety X.

(6.4.16) maximal annihilators

Let m be an element of a module M over a noetherian ring A, and let I = ann(m): I ={a € A|am =
0}. The same ideal I will annihilate every element of the submodule Am spanned by m.

Let S be the set whose members are the annihilators of nonzero elements of M. A maximal annihilator is
a maximal member of S. Because A is noetherian, the annihilator of any nonzero element will be contained in
a maximal annihilator.
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6.4.17. Proposition. Let M be a finite, module over a noetherian ring A, not the zero module..

(i) Let m be a nonzero element of M whose annihilator P is a maximal annihilator, and let b be an element of
A. Then P is also the annihilator of bm, if bm # 0.

(ii) The maximal annihilators are prime ideals.

(iii) Let P; be distinct maximal annihilators, let m; be elements of M whose annihilators are P;, and let
N; = Am,. The submodules N; of M are independent, i.e., their sum »_ N; is the direct sum @ N;.

(iv) The set of maximal annihilators is finite and nonempty.

proof- Let’s denote by ann(m) the annihilator of an element m of M.

(i) An element a that annihilates m also annihilates bm. So ann(m) C ann(bm). If ann(m) is maximal and
bm # 0, then ann(m) = ann(bm).

(ii) Let P = ann(m) be a maximal annihilator, and let a, b be elementsof A such that ab € P. If b ¢ P, then
bm # 0 but abm = 0. So a € ann(bm) = P.

(iii) We must show that if n; are elements of N; such that nq + --- 4+ n, = 0, then n; = 0 or all <. We use
induction on k. Let a be a nonzero element of the annihilator Py, of Ni. Thenani +---4+ang_1 +0 = 0. By
induction an; = 0 for all 4. Therefore a is in P; for all 4. Unless k£ = 1, this contradicts the assumption that P;
are distinct maximal annihilators.

(iv) The submodules N; are nonzero and independent. Since € N; is a submodule of the finite module A and
since A is noetherian, @ N; is a finite module. So there can be only finitely many indices i. ]

6.4.18. Corollary. Let M be a finite module over a noetherian domain A, and let s be an element of A that
isn’t contained in any of the maximal annihilators of M. The multiplication map M — M is injective, and
therefore the map from M to its localization M is injective. ([

6.4.19. Support Let M be a finite module over a finite-type domain A and X = Spec A. The support of M
is the locus C' = Vx (1) of zeros of its annihilator I in X. The support is a closed subset of X . ### , and the
support of the localization M is the intersection Cs = C' N Xj.

The support of a finite O x-module is the closed subset Vx (Z) of points such that 7 C my,.

If M is a finite module over a finite-type domain A and s is a nonzero element of A, the annihilator of the
localized module Mj is the localization I of the annihilator I of M, and the support of the localization M is
the intersection Cy; = C' N X.

For example, the support of the residue field module &, is the point p. The support of the maximal ideal
m,, at p is the whole variety X.

(6.4.20) (O-modules with support of dimension zero

6.4.21. Proposition. Let M be a finite O-module on a variety X.

(i) Suppose that the support of M is a single point p, let M = M(X), and let U be an affine open subset of
X. If U contains p, then M(U) = M, and if U doesn’t contain p, then M(U) = 0.

(ii) (Chinese Remainder Theorem) If the support of M is a finite set {p1, ...,px}, then M is the direct sum
My @ - & My, of O-modules supported at the points p;.

proof. (i) Let Z be the annihilator of M. The locus Vx (Z) is p. If p isn’t contained in U, then when we restrict
M to U, we obtain an Oy-module whose support is empty. Therefore the restriction to U is the zero module.

Next, suppose that p is contained in U, and let V' denote the complement of p in X. We cover X by a set
{U"} of affine open sets with U = U", and such that U* C V' if i > 1. By what has been shown, M(U*) = 0if
t>0and M(U") = 0if j # 4. The sheaf axiom for this covering shows that M(X) =~ M(U).

(ii) This follows from the ordinary Chinese Remainder Theorem. O

(6.4.22) limits of O-modules
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6.4.23. A directed set M, is a sequence of maps of sets My — My — My — ---. Its limit li_n;M. is the set
of equivalence classes on the union | J M}, the equivalence relation being that elements m in M; and m/ in M;
are equivalent if they have the same image in M,, when n is sufficiently large. Any element of @ M, will be
represented by an element of M; for some 1.

6.4.24. Example. Let R = CJ[z] and let m be the maximal ideal 2 R. Repeated multiplication by x defines a
directed set B ,
RSR-5SR-SR--

whose limit is isomorphic to the Laurent Polynomial Ring R[z~!] = C[z,xz~!]. Proving this is a simple
exercise. (]

A directed set of O-modules on a variety X is a sequence M, = {My = M; = My — ---} of
homomorphisms of @-modules. For every affine open set U, the O(U)-modules M,,(U) form a directed
set, as defined in . The direct limit liny M, is defined simply, by takin the limit for each affine open
set:  [im M,J(U) = lim [M,(U)]. This limit operation is compatible with localization, so lim M, is an
O-module.

6.4.25. Lemma. (i) The limit operation is exact. If Mo — Ny — P is an exact sequence of directed sets
of O-modules, the limits form an exact sequence.
(ii) Tensor products are compatible with limits: If N, is a directed set of O-modules and M is another

O-module, then lim [M ®o Na] & M @0 [im N,].

6.4.26. Proposition. Let X = Spec A be an affine variety. Sending an O-module M to the A-module
M(X) of its global sections defines a bijective correspondence between O-modules and A-modules.

proof. We must invert the functor O-(modules) — A-(modules) that sends M to M(X). Given an A-module
M, the corresponding O-module M is defined as follows: Let U = Spec B be an affine open subset of X.
The inclusion U C X corresponds to an algebra homomorphism A — B. We define M(U) to be the B-
module B ® 4 M. This gives us an O-module because, when s is a nonzero element of B, then B; ® 4 M is
the localization (B ®4 M) of B®4 M. O

6.5 Direct Image

LetY 5 X bea morphism of varieties, and let N be an Oy-module. The direct image f.N is an Ox-
module that is defined as follows: If U is an affine open subset of X and V' = f —1U, then

[fN](U) = N(V)

In particular, the direct image f.Oy of the structure sheaf Oy is defined by [f.Oy](U) = Oy (Y). Itis a
functor

Oy —modules £> Ox —modules

The direct image generalizes restriction of scalars in modules over rings. If A —2+ B is an algebra homo-
morphism and N is a B-module, one can restrict scalars to make N into an A-module. Scalar multiplication
by an element a of A on the restricted module N is defined to be scalar multiplication by its image ¢(a) in
B. For clarity, we sometimes denote the given B-module by Np and the A-module obtained by restriction of
scalars by N 4. The additive groups Np and N4 are the same.

When one replaces the algebras A and B by their spectra X = Spec A and Y = Spec B, the algebra
homomorphism ¢ defines a morphism Y Jox , and an Oy -module N is determined by a B-module Np.
Then f, N is the O x-module determined by the A-module N 4.

proof. Let U’ — U be an inclusion of affine open subsets of X, and let V = f~'U and V' = f~1U’.
These inverse images are open subsets of X, but they aren’t necessarily affine. The inclusion V' — V gives
us a homomorphism AV(V) — AN(V’), and therefore a homomorphism f,N'(U) — fuN(U’). So f. N is
a functor. Its Ox-module structure is explained as follows: Composition with f defines a homomorphism
Ox(U) = Oy (V),and N (V) is an Oy (V')-module. Restriction of scalars makes [f.N](U) = N (V) into a
module over Ox (U).
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To show that f,N is an Ox-module, we must show that if s is a nonzero element of Ox(U), then
[f+N](Us) is obtained by localizing [f.N](U). Let s’ be the image of s in Oy (V). Scalar multiplication
by s on [f.N](U) is given by restriction of scalars, so it is the same as scalar multiplication by s on A/ (V).
If s’ = 0, the localization V. is the inverse image of Us. So [f.N](Us) = N (Vi ). The coherence property
(6.3.14) tells us that (V) = N(V)g. Then [f N](Us) =N (Vy) = N(V)g = [[/xN](U)]s-

If s = 0, then N'(V)s = 0. In this case, because scalar multiplication is defined by restricting scalars, s
annihilates [f.N](U), and therefore [f.N](U)s = 0 too. O

6.5.1. Lemma. LetY 5 X bea morphism of varieties. The direct image f N of an Oy -module N is an
Ox-module. Moreover; for all open subsets U of X, not only for affine open subsets, [f, N](U) = N (f~1U).
O

6.5.2. Lemma. Direct images are compatible with limits: If M, is a directed set of O-modules, then

11Aq(f»h/\/h) zf*(hgl/\/l.) i

(6.5.3) extension by zero

When Y — X is the inclusion of a closed subvariety into a variety X, the direct image i, of an Oy -
module A is also called the extension of N by zero. If U is an open subset of X then, because 7 is an inclusion
map, i~1U = U NY. Therefore

L N(U) = N(UNY)

The term “extension by zero” refers to the fact that, when an open set U of X doesn’t meet Y, the intersection
U N'Y will be empty, and the module of sections of [, N](U) will be zero. So .\ is zero outside of the
closed set Y.

6.5.4. Examples.

(i) Letp — X be the inclusion of a point into a variety. We may view the residue field k(p) as an O-module
on p. Then its extension by zero ¢, k(p) is the residue field module «,,.

(i) LetY —'5 X be the inclusion of a closed subvariety, and let Z be the ideal of Y. The extension by zero
of the structure sheaf on Y fits into an exact sequence of O x-modules

0—-7Z—-0x —1,0y =0

So the extension by zero i, Oy is isomorphic to the quotient module Ox /7. U

6.5.5. Proposition. Let Y —*5 X be the inclusion of a closed subvariety Y into a variety X, and let L be the
ideal of Y. Let Ml denote the subcategory of the category of O x -modules that are annihilated by L. Extension
by zero defines an equivalence of categories

(Oy —modules) S M

proof. Let f be a section of Ox on an affine open set U, let f be its restriction to U N'Y, and let o be an
element of [, N](U) ( = N(UNY)). If fisin Z(U), then f = 0 and therefore foa = fo = 0. So the
extension by zero of an Oy -module is annihilated by Z. The direct image ¢, is an object of M.

We construct a quasi-inverse to the direct image. Starting with an Ox-module M that is annihilated by Z,
we construct an Oy -module N such that i, is isomorphic to M.

Let Y’ be an open subset of Y. The topology on Y is induced from the topology on X,so Y’ = X; NY
for some open subset X; of X. We try to set N'(Y') = M(X;). To show that this is well-defined, we show
that if X5 is another open subset of X, and if Y/ = X5 NY, then M(X5) is isomorphic to M(X7;). Let
X3 = X1 N Xs. Then it is also true that Y/ = X3 NY. Since X5 C X7, we have a map M (X;) = M(X3),
and It suffices to show that this map is an isomorphism. The same reasoning will give us an isomorphism
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The complement U = X; — Y’ of Y’ in X is an open subset of X; and of X, and UNY = (). We cover U
by aset {U'} of affine open sets. Then X is covered by the open sets {U*} together with X3. The restriction
of Z to each of the sets U is the unit ideal, and since Z annihilates M, M(U*) = 0. The sheaf property shows
that M (X7) is isomorphic to M(X3). The rest of the proof is boring. O

(6.5.6) inclusion of an open set

Let Y -5 X be the inclusion of an open subvariety Y into a variety X.

First, let M be an O x-module. Since open subsets of Y are also open subsets of X, we can restrict M
from X to Y. By definition, the sections of the restricted module on a subset U of Y are simply the elements
of M(U). For example, the restriction of the structure sheaf Ox is the structure sheaf Oy on Y. We extend
the subscript notation to O-modules, writing My for the restriction of an O x-module M to Y and denoting
the given module M by M x. Then if U is an open subset of Y,

Mx (U) = My (U)

Now the directimage: Let Y I X be the inclusion of an open subvariety Y, and let N be an Oy -module.
The inverse image of an open subset U of X is the intersection Y N U, so

GNIU) =N(Y nU)

For example, [j.Oy](U) is the algebra of rational functions on X that are regular on Y N U. They needn’t be
regular on U.

6.5.7. Example. Let X, 5 X be the inclusion of a localization into an affine variety X = Spec A.
Modules on X correspond to their global sections, which are A-modules. Similarly, modules on X ; correspond
to As-modules. We restrict an O x-module M x to the open set X, obtaining an O x_-module M x_ . Then
if M denotes the A-module of global sections M x (X)), the module of global sections of the direct image
j«Mx, is the localization M,:

[eMx J(X) = Mx, (X)) = Mx(X;) = M,
The localization My is made into an A-module by restriction of scalars. [l

6.5.8. Proposition. Ler Y s X be the inclusion of an open subvariety Y into a variety X.
(i) The restriction O x-modules — Oy -modules is an exact operation.

(ii) IfY is an affine open subvariety of X, the direct image functor j, is exact.

(iii) Let M x be an O x-module. There is a canonical homomorphism Mx — j.[My].

proof. (ii) Let U be an affine open subset of X, and let M — N — P be an exact sequence of Oy -modules.
The sequence 7. M(U) — 7N (U) — 7. P(U) is the same as the sequence M(UNY) - N(UNY) —
P(U NY), except that the scalars have changed. Since U and Y are affine, U NY is affine. By definition of
exactness, this last sequence is exact.

(iii) LetU beopenin X. Then j, My (U) = Mx(UNY). Since UNY C U, Mx(U) maps to M x (UNY).
O

6.5.9. Example. Let X = P" and let j denote the inclusion U’ C X of the standard affine open subset into X .
The direct image j.Oyo is the algebra of rational functions that are allowed to have poles on the hyperplane at
infinity.

The inverse image of an open subset W of X is its intersection with U%: j~1W = W N U, The sections
of the direct image j,Oyo on an open subset W of X are the regular functions on W N UY:

[J.0w](W) = Ow(WNT®) = Ox (W NTY)

Say that we write a rational function « as a fraction g/h of relatively prime polynomials. Then « is an element
of Ox (W) if h doesn’t vanish at any point of W, and « is a section of [j.Opo](W) = Ox (W NUY) if h
doesn’t vanish on W N U°. Arbitrary powers of 2 can appear in the denominator h. (]
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6.6 Twisting
The twisting modules that we define here are among the most important modules on projective space.

Let X denote the projective space P™ with coordinates xy, ..., z,,. As before, a homogeneous fraction of
degree d is a fraction g/h of homogeneous polynomials with deg g — deg h = d. When g and h are relatively
prime, the fraction g/h is regular on an open set V' if h isn’t zero at any point of V.

The definition of the twisting module is this: The sections of O(d) on an open subset V' of P™ are the
homogeneous fractions of degree d that are regular on V.

6.6.1. Proposition.

(i) Let V be an affine open subset of P that is contained in the standard affine open set UY. The sections of
O(d) on'V form a free module of rank one with basis xd, over the coordinate algebra O(V').

(ii) The rwisting module O(d) is an O-module.

proof. (i) Let « be a section of O(d) on an affine open set V that is contained in U°. Then f = axg 4 has

degree zero. It is a rational function. Since V' C U°, ¢ doesn’t vanish at any point of V. Since « is regular
onV, f is a regular function on V, and o = fzg.

(ii) It is clear that O(d) is a contravariant functor. We verify compatibility with localization. Let V' = Spec A
be an affine open subset of X and let s be a nonzero element of A. We must show that [O(d)](V5) is the
localization of [O(d)](V'), and it is true that [O(d)](V) is a subset of [O(d)](V;). What has to be shown is that
if B is a section of O(d) on Vj, then sk B is a section on V, if k is sufficiently large.

We cover V by the affine open sets V? = V' N U’. To show that s¥3 is a section on V/, it suffices to show
that it is a section on V' N U? for every i. This is the sheaf property. We apply (i) to the open subset V.0 of V0,
Since V2 is contained in U°, 3 can be written (uniquely) in the form f xg, where f is a rational function that is
regular on V. We know already that O has the localization property. Therefore s f is a regular function on
VU if k is large, and then s*a = s* fod is a section of O(d) on VO. The analogous statement is true for every
index 1. (|

Part (i) of the proposition shows that O(d) is quite similar to the structure sheaf. However, O(d) is only
locally free. Its sections on the standard open set U* form a free O(U")-module with basis x¢. That basis is
related to the basis & on U° by the factor (z¢/z1)?, a rational function that isn’t invertible on on U° or on U™.

6.6.2. Proposition. When d > 0, the global sections of the twisting module O(d) on P™ (n > 0) are the
homogeneous polynomials of degree d. When d < 0, the only global section of O(d) is zero.

proof. A nonzero global section u of O(d) will restrict to a section on the standard affine open set U°.
Since [O(d)](TY) is a free module over O(UY) with basis ¢, and u = g/x* for some some homogeneous
polynomial g not divisible by zo and some m. Similarly, restriction to U! shows that u = h/z7. It follows
that m = n = 0 and that u = g¢. Since v has degree d, g will be a polynomial of degree d. (]

6.6.3. Examples.

The product uv of homogeneous fractions of degrees r and s is a homogeneous fraction of degree r+s, and if
u and v are regular on an open set V, so is their product uv. Therefore multiplication defines a homomorphism
of O-modules

(6.6.4) O(r) x O(s) = O(r+s)
Multiplication by a homogeneous polynomial f of degree d defines an injective homomorphism
(6.6.5) O(k) L5 O(k+d).

When k = —d, this becomes a homomorphism O(—d) RINGY O

The twisting modules O(n) have a second interpretation. They are isomorphic to the modules that we
denote by O(nH), of rational functions on projective space with poles of order at most n on the hyperplane
H : {xo = 0} at infinity.
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By definition, the nonzero sections of O(nH ) on an open set V' are the rational functions f such that 7 f
is a section of O(n) on V. Thus multiplication by z{} defines an isomorphism

(6.6.6) OmH) % O(n)

If f is a section of O(nH) on an open set V, and if we write f as a homogeneous fraction g/h of degree
zero, with g, h relatively prime, the denominator & may have a:’é, with £ < n, as factor. The other factors of
h cannot vanish anywhere on V. If f = g/h is a global section of O(nH ), then h = cxlg, with £k < n,soa
global section can be represented as a fraction g/zf.

Since x¢ doesn’t vanish at any point of the standard affine open set U?, the sections of O(nH ) on an open
subset V' of UY are simply the regular functions on V. The restrictions of O(nH) and O to U° are equal.
Using the subsctript notation for restriction to an open set,

(667) O(TLH)[UO = O[UU

Let V be an open subset of one of the other standard affine open sets, say of U'. The ideal of H NU! in U!
is principal, generated by vy = x¢/x1, and vy generates the ideal of HNV in V too. If f is a rational function,
then because x1 doesn’t vanish on U?, the function fvf will be regular on V if and only if the homogeneous
fraction fx is regular there. So f will be a section of O(nH) on V' if and only if fof is a regular function.
Because v, generates the ideal of H in V, we say that such a function f has a pole of order at most n on H.

The isomorphic O-modules O(n) and O(nH) are interchangeable. The twisting module O(n) is often
better because its definition is independent of coordinates. On the other hand, O(nH) can be convenient
because it restricts to the structure sheaf O on U°.

6.6.8. Proposition. Let Y be the zero locus of an irreducible homogeneous polynomial f of degree d, a hyper-
surface of degree d in P, let T be the ideal of 'Y, and let O(—d) be the twisting module on X. Multiplication

by f defines an isomorphism O(—d) 11

proof. If « is a section of O(—d) on an open set V, then fa will be a rational function that is regular on V'
and vanishes on Y. Therefore the image of the multiplication map O(—d) L, 0 s contained in Z. This map
is injective because Clz, ..., z,] is a domain. To show that it is an isomorphism, it suffices to show that its
restrictions to the standard affine open sets U are isomorphisms . As usual, we work with U°.

We choose coordinates in X so that the coordinate variables x; don’t divide f. Then Y N U° will be a
dense open subset of Y. The sections of O on U® are the homogeneous fractions g/z% of degree zero. Such a
fraction is a section of Z on UC if and only if ¢ vanishes on Y N U°. If so, then since Y N U is dense in Y/,
it will vanish on Y, and therefore it will be divisible by f: ¢ = fq. The sections of Z on U have the form
fq/zf. They are in the image of O(—d). O

The proposition has an interesting corollary:

6.6.9. Corollary. The ideals of all hypersurfaces of degree d are isomorphic, when they are regarded as
O-modules. O

(6.6.10)  twisting a module

6.6.11. Definition Let M be an O-module on projective space P?, and let O(n) be the twisting module.
The nth twist of M is defined to be the tensor product M(n) = M ®o O(n), and similarly, M(nH) =
M R0 O(nH). Twisting is a functor on O-modules.

If X is a closed subvariety of P? and M is an Ox-module, M(n) and M(nH) are obtained by twisting
the extension of M by zero. (See the equivalence of categories (6.5.9)).

A section of M(n) on an open subset V of U can be written in the form s = m ® fx, where f is a
regular function on V' and m is a section of M on V (6.6.1). The function f can be moved over to m, so a
section can be written in the form s = m ® zj. This expression is unique.
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6.6.12. The modules O(n) and O(nH) form directed sets that are related by a diagram

O —S— O(H) —=— OQ2H) —=— ---

(6.6.13) H wl 22 l

0o 25 01 25 02 — -

In this diagram, the vertical arrows are bijections. The limit of the upper directed set is the module whose
sections are allowed to have arbitrary poles on H. This is also the module j, Oy, where j denotes the inclusion
of the standard affine open set U = UY into X (see (6.5.8) (iii)):

(6.6.14) lim O(nH) = 5,0y

The next diagram is obtained by tensoring Diagram [6.6.13| with M.

M— MH —— MQ2H) —— ---
(6.6.15) H xl mgl
M 2B M) A2 M@2) —— -

Because M may have torsion, the horizontal maps in these two directed sets needn’t be injective.

(6.6.16) generating an O-module
A setm = (myq,...,my) of global sections of an @-module M defines a map
(6.6.17) oF 5 M

that sends a section (v, ..., ) of OF on an open set to the combination > c;m;. The set of global sections
{ma,...,my} generates M if this map is surjective. If the sections generate M, then they (more precisely,
their restrictions to U) generate the O (U )-module M (U) for every affine open set U. They may fail to generate
M(U) when U isn’t affine.

6.6.18. Example. Let X = P!. For n > 0, the global sections of the twisting module O(n) are the polyno-

mials of degree n in the coordinate variables xq, z1 . Consider the map 02 (752 O(n). OnU°, O(n)
has basis x§}. Therefore this map is surjective on U°. Similarly, it is surjective on U. So it is a surjective map
on all of X . The global sections zf}, x} generate O(n). However, the global sections of O(n) are the
homogeneous polynomials of degree n. When n > 1, the two sections z(}, ] don’t span the space of global

sections, and the map O? (#5.2) O(n) isn’t surjective. O
The next theorem explains the importance of the twisting operation.

6.6.19. Theorem. Let M be a finite O-module on a projective variety X. For large n, the twist M(n) is
generated by global sections.

The proof won’t be long, once the notation is introduced.

We may assume that X is projective space P". Let U, denote the standard affine open subsets of P, let
and their intersections be UY = U? N U/, and UY* = U’ N U7 N U*.

Let A;, A;;, and A, denote the coordinate algebras of U?, U/, and U, respectively, and let MF, M, fj,
and M5, denote the modules of sections of M (k) on U?, U and UY*. So M = [M(k)](U7). Similarly, let
A;? = [O(k)](U7) and M; = M(U’), etc. Recall that M (k) = M @0 O(k).

Multiplication by the global section z¥ of O(k) maps O to O(k), and therefore it defines maps A; — A?
and M; — M 7’“ Since A"; is a free Aj-module with basis xf , multiplication by x;“ defines bijective, and
therefore invertible, maps A; — A¥ and M; — M.
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When we compose the maps
-1

M; 5 M(1); s M;

we obtain the map M 29 M;, where u;; = x;/x;. The next lemma shows that, when coordinates are in
general position, this is an injective map.

6.6.20. Lemma. Let M be a finite module on P".

() Let w = coxg + - - - + ¢y be a generic combination of the coordinate variables. Multiplication by w®
defines an injective map M — M(k) for all k.

(ii) If coordinates are in general position, then multiplication by xf defines an injective map M — M(k) for
all i.

proof. (i) It suffices to show that multiplication by w” is injective when we restrict to the standard affine open
sets U7 (6.3.5). We work with the index 0. The rational function z = w/x is a generic linear combination of

U10, .-, Uno, and the map M w—k> Mé“ is injective if and only if M Z—k> M is injective.

Let P, ..., P, be the maximal annihilators in Ay of the finite module M. (See (6.4.16).) Scalar multipli-
cation by z* is injective on M if and only if z isn’t contained in any of those maximal annihilators .
This will be true when w and 2 are generic.

(ii) When we make a generic change of coordinates, x; become generic homogeneous linear polynomials. [l

6.6.21. Lemma. Let M be a finite O-module on P™, and let coordinates x, ..., z,, be in general position.
If mg is an element of My, then when k is sufficiently large, the product mox§ is the restriction of a global

section of M(k).

proof. s Let’s use the notation M [s~!] to denote localization: M[s™!] = M @4 A[s~!]. The module My;
is a localization of M; (and a localization of My). Let u;; = x;/x;. Then M;; = M; [u;l] = M;j[z;/x;]
and in particular, My, = M, [ua1 | = Mi[x1/z0]. If mg is an element of My, its restriction to My can be
written as my = myug,” = myz¥ /xf, for some my in M; and some k. Multiplying by x5, mozh = myz¥
in MY,. Similarly, if we increase k as needed, there w111 be elements m; in M; such that mozf = m;z¥ in
M for all i = 0,...,n. Then m;xj = moxf = myxh is true in Mom for all 4, j. Lemma [6.6.20|shows that,
because coordinates are in general position, mu1t1phcat10n by x¢ is injective on M. Therefore multiplication
by ug; = xo/x; is injective on M;; and on MZ; It follows that the localization map ij — Mé“ij is injective.
The equation m;x¥ = mjx;?, which is true in My, is true in MZ; too. The sheaf property shows that M (k)

has a global section w that restricts to mjxé? on U7, and in particular, that restricts to mox’5 on UY, O

proof of Theorem|6.6.19] We are to show that the global sections generate M (k) when k is large, and it suffices
to show that for each i = 0, ..., n, the restrictions of those global sections to the standard open set U’ generate
the A;-module M} (6.3.5). We work with the index 0 as before.

Since M is a finite O-module and UV is affine, My is a finite Ap-module. We choose a finite set {m”}
that generates My. Then the set {m”xf} generates M[. It suffices to show m”zk are the restrictions to U° of
global sections of M(k), when k is large. If so, then because the analogous statements are true for all indices
1=0,...,n, M(k)will be generated by global sections. O

6.7 Proof of Theorem @.

The statement to be proved is that an O-module M on a variety X has a unique extension to a functor

(opens) ﬂ) (modules)

having the sheaf property, and that a homomorphism M — A of O-modules has a unique extension to a
homomorphism M — N.

The proof has the following steps:

1. Verification of the sheaf property for a covering of an affine open set by localizations.
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2. Extension of the functor M to all morphisms between affine open sets.
3. Definition of M.
4. Verification of the sheaf property for M and for an affine covering of an open set Y.

Step 1. (the sheaf property for a covering of an affine open set by localizations)

Suppose that an affine open set Y = Spec A is covered by a family of localizations Uy = {U®?}. Then if
M is an Oy -module and if we let M = M(Y'), M; = M(U®") and M;; = M(U®*7) the sequence (6.3.9)
for the covering diagram Y <— U, &= U; that we obtain is

(6.7.1) 0— M - ] M 2 T My

In this sequence, the map « sends an element m of M to the vector (m, ...,m) of its images in [ [, M;, and 3
sends a vector (my, ...,my) in [ [, M; to the matrix (z;;), with z;; = m; —m, in M,; To be precise, M; and
M; map to M;;, and z;; is the difference of their images.

We must show that the sequence is exact. Since U* cover Y, the elements s1, ..., 53 generate the
unit ideal.

exactness at M: Let m be an element of M that maps to zero in every M;. Then there exists an n such that
si¥m = 0, and we can use the same exponent n for all <. The elements s} generate the unit ideal. Writing
>rais? =1, wehavem =) a;s?m=>a;0=0.

exactness at [ [ M;: Let m; be elements of M; such that m; = m,; in M;; for all ¢, 7. We must find an element
w in M that maps to m; in M; for every j.

We write m; as a fraction: m; = s; "x;, or x; = s'm,;, with z; in M, using the same integer n for all i.
The equation m; = m; in M;; tells us that s'z; = s]'x; is true in M;;, and then (s;s;)"s7x; = (si5;)"s]' @}
will be true in M, if r is large (see [5.1.21).

We adjust the notation. Let #; = s'z;, and 3; = ;" Thenin M, ¥; = $;m; and 5;&; = 5;2;. Since the
elements s; generate the unit ideal, so do their powers ;. There is an equation in A, of the form >_ a;5; = 1.
Let w = Y a;T;. This is an element of M, and

.Z'j = ( E aisi)mj = E aisjwi = S]"LU
i %

Since m; = §;13?j, mj = w is true in M. Since j is arbitrary, w is the required element of M. O

Step 2. (extending an O-module to all morphisms between affine open sets)

The O-module M comes with localization maps M(U) — M(Us). It doesn’t come with homomorphisms
M(U) - M(V)when V — U is an arbitrary inclusion of affine open sets. We define those maps here.

Let M be an O-module and let V' — U be an inclusion of affine open sets. To describe the canonical
homomorphism M(U) — M(V), we cover V by a family Vo = {V?} of open sets that are localizations
of U and therefore also localizations of V, and we inspect the covering diagram V < V; & V; and the

corresponding exact sequence 0 — M(V) - M(Vy) N M(V1). The two maps V; — U obtained by
composition from the maps
U<+ V <+ VO =V

are equal. Since V' are localizations of U and V'/ are localizations of V¢ and of V7, the O-module M comes

with maps M(U) N M(Vy) = M(Vy). The two composed maps M(U) — M(Vy) are equal, so their

difference v is zero. Therefore ¢ maps M (U) to the kernel of 8 which, according to Step 1, is M (V). This
defines a map M(U) —- M (V') making a diagram



Both ¢ and )\ are compatible with multiplication by a regular function f on U, and X is injective. So 7 is also
compatible with multiplication by f.

We must check that 7 is independent of the covering V. Let V{, = {V"/} be another covering of V by
localizations of U. We cover each of the open sets V' N V" by localizations W% of U. Taken together, these
open sets form a covering W of U, and we have a map Wy, — V|, that give us a diagram

0 —— M(V) —— M(Vo) —2 M(Vy)

H I l

0 —— M(V) —— M(Wy) —25 M(W,)

whose rows are exact sequences. In this diagram, M (U) maps to the kernels of Sy and Syy, both of which are
equal to M(V'). Looking at the diagram, one sees that the map M(U) — M (W) is the composition of the
maps M(U) = M(Vy) = M(W,). Therefore the two maps M(U) — M (V) are equal, and they are also
equal to the map defined by the covering V|, O

Step 3. (definition of /W)
Let Y be an open subset of X. We can use the sheaf property to make a definition of M (Y), but we need

to choose a covering of Y by affine open sets. There is a canonical choice of covering, namely the set of all
affine open subsets of Y. Let’s denote this set by Ag(Y'):

Ao(Y)={U|U affine,and U C Y’}

This is an infinite set, but that doesn’t cause problems. Let aff; (Y") be the family of intersections of Ay (Y").

We define MV(Y) to be the kernel K of the map Ay(Y) BN A, (Y), where § is the map lb This works

well. If Z — Y are open sets, then Ag(Z) C Ao(Y) and M(Z) maps to M(Y'). This inclusion makes M
into a functor.

If Y is affine, it is the maximal element of Ay(Y. Then M(Y") is a minimal element among M (U) with
UeAy(Y),andso M(Y) = Ky = M(Y). O

Step 4. (the sheaf property of ./W)

Let Uy = {U?} be an affine covering of an open set Y. We show that the kernel Ky of the map M (Up) o,
M(Uy) is canonically isomorphic to the kernel K of the analogous map M (Ag) RN M(Ay), which, by
defnition, is M (Y). Since the open sets U* are included in Ag, there are maps M(A;) — M(U;), and
M(Y) = K, — Ky.

We consider a family Wy = {U?, V'} obtained by adding one affine open subset V of Y to Uy, and we let
W, be the family of intersections of pairs of elements of Wy. Then we have a map Kw — Ky. We show
that, for any element (u;) in the kernel Ky, there is a unique element v in M (V') such that ((u;), v) is in the
kernel Kyy. This will show that Kyw = Ky. Then if « is an element of K, whose U; component is u;, its
V -component must be v. Since V' is an arbitrary affine subset of Y, it will follow that (u;) is the image of a
unique element of K, namely the element whose V' —component is v.

When the subsets in the family W are listed in the order
W, = {U'NnU{VNUL{UNnVE{VNV)

the map Sy sends a set ((u;),v) of sections to ((u; — w;), (u; — v), (v — u;), 0), restricted appropriately.
Suppose that (u;) is in the kernel of Sy, i.e., that w —u'=00onU%,and let VI = V N UJ. The sets V7

form an affine covering Vj, of the affine open set V. Let v; denote the section obtained by restricting u; to V7.

Since u; —u; = 0 on U%, itis also true that v; — v; = 0 on the smaller open set V. So (v;) is in the kernel of

the map M (V) LN M(Vy). Since V is affine, Step 2 shows that the kernel is M (V). So there is a unique
section v of M on V that restricts to v; on V; for all 5. Then ((u;), v) is in the kernel of Sy, as required.

This completes the proof of Theorem[6.3.2} O
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Chapter 7 COHOMOLOGY

Cohomology

Interlude: Complexes

Characteristic Properties of Cohomology
Existence of Cohomology

Cohomology of the Twisting Modules
Cohomology of Hypersurfaces

Three Theorems about Cohomology
Bézout’s Theorem

S [ [ [ E
| | O ENRISS AT R

7.1 Cohomology

To simplify the construction, we define cohomology only for O-modules. Anyway, the Zariski topology has
limited use for cohomology with other coefficients.

Let M be an O-module on a variety X. The zero-dimensional cohomology of M is the space M(X) of
its global sections. When speaking of cohomology, one denotes this space by H°(X, M).

The functor

0
(O-modules) L (vector spaces)

that carries an O-module M to HY(X, M) is left exact: If

(7.1.1) 0—-M—->N—->P—=0

is an exact sequence of O-modules, the associated sequence of global sections
(7.1.2) 0— H'(X,M) = H*(X,N) = H°(X,P)

is exact. But unless X is affine, the map H°(X, ') — HY(X,P) needn’t be surjective. The cohomology of

M is a sequence of functors (O-modules) ELEN (vector spaces),
HY(X, M), H (X, M), H* (X, M), ...

beginning with H°, one for each dimension, that compensates for the lack of exactness in the following way:
Every short exact sequence (7.1.1)) of O-modules has an associated long exact cohomology sequence

(7.13) 0 = H(X, M) — H(X,N) — H(X,P) 2

0 1

2 HY(X, M) = HY(X,N) —» H'(X,P) >

M HU(X, M) — HYX,N) — HI(X,P) s ..
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And, given a diagram

0 M N P 0
! L
0 M N’ P’ 0

whose rows are short exact sequences of @-modules, the diagrams

HIY(X,P) 25 HIt1 (X, M)

(7.1.4) l l

HU(X, P2 Hat (X, M)

that are obtained from the map of cohomology sequences commute. The other diagrams commute because H?
are functors. Thus a map of short exact sequences induces a map of cohomology sequences. The maps §9 are
the coboundary maps.

A sequence H?, g = 0, 1, ... of functors from O-modules to vector spaces that comes with long cohomol-
ogy sequences for every short exact sequence ([7.1.1)) is called a cohomological functor .

Unfortunately, there is no really natural construction of the cohomology. Sometimes one needs to look at
an explicit construction, but it is usually best to work with the characteristic properties that are described in
the Section[7.3] We present a construction in Section [7.4] but it isn’t canonical.

The one-dimensional cohomology H' has an interesting interpretation that you can read about if you like.
We won’t use it. The higher cohomology H? has no useful direct interpretation.

7.2 Complexes

We need complexes because they are used in the definition of cohomology.
A complex V'* of vector spaces is a sequence of homomorphisms of vector spaces

dn+1

1—1 n
(7.2.1) BRI v S BN VAN 7o 15 S AN

indexed by the integers, such that the composition d"d™~! of adjacent maps is zero — the image of d"~! is
contained in the kernel of d”. The g-dimensional cohomology of a complex V'* is the quotient

(72.2) CY(V*) = (ker d?)/(im d971).

An exact sequence is a complex whose cohomology is zero.

If a finite sequence of homomorphisms (7.2.1)) is given, say V* — V*+1... — V¢ it can be made into a
complex by defining V" = 0 for all other integers n. In our applications V¢ will be zero when ¢ < 0.

. d° .
A homomorphism of vector spaces V? — V! can be made into the complex

0
0oV Y S0

For this complex, C° = ker d°, C! = coker d°, and C? = 0 for all other q.

A map V* 5 V' of complexes is a collection of homomorphisms V" i) V'™ making a diagram

B an—1 dr
vn 1 vn Vn+1 s

o o o |

d/n—l am 1
v | A ——

V/nfl

A map of complexes induces maps on the cohomology
CYUV*®) = C1V'*)
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because ker d? maps to ker d’? and im d? maps to imd'“.
A sequence

(7.2.3) R /LN AR L N
of maps of complexes is exact if the sequences
o ye oy Yoy
are exact for every q.
7.2.4. Proposition.
Let 0 — V* = V'®* = V"* — 0 be a short exact sequence of complexes. For every q, there are maps
Ccay(v"*) AN CITL(V'*) such that the sequence
0/1/® 011 om0y 9% ~1vse 1170 1y ey O 20
- C' (V) -C (V") - CY (V") —C(V*) - C (V") - C (V") — C*(V*) —
is exact.

The exact sequence displayed above is the cohomology sequence associated to the short exact sequence of
complexes. This property makes the set of functors {C?} into a cohomological functor on the category of
complexes.

7.2.5. Example. We make the Snake Lemma into a cohomology sequence. Suppose given a diagram

Vv 25V V' — 0
fJ{ f/J/ f//J/
0 w w’ w”

v

with exact rows. We form the complex 0 — V' L W — 0 with V in degree zero, and we do the anal-
ogous thing for the maps f’ and f”, so that the diagram becomes a short exact sequence of complexes. Its
cohomology sequence is the one given by the Snake Lemma. U

proof of Proposition Let
V’:{..._>Vq*1dq_7ivq AN VS AN S

be a complex, let BY be the image of d?~ ' in V9, and let Z9 be the kernel of d?. So BY C Z? C V9, and the
cohomology of the comples is C4(V*®) = Z%/B4. Also, let D? be the cokernel of d?~. So D¢ = V4/BY,
and there is an exact sequence
0—+BT—>VI—D?T—0
Again since BY C Z4, the map d? can be written as the composition of three maps
ig+1

ve = pr L et B yet

where 79 is the projection from V¢ to its quotient DY and i9+! is the inclusion of Z9+! into V97!, Studying
these maps, one sees that

(7.2.6) CY{(V*) =ker f? and CIT(V*®) = coker f1.

Suppose given a short exact sequence of complexes 0 — V* — V'® — V”* — ( as in the proposition.
In the diagram below, the rows are exact because cokernel is a right exact functor and kernel is a left exact

functor.
D4 D! q D" q 0

fql £ fre

q+1 q+1

0 —— 290 —— 2/ g
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When we apply and the Snake Lemma to this diagram, we obtain an exact sequence
CUV*) — CUV'*) - CUV"*) 25 cotl(Ve) — Corl(V'®) — Cati(v”'®)
The cohomology sequence is obtained by splicing these sequences together. ]

The coboundary maps 49 in cohomology sequences are related in a natural way. If

0 U* U Ut —— 0
L !
0 ve v vt —— 0

is a diagram of maps of complexes whose rows are short exact sequences, the diagrams

cu(u"*) 2L crt(Ue)

l l

cu(v7*) oot (ve)

commute. Thus a map of short exact sequences induces a map of cohomology sequences.

7.3 Characteristic Properties of Cohomology

The cohomology H?(X, -) of O-modules, the sequence of functors H°(X, -), HY(X, -), H*(X, -),---
from (O-modules) to (vector spaces), is characterized by the three properties below, the first two of which
have already been mentioned.

(7.3.1) characteristic properties

e H(X, M) is the space M(X) of global sections of M.
o The sequence H®, H', H?,--- is a cohomological functor on O-modules: A short exact sequence of
O-modules produces a long exact cohomology sequence.

e LetY i) X be the inclusion of an affine open subset Y into X, let V' be an Oy -module, and let f,N be
its direct image on X. The cohomology H4(X, f./N) is zero for all ¢ > 0.

7.3.2. Example. Let j be the inclusion of the standard affine open set U° into projective space X. The third
property tells us that the cohomology H?(X, j.Opo) of the direct image j,OU° is zero when ¢ > 0. The
direct image is isomorphic to the limit hﬂ Ox(nH) (6.6.13). We will see below (7.4.28) that cohomology

commutes with direct limits. Therefore the limits of H9(X, Ox(nH)) and of H%(X, Ox(n)) are zero when
X is projective space and g > 0. This will be useful.

Intuitively, the third property tells us that allowing poles on the complement of an affine open set kills
cohomology in positive dimension. (]

7.3.3. Theorem. There exists a cohomology theory with the properties (7.3.1)), and it is unique up to unique
isomorphism.

The proof is in the next section.

7.3.4. Corollary. If X is an affine variety, H1(X, M) = 0 for all O-modules M and all g > 0.
This follows when one applies the third characteristic property to the identity map X — X. (]
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7.4 Existence of Cohomology

The proof of existence of cohomology and its uniqueness are based on tthe following facts:
« The intersection of two affine open subsets of a variety is an affine open set.

e A sequence -+ - M — N — P — ... of O-modules on a variety X is exact if and only if, for every
affine open subset U, the sequence of sections - - - — M(U) — N (U) — P(U) — --- is exact. (This is the
definition of exactness of a sequence of O-modules.)

We begin by choosing an arbitrary affine covering U = {U"} of our variety X by finitely many affine open
sets U", and we use this covering to describe the cohomology. When we have shown that the cohomology is
unique, we will know that it doesn’t depend on our choice of covering.

Let U denote our chosen covering of X, and let U 24 X denote the family of inclusions U” JyXIf
M is an O-module, R » will denote the O-module j, My = []j¥ Myv, where My is the restriction of
M to the open set U”. As has been noted (6.5.8), there is a canonical map M — ;Y My, and therefore a
canonical map M — R 4.

7.4.1. Lemma. (i) Let X' be an open subset of X. The module of sections Ry (X') of Raq on X' is is the
product [ [, M(X' N UY). In particular, the space of global sections R ap(X) is the product T[, M(U").

(i) The canonical map M — R nq is injective. Thus, if Spq denotes the cokernel of that map, there is a short
exact sequence of O-modules

(7.4.2) 0> M—->Rpy —>Sm—0
(iii) For any cohomology theory with the characteristic properties and for any ¢ > 0, H1(X, R n) = 0.
proof. (i) This is seen by going through the definitions:

R(X") = [ i*Mo|(X") = [[,L Mo (X' NU") = [, M(X' nU").

(ii) Let X’ be an open subset of X. The map M(X’) — Ra(X') is the product of the restriction maps
M(X') = M(X’'NU"). Because the open sets U” cover X, the intersections X' N U" cover X'. The sheaf
property of M tells us that the map M(X") — [[, M (X' NUY) is injective.

(iii) This follows from the third characteristic property. (]
7.4.3. Lemma. (i) A short exact sequence 0 — M — N — P — 0 of O-modules embeds into a diagram
M — N — P

! | l

(7.4.4) Rm —— Ry —— Rp
| | |
Sy —— Sy —— Sp

whose rows and columns are short exact sequences. (We have suppressed the surrounding zeros.)
(ii) The sequence of global sections 0 — Ry (X) = Ra(X) = Rp(X) — 0 is exact.

proof. (i) We are given that the top row of the diagram is a short exact sequence, and we have seen that the
columns are short exact sequences. To show that the middle row

(7.4.5) 0—=Rm >Ry —>Rp—0

is exact, we must show that if X" is an affine open subset, the sections on X’ form a short exact sequence. The
sections are explained in Lemma([7.4.1|(i). Since products of exact sequences are exact, we must show that the
sequence

0> MX'NUY) = NX'NUY) = P(X' NUY) =0
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is exact. This is true because X’ N U" is an intersection of affine opens, and is therefore affine.

Now that we know that the first two rows of the diagram are short exact sequences, the Snake Lemma tells
us that the bottom row of the diagram is a short exact sequence.

(i) The sequence of of global sections is the product of the sequences
0= MU") > NU")—-PU") =0

These sequences are exact because the open sets U" are affine. U

(7.4.6) uniqueness of cohomology

Suppose that a cohomology with the characteristic properties (7.3.1) is given, and let M be an O-module.
Then HY(X,Rr) = 0if ¢ > 0 (Lemma (iii)). The cohomology sequence associated to the sequence
0> M—>Rpm—>Sm—0 s

0 = HO(X, M) = HO(X,Raq) — HO(X,Sn0) 25 HY(X, M) = H' (X, Rps) — -

Since HY(X, R r) = 0 when ¢ > 0, this sequence breaks up into an exact sequence

(7.4.7) 0 = HO(X, M) = HO(X,Rat) — HO(X,Sm) 25 HY (X, M) = 0
and isomorphisms
(7.4.8) 0— HY(X,Sm) o HTH(X, M) — 0

for every ¢ > 0. The first three terms of the sequence (7.4.7), and the arrows connecting them, depend on
our choice of covering of X, but the important point is that they don’t depend on the cohomology. So that
sequence determines H' (X, M) up to unique isomorphism as the cokernel of a map that is independent of the
cohomology, and this is true for every O-module M, including for the module Sp4. Therefore it is also true
that H' (X, Spq) is determined uniquely. This being so, H?(X, M) is determined uniquely for every M, by
the isomorphism (7.4.8), with ¢ = 1. The isomorphisms determine the rest of the cohomology up to
unique isomorphism by induction on gq.

(7.4.9) construction of cohomology

One can use the sequence (/.4.2)) and induction to construct cohomology as well as to prove uniqueness,
but it will be clearer to proceed by iterating the construction of R 4.

Let M be an O-module. We rewrite the exact sequence (7.4.2), labeling R o¢ as RY, and Sy as M?:

(7.4.10) 0> M—=RYy =M =0
and we repeat the construction with M*. Let R}, = R% 1 (= j. M), so that there is an exact sequence

(7.4.11) 0 M =Ry — M =0

analogous to the sequence (7.4.10), with M? = R}, /M*. We combine the sequences (7.4.10) and (7.4.11)
into an exact sequence

(7.4.12) 0> M—=RY =Ry = M =0
Then we let Rf\,l = R?MQ. We continue in this way, to construct modules R’j\,[ that form an exact sequence
(7.4.13) 0—-M—=RY =Ry = R~

The next lemma follows by induction from Lemmas and[7.4.3]
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7.4.14. Lemma.
(i) Let0 - M — N — P — 0 be a short exact sequence of O-modules. For every n, the sequences

0—=RYy >Ry —>Rp—0
are exact, and so are the sequences of global sections
00— RU(X)—=>RYy(X) > Rp(X)—0

() IfHY q=0,1,2,... is a cohomology theory, then H4(X, R’ () = 0 for all n and all ¢ > 0. O
An exact sequence such as ((7.4.13)) is called a resolution of M, and because H¢(X, R’;,) = 0 when g > 0,
it is an acyclic resolution.

Continuing with the proof of existence, we consider the complex of OJ-modules R that is obtained by

omitting the first term from (7.4.13):
(7.4.15) 0—RY = Ry — R —
and the complex R% (X)) of its global sections:
(7.4.16) 0 — ROYU(X) = RI(X) = RI(X) — -
which we could also write as
0— H°(X,R%) — H°(X,R}\) — H(X,R3) — -

The sequence R%, becomes the resolution when the module M is inserted. So the complex
is exact except at R ;, but because the global section functor is only left exact, the sequence (7.4.16) of global
sections R ((X') needn’t be exact anywhere. However, R ((X) is a complex because R %, is a complex. The
composition of adjacent maps is zero.

0 1
Recall that the cohomology of a complex 0 — V° Lyt Ly of vector spaces is defined to be
Ci4(V*) = (ker d?)/(im d?~'), and that {C?} is a cohomological functor on complexes (7.2.4).

7.4.17. Definition. The cohomology of an O-module M is the cohomology of the complex R, (X):
H(X, M) = C(R, (X))

Thus if we denote the maps in the complex (7.4.16) by d?,

0= RY(X) L5 RE,(X) L5 R, (X) = -
then H9(X, M) = (ker d?)/(im d?1).

7.4.18. Lemma. Let X be an affine variety. With cohomology defined as above, H1(X, M) = 0 for all
O-modules M and all q > 0.

proof. When X is affine, the sequence of global sections of the exact sequence is exact. O

To show that our definition gives the (unique) cohomology, we verify the characteristic properties. Since

the sequence ([7.4.13)) is exact and since the global section functor is left exact, M (X) is the kernel of the map
RS (X) — R},4(X), and this kernel is also equal to C®(R%((X)). So our cohomology has the first property:
HY(X, M) = M(X).

To show that we obtain a cohomological functor, we apply Lemma to conclude that, for a short
exact sequence 0 -+ M — N — P — 0, the global sections

(7.4.19) 0— RUX) = Ry (X) = Rp(X) =0,

form an exact sequence of complexes. Cohomology HY(X, -) is a cohomological functor because cohomol-
ogy of complexes is a cohomological functor.

141



We make a digression before verifying the third characteristic property.

(7.4.20) affine morphisms

LetY i> X be a morphism of varieties. Let U 4 X be the inclusion of an open subvariety into X and
let V be the inverse image f~1U, which is an open subvariety of Y. These varieties and maps form a diagram

V ——vY
(7.4.21) gl fl
U—1 5 X

We use the notation My for the restriction of M to an open subset U 0f(6.5.6).

7.4.22. Lemma. With notation as above, let N be an Oy -module. The Oy -modules g.[Nv| and [f Ny are
canonically isomorphic.

proof. Let U’ be an open subset of U, and let V/ = g~ 'U’. Then
[N (U') = [FNU) = N (V') = Ny (V') = [g: MV ]](T7) O

7.4.23. Definition. An affine morphism is a morphism Y’ L X of varieties with the property that the inverse
image f~!(U) of every affine open subset U of X is an affine open subset of Y. O

The following are examples of affine morphisms:

o the inclusion of an affine open subset Y into X,
e the inclusion of a closed subvariety Y into X,
e a finite morphism, or an integral morphism.

But, if Y is a closed subset of P x X, the projection Y — X will not be an affine morphism unless its fibres

are finite, in which case Chevalley’s Finitenss Theorem tells us that it is a finite morphism.

7.4.24. Lemma. IfY s Cisan affine morphism and if N — N’ — N is an exact sequence of Oy -
modules, the sequence of direct images f N — fuN' — f.N" is exact. O

Let Y —X5 X be an affine morphism, let j be the map from our chosen affine covering U = {U"} to X,
and let V denote the family {V*} = {f~1U"} of inverse images. Then V is an affine covering of Y, and

there is a morphism V — U. We form a diagram analogous to (7.4.21)), in which V and U replace V and U,
respectively:

U— X

7.4.25. Proposition. Let Y Ly X be an affine morphism, and let N' be an Oy -module. Let H1(X, -)
be cohomology defined in , and let H1(Y, - ) be cohomology defined in the analogous way, using the
covering V of Y. Then H1(X, f.N) is isomorphic to H1(Y,N').

proof. To compute the cohomology of f. N on X, we substitute M = f, N into (7.4.17):
HYX, fiN) = CUR} (X))
To compute the cohomology of A on Y, we let
R/ = i [NV]
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and we continue, to construct a resolution R’ ;\/ =0->N R 9\/ — R le — -+ and the complex of its
global sections R'}/(Y'). (The prime is there to remind us that R is defined using the covering V of Y".) Then

HY(Y,N) = C*(R'}(Y)).

It suffices to show that the complexes R$ ,-(X) and R'}/(Y) are isomorphic, and because R'{(Y) =
[« R')(X), it suffices to show that R, ~ f.R'S.
#reread this##

We look back at the definition (7.4.11) of the @ x-modules R°. We have R’ ]?\/ = i,Ny. So the sequence
for A/ analogous to (7.4.10) can be written as

0N =i Ny =N =0
and since fi = jg, its direct image can be written as
(7.4.26) 0= fiN = JuguN] = f N = 0
The sequence for f, N analogous to is
0= f N = 5[fN]y = [N =0
According to Lemma [f+Nu is isomorphic to g.[Ay]. So this sequence can also be written as
(7.4.27) 0= fulN = GugulNo] = [fN]' =0

Combining reffstarN) and (7.4.27), one sees that R?* N~ LR ?\[ and that f,[N!] ~ [f.N]. Then induction
applies. (]

We go back to the proof of existence of cohomology to verify the third characteristic property, that when
Y —£5 X is the inclusion of an affine open subset, H4(X, f,N') = 0 for all Oy-modules N and all ¢ > 0.
The inclusion of an affine open set is an affine morphism, so H4(Y, N') = HY(X, f.N') (7.4.23), and since Y’
is affine, HY(Y,N') = 0 for all ¢ > 0 (7.4.18). O

Proposition is one of the places where a specific construction of cohomology is used. The charac-
teristic properties don’t apply directly. The next proposition is another such place.

7.4.28. Lemma. Cohomology is compatible with limits of directed sets of O-modules: H%(X, hgl./\/l.) =~
lim H(X, M,) for all q.

proof. The direct and inverse image functors and the global section functor are all compatible with lig, and
H_Ir; is exact (2?). So the module R{ M, thatis used to compute the cohomology of @M. is isomorphic
—

to lim [R%,, ] and R{, 14, (X) is isomorphic to ling [R%,, ](X). O
iy

(7.4.29) uniqueness of the coboundary maps

We have constructed a cohomology { H?} that has the characteristic properties, and we have shown that
the functors H? are unique. We haven’t shown that the coboundary maps 07 that appear in the cohomology
sequences are unique. To make it clear that there is something to show, we note that the cohomology
sequence remains exact when some of the coboundary maps 09 are multiplied by —1. Why can’t we
define a new collection of coboundary maps by changing some signs? The reason we can’t do this is that
we used the coboundary maps 67 in and to identify H?(X, M). Having done that, we aren’t
allowed to change 9 for the particular short exact sequences (7.4.2)). We show that the coboundary maps for
those particular sequences determine the coboundary maps for every short exact sequence of O-modules

(A) 0->M-—=N-—P—=0
The sequences were rewritten as (7.4.10). We will use that form.
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To show that the coboundaries for the sequence (A) are determined uniquely, we relate it to a sequence
(B) for which the coboundary maps are fixed:

(B) 0-M-—RY — M -0
We map (A) and (B) to a third short exact sequence
(C) 05 M-SRy — Q-0

where 1 is the composition of the injective maps M — ROM — R?\/ and Q is the cokernel of 1.
First, we inspect the diagram

(4 M N P
| | |
) M- RY Q

and its diagram of coboundary maps
6‘1
(A) HY(X,P) —>— HIT(X M)

l H

(©)  HIX,Q) —2£ HIT(X, M)

This diagram shows that the coboundary map % for the sequence (A) is determined by the coboundary map
¢ for (C).
Next, we inspect the diagram

(B) M R, M!
(7.4.30) H “l l
) M5 RY o)

and its diagram of coboundary maps
6‘2
(B) Hq(XaMl) — Hq+l(X7M)

‘| H

(©)  HUX,Q) —t HeH(X,M)

When ¢ > 0, 6% and 6% are bijective because the cohomology of RS, and RY, is zero in positive dimension.
Then 6/, is uniquely determined by 6%, and so is §%.

We have to look more closely to settle the case ¢ = 0. The maps labeled v and v in (7.4.30) are injective,
and the Snake Lemma shows that their cokernels are isomorphic. We write both of them as R%. When we add
the cokernels to the diagram, we obtain a cohomology diagram whose relevant part is

(B)  HOX,RY,) —— HOX,.M') —2 s HY(X, M)

50
b I
HY(X,R%) —— H°X,R%)
The rows and columns in the diagram are exact. We want to show that the map J2 is determined uniquely by
6%. It is determined by 6% on the image of v and it is zero on the image of 3. To show that 2 is determined

by 8%, it suffices to show that the images of v and 3 together span H°(X, Q). This follows from the fact that
7 is surjective. Thus 82 is determined unigely by 6%, and so is 09. O
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7.5 Cohomology of the Twisting Modules

We determine the cohomology of the twisting modules O(d) on P™ here. As we will see, H?(P", O(d)) is
zero for most values of ¢. This will help to determine the cohomology of other modules.

Lemma [7.4.18] about vanishing of cohomology on an affine variety, and Lemma [7.4.25] about the direct
image via an affine morphism, were stated using a particular affine covering. Since we know that cohomology
is unique, that particular covering is irrelevant. Though it isn’t necessary, we restate the lemmas here as a
corollary:

7.5.1. Corollary. (i) On an affine variety X, H1(X, M) = 0 for all O-modules M and all q > 0.
(i) LetY Iy X be an affine morphism. If N is an Oy -module, then HY(X, f.N') and H1(Y,N') are
isomorphic. If Y is an affine variety, H1(X, f.N') = 0 for all ¢ > 0. O

One case in which (ii) applies is that f is the inclusion of a closed subvariety Y into X.

Let M be a finite O-module on projective space P™. The twisting modules O(d) and the twists M(d) =
M ®0 O(d) are isomorphic to the modules O(dH) and M(dH) = M ®0 O(dH), respectively. They form
maps of directed sets

O S5 OoH) -5 0@QH) —S% ... M —— MH) —— M@2H) —— -
T | S
024 01 -2 002 —25.. M—"—5 M1l —— M2 —— -

(See (??)). The second diagram is obtained from the first one by tensoring with M. Let U denote the stanard
affine open subset U° of P”, and let j be the inclusion of U into P™. Then li_rr}O(dH ) = 5.0y (??) and

because h_n} is compatible with tensor products, h_ng/\/l(dH ) &~ j.My. Since j is an affine morphism and
UY is an affine open set, H?(P", j,Oy) = 0 and H4(P", j,My) = 0 for all ¢ > 0.

The next corollary follows from the facts that M(d) is isomorphic to M(dH), and that cohomology is
compatible with direct limits (7.4.28).
7.5.2. Corollary. For all projective varieties X and all O-modules M, lim HY(X,0(d)) =0and lim HYX, M(d)) =
0 when g > 0. (]

7.5.3. Notation. If M is an O-module, we denote the dimension of H?(X, M) by h?(M) or by h?(X, M).
We can write h?(M) = oo if the dimension is infinite. However, in Section[7.7] we will see that when M is a
finite O-module on a projective variety X, H?(X, M) has finite dimension for every q.

7.5.4. Theorem.

(i) Ford >0, h°(P",0(d)) = (*I") and hi(P",O(d)) =0 ifq# 0.

(ii) For r > 0, h"(P", O(— = (">") and h1(P",O(-r)) =0 ifq#n.
In particular, part (ii) implies that h?(P™, O(—1)) = 0 for all q.

proof. We have described the global sections of O(d) before: If d > 0, H?(X, O(d)) is the space of homoge-
neous polynomials of degree d in the coordinate variables, and if d < 0, H°(X, O(d)) = 0 (see (6.6.2) )

(i) (the case d > 0)

Let X =P" andletY —*5 X be the inclusion of the hyperplane at infinity into X. By induction on n,
we may assume that the theorem has been proved for Y, which is a projective space of dimension n—1. We
consider the exact sequence

(7.5.5) 0= Ox(-1) 2% 0x = i,0y =0
and its twists

(7.5.6) 0— Ox(d—1) 2% Ox(d) = i.Oy(d) = 0
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The twisted sequences are exact because they are obtained by tensoring with the invertible O-modules
O(d). Because the inclusion ¢ of Y into X is an affine morphism, H9(X, .0y (d)) =~ HI(Y, Oy (d)).

The monomials of degree d in n+ 1 variables form a basis of the space of global sections of Ox (d).
Setting xp = 0 and deleting terms that become zero gives us a basis of Oy (d). Therefore every global section
of Oy (d) is the restriction of a global section of Ox (d). The sequence of global sections

0— HY(X,0x(d—1)) =% HY(X,0x(d)) = H°(Y,Oy(d))
is exact, and it remains exact when a zero is added on the right. This tells us that the map

is injective. By induction on n, H4(Y, Oy (d)) = 0 for d > 0 and ¢ > 0. When combined with the injectivity
noted above, the cohomology sequence of (7.5.6) gives us bijections H4(X,Ox(d—1)) — HY(X,Ox(d))
for every ¢ > 0. Since the limits are zero (7.5.2), H4(X,Ox(d)) = 0 forall d > 0 and all ¢ > 0.

(ii) (the case d < 0)

We use induction on the integers r and n. We suppose the theorem proved for r, and we substitute d = —r
into the sequence ([7.5.6):
(7.5.7) 0 = Ox(—(r+1)) = Ox(-1) = i.0y (1) = 0

The base case = 0 is the exact sequence (7.5.5)). In the cohomology sequence associated to that sequence,
the terms H%(X, Ox ) and H4(Y, Oy ) are zero when ¢ > 0, and H°(X,Ox) = H°(Y, Oy) = C. Therefore

(7.5.8) HY(X,0x(—1)) =0 forevery gq.

This proves (ii) for r = 1.

Our induction hypothesis is that, h"(P",O(—r)) = ("-') and h? = 0 if ¢ # n. By induction on n,
we may suppose that h"~1(P"~1 O(—r)) = (;:i) and h? = 0if ¢ # n — 1. Instead of displaying the
cohomology sequence associated to ([/.5.7), we assemble the dimensions of cohomology into a table in which
the asterisks stand for entries that are to be determined:

Ox(—(r-f—l)) Ox(—T) i*Oy(—T)

ho * 0 0
(7.5.9)

h"=2 * 0 0

bt * 0 (1)

h" : h"(O-@r+1) (1) 0

The second column is determined by induction on 7 and the third by induction on n. The cohomology sequence
shows that the entries labeled with an asterisk are zero, and that

h"(P", O((r+1))) = (23 + (1)

n—1 n

The right side of this equation is equal to (). O

7.6 Cohomology of Hypersurfaces

We determine the cohomology of a plane projective curve first. Let X = P2 and let C —'4 X denote the
inclusion of a plane curve of degree k. The ideal Z of functions that vanish on C' is isomorphic to the twisting
module Ox (—k) (6.6.8), so one has an exact sequence

(7.6.1) 0— Ox(—k) > Ox = i.0c — 0
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We form a table showing dimensions of the cohomology. Theorem|[7.5.4]determines the first two columns, and
the cohomology sequence determines the last column.

Ox(=k) Ox i,0¢
ho . 0 1 1

(7.6.2)

hr: (%)) o 0

Since the inclusion of the curve C' into the projective plane X is an affine morphism, h?(X,i,0¢) =
h?(C, O¢). Therefore

h’(C,0¢) =1, h'(C,0¢) = (*"), and h? =0 when ¢ > 1.

The dimension h'(C, O¢), which is (kgl), is called the arithmetic genus of C. It is denoted by p,. We
will see later (8.9.2) that when C' is a smooth curve, its arithmetic genus is equal to its topological genus:
Pa = g, but the arithmetic genus of a plane curve of degree k is (kgl) also when C' is singular.

We restate the results as a corollary.

7.6.3. Corollary. Let C be a plane curve of degree k. Then h°(C,O¢) = 1, h}(C,0¢) = (kgl) = Da

andh? =0ifq# 0,1 O

The fact that h®(C, O¢) = 1 tells us that the only rational functions that are regular everywhere on C' are the
constants. This reflects a fact that will be proved later: A plane curve is compact and connected in the classical
topology. However, it isn’t a proof of that fact.

We will need more technique in order to compute cohomology for curves in higher dimensional projective
spaces. In the next section we will see that the cohomology on any projective curve is zero except in dimensions
0 and 1. Cohomology of projective curves is the topic of Chapter[§]

One can make a similar computation for the hypersurface Y in X = P" defined by an irreducible homo-
geneous polynomial f of degree k. The ideal of Y is isomorphic to O x (—k), and there is an exact sequence

0= Ox(—k) L 0x 5.0y =0

Since we know the cohomology of Ox (—k) and Ox , and since H%(X,i.0y) =~ HI(Y,Oy), we can use
this sequence to compute the dimensions of the cohomology of Oy .

7.6.4. Corollary. Let Y be a hypersurface of dimension d and degree k in a projective space of dimension
d+ 1. Then h°(Y,Oy) = 1, h(Y, Oy) = (}};}), and h(Y,Oy) = 0 for all other q. O

If S is a surface in P defined by an irreducible polynomial of degree k, then h®(S, Os) = 1, h'(S,0g) =
0, h? (S,05) = (kgl), and h? = 0 if ¢ > 2. When a projective surface .S isn’t embedded into P3, it is still
true that h? = 0 when ¢ > 2, but h'(S, Og) may be nonzero. The dimensions h'(S, Og) and h?(S, Og) are
invariants of the surface somewhat analogous to the genus of a curve. In classical terminology, h?(S, Og) is
the geometric genus p, and h'(S, Og) is the irregularity q. The arithmetic genus p, is

(7.6.5) Pa = h*(S,05) —h'(S,05) =py —q
Therefore the irregularity is ¢ = py — po. When S is a surface in P3, ¢ =0and Dg = Da-

In modern terminology, it is more natural to replace the arithmetic genus by the Euler characteristic
x(Os) = >_,(=1)7h?(Os). The Euler characteristic of a curve is

x(Oc) =h’%(C,00) —h (C,0c) =1 —p,
and the Euler characteristic of a surface S is
X(0s) = h°(S, 0s) — h' (S, 0g) + h*(S,05) = 1+ ps

But because of tradition, the arithmetic genus is still used quite often.
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7.7 Three Theorems about Cohomology

We will use the concept of the support of an O-module M, the zero set of its annihilator.

7.7.1. Theorem. Let X be a projective variety, and let M be a finite O x -module.

(i) If the support of M has dimension k, then H1(X, M) = 0 for all ¢ > k. In particular, if the dimension
of X isn, then H1(X, M) = 0 for all ¢ > n.

(ii) Let M(d) be the twist of the finite O x-module M. For sufficiently large d, H1(X, M(d)) = 0 for all
q > 0.

(iii) For every q, the cohomology H1(X, M) is a finite-dimensional vector space.

7.7.2. Notes. (a) The structure of the proofs is interesting. The first part allows us to use descending induction
to prove the second and third parts, beginning with the fact that h*(M) = 0 when k is larger dim X. The
descending induction step is to prove that if a statement Sy, is true when & = r + 1, then it is true when k = 7.

The third part of the theorem tells us that, when M is a finite O-module, the space H 0(X , M) of global
sections is finite-dimensional. This is one of the most important consequences of the theorem, and it isn’t easy
to prove directly.

(b) Let X be a projective variety. The highest dimension in which cohomology of an O x-module can be
nonzero is called the cohomological dimension of X. Theorem[7.7.1|shows that its cohomological dimension
is at most its algebraic dimension. In fact, it is equal to the algebraic dimension. On the other hand, X has
dimension 2n in the classical topology, and the constant coefficient cohomology H%" . (X, Z) in the classical
topology will be nonzero. In the classical topology, the cohomological dimension of a projective variety X is

its topological dimension 2n. In the Zariski topology, H?(X,Z) is zero for every ¢ > 0. O

In the theorem, we are given that X is a closed subvariety of a projective space P". We can replace an
Ox-module by its extension by zero (7.5.1). This doesn’t change the cohomology. So we may assume that X
is a projective space.

The proofs are based on the cohomology of the twisting modules (7.5.4), the vanishing of the limit
lim H9(X, M(d)) for g > 0 d on two exact sequences. As we know, M () is generated by global

(6.6.19

sections if 7 is sufficiently large (6.6.19). Choosing generators gives us a surjective map O™ — M(r). Let N
be the kernel of this map. When we twist the sequence 0 — N — O™ — M(r) — 0, we obtain short exact
sequences

(7.7.3) 0= N(d) — O™ = M(d+r) =0

for every d > 0. These sequences are useful because we know that H4(X, O(d)) = 0 when ¢ > 0.

Next, Lemma@]tells us that, with coordinates in general position, there will be an exact sequence
0 — M(~1) =% M — M — 0, where M is the quotient M /29 M (—1). Twisting this sequence gives us
exact sequences

(7.7.4) 0— M(d—1) 2% M(d) — M(d) — 0

Since the zero locus of z is the hyperplane H at infinity, the support S of M will be contained in S N H. If
S has dimension k and x is generic, the support of M will have dimension less than k. This will allow us to
use induction on k and d.

proof of Theorem (i) (vanishing in large dimension)

We inspect the sequence li Let k be the dimension of the support of M. If k = 0, then M =0 and
HY(X, M(d)) = 0 for all g. With coordinates in general position, the support of M will have dimension at
most k—1, if £ > 0. So by induction on k, we may assume that H9(X, M(d)) = 0 forall ¢ > k—1 and all d.

The cohomology sequence associated to the sequence (7.7.4) is

(17.5) - — HTYX, M(d)) A HY(X, M(d—1)) 2 HY(X, M(d)) — HY(X, M(d)) 2> -

When ¢ > k, the terms on the left and right of this display are zero, and therefore the map
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HY(X, M(d—1)) 2% HY(X, M(d))
is an isomorphism. According to 1| lim H?(X, M(d)) = 0. It follows that H?(X, M(d)) = 0 for all d,
and in particular, H4(X, M) = 0 when ¢ > k.

proof of Theorem (ii) (vanishing for a large twist)
We must show this:

(*)  Let M be a finite O-module. For every q > 0 and for sufficiently large d, H1(X, M(d)) = 0.

By part (i), we know that (*) is true for every ¢ > n = dim X, because all cohomology in dimension g is
zero when g > n. This leaves a finite set of integers ¢ = 1, ..., n to consider, and it suffices to consider them
one at a time. If (*) is true for each individual ¢ there will be a single d such that it is true for ¢ = 1, ..., n, and
therefore for all positive integers g, as the theorem asserts.

We use descending induction on g, the base case being ¢ = n + 1, for which (¥) is true. We suppose that
(*) is true for every finite O-module M when ¢ = p+ 1, and that p > 0, and we show that (*) is true for every
finite O-module M when g = p.

We substitute ¢ = p into the cohomology sequence associated to the sequence (7.7.3)). The relevant part of
that sequence is

HP(X,0(d))™ — HP (X, M(d+r)) 2 HPHL(X, N (d))

Since p is positive, H?(X,O(d)) = 0 for all d > 0, and therefore the map 67 is injective. Our induction
hypothesis, applied to the O-module N, shows that HP™* (X, N'(d)) = 0 for large d, and then

HP (X, M(d+7)) = 0

The particular integer d-+r isn’t useful. Our conclusion is that, for every finite O-module M, H? (X, M(k)) =
0 when £ is large enough. (]

proof of Theorem (iii) (finiteness of cohomology)

This proof also uses descending induction on q. As was mentioned above, it isn’t easy to prove directly
that the space H°(X, M) of global sections is finite-dimensional.

We go back to the sequence and its cohomology sequence (7.7.5). Induction on the dimension
of the support of M allows us to assume that H" (X, M(d)) is finite-dimensional for all . So, in the part
of the cohomology sequence that is depicted in (7.7.5), the terms on the left and right are finite-dimensional.
Therefore H9(X, M(d-1)) and H?(X, M(d)) are either both finite-dimensional, or else they are both infinite-
dimensional, and this is true for every d.

Suppose that ¢ > 0. Then H%(X, M(d)) = 0 when d is large enough. Since the zero space is finite-
dimensional, we can use the sequence together with descending induction, to conclude that H(X, M(d)) is
finite-dimensional for every finite module M and every d. In particular, H?(X, M) is finite-dimensional.

This leaves the case that ¢ = 0. To prove that H%(X, M) is finite-dimensional, we set d = —r in the

sequence (/.7.3):

0=>N(-r)=0(-r"—>M=0
The corresponding cohomology sequence is
0 = HO(X, N (—r)) — H(X,0(—r)™ — HO(X, M) 25 HY (X, N (7)) - - -

Here H(X,O(—7r))™ = 0, and we’ve shown that H'(X, N(—r)) is finite-dimensional. It follows that
H°(X, M) is finite-dimensional, and this completes the proof. O

Notice that the finiteness of H comes out only at the end. The higher cohomology is essential for the
proof.

(7.7.6)  Euler characteristic

Theorem|[7.7.1|allows us to define the Euler characteristic of a finite module on projective variety.
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7.7.7. Definition. Let X be a projective variety. The Euler characteristic of a finite O-module M is the
alternating sum of the dimensions of the cohomology:

(7.7.8) X(M) = (~1)h?(X, M).

This makes sense because h?(X, M) finite for every ¢, and is zero when g is large.

7.7.9. Proposition. (i) If0 - M — N — P — 0 is a short exact sequence of finite O-modules on a
projective variety X, then x(M) — x(N) + x(P) = 0.

@) If0 - My —> My — -+ = M, — 0is an exact sequence of finite O-modules on X, the alternating
sum Y (—1)'x(M,;) is zero.

7.7.10. Lemma. Let 0 — V° — V! — ... — V™ — 0 be an exact sequence of finite dimensional vector
spaces. The alternating sum »_(—1)?dim V'Y is zero. O

proof of Proposition (i) Since the cohomology sequence associated to the given sequence is exact,
the lemma tells us that the alternating sum of its dimensions is zero. That alternating sum is also equal to
X(M) = x(N) +x(P).
(ii) Let’s denote the given sequence by Sy and the alternating sum » -, x (M;) by x(So).

Let N' = M /M,. The sequence Sy decomposes into the two exact sequences

S: 0-Myg—-M; —=N—=0 and S3: 0N —-My— - = Mp—=0—

Then x(So) = x(S1) — x(S2), so the assertion follows from (i) by induction on 7. O

7.8 Bézout’s Theorem

As an application of cohomology, we use it to prove Bézout’s Theorem.

Recall that, if f(x) = p1(x)® - - - pr(x)°* is a factorization of a homogeneous polyomial in x = g, z1, Z2
into irreducible polynomials, the divisor of f is defined to be the integer combination e;Cy + - - - + e;Cl,
where C; is the curve of zeros of p;.

We restate the theorem to be proved.

7.8.1. Bézout’s Theorem. LetY and Z be the divisors in the projective plane X defined by relatively prime
homogeneous polynomials f and g of degrees m and n, respectively. The number of intersection points Y N Z,
counted with an appropriate multiplicity, is equal to mn. Moreover, the multiplicity is 1 at a point at which' Y
and 7 intersect transversally.

The definition of the multiplicity will emerge during the proof.

7.8.2. Example. Suppose that f and g are products of linear polynomials, so that Y is the union of m lines
and Z is the union of n lines, and suppose that those lines are distinct. Since two distinct lines intersect
transversally in a single point, there are mn intersection points of multiplicity 1. (]

proof of Bézout’s Theorem. We will suppress the notation for the extension by zero from a closed subset.
Multiplication by f defines a short exact sequence

O%OX(—m)i)Ox—}Oy%O

where Oy stands for i, Oy, i being the inclusion Y — X. This sequence describes O x (—m) as the ideal 7
of Y, and there is a similar sequence describing the module Ox (—n) as the ideal [ of Z. The zero locus of
the ideal Z+ 7 is the intersection Y N Z.

We denote the quotient Ox /(Z+ ) by O. Since f and g have no common factor, Y N Z is a finite set
of points {p1, ..., pr}, and O is isomorphic to a direct sum @ O;, where O; is a finite-dimensional algebra
whose support is p; (6.4.20). We define the intersection multiplicity of Y and Z at p; to be the dimension of
O;, which is also equal to h®(X, O;), and we denote the multiplicity by y;. The dimension of H(X, O) is
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the sum i1 +- - -+, and H9(X, 0) = 0 for all ¢ > 0 (Theorem (). So the Euler characteristic y(O)
is equal to h?(X, 0). We’ll show that x(O) = mn, and therefore that y11 +- - - +p, = mn. This will prove
Bézout’s Theorem.

We form an exact sequence of O-modules, in which O = Ox:

(7.8.3) 0= 0Cm—n) “ oCmxon) o =0 0

In order to interpret the maps in this sequence as matrix multiplication with homomorphisms acting on the
left, sections of O(—m) x O(—n) should be represented as column vectors (u, v)*, u and v being sections of
O(—m) and O(—n), respectively.

7.8.4. Lemma. The sequence is exact.

proof. To prove exactness, it suffices to show that the sequence of sections on each of the standard affine
open sets is exact. We look at U, as usual. Let’s suppose s coordinates are chosen so that none of the points
making up Y N Z lie on the coordinate axes. Let A be the algebra of regular functions on U, the polynomial
algebra Cluy, us], with u; = x; /x. We identify O(k) with O(kH ), H being the hyperplane at infinity. The
restriction of the module O(kH) to U° is isomorphic to Oyo. Its sections on U are the elements of A. Let
A be the algebra of sections of O on U°. Since f and g are relatively prime, so are their dehomogenizations
F = f(1,u1,u2) and G = g(1, u1, usz). The sequence of sections of on UV is

0549 Axa "= 45 7a 50

and the only place at which exactness of this sequence isn’t obvious is at A x A. Suppose that (u,v)? is in the
kernel of the map (F, —G), i.e., that Fu = G Since F' and G are relatively prime, F' divides v, G divides u,
andv/F = u/G. Letw = v/F = u/G. Then (u,v)! = (G, F)'w. O

Since cohomology is compatible with products, x (MxN') = x(M)+x(N). Proposition ii), applied
to the exact sequence (7.8.3)), tells us that the alternating sum

(7.8.5) X(O(=m=n)) = (x(O(=m))+x(O(-n))) + x(O) - x(O)
is zero. Solving for x(O) and applying Theorem
x(©0) = (") = () -

This equation shows that the term x (O) depends only on the integers m and n. Since we know that the answer
is mn when Y and Z are unions of distinct lines, it is mn in every case. This completes the proof.

(") +1

If you are suspicious of this reasoning, you can evaluate the right side of the equation. (]

We still need to explain the assertion that the mutiplicity at a transversal intersection p is equal to 1. This
will be true if and only if Z+ 7 generates the maximal ideal at p locally, and it is obvious when Y and Z are
lines. In that case we may choose affine coordinates so that p is the origin in A? = Spec A, A = C[y, 2] and
the curves are the coordinate axes {z = 0} and {y = 0}. The variables u, v generate the maximal ideal at the
origin, so the quotient algebra A/(y, z) has dimension 1.

Suppose that Y and Z intersect transverally at p, but that they aren’t lines. We choose affine coordinates
so that p is the origin and that the tangent directions are the coordinate axes. The affine equations of Y and Z
will have the form ¢’ = 0 and 2’ = 0, where ¢’ = y+g(y, z) and 2’ = z+ h(y, z), g and h being polynomials
all of whose terms have degree at least 2. Because Y and Z may intersect at points other than p, the elements
y’ and 2z’ may not generate the maximal ideal at p. However, it suffices to show that they generate the maximal
ideal locally.

Let A be the local ring of the polynomial ring Cly, z| at the origin, and let m and k be the maximal ideal

and residue field of A, respectively. To show that v/, 2’ generate m = (y, z)A, the Local Nakayama Lemma
5.1.24)tells us that it suffices to show that their images generate m/m?. The images of g and h in m? are zero,
so ¢ and 2’ are congruent to y and z modulo m?. They do generate m/m?, so they generate m. O
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Trace

The Riemann-Roch Theorem IT
Using Riemann-Roch
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The topic of this chapter is a classical problem of algebraic geometry, to determine the rational functions
on a smooth projective curve with given poles. This can be difficult, and one is usually happy if one can
determine the dimension of the space of such functions. The most important tool for this is the Riemann-Roch
Theorem.

8.1 Branched Coverings

Smooth affine curves were discussed in Chapter 5} An affine curve is smooth if its local rings are valuation
rings, or if its coordinate ring is a normal domain. An arbitrary curve is smooth if it has an open covering by
smooth affine curves.

An integral morphism Y —— X of smooth curves will be called a branched covering. Tt follows from
Chevalley’s Finiteness Theorem that every nonconstant morphism of smooth projective curves is a branched
covering.

If Y — X is a branched covering, the function field K of Y will be a finite extension of the function field
F of X. he degree of the covering is the degree [K : F| of the field extension. It will be denoted by [V : X

If a branched covering Y — X is given, and if X’ = Spec A is an affine open subset of X, its inverse
image Y’ will be a smooth affine curve, Y’ = Spec B, and if the degree [Y : X] of the covering is n, B will
be a locally free A-module of rank [Y : X].

To describe the fibre of a branched covering Y —— X over a point p of X, we may localize. So we may
assume that X and Y are affine, say X = Spec A and Y = Spec B, and that the maximal ideal m,, of A ata
point p is a principal ideal, generated by an element x of A. If a point q of Y lies over p, the ramification index
at ¢ is defined to be e = v,(z), where v, is the valuation of the function field K corresponding to g. Then, if
y is a local generator for the maximal ideal m, of B at g, we will have

T =uy
where u is a local unit.

The next lemma follows from Lemma[8.2.2] and the Chinese Remainder Theorem.

8.1.1. Lemma. Let Y - X be a branched covering, with X = Spec A and Y = Spec B. Let q, ..., qi, be
the points of Y that lie over a point p of X, let x be a generator for the the maximal ideal my, at p, and let m;
and e; be the maximal ideal and ramification index at q;, respectively.

153



(i) The extended ideal m), B = xB is the product ideal m{" - - - m;* of B.

(i) Let B; = B/mS'. The quotient B = B/xB is isomorphic to the product By X - - - X B,

(iii) The degree [Y : X| of the covering is the sum ey + - - - + ey, of the ramification indices at the points q; in
the fibre over p. (|

Points g of Y whose ramification indices are greater than one are called branch points. We also call a point
p of X a branch point of the covering if there is a branch point ¢ that lies over p.

8.1.2. Lemma. A branched covering Y — X has finitely many branch points. If a point p is not a branch
point, the fibre over p consists of n = [Y : X| points with ramification indices equal to 1.

proof. We can delete finite sets of points, so we may suppose that X and Y are affine, X = Spec A and
Y = SpecB. Then B is a finite A-module of rank n. Let F' and K be the fraction fields of A and B,
respectively, and let 5 be an element of B that generates the field extension K/F'. Then A[3] C B, and since
these two rings have the same fraction field, there will be a nonzero element s € A such that A,[3] = B. We
may suppose that B = A[f]. Let g be the monic irreducible polynomial for 8 over A. The discriminant of g is
nonzero (I.10.1)), so for all but finitely many points p of X, there will be n points of Y over p with ramification
indices equal to 1. (|

8.1.3. Corollary. A branched covering Y — X of degree one is an isomorphism.

proof. When [Y: X]| = 1, the function fields of Y and X are equal. Then, because Y — X is an integral
morphism and X is normal, Y = X. O

figure: a branched covering

(8.1.4) local analytic structure

The local analytic structure of a branched covering Y — X in the classical topology is very simple. We
e explain it there because it is useful and helpful for intuition.

Let g be a point of Y, let p be its image in X, and let = be a local generator for the maximal ideal of X at
p. Also, let e = v, (z) be the ramification index at g.

8.1.5. Proposition. In the classical topology, Y is locally isomorphic to the e-th root covering y° = .

proof. Let z be a local generator for the maximal ideal m, of Oy . If the ramification index is e, then x has the
form uwz®, where w is a local unit at g. In a neighborhood of ¢ in the classical topology, v will have an analytic
e-throot w. Then y = wz also generates m,, locally, and = = y°. It follows from the implicit function theorem
that « and y are local analytic coordinate functions on X and Y (see (2?)). U

8.1.6. Corollary. Let Y — X be a branched covering, let {qi, ..., qi. } be the fibre over a point p of X, and
let e; be the ramification index at ¢;. As a point p' of X approaches p, e; points of the fibre over p' approach
gi- U

8.2 Modules on a Smooth Curve

A torsion element of a module M over a domain A is an element that is annihilated by some nonzero element
a of A: am = 0. The set of torsion elements of M is its forsion submodule, and a module whose torsion
submodule is zero is forsion-free. These definitions are extended to O-modules by applying them to affine
open sets.

8.2.1. Lemma. Let Y be a smooth curve.
(i) A finite O-module M is locally free if and only if it is torsion-free.
(ii) If an O-module M swe isn’t torsion-free, it has a nonzero global section.

proof. (1) We may assume that Y is affine, Y = Spec B, and that M is the O-module associated to a B-module
M. Let B and M be the localizations of B and M at a point g, respectively. Then M is a finite, torsion-free
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module over the local ring B. It suffices to show that, for every point g of Y, M is a free B-module .
The local ring B is a valuation ring. A valuation ring is a principal ideal domain because the nonzero ideals
of B are powers of the maximal ideal m, which is a principal ideal. Every finite, torsion-free module over a
principal ideal domain is free.

(ii) If the torsion submodule of M isn’t zero, there will be an affine open set U, and there will be nonzero
elements m in M(U) and a in O(U), such that am = 0. Let C be the finite set of zeros of a in U, and let
V =Y — C be the complement of C' in Y. Then q is invertible on the intersection W = U NV, and since
am = 0, the restriction of m to W is zero.

The open sets U and V' cover Y, and the sheaf property for this covering can be written as an exact sequence
0= M) = MU)xM(V) E5 M(W)

(Lemma|6.3.10). In this sequence, the section (m, 0) of M (U )xM (V') is mapped to zero in M(W). Therefore
it is the image of a nonzero global section of M. O

8.2.2. Lemma. Let Y be a smooth curve. Every nonzero ideal T of Oy is a product of powers of maximal
ideals of Oy: I =m{'---mg*.

proof. This follows for any smooth curve from the case that Y is affine, which is Proposition (]

8.2.3. Notation. When considering a branched covering ¥ —— X of smooth curves, we will often pass
between an Oy-module M and its direct image 7, M, and it will be convenient to work primarily on X.
Recall that if Y is the inverse image of an open subset X’ of X, then

[ MI(X') = M(Y")

One can think of the direct image 7, M as working with M, but looking only at open subsets Y’ of Y that are
inverse images of open subsets X’ of X. If we look only at such open subsets, the only significant difference
between M and its direct image will be that the Oy (Y”)-module M (Y”) is made into an Ox (X’)-module by
restriction of scalars. To simplify notation, we will often drop the symbol 7,, and write M instead of m, M.
If X' is an open subset of X, M(X’) will stand for M (7~ X"). When thinking of an Oy -module M as the
direct image, we may refer to it as an O x-module. In accordance with this convention, we may also write Oy
for 7, Oy, but we must be careful to include the subscript Y.

If you find this abbreviation confusing, you can put the symbol 7, into the text where appropriate. U

8.2.4. Lemma. Let Y — X be a branched covering of smooth curves.
(i) A finite Oy -module N is a torsion Oy -module if and only if it is a torsion O x-module.

(ii) A finite Oy -module N is a locally free Oy -module if and only if it is a locally free O x-module. If N is a
locally free Oy -module of rank r, then it is a locally free O x -module of rank nr, where n is the degree [Y : X]
of the covering. O

(8.2.5) the module Hom

Let M and N be modules over a ring A. We are going to need the A-module that is usually denoted by
Hom 4 (M, N), of homomorphisms M — N. The set of such homomorphisms becomes an A-module with
some fairly obvious laws of composition: If ¢ and 1) are homomorphisms and « is an element of A, then ¢+
and ay are defined by

(8.2.6) [p+9](m) = o(m) +¢(m) and [ap](m) = ap(m)
If ¢ is a module homomorphism, we also have p(mi+mz) = ¢(m1) + ¢(m2), and ap(m) = p(am).

8.2.7. Lemma. An A-module N is canonically isomorphic to Hom (A, N). The homomorphism A —*+ N
that corresponds to an element n of N is multiplication by n: ¢(a) = an. Conversely, the element of N that

corresponds to a homomorphism A s Nisn= o(1).
Similarly, an O-module M on a smooth curve Y is isomorphic to Hom (O, M). O
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Thus Hom 4 (A*, N) is isomorphic to N*, and Hom 4 (A?, A*) is isomorphic to the module A®* of k x £
A-matrices.

8.2.8. Lemma. Let A be a noetherian ring.
(i) For every finite A-module M, there is an exact sequence A — A* — M — 0.
(ii) If M and N are finite A-modules, then o(M, N) is a finite A-module. O

An exact sequence of the form A* — A*¥ — M — 0is called a presentation of module M.
The module Hom is compatible with localization:

8.2.9. Lemma. Let M and N be modules over a noetherian domain A, and suppose that M is a finite
module. Let S be a multiplicative system in A. The localization S~ Hom 4 (M, N) is canonically isomorphic
to Homg-1,4(S~tM,S7IN).

proof. We choose a presentation A — AF — M — 0. Its localization (S7!A)! — (S7!A)* — S~I1M — 0
is a presentation of S ~1 M. Because Hom A(+, -) is aleft exact, contravariant functor of the first variable, the
sequence

0 — Hom (M, N) — Hom 4 (A*, N) — Hom4 (A", N)

is exact, as is its localization. This it suffices to prove the lemma in the case that M/ = A. It is true in that case.
O

This lemma shows that when M and N are finite O-modules on a variety X, there is an O-module of
homomorphisms M — A/, which will be denoted by Hom, (M, ). If U = Spec A is an affine open set,
M = M(U) and N = N(U), the module of sections of Homy (M, N') on U is Hom4 (M, N). We use a
new symbol Hom here because the vector space of homomorphisms M — N defined on all of X, which is
the space of global sections of Hom, (M, N), is customarily denoted by Home (M, N).

8.2.10. Notation. The notation Hom 4 (M, N) is cumbersome. It seems permissible to drop the symbol Hom,
and to write 4(M, N) for Hom4 (M, N). Similarly, if M and M are O-modules on a variety X, we will
write o (M, N) or x (M, N) for Hom, (M, N).

8.2.11. Lemma. Let A C B be rings, let M be an A-module, and let N be a B-module. Then o(M,N)
becomes a B-module.

When we write 4 (M, N), we are interpreting the B-module N as an A-module by restriction of scalars.

proof. Let M s Nbea homomorphism of A-modules, and let b be an element of B. Then multiplication
by b is defined by the rule [by](m) = ¢(bm). There are several things to check. We list here as a reminder:

The map [by] is a homomorphism of A-modules M — N:
[bel(m1 4+ m2) = [be(ma) + [bel(ms) and [bg](am) = albp](m)
The A-module 4 (M, N) has the structure of a B-module:
[b(e1+p2]) = [bp] + [bpa] , [(b1+b2)] = [b1] + [b2g] , [1] =, and [b1[bag]] = [brba] O

8.2.12. Lemma.

(i) The functor Hom 4 is a left exact and contravariant in the first variable. An exact sequence My — My —
Mz — 0 of A-modules induces, for any A-module N, an exact sequence

0— a(Ms,N) = a(Mz,N) = a(M;,N)

(ii) The funcctor Hom 4 is a left exact and covariant in the second variable. An exact sequence 0 — N1 —
N1 — Ns of A-modules induces, for any A-module M, an exact squence

0 — a(M,Ny) — a(M,N3) — s(M,Ns)

The analogous statements are true for Hom . (I

(8.2.13) the dual module
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invertmod

The dual module M* of a locally free O-module M is the O-module (M, O). A section of M* on an
open set U is a homomorphism M(U) — O(U). The dual is contravariant. A homomorphism M — N of
locally free O-modules induces a homomorphism M* <+ A

If M is a free module with basis vy, ..., vx, then M* will also be free, with the dual basis v defined by
v} (v;) = 1 and v](vj) = 0if i # j. Therefore, when M is locally free, M* is also locally free. The dual
O* of the structure sheaf O is O itself. If M and N are locally free O-modules, the dual (M ®o N)* is
isomorphic to the tensor product M*®@o N *.

There is a canonical O-bilinear map M* x M — O. If a and m are sections of M™* and M, respectively,
the bilinear map evaluates « at m: (o, m) = a(m).

8.2.14. Corollary. A locally free O-module M is canonically isomorphic to its bidual: (M*)* ~ M.
O

8.2.15. Proposition. Let 0 - M — N — P — 0 be an exact sequence of O-modules on a variety X.

() If P is a free O-module, and if the map of global sections H*(N') — H°(P) is surjective, the sequence
splits: N is isomorphic to the direct sum M @ P.

(ii) If P is locally free, the dual modules form an exact sequence 0 — P* — N* — M* — 0.

proof. (i) Let {p;} be a basis of global sections of P, let p; be global sections of N that map to p;, and let P’
be the free O-submodule of N spanned by {p’}. So P’ is isomorphic to P, and N ~ M & P’.

(ii) The sequence 0 — P* — M* — N* is exact whether or not the modules are locally free (8.2.12(ii)).
The zero on the right comes from the fact that, when P is locally free, it is free on some affine covering. Thus
the given sequence splits locally. (|

(8.2.16) invertible modules

An invertible O-module is a locally free module of rank one — a module that is isomorphic to the free
module O in a neighborhood of any point.

The tensor product L& M of invertible modules is invertible. The dual £* of an invertible module L is
invertible. Part (i) of the next lemma explains the adjective ’invertible’.
8.2.17. Lemma. Let L be an invertible O-module.
(i) Let L* be the dual module. The canonical map L*®@o L — O defined by yQa — () is an isomorphism.
(ii) The map O — (L, L) that sends a regular function « to multiplication by o is an isomorphism.

(iii) Every nonzero homomorphism L “s Mioa locally free module M is injective.

proof. (i),(ii) It is enough to verify these assertions in the case that L is free, isomorphic to O, in which case
they are clear.

(iii) The problem is local, so we may assume that the variety is affine, say Y = Spec A, and that £ and M are
free. Then ¢ becomes a nonzero homomorphism A! — A*. Such a homomorphism is injective because A is
a domain. O

8.3 Divisors

A divisor on a smooth curve Y is a finite integer combination of points:
D=rq+ - +7reqk

with r; € Z. The terms r;q; whose integer coefficients r; are zero can be omitted or not, as desired.

The support of D is the set of points ¢; of Y such that r; # 0. The degree of D is the sum ry + - - - + 71, of
the coefficients.

Let Y’/ be an open subset of Y. The restriction of a divisor D = r1p; + - - - + rgpg to Y is the divisor on
Y’ obtained from D by deleting points that aren’t in Y. Thus, if D = ¢, the restriction of D to Y is ¢ when
g €Y', and is zero whan ¢ € Y.
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A divisor D = Y r;q; is effective if all of its coefficients r; are non-negative, and D is effective on an open
subset Y if its restriction to Y is effective — if r; > 0 for every ¢ such that ¢; is a point of Y.

(8.3.1) the divisor of a function

Let f be a rational function on a smooth curve Y. The divisor of f is

div(f) =) va(fg
qeyY
where v, denotes the valuation of K that corresponds to the point g of Y.
This divisor is written here as a sum over all points g, but it becomes a finite sum when we disregard terms
with coefficient zero, because f has finitely many zeros and poles. The coefficients will be zero at all other
points.
The map

K* — (divisors)*t
that sends a rational function to its divisor is a homomorphism from the multiplicative group K * of nonzero
elements of K to the additive group of divisors:

div(fg) = div(f)+div(g)

As before, a rational function f has a zero of order r at g if v,(f) = r with » > 0, and it has a pole of
order r at ¢ if v, (f) = —r. Thus the divisor of f is the difference of two effective divisors:

div(f) = zeros(f) — poles(f)

A rational function f is regular on Y if and only if its divisor is effective — if and only if poles(f) = 0.

The divisor of a rational function is called a principal divisor, and two divisors D and E are linearly
equivalent if their difference D — E is a principal divisor. For instance, the divisors zeros(f) and poles(f)
of a rational function f are linearly equivalent.

8.3.2. Lemma. Let f be a rational function on a smooth curve Y. For all complex numbers c, the divisors of
zeros of f — ¢, the level sets of f, are linearly equivalent.

proof. The functions f —c have the same poles as f. O

(8.3.3) the module O(D)

To analyze the space of functions with given poles on a smooth curve Y, we associate an O-module O(D)
to a divisor D. The nonzero sections of O(D) on an open subset V of Y are the rational functions f such that
the the divisor div(f)+ D is effective on V' — such that its restriction to V' is effective.

(8.3.4) [O(D))(V) = {f] div(f)+D is effective on V} U {0}

Points that aren’t in the open set V' impose no conditions on the sections on V.
When D is an effective divisor, a rational function f is a global section of O(D) if poles(f) < D.

Say that D = > r;q;. If ¢; is a point of an open set V and if r; > 0, a section of O(D) on V may have a
pole of order at most r; at g;, and if r; < 0 a section must have a zero of order at least —r; at ¢;. For example,
the module O(—¢) is the maximal ideal m,. The sections of O(—¢) on an open set V' that contains ¢ are the
regular functions on V' that are zero at ¢. Similarly, the sections of O(gq) on an open set V' that contains q are
the rational functions that have a pole of order at most 1 at ¢ and are regular at every other point of V. The
sections of O(—¢q) and of O(g) on an open set V' that doesn’t contain p are the regular functions on V. For
any D, sections of O(D) on V can have arbitrary zeros or poles at points that aren’tin V.

The fact that a section of O(D) is allowed to have a pole at ¢; if r; > 0 contrasts with the divisor of a
function. If div(f) = > r;q;, then r; > 0 means that f has a zero at ¢;. If div(f) = D, then f will be a
global section of O(—D).
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8.3.5. Lemma. (i) If D and F are divisors and if E— D is effective, then O(D) C O(E).
(ii) The function field module K of a smooth curve Y is the union of the modules O(D). O

The next lemma follows from Lemma|8.2.2]

8.3.6. Lemma. Let Y be a smooth curve. The product ideal T = mi* - --m;* of Oy is isomorphic to the O-
module Oy (—D), where D is the effective divisor Y r;p;. Thus nonzero ideals of Oy correspond bijectively
to divisors — D, where D is effective. U
8.3.7. Proposition. Let D and E be divisors on a smooth curve Y.

(i) The O-module O(D) is invertible.

(ii) The map O(D)®@0 O(E) — O(D+E) that sends f®g to the product fg is an isomorphism.

(iii) The dual module O(D)* is O(—D).

(iv) Every invertible O-module L is isomorphic to a module of the form O(D).

The only difference between an invertible module £ and a module of the form O(D) is that O(D)Re K is
equal to K, whereas Lx can be a one-dimensional K -vector space without chosen basis.

It is important to note that, though every invertible module M is isomorphic to one of the form O(D), the
divisor D isn’t uniquely determined by M. (See (8.3.11) below.)

8.3.8. Definition. Let £ be an invertible O-module on a smooth projective curve Y. If £ is isomorphic to
O(D), we call the degree of D the degree of L. With this definition, x(£) = deg £ + 1 — p,.

proof of Proposition (i) We may assume that Y is affine and that the support of D contains at most one
point: D = rp. We may also assume that the maximal ideal at p is a principal ideal, generated by an element
x. In that case, O(D) will be the free module with basis 2"

(ii),(iii) Proceeding as in the proof of (i), we may assume that D = rp and E = sp. Then O(D), O(—D),
O(E), and O(D + E) have bases ", ", 2* and 2" 7%, respectively.

(iv) Let K be the function field of Y, and let KC be the function field module. When L is an invertible O-
module, Lx = L& K will be a one-dimensional K -vector space (see (??)). Since the function field module
K of Y is the union K = |J O(D), we also have L = |JL(D), where £(D) denotes the tensor product
L®oO(D). A nonzero global section a of Ly will be a global section of L(D) for some D. It will define
amap O — L(D). Passing to duals, £(D)* = L*®c O(D)* ~ L*(—D). The dual of the map « is a
nonzero and therefore injective map £*(—D) — O whose image is an ideal of O. So £*(—D) is isomorphic
to O(—FE) for some effective divisor F, and therefore £* is isomorphic to O(D — F). Dualizing once more,
L is isomorphic to O(E — D). O

If C'L is an invertible module, we denote by £(D) the invertible module £ ®» O(D).

8.3.9. Proposition. Let £ C M be an inclusion of invertible O-modules. Then M = L(E) for some effective
divisor E.

proof. L is isomorphic to O(D) for some D. Then L(—D) C O so L(—D) is an ideal, isomorphic to O(—FE)
for some effective divisor E. Then L(E) ~ O(D) ~ M. O

If D and E are divisors, O(D) is a submodule of O(F) only when E — D is effective. But as the next
proposition explains. there may be homomorphisms from O(D) to O(E) that aren’t inclusions.

8.3.10. Proposition. Let D and E be divisors on a smooth curve Y. Multiplication by a rational function f
such that div(f)+E—D > 0 defines a homomorphism of O-modules O(D) — O(FE), and every homomor-
phism O(D) — O(E) is multiplication by such a function.

proof. For any O-module M, a homomorphism @ — M is multiplication by a global section of M (6.4.4).
Then a homomorphism O — O(E—D) will be multiplication by a rational function f such that div(f HE—D >
0. If f is such a function, one obtains a homomorphism O(D) — O(E) by tensoring with O(D). O
8.3.11. Corollary.

(i) The modules O(D) and O(E) are isomorphic if and only if the divisors D and E are linearly equivalent.

(ii) Let f be a rational function on'Y, and let D = div(f). Multiplication by f defines an isomorphism
O(D) — 0. O
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8.4 The Riemann-Roch Theorem I

Let Y be a smooth projective curve. In Chapter [7] we learned that when M is a finite Oy-module, the
cohomology H?(Y, M) is a finite-dimensional vector space for all ¢, and is zero if ¢ # 0,1. As before,
we denote the dimension of the space H4(Y, M) by h?(M) or, if there is ambiguity about the variety, by
h?(Y, M).

The Euler characteristic of a finite O-module M is

(8.4.1) x(M) =h%(M) — h'(M)

In particular,

x(Oy) = h’(Oy) —h'(Oy)

The dimension h'(Oy) is the arithmetic genus of Y. It denoted by p,. We will see below, in (8.4.8))(iv), that
hO(Oy) =1. So

(8.4.2) X(Oy) = 1-pa

8.4.3. Riemann-Roch Theorem (version 1). Ler D = _ r;p; be a divisor on a smooth projective curve Y.
Then
x(OD)) = x(O)+deg D (=deg D+1—p,)

proof. We analyze the effect on cohomology when a divisor is changed by adding or subtracting a point by
inspecting the inclusion O(D—p) C O(D). Let € be the cokernel of the inclusion map, so that there is a short
exact sequence in which ¢ is a one-dimensional vector space supported at p, with h%(¢) = 1, and h'(¢) = 0.

(8.4.4) 0—-0(D-p) = 0OD)—e—0
Since m,, is isomorphic to O(—p), this sequence can be obtained by tensoring the sequence
(8.4.5) 0—=mp, >0 =k, —=0

with the invertible module O(D).
Let’s denote the one-dimensional vector space H°(Y, ¢) by [1]. The cohomology sequence associated to

(B44) is
84.6) 0— H(Y,O(D—p)) = H(Y,O(D)) 2 [1] - H'(Y,0(D—p)) = H'(Y,0(D)) = 0
In this exact sequence, one of the two maps, 7y or 4, must be zero. Either
(1) ~yiszero and ¢ is injective. In this case
h’(O(D—-p)) =h%°(O(D)) and h'(O(D—p)) =h'(O(D))+1, or
(2) ¢ is zero and + is surjective. In this case

h(O(D-p)) = h%(O(D)) ~ 1 and h'(O(D—p)) = h'(O(D))

In either case,
(8.4.7) x(O(D)) = x(O(D—p)) +1

The Riemann-Roch theorem follows from this, because we can get from O to O(D) by a finite number of
operations, each of which changes the divisor by adding or subtracting a point. (]

Because h® > h” — h'! = v, this version of the Riemann-Roch Theorem gives reasonably good control of
HPO. Tt is less useful for controlling H L To do that, one wants the full Riemann-Roch Theorem. That theorem
requires some preparation, so we have put it into Section[8.8] However, version 1 has important consequences:
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8.4.8. Corollary. Let Y be a smooth projective curve.

(i) The divisor of a rational function has degree zero: The number of zeros is equal to the number of poles.
(ii) Linearly equivalent divisors have equal degrees.

(iii) A nonconstant rational function takes every value, including infinity, the same number of times.

(iv) A rational function that is regular at every point is a constant: H°(Y, O) = C.

(v) Let D be a divisor. If deg D > p,, then h®(O(D)) > 0.

(vi) Ifh°(O(D)) > 0, then deg D > 0.

proof. (i) Let D = div(f). Multiplication by the rational function f defines an isomorphism O(D) — O, so
x(O(D)) = x(O). On the other hand, by Riemann-Roch, x(O(D)) = x(O)+deg D. Therefore deg D = 0.

(ii) If two divisors D and F are linearly equivalent, say D — E = div(f), then D — E has degree zero, and
deg D =deg FE.

(iii) The zeros of the functions f — c are linearly equivalent to the poles of f (8.3.2).
(iv) According to (iii), a nonconstant function must have a pole.
VM h°>h?—h'!=y=deg D+1—p,.

(vi) Suppose that O(D) has a nonzero global section f, a rational function such that div(f)+D = F is
effective. Then deg FE > 0. Since the degree of div(f) is zero, deg D > 0. O

8.4.9. Theorem. With its classical topology, a smooth projective curve Y is a connected, compact, orientable
two-dimensional manifold.

proof. All points except connectedness have been discussed before (Theorem[I.TT.T). A nonempty topological
space is connected if it isn’t the union of two disjoint, nonempty, closed subsets. We argue by contradiction.
Suppose that, in the classical topology, Y is the union of disjoint, nonempty closed subsets Y; and Y. Both
Y) and Y, will be compact manifolds. Let ¢ be a point of of Y;. Part (v) of Corollary @] shows that
h%(O(nq)) > 1 when n is large. A nonconstant global section f of O(nq) will be a regular function on the
complement Y — g of ¢. Then f is analytic, and it has no pole on the compact manifold Y5. It will map Y5 to
a compact subset of the complex plane. A nonconstant analytic function maps open sets to open sets. So if f
weren’t constant on Y», its image would be open. A compact subset of C can’t be open, so f must be constant
on Y5. When we subtract that constant from f, we obtain a nonconstant rational function g that is zero on Y5.
But since Y has dimension 1, the zero locus of a rational function is finite. This is a contradiction. O

8.5 The Birkhoff-Grothendieck Theorem

This theorem describes finite, torsion-free modules on the projective line.

8.5.1. Birkhoff-Grothendieck Theorem. A finite, torsion-free O-module M on the projective line P! is
isomorphic to a direct sum of twisting modules: M ~ @ O(n;).

We recall the cohomology of the twisting modules on P*: If n > 0, then h’(O(n)) = n+l and h' (O(n)) =
0,andif r > 0, then h®(O(—r)) = 0 and h'(O(—r)) = r—1 (Theorem|7.5.4).

8.5.2. Lemma. Let X denote the projective line, and let M be a finite, torsion-free O-module on X.
(i) The integers r for which there exists a nonzero map O(r) — M are bounded above.
(i) For large v, h(X, M(—r)) = 0.

proof. (i) Since M is torsion-free, any nonzero map O — M, which is multiplication by a global section of
M, will be injective. Since O(r) is locally isomorphic to O, a nonzero map O(r) — M will be injective
too, and the associated map H°(X, O(r)) — H°(X, M) will be injective. Then h®(X, O(r)) < h°(X, M).
Since h(X, O(r)) = r+1 and h°(X, M) is finite, r is bounded.

(if) A global section of M (—r) defines a map O — M(—r). Its twist by r will be a map O(r) — M. O
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By the way, the conclusions of the lemma are true for any projective variety X.

proof of the Birkhoff-Grothendieck Theorem. This is Grothendieck’s proof. A version of Birkhoff’s proof,
which uses matrices, is suggested as an exercise.

Lemma [8.2.T] tells us that M is locally free. We use induction on the rank of M. We suppose that the
theorem has been proved for locally free O-modules of rank less than r, that M has rank r, and that » > 0.
The plan is to show that M has a twisting module as a direct summand, so that M = W @& O(n) for some W.
Then we can apply induction on the rank to V.

Since twisting is compatible with direct sums, we may replace M by a twist M(n). Instead of showing
that M has a twisting module O(n) as a direct summand, we show that, after we replace M by a suitable
twist, the structure sheaf O will be a direct summand.

As we know , the twist M (n) will have a nonzero global section when 7 is sufficiently large, and
by Lemma [8.5.2] (ii), it will have no nonzero global section when n is sufficiently negative. Therefore, when
we replace M by a suitable twist, we will have H°(X, M) # 0 but H°(X, M(—1)) = 0. We assume that
this is true for M.

We choose a nonzero global section s of M and consider the injective multiplication map © —+ M. Let
W be the cokernel of this map, so that we have a short exact sequence

(8.5.3) 00 M—-W—=0

8.5.4. Lemma. Let W be the O-module that appears in the sequence (8.5.3).
i) HO(X, W(~1)) = 0.

(ii) W is torsion-free, and therefore locally free.

(iii) W is a direct sum @::_11 O(n;) of twisting modules on P*, with n; < 0.

proof. (i) This follows from the cohomology sequence associated to the twisted sequence
0—0(-1) > M(-1) > W(-1) =0
because H°(X, M(—1)) =0 and H*(X,0O(-1)) = 0.

(ii) If W had a nonzero torsion submodule, so would WW(—1), and then W(—1) would have a nonzero global

section (8.2.1).

(iii) The fact that WV is a direct sum of twisting modules follows by induction on the rank: W ~ € O(n;).
Since HY(X,W(—1)) = 0, we must have H%(X, O(n;—1)) = 0 too. Therefore n; — 1 < 0,andn; < 0. O

We go back to the proof of Theorem [8.5.1] Lemma [8.2.15]tells us that the dual of the sequence (8.5.3) is
an exact sequence

0O—-W — M —0O0"—=0

and W* ~ @ O(—n;) with —n; > 0. Therefore h'(W*) = 0. The map H°(M) — H°(O*) is surjective.
Lemma tells us that M™ is isomorphic to W* & O*. Then M is isomorphic to W & O. d

8.6 Differentials

Why differentials enter into the Riemann-Roch Theorem is a mystery, but they do, so we introduce them here.
Let A be an algebra and let M be an A-module. A derivation A % M is a C-linear map that satisfies the

product rule for differentiation — a map with these properties:

(8.6.1) d(ab) =adb+bda, d(a+b)=0da+db, and dc=0

for all a,b in A and all ¢ in C. The fact that ¢ is C-linear, i.e., that 6(cb) = ¢ b, follows.
For example, differentiation % is a derivation C[t] — C[t].
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The module of differentials €4 of an algebra A is an A-module generated by elements denoted by da, one
for each element a of A. Its elements are (finite) combinations > b; da;, with a; and b; in A. The defining

relations among the generators da are the ones that make the map A 40 4 that sends a to da a derivation:
For all a,bin A and all ¢cin C,

(8.6.2) d(ab) = adb+bda, d(a+b)=da+db, and dc=0

The elements of 24 are called differentials.

8.6.3. Lemma.

(i) Let Q24 25 M bea homomorphism of O-modules. When we compose @ with the derivation A $ Oy, we
obtain a derivation A £°% M. Composition with d defines a bijection between homomorphisms Q04 — M
and derivations A 25 M.

(ii) Q is a functor: An algebra homomorphism A —~ B induces a homomorphism Q4 — Qp that is
compatible with the ring homomorphism u, and that makes a diagram

BLQB

A% 0,

proof. (i) When we compose the derivation d with a homomorphism ¢, we do get a derivation A 2 M. In
the other direction, given a derivation A %5 M, we define a map Q4 —+ M by o(rda) = rd(a). It follows
from the defining relations for {24 that ¢ is a homomorphism of A-modules.

(ii) When Qp is made into an A-module by restriction of scalars, the composed map A “B4Q p will be a
derivation to which (i) applies. (]

8.6.4. Lemma. Ler R be the polynomial ring Clzy, ..., x,]. The R-module of differentials Qg is free, with
basis dx+, ..., dx,,.

proof. The formuladf = d%dmi follows from the defining relations. It shows that the elements dz 1, ..., dx,
generate the R-module Q.

Let V be a free R-module with basis v1,...,v,. The map R %% V defined by 0(f) = %Ui is a
derivation. It induces a surjective module homomorphism Q2 24 V that sends dx; to v;. Since dx1, ..., dx,
generate {2 and since v, ..., v, is a basis, ¢ is an isomorphism. U

8.6.5. Proposition. Let I be an ideal of an algebra R, let A be the quotient algebra R/, and let dI denote
the set of differentials df with f in I. The subset N = dI+1g is a submodule of Q) g, and S 4 is isomorphic
to the quotient module Qr /N.

The proposition can be interpreted this way: Suppose that the ideal I is generated by elements fi, ..., f, of R.
Then 2 4 is the quotient of 2 obtained from 2z by introducing these two rules:

. dfl = 0, and
« multiplication by f; is zero.

For example, let A be the quotient C[z]/(z™) of a polynomial ring in one variable and let T be the residue of
x in A. Then Q4 is generated by an element dz, with the relation nz"~'dz = 0.

proof of Proposition First, IQ)g is a submodule of {1y, and dI is an additive subgroup of Q2. To show
that IV is a submodule, we must show that scalar multiplication by an element of R carries dI to N, i.e., that
if gisin R and f isin I, then g df is in N. By the product rule, g df = d(fg) — f dg. Since I is an ideal, fg
isin I. Then d(fg) isindl and f dgisin IQg. So gdf isin N.

The two rules shown above hold in 24 because the generators f; of I are zero in A. Therefore N is in
the kernel of the surjective map Qr — Q4 defined by the homomorphism R — A. The quotient module

163



Q= Qg /N, is an A-module, and v defines a surjective map of A-modlk:s Q-5 0 4. We showi that v
is bijective. Let x be an element of R, let a be its image in A, and let dx be the image of dx in ). The

d = . -— S .
composed map R — Qr — §Q is a derivation that sends x to dzx, and [ is in its kernel. It defines a derivation

R/I=A 20 ) that sends a to dzx. This derivation corresponds to a homomorphism of A-modules 4 — Q
that sends da to dz, and that inverts v (8.6.3)). O

8.6.6. Corollary. If A is a finite-type algebra, then Q4 is a finite A-module.

This follows from Proposition because the module of differentials on the polynomial ring C[z1, ..., Z,]
is a finite module. U

8.6.7. Lemma. Let S be a multiplicative system in a domain A, and let S~ 4 be the module of fractions of
Q4. The modules S™'Q 4 and Qg1 4 are canonically isomorphic. In particular, if K is the field of fractions
of A, then K®40 4 ~ Q.

We have moved the symbol S~ to the left for clarity.

proof of Lemma The composition A — S~1A SNYo) g-14 is a derivation that defines an A-module
homomorphism 4 — Qg-1 4. This map extends to an S~ A-homomorphism S~1Q, —2+ Qg-1 4 because
scalar multiplication by the elements of .S is invertible in Qg1 4. The relation ds—* = —ks*~1ds follows
from the definition of a differential, and it shows that ¢ is surjective. We use the quotient rule

8(s7%a) = —ks " lads 4+ s *da

to define a derivation S—1A —>5 S-1Q 4. That derivation will correspond to a homomorphism Qg-1 4 —
S—1Q 4 that inverts . However, we must show that § is well-defined, that §(sy *a1) = 8(s; ‘ap) if s7%a; =
Sy *ay, and that ¢ is a derivation. You will be able to do this. |

Lemma [8.6.7| shows that a finite O-module 2y of differentials on a variety Y is defined, such that, when
U = Spec A is an affine open subset of Y, Qy (U) = Q4.

8.6.8. Proposition. The module )y of differentials on a smooth curve Y is invertible. If y is a local generator
for the maximal ideal at a point q, then in a suitable neighborhood of q, Q0y will be a free O-module with basis
dy.

proof. We may assume that Y is affine, say Y = Spec B. Let ¢ be a point of Y, and let y be an element of B
with v, (y) = 1. To show that dy generates {2 locally, we may localize, so we may suppose that y generates
the maximal ideal m at g. We must show that after we localize B once more, every differential df with f in
B will be a multiple of dy. Let ¢ be the value of the function f at g: Then f = ¢ + yg for some g in B, and
because dc = 0, df = gdy + y dg. Here gdy is in B dy and y dy is in m{2g. So

QB:de+mQB

Let M denote the quotient module Qp /(B dy). Then M = mM. The Nakayama Lemma applies. It tells us
that there is an element z in m such that s = 1 — z annihilates M. When we replace B by its localization By,
we will have M = 0 and Q2 = B dy, as required.

#H#Hugh##

We must still verify that dy isn’t a torsion element. If it were, say bdy = 0, then because dy is a local
generator, (25 would be the zero module except at the finite set of zeros of b. Since we can take for ¢ an
arbitrary point of Y, it suffices to show that the local generator dy for Qg isn’t zero. Let R = Cly] and
A = C[y]/(y?). The module Qp, is free, with basis dy, and as noted above, if 7 is the residue of y in A, the
A-module Q 4 is generated by dy, with the relation 27 dy = 0. It isn’t the zero module. Proposition[5.3.7]tells
us that, at our point g, the algebra B/ mi is isomorphic to A, and Propositiontells us that 24 is a quotient
of Qp. Since 24 isn’t zero, neither is Q3. O

8.7 Trace

(8.7.1) trace of a function
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Let Y —— X be a branched covering of smooth curves, and let ' and K be the function fields of X and
Y, respectively.

The trace map K %, F for a field extension of finite degree has been defined before . If ais an
element of K, multiplication by « on the F'-vector space K is an F'-linear operator, and tr(k) is the trace of
that operator. The trace is F-linear: If f; are in F' and ; are in K, then tr(>_ fia,;) = Y f; tr(oy). Moreover,
the trace carries regular functions to regular functions: If X’ = Spec A’ is an affine open subset of X whose
inverse image is Y’ = Spec B’, then because A’ is a normal algebra, the trace of an element of B’ will be in
A’ . Using our abbreviated notation Oy for 7, Oy, the trace defines a homomorphism of O x-modules

(8.7.2) Oy 5 Ox

Analytically, the trace can be described as a sum over the sheets of the covering. Let n = [Y : X]. Over
a point p of X that isn’t a branch point, there will be n points ¢y, ..., g, of Y. If U is a small neighborhood
of p in X in the classical topology, its inverse image V' will consist of disjoint neighborhoods V; of g;, each
of which maps bijectively to U. On V;, the ring B of analytic functions will be isomorphic to the ring A of
analytic functions on U. So B is the direct sum A; @ --- ® A, of n copies of A. If a rational function g on
Y is regular on V/, its restriction to V' can be written as g = g1 ® - - - @ gy, with g; in A;. The matrix of left
multiplication by g on A; & - - - & A, is the diagonal matrix with entries g;, so

8.7.4. Lemma. Let Y — X be a branched covering of smooth curves, let p be a point of X, let q1, ..., qi; be
the fibre over p, and let e; be the ramification index at q;. If a rational function g on'Y is regular at the points
q1, --- Gk, its trace is regular at p, and its value at p is [tr(g)](p) = e19(q1) + - - - + erg(qr)-

proof. The regularity was discussed above. If p isn’t a branch point, we will have k = n and e; = 1 for all <.
In this case, the lemma follows by evaluating (8.7.3). It follows by continuity for any point p. As a point p’
approaches p, e; points ¢’ of Y approach g; (8.1.6). For each such point, the limit of g(¢’) will be g(¢;). O

(8.7.5) trace of a differential

The structure sheaf is naturally contravariant. A branched covering Y —— X gives us an O x-module
homomorphism Ox — Oy. The trace map for functions is a homomorphism of O x-modules in the opposite
direction: Oy A Ox.

Differentials are also naturally contravariant. A morphism ¥ — X induces an Ox-module homomor-
phism 2x — Qy that sends a differential dx on X to a differential on Y that we denote by dx too (ii).
As is true for functions, there is a trace map for differentials in the opposite direction. It is defined below, in

lb and will be denoted by 7 : Qy — Qx.
First, a lemma about the contravariant map Qx — Qy-:

8.7.6. Lemma. (i) Let p be the image in X of a point q of Y, let x and y be local generators for the maximal
ideals of X and Y at p and q, respectively, and let e be the ramification index of the covering at q. Then
dx = vy~ 'dy, where v is a local unit at q.

(ii) The canonical homomorphism Qx — CQy is injective.

proof. (i) As we have noted before, x has the form uy®, where u is a local unit. Since dy generates {2y locally,
there is a rational function z that is regular at ¢ such that du = zdy. Let v = yz 4 eu. Since eu is a local unit
and yz is zero at ¢, v is a local unit, and

de = d(uy®) = y°zdy +ey* tudy = vy dy
(ii) See (8:2.17). O

To define the trace for differentials, we begin with differentials of the functions fields. Let F' and K be
the function fields of X and Y, respectively. Because the Oy -module Qy is invertible, the module Qf of

165



K -differentials, which is the localization 2y ®» K, is a free K-module of rank one. Any nonzero differential
will form a K -basis. We choose a nonzero F-differential «.. Its image in {25, which we also denote by «, will
be a K -basis for Q5. We can, for example, take « = dx, where z is a local coordinate function on X.

An element S of Qx can be written uniquely in the form
B =ga
where ¢ is an element of K. The trace Qx - Qp is defined by

(8.7.7) 7(8) = tr(g)a

where tr(g) is the trace of the function g. Since the trace for functions is F-linear, 7 is also an F-linear map.

We need to check that 7 is independent of the choice of . If o/ is another nonzero F-differential, then
fa’ = a for some nonzero element f of F, and gao = g fa’. Since tr is F-linear,

tr(gf)e’ = tr(g)fo’ = tr(g)

Using o’ in place of « gives the same value for the trace.

A differenial of the function field K will be called a rational differential. A rational differential 3 is regular
at a point g of Y if there is an affine open neighborhood Y/ = Spec B of ¢ such that 3 is an element of 3.
If y is a local generator for the maximal ideal m, and 3 = g dy, then (3 is regular at g if the rational function g
is regular at q.

Let p be a point of X. Working locally at p, we may suppose that X and Y are affine, X = Spec A and
Y = Spec B, that the maximal ideal at p is a principal ideal, generated by an element = of A, and that the
differential dx generates €24. Let q1, ..., qi be the points of Y that lie over p, and let e; be the ramification
index at g;.

8.7.8. Corollary. (i) When viewed as a differential on Y, dx has zeros of orders e;—1 at g;.

(ii) If a differential 3 on Y is regular at the points q;, ..., qx, it will have the form 8 = gdx, where g is a
rational function with poles of orders at most e; — 1 at q;.

This follows from Lemma (8.7.6] (i). O

8.7.9. Main Lemma. Let Y — X be a branched covering. Let p be a point of X, let q1, ..., qi, be the points
of Y that lie over p, and let (3 be a rational differential on'Y .

(i) If B is regular at the points q1, ..., qx, then its trace T(3) is regular at p.
(ii) If 5 has a simple pole at q; and is regular at q; when j # i, then T(f3) is not regular at p.

proof. (i) Corollary tells us that 8 = g dx, where g has poles of orders at most e; — 1 at the points g;.
Since x has a zero of order e; at g;, the function xg is regular at ¢;, and its value there is zero. Then tr(zg) is
regular at p, and its value at p is zero . So 27! tr(xg) is a regular function at p. Since tr is F-linear and
xisin F, x~1tr(zg) = tr(g). Therefore tr(g) and 7(3) = tr(g)dx are regular at p.

(i) With 5 = g dz, the function xg will be regular at p. Its value at ¢; will be zero when j # 4, and not zero
when j = i. Then tr(xg) will be regular at p, but not zero there (8.7.4). Therefore 7(3) = x~ ! tr(xg)dx
won’t be regular at p. 0

8.7.10. Corollary. The trace map defines a homomorphism of O x -modules Qy — Qx. O

8.7.11. Example. Let Y be the locus y® = z in A%yy. Multiplication by ¢ = €2™"/¢ permutes the sheets of ¥’
over X. The trace of a power y* is

(8.7.12) tr(y*) = > Myt
J

The sum > ¢*7 is zero unless k = 0 modulo e. Then 7(y"dy) = 7(y"+1=¢)dx = 0 if r # —1 modulo e, but
T(y~tdy) = tr(e 12~ 1)dx = 2~ 'dz isn’t regular at & = 0. O
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Let Y — X be a branched covering, and suppose that Y = Spec B and X = Spec A are affine. Both
B and Qp are torsion-free, and therefore locally free A-modules. Let’s assume that they are free A-modules,
that the maximal ideal of A at p is generated by an element x, and that €2 4 is a free module of rank one with
basis dz. Then 4(B,Q4) will be a free A-module too.

As is true for any B-module, Q5 is isomorphic to g(B,Q5). The map B — Qp that corresponds to an
element 5 of (2 is multiplication by 5. It sends an element z of B to z[.

## rethink wording##

If £ is a B-linear map B — ()p, then because 7 is A-linear, the composed map B EINYo) B — Q4 will
be A-linear — a homomorphism of A-modules. Thus composition with the trace 7 defines a map

(8.7.13) Qp ~ p(B,Q5) —— A(B,Q4)
8.7.14. Theorem. The map (|8.7.13)) is an isomorphism of B-modules.

proof. This theorem follows from the Main Lemma[8.7.9] when one looks closely.

Let’s denote 4(B,€24) by H. This is an A-module, but it becomes a B-module because B is a B-module
. Scalar multiplication by an element b of B is defined as follows: Let B — 4 be an A-linear map.
Then bu is the map [bu](z) = u(zb) for z in B.

Next, because B and ()4 are locally free A-modules, # is a locally free A-module and a locally free B-
module. Since Q4 has A-rank 1, the A-rank of # is the same as the A-rank of B. Therefore the B-rank of H
is 1 (8:2.4)(ii). So H is an invertible B-module.

The trace map Q03 — H isn’t the zero map because 7 dz # 0. Since domain and range are invertible B-
modules, 7 is an injective homomorphism. Its image, which is isomorphic to {1y, is an invertible submodule
of the B-module #. Therefore # is isomorphic to the invertible module Q5 (D) for some effective divisor D
(8:3.7). To complete the proof of the theorem, we show that the divisor D is zero.

Suppose that D > 0 and let g be a point in the support of D. We may suppose that ¢ lies over our chosen
point p. Then Q5(q) C Qp(D) ~ H. We choose a rational differential § in Q that has a simple pole at ¢,
and is regular at the other points of Y in the fibre over p. The Chinese Remainder Theorem allows us to do
this. According to Lemma (ii), the trace 7(3) isn’t regular at p. It isn’t in H. O

Note. This is a subtle theorem, and I don’t like the proof. It is understandable, but it doesn’t give much insight
as to why the theorem is true. To get more insight, we would need a better understanding of differentials. My
father Emil Artin said “One doesn’t really understand differentials, but one can learn to work with them.”

8.7.15. Theorem. Let Y — X be a branched covering of affine varieties X = Spec A and Y = Spec B,
and let M be a finite B-module. Composition with the trace Qg —s 04 defines a bijection

(8.7.16) B(M,Qp) > A(M,Q24)
proof. We choose a resolution
B™ —-B"—=M—=0
of M and form a diagram
0 —— p(M,Qp) —— 5(B,0B)" —— B(B,Qp)™
| | |
0 —— A(M,Q4) —— A(A,Q4)" —— A(A,Q4)™

in which the maps a, b, ¢ are the compositions with the trace 7, as was described above. Because the functor
Hom is left exact and contravariant in the first variable, the rows of this diagram are exact. Theorem
Shows that b and c are bijective. Therefore a is bijective too. O

Extension of this theorem to branched coverings ¥ — X in which Y and X aren’t affine presents no
problem.

8.7.17. Corollary. Let Y " X be a branched covering of smooth curves, and let M be a finite Oy -module.
The map v(M,Qy) AN x(M, Qx) obtained by composition with the trace Qy — Qx is an isomorphism
of O x-modules. O
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When written without dropping the symbol Hom or suppressing the notation for the direct image, this isomor-
phism becomes an isomorphism

7 (Homy (M, Qy)) - Homg, (7. M, Qx)
8.8 The Riemann-Roch Theorem II

(8.8.1) the Serre dual

Let Y be a smooth projective curve, and let M be a locally free Oy -module. The Serre dual of M, which
we will denote by M7 is the module

(8.8.2) M# = y(M,Qy) = Hom,, (M, Qy)

For example, O;% = Qy and Qi = Oy.

Since the invertible module 2y is locally isomorphic to Oy, the Serre dual M7 will be locally isomorphic
to the ordinary dual M*. Tt will be a locally free module with the same rank as M, and the bidual (M#)#
will be isomorphic to M.

8.8.3. Riemann-Roch Theorem, version 2. Let M be a locally free Oy -module on a smooth projective curve
Y, and let M be its Serre dual. Then h®(M) = h*(M#) and h*(M) = h®(M#).

Because M and (M#)# are isomorphic, the two assertions of the theorem are equivalent.

For example, h!(Qy) = h"Oy) =1and h(Qy) = h'(Oy) = p,.
If M is a locally free Oy -module on a smooth projective curve Y, then

(8.8.4) x(M) = h®(M) — h®(M#)

A more precise statement of the Riemann-Roch Theorem is that H'(Y, M) and H°(Y, M#) are dual
vector spaces in a canonical way. We omit the proof of this. The fact that their dimensions are equal is enough
for many applications. The canonical isomorphism becomes important only when one wants to apply the
theorem to a cohomology sequence. And of course, any complex vector spaces V' and W whose dimensions
are equal can be made into dual spaces by the choice of a nondegenerate bilinear form V' x W — C.

Our plan is to prove Theorem directly for the projective line. The structure of locally free modules on
P! is very simple, so this will be easy. Following Grothendieck, swe derive it for an arbitrary smooth projective
curve Y by projection to P!,

Let Y be a smooth projective curve, let X = P!, and let Y = X be a branched covering. Let M be a
locally free Oy -module, and let the Serre dual of M, as defined in (8.8.2), be M¥:

MY = y(M,Qy)

The direct image of M is a locally free O x-module that we are denoting by M too, and we can form the Serre
dual on X. Let

8.8.5. Corollary. The direct image W*M#, which we also denote by ./\/lf’E is isomorphic to ./\/l;#E
proof. This is Theorem [8.7.17] O

The corollary allows us to drop the subscripts from M#. Because a branched covering is an affine mor-
phism, the cohomology of M and of its Serre dual M# can be computed, either on Y or on X. (See (7.4.25).)

IfY 5 X is a branched covering of projective curves and M is a locally free Oy -module, then H?(Y, M) ~
H(X, M) and H1(Y, M#) ~ H1(X, M#).
Thus it is enough to prove Riemann-Roch for the projective line.
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(8.8.6) Riemann-Roch for the projective line

The Riemann-Roch Theorem for the projective line X = P! is a simple consequence of the Birkhoff-
Grothendieck Theorem, which tells us that every locally free O x-module M on X is a direct sum of twisting
modules Ox (k). To prove Riemann-Roch for the projective line X = P!, it suffices to the theorem for the
twisting modules.

8.8.7. Lemma. The module of differentials Qx on X is isomorphic to the twisting module Ox (—2).

proof. Since Q x is invertible, the Birkhoff-Grothendieck Theorem tells us that it is a twisting module Ox (k).
We only need to identify the integer k. On the standard open subset U = Spec C|x], the module of differen-
tials is free, with basis dz, and 2 = 1 is the coordinate on U* = Spec C[z]. Then dz = d(271) = —z~2d>
describes the differential dz on U. Since the point p at infinity is {z = 0}, dz has a pole of order 2 there.
It is a global section of 2 x (2p), and as a section of that module, it isn’t zero anywhere. So multiplication by
dx defines an isomorphism O — Qx(2p) that sends 1 to dz. Tensoring with O(—2p), we find that Qx is
isomorphic to O(—2p). O

8.8.8. Lemma. Let let M and N be locally free O-modules on the projective line X. Then x (M(r),N) is
canonically isomorphic to x (M, N (—r)).

proof. When we tensor a homomorphism M(r) 5 N with O(—r), we obtain a homomorphism M —
N (=), and tensoring with O(r) is the inverse operation. O

The Serre dual O(n)# of O(n) is therefore
O(n)# = x(O(n), 2x) ~ O(=2—n)
To prove Riemann-Roch for X = P!, we must show that
h’(X,0(n)) = h'(X,0(-2-n)) and h'(X,0(n)) = h®(X,O0(-2-n))

This follows from the computation of cohomology of the twisting modules (Theorem [7.5.4). O
8.9 Using Riemann-Roch

(8.9.1) genus

Three closely related numbers associated to a smooth projective curve Y are: its fopological genus g, its
arithmetic genus p, = h'(Oy ), and the degree § of the module of differentials 2y

8.9.2. Theorem. Let Y be a smooth projective curve. The topological genus g and the arithmetic genus p, of
Y are equal, and the degree & of the module Qy is 2p, — 2, which is equal to 2g — 2.

proof. Let Y —— X be a branched covering of X = P!. The topological Euler characteristic e(Y), which is
2—2g, can be computed in terms of the branching data for the covering (see ). Let g; be the ramification
points in Y, and let e; be the ramification index at ¢;. Then e; sheets of the covering come together at ¢;. If
the degree of Y over X is n, then since e(X) = 2,

(8.9.3) 2-29=¢(Y) = ne(X) = (e;i—=1) = 2n— > (e;—1)
We compute the degree & of 2y in two ways. First, the Riemann-Roch Theorem tells us that h®(Q2y) =

h'(Oy) = p, and h'(Qy) = h°(Oy) = 1. So x(Qy) = —x(Oy) = pa — 1. The Riemann-Roch Theorem
also tells us that x(Qy') = 6 + 1 — p, (8.3.8). Therefore

(8.9.4) 5= 2py — 2
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Next, we compute d by computing the divisor of the differential dx on Y, = being a coordinate in X. Let
q; be one of the ramification points in Y, and let e; be the ramification index at ¢;. Then dx has a zero of order
e;—1at ¢;. On X, dx has a pole of order 2 at co. Let’s suppose that the point at infinity isn’t a branch point.
Then there will be n points of Y~ at which dx has a pole of order 2, n being the degree of Y over X. The
degree of (y is therefore

(8.9.5) 6 = zeros — poles = 2(61'*1) —2n

Combining (8.9.5) with (8.9.3), one sees that § = 2¢g — 2. Since we also have § = 2p, — 2, g = p,. O

8.9.6. Corollary. Let D be a divisor on a smooth projective curve Y of genus g. If deg D > 2g — 2 then
h'(O(D)) = 0. Ifdeg D < g — 2, then h'(O(D)) > 0.

proof. This follows from Corollary (v) and (vi). g
(8.9.7) curves of genus zero

Let Y be a smooth projective curve Y of genus zero, and let p be a point of Y. The exact sequence
0= 0y = Oy(p) > e—0
where € is a one-dimensional module supported at p (8.4.6), gives us an exact cohomology sequence
0 — H°(Y,0y) = H°(Y,Oy(p)) = H°(Y,e) = 0

The zero on the right is due to the fact that, because p, = 0, H*(Y,Oy) = 0. We also have h®(Oy) =
h%(e) = 1, s0 h’(Oy (p)) = 2. We choose a basis (1, x) for H°(Y, Oy (p)), 1 being the constant function and
x being a nonconstant function with a single pole of order 1 at p. This basis defines a point of P! with values

in the function field K of Y, and therefore a morphism Y 5 P'. Because « has just one pole of order 1, it
takes every value exactly once. Therefore ¢ is bijective. It is a map of degree 1, and therefore an isomorphism
(8.1.3).

8.9.8. Corollary. Every smooth projective curve of genus zero is isomorphic to the projective line P!, U

A rational curve is a curve (smooth or not) whose function field is isomorphic to the field C(¢) of rational
functions in one variable. A smooth projective curve of genus zero is a rational curve.

(8.9.9) curves of genus one

A smooth projective curve of genus 1 is called an elliptic curve. The Riemann-Roch Theorem tells us that on
an elliptic curve Y,
x(O(D)) = deg D

Since h%(Qy) = h'(Oy) = 1, Qy has a nonzero global section w. Since 0y has degree zero (8.9.2), w
doesn’t vanish anywhere. Multiplication by w defines an isomorphism O — y. So Qy is a free module of
rank one. It follows that the Serre dual M# of an @-module M is isomorphic to the ordinary dual M*.

The next lemma follows from Riemann-Roch.

8.9.10. Lemma. Let p be a point of an elliptic curve Y. For any r > 0, h°(O(rp) = r, and h' (O(rp)) = 0.
([

Since H°(Y, Oy) € H°(Y, Oy (p)), and since both spaces have dimension one, they are equal. So (1) is a
basis for H(Y, Oy (p)). We choose a basis (1, z) for the two-dimensional space H'(Y, Oy (2p)). Then z isn’t
a section of O(p). It has a pole of order precisely 2 at p. Next, we choose a basis (1, x,y) for H (Y, Oy (3p)).
So x and y are functions with poles of orders 2 and 3, respectively, at p, and no other poles. The point (1, z, y)

of P? with values in K determines a morphism Y’ 5 P2, Let u, v, w be coordinates in P2. The map ¢ sends
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a point ¢ distinct from p to (u,v,w) = (1,2(q),y(q)). Since Y has dimension one, ¢ is a finite morphism.
Its image will be a closed subvariety of P? of dimension one. Since (1, z,y) are independent, the image isn’t
contained in a line.

To determine the image of the point p, we multiply (1, x,%) by A = y~! to normalize the second coordinate
to 1, obtaining the equivalent vector (y~*, 2y =1, 1). The rational function y~* has a zero of order 3 at p, and
2y~ ! has a simple zero there. Evaluating at p, we see that the image of p is the point (0,0, 1).

Let Y’ be the image of Y, which is a curve in P2, The map Y — IP? restricts to a finite morphism Y — Y.
Let ¢ be a generic line {au+bv+cw = 0} in P2. The rational function a+bz+cy on Y has a pole of order 3
at p and no other pole. It takes every value, including zero, three times, and the set of points g of Y at which
a + bx + cy is zero is the inverse image of the intersection Y/ N £. The only possibilities for the degree of Y’
are 1 and 3. Since 1, z, y are independent, Y isn’t a line. So the image Y is a cubic curve (Corollary[1.3.9).

To determine the image, we look for a cubic relation among the functions 1, z, y on Y. The seven monomi-
als 1, z,y, 2%, 2y, 23, y? have poles at p of orders 0,2, 3,4, 5, 6, 6, respectively, and no other poles. They are
sections of Oy (6p). Riemann-Roch tells us that h’(Oy (6p)) = 6. So those seven functions are dependent.
The linear dependency relation gives us a cubic equation among x and y, which we write in the form

cy? + (a1x + as)y + (a0x3 + asa® + agx + ag) =0

There can be no linear relation among functions whose orders of pole at p are distinct. So when we delete
either 2% or y? from the list of monomials, we obtain an independent set of six functions that form a basis for
the six-dimensional space H°(Y, O(6p)). In the cubic relation, the coefficients ¢ and ag aren’t zero. We can
scale y and x to normalize ¢ and a( to 1. We eliminate the linear term in y from this relation by substituting
Yy — %(alx + ag) for y. Next, we eliminate the quadratic term in x. by substituting  — %ag for x. Bringing
the terms in x to the other side of the equation, we are left with a cubic relation

y2:x3+a4x+a6

The coefficients a4 and ag have changed, of course.

The cubic curve Y’ defined by the homogenized equation 32z = 23 + asx2? + agz> is the image of Y.
This curve Y’ meets a generic line ax + by + cz = 0 in three points and, as we saw above, its inverse image
in Y consists of three points too. Therefore the morphism ¥ —25 Y is generically injective, and Y is the
normalization of Y”. Corollary [7.6.3|computes the cohomology of Y”: h°(Oy-) = h'(Oy/) = 1. This tells
us that h?(Qy~) = h%(Oy) for all ¢q. Let’s denote the direct image of Oy by the same symbol Oy. The
quotient 7 = Oy /Oy is a torsion module with no global sections, so it is zero (ii).

8.9.11. Corollary. Every elliptic curve is isomorphic to a cubic curve in P2 O

(8.9.12) the group law on an elliptic curve

The points of an elliptic curve form an abelian group, once one chooses a point to be the identity element.

We choose a point of Y, and label it 0. We’ll write the law of composition in the group as p & ¢, using the
symbol @ to distinguish this sum, which is a point of Y, from the divisor p + g.

Let p and ¢ be points of Y. To define p @ g, we compute the cohomology of Oy (p+ ¢ — o). It follows from
Riemann-Roch that h®(Oy (p + ¢ — 0)) = 1 and that h'(Oy (p + q¢ — 0)) = 0. There is a nonzero function
f, unique up to scalar factor, with simple poles at p and ¢ and a zero at o. This function has exactly one other
zero. That zero is defined to be the sum p @ ¢ in the group. In terms of linearly equivalent divisors, s = p & ¢
is the unique point such that s is linearly equivalent to p + ¢ — o, or such that p + ¢ is linearly equivalent to
o+ s.

8.9.13. Proposition. The law of composition @ defined above makes an ellipic curve into an abelian group.

The proof is an exercise. O

(8.9.14) interlude: maps to projective space
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Let Y be a smooth projective curve. We have seen that any set (fy, ..., f,) of rational functions on Y

defines a morphism Y 5 pn . As a reminder, let ¢ be a point of Y and let g; = f;/fi, where i is
an index such that f; has the minimum value v4(f;). Then g; are regular at ¢ for all j, and the morphism
¢ sends the point ¢ to is (go(q), ..., gn(q)). For example, the inverse image Y° = ¢~1(UY) of the standard
open set U° is the set of points at which the functions g; = f;/fo are regular. If ¢ is such a point, then

o(q) = (1,91(9), - gn(q))-

8.9.15. Lemma. Let Y 25 P" be the morphism of a smooth projective curve Y to projective space that is
defined by a set (fo, ..., fn) of rational functions on'Y .

(i) If the space spanned by { fo, ..., fn} has dimension at least two, then @ is not a constant function.
@) If { fo, ..., fn} are linearly independent, the image isn’t contained in any hyperplane. O

The degree d of a nonconstant morphism ¢ from a projective curve Y, smooth or not, to projective space
IP", is the number of points of the inverse image ¢~ !(H) of a generic hyperplane H in P". We check that
this number is well-defined. Say that H is the locus h(x) = 0, where h = > a;x;, and that another generic
hyperplane G is the locus g(x) = 0, where g =: > b;z;. Let f(x) = h/g. The divisor of the rational function
f=foponYise 'H— o lH.

(8.9.16)  base points

If D is a divisor on the smooth projective curve Y, a basis (fo, ..., fx) of global sections of O(D) defines
a morphism Y — P*~1. This is the most common way to construct such a morphism, though one could use
any set of rational functions.

If a global section of O(D) vanishes at a point p of Y, it is a section of O(D — p). A point p is a base
point of O(D) if every global section of O(D) vanishes at p. A base point can be described in terms of the
usual exact sequence

0= O0OD-p) = 0OD)—e—0
The point p is a base point if h°(O(D —p)) = h°(O(D)), or if h*(O(D—p)) = h}(O(D)) — 1.

Let Y - P™ is a morphism. The degree . of 7 is the number of points in the inverse image of a generic
hyperplane.

8.9.17. Lemma. Let D be a divisor on a smooth projective curve Y, and suppose that H°(O(D)) # 0. Let
Y -2 P be the morphism defined by a basis of global sections.

(i) The image of @ isn’t contained in any hyperplane.

(ii) If O(D) has no base points, the degree r of the morphism ¢ is equal to degree of D. If there are base
points, the degree is lower. U

(8.9.18) canonical divisors

Because the module 2y of differentials on a smooth curve Y is invertible, it is isomorphic to O(K) for
some divisor K. Such a divisor K is called a canonical divisor. It is often convenient to represent 2y as a
module O(K), though the canonical divisor K isn’t unique. It is determined only up to linear equivalence (see

@3.11)).

When written in terms of a canonical divisor K, the Serre dual of an invertible module O(D) will be
O(D)* = o(O(D), O(K)) ~ O(K—D). With this notation, the Riemann-Roch Theorem for O(D) becomes

(8.9.19) h’(O(D)) =h!(O(K—-D)) and h'(O(D))=h’°(O(K-D))
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8.9.20. Proposition. Let K be a canonical divisor on a smooth projective curve Y of genus g > 0.
(i) O(K) has no base point.
(ii) Every point p of Y is a base point of O(K +p).

proof. (i) Let p be a point of Y. We apply Riemann-Roch to the exact sequence
0= OK-p)—OK)—>¢ —0

where €; denotes a one-dimensional module supported on a point p. The Serre duals O and O(p) of O(K)
and O(K —p), respectively, form an exact sequence

0>0—=0(p) —>e—0

When Y has positive genus, there is no rational function on Y with just one simple pole. So h’(O(p)) =
h%(0) = 1. Riemann-Roch tells us that h! (O(K —p)) = h'(O(K)) = 1. The cohomology sequence

0 — H°(O(K—-p)) = H°(O(K)) = [1] = H' (O(K —p)) = H' (O(K)) =0
shows that h®(O(K —p)) = h°(O(K)) — 1. So p is not a base point.
(ii) Here, the relevant sequence is
0= OK)— O(K+p) —>e3—0

The Serre dual of O(K +p) is O(—p), which has no global section. Therefore h'(O(K +p)) = 0, while
h'(O(K)) = h°(O) = 1. The cohomology sequence

0 — h%(O(K)) = h°(O(k+p)) — [1] = h}(O(K)) = h}(O(k+p)) — 0

shows that H(O(K)) = H°(O(K +p)). So p is a base point of O(K +p). O

(8.9.21) hyperelliptic curves

A hyperelliptic curve Y is a smooth projective curve of genus g > 1 that can be represented as a branched
double covering of the projective line. So Y is hyperelliptic if there is a morphism ¥ — X of degree two,
with X = P

The topological Euler characteristic of a hyperelliptic curve Y can be computed in terms of the covering
Y — X, which will be branched at a finite set p1, ..., p,, of n points. Since 7 has degree two, the multiplicity
of a branch point will be ¢ = 2. The Euler characteristic is therefore e(Y) = 2¢(X) — n = 4 — n. Since
e(Y) = 2 — 2g, the number of branch points is n = 2g + 2. So when g = 3, n = 8.

It would take some experimentation to guess that the next remarkable theorem might be true, and some
time to find a proof.

8.9.22. Theorem. Let K be a canonical divisor on a hyperelliptic curve Y, and let Y —» X = P! be
the associated branched covering of degree 2. The morphism Y — P9~ defined by the global sections of
Oy = O(K) factors through X. There is a morphism X 5 P9~ such that m = kou: ¥ -+ X — P9~ 1,

8.9.23. Corollary. A curve of genus g > 2 can be presented as a branched covering of P! of degree 2 in at
most one way. [l

proof of Theorem|[8.9.22}

Let z be an affine coordinate in X, so that the standard affine open subset U° of X is Spec C[z]. We may
suppose that the point p., at infinity isn’t a branch point of the covering. Let Y° = 7=1U°. Then Y will
have an equation of the form

y* = f(z)
where f is a polynomial with n = 2g + 2 simple roots. There will be two points of Y above the point p..
They are interchanged by the automorphism y — —y. Let’s call those points ¢; and ¢o.
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We start with the differential dz, which we view as a differential on Y. Then 2y dy = f'(z)dz. Since f
has simple roots, f’ doesn’t vanish at any of them. Therefore dz has simple zeros on Y above the roots of f.
We also have a regular function on Y with simple roots at those points, namely the function y. Therefore the
differential w = %’3 is regular and nowhere zero on 3°. Because the degree of a differential on Y is 2g — 2
(??), w has a total of 2g — 2 zeros at infinity. By symmetry, w has zeros of order g — 1 at the eah of two points
g1 and g2. So K = (g—1)q1 + (g—1)qo is a canonical divisor on Y, i.e., Qy =~ Oy (K).

Since K has zeros of order g — 1 at infinity, the rational functions 1, z, 22, ..., 297!, viewed as functions
on Y, are among the global sections of Oy (K). They are independent, and there are g of them. Since
h?(Oy (K)) = g, they form a basis of H°(Oy (K)). The map Y — P91 defined by the global sections of

Oy (K) evaluates these powers of , so it factors through the double covering Y —— X. (]

(8.9.24) canonical embedding

Let Y be a smooth projective curve of genus g > 2, and let K be a canonical divisor on Y. Since O(K)

has no base point (2?), its global sections define a morphism Y —“+ P9~ the canonical map whose degree is
equal to the degree 2g — 2 of the canonical divisor.

8.9.25. LetY be a smooth projective curve of genus g at least two. If Y is not hyperelliptic, the canonical map
embeds Y as a closed subvariety of projective space P91,

proof. We show first that, if x isn’t an injective map, then Y is hyperelliptic. Let p and ¢ be distinct points
such that k(p) = k(g). We may assume that the canonical divisor K is effective, and that p and ¢ are not in
its support. We inspect the global sections of O(K —p—gq). Since x(p) = k(q), any global section of O(K)
that vanishes at p vanishes at ¢ too. Therefore O(K —p) and O(K —p—q) have the same global sections, and
q is a base point of O(K —p). We’ve computed the cohomology of O(K —p): h®(O(K —p)) = g—1 and
h'(O(K—p)) = 1. Then h®(O(K —p—q)) = g—1 and h'O(K —p—q)) = 2. The Serre dual of O(K —p—q)
is O(p + q), so by Riemann-Roch, h®(O(p + ¢)) = 2. If D is a divisor of degree one on a curve of positive
genus, then h®(O(D)) < 1 (Proposition ??). Therefore O(p + ¢) has no base point. Its global sections define
a morphism Y — P! of degree 2. So Y is hyperelliptic. Conversely, if Y is hyperelliptic, Theorem
shows that x has degree 2.

If Y isn’t hyperelliptic, the canonical map is injective, so Y is mapped bijectively to its image Y in P91,
This almost proves the theorem, but: Can Y’ have a cusp? We must show that the bijective map Y —— Y is
an isomorphism.

We go over the computation made above for a pair of points p, g, this time taking ¢ = p. The computation
is the same. It shows that, since Y isn’t hyperelliptic, p isn’t a base point of Oy (K—p). Therefore h®(Oy (K—
2p)) = h%(Oy (K —p)) — 1. This tells us that there is a global section f of Oy (K) that has a zero of order
exactly 1 at p. When properly interpreted, this fact shows that x doesn’t collapse any tangent vectors to Y, and
therefore that « is an isomorphism. Since we haven’t discussed tangent vectors, we prove this directly.

Since « is a bijective, finite morphism, it is an integral morphism. The function fields of Y and its image
Y are equal, and Y is the normalization of Y”. Moreover, & is an isomorphism except on a finite set.

We work locally at a point p of Y’. When we restrict the global section f of Oy (K) found above to the
image Y, we obtain an element of the maximal ideal m’ of Oy at p, that we denote by x. On Y, this element
has a zero of order one at p, and therefore it is a local generator fot the maximal ideal m, of Oy. We may
assume that = generates m,,, and that the quotient 7 = Oy /Oy is a finite-dimensional vector space supported
at p.

We multiply the short exact sequence 0 — Oy~ SN Oy -~ F — 0 by z. The cokernels of the
multiplication maps form an exact sequence

Oy//IOy/ —;> Oy/x@y i)]-"/x}"% 0

Since x generates M, Oy /xOy is the residue field x(p), which has dimension one. The map 7 isn’t zero
because it sends the residue of 1 in Oy /xOy to the residue of 1 in x(p). Therefore i is surjective. This
shows that F/xF = 0. But since F is a finite Oy~ -module and z is in the maximal ideal m’, the quotient
F/xF can’t be zero unless F is zero (5.1.24). Therefore Oy = Oy-. O
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8.9.26. Examples. Let Y be a smooth projective curve of genus g.

(i) When g = 2, the canonical morphism « is a map of degree 2g — 2 = 2 from Y to P!. Every smooth
projective curve of genus 2 is hyperelliptic.

(ii) When g = 3, x is a morphism of degree 4 from Y to P2, If Y isn’t hyperelliptic, its image will be a plane
curve of degree 4, isomorphic to Y. The genus of a smooth projective curve of degree 4 is (g) =3
which checks.

The number of moduli of curves of degree 3 (the number of essential parameters) is obtained this way:
There are 15 monomials of degree 4 in three variables. The group GG L3 of dimension 9 operates by coordinate
changes. So the number of moduli is 15 — 9 = 6. When a hyperelliptic curve of genus 3 is represented as a
branched double covering of P!, there will be 8 branch points. The group G Lo of dimension 4 operates on the
branch points, but scalars don’t move them. So the number of moduli of hyperelliptic curves of genus three is
8 —3 = 5. Since 5 < 6, this agrees with the fact that not all curves of genus three are hyperelliptic.

(iii) When g = 4, « is a morphism of degree 6 from Y to P2, and it becomes harder to count moduli. It is a fact
that the number of moduli of curves of any genus g is 3g — 3. The number of moduli of hyperelliptic curves
of genus g is easy to compute. Itis 2g — 1. U
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