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Preface

Third Preface, 2008

This text has been out of print for several years, with the author holding copy-
rights. Since I continue to hear from young algebraic geometers who used this as
their first text, I am glad now to make this edition available without charge to anyone
interested. I am most grateful to Kwankyu Lee for making a careful LaTeX version,
which was the basis of this edition; thanks also to Eugene Eisenstein for help with
the graphics.

As in 1989, I have managed to resist making sweeping changes. I thank all who
have sent corrections to earlier versions, especially Grzegorz Bobinski for the most
recent and thorough list. It is inevitable that this conversion has introduced some
new errors, and I and future readers will be grateful if you will send any errors you
find to me at wfulton@umich.edu.

Second Preface, 1989

When this book first appeared, there were few texts available to a novice in mod-
ern algebraic geometry. Since then many introductory treatises have appeared, in-
cluding excellent texts by Shafarevich, Mumford, Hartshorne, Griffiths-Harris, Kunz,
Clemens, Iitaka, Brieskorn-Knéorrer, and Arbarello-Cornalba-Griffiths-Harris.

The past two decades have also seen a good deal of growth in our understanding
of the topics covered in this text: linear series on curves, intersection theory, and
the Riemann-Roch problem. It has been tempting to rewrite the book to reflect this
progress, but it does not seem possible to do so without abandoning its elementary
character and destroying its original purpose: to introduce students with a little al-
gebra background to a few of the ideas of algebraic geometry and to help them gain
some appreciation both for algebraic geometry and for origins and applications of
many of the notions of commutative algebra. If working through the book and its
exercises helps prepare a reader for any of the texts mentioned above, that will be an
added benefit.
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First Preface, 1969

Although algebraic geometry is a highly developed and thriving field of mathe-
matics, it is notoriously difficult for the beginner to make his way into the subject.
There are several texts on an undergraduate level that give an excellent treatment of
the classical theory of plane curves, but these do not prepare the student adequately
for modern algebraic geometry. On the other hand, most books with a modern ap-
proach demand considerable background in algebra and topology, often the equiv-
alent of a year or more of graduate study. The aim of these notes is to develop the
theory of algebraic curves from the viewpoint of modern algebraic geometry, but
without excessive prerequisites.

We have assumed that the reader is familiar with some basic properties of rings,
ideals, and polynomials, such as is often covered in a one-semester course in mod-
ern algebra; additional commutative algebra is developed in later sections. Chapter
1 begins with a summary of the facts we need from algebra. The rest of the chapter
is concerned with basic properties of affine algebraic sets; we have given Zariski’s
proof of the important Nullstellensatz.

The coordinate ring, function field, and local rings of an affine variety are studied
in Chapter 2. As in any modern treatment of algebraic geometry, they play a funda-
mental role in our preparation. The general study of affine and projective varieties
is continued in Chapters 4 and 6, but only as far as necessary for our study of curves.

Chapter 3 considers affine plane curves. The classical definition of the multiplic-
ity of a point on a curve is shown to depend only on the local ring of the curve at the
point. The intersection number of two plane curves at a point is characterized by its
properties, and a definition in terms of a certain residue class ring of a local ring is
shown to have these properties. Bézout’s Theorem and Max Noether’s Fundamen-
tal Theorem are the subject of Chapter 5. (Anyone familiar with the cohomology of
projective varieties will recognize that this cohomology is implicit in our proofs.)

In Chapter 7 the nonsingular model of a curve is constructed by means of blow-
ing up points, and the correspondence between algebraic function fields on one
variable and nonsingular projective curves is established. In the concluding chapter
the algebraic approach of Chevalley is combined with the geometric reasoning of
Brill and Noether to prove the Riemann-Roch Theorem.

These notes are from a course taught to Juniors at Brandeis University in 1967—
68. The course was repeated (assuming all the algebra) to a group of graduate stu-
dents during the intensive week at the end of the Spring semester. We have retained
an essential feature of these courses by including several hundred problems. The re-
sults of the starred problems are used freely in the text, while the others range from
exercises to applications and extensions of the theory.

From Chapter 3 on, k denotes a fixed algebraically closed field. Whenever con-
venient (including without comment many of the problems) we have assumed k to
be of characteristic zero. The minor adjustments necessary to extend the theory to
arbitrary characteristic are discussed in an appendix.

Thanks are due to Richard Weiss, a student in the course, for sharing the task
of writing the notes. He corrected many errors and improved the clarity of the text.
Professor Paul Monsky provided several helpful suggestions as I taught the course.



iii

“Je n’ai jamais été assez loin pour bien sentir I'application de I’algebre a la géométrie.

Je n’ai mois point cette maniere d’opérer sans voir ce qu’on fait, et il me sembloit que
résoudre un probleme de géométrie par les équations, c’étoit jouer un air en tour-
nant une manivelle. La premiere fois que je trouvai par le calcul que le carré d'un
bindme étoit composé du carré de chacune de ses parties, et du double produit de
I'une par l'autre, malgré la justesse de ma multiplication, je n’en voulus rien croire
jusqu’a ce que j'eusse fai la figure. Ce n’étoit pas que je n’eusse un grand gotit pour
I'algébre en n'y considérant que la quantité abstraite; mais appliquée al'étendue, je
voulois voir I'opération sur les lignes; autrement je n'y comprenois plus rien.”

Les Confessions de J.-J. Rousseau
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Chapter 1

Affine Algebraic Sets

1.1 Algebraic Preliminaries

This section consists of a summary of some notation and facts from commuta-
tive algebra. Anyone familiar with the italicized terms and the statements made here
about them should have sufficient background to read the rest of the notes.

When we speak of a ring, we shall always mean a commutative ring with a mul-
tiplicative identity. A ring homomorphism from one ring to another must take the
multiplicative identity of the first ring to that of the second. A domain, or integral
domain, is a ring (with at least two elements) in which the cancellation law holds. A
field is a domain in which every nonzero element is a unit, i.e., has a multiplicative
inverse.

Z will denote the domain of integers, while Q, R, and C will denote the fields of
rational, real, complex numbers, respectively.

Any domain R has a quotient field K, which is a field containing R as a subring,
and any elements in K may be written (not necessarily uniquely) as a ratio of two
elements of R. Any one-to-one ring homomorphism from R to a field L extends
uniquely to a ring homomorphism from K to L. Any ring homomorphism from a
field to a nonzero ring is one-to-one.

For any ring R, R[X] denotes the ring of polynomials with coefficients in R. The
degree of a nonzero polynomial Y a; X' is the largest integer d such that a,; # 0; the
polynomial is monicif az = 1.

The ring of polynomials in 7 variables over R is written R[X,..., X,]. We often
write R[X, Y] or R[X, Y, Z] when n =2 or 3. The monomials in R[Xj,..., X,] are the
polynomials X{' X,?--- X", i; nonnegative integers; the degree of the monomial is
iy +---+1i,. Bvery F € R[Xj,..., X,;] has a unique expression F = ¥" a(; X', where the
X® are the monomials, ag) € R. We call F homogeneous, or a form, of degree d, if all
coefficients a(;) are zero except for monomials of degree d. Any polynomial F has a
unique expression F = Fy + F} +---+ F4, where F; is a form of degree i; if F; #0, d is
the degree of F, written deg(F). The terms Fy, F}, F>, ... are called the constant, lin-
ear, quadratic, ...terms of F; F is constant if F = Fy. The zero polynomial is allowed
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to have any degree. If R is a domain, deg(FG) = deg(F) +deg(G). The ring R is a sub-
ring of R[Xj,..., X,], and R[X;,..., X,] is characterized by the following property: if
@ is a ring homomorphism from R to aring S, and s3,..., s, are elements in S, then
there is a unique extension of ¢ to a ring homomorphism ¢ from R[Xj,...,X,] to S
such that ¢(X;) = s;, for 1 < i < n. The image of F under ¢ is written F(sy,...,Sp).
The ring R[Xj, ..., X;] is canonically isomorphic to R[ Xy, ..., Xp—11[X,].

An element a in a ring R is irreducible if it is not a unit or zero, and for any fac-
torization a = bc, b, c € R, either b or c is a unit. A domain R is a unique factorization
domain, written UFD, if every nonzero element in R can be factored uniquely, up to
units and the ordering of the factors, into irreducible elements.

If R is a UFD with quotient field K, then (by Gauss) any irreducible element F €
R[X] remains irreducible when considered in K[X]; it follows that if F and G are
polynomials in R[X] with no common factors in R[X], they have no common factors
in K[X].

If R is a UFD, then R[X] is also a UFD. Consequently k[Xj,..., X,] is a UFD for
any field k. The quotient field of k[ X, ..., X},] is written k(Xj,..., X},), and is called
the field of rational functions in n variables over k.

If : R— Sis aring homomorphism, the set ¢! (0) of elements mapped to zero
is the kernel of ¢, written Ker(¢). It is an ideal in R. And ideal I in a ring R is proper
if I # R. A proper ideal is maximal if it is not contained in any larger proper ideal. A
primeideal is an ideal I such that whenever abe I, eitherae Iorbe I.

A set S of elements of a ring R generates an ideal I = {}_a;s; | s; € S,a; € R}. An
ideal is finitely generated if it is generated by a finite set S = {fj, ..., f,}; we then write
I=(fi,...,fn). Anideal is principal if it is generated by one element. A domain in
which every ideal is principal is called a principal ideal domain, written PID. The
ring of integers Z and the ring of polynomials k[X] in one variable over a field k are
examples of PID’s. Every PID is a UFD. A principal ideal I = (a) in a UFD is prime if
and only if a is irreducible (or zero).

Let I be an ideal in a ring R. The residue class ring of R modulo I is written R/ I;
it is the set of equivalence classes of elements in R under the equivalence relation:
a~ bif a—b € I. The equivalence class containing @ may be called the I-residue of a;
it is often denoted by a. The classes R/I form a ring in such a way that the mapping
m: R — R/I taking each element to its I-residue is a ring homomorphism. The ring
R/ is characterized by the following property: if ¢: R — S is a ring homomorphism
to aring S, and ¢(I) = 0, then there is a unique ring homomorphism ¢: R/I — S
such that ¢ = @om. A proper ideal I in R is prime if and only if R/ is a domain, and
maximal if and only if R/I is a field. Every maximal ideal is prime.

Let k be a field, I a proper ideal in k[Xj,..., X;]. The canonical homomorphism
7 from k[X;,...,X,] to k[Xy,...,X,]/I restricts to a ring homomorphism from k
to k[Xj,...,Xp]/I. We thus regard k as a subring of k[Xj,..., X,]/I; in particular,
k(Xi,..., Xp1/1 is a vector space over k.

Let R be adomain. The characteristic of R, char(R), is the smallest integer p such
that1+---+1 (p times) =0, if such a p exists; otherwise char(R) =0. If ¢: Z — R is
the unique ring homomorphism from Z to R, then Ker(¢) = (p), so char(R) is a prime
number or zero.

If Risaring, a€ R, F € R[X], and a is a root of F, then F = (X — a)G for a unique
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G € R[X]. Afield k is algebraically closed if any non-constant F € k[X] has a root.
It follows that F = u[1(X — A;)¢, u, A; € k, where the A; are the distinct roots of F,
and e; is the multiplicity of A;. A polynomial of degree d has d roots in k, counting
multiplicities. The field C of complex numbers is an algebraically closed field.

Let R be any ring. The derivative of a polynomial F = ¥ a; X' € R[X] is defined to
be Y ia; X'~!, and is written either g—f; or Fx. If Fe R[Xy,...,X,], g—)’; = Fy, is defined
by considering F as a polynomial in X; with coefficientsin R[ X1, ..., Xi—1, Xi+1,..., Xnl-
The following rules are easily verified:

1) (aF+bG)x =aFx+bGyx, a,beR.

(2) Fx =0if Fis a constant.

(3) (FG)x = FxG+ FGx, and (F")x = nF" ! Fx.

(4) IfGy,...,G, € R[X],and F € R[X},..., X,], then

n
F(Gy,...,Gu)x = ) Fx;(G1,...,Gn)(Gi)x.
i=1

(5) FX,-X]- = FX].Xi, where we have written FX,-X]- for (FXi)Xj'
(6) (Euler’s Theorem) If F is a form of degree m in R[X;,..., X;], then

n
mF =) X;Fx,.
i=1

Problems

1.17 Let Rbeadomain. (a) If F, G are forms of degree r, srespectivelyin R[Xj,..., X;],
show that FG is a form of degree r+s. (b) Show that any factor ofa form in R[ X}, ..., Xj]
is also a form.

1.2F Let R be a UFD, K the quotient field of R. Show that every element z of K may
be written z = a/b, where a, b € R have no common factors; this representative is
unique up to units of R.

1.3F LetRbea PID, Let P be a nonzero, proper, prime ideal in R. (a) Show that P is
generated by an irreducible element. (b) Show that P is maximal.

1.4F Let k be an infinite field, F € k[Xj,...,X,]. Suppose F(ay,...,a,) = 0 for all
ai,...,a, € k. Show that F = 0. (Hint: Write F = ZF,-X,il, F; € k[X1,...,X,_1]. Use
induction on n, and the fact that F(ay, ..., a,;-1, X;;) has only a finite number of roots
ifany F;(ay,...,an-1) #0.)

1.5F Let k be any field. Show that there are an infinite number of irreducible monic
polynomials in k[X]. (Hint: Suppose Fi, ..., F, were all of them, and factor F; - F,, +

1 into irreducible factors.)

1.6F Show that any algebraically closed field is infinite. (Hint: The irreducible monic
polynomials are X —a, a€ k.)

1.7" Let k be afield, F € k[Xy,..., X,], a1,..., an € k. (a) Show that
F:ZA(i)(Xl_al)il...(Xn—an)in’ A(i)Ek.

(b) If F(a,,...,a,) =0, show that F = Z;.’zl(Xi —a;)G; for some (not unique) G; in
klXi,..., X,l.
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1.2 Affine Space and Algebraic Sets

Let k be any field. By A”(k), or simply A” (if k is understood), we shall mean the
cartesian product of k with itself n times: A" (k) is the set of n-tuples of elements of
k. We call A" (k) affine n-space over k; its elements will be called points. In particular,
Al(k) is the affine line, A2 (k) the affine plane.

If Fe k[Xy,...,X,], apoint P = (ay,...,a,) in A" (k) is called a zero of F if F(P) =
F(ay,...,ap) =0. If F is not a constant, the set of zeros of F is called the hypersurface
defined by F, and is denoted by V(F). A hypersurface in A%(k) is called an affine
plane curve. If F is a polynomial of degree one, V (F) is called a hyperplane in A" (k);
ifn=2,itisa line.

Examples. Let k =R.

~
Ny

a. V(Y2-X(X?%2-1)cA? b. V(Y2 - X2(X +1)) c A2

c. V(Z2=(X%2+Y?)c Al d. V(Y2-XY -X%Y + X3)) cA?

More generally, if S is any set of polynomials in k[X;,..., X,], we let V(S) ={P €
A" | F(P)=0forall FES}: V(S) = Npes V(F). If S = {F,..., F;}, we usually write
V(Fy,...,F;) instead of V({Fy,...,F;}). A subset X c A”(k) is an affine algebraic set,
or simply an algebraic set, if X = V(S) for some S. The following properties are easy
to verify:

(1) If I is the ideal in k[Xj,..., X,] generated by S, then V(S) = V(I); so every
algebraic set is equal to V (I) for some ideal 1.

(2) If {I4} is any collection of ideals, then V (U, I4) =Nq V (Iy); so the intersection
of any collection of algebraic sets is an algebraic set.

(3) If Ic],then V(I) > V()).



1.3. THE IDEAL OF A SET OF POINTS 5

(4) V(FG) = V(F)u V(G) for any polynomials FG; V(DuV(J) = V({FG | F €
I,G € J}); so any finite union of algebraic sets is an algebraic set.

B) VOO)=A"k); V() =¢; V(X3 —ay,...,Xn — ay) = {(ay,...,a,)} for a; € k. So
any finite subset of A” (k) is an algebraic set.

Problems

1.8" Show that the algebraic subsets of Al(k) are just the finite subsets, together
with Al (k) itself.
1.9. If k is a finite field, show that every subset of A" (k) is algebraic.
1.10. Give an example of a countable collection of algebraic sets whose union is not
algebraic.
1.11. Show that the following are algebraic sets:

@ {1,153 e A3 (k) | te k;

(b) {(cos(t),sin(1)) € A%(R) | t € R};

(c) the set of points in A?(R) whose polar coordinates (r,0) satisfy the equation
r =sin(0).

1.12. Suppose C is an affine plane curve, and L is a line in A%(k), L ¢ C. Suppose
C =V(F), F € k[X, Y] a polynomial of degree n. Show that LN C is a finite set of no
more than n points. (Hint: Suppose L= V(Y —(aX+ b)), and consider F(X,aX+Db) €
k[X1.)
1.13. Show that each of the following sets is not algebraic:

@ {(x,y) €eA*®) | y = sin(x)}.

(b) {(z, w) € A%(C) | |z|? + |w|? = 1}, where |x + iy|? = x* + y* for x, y € R.

(© {(cos(1),sin(r),n) e A3(R) | r e R}.
1.147 Let F be a nonconstant polynomial in k[Xj,..., X,], k algebraically closed.

Show that A" (k) \ V(F) is infinite if n = 1, and V(F) is infinite if n = 2. Conclude that
the complement of any proper algebraic set is infinite. (Hint: See Problem 1.4.)

1.15F Let V c A”(k), W < A™ (k) be algebraic sets. Show that
VX W: {(alrn-)anrbl)--'rbm) | (al)-'-ran) € V;(blr---,bm) € W}

is an algebraic set in A" (k). It is called the product of V and W.

1.3 The Ideal of a Set of Points

For any subset X of A" (k), we consider those polynomials that vanish on X; they
form an ideal in k[Xj,..., X};], called the ideal of X, and written I(X). I(X) = {F €
k(Xi,...,Xnl| F(ay,...,a,) =0forall (ay,...,a,) € X}. The following properties show
some of the relations between ideals and algebraic sets; the verifications are left to
the reader (see Problems 1.4 and 1.7):

(6) If X c Y, then I(X) > I(Y).
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(7 I(®) = k[X1,..., Xu]; I(A™(k)) = (0) if k is an infinite field;
I{(ai,...,an)) =X -am,..., X —ay) foray,...,a, € k.

(8) I(V(S)) o S for any set S of polynomials; V(I(X)) > X for any set X of points.

(9) VU(V(S)) = V(S) for any set S of polynomials, and I(V (I(X))) = I(X) for any
set X of points. So if V is an algebraic set, V = V(I(V)), and if I is the ideal of an
algebraic set, I = I1(V(I)).

Anideal that is the ideal of an algebraic set has a property not shared by all ideals:
if I = I(X), and F" € I for some integer n > 0, then F € I. If I is any ideal in a ring R,
we define the radical of I, written Rad(I), tobe {a € R | a" € I for some integer n > 0}.
Then Rad([) is an ideal (Problem 1.18 below) containing I. An ideal I is called a
radical ideal if I = Rad(I). So we have property

(10) I(X) is aradical ideal for any X c A (k).

Problems

1.167 Let V, W be algebraic sets in A”(k). Show that V = W if and only if I(V) =
I(w).

1.17F (a) Let V be an algebraic set in A" (k), P € A’ (k) a point not in V. Show that
there is a polynomial F € k[Xj, ..., X,;] such that F(Q) =0for all Q € V, but F(P) = 1.
(Hint: I(V) # I(VU{P}).) (b) Let Py,...,P; be distinct points in A”(k), not in an
algebraic set V. Show that there are polynomials Fy, ..., F; € I(V) such that F; (P;) = 0
if i # j, and F;(P;) = 1. (Hint: Apply (a) to the union of V and all but one point.)
(c) With Py,...,P; and V as in (b), and a;; € k for 1 < i, j < r, show that there are
G; € I(V) with G;(P}) = a;j forall i and j. (Hint: Consider Y jaijF;)

1.187 Let I be an ideal in aring R. If a” € I, b™ € I, show that (a + b)"*™ € I. Show
that Rad(J) is an ideal, in fact a radical ideal. Show that any prime ideal is radical.
1.19. Show that I = (X% + 1) c R[X] is a radical (even a prime) ideal, but I is not the
ideal of any set in Al (R).

1.20° Show that for any ideal I in k[Xy,...,X,], V() = V(Rad(])), and Rad(l) c
I(V(D)).

1.21F Showthat I = Xy—ay,...,X,—ay,) c k[X,...,X,] is amaximal ideal, and that
the natural homomorphism from k to k[Xj,..., X,]/I is an isomorphism.

1.4 The Hilbert Basis Theorem

Although we have allowed an algebraic set to be defined by any set of polynomi-
als, in fact a finite number will always do.

Theorem 1. Every algebraic set is the intersection of a finite number of hypersurfaces

Proof. Let the algebraic set be V(I) for some ideal I c k[Xj,..., X,]. It is enough to
show that I is finitely generated, for if I = (F,..., F;), then V(I) = V(F)) n---N V(F,).
To prove this fact we need some algebra:
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Aringis said to be Noetherianif everyideal in the ring is finitely generated. Fields
and PID’s are Noetherian rings. Theorem 1, therefore, is a consequence of the

HILBERT BASIS THEOREM. IfR isa Noetherianring, then R[Xy,..., X,] is a Noethe-
rian ring.

Proof. Since R[Xj,...,X,] is isomorphic to R[ X}, ..., X;—11[X}], the theorem will fol-
low by induction if we can prove that R[X] is Noetherian whenever R is Noetherian.
Let I be an ideal in R[X]. We must find a finite set of generators for I.

fF=ai+a1 X+---+ adXd € R[X], ag # 0, we call a, the leading coefficient of F.
Let J be the set of leading coefficients of all polynomials in I. It is easy to check that
J is an ideal in R, so there are polynomials Fj, ..., F, € I whose leading coefficients
generate J. Take an integer N larger than the degree of each F;. For each m < N,
let J,, be the ideal in R consisting of all leading coefficients of all polynomials F € T
such that deg(F) < m. Let {Fy,;} be a finite set of polynomials in I of degree < m
whose leading coefficients generate J,,. Let I’ be the ideal generated by the F;’s and
all the Fy,;’s. It suffices to show that I = I.

Suppose I’ were smaller than I; let G be an element of I of lowest degree that is
notin I'. If deg(G) > N, we can find polynomials Q; such that ¥ Q; F; and G have the
same leading term. But then deg(G—Y. Q;F;) < degG,so G-Y Q;F;eI',so Ge I'.
Similarly if deg(G) = m < N, we can lower the degree by subtracting off 3 Q; F;, ; for
some Q. This proves the theorem.

Corollary. k[Xj,...,X},] is Noetherian for any field k.

Problem

1.22¥ Let I be an ideal in a ring R, m: R — R/I the natural homomorphism. (a)
Show that for every ideal J' of R/I, 7 '(J) = ] is an ideal of R containing I, and
for every ideal J of R containing I, 7(J) = J' is an ideal of R/I. This sets up a natural
one-to-one correspondence between {ideals of R/I} and {ideals of R that contain I}.
(b) Show that J’ is a radical ideal if and only if J is radical. Similarly for prime and
maximal ideals. (c) Show that J' is finitely generated if J is. Conclude that R/I is
Noetherian if R is Noetherian. Any ring of the form k[Xj, ..., X,]/I is Noetherian.

1.5 Irreducible Components of an Algebraic Set

An algebraic set may be the union of several smaller algebraic sets (Section 1.2
Example d). An algebraic set V < A" is reducible if V = V; U V», where V;, V, are
algebraic sets in A", and V; # V, i = 1,2. Otherwise V is irreducible.

Proposition 1. An algebraic set V is irreducible if and only if I(V) is prime.

Proof. If I1(V) is not prime, suppose F1 F» € I(V), F; ¢ I(V). Then V=(VnV(F))uU
(VNV(F)),and VNV (F;) ; V, so V is reducible.

Converselyif V=1V uW,, V; g V, then I(V;) 2 I(V);let F; € I(V;), F; ¢ I(V). Then
FF, € I(V),so I(V) is not prime.



8 CHAPTER 1. AFFINE ALGEBRAIC SETS

We want to show that an algebraic set is the union of a finite number of irre-
ducible algebraic sets. If V is reducible, we write V = V;j U V5; if V4 is reducible, we
write Vo = V3 U V4, etc. We need to know that this process stops.

Lemma. Let.¥ be any nonempty collection of ideals in a Noetherian ring R. Then ¥
has a maximal member, i.e. there is an ideal I in ¥ that is not contained in any other
ideal of & .

Proof. Choose (using the axiom of choice) an ideal from each subset of .. Let I be
the chosen ideal for .7 itself. Let A ={I€ F | I 2 Iy}, and let I; be the chosen ideal
of A. Let A ={IeF|1I 2 I}, etc. It suffices to show that some ., is empty. If
notlet I = U In, anideal of R. Let Fy,..., F; generate I; each F; € I, if n is chosen
sufficiently large. But then I,, = I, so I,,4+1 = I;, a contradiction.

It follows immediately from this lemma that any collection of algebraic sets in
A" (k) has a minimal member. For if {V,} is such a collection, take a maximal mem-
ber I(Vy,) from {I(V,)}. Then V4, is clearly minimal in the collection.

Theorem 2. Let V be an algebraic set in A" (k). Then there are unique irreducible
algebraic sets V1, ...,V such thatV=ViU---UVy and V; £ V; forall i # j.

Proof. Let . = {algebraic sets V < A"(k) | V is not the union of a finite number
of irreducible algebraic sets}. We want to show that .# is empty. If not, let V be
a minimal member of .. Since V € ¥, V is not irreducible, so V = VU V,, V; ;
V. Then V; ¢ &, so V; = Vi3 U---U Vi, V;j irreducible. But then V =U;; V;j, a
contradiction.

So any algebraic set V may be written as V = V; U---UV,,, V; irreducible. To
get the second condition, simply throw away any V; such that V; c V; for i # j. To
show uniqueness, let V = Wj U --- U W}, be another such decomposition. Then V; =
U;jW;nV;), so V; « Wy for some j(i). Similarly Wj;) c Vi for some k. But V; c Vi
implies i = k, so V; = Wj(;). Likewise each W; is equal to some Vj;y.

The V; are called the irreducible componentsof V; V =V, U---UV,, is the decom-
position of V into irreducible components.

Problems

1.23. Give an example of a collection . of ideals in a Noetherian ring such that no
maximal member of . is a maximal ideal.

1.24. Show that every proper ideal in a Noetherian ring is contained in a maximal
ideal. (Hint: If I is the ideal, apply the lemma to {proper ideals that contain I}.)
1.25. (a) Show that V(Y — X?) < A%(C) is irreducible; in fact, I(V(Y - X?)) = (Y -
X?). (b) Decompose V(Y* - X2, Y* - X2Y? + XY? - X3) c A%(C) into irreducible
components.

1.26. Show that F = Y2+ X?(X —1)? € R[X, Y] is an irreducible polynomial, but V (F)
is reducible.
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1.27. Let V, W be algebraic sets in A”(k), with V ¢ W. Show that each irreducible
component of V is contained in some irreducible component of W.

1.28. If V = Vj U---U V; is the decomposition of an algebraic set into irreducible
components, show that V; ¢ i#i Vi

1.29F Show that A" (k) is irreducible if k is infinite,.

1.6 Algebraic Subsets of the Plane

Before developing the general theory further, we will take a closer look at the
affine plane A?(k), and find all its algebraic subsets. By Theorem 2 it is enough to
find the irreducible algebraic sets.

Proposition 2. Let F and G be polynomials in k[ X, Y] with no common factors. Then
V(E G) = V(F)nV(G) is a finite set of points.

Proof. F and G have no common factors in k[X][Y], so they also have no common
factors in k(X)[Y] (see Section 1). Since k(X)[Y] is a PID, (F,G) = (1) in k(X)[Y], so
RF+SG=1forsome R, S € k(X)[Y]. There is a nonzero D € k[X] such that DR = A,
DS = B € k[X,Y]. Therefore AF+ BG = D. If (a,b) € V(F,G), then D(a) = 0. But
D has only a finite number of zeros. This shows that only a finite number of X-
coordinates appear among the points of V(F,G). Since the same reasoning applies
to the Y-coordinates, there can be only a finite number of points.

Corollary 1. If F is an irreducible polynomial in k[X,Y] such that V (F) is infinite,
then I(V(F)) = (F), and V (F) is irreducible.

Proof. If G € I(V(F)), then V(F G) is infinite, so F divides G by the proposition, i.e.,
G € (F). Therefore I(V(F)) o (F), and the fact that V(F) is irreducible follows from
Proposition 1.

Corollary 2. Suppose k is infinite. Then the irreducible algebraic subsets of A (k)
are: A%2(k), @, points, and irreducible plane curves V(F), where F is an irreducible
polynomial and V (F) is infinite.

Proof. Let V be an irreducible algebraic set in A?(k). If V is finite or I(V) = (0), V
is of the required type. Otherwise I(V) contains a nonconstant polynomial F; since
I(V) is prime, some irreducible polynomial factor of F belongs to I(V), so we may
assume F is irreducible. Then I(V) = (F); forif Ge I(V), G¢ (F), then V c V(E, G) is
finite.

Corollary 3. Assumek is algebraically closed, F a nonconstant polynomialin k[X,Y].
Let F = F" ---F"" be the decomposition of F into irreducible factors. Then V(F) =
V(F) U---uU V(F,) is the decomposition of V(F) into irreducible components, and
I(V(F) = (Fy--- Fr).

Proof. No F; divides any F}, j # i, so there are no inclusion relations among the
V(F;). And I(U; V(F) = N; I(V(F;)) = N;(F;). Since any polynomial divisible by
each F; is also divisible by F; - - F;,,N; (F;) = (Fy - -+ F;). Note that the V(F;) are infinite
since k is algebraically closed (Problem 1.14).



10 CHAPTER 1. AFFINE ALGEBRAIC SETS

Problems

1.30. Let k = R. (a) Show that I(V(X?+ Y2 +1)) = (1). (b) Show that every algebraic
subset of A2(R) is equal to V(F) for some F e R[X, Y].
This indicates why we usually require that k be algebraically closed.

1.31. (a) Find the irreducible components of V(Y? - XY — X?Y + X3) in A%(R), and
also in A2(C). (b) Do the same for V(Y% — X(X%2-1)), and for V(X3 + X — X2Y - Y).

1.7 Hilbert’s Nullstellensatz

If we are given an algebraic set V, Proposition 2 gives a criterion for telling whether
V is irreducible or not. What is lacking is a way to describe V in terms of a given set
of polynomials that define V. The preceding paragraph gives a beginning to this
problem, but it is the Nullstellensatz, or Zeros-theorem, which tells us the exact re-
lationship between ideals and algebraic sets. We begin with a somewhat weaker
theorem, and show how to reduce it to a purely algebraic fact. In the rest of this sec-
tion we show how to deduce the main result from the weaker theorem, and give a
few applications.

We assume throughout this section that k is algebraically closed.

WEAK NULLSTELLENSATZ. IfI is a properideal in k| Xy, ..., X,l, then V(I) # @.

Proof. We may assume that I is a maximal ideal, for there is a maximal ideal J con-
taining I (Problem 1.24), and V(J) c V(I). So L = k[X3, ..., X1/ is a field, and k may
be regarded as a subfield of L (cf. Section 1).

Suppose we knew that k = L. Then for each i there is an a; € k such that the I-
residue of X; is a;, or X;—a; € I. But (X;—ay, ..., X,,—a;) is amaximal ideal (Problem
1.21),s0 I = (X7 —ay,..., Xy —ay),and V(I) = {(ay,...,a,)} # .

Thus we have reduced the problem to showing:

(%) Ifan algebraically closed field k is a subfield of a field L, and there is a
ring homomorphism from k[Xj,..., X,] onto L (that is the identity on k),
then k= L.

The algebra needed to prove this will be developed in the next two sections; (*)
will be proved in Section 10.

HILBERT’S NULLSTELLENSATZ. Let I be an ideal in k[X;,..., X,] (k algebraically
closed). Then I(V (1)) = Rad(I).

Note. In concrete terms, this says the following: if F;, F», ..., Fr and G are in
k[Xi,..., Xy], and G vanishes wherever Fy, F», ..., F, vanish, then there is an equa-
tion GN = Ay Fy + AyFp +---+ A, F", for some N > 0 and some A; € k[X1,..., X;].

Proof. That Rad(l) c I(V(])) is easy (Problem 1.20). Suppose that G is in the ideal
I(V(Fl)-”)Fr))) Fl € k[Xl)-'-an]' Let]: (Fly-u;Fr»Xn-#lG_l) < k[Xl,--anan+l]-
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Then V(J) € A" (k) is empty, since G vanishes wherever all that F;’s are zero. Ap-
plying the Weak Nullstellensatz to J, we see that 1 € J, so there is an equation 1 =
Y Ai(X1,..., Xns 1) Fi + B(X1, ..., Xns1) (Xns1G—1). Let Y = 1/ X,,,1, and multiply the
equation by a high power of Y, so that an equation YV = ¥ C;(Xi,..., X, V)F; +
D(Xy,...,Xn, Y)(G-Y) in k[X],..., X, Y] results. Substituting G for Y gives the re-
quired equation.

The above proofis due to Rabinowitsch. The first three corollaries are immediate
consequences of the theorem.

Corollary 1. If I is a radical ideal in k(Xj,...,X,], then I(V(I)) = I. So there is a
one-to-one correspondence between radical ideals and algebraic sets.

Corollary 2. IfI is a prime ideal, then V (I) is irreducible. There is a one-to-one cor-
respondence between prime ideals and irreducible algebraic sets. The maximal ideals
correspond to points.

Corollary 3. Let F be a nonconstant polynomial in k[X,,..., X,), F = F{" ---F' the
decomposition of F into irreducible factors. Then V(F) = V(F1) U---UV(F;) is the
decomposition of V (F) into irreducible components, and 1(V (F)) = (Fy - F;). There
is a one-to-one correspondence between irreducible polynomials F € k[ Xy, ..., X,] (up
to multiplication by a nonzero element of k) and irreducible hypersurfaces in A" (k).

Corollary 4. Let I be an ideal in k[Xy,...,X,]. Then V() is a finite set if and only if
k[Xy,...,Xnl/1 is a finite dimensional vector space over k. If this occurs, the number
of points in V(I) is at most dimy (k[ X3,..., X1/ D).

Proof. Let Py,...,Pr € V(I). Choose Fy,...,F; € k[Xy,..., X,] such that F;(P;) = 0 if
i # j,and F;(P;) =1 (Problem 1.17); let F; be the I-residue of F;. If Y A; F; =0, A; € k,
then ¥ A;F; € I, so Aj = (L A;F;)(P;) = 0. Thus the F; are linearly independent over
k, so r =dimy(k[X,..., X,1/1).

Conversely, if V(I) = {Py,..., P;} is finite, let P; = (a;1,..., a;»), and define F; by
F;= HIT:l(Xj —aij), j =1,...,n. Then F; € I(V(])), so F]N € I for some N > 0 (Take

=N =N
N large enough to work for all Fj). Taking I-residues, F; =0, so X; is a k-linear

. . - = —rN-1
combination of 1,Xj,...,Xj

. - = —rN-1 — —my
nation ofl,Xj,...,X; for all 5, and hence that the set {X; ,----- X;n | m; <rNj}
generates k[Xj,..., X,]/1 as a vector space over k.

. It follows by induction that X; is a k-linear combi-

Problems

1.32. Show that both theorems and all of the corollaries are false if k is not alge-
braically closed.

1.33. (a) Decompose V(X% + Y2 —1,X? - 72 -1) c A3(C) into irreducible compo-
nents. (b) Let V = {(t,#%,£%) € A3(C) | t € C}. Find I(V), and show that V is irre-
ducible.
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1.34. Let R be a UFD. (a) Show that a monic polynomial of degree two or three in
R[X] isirreducible if and only if it has no roots in R. (b) The polynomial X>—a € R[X]
is irreducible if and only if a is not a square inR.

1.35. Show that V(Y2 - X(X —1)(X — 1)) € A%(k) is an irreducible curve for any al-
gebraically closed field k, and any 1 € k.

1.36. Let I = (Y? - X%, Y%+ X?) cC[X, Y]. Find V(I) and dim¢ (C[X, Y1/]).
1.37F Let K be any field, F € K[X] a polynomial of degree n > 0. Show that the
residues 1,X,..., X" " form a basis of K[X]/(F) over K.

1.38F Let R = k[X3,...,Xn], k algebraically closed, V = V(I). Show that there is a
natural one-to-one correspondence between algebraic subsets of V and radical ide-
alsin k[Xj, ..., X,]/I, and that irreducible algebraic sets (resp. points) correspond to
prime ideals (resp. maximal ideals). (See Problem 1.22.)

1.39. (a) Let R be a UFD, and let P = () be a principal, proper, prime ideal. Show
that there is no prime ideal Q suchthat0c Q< P, Q#0, Q#P. (b) Let V=V (F) be
an irreducible hypersurface in A”. Show that there is no irreducible algebraic set W
suchthat Ve Wc A", W#V, W #A".

1.40. Let I = (X?>-Y3,Y2 - 7Z3) c k[X, Y, Z]. Define a: k[X,Y, Z] — k[T] by a(X) =
7%, a(Y) = TS, a(Z) = T*. (a) Show that every element of k[X, Y, Z]/1 is the residue
of an element A+ XB+YC+ XYD, for some A,B,C,De k[Z]. b)If F=A+ XB+
YC+XYD, A B,C,D € k[Z], and a(F) = 0, compare like powers of T to conclude
that F = 0. (c) Show that Ker(a) = I, so I is prime, V([) is irreducible, and I(V (1)) = I.

1.8 Modules; Finiteness Conditions

Let R be aring. An R-module is a commutative group M (the group law on M is
written +; the identity of the group is 0, or 0j) together with a scalar multiplication,
i.e., amapping from R x M to M (denote the image of (a, m) by a-m or am) satisfying:

i) (a+bm=am+bmfora,be R, me M.

(i) a-(m+n)=am+anforac R, m,ne M.

(iii) (ab)-m=a-(bm)fora,be R, me M.

(iv) 1g-m = mfor m € M, where 1y is the multiplicative identity in R.

Exercise. Show that Og-m =0y, for all m e M.

Examples. (1) A Z-module is just a commutative group, where (+a)m is +(m +
---+m) (atimes) foraeZ, a=0.

(2) If Ris afield, an R-module is the same thing as a vector space over R.

(3) The multiplication in R makes any ideal of R into an R-module.

(4) If ¢: R — S is a ring homomorphism, we define r- s for r € R, s € S, by the
equation r - s = ¢(r)s. This makes S into an R-module. In particular, if a ring Ris a
subring of aring S, then S is an R-module.

A subgroup N of an R-module M is called a submodule if am € N for all a € R,
m € N; N is then an R-module. If S is a set of elements of an R-module M, the
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submodule generated by S is defined to be {}_r;s; | r; € R, s; € S}; it is the smallest
submodule of M that contains S. If S = {sy, ..., s,,} is finite, the submodule generated
by Sis denoted by }_ Rs;. The module M is said to be finitely generated if M = }_ Rs;
forsome sy, ..., s, € M. Note that this concept agrees with the notions of finitely gen-
erated commutative groups and ideals, and with the notion of a finite-dimensional
vector space if R is a field.

Let R be a subring of aring S. There are several types of finiteness conditions for
S over R, depending on whether we consider S as an R-module, a ring, or (possibly)
afield.

(A) Sissaid to be module-finite over R, if S is finitely generated as an R-module.
If R and S are fields, and S is module finite over R, we denote the dimension of S
over R by [S: R].

(B) Letuvy,...,v,€S. Letg: R[X],..., X,] — S be the ring homomorphism taking
X; to v;. The image of ¢ is written R[vy, ..., v,]. Itis a subring of S containing R and
v1,..., Uy, and it is the smallest such ring. Explicitly, R[vy,...,v,] = {} aq) vil vf,”
ay € R}. The ring S is ring-finite over R if S = R[vy, ..., v,] for some vy,...,v, €S.

(C) Suppose R =K, S = Larefields. If vy,...,v, € L, let K(vy,...,v,) be the quo-
tient field of K[vy, ..., v,]. We regard K(vy, ..., vy) as a subfield of L; it is the smallest
subfield of L containing K and vy, ..., v,. The field L is said to be a finitely generated
field extension of K if L= K(vy, ..., v,) for some vy,...,v, € L.

Problems

1.417 If S is module-finite over R, then S is ring-finite over R.

1.42. Show that S = R[X] (the ring of polynomials in one variable) is ring-finite over
R, but not module-finite.

1.437 If L is ring-finite over K (K, L fields) then L is a finitely generated field exten-
sion of K.

1.44F ShowthatL =K (X) (the field of rational functions in one variable) is a finitely
generated field extension of K, but L is not ring-finite over K. (Hint: If L were ring-
finite over K, a common denominator of ring generators would be an element b €
K[X] such that for all ze L, b"z € K[X] for some n; but let z = 1/¢, where ¢ doesn’t
divide b (Problem 1.5).)

1.45. Let R be a subring of S, S a subring of T.
(@ If S=Y Rv;, T =% Swj, show that T =} Rv; w;.
(b) If S=R[vy,...,v,], T = Slwy,...,wy], showthat T = R[vy,..., Uy, Wi,..., W],

(¢) If R, S, T are fields, and S = R(vy,...,v,), T = S(w,..., wy,), show that T =
R(vy,..., UV, Wiy ..., Wip).

So each of the three finiteness conditions is a transitive relation.
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1.9 Integral Elements

Let R be a subring of a ring S. An element v € S is said to be integral over R if
there is a monic polynomial F = X" + a; X"*"! + -+ + a, € R[X] such that F(v) = 0. If
R and S are fields, we usually say that v is algebraic over R if v is integral over R.

Proposition 3. Let R be a subring of adomain S, v € S. Then the following are equiv-
alent:

(1) v isintegral over R.

(2) Rlv] is module-finite over R.

(3) Thereis a subring R’ of S containing R|v] that is module-finite over R.

Proof. (1) implies (2): If v"* + a; v 14+...+a,=0,thenv"e Z?;Ol RvE. Tt follows that
v™ ey Rv forall m, so R[v] = X/ Rv'.

(2) implies (3): Let R’ = R[v].

(3) implies (1): If R = X" | Rw;, then vw; = Z;’ﬂ a;jw; for some a;; € R. Then
2?21(6,-]-1)— a;j)w; = 0 for all i, where §;; =01if i # j and §;; = 1. If we consider
these equations in the quotient field of S, we see that (wy,..., w;) is a nontrivial
solution, so det(6;;v — a;;) = 0. Since v appears only in the diagonal of the matrix,
this determinant has the form v+ a; v" 1 +---+ay,, a; € R. So v is integral over R.

Corollary. The set of elements of S that are integral over R is a subring of S containing
R.

Proof. If a, b are integral over R, then b is integral over R[a] D R, so Rl[a, b] is module-
finite over R (Problem 1.45(a)). And a + b, ab € R[a, b, so they are integral over R by
the proposition.

We say that S is integral over R if every element of S is integral over R. If R and
S are fields, we say S is an algebraic extension of R if S is integral over R. The propo-
sition and corollary extend to the case where S is not a domain, with essentially the
same proofs, but we won't need that generality.

Problems

1.46 Let Rbe a subring of S, S a subring of (a domain) 7. If S is integral over R,
and T is integral over S, show that T is integral over R. (Hint: Let z € T, so we have
2"+ @z '+---+a,=0,a; €S. Then Rlay, ..., an, z| is module-finite over R.)

1.47 Suppose (a domain) S is ring-finite over R. Show that S is module-finite over
Rif and only if S is integral over R.

1.48" Let L be a field, k an algebraically closed subfield of L. (a) Show that any
element of L that is algebraic over k is already in k. (b) An algebraically closed field
has no module-finite field extensions except itself.

1.49F LetKbea field, L = K(X) the field of rational functions in one variable over K.
(a) Show that any element of L that is integral over K[X] is already in K[X]. (Hint: If
z"+a;z" ' +--- = 0, write z = F/G, F, G relatively prime. Then F"+a, F" '!G+---=0,
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so G divides F.) (b) Show that there is no nonzero element F € K[X] such that for
every z € L, F"z is integral over K[X] for some n > 0. (Hint: See Problem 1.44.)

1.50) Let K be a subfield of a field L. (a) Show that the set of elements of L that are
algebraic over K is a subfield of L containing K. (Hint: If v" + a; v lyita,=0,
and a, # 0, then v(v" ' +---) = —a,.) (b) Suppose L is module-finite over K, and
K cRc L. Show that R is a field.

1.10 Field Extensions

Suppose K is a subfield of a field L, and suppose L = K(v) for some v € L. Let
¢: K[X] — Lbe the homomorphism taking X to v. Let Ker(¢p) = (F), F € K[X] (since
K[X]isaPID). Then K[X]/(F) is isomorphic to K[v], so (F) is prime. Two cases may
occur:

Case 1. F =0. Then K[v] is isomorphic to K[X], so K(v) = L is isomorphic to
K(X). In this case L is not ring-finite (or module-finite) over K (Problem 1.44).

Case 2. F # 0. We may assume F is monic. Then (F) is prime, so F is irreducible
and (F) is maximal (Problem 1.3); therefore K[v] is a field, so K[v] = K(v). And
F(v) =0, so v is algebraic over K and L = K[v] is module-finite over K.

To finish the proof of the Nullstellensatz, we must prove the claim (*) of Section
7; this says that if a field L is a ring-finite extension of an algebraically closed field
k, then L = k. In view of Problem 1.48, it is enough to show that L is module-finite
over k. The above discussion indicates that a ring-finite field extension is already
module-finite. The next proposition shows that this is always true, and completes
the proof of the Nullstellensatz.

Proposition 4 (Zariski). Ifa field L is ring-finite over a subfield K, then L is module-
finite (and hence algebraic) over K.

Proof. Suppose L = K|[vy,...,v,]. The case n =1 is taken care of by the above dis-
cussion, so we assume the result for all extensions generated by n — 1 elements. Let
Kj = K(vy). By induction, L = Kj[vs,...,v,] is module-finite over K;. We may as-
sume v; is not algebraic over K (otherwise Problem 1.45(a) finishes the proof).

Each v; satisfies an equation v} +a;, vf"_l +---=0, a;j € K. Ifwe take a € K[v]
that is a multiple of all the denominators of the a;;, we get equations (av)™ +
aa;;(av)) 1 +... = 0. It follows from the Corollary in §1.9 that for any z € L =
Kl[vy,..., vy, there is an N such that aVz is integral over K[v;]. In particular this
must hold for z € K(v;). But since K(v;) is isomorphic to the field of rational func-
tions in one variable over K, this is impossible (Problem 1.49(b)).

Problems

1.51F Let Kbe a field, F € K[X] an irreducible monic polynomial of degree n > 0.
(a) Show that L = K[X]/(F) is a field, and if x is the residue of X in L, then F(x) = 0.
(b) Suppose L' is a field extension of K, y € L' such that F(y) = 0. Show that the
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homomorphism from K[X] to L' that takes X to Y induces an isomorphism of L
with K(y). (c) With L', y as in (b), suppose G € K[X] and G(y) = 0. Show that F
divides G. (d) Show that F = (X — x)F;, F; € L[X].

1.52F Let Kbea field, F € K[X]. Show that there is a field L containing K such that
F= H;’:l(X— x;) € L[X]. (Hint: Use Problem 1.51(d) and induction on the degree.) L
is called a splitting field of F.

1.53 Suppose K is a field of characteristic zero, F an irreducible monic polynomial
in K[X] of degree n > 0. Let L be a splitting field of F, so F = H;’zl(X— Xi), x; € L.
Show that the x; are distinct. (Hint: Apply Problem 1.51(c) to G = F; if (X — x)2
divides F, then G(x) =0.)

1.54F Let R be a domain with quotient field K, and let L be a finite algebraic exten-
sion of K. (a) For any v € L, show that there is a nonzero a € R such that av is integral
over R. (b) Show that there is a basis v1,..., v, for L over K (as a vector space) such
that each v; is integral over R.



Chapter 2

Affine Varieties

From now on k will be a fixed algebraically closed field. Affine algebraic sets will
be in A" = A" (k) for some n. An irreducible affine algebraic set is called an affine
variety.

All rings and fields will contain k as a subring. By a homomorphism ¢: R — S of
such rings, we will mean a ring homomorphism such that ¢(1) = A forall A € k.

In this chapter we will be concerned only with affine varieties, so we call them
simply varieties.

2.1 Coordinate Rings

Let V < A" be a nonempty variety. Then I(V) is a prime ideal in k[X3,..., X;],
so k[Xi,...,X,1/I(V) is a domain. We let I'(V) = k[X3,...,X,]/I(V), and call it the
coordinate ring of V.

For any (nonempty) set V, we let % (V, k) be the set of all functions from V to k.
Z (V, k) is made into aring in the usual way: if f, g€ F(V, k), (f+g)(x) = f(x)+g(x),
(fg)(x) = f(x)g(x), for all x € V. It is usual to identify k with the subring of & (V, k)
consisting of all constant functions.

If V < A" is a variety, a function f € & (V, k) is called a polynomial function if
there is a polynomial F € k[X;,..., X;] such that f(ay,...,a,) = F(a,...,a;,) for all
(ay,...,ayn) € V. The polynomial functions form a subring of & (V, k) containing k.
Two polynomials F, G determine the same function if and only if (F - G)(ay, ..., a,) =
0 for all (ay,...,a,) € V, ie., F— G € I(V). We may thus identify I'(V) with the sub-
ring of & (V, k) consisting of all polynomial functions on V. We have two important
ways to view an element of I'(V) — as a function on V, or as an equivalence class of
polynomials.

Problems

2.1* Show that the map that associates to each F € k[Xj,..., X;] a polynomial func-
tion in & (V, k) is a ring homomorphism whose kernel is I(V).

17
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2.2F Let V c A" be a variety. A subvariety of V is a variety W c A" that is contained
in V. Show that there is a natural one-to-one correspondence between algebraic
subsets (resp. subvarieties, resp. points) of V and radical ideals (resp. prime ideals,
resp. maximal ideals) of I'(V). (See Problems 1.22, 1.38.)

2.3F Let W be a subvariety of a variety V, and let Iyy(W) be the ideal of I'(V) cor-
responding to W. (a) Show that every polynomial function on V restricts to a poly-
nomial function on W. (b) Show that the map from I'(V) to I'(W) defined in part
(a) is a surjective homomorphism with kernel Iy (W), so that I'(W) is isomorphic to
r(W/ Iy (W).

2.4 Let V c A" be a nonempty variety. Show that the following are equivalent:
(i) Vis a point; (ii) ['(V) = k; (iii) dim; I'(V) < oco.

2.5. Let F be an irreducible polynomial in k[X, Y], and suppose F is monic in Y:
F=Y"+aq(X)Y" ! +..., with n > 0. Let V = V(F) c A2. Show that the natural
homomorphism from k[X] to I'(V) = k[X, Y]/(F) is one-to-one, so that k[X] may be
regarded as a subring of I'(V); show that the residues 1,7, ... ,7n_1 generate I'(V)
over k[X] as a module.

2.2 Polynomial Maps

Let V c A", W c A™ be varieties. A mapping ¢: V — W is called a polyno-
mial map if there are polynomials T1,..., Ty, € k[X},..., X] such that p(ay, ..., a,) =
(Th(aq,...,an),..., Tm(ay,...,ay)) forall (ay,...,a,) € V.

Any mapping ¢: V — W induces a homomorphisms ¢: & (W, k) — F(V, k), by
setting @(f) = foe. If ¢ is a polynomial map, then ¢(I'(W)) cI'(V), so @ restricts to a
homomorphism (also denoted by @) from I'(W) to I'(V); for if f € ['(W) is the I(W)-
residue of a polynomial F, then ¢(f) = f o is the I(V)-residue of the polynomial
F(T,..., Tw).

Ifv=A", W=A™ and Ty,..., Ty, € k[Xy,..., X,] determine a polynomial map
T: A" — A™, the T; are uniquely determined by T (see Problem 1.4), so we often
write T = (Ty,..., Ty).

Proposition 1. Let V c A", W c A™ be affine varieties. There is a natural one-to-one
correspondence between the polynomial maps ¢: V — W and the homomorphisms
@: T(W) — (V). Any such ¢ is the restriction of a polynomial map from A" to A™.

Proof. Suppose a: I'(W) — I'(V) is a homomorphism. Choose T; € k[X;,..., X,]
such that a(I(W)-residue of X;) = (I(V)-residue of T;), for i = 1,...,m. Then T =
(Ty,..., T;y) isa polynomial map from A’ to A™, inducing T: T(A"™) = k[X3,..., X;n] —
['(A™) = k[X;,..., X,]. Itis easy to check that T(I(W)) c I(V), and hence that T(V) c
W, and so T restricts to a polynomial map ¢: V — W. It is also easy to verify that
@ = a. Since we know how to construct ¢ from ¢, this completes the proof.

A polynomial map ¢: V — W is an isomorphism if there is a polynomial map
w: W — V such that ¥ o ¢ = identity on V, ¢ o ¥ = identity on W. Proposition 1
shows that two affine varieties are isomorphic if and only if their coordinate rings
are isomorphic (over k).
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Problems

2.6 Letg: V—W,y: W — Z. Show that /5¢ = @ o7y. Show that the composition
of polynomial maps is a polynomial map.

2.7 If ¢: V — W is a polynomial map, and X is an algebraic subset of W, show that
¢~ 1(X) is an algebraic subset of V. If ¢~ (X) is irreducible, and X is contained in the
image of ¢, show that X is irreducible. This gives a useful test for irreducibility.

2.8. (a) Show that {(t, 2, %) € A3(k) | t € k} is an affine variety. (b) Show that V(X Z —
Y2, YZ-X3 7%~ X?Y)cA3(C) is avariety. (Hint: Y3 - X4, 723 - X5, Z* - Y% e (V).
Find a polynomial map from A!(C) onto V.)

2.9° Let @: V — W be a polynomial map of affine varieties, V' < V, W' c W subva-
rieties. Suppose @(V') € W'. (a) Show that @(Iw (W")) c Iy (V') (see Problems 2.3).
(b) Show that the restriction of ¢ gives a polynomial map from V' to W'.

2.10F Show that the projection map pr: A" — A", n=r, defined by pr(ay,...,a,) =
(a,...,ar) is a polynomial map.

2.11. Let f €T'(V), V avariety c A”. Define
G(f)={lar,..., an, ans1) €A™ | (ay,...,ap) € V and aps1 = flay,..., an)h,

the graph of f. Show that G(f) is an affine variety, and that the map (a,,...,a;) —
(a1,...,an, f(ai,...,ay)) defines an isomorphism of V with G(f). (Projection gives
the inverse.)

2.12. (a)] Let ¢: Al — V = V(Y2 - X3) c A? be defined by ¢(z) = (¢, £%). Show that
although ¢ is a one-to-one, onto polynomial map, ¢ is not an isomorphism. (Hint:
@I (V) = k[T?, T3 c k[T] =T(AY).) (b) Let p: Al - V = V(Y? - X?(X +1)) be de-
fined by ¢(t) = (t> — 1, t(t? — 1)). Show that ¢ is one-to-one and onto, except that
@(£1)=(0,0).

2.13. Let V=V(X?-Y3,Y? - Z3) c A3 as in Problem 1.40, @: I'(V) — k[T] induced
by the homomorphism « of that problem. (a) What is the polynomial map f from
Al to V such that f = @? (b) Show that f is one-to-one and onto, but not an isomor-
phism.

2.3 Coordinate Changes

If T=(Ty,..., Ty) is a polynomial map from A” to A", and F is a polynomial in
k(Xi,...,Xml, welet FT = T(F) = F(Ty,..., T,). For ideals I and algebraic sets V in
A™, IT will denote the ideal in k[X,..., X,] generated by {F' | F € I} and V' the
algebraic set T~'(V) = V(IT), where I = I(V). If V is the hypersurface of F, VT is the
hypersurface of F T (if FT is not a constant).

An affine change of coordinates on A" is a polynomial map T = (T, ..., T,): A" —
A" such that each T; is a polynomial of degree 1, and such that T is one-to-one
and onto. If T; = ¥ a;; Xj + ajo, then T = T" o T', where T' is a linear map (T} =
Y. a;jX;) and T" is a translation (T = X; + a;o). Since any translation has an inverse
(also a translation), it follows that T will be one-to-one (and onto) if and only if 7" is
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invertible. If T and U are affine changes of coordinates on A", then so are T o U and
T~!; Tisan isomorphism of the variety A” with itself.

Problems

2.14F A set V. < A"(k) is called a linear subvariety of A" (k) if V = V(F,..., F;) for
some polynomials F; of degree 1. (a) Show that if T is an affine change of coordi-
nates on A”, then V7 is also a linear subvariety of A (k). (b) If V # @, show that
there is an affine change of coordinates T of A" such that VT = VX1, or Xn).
(Hint:: use induction on r.) So V is a variety. (c) Show that the m that appears in
part (b) is independent of the choice of T. It is called the dimension of V. Then
V is then isomorphic (as a variety) to A" (k). (Hint:: Suppose there were an affine
change of coordinates T such that V(Xj;+1, e X)) T = V(Xs1, ..., X,), m < s; show
that Ty,41,..., T, would be dependent.)

2.15" LetP = (ai,...,an), Q= (by,..., by) be distinct points of A”. The line through
P and Qisdefined to be {a; + t(by—ay),...,a,+t(b,—ay)) | t € k}. (a) Show that if Lis
the line through P and Q, and T is an affine change of coordinates, then T(L) is the
line through T'(P) and T(Q). (b) Show that a line is a linear subvariety of dimension
1, and that a linear subvariety of dimension 1 is the line through any two of its points.
(c) Show that, in A2, a line is the same thing as a hyperplane. (d) Let P, P’ € A% L, L
two distinct lines through P, L, L}, distinct lines through P’. Show that there is an
affine change of coordinates T of A? such that T(P) = P’ and T'(L;) = Li,i=12.

2.16. Let k =C. Give A™(C) = C" the usual topology (obtained by identifying C with
R?, and hence C" with R?"). Recall that a topological space X is path-connected if for
any B, Q € X, there is a continuous mapping y: [0,1] — X such thaty(0) = By(1) = Q.
(a) Show that C \ S is path-connected for any finite set S. (b) Let V be an algebraic
set in A”(C). Show that A™(C) \ V is path-connected. (Hint:: If BQ e A" (C)\ V, let
L be the line through P and Q. Then LN V is finite, and L is isomorphic to AL(Q))

2.4 Rational Functions and Local Rings

Let V be a nonempty variety in A", T'(V) its coordinate ring. Since I'(V) is a do-
main, we may form its quotient field. This field is called the field of rational functions
onV, and is written k(V). An element of k(V) is a rational functionon V.

If f is arational function on V, and P € V, we say that f is defined at P if for some
a,beT(V), f=alb, and b(P) # 0. Note that there may be many different ways to
write f as a ratio of polynomial functions; f is defined at P if it is possible to find a
“denominator” for f that doesn’t vanish at P. If I'(V) is a UFD, however, there is an
essentially unique representation f = a/b, where a and b have no common factors
(Problem 1.2), and then f is defined at P if and only if b(P) # 0.

Example. V = V(XW-YZ)cA*(k). (V) =k[X,Y,Z, W/ (XW-Y Z). LetX,Y, Z,W
be the residues of X,Y,Z, W in I'(V). Then X/Y = Z/W = f € k(V) is defined at
P=(x,y,z,w) e Vif y #0 or w # 0 (see Problem 2.20).
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Let P € V. We define Op(V) to be the set of rational functions on V that are
defined at P. It is easy to verify that Op (V) forms a subring of k(V) containing I'(V) :
kcT'(V)cGp(V)c k(V). Thering Op(V) is called the local ring of V at P.

The set of points P € V where a rational function f is not defined is called the
pole set of f.

Proposition 2. (1) The pole set of a rational function is an algebraic subset of V.
@) T(V)=Mpev Op(V).

Proof. Suppose V c A", For G € k[Xj,..., X,], denote the residue of G in T'(V) by
G. Let f € k(V). Let Jf = {G € k[X),...,Xu] | Gf € T(V)}. Note that J is an ideal
in k[X3,...,Xy] containing I(V), and the points of V(Jy) are exactly those points
where f is not defined. This proves (1). If f € Npey Cp(V), VUp =@,s01€ Jf
(Nullstellensatz!), i.e., 1- f = f e I'(V), which proves (2).

Suppose f € Gp(V). We can then define the value of f at P, written f(P), as fol-
lows: write f = a/b, a,b e T'(V), b(P) #0, and let f(P) = a(P)/b(P) (one checks that
this is independent of the choice of @ and b.) The ideal mp(V) = {f € Op(V) | f(P) =
0} is called the maximal ideal of V at P. 1t is the kernel of the evaluation homomor-
phism f — f(P) of Op(V) onto k, so Op(V)/mp(V) is isomorphic to k. An element
fe0Op(V)isaunitin Op(V) if and only if f(P) # 0, so mp(V) = {non-units of Op(V)}.

Lemma. The following conditions on a ring R are equivalent:

(1) The set of non-units in R forms an ideal.
(2) R has a unique maximal ideal that contains every proper ideal of R.

Proof. Let m = {non-units of R}. Clearly every proper ideal of R is contained in m;
the lemma is an immediate consequence of this.

A ring satisfying the conditions of the lemma is called a local ring; the units are
those elements not belonging to the maximal ideal. We have seen that Op(V) is a
local ring, and mp(V) is its unique maximal ideal. These local rings play a promi-
nent role in the modern study of algebraic varieties. All the properties of V' that
depend only on a “neighborhood” of P (the “local” properties) are reflected in the
ring Op(V). See Problem 2.18 for one indication of this.

Proposition 3. Cp(V) is a Noetherian local domain.

Proof. We must show that any ideal I of Op(V) is finitely generated. Since I'(V) is
Noetherian (Problem 1.22), choose generators fi,..., f; for the ideal INnT'(V) of T'(V).
We claim that fi,..., f; generate I as an ideal in Op(V). For if f € I cOp(V), there is
abel'(V)withb(P)#Z0and bf eT'(V);thenbf el (V)nI,sobf =) a;f;, a; T (V);
therefore f =) (a;/b) f;, as desired.

Problems

2.17. Let V = V(Y2-X%(X+1)) c A%, and X, Y the residues of X,Y in T'(V); let
z=7Y/X € k(V). Find the pole sets of z and of z2.
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2.18. Let Op (V) be the local ring of a variety V at a point P. Show that there is a nat-
ural one-to-one correspondence between the prime ideals in @p (V) and the subva-
rieties of V that pass through P. (Hint: If I is prime in Gp(V), INnT(V) is prime in
I'(V), and I is generated by I nT'(V); use Problem 2.2.)

2.19. Let f be a rational function on a variety V. Let U = {P € V| f is defined at
P}. Then f defines a function from U to k. Show that this function determines f
uniquely. So a rational function may be considered as a type of function, but only
on the complement of an algebraic subset of V, not on V itself.

2.20. Inthe example given in this section, show that it is impossible to write f = a/b,
where a,b € I'(V), and b(P) # 0 for every P where f is defined. Show that the pole
set of f is exactly {(x,y,z,w)| y=0and w = 0}.

2.21F Let ¢@: V — W be a polynomial map of affine varieties, ¢: ['(W) — I'(V) the
induced map on coordinate rings. Suppose P € V, ¢(P) = Q. Show that ¢ extends
uniquely to a ring homomorphism (also written ¢) from G (W) to Op (V). (Note that
@ may not extend to all of k(W).) Show that @(mq(W)) cmp(V).

2.22F Let T: A" — A" be an affine change of coordinates, T(P) = Q. Show that
T: 0g(A™) — Op(A") is an isomorphism. Show that T induces an isomorphism
from Gq(V) to Op(VT) if Pe VT, for V a subvariety of A”.

2.5 Discrete Valuation Rings

Our study of plane curves will be made easier if we have at our disposal several
concepts and facts of an algebraic nature. They are put into the next few sections to
avoid disrupting later geometric arguments.

Proposition 4. Let R be a domain that is not a field. Then the following are equiva-
lent:

(1) R is Noetherian and local, and the maximal ideal is principal.
(2) There is an irreducible element t € R such that every nonzero z € R may be
written uniquely in the form z = ut", u a unit in R, n a nonnegative integer.

Proof. (1) implies (2): Let m be the maximal ideal, ¢ a generator for m. Suppose
ut = vt™, u, v units, n = m. Then ut"~" = v is a unit, so n = m and u = v. Thus
the expression of any z = ut” is unique. To show that any z has such an expression,
we may assume z is not a unit, so z = z;¢ for some z; € R. If z; is a unit we are
finished, so assume z; = zp¢. Continuing in this way, we find an infinite sequence
z1,2,... with z; = z; ;1 t. Since R is Noetherian, the chain of ideals (z;) < (zp) < -~
must have a maximal member (Chapter 1, Section 5), so (z;) = (z,+1) for some n.
Then z,,+1 = vz, for some v € R, so z,, = vtz, and vt = 1. But t is not a unit.

(2) implies (1): (We don't really need this part.) m = () is clearly the set of non-
units. It is not hard to see that the only ideals in R are the principal ideals ("), n a
nonnegative integer, so R is a PID.

A ring R satisfying the conditions of Proposition 4 is called a discrete valuation
ring, written DVR. An element ¢ as in (2) is called a uniformizing parameter for R;
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any other uniformizing parameter is of the form ut, u a unit in R. Let K be the
quotient field of R. Then (when ¢ is fixed) any nonzero element z € K has a unique
expression z = ut", u aunitin R, n € Z (see Problem 1.2). The exponent n is called
the order of z, and is written n = ord(z); we define ord(0) = co. Note that R={z€ K |
ord(z) =0}, and m = {z € K | ord(z) > 0} is the maximal ideal in R.

Problems

2.23F Show that the order function on K is independent of the choice of uniformiz-
ing parameter.

2.24F Let V=Al, T'(V) = k[X], K = k(V) = k(X). (a) For each a € k = V, show that
04(V) is a DVR with uniformizing parameter ¢ = X — a. (b) Show that O, = {F/G €
k(X) | deg(G) = deg(F)} is also a DVR, with uniformizing parameter ¢ = 1/ X.

2.25. Let p € Z be a prime number. Show that {re Q| r =a/b, a,b € Z, p doesn't
divide b} is a DVR with quotient field Q.

2.26 Let R be a DVR with quotient field K; let m be the maximal ideal of R. (a)
Show thatif z€ K, z¢ R, then z~! € m. (b) Suppose R c Sc K, and S is also a DVR.
Suppose the maximal ideal of S contains m. Show that S = R.

2.27. Show that the DVR’s of Problem 2.24 are the only DVR’s with quotient field
k(X) that contain k. Show that those of Problem 2.25 are the only DVR’s with quo-
tient field Q.
2.28) An order function on a field K is a function ¢ from K onto Z U {oo}, satisfying:
(i) ¢(a) =ccifand onlyifa=0.
(ii) ¢(ab)=qp(a)+ (D).
(iii) ¢(a+ b) =min(p(a),p(b)).
Show that R = {z € K | ¢(z) = 0} is a DVR with maximal ideal m = {z | ¢(z) > 0}, and
quotient field K. Conversely, show that if R is a DVR with quotient field K, then the
function ord: K — Z U {oo} is an order function on K. Giving a DVR with quotient
field K is equivalent to defining an order function on K.

2.29F Let R be a DVR with quotient field K, ord the order function on K. (a) If
ord(a) < ord(b), show that ord(a + b) = ord(a). (b) If ay,...,a, € K, and for some
i,ord(a;) <ord(a;) (all j # i), then a; +---+ a, #0.

2.30) Let R be a DVR with maximal ideal m, and quotient field K, and suppose a
field k is a subring of R, and that the composition k — R — R/m is an isomorphism
of k with R/m (as for example in Problem 2.24). Verify the following assertions:

(a) Forany z € R, there isaunique A € k such thatz— A1 em.

(b) Let f be a uniformizing parameter for R, z € R. Then for any n = 0 there are
unique Ag, A1,...,A, € kand z, € Rsuchthat z= Ao+ A1 t+ A 2+ + A t" + 2, L.
(Hint: For uniqueness use Problem 2.29; for existence use (a) and induction.)

2.31. Let k be a field. The ring of formal power series over k, written k[[X]], is de-
fined to be {z;’go a; X' | a; € k}. (As with polynomials, a rigorous definition is best
given in terms of sequences (ag, a1,...) of elements in k; here we allow an infinite
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number of nonzero terms.) Define the sum by ¥ a; X! + ¥ b; X’ = ¥.(a; + b;) X!, and
the product by (¥ a; X")(X b; X") = ¥ ¢; X', where ¢; = ¥ j, k=; @ by. Show that k[[X]]
is a ring containing k[X] as a subring. Show that k[[X]] is a DVR with uniformizing
parameter X. Its quotient field is denoted k((X)).

2.32. Let R be a DVR satisfying the conditions of Problem 2.30. Any z € R then de-
termines a power series 1; X i if Ao, A1,... are determined as in Problem 2.30(b). (a)
Show that the map z+— . A; X' isa one-to-one ring homomorphism of R into k[[X]].
We often write z = Y A;t’, and call this the power series expansion of z in terms of ¢.
(b) Show that the homomorphism extends to a homomorphism of K into k((X)),
and that the order function on k((X)) restricts to that on K. (c) Let a = 0 in Problem
2.24, t = X. Find the power series expansion of z = (1 — X)landof 1-X)(1+ X3!
in terms of ¢.

2.6 Forms

Let R be a domain. If F € R[Xj,..., X;+1] is a form, we define F, € R[X3,..., X;]
by setting F, = F(Xj,...,Xy,1). Conversely, for any polynomial f € R[Xj,..., X,] of
degree d, write f = fo+ fi +--- + f4, where f; is a form of degree i, and define f* €
R[Xy,..., X,+1] by setting

=X fo+ XA fiv o fa = X X X1, ey Xl Xns1);

f* is aform of degree d. (These processes are often described as “dehomogenizing”
and “homogenizing” polynomials with respect to X,,+1.) The proof of the following
proposition is left to the reader:

Proposition 5. (1) (FG). =F.G,; (fg)* =f*g".
(2) IfF #0 and r is the highest power of X1 that divides F, then X | (F.)* = F;
@) F+Gu=Fi+Gy; X} (f+8)" =X, f"+X,, 8", wherer =deg(g), s =
deg(f), and t=r+s—deg(f+g).

Corollary. Up to powers of X,,11, factoring a form F € R[Xy,..., Xy+1] is the same as
factoring F, € R[Xy,...,X,). In particular, if F € k[X,Y] is a form, k algebraically
closed, then F factors into a product of linear factors.

Proof. The first claim follows directly from (1) and (2) of the proposition. For the
second, write F = Y" G, where Y doesn’t divide G. Then F, = G, =e[[(X — A;) since
k is algebraically closed, so F=€eY  [[(X — A;Y).

Problems

2.33. Factor Y3 —2XY2+2X2Y + X3 into linear factors in C[X, Y].

2.34. Suppose F,G € k[Xj,..., X,] are forms of degree r, r + 1 respectively, with no
common factors (k a field). Show that F + G is irreducible.
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2.35" (a) Show that there are d + 1 monomials of degree d in R[X,Y],and 1 +2 +
<-4+ (d+1)=(d+1)(d+2)/2 monomials of degree d in R[X,Y, Z]. (b) Let V(d,n) =
{forms of degree d in k[X},..., X1}, k afield. Show that V(d, n) is a vector space over
k, and that the monomials of degree d form a basis. SodimV(d,1) = 1; dimV (d,2) =
d+1;dimV(d,3) = (d+1)(d+2)/2. (c) Let L1, Ly,... and M;, M>,... be sequences
of nonzero linear forms in k[X,Y], and assume no L; = AMj, A € k. Let A;; =
LiLy...LiM1M>...Mj, i,]j = 0 (Ago = 1). Show that {A;; | i + j = d} forms a basis
for V(d,2).

2.36. With the above notation, show that dimV(d, n) = (
ficient.

d+n-1

'""77), the binomial coef-

2.7 Direct Products of Rings

If Ry,..., Ry, are rings,the cartesian product R; x --- x R, is made into a ring as
follows: (ay,...,a,) + (bi,...,by) = (a1 + by,...,a, + by), and (aq,...,a,)(by,...,b,) =
(a1 b1,...,anby). This ring is called the direct product of Ry, ..., R,, and is written
]'[l'.’le,-. The natural projection maps 7;: H;'l:1 Rj — R; taking (a1, ..., an) to a; are
ring homomorphisms.

The direct product is characterized by the following property: given any ring R,
and ring homomorphisms ¢;: R — R;, i = 1,..., n, there is a unique ring homomor-
phism ¢: R — []}_, R; such that 7; o¢ = ¢;. In particular, if a field k is a subring of
each R;, k may be regarded as a subring of []?"_, R;.

Problems

2.37. What are the additive and multiplicative identities in [] R;? Is the map from R;
to [T R; taking a; to (0,..., a;,...,0) aring homomorphism?

2.387 Showthatifk c R;, and each R; is finite-dimensional over k, then dim([] R;) =
Y dimR;.

2.8 Operations with Ideals

Let I, ] be ideals in a ring R. The ideal generated by {ab | a € I,b € J} is denoted
IJ. Similarlyif Iy,..., I, are ideals, I --- I, is the ideal generated by {a1a2---a, | a; €
I;}. We define I" to be II--- I (n times). Note that while I contains all nth powers of
elements of I, it may not be generated by them. If I is generated by ay, ..., a,, then
I"is generatedby{af1 ~--a£’ |Yij=n}.AndR=1">I'5*>-...

Example. R = k[X,...,X;], [ = (X3,...,X;). Then I" is generated by the monomials
of degree n, so I" consists of those polynomials with no terms of degree < n. It fol-
lows that the residues of the monomials of degree < n form a basis of k[ X3, ..., X;1/I"
over k.
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If R is a subring of a ring S, IS denotes the ideal of S generated by the elements
of I. It is easy to see that IS = (IS)".

Let I, ] be ideals in aring R. Define I+ J={a+b|ac,be J}. Then I+ ] is an
ideal; in fact, it is the smallest ideal in R that contains I and J.

Two ideals I, J in R are said to be comaximalif I+ J=R,ie.,ifl=a+b, a€ I,
b e J. For example, two distinct maximal ideals are comaximal.

Lemma. (1) IJcINn] foranyideals I and J.
(2) IfI and J are comaximal, [J=1N].

Proof. (1)istrivial. If I+J =R, thenInJ=UnNHR=UnNUI+))=UnNI+Un])]c
JI+IJ=1I], proving (2). (See Problem 2.39.)

Problems

2.39) Prove the following relations among ideals I;, J, in a ring R:

(@ (h+DL)J=h]+1].
(b) (I IM)" =17 I,

2.40F (a) Suppose I, ] are comaximal ideals in R. Show that I + J?2 = R. Show that
I'"™ and J" are comaximal for all m,n. (b) Suppose I1,..., Iy are ideals in R, and
I; and J; = Njz; I; are comaximal for all i. Show that I'n---n 11'\‘, =(Lh---Iy)" =
(I1n---nIpN)" forall n.

2.41F Let I, be ideals in a ring R. Suppose I is finitely generated and I < Rad(J).
Show that I" < J for some n.

2.427 (a) Let I  J be ideals in a ring R. Show that there is a natural ring homomor-
phism from R/I onto R/]. (b) Let I be an ideal in a ring R, R a subring of a ring S.
Show that there is a natural ring homomorphism from R/ to S/IS.

2.43F Let P=(0,...,0) € A", @ = Gp(A™), m = mp(A"). Let I < k[X, ..., X,,] be the
ideal generated by Xj,..., X,,. Show that I6& = m, so I'G = m" forall r.

2.447F Let V be avariety in A", I = I(V) c k[X,...,X,], P€ V, and let J be an ideal
of k[Xy,..., Xp] that contains I. Let J’ be the image of J in I'(V). Show that there is
a natural homomorphism ¢ from Gp(A™)/JOp(A™) to Gp(V)/J'Op(V), and that ¢ is
an isomorphism. In particular, Gp(A™)/I0p(A"™) is isomorphic to Gp (V).

2.45F Show that ideals I, J < k[X1,..., Xn] (k algebraically closed) are comaximal if
andonly if V() nV(J) = @.

2.461 LetI=(X,Y)c k[X,Y]. Show that dimg(k[X, Y]/I") =1+ 2+ + n = 22

2.9 Ideals with a Finite Number of Zeros

The proposition of this section will be used to relate local questions (in terms of
the local rings @p (V)) with global ones (in terms of coordinate rings).
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Proposition 6. LetI beanidealin k[X,,...,X,] (k algebraically closed), and suppose
V() ={Py,..., Py} is finite. LetO; = Op,(A™). Then there is a natural isomorphism of
k(X1,..., Xp) /I with [TY., 0;110;.

Proof. Let I; = I({P;}) < k[Xj,...,X,] be the distinct maximal ideals that contain
I. Let R = k[Xy,...,Xpl/I, R; = O;/10;. The natural homomorphisms (Problem
2.42(b)) ¢; from R to R; induce a homomorphism ¢ from R to Hﬁ\il R;.

By the Nullstellensatz, Rad(I) = I({Py,...,Py}) = ﬂﬁ\il I;,s0 (N Ii)d c I for some d
(Problem 2.41). Since N il and I; are comaximal (Problem 2.45), it follows (Prob-
lem 2.40) that m;? =L In4=NIpicl

Now choose F; € k[Xj,..., X,] such that F;(P;) = 0if i # j, F;(P;) = 1 (Problem
1.17). Let E; = 1 - (1 - F%)4. Note that E; = F/D; for some D;, so E; € I}? if i #
and1-Y;E;=(1-Ej)-X;zjEi € mjﬂ? < I. In addition, E; - E? = E;(1- F))? is in
Nji I]‘.i -1¢ < 1. If we let e; be the residue of E; in R, we have e? = e;, eje; = 0if i # j,
and Y e; = 1.

Claim. If G € k[X3,..., X,], and G(P;) # 0, then there is a f € R such that g = e;,
where g is the I-residue of G.

Assuming the claim for the moment, we show how to conclude that ¢ is an iso-
morphism:

@ is one-to-one: If ¢(f) = 0, then for each i there is a G; with G;(P;) # 0 and
G;FelI(f =1Iresidueof F). Let t;g;=e;. Then f =Y e;f =) t;gif =0.

@ is onto: Since E;(P;) = 1, ¢;(e;) is a unit in R;; since @;(e;)@i(e;j) = p;(eje;) =0
if i # j, pi(e;) = 0for i # j. Therefore ;(e;) = ¢;(3e;) = ¢;(1) = 1. Now suppose
z = (ails1,...,an/sn) € [IR;. By the claim, we may find ¢; so that ¢;s; = e;; then
a;ls;i=a;it;in R;, so ¢; (Y. tjajej) =i(tia;) = a;ls;, and (X tjdjej) =Z.

To prove the claim, we may assume that G(P;) = 1. Let H = 1 — G. It follows that
(1- H)(E; + HE; +---+ H*VE;) = E; — H?E;. Then H € I;, so H*E; € I. Therefore
gle;+he;+---+h% le;) = e;, as desired.

Corollary 1. dimy(k[X,...,X,1/1) =Y N dimy(0;/106)).
Corollary 2. IfV(I) ={P}, then k(Xy,..., X1/ I is isomorphic to Gp(A™)/ IGp(A").

Problem

2.47. Suppose Ris aring containing k, and R is finite dimensional over k. Show that
R is isomorphic to a direct product of local rings.

2.10 Quotient Modules and Exact Sequences

Let R be a ring, M, M’ R-modules. A homomorphism ¢: M — M’ of abelian
groups is called an R-module homomorphism if ¢(am) = ap(m) forallae R, m e
M. Ttis an R-module isomorphism if it is one-to-one and onto.

If N is asubmodule of an R-module M, the quotient group M/N of cosets of N in
M is made into an R-module in the following way: if 77 is the coset (or equivalence
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class) containing m, and a € R, define am = am. It is easy to verify that this makes
M/ N into an R-module in such a way that the natural map from M to M/N is an
R-module homomorphism. This M/N is called the quotient module of M by N.

Lety: M — M, ¢: M — M" be R-module homomorphisms. We say that the
sequence (of modules and homomorphisms)

ML m

is exact (or exact at M) if Im(y) = Ker(¢). Note that there are unique R-module
homomorphism from the zero-module 0 to any R-module M, and from M to 0. Thus

M £ M" — 0 is exact if and only if ¢ is onto, and 0 — M’ . M s exact if and
only if y is one-to-one.
If p;: M; — M, are R-module homomorphisms, we say that the sequence

P1 2 ¢
MM P P M

is exact if Im(g;) = Ker(¢g;4+1) foreach i = 1,...,n. Thus 0 — M’ YmMmLm—o
is exact if and only if ¢ is onto, and ¥ maps M’ isomorphically onto the kernel of ¢.

Proposition 7. 1) Let0o — V' L v 2. v — 0 be an exact sequence of finite-
dimensional vector spaces over a field k. Thendim V' +dim V" =dim V.
(2) Let
0—nZnZyuLy—o

be an exact sequence of finite-dimensional vector spaces. Then
dimV, =dim V3 —dim V, + dim V;.

Proof. (1) is just an abstract version of the rank-nullity theorem for a linear transfor-
mation ¢: V — V" of finite-dimensional vector spaces.

(2) follows from (1) by letting W = Im(¢>) = Ker(¢3). For then 0 — V; », Vs e,
W—0and0— W R V3 s, V4 — 0 are exact, where v is the inclusion, and the
result follows by subtraction.

Problems

2.48) Verify that for any R-module homomorphism ¢: M — M’, Ker(¢) and Im(¢p)
are submodules of M and M’ respectively. Show that

0 — Ker(¢) — M —2 Im(¢p) — 0

is exact.
2.49F (a) Let N be a submodule of M, n: M — M/N the natural homomorphism.

Suppose ¢: M — M’ is a homomorphism of R-modules, and ¢(N) = 0. Show that
there is a unique homomorphism @: M/N — M’ such that pow = ¢. (b) If N and P
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are submodules of a module M, with P c N, then there are natural homomorphisms
from M/P onto M/N and from N/P into M/P. Show that the resulting sequence

0— N/P— M/P— M/N—20

is exact (“Second Noether Isomorphism Theorem”). (c) Let U ¢ W < V be vector
spaces, with V/U finite-dimensional. Then dimV/U =dim V/W +dimW/U. (d) If
J c I areideals in aring R, there is a natural exact sequence of R-modules:

0—1I/J— R/]J— R/I—0.

(e) If O is a local ring with maximal ideal m, there is a natural exact sequence of
0-modules
0— m"/m"! — o/m"! — o/m" — 0.

2.50) Let R be a DVR satisfying the conditions of Problem 2.30. Then m”/m"*! is an
R-module, and so also a k-module, since k < R. (a) Show that dimk(m"/m"“) =1
for all n = 0. (b) Show that dimy(R/m") = n for all n > 0. (c) Let z € R. Show that
ord(z) = nif (z) = m", and hence that ord(z) = dim(R/(z)).

2.51. Let 0 — V; — --- — V;; — 0 be an exact sequence of finite-dimensional
vector spaces. Show that }_(-1)* dim(V;) = 0.

2.52" Let N, P be submodules of a module M. Show that the subgroup N + P =
{n+p|neN,pe P}isasubmodule of M. Show that there is a natural R-module
isomorphism of N/N N P onto N + P/P (“First Noether Isomorphism Theorem”).

2.53F Let V be a vector space, W a subspace, T: V — V a one-to-one linear map
such that T(W) ¢ W, and assume V/W and W/T (W) are finite-dimensional. (a)
Show that T induces an isomorphism of V/W with T'(V)/T(W). (b) Construct an
isomorphism between T'(V)/(W n T(V)) and (W + T(V))/W, and an isomorphism
between W/(W N T(V)) and (W + T(V))/T(V). (c) Use Problem 2.49(c) to show that
dimV/(W+ T(V)) =dim(W n T(V))/T(W). (d) Conclude finally that dim V/T(V) =
dimwW/T(W).

2.11 Free Modules

Let R be aring, X any set. Let Mx = {mappings ¢: X — R | ¢(x) =0 for all but a
finite number of x € X}. This My is made into an R-module as follows: (¢ + ) (x) =
@(x) +w(x), and (ag)(x) = ap(x) for ¢,y € My, a € R, x € X. The module My is
called the free R-module on the set X. If we define ¢, € Mx by the rules: ¢.(y) =0
if y # x, px(x) = 1, then every ¢ € Mx has a unique expression ¢ = a,¢,, where
ay € R (in fact, a, = ¢(x)). Usually we write x instead of ¢,, and consider X as a
subset of Mx. We say that X is a basis for Mx: the elements of My are just “formal
sums” ) ayX.

M is characterized by the following property: If a: X — M is any mapping from
the set X to an R-module M, then a extends uniquely to a homomorphism from My
to M.
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An R-module M is said to be free with basis my,...,m, € M if for X the set
{my,..., my} with n elements, the natural homomorphism from My to M is an iso-
morphism.

If R=27, afree Z-module on X is called the free abelian group on X.

Problems

2.54. What does M being free on m,..., m, say in terms of the elements of M?
2.55. Let F = X"+ ;X" 1 +--- + a,, be a monic polynomial in R[X]. Show that
R[X]/(F) is a free R-module with basis 1, X, ... X" where X is the residue of X.

2.56. Show that a subset X of a module M generates M if and only if the homomor-
phism Mx — M is onto. Every module is isomorphic to a quotient of a free module.



Chapter 3

Local Properties of Plane Curves

3.1 Multiple Points and Tangent Lines

We have seen that affine plane curves correspond to nonconstant polynomials
F € k[X, Y] without multiple factors, where F is determined up to multiplication by
a nonzero constant (Chapter 1, Section 6). For some purposes it is useful to allow F
to have multiple factors, so we modify our definition slightly:

We say that two polynomials F,G € k[X, Y] are equivalent if F = AG for some
nonzero A € k. We define an affine plane curve to be an equivalence class of non-
constant polynomials under this equivalence relation. We often slur over this equiv-
alence distinction, and say, e.g., “the plane curve Y2 — X3”, or even “the plane curve
Y2 = X3”. The degree of a curve is the degree of a defining polynomial for the curve.
A curve of degree one is a line; so we speak of “the line aX + bY + ¢”, or “the line
aX+bY+c=0"IfF= HF?', where the F; are the irreducible factors of F, we say
that the F; are the components of F and e; is the multiplicity of the component F;. F;
is a simple component if e; = 1, and multiple otherwise. Note that the components
F; of F can be recovered (up to equivalence) from V(F), but the multiplicities of the
components cannot.

If F is irreducible, V(F) is a variety in A2. We will usually write T'(F), k(F), and
Op(F) instead of I'(V(F)), k(V(F)), and Cp(V (F)).

Let F be a curve, P = (a,b) € F. The point P is called a simple point of F if either
derivative Fx (P) # 0 or Fy (P) # 0. In this case the line Fx (P)(X—a)+Fy (P)(Y—-b) =0
is called the tangent line to F at P. A point that isn't simple is called multiple (or
singular). A curve with only simple points is called a nonsingular curve.

We sketch some examples. Since R c C, A%(R) c A%(C). If F is a curve in A%(C),
we can only sketch the real part of F, 1.e. Fn A2(R). While the pictures are an aid to
the imagination, they should not be relied upon too heavily.

31
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Examples.
(N
\
A=Y -X? B=Y?-X3+X
c=Yv%*-x3 D=Y2-X3-Xx?
E=(X?+Y?»?+3Xx%y-Y3 F=(X?+Y?3-4x%y?

A calculation with derivatives shows that A and B are nonsingular curves, and
that P = (0, 0) is the only multiple point on C, D, E, and F. In the first two examples,
the linear term of the equation for the curve is just the tangent line to the curve at
(0,0). Thelowest terms in C, D, E, and F respectively are Y2 Y2-X2=(Y-X)(Y+X),
3X2Y-Y3=Y(W3X-Y)(V3X+Y),and —4X?Y2. In each case, the lowest order form
picks out those lines that can best be called tangent to the curve at (0, 0).

Let F be any curve, P = (0,0). Write F = F;, + Fy41 + - -+ F,, where F; is a form in
k(X,Y] of degree i, F,, # 0. We define m to be the multiplicity of F at P = (0,0), write
m = mp(F). Note that P € F if and only if mp(F) > 0. Using the rules for derivatives,
it is easy to check that P is a simple point on F if and only if mp(F) =1, and in this
case F) is exactly the tangent line to F at P. If m = 2, P is called a double point; if
m =3, atriple point, etc.
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Since F,, is a form in two variables, we can write F,;, = HLlr.i where the L; are
distinct lines (Corollary in §2.6). The L; are called the tangent linesto F at P = (0,0);
r; is the multiplicity of the tangent. Theline L; is a simple (resp. double, etc.) tangent
if r; = 1 (resp. 2, etc.). If F has m distinct (simple) tangents at P, we say that P is
an ordinary multiple point of F. An ordinary double point is called a node. (The
curve D has a node at (0,0), E has an ordinary triple point, while C and F have a
nonordinary multiple point at (0,0).) For convenience, we call a line through P a
tangent of multiplicity zero if it is not tangent to F at P.

LetF=]] Ffi be the factorization of F into irreducible components. Then mp(F) =
Y e;mp(F;); and if L is a tangent line to F; with multiplicity r;, then L is tangent to
F with multiplicity }_ e;r;. (This is a consequence of the fact that the lowest degree
term of F is the product of the lowest degree terms of its factors.)

In particular, a point P is a simple point of F if and only if P belongs to just one
component F; of F, F; is a simple component of F, and P is a simple point of F;.

To extend these definitions to a point P = (a, b) # (0,0), Let T be the translation
that takes (0,0) to P, i.e., T(x,y) = (x+a,y+b). Then FT = F(X + a,Y + b). Define
mp(F) to be m,0)(F), i.e., write FT = G, + Gpy1 + -+, G; forms, G, # 0, and let
m=mp(F).If G, = HL?, Li=0a;X+B;Y,thelines a;(X —a) + B;(Y — b) are defined
to be the tangent lines to F at P, and r; is the multiplicity of the tangent, etc. Note
that T takes the points of F T to the points of F, and the tangents to F T at (0,0) to the
tangents to F at P. Since Fx(P) = F}(0,0) and Fy (P) = F](0,0), P is a simple point
on F if and only if mp(F) = 1, and the two definitions of tangent line to a simple
point coincide.

Problems

3.1. Prove that in the above examples P = (0,0) is the only multiple point on the
curves C, D, E,and F.

3.2. Find the multiple points, and the tangent lines at the multiple points, for each
of the following curves:

(@ Y3-Y2+X3-X2+3XY2+3X%Y +2XY

(b) X*+Yv*-X%Y?

(© X3+Y3-3X2-3Y2+3XY +1

(d) Y?+(X?-5)(4X*-20X2 +25)
Sketch the part of the curve in (d) that is contained in A%(R) < A%(C).

3.3. If a curve F of degree n has a point P of multiplicity n, show that F consists of
n lines through P (not necessarily distinct).

3.4. Let P be a double point on a curve F. Show that P is a node if and only if
Fxy (P)* # Fxx(P)Fyy (P).

3.5. (char(k) = 0) Show that mp(F) is the smallest integer m such that for some i +
j=m, 6?Ci af, - (P) # 0. Find an explicit description for the leading form for F at P in
terms of these derivatives.
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3.6. Irreducible curves with given tangent lines L; of multiplicity ; may be con-
structed as follows: if Y r; = m, let F = HL;" + F;41, where F;,11 is chosen to make
F irreducible (see Problem 2.34).

3.7. (a) Show that the real part of the curve E of the examples is the set of points in
A?(R) whose polar coordinates (r,0) satisfy the equation r = —sin(36). Find the polar
equation for the curve F. (b) If n is an odd integer = 1, show that the equation r =
sin(n6) defines the real part of a curve of degree n+1 with an ordinary n-tuple point
at (0,0). (Use the fact that sin(n0) = Im(e'"?) to get the equation; note that rotation
by n/n is a linear transformation that takes the curve into itself.) (c) Analyze the
singularities that arise by looking at r? = sin?(n6), n even. (d) Show that the curves
constructed in (b) and (c) are all irreducible in A?(C). (Hint:: Make the polynomials
homogeneous with respect to a variable Z, and use §2.1.)

3.8. Let T: A2 — A? be a polynomial map, T(Q) = P. (a) Show that mq(FT) =
mp(F). (b) Let T = (T3, T2), and define Jo T = (0T;/0X;(Q)) to be the Jacobian matrix
of T at Q. Show that mq(F Ty = mp(F) if JoT isinvertible. (c) Show that the converse
of (b) is false: let T = (X?,Y), F=Y - X%, P=Q =(0,0).

3.9. Let F € k[X,..., X,] define a hypersurface V(F) c A". Let P € A". (a) Define
the multiplicity mp(F) of F at P. (b) If mp(F) = 1, define the tangent hyperplane
to F at P. (c) Examine F = X2+ Y2 - Z2, P = (0,0). Is it possible to define tangent
hyperplanes at multiple points?

3.10. Show that an irreducible plane curve has only a finite number of multiple
points. Is this true for hypersurfaces?

3.11. Let V c A" be an affine variety, P € V. The tangent space Tp(V) is defined
to be {(v1,...,vy) € A" [forall Ge I(V), Y. Gx, (P)v; =0}. If V = V(F) is a hypersur-
face, F irreducible, show that Tp(V) = {(v1,...,vs) | X Fx,(P)v; = 0}. How does the
dimension of Tp(V) relate to the multiplicity of F at P?

3.2 Multiplicities and Local Rings

Let F be an irreducible plane curve, P € F. In this section we find the multiplicity
of P on F in terms of the local ring Gp (F). The following notation will be useful: for
any polynomial G € k[X, Y], denote its image (residue) in I'(F) = k[X, Y1/(F) by g.

Theorem 1. P is a simple point of F if and only if Op(F) is a discrete valuation ring.
In this case, if L= aX + bY + c is any line through P that is not tangent to F at P, then
the imagel of L in Op(F) is a uniformizing parameter for Op(F).

Proof. Suppose P is a simple point on F, and L is a line through P, not tangent to F
at P. By making an affine change of coordinates, we may assume that P = (0,0), that
Y is the tangent line, and that L = X (Problems 2.15(d) and 2.22). By Proposition 4
of §2.5, it suffices to show that mp(F) is generated by x.
First note that mp(F) = (x, y), whether P is simple or not (Problems 2.43, 2.44).
Now with the above assumptions, F = Y + higher terms. Grouping together those
terms with Y, we can write F = YG — X2H, where G = 1+ higher terms, H € k[X].
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Then yg = x*heT'(F),so y = x>hg~! € (x), since g(P) # 0. Thus mp(F) = (x,y) = (x),
as desired.
The converse will follow from Theorem 2.

Suppose P is a simple point on an irreducible curve F. We let ordg be the order
function on k(F) defined by the DVR Op(F); when F is fixed, we may write simply
ordp. If G € k[X,Y], and g is the image of G in I'(F), we write ordg(G) instead of
ord5(g).

If P is a simple point on a reducible curve F, we write ordg instead of ordg,
where F; is the component of F containing P.

Suppose P is a simple point on F, and L is any line through P. Then ordg (=1
if L is not tangent to F at P, and ordl‘:(L) > 1 if L is tangent to F at P. For we may
assume the conditions are as in the proof of Theorem 1; Y is the tangent, y = x> hg~!,
so ordp(y) = ordp(x?) + ordp(hg™') = 2.

The proof of the next theorem introduces a technique that will reappear at sev-
eral places in our study of curves. It allows us to calculate the dimensions of certain
vector spaces of the type Op(V)/I, where I is an ideal in Op(V).

Theorem 2. Let P be a point on an irreducible curve F. Then for all sufficiently large
n,
mp(F) = dimgmp(F)" /mp(F)"*1).

In particular, the multiplicity of F at P depends only on the local ring Op(F).

Proof. Write ©, m for Op(F), mp(F) respectively. From the exact sequence
0 — m"/m"™! —o/m"™! —6/m"—0

it follows that it is enough to prove that dimy (G/m™) = n mp(F)+s, for some constant
s, and all n = mp(F) (Problem 2.49(e) and Proposition 7 of §2.10). We may assume
that P = (0,0), som” = '@, where [ = (X,Y) c k[X, Y] (Problem 2.43). Since V(I") =
(P}, k[X,Y]/(I",F) = Op(A?)/(I",F)Gp(A?) = Op(F)/I"Op(F) = G/m" (Corollary 2
of §2.9 and Problem 2.44).

So we are reduced to calculating the dimension of k[ X, Y]/ (I", F). Let m = mp(F).
Then FG € I"" whenever G € I""™. There is a natural ring homomorphism ¢ from
k[X,Y1/I"to k[X,Y]/(I",F), and a k-linear map ¥ from k[X, Y]/I" ™ to k[ X, Y]/I"
defined by ¥ (G) = FG (where the bars denote residues). It is easy to verify that the
sequence

0—>k[X,Y]/I"_ml»k[X,Y]/I"i> kX, Y1/d",F)—0

is exact. Applying Problem 2.46 and Proposition 7 of §2.10 again, we see that

3 m(m-—1)

dimg(k[X,Y1/U", F)) =nm 2

for all n = m, as desired.
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Note that if Op(F) is a DVR, then Theorem 2 implies that mp(F) = 1 (Problem
2.50) so P is simple. This completes the proof of Theorem 1.

It should at least be remarked that the function y(n) = dimy(€/m"), which is a
polynomial in n (for large n) is called the Hilbert-Samuel polynomial of the local
ring O; it plays an important role in the modern study of the multiplicities of local
rings.

Problems

3.12. A simple point P on a curve F is called a flex if ordg(L) > 3, where L is the
tangent to F at P. The flex is called ordinary if ordp(L) = 3, a higher flex otherwise.
(a) Let F =Y — X". For which n does F have a flex at P = (0,0), and what kind of flex?
(b) Suppose P = (0,0), L = Y is the tangent line, F = Y + aX? +---. Show that P is
a flex on F if and only if a = 0. Give a simple criterion for calculating ordg(Y), and
therefore for determining if P is a higher flex.

3.13F With the notation of Theorem 2, and m = mp(F), show that dim (m”/m"*1) =
n+1for 0 < n < mp(F). In particular, P is a simple point if and only if dim (m/m?) =
1; otherwise dimk(m/mz) =2.

3.14. Let V=V(X?-Y3,Y%2- 23 c A3, P=(0,0,0), m = mp(V). Find dimj(m/m?).
(See Problem 1.40.)

3.15. (a) Let@ = Op(A?) for some P € A%, m = mp(A?). Calculate y(n) = dimy (G /m").
(b) Let ©@ = Op(A’ (k)). Show that y(n) is a polynomial of degree r in n, with leading
coefficient 1/r! (see Problem 2.36).

3.16. Let F € k[Xj,..., X;] define a hypersurface in A". Write F = Fy,, + Fppq1 + -,
and let m = mp(F) where P = (0,0). Suppose F is irreducible, and let G = Gp(V (F)),
m its maximal ideal. Show that y(n) = dimy(€/m"™) is a polynomial of degree r — 1
for sufficiently large n, and that the leading coefficient of y is mp(F)/(r — 1)\

Can you find a definition for the multiplicity of a local ring that makes sense in
all the cases you know?

3.3 Intersection Numbers

Let F and G be plane curves, P € A2, We want to define the intersection number
of F and G at P; it will be denoted by I(P, F n G). Since the definition is rather unin-
tuitive, we shall first list seven properties we want this intersection number to have.
We then prove that there is only one possible definition, and at the same time we
find a simple procedure for calculating I(P, F N G) in a reasonable number of steps.

We say that F and G intersect properly at P if F and G have no common compo-
nent that passes through P. Our first requirements are:

(1) I(P FnG) is a nonnegative integer for any F, G, and P such that F and G
intersect properly at P. I(P, Fn G) = oo if F and G do not intersect properly at P.



3.3. INTERSECTION NUMBERS 37

(2) IIBFNnG)=0ifand onlyif P ¢ FNG. I(P,Fn G) depends only on the com-
ponents of F and G that pass through P. And I(B, FnG) = 0if F or G is a nonzero
constant.

(3) If T is an affine change of coordinates on A2 and T(Q) =P, then I(BLFNG) =
I(Q,FTnGT).

4 I(RFnG)=I1I(BGNF).

Two curves F and G are said to intersect transversally at P if P is a simple point
both on F and on G, and if the tangent line to F at P is different from the tangent line
to G at P. We want the intersection number to be one exactly when F and G meet
transversally at P. More generally, we require

(5) I(RFNnG) = mp(F)mp(G), with equality occurring if and only if F and G have
not tangent lines in common at P.

The intersection numbers should add when we take unions of curves:
6) IfF= ]'[Fl.ri, and G = HG;f, then ([BFNG) =%, ;risj[(BF;nG;j).

The last requirement is probably the least intuitive. If F is irreducible, it says that
I(P, F n G) should depend only on the image of G in I'(F). Or, for arbitrary F,

(7) IBFNG) =I(BFN(G+ AF)) forany A€ k[X, Y].

Theorem 3. There is a unique intersection number I(P,F N G) defined for all plane
curves F, G, and all points P € A?, satisfying properties (1)-(7). It is given by the
formula

I(RFNG) =dim(Gp(A*)/(F,G)).

Proof of Uniqueness. Assume we have a number (P, F N G) defined for all F, G, and
P, satisfying (1)-(7). We will give a constructive procedure for calculating I(P, F N G)
using only these seven properties, that is stronger than the required uniqueness.
We may suppose P = (0,0) (by (3)), and that I(P,F n G) is finite (by (1)). The case
when I(B, Fn G) = 0is taken care of by (2), so we may proceed by induction; assume
I(PFNG)=n>0, and I(P, An B) can be calculated whenever I(P, AnB) < n. Let
F(X,0),G(X,0) € k[X] be of degree r, s respectively, where r or s is taken to be zero
if the polynomial vanishes. We may suppose r < s (by (4)).
Case 1. r =0. Then Y divides F, so F = Y H, and

I(BFNG)=IPYNG+I(BPHNG)

(by (6)). If G(X,0) = X" (ap+a1 X +---), ap #0, then (LY NG) =I(BYNG(X,0) =
I(BY nX™) =m (by (7), (2), (6), and (5)). Since Pe G, m >0, so [(BHNG) < n, and
we are done by induction.

Case 2: r > 0. We may multiply F and G by constants to make F(X,0) and G(X,0)
monic. Let H=G—-X*"F. Then I(BFnG) = I(BFn H) (by (7)), and deg(H(X,0)) =
t < s. Repeating this process (interchanging the order of F and H if ¢ < r) a finite
number of times we eventually reach a pair of curves A, B that fall under Case 1, and
with I(B, Fn G) = I(B, An B). This concludes the proof.

Proof of Existence. Define I(P,F N G) to be dim(@p(A?)/(F,G)). We must show that
properties (1)-(7) are satisfied. Since I(P, F 1 G) depends only on the ideal in Gp(A?)
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generated by F and G, properties (2), (4), and (7) are obvious. Since an affine change
of coordinates gives an isomorphism of local rings (Problem 2.22), (3) is also clear.
We may thus assume that P = (0,0), and that all the components of F and G pass
through P. Let @ = Gp(A?).

If F and G have no common components, I(B F N G) is finite by Corollary 1 of
§2.9. If F and G have a common component H, then (F, G) c (H), so there is a homo-
morphism from &/ (F, G) onto @/ (H) (Problem 2.42), and I(P, FN G) = dim(C/(H)).
But ¢/ (H) is isomorphic to Gp(H) (Problem 2.44), and Op(H) > I'(H), with T'(H)
infinite-dimensional by Corollary 4 to the Nullstellensatz. This proves (1).

To prove (6), it is enough to show that I(RFNGH) = I(BFnG)+ I(B Fn H) for
any F,G, H. We may assume F and GH have no common components, since the
result is clear otherwise. Let ¢: O/(F,GH) — O/ (F, G) be the natural homomorphism
(Problem 2.42), and define a k-linear map v: G/ (F, H) — ©/(F, GH) by letting ¥ (z) =
Gz, z € @ (the bar denotes residues). By Proposition 7 of §2.10, it is enough to show
that the sequence

0— 6/(EH) - 6/1(EGH) - 61(EG) —0

is exact.

We will verify that v is one-to-one; the rest (which is easier) is left to the reader.
If ¢(z) = 0, then Gz = uF + vGH where u,v € . Choose S € k[X, Y] with S(P) #0,
and Su=A,Sv=B,and Sz=Ce€ k[X,Y]. Then G(C—-BH) = AF in k[X,Y]. Since
F and G have no common factors, F must divide C — BH, so C— BH = DF. Then
z=(B/S)YH+ (D/S)F, or z=0, as claimed.

Property (5) is the hardest. Let m = mp(F), n = mp(G). Let I be the ideal in
k[X, Y] generated by X and Y. Consider the following diagram of vector spaces and
linear maps:

n
kL)]i’[)l;]/y{]/]m L kix, vy m+n L kX, Y1/ ™" FEG) ——0

Ja

G/(F,G) ——— @/(I™" EG) ——— 0

where ¢, 7, and «a are the natural ring homomorphisms, and v is defined by letting
(A, B) = AF + BG.

Now ¢ and 7 are clearly surjective, and, since V (I"™*", F,G) c {P}, a is an isomor-
phism by Corollary 2 in §2.9. It is easy to check that the top row is exact. It follows
that

dim(k[X, Y]/I"™") + dim(k[X, Y]/I™) = dim(Ker(¢)),

with equality if and only if y is one-to-one, and that

dim(k[X, Y]/(I"™*" F,G)) = dim(k[X, Y1/I"™*") — dim(Ker(¢p)).
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Putting all this together, we get the following string of inequalities:

I(RFNG)=dim(@/(F,G)) =dim@/(I""",FG))
=dim(k(X, YI/U"",FG)
=dim(k[X, Y]/ 1™ —dim(k[X, Y]/1") - dim(k[X, Y]/I™)

=mn

(by Problem 2.46 and arithmetic).

This shows that I(P,FnG) = mn, and that I(P, Fn G) = mn if and only if both
inequalities in the above string are equalities. The first such inequality is an equality
if 7 is an isomorphism, i.e., if I"*" < (F, G)©. The second is an equality if and only if
1 is one-to-one. Property (5) is therefore a consequence of:

Lemma. (a) IfF and G have no common tangents at P, then I' c (F,G)© for
t=zm+n-1.
(b) v is one-to-one if and only if F and G have distinct tangents at P.

Proofof (@). Let Ly,...,L,, be the tangents to F at P, M,,..., M, the tangents to G.
LetL; =Ly ifi>m, Mj=M,if j>n,andlet A;; = Ly---L;My---M;j forall i,j =0
(Ago = 1). The set {A;; | i + j = r} forms a basis for the vector space of all forms of
degree t in k[X, Y] (Problem 2.35(c)).

To prove (a), it therefore suffices to show that A;j € (FG)0 forall i+ j = m+n-1.
But i + j = m+ n—1 implies that either i = mor j = n. Say i = m, so A;jj = AmuoB,
where B is a form of degree t = i + j — m. Write F = A0+ F', where all terms of F’ are
of degree = m+1. Then A;; = BF—BF', where each term of BF' has degree = i+ j+1.
We will be finished, then, if we can show that I’ < (F, G)@ for all sufficiently large t.

This fact is surely a consequence of the Nullstellensatz: let V(F, G) = {P, Qy, ..., Qs},
and choose a polynomial H so that H(Q;) =0, H(P) # 0 (Problem 1.17). Then HX
and HY arein I(V(F,G)), so (HX)N,(HY)"N € (F,G) c k[X, Y] for some N. Since HY
isaunitin @, X and Y™ are in (F, G)@, and therefore I*" c (F,G)@, as desired.

Proof of (b). Suppose the tangents are distinct, and that
w(A,B)=AF+BG =0,

i.e., AF + BG consists entirely of terms of degree = m + n. Suppose r < m or s < n.
Write A = A,+ higher terms, B = Bg+ -+, so AF+ BG = A;F;; + BsG,, +---. Then
we must have r + m = s+ n and A, F,, = —-B;G,,. But F,, and G, have no common
factors, so F, divides Bs, and G,, divides A,. Therefore s = m, r = n, so (4, B) = (0,0).

Conversely, if L were a common tangent to F and G at P, write F,,, = LF, _, and

Gy = LG),_,. Then w(G),_,,—F,,_,) =0, so ¥ is not one-to-one. This completes the

proof of the lemma, and also of Theorem 3.

Two things should be noticed about the uniqueness part of the above proof.
First, it shows that, as axioms, Properties (1)-(7) are exceedingly redundant; for ex-
ample, the only part of Property (5) that is needed is that 1((0,0), X nY) = 1. (The
reader might try to find a minimal set of axioms that characterizes the intersection
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number.) Second, the proof shows that the calculation of intersection numbers is a
very easy matter. Making imaginative use of (5) and (7) can save much time, but the
proof shows that nothing more is needed than some arithmetic with polynomials.

Example. Let us calculate I(B, En F), where E = (X2+Y5H2+3X2y-Y3 F=(X%+
Y23 -4Xx2Y2, and P = (0,0), as in the examples of Section 1. We can get rid of the
worst part of F by replacing F by F— (X2 + Y2)E=Y (X?+Y?)(Y?-3X?) - 4X%Y) =
Y G. Since no obvious method is available to find I(BP, E n G), we apply the process
of the uniqueness proof to get rid of the X-terms: Replace G by G + 3E, which is
Y(5X?-3Y2+4Y3+4X2Y)=YH. Then (RENF)=2I(RENY)+I(PEn H). But
IRENY)=IRX*nY)=4 (by (7), (6)), and I(B, En H) = mp(E)mp(H) =6 (by (5)).
So I(BENF)=14.

Two more properties of the intersection number will be useful later; the first of
these can also be used to simplify calculations.

(8) If P is a simple point on F, then I(BFN G) = ord5(G).

Proof. We may assume F is irreducible. If g is the image of G in Op (F), then ordg @)=
dimy(Cp(F)/(g)) (Problem 2.50(c)). Since Gp(F)/(g) is isomorphic to Op (AY)/(E,G)
(Problem 2.44), this dimension is I(P,F N G).

(9) If F and G have no common components, then

Y I(BFNG)=dimy(k[X, Y]/(F,G)).
P

Proof. This is a consequence of Corollary 1 in §2.9.

Problems

3.17. Find the intersection numbers of various pairs of curves from the examplse of
Section 1, at the point P = (0, 0).

3.18. Give a proof of Property (8) that uses only Properties (1)—(7).
3.19F Aline Lis tangent to a curve F at a point P if and only if I(B, Fn L) > mp(F).

3.20. If P is a simple point on F, then I(P,FN (G+ H)) 2 min(I(B,FnG), I(P, Fn H)).
Give an example to show that this may be false if P is not simple on F.

3.21. Let F be an affine plane curve. Let L be a line that is not a component of F.
Suppose L ={(a+ tb,c+td) | t € k}. Define G(T) = F(a+ Th,c+ Td). Factor G(T) =
e[I(T — 1;)¢, A; distinct. Show that there is a natural one-to-one correspondence
between the 1; and the points P; € Ln F. Show that under this correspondence,
I(P;, LN F) = e;. Inparticular, }_ I(B, LN F) < deg(F).

3.22. Suppose P is a double point on a curve F, and suppose F has only one tangent
L at P. (a) Show that I(BFn L) = 3. The curve F is said to have an (ordinary) cusp
at Pif I(BFnL)=3. (b) Suppose P =(0,0), and L = Y. Show that P is a cusp if and
only if Fxxx(P) # 0. Give some examples. (c) Show that if P is a cusp on F, then F
has only one component passing through P.
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3.23. A point P on a curve F is called a hypercusp if mp(F) > 1, F has only one tan-
gent line L at P, and I(B, LN F) = mp(F) + 1. Generalize the results of the preceding
problem to this case.

3.24 The object of this problem is to find a property of the local ring @p(F) that
determines whether or not P is an ordinary multiple point on F.

Let F be anirreducible plane curve, P = (0,0), m = mp(F) > 1. Letm = mp(F). For
G e k[X, Y], denote its residue in I'(F) by g; and for g € m, denote its residue in m/m?2
by g. (a) Show that the map from {forms of degree 1 in k[ X, Y]} to m/ m2 taking aX +
bY to ax+ by is an isomorphism of vector spaces (see Problem 3.13). (b) Suppose
P is an ordinary multiple point, with tangents Ly, ..., L;;. Show that I(BFNnL;) > m
and [; # Alj forall i # j, all A € k. (c) Suppose there are Gy,..., Gy, € k[X, Y] such
that I(BFNG;) > mand g; # Ag; forall i # j, and all A € k. Show that P is an
ordinary multiple point on F. (Hint:: Write G; = L;+ higher terms. ;= g, #0,and
L; is the tangent to G;, so L; is tangent to F by Property (5) of intersection numbers.
Thus F has m tangents at P.) (d) Show that P is an ordinary multiple point on F
if and only if there are gi,...,gm € m such that g; # Ag; forall i # j, A € k, and
dim@p(F)/(g,-) >m.
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Chapter 4

Projective Varieties

4.1 Projective Space

Suppose we want to study all the points of intersection of two curves; consider
for example the curve Y2=X2%+1andthelineY =aX,ack. Ifa #+1, theyintersect
in two points. When a = +1, they no not intersect, but the curve is asymptotic to the
line. We want to enlarge the plane in such a way that two such curves intersect “at
infinity”.

One way to achieve this is to identify each point (x, y) € A? with the point (x, y,1) €
A3, Every point (x,y,1) determines a line in A3 that passes through (0,0,0) and
(x, y,1). Every line through (0,0, 0) except those lying in the plane z = 0 corresponds
to exactly one such point. The lines through (0,0, 0) in the plane z = 0 can be thought
of as corresponding to the “points at infinity”. This leads to the following definition:

Let k be any field. Projective n-space over k, written P"(k), or simply P”, is
defined to be the set of all lines through (0,0,...,0) in AL, Any point (x) =
(x1,...,Xp+1) # (0,0,...,0) determines a unique such line, namely {(1xy,...,Ax;+1) |
A € k}. Two such points (x) and (y) determine the same line if and only if there is
anonzero A € k such that y; = Ax; for i = 1,...,n+1; let us say that (x) and (y) are
equivalent if this is the case. Then P" may be identified with the set of equivalence
classes of points in A**1 < {(0,...,0)}.

Elements of P” will be called points. If a point P € P" is determined as above by
some (X1,...,Xp+1) € A1 we say that (xy, ..., X,+1) are homogeneous coordinates for
P. We often write P = [x; : ... : X,41] to indicate that (xy,...,x;+1) are homogeneous
coordinates for P. Note that the ith coordinate x; is not well-defined, but thatitis a
well-defined notion to say whether the ith coordinate is zero or nonzero; and if x; #
0, the ratios x;/x; are well-defined (since they are unchanged under equivalence).

Welet U; = {[x1: ... : Xp41] € P" | x; # 0}. Each P € U; can be written uniquely in
the form

P=[x1:...:xi—1:1:Xj41: ...  Xne1l.

The coordinates (xi,..., Xj—1,Xi+1,...,Xn+1) are called the nonhomogeneous coordi-
natesfor P with respect to U; (or X;, or i). Ifwe define ¢;: A" — U; by ¢;(ay,...,a,) =

43
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[ai:...:aj—1:1:a;:...:ay], then ¢; sets up a one-to-one correspondence between
the points of A" and the points of U;. Note that P" = Ufjll U;, so P" is covered by
n+ 1 sets each of which looks just like affine n-space.

For convenience we usually concentrate on Uy, ;. Let

Hoo =P" N\ Ups1 ={[x1: ... 1 Xps1] | Xps1 =0}
H, is often called the hyperplane at infinity. The correspondence [x; : ... : X, : 0] <
[X1:...:Xy] shows that H,, may be identified with P"*~!. Thus P" = U, ;1 U Hy, is

the union of an affine n-space and a set that gives all directions in affine n-space.

Examples. (0) PO(k)isa point.

(1) PY(k) ={[x:1] | x € k}U{[1:0]}. P(k) is the affine line plus one point at
infinity. P! (k) is the projective line over k.

(2) P?(k)={[x:y:1]](x,y) € A2} U{[x:y:0]| [x: y] € P'}. Here Hy is called the
line at infinity. P?(k) is called the projective plane over k.

(3) Consider aline Y = mX + b in A2. If we identify A? with Us c P?, the points
on the line correspond to the points [x : y : z] € P? with y = mx+ bz and z # 0.
(We must make the equation homogeneous so that solutions will be invariant under
equivalence). The set {[x:y:z] € P? | y=mx+bz} N Hy = {[1: m:0]}. So all lines
with the same slope, when extended in this way, pass through the same point at
infinity.

(4) Consider again the curve Y? = X2 + 1. The corresponding set in P? is given
by the homogeneous equation Y2=X2+27%2 7Z#0. {[x: y:z]l€ P2 | y2 = x% + 2%
intersects Hy, in the two points [1:1:0] and [1: —1:0]. These are the points where
the lines Y = X and Y = — X intersect the curve.

Problems

4.1. What points in P? do not belong to two of the three sets U;, Us, U3?

42¥ letFe k[X1,..., Xn+1] (k infinite). Write F = ) F;, F; a form of degree i. Let
P e P"(k), and suppose F(x1,...,xu+1) = 0 for every choice of homogeneous coor-
dinates (x1,...,X,+1) for P. Show that each F;(x,...,x,+1) = 0 for all homogeneous
coordinates for P. (Hint: consider G(A) = F(Axy,...,Axns1) = LA F;(x1,..., Xnt1) for
fixed (x1,...,Xn+1).)

4.3. (a) Show that the definitions of this section carry over without change to the

case where k is an arbitrary field. (b) If k is a subfield of k, show that P" (ky) may be
identified with a subset of P" (k).

4.2 Projective Algebraic Sets
In this section we develop the idea of algebraic sets in P” = P"(k). Since the

concepts and most of the proofs are entirely similar to those for affine algebraic sets,
many details will be left to the reader.
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A point P € P" is said to be a zero of a polynomial F € k[X3, ..., X;11] if
F(xl)'”)xn+1) = O

for every choice of homogeneous coordinates (xi, ..., x;+1) for P; we then write
F(P) =0. If F is a form, and F vanishes at one representative of P, then it vanishes
at every representative. If we write F as a sum of forms in the usual way, then each
form vanishes on any set of homogeneous coordinates for P (Problem 4.2).

For any set S of polynomials in k[Xj, ..., X,+1], we let

V(S)={PeP"|Pisazeroofeach FeS}.

If I is the ideal generated by S, V(I) = V(S). If I = (FV,..., F"), where F) = ¥° F](.i),
F;i) a form of degree j, then V(1) = V({F](.i)}), so V(S) = V({F](.i)}) is the set of zeros of
a finite number of forms. Such a set is called an algebraic set in P", or a projective
algebraic set.

For any set X cP", we let I(X) ={F € k[X},..., Xn+1] | every P € X is a zero of F}.
The ideal I(X) is called the ideal of X.

Anideal I c k[X},..., Xs+1] is called homogeneous if for every F = Z;’io F;el, F;
a form of degree i, we have also F; € I. For any set X < P, I(X) is a homogeneous
ideal.

Proposition 1. Anideal I c k[X;,...,X,+1] is homogeneous if and only if it is gener-
ated by a (finite) set of forms.

Proof. IfI=(FW,...,F")ishomogeneous, then I is generated by {F](.i ). Conversely,

let S = {F9} be a set of forms generating an ideal I, with deg(F'*) = d,, and suppose
F=Fy+---+F; €1, deg(F;) = i. It suffices to show that F;,, € I, for then F - F, € I,
and an inductive argument finishes the proof. Write F = Y AY F@_ Comparing
terms of the same degree, we conclude that F, = ZA;‘;‘)_ @ F @ o Fp, €I

An algebraic set V < P" is irreducibleif it is not the union of two smaller algebraic
sets. The same proof as in the affine case, but using Problem 4.4 below, shows that V'
is irreducible if and only if I(V) is prime. An irreducible algebraic set in P" is called
a projective variety. Any projective algebraic set can be written uniquely as a union
of projective varieties, its irreducible components.

The operations

v
{homogeneous ideals in k[Xj, ..., X,+11} = {algebraic sets in P" (k)}
I

satisfy most of the properties we found in the corresponding affine situation (see
Problem 4.6). We have used the same notation in these two situations. In practice
it should always be clear which is meant; if there is any danger of confusion, we will
write V), I, for the projective operations, V,, I, for the affine ones.

If V is an algebraic set in P”, we define

C(V) = {(x1,--., Xns1 EA™ | [x1 1 ... 1 X1l €V O (1,000, Xp1) = (0., 0)}
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to be the cone over V. If V # @, then I,(C(V)) = I,(V); and if I is a homogeneous
ideal in k[Xj,..., X;11] such that V,(I) # @, then C(V,(I)) = V,(I). This reduces
many questions about P" to questions about A”*!. For example

PROJECTIVE NULLSTELLENSATZ. LetI be a homogeneous ideal in k[ X, ..., Xp+1].
Then

(1) Vp(I) = @ if and only if there is an integer N such that I contains all forms of
degree= N.
2) If V(1) # @, then I,(V,(I)) = Rad(D).

Proof. (1) The following four conditions are equivalent: (i) V,(I) = @; (ii) V()
{(0,...,0)}; (iii) Rad(]) = I,(V,(])) o (Xy,..., Xu+1) (by the affine Nullstellensatz); and
(iv) (X1,...,Xns1)Y © I (by Problem 2.41).

2) I, (Vp (D) = 1,(C(Vy (1)) = 15(V4 (D)) = Rad(]).

The usual corollaries of the Nullstellensatz go through, except that we must al-
ways make an exception with the ideal (Xj,..., X;+1). In particular, there is a one-
to-one correspondence between projective hypersurfaces V = V(F) and the (non-
constant) forms F that define V provided F has no multiple factors (F is determined
up to multiplication by a nonzero A € k). Irreducible hypersurfaces correspond to
irreducible forms. A hyperplane is a hypersurface defined by a form of degree one.
The hyperplanes V(X;), i = 1,...,n+ 1, may be called the coordinate hyperplanes,
or the hyperplanes at infinity with respect to U;. If n = 2, the V(X;) are the three
coordinate axes.

Let V be a nonempty projective variety in P”. Then I(V) is a prime ideal, so the
residue ring I'y, (V) = k[X3,..., Xp+11/1(V) is a domain. It is called the homogeneous
coordinate ring of V.

More generally, let I be any homogeneous ideal in k[Xj,..., X;+1], and let T =
k[X1,...,Xn41]/1. An element f € I will be called a form of degree d if there is a form
F of degree d in k[Xj,..., X;+1] whose residue is f.

Proposition 2. Every element f € I’ may be written uniquely as f = fo+ -+ fin, with
fi aform of degreei.

Proof. If f is the residue of F € k[Xy,..., Xp+1], write F = ) F;, and then f =} f;,
where f; is the residue of F;. To show the uniqueness, suppose also f =) gi, g =
residue of G;. Then F - G; = }.(F; — G;) € I, and since I is homogeneous, each
Fi—-G;el, so fi = gi.

Let kj, (V) be the quotient field of ', (V); it is called the homogeneous function
field of V. In contrast with the case of affine varieties, no elements of I';,(V) ex-
cept the constants determine functions on V; likewise most elements of kj, (V) can-
not be regarded as functions. However, if f, g are both forms in I';;(V) of the same
degree d, then f/g does define a function, at least where g is not zero: in fact,
fAx)/g(Ax) = Adf(x)//ldg(x) = f(x)/g(x), so the value of f/g is independent of
the choice of homogeneous coordinates.

The function field of V, written k(V), is defined to be {z € kj, (V) | for some forms
f> g €T'p(V) of the same degree, z = f/g}. It is not difficult to verify that k(V) is a
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subfield of ky, (V). k < k(V) c k,(V), but T'y,(V) ¢ k(V). Elements of k(V) are called
rational functionson V.

Let Pe V, z € k(V). We say that z is defined at P if z can be written as z = f/g,
f, g forms of the same degree, and g(P) # 0. We let

Op(V) = {z€ k(V) | z is defined at P};
Op(V) is a subring of k(V); it is a local ring, with maximal ideal
mp(V) ={zlz=f/g,g(P)#0, f(P) =0}

It is called the local ring of V at P. The value z(P) of a function z € Gp(V) is well-
defined.

If T: A1 — A"*! ig a linear change of coordinates, then T takes lines through
the origin into lines through the origin (Problem 2.15). So T determines a map from
P" to P", called a projective change of coordinates. If V is an algebraic set in P”, then
T~1(V) is also an algebraic set in P"; we write V' for T-1(V). If V = V(Fy,...,F,),
and T = (Ty,..., Ty+1), T; forms of degree 1, then vT = V(FT,...,FrT), where Fl.T =
Fi(Ty,...,Tp41). Then V is a variety if and only if VT isa variety, and T induces
isomorphisms T: T,(V) — T (VT), k(V) — k(VT), and Gp(V) — Oo(VT) if T(Q) =
p.

Problems

4.4 lLetIbea homogeneous ideal in k[X},..., X+1]. Show that I is prime if and
only if the following condition is satisfied; for any forms F, G € k[Xj, ..., X;+1], if FG €
I,thenFelorGel.

4.5. If I is a homogeneous ideal, show that Rad(J) is also homogeneous.

4.6. State and prove the projective analogues of properties (1)-(10) of Chapter 1,
Sections 2 and 3.

4.7. Show that each irreducible component of a cone is also a cone.

4.8. Let V=P, T',(V) = k[X,Y]. Let t = X/Y € k(V), and show that k(V) = k(z).
Show that there is a natural one-to-one correspondence between the points of P!
and the DVR’s with quotient field (V) that contain k (see Problem 2.27); which DVR
corresponds to the point at infinity?

4.9F LetIbea homogeneous ideal in k[Xj,..., X;+1], and
I'=k(Xy,..., Xp1l/1.

Show that the forms of degree d in I" form a finite-dimensional vector space over k.
4.10. Let R = k[X,Y, Z], F € R an irreducible form of degree n, V = V(F) c P2, and

I'=T3(V). (a) Construct an exact sequence 0 — R 2 R 2, I' — 0, where v is
multiplication by F. (b) Show that

n(n-3)

dimy{forms of degree d in '} = dn—

ifd > n.
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4.11F A set V < P"(k) is called a linear subvariety of P"*(k) if V = V(H,..., H;),
where each H; is a form of degree 1. (a) Show that if T is a projective change of
coordinates, then VT = T71(V) is also a linear subvariety. (b) Show that there is a
projective change of coordinates T of P” such that VT =V (Xt2s ..., Xns1), S0 V is
a variety. (c) Show that the m that appears in part (b) is independent of the choice
of T. Itis called the dimensionof V (im=-1if V = @).

4.12F Let Hy,..., Hy, be hyperplanes in P, m < n. Show that Hyn HoN---N Hyy, # @.

4.13F LetP= [ay:...:anp+1], Q=1[by: ... : bys1] be distinct points of P”. The line L
through P and Q is defined by

L ={[Aay+uby:...: a1+ byl | A, pek, A #0 or u#0}.

Prove the projective analogue of Problem 2.15.

4.147F Let Py, Py, P3 (resp. Q1,Q2,Q3) be three points in P2 not lying on a line. Show
that there is a projective change of coordinates T': P2 — P? such that T(P;) = Q;,
i =1,2,3. Extend this to n + 1 points in P”, not lying on a hyperplane.

4157 Show that any two distinct lines in P? intersect in one point.

4.16F Let Ly, Ly, L3 (resp. My, M», M3) be lines in P2(k) that do not all pass through
a point. Show that there is a projective change of coordinates: T: P?> — P? such that
T(L;) = M;. (Hint: Let P; = Lin Ly, Q; = Mjn My, i, j, k distinct, and apply Problem
4.14.) Extend this to n + 1 hyperplanes in P", not passing through a point.

4.17F Let z be a rational function on a projective variety V. Show that the pole set
of z is an algebraic subset of V.

4.18. Let H = V(Y a; X;) be a hyperplane in P". Note that (ay,...,a,+1) is deter-
mined by H up to a constant. (a) Show that assigning [a; : ... : ay+1] € P” to H sets
up a natural one-to-one correspondence between {hyperplanes in P"} and P". If
P e P", let P* be the corresponding hyperplane; if H is a hyperplane, H* denotes
the corresponding point. (b) Show that P** = P, H** = H. Show that P € H if and
onlyif H* € P*.

This is the well-known duality of the projective space.

4.3 Affine and Projective Varieties

We consider A" as a subset of P by means of the map ¢,11: A" — Uy < P™.
In this section we study the relations between the algebraic sets in A” and those in
P".

Let V be an algebraic set in A", [ = I(V) < k[X],..., X,]. Let I* be the ideal in
k[Xi,...,Xn+1] generated by {F* | F € I} (see Chapter 2, Section 6 for notation). This
I'* is ahomogeneous ideal; we define V* to be V(I*) c P".

Conversely, let V be an algebraic set in P", I = I(V) < k[Xy,..., X;]. Let I, be the
ideal in k[Xy,..., X;;] generated by {F, | F € I}. We define V, to be V(I,) c A"

Proposition 3. () IfVcA* thenn (V) =V*NUys1, and (V) = V.
(2) fVcWcA”", thenV* cW* cP". IfVc W cP”", then V, c W, c A",
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(3) IfV isirreducible in A", then V* is irreducible in P".

(4) IfV =U; V; is the irreducible decomposition of V in A", then V* =J; Vl* is the
irreducible decomposition of V* inP".

(5) IfV c A", then V* is the smallest algebraic set in P" that contains @41 (V).

6) IfVv ; A" is not empty, then no component of V* lies in or contains Hy, =
P~ Un+1.

(7) If V cP", and no component of V lies in or contains Hu,, then V, g A" and
(V)*=V.

Proof. (1) follows from Proposition 5 of §2.6. (2) is obvious. If V. c A", [ = I(V), then
a form F belongs to I* if and only if F, € I. If I is prime, it follows readily that I* is
also prime, which proves (3).

To prove (5), suppose W is an algebraic set in P" that contains ¢, (V). If F €
I(W), then F, € I(V),so F= X | (F.)* € I(V)*. Therefore I(W) c I(V)*,so W> V¥,
as desired.

(4) follows from (2), (3), and (5). To prove (6), we may assume V is irreducible.
V* ¢ Hyo by (1). If V* o Hy, then I(V)* < I(V*) € I(Hy) = (Xp41). Butif0# F €
I(V), then F* € I(V)*, with F* ¢ (X;,41). So V* % H..

(7): We may assume V < P” is irreducible. Since ¢,+1(Vi) c V, it suffices to
show that V < (V,)*, or that I(V,.)* c I(V). Let F € I(V,). Then FN € I(V), for some
N (Nullstellensatz), so Xfl +1(FN )* € I(V) for some ¢ (Proposition 5 (3) of §2.6). But
I(V) is prime, and X;,+1 € I(V) since V ¢ Hy, so F* € I(V), as desired.

If V is an algebraic set in A", V* c P" is called the projective closure of V. If
V = V(F) is an affine hypersurface, then V* = V(F*) (see Problem 4.19). Except
for projective varieties lying in Ho,, there is a natural one-to-one correspondence
between nonempty affine and projective varieties (see Problem 4.22).

Let V be an affine variety, V* < P" its projective closure. If f € T';,(V*) is a form of
degree d, we may define f, € I'(V) as follows: take a form F € k[X;,..., X;+1] whose
I, (V*)-residue s f, and let f, = I(V)-residue of F, (one checks that this is indepen-
dent of the choice of F). We then define a natural isomorphism a: k(V*) — k(V) as
follows: a(f/g) = f./g«, where f, g are forms of the same degree on V*. If Pe V,
we may consider P € V* (by means of ¢,1) and then a induces an isomorphism of
Op(V*) with Op (V). We usually use «a to identify k(V) with k(V*), and Gp (V) with
Cp(V*).

Any projective variety V < P" is covered by the n + 1 sets V n U;. If we form
V. with respect to U; (as with U,+,), the points on V n U; correspond to points on
V., and the local rings are isomorphic. Thus questions about V near a point P can
be reduced to questions about an affine variety V. (at least if the question can be
answered by looking at Gp(V)).

Problems

4.19F If I = (F) is the ideal of an affine hypersurface, show that I* = (F*).
4.20. Let V=V (Y - X?,Z - X3) c A3. Prove:
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@ I(V)=(Y-X%Z-X3).
b) ZW-XY e I(V)* ck[X,Y,Z, W], but ZW - XY ¢ (Y — X?)*,(Z - X3)*).
Soif I(V) = (Fy,..., Fy), it does not follow that I(V)* = (F},..., F}).

4.21. Show thatif V ¢ W c P" are varieties, and V is a hypersurface, then W =V or
W =P" (see Problem 1.30).

4.22% Suppose V is a variety in P and V > Hu,. Show that V = P" or V = Hy,. If
V=P" V,=A" whileif V = Hy, V., = @.

4.23¥ Describe all subvarieties in P! and in P2.

4.247 Let P=1[0:1:0] € P>(k). Show that the lines through P consist of the follow-
ing:

(a) The “vertical” lines Ly = V(X—-AZ)={[A:¢t:1]| t€ k} U{P}.

(b) The line at infinity Lo, = V(Z) ={[x:y:0] | x, y € k}.

425" Let P = [x:y:2z]€ P2. (a) Show that {(a, b,c) € A3 | ax + by +cz=0}is a
hyperplane in A3. (b) Show that for any finite set of points in P?, there is a line not
passing through any of them.

4.4 Multiprojective Space

We want to make the cartesian product of two varieties into a variety. Since A" x
A™ may be identified with A"*™, this is not difficult for affine varieties. The product
P" x P™ requires some discussion, however.

Write k[X, Y] for k[X,..., Xu+1, Y1,..., Yin+1]. A polynomial F € k[X, Y] is called
a biform of bidegree (p, q) if F is a form of degree p (resp. g) when considered as
a polynomial in Xj,..., X4 (resp. Yi,..., Y;u4+1) with coefficients in k[Y7, ..., Yi41]
(resp. k[Xy,..., Xp+1]). Every F € k[X, Y] may be written uniquely as F =}, , Fp 4,
where F), 4 is a biform of bidegree (p, q).

If S is any set of biforms in k[Xj,..., X;+1, Y1,..., Yint1], we let V(S) or Vj,(S) be
{(x,y) | P xP™ | F(x,y)=0forall Fe S}. A subset V of P" x P will be called al-
gebraic if V = V(S) for some S. For any V c P x P™, define I(V), or I(V), to be
{Fek(X,Y]|F(x,y)=0forall (x,y) € V}.

We leave it to the reader to define a bihomogeneous ideal, show that I (V) is bi-
homogeneous, and likewise to carry out the entire development for algebraic sets
and varieties in P” x P as was done for P” in Section 2. If V < P" x P is a vari-
ety (i.e., irreducible), I'y (V) = k[X, Y1/I},(V) is the bihomogeneous coordinate ring,
kp (V) its quotient field, and

k(V)={zek,(V)|z= flg, f,g biforms of the same bidegree in I';, (V)}

is the function field of V. The local rings Op (V) are defined as before.

We likewise leave it to the reader to develop the theory of multiprojective vari-
eties in P™ x P2 x ... x P,

If, finally, the reader develops the theory of algebraic subsets and varieties in
mixed, or “multispaces” P! x P"2 x ... x P" x A (here a polynomial should be ho-
mogeneous in each set of variables that correspond to a projective space P, but
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there is no restriction on those corresponding to A™), he or she will have the most
general theory needed for the rest of this text. If we define A° to be a point, then
all projective, multiprojective, and affine varieties are special cases of varieties in
P x...x P x A™,

Problems

4.26F (a) Define maps ¢; j: A" — U; x Uj c P x P, Using @ +1,m+1, define the
“biprojective closure” of an algebraic set in A”*™. Prove an analogue of Proposition
3 0of §4.3. (b) Generalize part (a) to maps ¢: A™ x A’ x A — P™M x P" x A™. Show
that this sets up a correspondence between {nonempty affine varieties in A1+ +™}
and {varieties in P’ x --- x A" that intersect Uy, +1 x --- x A™}. Show that this corre-
spondence preserves function fields and local rings.

4.27F Show that the pole set of a rational function on a variety in any multispace is
an algebraic subset.

4.28F For simplicity of notation, in this problem we let Xj, ..., X, be coordinates for
P™"Yy,..., Y, coordinates for P™, and Ty, To1, ---,» Tom, Tho, - .., Tnm coordinates for
PN where N=(n+1)(m+1)—1=n+m+nm.

Define S: P" x P — PV by the formula:

Sxo:...:xu), (Yot YymD) =[X0Yo: X0Y1: ... : XnYVml-

S is called the Segre embedding of P" x P™ in pr*m+nm,

(a) Show that S is a well-defined, one-to-one mapping. (b) Show that if W is
an algebraic subset of PN, then S~} (W) is an algebraic subset of P” x P™. (c) Let
V=V{TijTy—TuTijl i,k =0,...,n;j,1=0,...,m}) c PV, Show that S(P" xP™) = V..
In fact, S(U; x U;) = V nU;;, where U;j = {[t] | t;; # 0}. (d) Show that V is a variety.
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Chapter 5

Projective Plane Curves

5.1 Definitions

A projective plane curve is a hypersurface in P2, except that, as with affine curves,
we want to allow multiple components: We say that two nonconstant forms F, G €
k[X,Y, Z] are equivalent if there is a nonzero A € k such that G = AF. A projective
plane curve is an equivalence class of forms. The degree of a curve is the degree of
a defining form. Curves of degree 1, 2, 3 and 4 are called lines, conics, cubic, and
quartics respectively. The notations and conventions regarding affine curves carry
over to projective curves (see §3.1): thus we speak of simple and multiple com-
ponents, and we write Op(F) instead of Op(V (F)) for an irreducible F, etc. Note
that when P = [x: y : 1], then Op(F) is canonically isomorphic to Gy, y) (F:), where
F. =F(X,Y,1) is the corresponding affine curve.

The results of Chapter 3 assure us that the multiplicity of a point on an affine
curve depends only on the local ring of the curve at that point. So if F is a projec-
tive plane curve, P € U; (i = 1, 2 or 3), we can dehomogenize F with respect to X;,
and define the multiplicity of F at P, mp(F), to be mp(F,). The multiplicity is inde-
pendent of the choice of U;, and invariant under projective change of coordinates
(Theorem 2 of §3.2).

The following notation will be useful. If we are considering a finite set of points
py,...,P,e P2, we can always find aline L that doesn’t pass through any of the points
(Problem 4.25). If F is a curve of degree d, we let F,, = F/L4 € k(P?). This F, depends
on L, but if I’ were another choice, then F/(L)% = (L/L)?F, and L/L' is a unit in
each Op, (P?). Note also that we may always find a projective change of coordinates
so that the line L becomes the line Z at infinity: then, under the natural identifica-
tion of k(A?) with k(P?) (§4.3), this F, is the same as the old F, = F(X, Y, 1).

If P is a simple point on F (i.e., mp(F) = 1), and F is irreducible, then Op(F) is a
DVR. We let ordg denote the corresponding order function on k(F). If G is a form in
k[X,Y, Z], and G, € @p(P?) is determined as in the preceding paragraph, and G, is
the residue of G, in Op(F), we define ord}(G) to be ord} (G.). Equivalently, ord5(G)
is the order at P of G/ H, where H is any form of the same degree as G with H(P) # 0.

53
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Let F, G be projective plane curves, P € P2. We define the intersection number
I(BFNG) tobe dimy(@p (P?)/(Fs, G,)). This is independent of the way F. and G are
formed, and it satisfies Properties (1)-(8) of Section 3 of Chapter 3: in (3), however,
T should be a projective change of coordinates, and in (7), A should be a form with
deg(A) = deg(G) — deg(F).

We can define a line L to be tangent to a curve F at P if (B Fn L) > mp(F) (see
Problem 3.19). A point P in F is an ordinary multiple point of F if F has mp(F)
distinct tangents at P.

Two curves F and G are said to be projectively equivalent if there is a projective
change of coordinates T such that G = F'. Everything we will say about curves will
be the same for two projectively equivalent curves.

Problems

5.1 Let F be a projective plane curve. Show that a point P is a multiple point of F
ifand only if F(P) = Fx(P) = Fy(P) = Fz(P) =0.
5.2. Show that the following curves are irreducible; find their multiple points, and
the multiplicities and tangents at the multiple points.

(@ XY*+YZ*+XZ%

(b) X2y3+x273+v275.

(©) Y?Z-X(X-2)(X-AZ),A€k.

(d X"+Y"+Z", n>0.
5.3. Find all points of intersection of the following pairs of curves, and the intersec-
tion numbers at these points:

(@ Y?’Z-X(X-22)(X+Z)and Y2+ X?-2XZ.

b) (X2+Y?)Z+X3+Y3and X3+Y3-2XYZ.

(© Y -X(Y?>-XZ)?and Y*+V3Z- X272

(d) (X2+Y2)2+3X2YZ-Y3Zand (X2 +Y?)3-4X2Y2272.
5.4 Let P be a simple point on F. Show that the tangent line to F at P has the
equation Fx(P)X + Fy(P)Y + Fz(P)Z =0.
55" LetP=1[0:1 : 0], F a curve of degree n, F =) F;(X, Z)Y" i F; a form of de-
gree i. Show that mp(F) is the smallest m such that F,, # 0, and the factors of F,,
determine the tangents to F at P.
5.6 For any F, P € F, show that mp(Fx) =2 mp(F)—1.

5.7 Show that two plane curves with no common components intersect in a finite
number of points.

5.8F Let F be an irreducible curve. (a) Show that Fy, Fy, or Fz # 0. (b) Show that F
has only a finite number of multiple points.

5.9. (a) Let F be an irreducible conic, P =[0:1:0] a simple point on F, and Z =0
the tangent line to F at P. Show that F = aY Z - bX? - cXZ—dZ?, a,b #0. Find a
projective change of coordinates T so that FT = YZ - X? —¢'XZ —d'Z?. Find T’ so
that (F)T =vZ-X?. (I'=(X,Y+c'X+d'Z,Z).) (b) Show that, up to projective
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equivalence, there is only one irreducible conic: Y Z = X2. Any irreducible conic is
nonsingular.

5.10. Let F be an irreducible cubic, P =[0:0:1] a cusp on F, Y = 0 the tangent line
to F at P. Show that F = aY?Z - bX3—cX?Y —dXY?-eY3. Find projective changes
of coordinates (i) to make a = b = 1; (ii) to make ¢ = 0 (change X to X — $Y); (iii) to
maked=e=0(Zto Z+dX +eY).

Up to projective equivalence, there is only one irreducible cubic with a cusp:
Y2Z = X3. It has no other singularities.

5.11. Up to projective equivalence, there is only one irreducible cubic with a node:
XY Z = X3+ Y3, It has no other singularities.

5.12. (a) Assume P =[0:1:0] € F, F a curve of degree n. Show that} p I[(BFNX) =
n. (b) Show that if F is a curve of degree n, L aline not contained in F, then

Y I(BFnL)=n.

5.13. Prove that an irreducible cubic is either nonsingular or has at most one double
point (a node or a cusp). (Hint: Use Problem 5.12, where L is a line through two
multiple points; or use Problems 5.10 and 5.11.)

5.14F Let Py,..., P, € P2. Show that there are an infinite number of lines passing
through P, but not through P,,...,P,. If P; is a simple point on F, we may take
these lines transversal to F at P;.

5.15" Let C be an irreducible projective plane curve, Py,..., P, simple points on C,
my, ..., my integers. Show that there is a z € k(C) with ordp,(z) = m; fori =1,...,n.
(Hint: Take lines L; as in Problem 5.14 for P;, and a line Ly not through any P}, and
letz=]L" Ly~ X™)

5.16) Let F be an irreducible curve in P2. Suppose I(BFNZ)=1,and P #[1:0:0].
Show that Fx (P) # 0. (Hint: If not, use Euler’s Theorem to show that Fy (P) = 0; but
Z isnot tangent to F at P.)

5.2 Linear Systems of Curves

We often wish to study all curves of a given degree d = 1. Let My, ..., My be a fixed
ordering of the set of monomials in X,Y,Z of degree d, where N is
%(d +1)(d + 2) (Problem 2.35). Giving a curve F of degree d is the same thing as
choosing ay,..., ay € k, not all zero, and letting F = }_ a; M;, except that (ay,...,ay)
and (Aay,...,Aay) determine the same curve. In other words, each curve F of degree
d corresponds to a unique point in PN~ = p4@+3)/2 and each point of P44+3)/2 rep-
resents a unique curve. We often identify F with its corresponding point in p4(@+3)/2,
and say e.g. “the curves of degree d form a projective space of dimension d(d+3)/2".

Examples. (1) d =1. Eachline aX+bY +cZ corresponds to the point [a: b: c] €
P2. The lines in P? form a P? (see Problem 4.18).

(2) d=2.TheconicaX?+bXY +cXZ+dY?+eY Z+ fZ? corresponds the point
la:b:c:d:e: fl€P°. The conics form a P°.
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(3) The cubics form a P?, the quartics a P'4, etc.

If we put conditions on the set of all curves of degree d, the curves that satisfy the
conditions form a subset of P4@+3)/2 1f this subset is a linear subvariety (Problem
4.11), it is called a linear system of plane curves.

Lemma. (1) Let P € P? be a fixed point. The set of curves of degree d that contain
P forms a hyperplane inP4@+3)/2
() If T: P> — P? is a projective change of coordinates, then the map F — FT

from {curves of degree d} to {curves of degree d} is a projective change of coordinates
onPA@d+3)12.

Proof. If P =[x y: z], then the curve corresponding to (ay, ..., ay) € P4@*+3/2 passes
through P if and only if }_ a; M;(x, y,z) = 0. Since not all M;(x, y, z) are zero, those
lay : ... : ay] satisfying this equation form a hyperplane. The proof that F — FT is
linear is similar; it is invertible since F — F T is its inverse.

It follows that for any set of points, the curves of degree d that contain them
form a linear subvariety of P?(4*3/2_Since the intersection of n hyperplanes of P”
is not empty (Problem 4.12), there is a curve of degree d passing through any given
d(d +3)/2 points.

Suppose now we fix a point P and an integer r < d+1. We claim that the curves F
of degree d such that mp(F) = r form alinear subvariety of dimension d(‘“g) I (r sy
By (2) of the Lemma, we may assume P = [0:0: 1]. Write F = ZF, (X, Y)Zd i F, a
form of degree i. Then mp(F) = r ifand only if Ffp = F; = --- = F,_; =0, i.e, the
coefficients of all monomials XY/ Z* with i + j < r are zero (Problem 5.5). And
there are 1+ 2+ --- + r = 2t quch coefficients.

2
Let Py,..., P, be distinct points in P2, r,...,Tn nonnegative integers. We set

V(d;rP1,...,rpPy) = {curves F of degree d | mp,(F) 2 r;,1 <i<nj.

Theorem 1. (1) V(d;r1Py,..., 7, Py) is a linear subvariety of P4@+3)/2

sion = d(dz+3) -y ri(ré-+1).
) Ifd = (X 1) -1, then dimV(d; 11 Py,..., 1y Py) = 443 _ 3 10D,

of dimen-

Proof. (1) follows from the above discussion. We prove (2) by induction on m =
(X r;) — 1. We may assume that m > 1, d > 1, since otherwise it is trivial.

Case I: Each r; = 1: Let V; = V(d; Py,..., P;). By induction it is enough to show
that V;, # V1. Choose lines L; passing through P; but not through P;, j # i (Prob-
lem 5.14), and a line Ly not passing through any P;. Then F = L; - --Ln_ng‘”“ €
Vn 1 F¢ Vn

Case2: Somer;>1:Sayr=r;>1,and P=P; =[0:0:1]. Let

VW=V(d;(r—=1)BrPs,...,rnPp).

For Fe VpletF, = Y/ a; X'Y"~'~'+ higher terms. Let V; = {F € Vo | aj = 0 for j < i}.
Then Voo Vy o --- 2V, = V(d;11P1,12P2,...,TnPy), so it is enough to show that
Vi# Vi, i=0,1,...,r— 1.



5.3. BEZOUT'S THEOREM 57

Let Wo=V(d—=1;(r=2)Pr1oPs,...,1uPy). For F€ Wy, Fr = a; X Y271 +.... Set
Wi ={Fe Wy | a;=0for j<i}. By induction,

W(); Wl 22 Wr_1 = V(d—l;(r—1)P,r2P2,...,rnPn).

IfF;e W;, F; ¢ Wi, then YF; € V;, YF; ¢ Vi1, and XF,_» € V,_1, XF,_» ¢ V.. Thus
Vi # Vizp fori=0,...,r —1, and this completes the proof.

Problems

5.17. Let Py, P5, P3, P, € P2, Let V be the linear system of conics passing through
these points. Show that dim(V) =2 if Py,..., P4 lie on a line, and dim(V) = 1 other-
wise.

5.18. Show that there is only one conic passing through the five points [0: 0 : 1],
[0:1:0],[1:0:0],[1:1:1],and [1:2:3]; show that it is nonsingular.

5.19. Consider the nine points [0:0:1], (0:1:1],[1:0:1], [1:1:1],[0:2:1],
[2:0:1],[1:2:1],[2:1:1],and [2:2: 1] € P? (Sketch). Show that there are an infinite
number of cubics passing through these points.

5.3 Bézout’s Theorem

The projective plane was constructed so that any two distinct lines would inter-
sect at one point. The famous theorem of Bézout tells us that much more is true:

BEZOUT’S THEOREM. Let F and G be projective plane curves of degree m and n
respectively. Assume F and G have no common component. Then

Y I(RFNG) =mn
p

Proof. Since F N G is finite (Problem 5.7), we may assume, by a projective change
of coordinates if necessary, that none of the points in F n G is on the line at infinity
Z=0.

Then Y p I(BFNG) =Y pI(PF.NGy) =dimg k[X, Y]/ (F«, G.), by Property (9) for
intersection numbers. Let

e =k(X, Y]/ (Fs,Gy), T=klX,Y,Z/(EG), R=k[X)Y, Z],

and let I'; (resp. R;) be the vector space of forms of degree d in I' (resp. R). The
theorem will be proved if we can show that dimI'. = dimI'; and dimT'; = mn for
some large d.

Step I: dimI'y; = mn for all d = m+ n: Let n: R — T be the natural map, let
¢: R x R — Rbe defined by ¢(A, B) = AF+ BG, and let ¥: R — R x R be defined by
¥ (C) = (GC,—-FCQC). Using the fact that F and G have no common factors, it is not
difficult to check the exactness of the following sequence:

0—RLRxRZLRET—0.
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If we restrict these maps to the forms of various degrees, we get the following exact
sequences:

v [ 7
0—Ry-m-n—Ra-m*Rg—n— Rg—Tq—0.

Since dim R, = W, it follows from Proposition 7 of §2.10 (with a calculation)
that dimT'; = mnifd = m+ n.

Step 2: The map a: I' — I' defined by a(H) = ZH (where the bar denotes the
residue modulo (F, G)) is one-to-one:

We must show that if ZH = AF + BG, then H = A'F + B'G for some A’,B’. For
any J € k[X, Y, Z], denote (temporarily) J(X,Y,0) by Jy. Since F,G, and Z have no
common zeros, Fy and Gy are relatively prime forms in k[ X, Y].

If ZH = AF + BG, then AgFy = —ByGy, so By = FyC and Ay = —GyC for some
Cek[X,Y].Let Ay = A+CG, By = B—CF. Since (A1)g = (B1)g =0, wehave A; = ZA/,
B; = ZB' for some A', B’; and since ZH = A; F + B; G, it follows that H = A'F + B'G,
as claimed.

Step 3: Let d = m+ n, and choose A, ..., Ay, € Ry whose residues in I'y form a
basis for I'y. Let A;« = A;(X,Y,1) € k[X, Y], and let a; be the residue of A;, in T,.
Then ay,..., am,, form a basis for IT',,:

First notice that the map «a of Step 2 restricts to an isomorphism from I'; onto
T'4+1, if d =2 m+ n, since a one-to-one linear map of vector spaces of the same di-
mension is an isomorphism. It follows that the residues of Z" As,..., Z" Ay, form a
basis for I' ;. for all r = 0.

The a; generate I',: if h = HeT,, He k[X,Y], some ZN H* is a form of degree
d+r, so ZNH* = Y™ AiZ" Aj + BF + CG for some A; € k, B,C € k[X,Y, Z]. Then
H=(ZNH*), =Y AjAjx + B.F, + C.G., 50 h=Y A;a;, as desired.

The a; are independent: For if ) 1;a; = 0, then ) A;A;. = BF. + CG,. There-
fore (by Proposition 5 of §2.6) Z" Y. A;A; = ZSB*F + Z'C* G for some r, s, t. But then
YA;Z"A; =0inT,,,, and the Z" A; form a basis, so each A; = 0. This finishes the
proof.

Combining Property (5) of the intersection number (§3.3) with Bézout’s Theo-
rem, we deduce

Corollary 1. IfF and G have no common component, then

Y mp(F)mp(G) < deg(F)-deg(G).
P

Corollary 2. If F and G meet in mn distinct points, m = deg(F),n = deg(G), then
theses points are all simple points on F and on G.

Corollary 3. Iftwo curves of degrees m and n have more than mn points in common,
then they have a common component.

Problems

5.20. Check your answers of Problem 5.3 with Bézout’s Theorem.
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5.21F Show that every nonsingular projective plane curve is irreducible. Is this true
for affine curves?

5.221 Let F be an irreducible curve of degree n. Assume Fx # 0. Apply Corollary 1
to F and Fy, and conclude that }_ mp(F)(mp(F) — 1) < n(n— 1). In particular, F has
at most %n(n — 1) multiple points. (See Problems 5.6, 5.8.)

5.23. A problem about flexes (see Problem 3.12): Let F be a projective plane curve
of degree n, and assume F contains no lines.

Let F; = Fx, and F;; = Fxx;» forms of degree n—1 and n —2 respectively. Form a
3 x 3 matrix with the entry in the (i, j)th place being F;;. Let H be the determinant
of this matrix, a form of degree 3(n — 2). This H is called the Hessian of F. Problems
5.22 and 6.47 show that H # 0, for F irreducible. The following theorem shows the
relationship between flexes and the Hessian.

Theorem. (char(k) =0) (1) P € HNF if and only if P is either a flex or a multiple
point of F. (2) I(P, HN F) =1 ifand only if P is an ordinary flex.

Outline of proof. (a) Let T be a projective change of coordinates. Then the Hessian
of FT = (det(T))?>(HT). So we can assume P = [0: 0 : 1]; write f(X,Y) = F(X,Y,1)
and h(X,Y)=H(X,Y,1).

(b) (n—1)F; =X; X;F;j. (Use Euler’s Theorem.)

() IR fnh)=I(P,fng) where g = fyzfxx+f§fyy—2fxfyfxy. (Hint: Perform row
and column operations on the matrix for . Add x times the first row plus y times
the second row to the third row, then apply part (b). Do the same with the columns.
Then calculate the determinant.)

(d) If P is a multiple pointon F, then I(B, f ng) > 1.

(e) Suppose P is a simple point, Y = 0 is the tangent line to F at P, so f = y +
ax?+ bxy+cy?> +dx®+ex?y+.... Then P is a flex if and only if @ = 0, and P is
an ordinary flex if and only if a = 0 and d # 0. A short calculation shows that g =
2a+6dx+ (8ac—2b? + 2e) y+ higher terms, which concludes the proof.

Corollary. (1) A nonsingular curve of degree > 2 always has a flex. (2) A nonsingular
cubic has nine flexes, all ordinary.

5.24. (char(k) = 0) (a) Let [0: 1 : 0] be a flex on an irreducible cubic F, Z = 0 the
tangent line to F at [0:1:0]. Show that F = ZY2+bYZ%2+cYXZ+ termsin X, Z.
Find a projective change of coordinates (using Y — Y — §Z -5 X) to get F to the form
ZY? = cubicin X, Z. (b) Show that any irreducible cubic is projectively equivalent
to one of the following: Y2Z = X3, Y27 = X2(X+ Z), or Y2Z = X(X - Z)(X - A2),
Aek,A#0,1. (See Problems 5.10, 5.11.)

5.4 Multiple Points

In Problem 5.22 of the previous section we saw one easy application of Bézout’s
Theorem: If F is an irreducible curve of degree n, and mp denotes the multiplicity
of Fat P, then ¥ Z20e=1) < (1)

) 2 ="2 -
An examination of the cases n = 2,3 however, indicates that this is not the best

possible result (Problems 5.9, 5.13). In fact:
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mp(mp—1) (n=-1)(n-2)
2 = 2 -

Theorem 2. IfF is an irreducible curve of degree n, then Y.

Proof. Sincer := (”_U(;’_“m -y (mp_;(mp) > (”_21)"—2 (mp_zl)m" =0, we may choose
simple points Qy,...,Q; € F. Then Theorem 1 of §5.2 (for d = n — 1) guarantees
the existence of a curve G of degree n — 1 such that mp(G) = mp — 1 for all P, and
mg; (@) =1.

Now apply Corollary 1 of Bézout’s Theorem to F and G (since F is irreducible,
there are no common components): n(n—1) =Y mp(mp — 1) + r. The theorem fol-
lows by substituting the value for r into this inequality.

For small n this gives us some results we have seen in the problems: lines and
irreducible conics are nonsingular, and an irreducible cubic can have at most one
double point. Letting n = 4 we see that an irreducible quartic has at most three
double points or one triple point, etc. Note that the curve X" + Y"~! Z has the point
[0:0:1] of multiplicity n — 1, so the result cannot be strengthened.

Problems

5.25. Let F be a projective plane curve of degree n with no multiple components,
and ¢ simple components. Show that
mp(mp—1) nm-1)(n-2) nn-1)
¥ < B

< c—1<
2 2 2

(Hint: Let F = F1 F»; consider separately the points on one F; or on both.)

5.26. (char(k) = 0) Let F be an irreducible curve of degree n in P2. Suppose P € P?,
with mp(F) = r 2 0. Then for all but a finite number of lines L through P, L intersects
F in n—r distinct points other than P. We outline a proof:

(a) We may assume P=[0:1:0]. If Ly = {[A:¢:1]]| t € k} U{P}, we need only
considerthe Ly. Then F = A, (X, Z)Y" " +---+ A,,(X, Z), Ar #0. (See Problems 4.24,
5.5).

(b) Let Gy (1) = F(A, t,1). It is enough to show that for all but a finite number of
A, Gy has n — r distinct points.

(c) Show that Gj has n—r distinct roots if A;(A,1) #0,and FnFynL) = {P} (see
Problem 1.53).

5.27. Show that Problem 5.26 remains true if F is reducible, provided it has no mul-
tiple components.

5.28. (char(k) =p>0) F = XPHl_yPz P=1[0:1:0]. Find LN F for all lines L
passing through P. Show that every line that is tangent to F at a simple point passes
through P!

5.5 Max Noether’s Fundamental Theorem

A zero-cycle on P? is a formal sum ¥ pcp2 npP, where np’s are integers, and all
but a finite number of np’s are zero. The set of all zero-cycles on P? form an abelian
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group — in fact, it is the free abelian group with basis X = P?, as defined in Chapter
2, Section 11.

The degree of a zero cycle }_ npP is defined to be }_ np. The zero cycle is positive
if each np = 0. We say that }_ npP is bigger than ) mpP, and write ) npP =) mpP,
if each np = mp.

Let F, G be projective plane curves of degrees m, n respectively, with no common
components. We define the intersection cycle F.G by

F.G= ) IBFNGP
PeP?

Bézout’s Theorem says that F+G is a positive zero-cycle of degree mn.

Several properties of intersection numbers translate nicely into properties of the
intersection cycle. For example: F-G = G+F; F.GH = F.G+ F-H; and F+(G + AF) =
F.Gif Ais a form and deg(A) = deg(G) —deg(F).

Max Noether’s Theorem is concerned with the following situation: Suppose F, G,
and H are curves, and H+F = G-F, i.e., H intersects F in a bigger cycle than G does.
When is there a curve B so that B«F = H.F — G+F? Note that necessarily deg(B) =
deg(H) — deg(G).

To find such a B, it suffices to find forms A, B such that H = AF + BG. For then
HeF = BG+F = B+F + G+F.

Let P € P?, F, G curves with no common component through P, H another
curve. We say that Noether’s Conditions are satisfied at P (with respect to F, G, and
H), if H, € (F,,G,) € Op(P?), i.e., if there are a, b € Op(P?) such that H, = aF. + bG,
(see §5.1 for notation). Noether’s Theorem relates the local and global conditions.

MAXNOETHER’S FUNDAMENTALTHEOREM. LetF, G, H be projective plane curves.
Assume F and G have no common components. Then there is an equation H = AF +

BG (with A, B forms of degree deg(H) — deg(F), deg(H) — deg(G) respectively) if and
only if Noether’s conditions are satisfied at every P€ FN G.

Proof. If H = AF + BG, then H, = A.F. + B.G. at any P. To prove the converse,
we assume, as in the proof of Bézout’s Theorem, that V(F, G, Z) = ¢. We may take
F.=FX,Y,)), G. =G(X,Y,1), H. = HX,Y,1). Noether’s conditions say that the
residue of H, in @p(P?)/(F,,G,) is zero for each P € Fn G. It follows from Propo-
sition 6 of §2.9 that the residue of H. in k[X,Y]/(Fx,G,) is zero, i.e., H, = aF, +
bGs, a,b € k[X,Y]. Then Z"H = AF + BG for some r, A, B (Proposition 7 of §2.10).
But in the proof of Step 2 of Bézout’s Theorem we saw that multiplication by Z
on k[X,Y,Z]/(F,G) is one-to-one, so H = A'F+ B'G for some A',B’. If A’ = ZA’l.,
B' =¥ B}, A}, B} forms of degree i, then H = A(F + B;G, s = deg(H) — deg(F), t =
deg(H) — deg(G).

Of course, the usefulness of this theorem depends on finding criteria that assure
that Noether’s conditions hold at P:

Proposition 1. Let F, G, H be plane curves, P € F N G. Then Noether's conditions are
satisfied at P if any of the following are true:

(1) F and G meet transversally at P, and P € H.
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(2) PisasimplepointonF,and I(PHNF)=I1(BGNF).
(3) F and G have distinct tangents at P, and mp(H) = mp(F) + mp(G) — 1.

Proof. (2): I(BHNF) = I(P,GNF) implies that ord5(H) = ord5(G), so H, € (G.)
Op(F). Since Op(F)/(G,) = Op(P?)/(F,,G,) (Problem 2.44), the residue of H, in
Op(P%)/(F,,G,) is zero, as desired.

(3): We may assume P =[0:0: 1], and mp(H.) = mp(F,) + mp(G,) — 1. In the
notation of the lemma used to prove Property (5) of the intersection number (§3.3),
this says that H, € I’, t = m+ n—1. And in that lemma, we showed precisely that
I' < (Fy,G) cOp(P?) if t = mp(F) + mp(G) — 1.

(1) is a special case both of (2) and of (3) (and is easy by itself).

Corollary. Ifeither

(1) F and G meet in deg(F)deg(G) distinct points, and H passes through these
points, or

(2) All the points of Fn G are simple points of F, and H-F = G-F,
then there is a curve B such that BeF = H.F — G.F.

In §7.5 we will find a criterion that works at all ordinary multiple points of F.

Problems

5.29. Fix F, G, and P. Show that in cases (1) and (2) — but not (3) — of Proposition
1 the conditions on H are equivalent to Noether’s conditions.

5.30. Let F be an irreducible projective plane curve. Suppose z € k(F) is defined at
every P € F. Show that z € k. (Hint: Write z = H/G, and use Noether’s Theorem).

5.6 Applications of Noether’s Theorem

We indicate in this section a few of the many interesting consequences of Noether’s
Theorem. Since they will not be needed in later Chapters, the proofs will be brief.

Proposition 2. Let C, C' be cubics, C'+C = Z?:l P;; suppose Q is a conic, and Q+C =
Z?:l P;. AssumeP;,..., Pg are simple points on C. Then P;, Pg, and Py lie on a straight
line.

Proof. Let F=C, G=Q, H=C'in (2) of the Corollary to Proposition 1.

Corollary 1 (Pascal). Ifa hexagon is inscribed in an irreducible conic, then the oppo-
site sides meet in collinear points.

Proof. Let C be three sides, C’ the three opposite sides, Q the conic, and apply
Proposition 2.

Corollary 2 (Pappus). Let Ly, Ly be two lines; Py, P,, Ps € L1, Q1, Q2, Qs € Ly (none
of these points in Ly N Ly). Let L;; be the line between P; and Q;. For each i, j, k with
{i,j, kt =1{1,2,3}, let Ry = Ljj.Lj;. Then Ry, Ry, and R are collinear.
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Proof. The two lines form a conic, and the proof is the same as in Corollary 1.

Pascal’s Theorem Pappus’ Theorem

Proposition 3. Let C be an irreducible cubic, C', C" cubics. Suppose C'+C = Z?zl p;,
where the P; are simple (not necessarily distinct) points on C, and suppose C"'+C =
Y8 ,Pi+Q. Then Q= Py.

Proof. Let Lbe aline through Py that doesn’t pass through Q; L«C = P9+ R+ S. Then
LC"«C=C'«C+Q+R+S, so there is a line L' such that L's«C = Q + R+ S. But then
L'=Landso Py =Q.

Addition on a cubic. Let C be a nonsingular cubic. For any two points P, Q € C,
there is a unique line L such that L.C = P+ Q+R, forsome Re C. If P=Q, Lis
the tangent to C at P). Define ¢: C x C — C by setting ¢ (P, Q) = R. This ¢ is like an
addition on C, but there is no identity. To remedy this, choose a point O on C. Then
define an addition @ on C as follows: P& Q = ¢ (O, ¢(P,Q)).

Proposition 4. C, with the operation &, forms an abelian group, with the point O
being the identity.

Q Tl — T/l

Proof. Only the associativity is difficult: Suppose PQ,R€ C. Let L1«C=P+Q+ S/,
M;«C=0+S8+8S,1L,.C=S+R+T.
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Let M3C=Q+R+U’, L3.C=0+U"+U, M3.C=P+U+T". Since (P®Q)®R =
@(0,T",and P& (Q® R) = ¢(0O, T"), it suffices to show that T’ = T".
Let C' = L1L;Ls3, C" = My M, M3, and apply Proposition 3.

Problems

5.31. Ifin Pascal’s Theorem we let some adjacent vertices coincide (the side being a
tangent), we get many new theorems:

(a) State and sketch what happens if P, = Py, P3 = P4, P5 = Pg.

(b) Let P; = P,, the other four distinct.

(c) From (b) deduce a rule for constructing the tangent to a given conic at a given
point, using only a straight-edge.

5.32. Suppose the intersections of the opposite sides of a hexagon lie on a straight
line. Show that the vertices lie on a conic.

5.33. Let C be an irreducible cubic, L aline such that L.C = P; + P, + P3, P; distinct.
Let L; be the tangentline to C at P;: L;«C = 2P;+Q); for some Q;. Show that Q;,Q2, Q3
lie on a line. (L? is a conic!)

5.34. Show that a line through two flexes on a cubic passes through a third flex.

5.35. Let C be any irreducible cubic, or any cubic without multiple components,
C° the set of simple points of C, O € C°. Show that the same definition as in the
nonsingular case makes C° into an abelian group.

5.36. Let C be an irreducible cubic, O a simple point on C giving rise to the addition
® on the set C° of simple points. Suppose another O’ gives rise to an addition &’. Let
Q = ¢(0,0"), and define a: (C,0,8) — (C,0’,&") by a(P) = ¢(Q, P). Show that « is
a group isomorphism. So the structure of the group is independent of the choice of
0.

5.37. In Proposition 4, suppose O is a flex on C. (a) Show that the flexes form a
subgroup of C; as an abelian group, this subgroup is isomorphic to Z/(3) x Z/(3).
(b) Show that the flexes are exactly the elements of order three in the group. (i.e.,
exactly those elements P such that P& P& P = O). (c) Show that a point P is of
order two in the group if and only if the tangent to C at P passes through O. (d) Let
C=Y2Z-XX-2Z)(X-AZ),A#0,1,0=[0:1:0]. Find the points of order two. (e)
Show that the points of order two on a nonsingular cubic form a group isomorphic
to Z/(2) x Z/(2). (f) Let C be a nonsingular cubic, P € C. How many lines through P
are tangent to C at some point Q # P? (The answer depends on whether P is a flex.)

5.38. Let C be a nonsingular cubic given by the equation Y2Z = X3 +aX?Z+bX Z%+
cZ3,0=1[0:1:0]. Let P; = [x; : yi:1],i=1,2,3, and suppose P; & P, = P3. If x] # x2,
let A= (y1—y2)/(x1—x2); if Py =Pyand y; #0, let A = (3xf +2ax1+b)/(2y1). Let
w=y;—Ax;, i =1,2. Show that x3 = A2 —a—x;— X, and 3 = —Ax3 — p. This gives an
explicit method for calculating in the group.

5.39. (@) Let C=Y?Z-X*-4X7%, 0=[0:1:0], A=[0:0:1], B=[2:4:1], and
C =[2:-4:1]. Show that {0, A, B, C} form a subgroup of C that is cyclic of order 4.
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(b)LetC=Y%27-X3-43X72-1662%. Let O=[0:1:0], P =[3:8:1]. Showthat P is
an element of order 7 in C.

5.40. Let ko be a subfield of k. If V is an affine variety, V < A"(k), a point P =
(a,...,ay) € V is rational over ky, if each a; € ky. If V < P" (k) is projective, a point
P € V is rational over ko if for some homogeneous coordinates (ay, ..., a,+1) for P,
each a; € k.

A curve F of degree d is said to be emphrational over k if the corresponding
point in P4(@+3)/2 s rational over k.

Suppose a nonsingular cubic C is rational over ky. Let C(kp) be the set of points
of C that are rational over ky. (a) If P, Q € C(kop), show that ¢(P,Q) is in C(kp). (b)
If O € C(kp), show that C(kp) forms a subgroup of C. (If ky = Q, k = C, this has
important applications to number theory.)

5.41. Let C be a nonsingular cubic, O a flex on C. Let Py,...,P3,; € C. Show that
Py &---&P3,,, = Oifand only if there is a curve F of degree m such that F.C = Zfi”l p;.
(Hint: Use induction on m. Let L«C = Py +P,+Q, L'«C = P3+P4+R,L"«C=Q+R+S,
and apply induction to S, Ps, ..., Ps,;; use Noether’s Theorem.)

5.42. Let C be a nonsingular cubic, F, F' curves of degree m such that F.C = Z‘j’;”l p;,
F'«C=Y3""1P; + Q. Show that P3;, = Q.

1
5.43. For which points P on a nonsingular cubic C does there exist a nonsingular
conic that intersects C only at P?
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Chapter 6

Varieties, Morphisms, and
Rational Maps

This chapter begins the study of intrinsic properties of a variety — properties
that do not depend on its embedding in affine or projective spaces (or products
of these). Making this transition from extrinsic to intrinsic geometry has not been
easy historically; the abstract language required demands some fortitude from the
reader.

6.1 The Zariski Topology

One of the purposes of considering a topology on a set is to be able to restrict
attention to a “neighborhood” of a point in the set. Often this means simply that
we throw away a set (not containing the point) on which something we don't like
happens. For example, if z is a rational function on a variety V, and z is defined at
P € V, there should be a neighborhood of P where z is a function — we must throw
away the pole set of z. We want to be able to discard an algebraic subset from an
affine or projective variety, and still think of what is left as some kind of variety.

We first recall some notions from topology. A fopology on a set X is a collection
of subsets of X, called the open subsets of X, satisfying:

(1) X and the empty set @ are open.
(2) The union of any family of open subsets of X is open.
(3) The intersection of any finite number of open sets is open.

A topological space is a set X together with a topology on X. A set C in X is
closed if X\ Cis open. If Y c X, any open set of X that contains Y will be called
a neighborhood of Y. (Sometimes any set containing an open set containing Y is
called a neighborhood of Y, but we will consider only open neighborhoods.)

If Y is a subset of a topological space X, the induced topology on Y is defined
as follows: a set W c Y is open in Y if there is an open subset U of X such that
W=YnU.

67



68 CHAPTER 6. VARIETIES, MORPHISMS, AND RATIONAL MAPS

For any subset Y of a topological space X, the closureof Y in X is the intersection
of all closed subsets of X that contain Y. The set Y is said to be densein X if X is the
closure of Y in X; equivalently, for every nonempty open subset U of X, UNY # @.

If X and X' are topological spaces, a mapping f: X' — X is called continuous
if for every open set U of X, f‘l(U) ={x e X' | f(x) € U} is an open subset of X’;
equivalently, for every closed subset C of X, f ~1(C) is closed in X'. If, in addition, f
is one-to-one and onto X, and f~! is continuous, f is said to be homeomorphism.

Let X =P™ x ... x P x A™. The Zariski topology on X is defined as follows: a
set U c X is open if X \ U is an algebraic subset of X. That this is a topology follows
from the properties of algebraic sets proved in Chapter 1 (see also §4.4). Any subset
V of X is given the induced topology. In particular, if V is a variety in X, a subset of
V is closed if and only if it is algebraic.

If X = Al or P!, the proper closed subsets of X are just the finite subsets. If
X = A? or P?, proper closed subsets are finite unions of points and curves.

Note that for any two nonempty open sets Uj, U, in a variety V, Uy n Uz # @ (for
otherwise V = (V ~. Up) U (V \ U) would be reducible). So if P and Q are distinct
points of V, there are never disjoint neighborhoods containing them. And every
nonempty open subset of a variety V is dense in V.

Problems

6.1) Let Zc Y c X, X atopological space. Give Y the induced topology. Show that
the topology induced by Y on Z is the same as that induced by X on Z.

6.2" (a) Let X be a topological space, X = Ugew Ug, Uy open in X. Show that a
subset W of X is closed if and only if each Wn Uy, is closed (in the induced topology)
in Uy. (b) Suppose similarly Y = Ugeo Vo, Vo Openin Y, and suppose f: X — Y
is a mapping such that f(Uy) < V,. Show that f is continuous if and only if the
restriction of f to each Uy, is a continuous mapping from U, to V.

6.3 (a) Let V be an affine variety, f € I'(V). Considering f as a mapping from V
to k = A!, show that f is continuous. (b) Show that any polynomial map of affine
varieties is continuous.

6.4F Let U; cP", @;: A" — U; as in Chapter 4. Give U; the topology induced from
P". (a) Show that ¢; is a homeomorphism. (b) Show that a set W < P" is closed if
and only if each (pl.‘l(W) isclosedin A", i =1,...,n+1. (c) Show thatif V < A" is an
affine variety, then the projective closure V* of V is the closure of ¢,+1 (V) in P".

6.5. Any infinite subset of a plane curve V is dense in V. Any one-to-one mapping
from one irreducible plane curve onto another is a homeomorphism.

6.6 Let X be a topological space, f: X — A” a mapping. Then f is continuous if
and only if for each hypersurface V = V(F) of A", f~!(V) is closed in X. A mapping
f: X — k=A!is continuous if and only if f~'(A) is closed for any A € k.

6.7 Let V be an affine variety, f € I'(V). (a)] Show that V(f)={PeV | f(P)=0}isa
closed subset of V, and V(f) # V unless f = 0. (b) Suppose U is a dense subset of V'
and f(P)=0forall Pe U. Then f =0.
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6.8" Let U be an open subset of a variety V, z € k(V). Suppose z € Gp(V) for all
P e U. Show that U, = {P € U | z(P) # 0} is open, and that the mapping from U to
k= Al defined by P — z(P) is continuous.

6.2 Varieties

Let V be a nonempty irreducible algebraic set in P™ x --- x A™. Any open subset
X of V will be called a variety. It is given the topology induced from V; this topology
is called the Zariski topology on X.

We define k(X) = k(V) to be the field of rational functions on X, and if P € X, we
define Gp(X) to be Gp(V), the local ring of X at P.

If U is an open subset of X, then U is also open in V, so U is also a variety. We
say that U is an open subvariety of X.

If Y is a closed subset of X, we say that Y is irreducible if Y is not the union of
two proper closed subsets. Then Y is then also a variety, for if Y is the closure of ¥
in V, it is easy to verify that Y is irreducible in V and that Y = Y n X, so Y is open in
Y (see Problem 6.10). Such a Y is called a closed subvariety of X.

Let X be a variety, U a nonempty open subset of X. We define I'(U, Ox), or sim-
ply I'(U), to be the set of rational functions on X that are defined at each P € U:
I'(U) = Npey Op(X). The ring T'(U) is a subring of k(X), and if U’ c U, then T'(U’) >
I'(U). Note that if U = X is an affine variety, then I'(X) is the coordinate ring of X
(Proposition 2 of §2.4), so this notation is consistent.

If z e I'(U), z determines a k-valued function on U: for if P € U, z € Op(X), and
z(P) is well-defined. Let & (U, k) be the ring of all k-valued functions on U. The map
that associates a function to each z € I'(U) is a ring homomorphism from I'(U) into
F (U, k). As in §2.1 we want to identify I'(U) with its image in & (U, k), so that we
may consider I'(U) as a ring of functions on U. For this we need the map from I'(U)
to Z (U, k) to be one-to-one, i.e.,

Proposition 1. Let U be an open subset of a variety X. Suppose z € I'(U), and z(P) =0
forallPeU. Thenz=0.

Proof. Note first that we may replace U by any nonempty open subset U’ of U, since
r)crw)).

If X cP"x---x A™, we may replace X by its closure, so assume X is closed. Then
if XN (U;, x Uy, x--- x A™) # @, we may replace X and U by the corresponding affine
variety ¢! (X) and the open set ¢~} (U) in A” x --- x A, where @: A" x --- x A" —
Ui, x ---x A™ is as in Problem 4.26.

Thus we may assume U is open in an affine variety X c AN, Write z = f/g,
f,g €eT(X). Replacing U by {P € U | g(P) # 0}, we may assume g(P) #0 forall Pe U
(Problem 6.8). Then f(P) =0forall Pe€ U, so f =0 (Problem 6.7), and z =0.

Problems

6.9. Let X = A%2~.{(0,0)}, an open subvariety of A%, Show that I'(X) = ['(A?) = k[X, Y].
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6.10 Let U be an open subvariety of a variety X, Y a closed subvariety of U. Let Z
be the closure of Y in X. Show that

(a) Zisaclosed subvariety of X.
(b) Y is an open subvariety of Z.

6.11. (a) Show that every family of closed subsets of a variety has a minimal mem-
ber. (b) Show that if a variety is a union of a collection of open subsets, it is a union
of a finite number of theses subsets. (All varieties are “quasi-compact”.)

6.12F Let Xbea variety, z € k(X). Show that the pole set of z is closed. If z € Op(X),
there is a neighborhood U of z such that z € I'(U); so Op(X) is the union of all I'(U),
where U runs through all neighborhoods of P.

6.3 Morphisms of Varieties

Ifp: X — Y is any mapping between sets, composition with ¢ gives a homomor-
phism of rings ¢: Z (Y, k) — Z (X, k); i.e., p(f) = fo.

Let X and Y be varieties. A morphism from X to Y is a mapping ¢: X — Y such
that

(1) ¢ is continuous;

(2) Foreveryopenset U of Y,if f e ['(U,0y), then ¢(f) = fopisinT'(¢ 1 (U),Ox).

An isomorphism of X with Y is a one-to-one morphism ¢ from X onto Y such
that ¢! is a morphism.

A variety that is isomorphic to a closed subvariety of some A" (resp. P") is called
an affine variety (resp. a projective variety). When we write “X < A" is an affine
variety”, we mean that X is a closed subvariety of A” (as in Chapter 2), while if we
say only “X is an affine variety” we mean that X is a variety in the general sense of
Section 2, but that there exists an isomorphism of X with a closed subvariety of some
A". A similar nomenclature is used for projective varieties.

Proposition 2. Let X and Y be affine varieties. There is a natural one-to-one corre-
spondence between morphisms ¢: X — Y and homomorphisms ¢: I'(Y) - T'(X). If
X c A", Y c A™, a morphism from X to Y is the same thing as a polynomial map
fromXtoY.

Proof. We may assume X c A", Y c A’ are closed subvarieties of affine spaces. The
proposition follows from the following facts: (i) a polynomial map is a morphism; (ii)
a morphism ¢ induces a homomorphism ¢: I'(Y) — I'(X); (iii) any ¢: I'(Y) — I'(X)
is induced by a unique polynomial map from X to Y (Proposition 1 of §2.2); and (iv)
all these operations are compatible. The details are left to the reader.

Proposition 3. Let V be a closed subvariety of P", ¢;: A" — U; c P" as in Chapter
4, Section 1. Then V; = (pi‘l(V) is a closed subvariety of A", and ¢; restricts to an
isomorphism of V; with V n U;. A projective variety is a union of a finite number of
open affine varieties.

Proof. The proof, together with the natural generalization to multispace (see Prob-
lem 4.26), is left to the reader.
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Proposition 4. Any closed subvariety of P™ x --- x P™ is a projective variety. Any
variety is isomorphic to an open subvariety of a projective variety.

Proof. The second statement follows from the first, since P™ x --- x P" x A™ is iso-
morphic to an open subvariety of P™ x --- x P x P™™, By induction, it is enough to
prove that P" x P™ is a projective variety.

In Problem 4.28, we defined the Segre imbedding S: P x P — P+M+1M \which
mapped P” x P one-to-one onto a projective variety V. We use the notations of
that problem.

It suffices to show that the restriction of S to Uy x Uy — VNUyg is an isomorphism.
These are affine varieties, so it is enough to show that the induced map on coordi-
nate rings is an isomorphism. We identify I'(Uy x Up) with k[Xj,..., X, Y1,..., Y],
and I'(V n Ugp) may be identified with k[Tyg, ..., Tuml/({Tjx — TjoTox | j, k > 0}). The
homomorphism from k[Xj,..., X,, Y1,..., Yj] to this ring that takes X; to the residue
of Tjo, Y; to that of Ty}, is easily checked to be an isomorphism. Since this isomor-
phism is the one induced by S~1, the proof is complete.

Note. It is possible to define more general varieties than those we have considered
here. If this were done, the varieties we have defined would be called the “quasi-
projective” varieties.

A closed subvariety of an affine variety is also an affine variety. What is more
surprising is that an open subvariety of an affine variety may also be affine.

Proposition 5. Let V be an affine variety, and let f e T'(V), f #0. Let Vr={PeV|
f(P) #0}, an open subvariety of V. Then

1) F(Vf) =ITWM[1/fl= {a/f" ek(V)|aeT(V),neZ}.

() Vyisan affine variety.

Proof. We may assume V c A”; let I = I(V), so T'(V) = k[X,..., Xp]/I. Choose F €
k[Xy,..., X,] whose I-residue F is f-

(1): Let z € I'(Vf). The pole set of z is V(J), where J = {G € k[Xq,..., X;] | Gz e
I'(V)} (proof of Proposition 2 of §2.4). Since V(J) c V(F), FN € J for some N, by the
Nullstellensatz. Then sz =ael'(V),soz= a/fN e I'(V)[1/f]. The other inclusion
is obvious.

(2): We must “push the zeros of F off to infinity” (compare with the proof of the
Nullstellensatz). Let I’ be theideal in k[Xj, ..., X;+1] generated by I and by X,,1 F—1,
V' =v{)c AL

Leta: k[X,..., Xp+1] = T'(Vf) be defined by letting a(X;) =X,- ifi<n a(X,11) =
1/f. Then a is onto by (1), and it is left to the reader to check that Ker(a) = I'. (See
Problem 6.13.) In particular, I’ is prime, so V' is a variety, and « induces an isomor-
phism a: rwh— F(Vf).

The projection (X1, ..., Xp+1) — (Xi,..., Xj) from A1 t0 A" induces a morphism
@:V - Ve (Problem 6.16). This ¢ is one-to-one and onto, and ¢ = (@71 If Wis
closed in V, defined by the vanishing of polynomials Gp(X1,..., Xn+1), then (W) is
closed in Vy, defined by polynomials FNGﬁ (Xy,..., X, 1/F),with N = deg(G[;); from
this it follows that ¢! is continuous. We leave it to the reader to complete the proof
that ¢! is a morphism, and hence ¢ is an isomorphism.
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Corollary. Let X be a variety, U a neighborhood of a point P in X. Then there is a
neighborhood V of P, V c U, such that V is an affine variety.

Proof. 1f X is open in a projective variety X' < P”, and P € U;, we may replace X by
X'nU;, Uby UnU;. So we may assume X < A" is affine.

Since X \ U is an algebraic subset of A”, there is a polynomial F € k[X],..., X;]
such that F(P) #0, and F(Q) =0forall Q € X\ U (Problem 1.17). Let f be the image
of FinT'(X). Then P € Xy < U, and Xy is affine by the proposition.

Problems

6.13" Let R be a domain with quotient field K, f # 0 in R. Let R[1/f] = {a/f" |
a € R,n € Z}, a subring of K. (a) Show that if ¢: R — S is any ring homomorphism
such that ¢(f) is a unitin S, then ¢ extends uniquely to a ring homomorphism from
R[1/f] to S. (b) Show that the ring homomorphism from R[X]/(X f —1) to R[1/f]
that takes X to 1/ f is an isomorphism.

6.14F Let X,Y be varieties, f: X — Y amapping. Let X = Uy Uy, Y = Uy Vy, with
Ug, Vyq open subvarieties, and suppose f(U,) c V, for all @. (a) Show that f is a
morphism if and only if each restriction fy : Ug — V, of f is a morphism. (b) If each
Uy, Vg is affine, f is a morphism if and only if each f(T'(Vy)) cT'(Uy).

6.15" (a) If Y is an open or closed subvariety of X, the inclusion i: ¥ — X is a mor-
phism. (b) The composition of morphisms is a morphism.

6.16. Let f: X — Y be a morphism of varieties, X' c X, Y’ c Y subvarieties (open

or closed). Assume f(X') < Y’. Then the restriction of f to X’ is a morphism from
X'to Y'. (Use Problems 6.14 and 2.9.)

6.17. (a) Show that A% ~_{(0,0)} is not an affine variety (see Problem 6.9). (b) The
union of two open affine subvarieties of a variety may not be affine.

6.18. Show that the natural map 7 from A”*! < {(0,...,0)} to P" is a morphism of
varieties, and that a subset U of P" is open if and only if 7~ (U) is open.

6.19) Let X be avariety, f € I'(X). Let ¢: X — Al be the mapping defined by ¢(P) =
f(P) for P € X. (a) Show that for 1 € k, (p’l(/l) is the pole set of z = 1/(f — A). (b)
Show that ¢ is a morphism of varieties.

6.20" Let A=P™ x---x A", B=P™ x...x A", Let y € B, V a closed subvariety of
A. Show that V x {y} = {(x,y) € Ax B| x € V}is a closed subvariety of A x B, and that
the map V — V x {y} taking x to (x, y) is an isomorphism.

6.21. Any variety is the union of a finite number of open affine subvarieties.

6.22 Let X be a projective variety in P”, and let H be a hyperplane in P" that
doesn’t contain X. (a) Show that X \ (H n X) is isomorphic to an affine variety X, c
A", (b) If Lis the linear form defining H, and [ is its image in T';,(X) = k[x1,..., Xn+1],
then I'(X.) may be identified with k[x;/1,...,x,+1/1]. (Hint: Change coordinates so
L=Xn+1)

6.23" LetP, Qe X, X a variety. Show that there is an affine open set V on X that
contains P and Q. (Hint: See the proof of the Corollary to Proposition 5, and use
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Problem 1.17(c).)

6.24F Let Xbea variety, P, Q two distinct points of X. Show that there is an f € k(X)
that is defined at P and at Q, with f(P) =0, f(Q) # 0 (Problems 6.23, 1.17). So f €
mp(X), 1/ f € O0g(X). The local rings Op(X), as P varies in X, are distinct.

6.25." Show that [X1:...:x3] = [x1:...:%xp,:0] gives an isomorphism of P! with
Hy, c P, If a variety V in P” is contained in Hy,, V is isomorphic to a variety in
P"~1. Any projective variety is isomorphic to a closed subvariety V  P" (for some
n) such that V is not contained in any hyperplane in P".

6.4 Products and Graphs

Let A=P™M x---x A", B=P™ x-..-x A be mixed spaces, as in Chapter 4, Section
4. Then Ax B=P™ x--- x P"™ x ... x A" jg also a mixed space. If Uj; x --- x A"
and Uj; x --- x A" are the usual affine open subvarieties that cover A and B, then
Ujp x --- x A™™ are affine open subvarieties that cover A x B.

Proposition 6. Let V < A, W < B be closed subvarieties. Then V x W is a closed
subvariety of Ax B.

Proof. The only difficulty is in showing that V x W is irreducible. Suppose V x W =
Z1UZ,, Zi closedin AxB. LetU; ={ye W |V x{y} & Z;}. Since V x {y} is irreducible
(Problem 6.20), Uy n U, = @. It suffices to show that each U; is open, for then, since
W is a variety, one of the U; (say U;) must be empty, and then V x W c Z;, as desired.

Let Fy(X,Y) be the “multiforms” defining Z;. If y € U;, then for some a and
some x € V, Fy(x,y) #0. Let Go(Y) = F4(x,Y). Then {y' € W | G (') # 0} is an open
neighborhood of y in U;. A set that contains a neighborhood of each of its points is
open, so U; (and likewise U>) is open.

If X and Y are any varieties, say X isopenin Vc A, Y openin Wc B, V,W, A, B
as above. Then X x Y isopenin V x W, so X x Y is a variety. Note that the product
of two affine varieties is an affine variety, and the product of two projective varieties
is a projective variety.

Proposition 7. (1) The projectionspr;: X xY — X andpr,: X xY — Y are mor-
phisms.

2 Iff: Z— X, g: Z— Y are morphisms, then (f,g): Z — X x Y defined by
(f,8)(2) = (f(2),8(2) is a morphism.

) Iff: X' = X, g: Y' = Y are morphisms, then f x g: X' xY' — X x Y defined
by (f x @) (x', ¥ = (f(x)), g(y") is a morphism.

(4) Thediagonal Ax = {(x,y) € X x X | y = x} is a closed subvariety of X x X, and
the diagonal map 6 x: X — Ax defined by 6 x (x) = (x, x) is an isomorphism.

Proof. (1) is left to the reader.

(2): We may reduce first to the case where X = A, Y = B (Problem 6.16). Since
being a morphism is local (Problem 6.14), we may cover A and B by the open affine
spaces Uj; x --- x A", This reduces it to the case where X = A", Y = A", We may
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also assume Z is affine, since Z is a union of open affine subvarieties. But this case
is trivial, since the product of polynomial maps is certainly a polynomial map.

(3): Apply (2) to the morphism (f opr;, gopr,).

(4): The diagonal in P" x P" is clearly an algebraic subset, so Ay is closed in any
X (Proposition 4 of §6.3). The restriction of pr; : X x X — X is inverse to 0 x, so 0 x is
an isomorphism.

Corollary. If f,g: X — Y are morphisms of varieties, then {x € X | f(x) = g(x)} is
closedin X. If f and g agree on a dense set of X, then f = g.

Proof. x| f(x)=gx)}=(f, g 'Ay).

If f: X — Y is a morphism of varieties, the graph of f, G(f), is defined to be
e, eXxY|y=f0}

Proposition 8. G(f) is a closed subvariety of X x Y. The projection of X x Y onto X
restricts to an isomorphism of G(f) with X.

Proof. Wehave G(f) = (fxi)~!(Ay), i = identityon Y. Now (j, f): X — X x Y, where
j = identity on X, maps X onto G(f), and this is inverse to the projection.

Problems

6.26. (a) Let f: X — Y be a morphism of varieties such that f(X) is dense in Y.
Show that the homomorphism f: I'(Y) — I'(X) is one-to-one. (b) If X and Y are
affine, show that f(X) is dense in Y if and only iff: I'(Y) — I'(X) is one-to-one. Is
this true if Y is not affine?

6.27. Let U, V be open subvarieties of a variety X. (a) Show that UnV is isomorphic
to (UxV)NAyx. (b)If U and V are affine, show that UnV is affine. (Compare Problem
6.17.)

6.28. Letd=1, N = (’“DZM, and let Mj, ..., My be the monomials of degree d in
X,Y,Z (in some order). Let T1,..., Ty be homogeneous coordinates for PN-1 Let
V=V(EN Mi(X,Y,2)T;) c P? xPN~1, and let 7: V — P! be the restriction of
the projection map. (a) Show that V is an irreducible closed subvariety of P? x PN~1,
and 7 is a morphism. (b) For each t = (f1,..., ty) € PN~1, let C; be the corresponding
curve (§5.2). Show that 77 1(¢) = C; x {£}.

We may thus think of 7: V — PV~! as a “universal family” of curves of degree d.
Every curve appears as a fibre 77! (¢) over some ¢ € PV~

6.29. Let V be a variety, and suppose V is also a group, i.e., there are mappings
¢: VxV — V (multiplication or addition), and y¢: V — V (inverse) satisfying the
group axioms. If ¢ and y are morphisms, V is said to be an algebraic group. Show
that each of the following is an algebraic group:

(a) Al =k, with the usual addition on k; this group is often denoted G,,.

(b) A~ {(0)} = k ~ {(0)}, with the usual multiplication on k: this is denoted G,,.

(c) A™(k) with addition: likewise M,,(k) = {n by n matrices} under addition may
be identified with A (k).
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(d) GL,(k) = {invertible n x n matrices} is an affine open subvariety of M, (k),
and a group under multiplication.

(e) C a nonsingular plane cubic, O € C, & the resulting addition (see Problem
5.38).
6.30. (a) Let C = V(Y2Z — X3) be a cubic with a cusp, C° = C~{[0:0: 1]} the simple
points, a group with O = [0:1:0]. Show that the map ¢: G, — C° given by ¢(¢) =
[£:1:£3] is an isomorphism of algebraic groups. (b) Let C= V(X3 + Y3 - XY Z) bea
cubic with anode, C° =C~{[0:0:1]}, O=1[1:1:0]. Show that ¢: G,, — C° defined
by ¢(t) = [t: t? : 1 — t3] is an isomorphism of algebraic groups.

6.5 Algebraic Function Fields and Dimension of Vari-
eties

Let K be a finitely generated field extension of k. The transcendence degree of K
over k, written tr. deg; K is defined to be the smallest integer n such that for some
X1,...,Xy € K, K is algebraic over k(x1,...,x;). We say then that K is an algebraic
function field in n variables over k.

Proposition 9. Let K be an algebraic function field in one variable over k, and let
xeK,x¢k. Then

(1) K isalgebraic over k(x).

(2) (char(k) =0) Thereis an element y € K such that K = k(x, y).

(3) If R is a domain with quotient field K, k c R, and p is a prime ideal in R,
0 #p # R, then the natural homomorphism from k to R/p is an isomorphism.

Proof. (1) Take any ¢ € K so that K is algebraic over k(z). Since x is algebraic over
k(t), there is a polynomial F € k[T, X] such that F(z,x) = 0 (clear denominators if
necessary). Since x is not algebraic over k (Problem 1.48), T must appear in F, so
t is algebraic over k(x). Then k(x, ) is algebraic over k(x) (Problem 1.50), so K is
algebraic over k(x) (Problem 1.46).

(2) Since char(k(x)) = 0, this is an immediate consequence of the “Theorem of
the Primitive Element.” We have outlined a proof of this algebraic fact in Problem
6.31 below.

(3) Suppose there is an x € R whose residue X in R/p isnotin k, andlet yep, y #
0. Choose F=Y a;(X)Y! € k[X, Y] so that F(x, y) = 0. If we choose F of lowest pos-
sible degree, then ay(X) # 0. But then ay(x) € P, so ap(x) = 0. But X is not algebraic
over k (Problem 1.48), so there is no such x.

If X is a variety, k(X) is a finitely generated extension of k. Define the dimen-
sionof X, dim(X), to be tr. deg;. k(X). A variety of dimension one is called a curve, of
dimension two a surface, etc. Part (5) of the next proposition shows that, for subvari-
eties of A2 or P2, this definition agrees with the one given in Chapters 3 and 5. Note,
however, that a “curve” is assumed to be a variety, while a “plane curve” is allowed
to have several (even multiple) components.

Proposition 10. (1) IfU is an open subvariety of X, thendimU = dim X.
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(2) IfV* is the projective closure of an affine variety V, then dimV = dim V*.

(3) Avariety has dimension zero if and only if it is a point.

(4) Every proper closed subvariety of a curve is a point.

(5) A closed subvariety of A? (resp. P?) has dimension one if and only if it is an
affine (resp. projective) plane curve.

Proof. (1) and (2) follow from the fact that the varieties have the same function
fields.

(3): Suppose dim V = 0. We may suppose V is affine by (1) and (2). Then k(V) is
algebraic over k, so k(V) = k, so I'(V) = k. Then Problem 2.4 gives the result.

(4): Again we may assume V is affine. If W is a closed subvariety of V, let R =
I'(V), p the prime ideal of R corresponding to W; then I'(W) = R/ Pp (Problem 2.3).
Apply Proposition 9 (3).

(5): Assume V < A2 Since k(V) = k(x, y), dim V must be 0,1, or 2. So V is either
a point, a plane curve V(F), or V = A% (§1.6). If F(x, y) = 0, tr. deg;. k(x,y) < 1. Then
the result follows from (3) and (4). Use (2) if V < P2,

Problems

6.31" (Theorem of the Primitive Element) Let K be a field of a characteristic zero, L
a finite (algebraic) extension of K. Then there is a z € L such that L = K(=2).

Outline of Proof. Step (i): Suppose L = K(x, y). Let F and G be monic irreducible
polynomials in K[T] such that F(x) = 0, G(y) = 0. Let L' be a field in which F =
H;‘zl(T—xi), G= ]'[;"zl(T—y,-), x=x1,¥=y1,L oL (seeProblems1.52, 1.53). Choose
A#0in Ksothat Ax+y#Ax;+yjforalli#1,j#1. Letz=Ax+y, K' = K(2). Set
H(T) = G(z— AT) € K'[T]. Then H(x) =0, H(x;) # 0 if i > 0. Therefore (H,F) =
(T-x)€K'[T]. Thenxe K',so ye K',so L=K'.

Step (ii): If L = K(xy,...,xy), use induction on n to find 14,...,A, € k such that
L=K(XAix;).
6.32F Let L = K(x,...,x,) as in Problem 6.31. Suppose k c K is an algebraically
closed subfield, and V ; A" (k) is an algebraic set. Show that L = K(}_ 1;x;) for some
A1,..,An) EATN V.

6.33. The notion of transcendence degree is analogous to the idea of the dimension
of a vector space. If k c K, we say that x,...,x, € K are algebraically independent
if there is no nonzero polynomial F € k[Xj,..., X;] such that F(xy,...,x;) = 0. By
methods entirely analogous to those for bases of vector spaces, one can prove:

(a) Let xp,...,x, € K, K a finitely generated extension of k. Then xi,...,x, is a
minimal set such that K is algebraic over k(xy,...,x;) if and only if x1,...,x, is a
maximal set of algebraically independent elements of K. Such {x,...,x,} is called a
transcendence basis of K over k.

(b) Any algebraically independent set may be completed to a transcendence ba-
sis. Any set {x1,...,X,} such that K is algebraic over k(x, ..., x,;) contains a tran-
scendence basis.

(c) tr.deg; K is the number of elements in any transcendence basis of K over k.
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6.34. Show that dimA” = dimP" = n.

6.35. Let Y be a closed subvariety of a variety X. Then dim Y < dim X, with equality
ifand onlyif Y = X.

6.36. Let K = k(x1,...,x,) be a function field in r variables over k. (a) Show that
there is an affine variety V < A" with k(V) = K. (b) Show that we may find V < A’*!
with k(V) = K, r =dim V. (Assume char(k) = 0 if you wish.)

6.6 Rational Maps

Let X, Y be varieties. Two morphisms f;: U; — Y from open subvarieties U; of
X to Y are said to be equivalent if their restrictions to U; N U, are the same. Since
U1 nU; is dense in X, each f; is determined by its restriction to U n U (Corollary to
Proposition 7 in §6.4). An equivalence class of such morphisms is called a rational
mapfrom Xto Y.

The domain of a rational map is the union of all open subvarieties U, of X such
that some f,: U, — Y belongs to the equivalence class of the rational map. If U is
the domain of a rational map, the mapping f: U — Y defined by fji7, = fu is a mor-
phism belonging to the equivalence class of the map; every equivalent morphism is
a restriction of f. Thus a rational map from X to Y may also be defined as a mor-
phism f from an open subvariety U of X to Y such that f cannot be extended to a
morphism from any larger open subset of X to Y. For any point P in the domain of
f, the value f(P) is well-defined in k.

A rational map from X to Y is said to be dominating if f(U) is dense in Y, where
f: U —Y is any morphism representing the map (it is easy to see that this is inde-
pendent of U).

If A and B are local rings, and A is a subring of B, we say that B dominates A if
the maximal ideal of B contains the maximal ideal of A.

Proposition 11. (1) Let F be a dominating rational map from X toY. LetUc X,V c
Y be affine open sets, f: U — V a morphism that represents F. Then the induced map
f: I'(V) — I'(U) is one-to-one, so f extends to a one-to-one homomorphism from
k(Y) = k(V) into k(X) = k(U). This homomorphism is independent of the choice of
f, and is denoted by F.

(2) If P belongs to the domain of F, and F(P) = Q, then Op(X) dominates F(O¢(Y)).
Conversely, if P € X, Q€ Y, and Op(X) dominates F(O¢(Y)), then P belongs to the do-
main of F, and F(P) = Q.

(3) Any homomorphism from k(Y) into k(X) is induced by a unique dominating
rational map from X to Y.

Proof. (1) is left to the reader (Problem 6.26), as is the first part of (2).

If Op(X) dominates ﬁ(@’Q(Y)), take affine neighborhoods V of P, W of Q. Let
(W) = kly1,...,yn]l. Then ﬁ(y,-) =a;lb;, a;,b; €T (V), and b;(P) #0. If welet b =
by -+ by, then F('(W)) < T'(V},) (Proposition 5 of §6.3) so F: ['(W) — I'(V},) is induced
by a unique morphism f: v}, — W (Proposition 2 of §6.3). If g € I'(W) vanishes at Q,
then F(g) vanishes at P, from which it follows easily f(P) = Q.
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(3) We may assume X and Y are affine. Then, as in (2), if ¢: k(Y) — k(X),
@I'(Y)) € I'(Xp) for some b € I'(X), so ¢ is induced by a morphism f: X}, — Y.
Therefore f(Xp) is dense in Y since f is one-to-one (Problem 6.26).

Arational map F from X to Y is said to be birational if there are open sets U c X,
V c Y, and an isomorphism f: U — V that represents F. We say that X and Y
are birationally equivalent if there is a birational map from X to Y (This is easily
seen to be an equivalence relation). A variety is birationally equivalent to any open
subvariety of itself. The varieties A” and P" are birationally equivalent.

Proposition 12. Two varieties are birationally equivalent if and only if their function
fields are isomorphic.

Proof. Since k(U) = k(X) for any open subvariety U of X, birationally equivalent
varieties have isomorphic function fields.

Conversely, suppose ¢: k(X) — k(Y) is an isomorphism. We may assume X and
Y are affine. Then ¢(I'(X)) c I'(Y}) for some b € I'(Y), and (p‘l(F(Y)) cI'(Xy) for
some d € I'(X), as in the proof of Proposition 11. Then ¢ restricts to an isomorphism
ofF((Xd)(p_u @) onto T'((Yp) p(a)), sO (Xd)q,q (b 18 isomorphic to (Yp) (), as desired.

Corollary. Every curve is birationally equivalent to a plane curve.

Proof. If V is a curve, k(V) = k(x, y) for some x, y € k(V) (Proposition 9 (2) of §6.5).
Let I be the kernel of the natural homomorphism from k[X, Y] onto k[x, y] < k(V).
Then I is prime, so V' = V(I) ¢ A? is a variety. Since I'(V') = k[X, Y]/I is isomorphic
to klx, yl, it follows that k(V’) is isomorphic to k(x, y) = k(V). So dimV’ = 1, and
V' is a plane curve (Proposition 10 (5) of §6.5). (See Appendix A for the case when
char(k) = p.)

Avariety is said to be rational if it is birationally equivalent to A" (or P"*) for some
n.

Problems

6.37. Let C = V(X% + Y2 — Z?) c P?. For each ¢ € k, let L; be the line between P, =
[-1:0:1] and P, =[0: t:1]. (Sketch this.) (a) If ¢ # +1, show that L;C = Py + Qy,
where Q; = [1-t?:2¢:1+ t?]. (b) Show that the map ¢: A \ {+1} — C taking ¢ to Q,
extends to an isomorphism of P! with C. (¢) Any irreducible conic in P2 is rational;
in fact, a conic is isomorphic to P'. (d) Give a prescription for finding all integer
solutions (x, y, z) to the Pythagorean equation X? + Y2 = Z2,

6.38. An irreducible cubic with a multiple point is rational (Problems 6.30, 5.10,
5.11).

6.39. P" xP™ is birationally equivalent to P"**™. Show that P! x P! is not isomorphic
to P2, (Hint: P! x P! has closed subvarieties of dimension one that do not intersect.)

6.40. If there is a dominating rational map from X to Y, then dim(Y) < dim(X).
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6.41. Every n-dimensional variety is birationally equivalent to a hypersurface in
A}’H—l (Or [P)rl+1)‘

6.42. Suppose X, Y varieties, P € X, Q € Y, with Op(X) isomorphic (over k) to
Oo(Y). Then there are neighborhoods U of P on X, V of Q on Y, such that U is
isomorphic to V. This is another justification for the assertion that properties of X
near P should be determined by the local ring Gp (X).

6.43. Let C be aprojective curve, P € C. Then there is a birational morphism f: C —
C', C'" a projective plane curve, such that f='(f(P)) = {P}. We outline a proof:

(@) We can assume: C c P"1 Let T, X1,..., X,,, Z be coordinates for P"**!; Then
CnV(T)is finite; CNV(T,Z)=@; P=10:...:0:1]; and k(C) is algebraic over k(u),
where u=T/Z € k(C).

(b) Foreach A = (Ay,...,A,) € k" letg,: C— P2 be defined by the formula ¢([¢:
X1t xp:2) =[t: X Aix;: z]. Then ¢, is a well-defined morphism, and ¢, (P) =
[0:0:1]. Let C’ be the closure of ¢, (C).

(c) The variable A can be chosen so ¢ is a birational morphism from C to C’,
and (p/{1 ([0:0:1]) = {P}. (Use Problem 6.32 and the fact that Cn V(T) is finite).

6.44. Let V=V (X?2-Y3,Y?2- 2% cA3, f: Al — V asin Problem 2.13. (a) Show that
f is birational, so V is a rational curve. (b) Show that there is no neighborhood of
(0,0,0) on V that is isomorphic to an open subvariety of a plane curve. (See Problem
3.14)

6.45. Let C, C' be curves, F a rational map from C' to C. Prove: (a) Either F is
dominating, or F is constant (i.e., for some P € C, F(Q) = P, all Qe C'). (b) If F is
dominating, then k(C") is a finite algebraic extension of F(k(C)).

6.46. Let k(P!) = k(T), T = X/Y (Problem 4.8). For any variety V, and f € k(V),
f € k, the subfield k(f) generated by f is naturally isomorphic to k(7). Thus a non-
constant f € k(V) corresponds a homomorphism from k(T) to k(V), and hence to
the a dominating rational map from V to P!. The corresponding map is usually de-
noted also by f. If this rational map is a morphism, show that the pole set of f is
Fian:on.

6.47. (The dual curve) Let F be an irreducible projective plane curve of degree n >
1. Let T'y(F) = k[X, Y, Z1/(F) = klx,y,z], and let u, v, w € T'y,(F) be the residues of
Fx,Fy, Fz, respectively. Define a: k[U,V, W] — I';,(F) by setting a(U) = u, a(V) = v,
a(W) = w. Let I be the kernel of a. (a) Show that I is a homogeneous prime ideal
in k[U, V, W], so V(I) is a closed subvariety of P2. (b) Show that for any simple point
PonF, [Fx(P):Fy(P):Fz(P)]isin V(I), so V(I) contains the points corresponding
to tangent lines to F at simple points. (c) If V(I) c {[a: b: c]}, use Euler’s Theorem
to show that F divides aX + bY + cZ, which is impossible. Conclude that V(I) is
a curve. It is called the dual curve of F. (d) Show that the dual curve is the only
irreducible curve containing all the points of (b). (See Walker’s “Algebraic Curves”
for more about dual curves when char(k) =0.)
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Chapter 7

Resolution of Singularities

7.1 Rational Maps of Curves

A point P on an arbitrary curve C is called a simple point if Op(C) is a discrete
valuation ring. If C is a plane curve, this agrees with our original definition (The-
oreml1 of §3.2). We let ord$, or ordp denote the order function on k(C) defined by
Op(C). The curve C is said to be nonsingular if every point on C is simple.

Let K be a field containing k. We say that a local ring A is a local ring of K if A
is a subring of K, K is the quotient field of A, and A contains k. For example, if V is
any variety, P € V, then Op(V) is a local ring of k(V). Similarly, a discrete valuation
ring of K is a DVR that is a local ring of K.

Theorem 1. Let C be a projective curve, K = k(C). Suppose L is a field containing K,
and R is a discrete valuation ring of L. Assume that R 7 K. Then there is a unique
point P € C such that R dominates Op(C).

Proof. Uniqueness: If R dominates Op(C) and O (C), choose f e mp(C), 1/ f € O¢(C)
(Problem 6.24). Then ord(f) > 0 and ord(1/f) = 0, a contradiction.

Existence: We may assume C is a closed subvariety of P”, and that Cn U; # @,
i=1,...,n+1 (Problem 6.25). TheninI'y,(C) = k[X;,..., X, 11/ I(C) = k[x1,...,Xn+1],
each x; # 0. Let N = max; ;jord(x;/x;). Assume that ord(x;/x,+1) = N for some j
(changing coordinates if necessary). Then for all i,

ord(x;/xp+1) = ord((x;/xp+1)(x;/x;)) = N—ord(x;/x;) = 0.

If C, is the affine curve corresponding to CNUj,+1, then I'(C..) may be identified with
kix1/Xns1,-os X!/ Xns1], 80 RO T(Cy).

Let m be the maximal ideal of R, J = mNTI(C,). Then J is a prime ideal, so J
corresponds to a closed subvariety W of C, (Problem 2.2). If W = C,, then J =0,
and every nonzero element of I'(C,) is a unit in R; but then K c R, which is contrary
to our assumption. So W = {P} is a point (Proposition 10 of §6.5). It is then easy to
check that R dominates Op(C,) = Cp(C).

81
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Corollary 1. Let f be a rational map from a curve C' to a projective curve C. Then the
domain of f includes every simple point of C'. If C' is nonsingular, f is a morphism.

Proof. If F is not dominating, it is constant (Problem 6.45), and hence its domain is
all of C’. So we may assume F imbeds K = k(C) as a subfield of L = k(C"). Let P be
a simple point of C’, R = ©p(C'). By Proposition 11 of §6.5 and the above Theorem
1, it is enough to show that R # K. Suppose K < R c L; then L is a finite algebraic
extension of K (Problem 6.45), so R is a field (Problem 1.50). But a DVR is not a
field.

Corollary 2. IfC is a projective curve, C' a nonsingular curve, then there is a natural
one-to-one correspondence between dominant morphisms f: C' — C and homomor-
phisms f: k(C) — k(C').

Corollary 3. Two nonsingular projective curves are isomorphic if and only if their
function fields are isomorphic.

Corollary 4. Let C be a nonsingular projective curve, K = k(C). Then there is a nat-
ural one-to-one correspondence between the points of C and the discrete valuation
rings of K. If P € C, Gp(C) is the corresponding DVR.

Proof. Each Op(C) is certainly a DVR of K. If R is any such DVR, then R dominates
a unique Op(C). Since R and Op(C) are both DVR’s of K, it follows that R = Op(C)
(Problem 2.26).

Let C, K be as in Corollary 4. Let X be the set of all discrete valuation rings of K
over k. Give a topology to X as follows: a nonempty set U of X is open if X \ U is
finite. Then the correspondence P — Gp(C) from C to X is a homeomorphism. And
ifUisopenin C,I'(U,0¢) = Npey Op(C), so all the rings of functions on C may be re-
covered from X. Since X is determined by K alone, this means that C is determined
up to isomorphism by K alone (proving Corollary 3 again). In Chevalley’s “Algebraic
Functions of One Variable”, the reader may find a treatment of these functions fields
that avoids the concept of a curve entirely.

Problem

7.1. Show that any curve has only a finite number of multiple points.

7.2 Blowing up a Point in A?

To “resolve the singularities” of a projective curve C means to construct a non-
singular projective curve X and a birational morphism f: X — C. A rough idea of
the procedure we will follow is this:

If C < P?, and P is a multiple point on C, we will remove the point P from P?
and replace it by a projective line L. The points of L will correspond to the tangent
directions at P. This can be done in such a way that the resulting “blown up” plane
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B = (P2~ {PHuULisstill a variety, and, in fact, a variety covered by open sets iso-
morphic to A2, The curve C will be birationally equivalent to a curve C’ on B, with
C' \ (C' n L) isomorphic to C ~\ {P}; but C" will have “better” multiple points on L
than C has at P.

In this section we blow up a point in the affine plane, replacing it by an affine line
L. In this case the equations are quite simple, and easy to relate to the geometry. In
the following two sections we consider projective situations; the equations become
more involved, but we will see that, locally, everything looks like what is done in this
section. Throughout, many mappings between varieties will be defined by explicit
formulas; we will leave it to the reader to verify that they are morphisms, using the
general techniques of Chapter 6.

Let P = (0,0) € A%. Let U = {(x, ) € A? | x # 0}. Define a morphism f: U — Al = k
by f(x,y) = y/x. Let Gc U x A < A2 x Al = A be the graph of f,s0 G = {(x,,2) €
A?’Iy:xz,x;éO}.

Let B={(x,y,2) € A3 | y = xz}. Since Y — X7 is irreducible, B is a variety. Let
n: B — A? be the restriction of the projection from A3 to A%: 7(x, y,2) = (x, y). Then
7(B)=UU{P} Let L=n"Y(P) ={(0,0,2) | z € k}. Since 7~} (U) = G, 7 restricts to an
isomorphism of 771(U) onto U. We see that B is the closure of G in A3, G is an open
subvariety of B, while L is a closed subvariety of B.

For k = C, the real part of this can be visualized in R3. The next figure is an
attempt. The curve C = V(Y2 - X?(X +1)) is sketched. It appears that if we remove P
from C, take 77! (C . {P}), and take the closure of this in B, we arrive at a nonsingular
curve C’ with two points lying over the double point of C — we have “resolved the
singularity”.

If we take the side view of B, (projecting B onto the (x, z)-plane) we see that B is
isomorphic to an affine plane, and that C' becomes a parabola.

Let ¢: A2 — B be defined by ¢(x,z) = (x,xz,2). This ¢ is an isomorphism of
A? onto B (projection to (x,z)-plane gives the inverse). Let v = mo¢g : A2 — AZ;
w(x,2) = (x,x2). Let E=yw ' (P) = ¢ 1 (L) = {(x,2) € A% | x=0}. Theny: A2\ E— U
is an isomorphism; v is a birational morphism of the plane to itself.
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Let C # V(X) be a curve in A%, Write Cy = C n U, an open subvariety of C; let
Cy =¥ (Co), and let C’ be the closure of Cj in A”. Let f: C' — C be the restriction
of w to C'. Then f is a birational morphism of C’ to C. By means of f we may identify
k(C) = k(x, y) with k(C") = k(x,2); y = xz.
1).LetC=V(F), F=F,+Fy41+---+Fy, F;aform of degree i in k[X, Y], r = mp(C),
n=deg(C). Then C' = V(F'), where F' = F,(1, Z2) + XF,11(1,Z) +---+ X" "F,(1, Z).

Proof. F(X,XZ)=X"F,(1,2) +Xr+lFr+1(l,Z) +.--=X"F'. Since F,(1,2) #0, X
doesn’t divide F'.

If FF=GH, then F = X"G(X,Y/X)H(X,Y/X) would be reducible. Thus F’ is
irreducible, and since V(F') > C,, V(F) = C'.

Assumption. X is not tangent to C at P. By multiplying F by a constant, we may
assume that F, = Hle (Y —a;X)", where Y — a; X are the tangents to F at P.

(2). With F as above, f~}(P) = {Py,..., Ps}. where P; = (0, @;), and
mp,(C") < I(P;,C'NE) = r;.

If P is an ordinary multiple point on C, then each P; is a simple point on C’, and
ordlc,: (x)=1.

Proof. f~1(P)=C'nE={0,a)|F(1,a)=0}. And

S
mp,(C) < I(P, F'nX) = I(P;, [[(Z-ap) ' nX) =1
i=1

by properties of the intersection number.
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(3). There is an affine neighborhood W of P on C such that W' = f‘l(W) is an
affine open subvariety on C’, f(W') = W, I'(W’) is module finite over I'(W), and
xTIT(W) cT(W).

Proof. Let F =Y ;4 jsr ainin. Let H = ijraonj", and let h be the image of
H in T'(C). Since H(0,0) = 1, W = Cy, is an affine neighborhood of P in C. Then
W' = f~1(W) = Cj is also an affine open subvariety of C'.

To prove the last two claims it suffices to find an equation z" + by 2" ' +---+b, = 0,
b; e T(W). In fact, [(W') = ['(W)|[z], so it will follow that 1, z,...,z" ! generate I'(W')
as amodule over I'(W) (see Proposition 3 of §1.9); and x" 'z/ e T(W) if i <7 — 1.

To find the equation, notice that

F'(x, 2) = Zaijxw—]—rzj — Zaiij—]—rzr—l,

so we have an equation z” + byz" "' +---+ b, = 0, where b; = X a,-jy”f")/h for
i<r,and by =Y;s,ja;jx""y/Ih.

Remarks. (1) We can take the neighborhoods W and W' arbitrarily small; i.e., if
PeU,U >{Py,...,Ps} are any open sets on C and C', we may take W c U, W/ c U'.
Starting with W as in (3), we may choose g € I'(W) such that g(P) # 0, but g(Q) =
0 forall Qe (W~ U)u f(W' \ U') (Problem 1.17). Then W, Wé are the required
neighborhoods.

(2) By taking a linear change of coordinates if necessary, we may also assume
that W includes any finite set of points on C we wish. For the points on the Y-axis
can be moved into W by a change of coordinates (X,Y) — (X+aY, Y). And the zeros
of H can be moved by (X,Y) — (X, Y + X).

Problems

7.2. (a) For each of the curves F in §3.1, find F’; show that F’ is nonsingular in the
first five examples, but not in the sixth. (b) Let F = Y2 - X°. What is F'? What is (F')'?
What must be done to resolve the singularity of the curve Y2 = X?7*+12

7.3. Let F be any plane curve with no multiple components. Generalize the results
of this section to F.

7.4F Suppose P is an ordinary multiple point on C, f‘1 (P) = {Py,...,P;}. With the
notation of Step (2), show that Fy =) ; H#i(Y —ajX)+(Fry1)y +...,80 Fy(x,y) =
xr’l(zj#(z— @;j)+x+...). Conclude that ordg;(Fy(x,y)) =r—-1fori=1,...,r.
7.57 Let P be an ordinary multiple point on C, f‘l(P) ={P,...,P;}, Li=Y —a; X
the tangent line corresponding to P; = (0, @;). Let G be a plane curve with image g
inT(C) cT(C). (a) Show that ord}c,; (g) = mp(G), with equality if L; is not tangent to
GatP. (b)Ifs<r,and ordlc?; (g) =z sforeachi=1,...,r, show that mp(G) = s. (Hint:
How many tangents would G have otherwise?)

7.6. If P is an ordinary cusp on C, show that f ~L(P) = {P;}, where P, is a simple
pointon C'.
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7.3 Blowing up Points in P>

Let Py,..., P, € P2. We are going to blow up all of these points, replacing each by
a projective line. We assume for simplicity that P; = [a;; : a;2 : 1], leaving the reader
to make the necessary changes if P; ¢ Us.

Let U =P%2~ {Py,..., P;}. Define morphisms f;: U — P! by the formula

filx1:x2:x3] = [x1 — ainx3: x2— ajzx3).

Let f = (fi,..., f;): U —P! x-.-x P! (¢ times) be the product (Proposition 7 of §6.4),
andlet Gc U x P! x --- x P! be the graph of f.

Let X1, X5, X3 be homogeneous coordinates for P2, Y1, Yio homogeneous coor-
dinates for the i copy of P!. Let

B=V({Yj(X2-appX3) - Yio(Xi—anXsli=1,...,t) cP*x P! x ... x P,

Then B > G, and we will soon see that B is the closure of G in P2 x --- x P1, so Bis a
variety. Let : B — P? be the restriction of the projection from P? x --- x P! to P2, Let
Ei=n"1(P).

(1). E; = {P;} x {fi(P))} x --- x P x --- x {f;(P;)}, where P! appears in the ith place. So
each E; is canonically isomorphic to P*.

(2. BNU!_ Ei =Bn(UxP!x-.-xP) = G, so 7 restricts to an isomorphism of
B~U!_, E; with U.

(3). If T is any projective change of coordinates of P?, with T(P;) = P, and
fl: P2\{P},..., Pj} — P! are defined using P} instead of the P;, then there are unique
projective changes of coordinates T; of P! such that T;o f; = fl./ o T (see Problem 7.7
below). If ' = (fl.’,...,ft’), then (Ty x-+-x Ty)of=f'oT,and T x T} x --- x Ty maps G,
B and E; isomorphically onto the corresponding G', B and E; constructed from f.

(4). If T; is a projective change of coordinates of P! (for one i), then there is a pro-
jective change of coordinates T of P? such that T(P;) = P; and f;o T = T;o f; (see
Problem 7.8 below).

(5). We want to study r in a neighborhood of a point Q in some E;. We may assume
i =1, and by (3) and (4) we may assume that P; = [0:0: 1], and that Q corresponds
to[A:1]€P!, A € k (even A = 0 if desired).

Let ¢3: A?> — Us c P? be the usual morphism: ¢3(x,y) = [x:y:1]. Let V =
Us ~{Py,..., P}, W = @31 (V). Let y: A2 — A? be as in Section 2: y(x,2) = (x, X2);
andlet W' =y~ (W).

Define ¢: W' — P2 x P! x --- x P! by setting

ox,z2)=[x:xz:1]1x[1:2] x fo([x:xz:1]) x -+ x fr([x:xz:1]).

Then ¢ is a morphism, and 7o = @3ow. Let V' = p(W') = B~ (U;j>1 E; U V(X3) U
V(Y12)). This V' is a neighborhood of Q on B.

(6). B is the closure of G in P? x --- x P!, and hence B is a variety. For if S is any
closed set in P? x --- x P! that contains G, then ¢~ (S) is closed in W’ and contains
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¢ 1(G) = W'\ V(X). Since W'\ V(X) is open in W/, it is dense, so ¢~ 1(S) = W'.
Therefore Q € S, and since Q was an arbitrary point of B\ G, S> B.

(7). The morphism from P2 x.-- x PL \ V(X3Y12) to A2 taking [x] : X2 : x3] % [y11 ¢
Y12l X -+« to [x1/x3 : y11/y12], when restricted to V', is the inverse morphism to ¢.
Thus we have the following diagram:

¢
A2>W —— V'cB

Ll Lk

AZDWH: V cp?

Locally, w: B — P? looks just like the map v : A2 — A? of Section 2.

(8). Let C be an irreducible curve in P2. Let Co = Cn U, Cy= 771(Cp) G, and let C'
be the closure of C(’) in B. then 7 restricts to a birational morphism f: C' — C, which
is an isomorphism from Cj to Cy. By (7) we know that, locally, f looks just like the
corresponding affine map of Section 2.

Proposition 1. Let C be an irreducible projective plane curve, and suppose all the
multiple points of C are ordinary. Then there is a nonsingular projective curve C' and
a birational morphism f from C' onto C.

Proof. Let Py,..., P; be the multiple points of C, and apply the above process. Step
(2) of Section 2, together with (8) above, guarantees that C’ is nonsingular.

Problems
7.7F Suppose P; =[0:0:1], Pi =[a1:a12:1], and
T=@X+bY+anz cX+dY+appZ, eX+fY+2).

Showthat T7 = ((a—ane)X+(b-a11 )Y, (c—appe) X+(d—a2f)Y) satisfies Ty o f] =
fioT. Use this to prove Step (3) above.

7.8F LetP; =[0:0:1], T} = (aX+bY, cX+dY). Showthat T = (aX+bY,cX+dY, Z)
satisfies fj o T = T} o fi. Use this to prove Step (4).

7.9. Let C = V(X* + Y* — XY Z?). Write down equations for a nonsingular curve X
in some PV that is birationally equivalent to C. (Use the Segre imbedding.)

7.4 Quadratic Transformations

A disadvantage of the procedure in Section 7.3 is that the new curve C’, although
having better singularities than C, is no longer a plane curve. The facts we have
learned about plane curves don't apply to C’, and it is difficult to repeat the process
to C’, getting a better curve C”. (The latter can be done, but it requires more tech-
nique than we have developed here.) If we want C’ to be a plane curve, we must
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allow it acquire some new singularities. These new singularities can be taken to be
ordinary multiple points, while the old singularities of C become better on C’.

LetP=[0:0:1], P =[0:1:0], P” =[1:0:0] in P?; call these three points the
fundamental points. Let L=V (Z), L' = V(Y), L" = V(X); call these the exceptional
lines. Note that the lines L' and L” intersect in P, and L is the line through P’ and
P". LetU=P*\V(XYZ).

Define Q: P? \ {B,P',P"} — P? by the formula Q([x: y: z] = [yz: xz: xy]. This
Q is a morphism from P? . {B,P', P"} onto UU{P,P',P"}. And Q' (P) = L-{P', P"}.
(By the symmetry of Q, it is enough to write one such equality; the results for the
other fundamental points and exceptional lines are then clear — and we usually
omit writing them.)

flx:y:zl€eU, then QQ([x:y:z]) =[xzxy:yzxy:yzxz]=[x:y:z]. SoQ
maps U one-to-one onto itself, and Q = Q! on U, so Q is an isomorphism of U with
itself. In particular, Q is a birational map of P? with itself. It is called the standard
quadratic transformation, or sometimes the standard Cremona transformation (a
Cremona transformation is any birational map of P2 with itself).

Let C be an irreducible curve in P2, Assume C is not an exceptional line. Then
CnU is open in C, and closed in U. Therefore Q‘I(C NnU) =Q(CnU)is a closed
curve in U. Let C' be the closure of Q’1 (CNU) in P2, Then Q restricts to a birational
morphism from C’'\.{P, P, P"} to C. Note that (C')’ = C, since Qo Q is the identity on
U.

Let F € k[X, Y, Z] be the equation of C, n = deg(F). Let FR=F(YZ XZ XY),
called the algebraic transform of F. So F? is a form of degree 2n.

(1). If mp(C) =r, then Z" is the largest power of Z that divides FQ.

Proof. Write F = F.(X,Y)Z" " +.--+ F,(X,Y), F; a form of degree i (Problem 5.5).
Then

Fe=F.(YZ,XZ)XY)" "+ = Z"(F (Y, X)(XV)" "+ ZFpy (Y, X)(XY)" " o),

from which the result follows.

Let mp(C) = r, mp:(C) = r', mpn(C) = r". Then FQ = Z"Y" X"'F', where X, Y,
and Z do not divide F'. This F’ is called the proper transform of F.
(2). deg(FY=2n—-r—-r'—r", (F") = F, F'isirreducible, and V(F") = C'.

Proof. From (FQ)Q = (XY Z)"F, it follows that F’ is irreducible and (F')’ = F. Since
V(F)>Q Y (CnU), V(F) mustbe C'.

(3). mp(F") =n—r'—r". (Similarly for P’ and P".)
Proof. F' =317 Fyp (Y, X)X T=1"=iyn=r=r'=i 7i g the leading form of F’ at P =
[0:0:1]is F, (Y, X)X "'y~

Let us say that C is in good position if no exceptional line is tangent to C at a
fundamental point.

(4). If C is in good position, so is C'.
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Proof. The line L is tangent to C’ at P’ if and only if I(P', ' n Z) > mp/(C'). Equiv-
alently, I(P', F-(Y, X)X """ y" """ n 2y > n—r—r", or I(P',F-(Y,X) N Z) >0, or
F;(1,0) = 0. Butif Y is not tangent to F at P, then F,(1,0) # 0. By symmetry, the same
holds for the other lines and points.

Assume that C is in good position, and that P € C. Let Cy = (CnU) U {P}, a neigh-
borhood of P on C. Let Cj = C' \ V(XY). Let f: Cj — Cp be the restriction of Q to
C(’).

LetF, =F(X,Y,1),C, =V (F,) c AZ2. Define (F)' =F(X,XZ, DX, ka = V(F,L) c
A? and f.: C, — C. by f.(x,2) = (x,xz), all as in Section 2.

(5). There is a neighborhood W of (0,0) in C,, and there are isomorphisms ¢: W —
Coand ¢': W' = f7(W) — Cj such that ¢ f = f¢/, i.e., the following diagram com-
mutes:

CLow —2—Chec

f{ l 7

CcoW —— CycC

Proof. Take W = (C, N\ V(XY))U{(0,0)}; @(x,y) =[x:y:1],and ¢'(x,2) = [z:1: xz].
The inverse of ¢’ is given by [x: y: z] — (z/x, x/y). We leave the rest to the reader.

(6). If C is in good position, and P, ..., Ps are the non-fundamental points on C'N L,
then mp,(C') < I(P;,C'nL),and ¥.;_, I(P;,C'nZ) =r.

Proof. Asinthe proofof (4), Y I(P;,F'nZ)=Y I(P;,F,(Y,X)NnZ)=r.

Remark. If P ¢ C, the same argument shows that there are no non-fundamental
points on C' N L.

Example. (See Problem 7.10)
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Let us say that C is in excellent positionif C is in good position, and, in addition, L
intersects C (transversally) in n distinct non-fundamental points, and L' and L” each
intersect C (transversally) in n—r distinct non-fundamental points. (This condition
is no longer symmetric in P, P', P".)

(7). If C is in excellent position, then C’ has the following multiple points:

(@) Those on C'nU correspond to multiple points on CN U, the correspondence
preserving multiplicity and ordinary multiple points.

(b) PP and P” are ordinary multiple points on C' with multiplicities n, n —r,
and n — r respectively.

(c) There are no non-fundamental pointson C'nL oron C'nL". Let Py,..., Ps be
the non-fundamental points on C' n L. Then mp, (C') < I(P;,C'nL) and ¥ I(P;,C'n
L=r.

Proof. (a) follows from the fact that C'n U and Cn U are isomorphic, and from The-
orem 2 of §3.2 and Problem 3.24. (c) follows from (6), and (b) follows by applying (6)
to the curves C' and (C’)’ = C (observing by (4) that C’ is in good position).

For any irreducible projective plane curve C of degree n, with multiple points of
multiplicity rp = mp(C), let

. (n-1)(n—-2) rp(rp—1)
C = - .
g"(C) > 2
We know that g*(C) is a nonnegative integer. (Theorem 2 of §5.4).
(8). If C is in excellent position, then g*(C") = g*(C) - H) w, where r; =

mp,(C"), and Py, ..., P are the non-fundamental points on C' n L.
Proof. A calculation, using (2) and (7).

The special notation used in (1)-(8) regarding fundamental points and excep-
tional lines has served its purpose; from now on P, P’, etc. may be any points, L, L',
etc. any lines.

Lemma 1. (char(k) =0) Let F be an irreducible projective plane curve, P a point of F.
Then there is a projective change of coordinates T such that F' is in excellent position,
andT([0:0:1])=P.

Proof. Let deg(F) = n, mp(F) = r. By Problem 4.16, it is enough to find lines L, L', L”
suchthat L'«C=rP+P,  +---+P),L"«C=rP+P) +---+P;,and L.C = Py +---+ Py,
with all these points distinct; then there is a change of coordinates T with LT=27,
L'T =y, "T = X. The existence of such lines follows from Problem 5.26 (Take L', L"

first, then L).

If T is any projective change of coordinates, Qo T is called a quadratic trans-
formation, and (F Ty js called a quadratic transformation of F. If F T is in excellent
position, and T'([0:0: 1]) = P, we say that the quadratic transformation is centered
at P. f F=Fy, F,, ..., Fy = G are curves, and each F; is a quadratic transforma-
tion of F;_;, we say that F is transformed into G by a finite sequence of quadratic
transformations.
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Theorem 2. By a finite sequence of quadratic transformations, any irreducible pro-
jective plane curve may be transformed into a curve whose only singularities are or-
dinary multiple points.

Proof. Take successive quadratic transformations, centering each one at a non-
ordinary multiple point.

From (7) and (8) we see that at each step, either C’ has one less non-ordinary
multiple point than C, or g*(C") = g*(C)- % # < g*(C). If the original curve C
has N non-ordinary multiple points, we reach the desired curve after at most N +

g7 (C) steps. (See the Appendix for a proof in characteristic p.)

Problems

7.10. Let F=8X3Y +8X3Z+4X?YZ-10XY3-10XY?Z -3Y3Z. Show that F is in
good position, and that F' =8Y2Z +8Y3 +4XY?-10X?Z—-10X?Y —3X3. Show that
F and F’ have singularities as in the example sketched, and find the multiple points
of Fand F'.

7.11. Find a change of coordinates T so that (Y2Z — X3)7 is in excellent position,
and T([0:0:1]) =[0:0:1]. Calculate the quadratic transformation.

7.12. Find a quadratic transformation of Y2 Z? - X* - y* with only ordinary multiple
points. Do the same with Y4+ 74— 2X%(Y - 2)2.

7.13" (a) Show that in the lemma, we may choose T in such a way that for a given
finite set S of points of F, with P ¢ S, T YS) N V(XY Z) = @. Then there is a neigh-
borhood of S on F that is isomorphic to an open set on (FT)’. (b) If S is a finite set
of simple points on a plane curve F, there is a curve F’ with only ordinary multiple
points, and a neighborhood U of S on F, and an open set U’ on F’ consisting entirely
of simple points, such that U is isomorphic to U’.

7.14F (a) What happens to the degree, and to g*(F), when a quadratic transforma-
tion is centered at: (i) an ordinary multiple point; (ii) a simple point; (iii) a point
not on F? (b) Show that the curve F’ of Problem 7.13(b) may be assumed to have
arbitrarily large degree.

7.15. Let F = Fy,..., F;;; be a sequence of quadratic transformations of F, such that
Fp, has only ordinary multiple points. Let P;;, Pj», ... be the points on F; introduced,
as in (7) (c), in going from F;_; to F;. (These are called “neighboring singularities”;
see Walker’s “Algebraic Curves”, Chap. I1I, §7.6, §7.7). If n = deg(F), show that

(n=1(n-2) = Y mp(F)mp(F)=1)+ Y mp,;(F)(mp,;(F;)-1).
PeF i>1,j

7.16. (a) Show that everything in this section, including Theorem2, goes through for
any plane curve with no multiple components. (b) If F and G are two curves with
no common components, and no multiple components, apply (a) to the curve FG.
Deduce that there are sequences of quadratic transformations F = Fy, ..., Fs = F'
and G= G, ..., G; = G', where F’ and G’ have only ordinary multiple points, and no
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tangents in common at points of intersection. Show that

deg(F)deg(G) = ) mp(F)mp(G)+ Y mp,, (F)mp,;(Gy),
i>1,j

where the P;; are the neighboring singularities of FG, determined as in Problem
7.15.

7.5 Nonsingular Models of Curves

Theorem 3. Let C be a projective curve. Then there is a nonsingular projective curve
X and a birational morphism f from X onto C. If f': X' — C is another, then there is
a unique isomorphism g: X — X' such that f'g = f.

Proof. The uniqueness follows from Corollary 2 of §7.1. For the existence, the Corol-
lary in §6.6 says C is birationally equivalent to a plane curve. By Theorem 2 of §7.4,
this plane curve can be taken to have only ordinary multiple points as singularities,
and Proposition 1 of §7.3 replaces this curve by a nonsingular curve X. That the
birational map from X to C is a morphism follows from Corollary 1 of §7.1.

If C is a plane curve, the fact that f maps X onto C follows from the construction
of X from C; indeed, if P € C, we may find C’ with ordinary multiple points so that
the rational map from C’ to C is defined at some point P’ and maps P’ to P (see
Problem 7.13); and the map from X to C' is onto (Proposition 1 of §7.3).

If C <P, and P € C, choose a morphism g: C — C; from C to a plane curve
C; such that {P} = g‘l(g(P)) (Problem 6.43). Then if g f(x) = g(P), it follows that
fx)="P.

Corollary. There is a natural one-to-one correspondence between nonsingular pro-
jective curves X and algebraic function fields in one variable K over k: K = k(X). If X
and X' are two such curves, dominant morphisms from X' to X correspond to homo-
morphisms from k(X) into k(X').

We will see later that a dominant morphism between projective curves must be
surjective (Problem 8.18).

Let C be any projective curve, f: X — C as in Theorem 3. We say that X is the
nonsingular model of C, or of K = k(C). We identify k(X) with K by means of f.

The points Q of X are in one-to-one correspondence with the discrete valuation
rings Oq(X) of K (Corollary 4 of §7.1). Then f(Q) = P exactly when 0 (X) dominates
Op(C). The points of X will be called places of C, or of K. A place Q is centered at P if

f@Q="p.

Lemma 2. Let C be a projective plane curve, P € C. Then there is an affine neighbor-
hood U of P such that:

(1) f~Y(U) = U’ is an affine open subvariety of X.

(2) T(U") is module-finite overT' (U).

(3) Forsome0# teT(U), tT'(U") <T(U).

(4) The vector spaceT (U")IT(U) is finite dimensional over k.
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The neighborhood U may be taken to exclude any finite set S of points in C, if P ¢ S.

Proof. We will choose successive quadratic transformations C = Cy, ..., C, so that
C,, has only ordinary multiple points, and open affine sets W; c C;, so that (i) P € W)
and SN W; = @; (ii) the birational map from C;4; to C; is represented by a mor-
phism f;: Wiy — W;; (i) fi: Wiy — W; satisfies all the conditions of Section 2,
Step (3). These quadratic transformations and neighborhoods are chosen induc-
tively. At each stage it may be necessary to shrink the previous neighborhoods; the
remarks in Section 2, together with Problem 7.13, show that there is no difficulty in
doing this.

Likewise let f,,: X — C,, be the nonsingular model of C,, (Proposition 1 of §7.3),
and let W1 = f,; Law,) (shrinking again if necessary); this time Section 3, Step (7)
guarantees that the same conditions hold.

Let U = Wy, U’ = W,,41. That I'(U’) is module-finite over I'(U) follows from Prob-
lem 1.45. Suppose I'(U") = X7 T(U)z;. Since I'(U) and I'(U’) have the same quo-
tient field, thereis a t e I'(U) with tz; e I'(U), t # 0. This ¢ satisfies (3).

Define ¢: I'(U")/T(U) — T'(U)/(¢) by ¢(z) = tz. Since @ is a one-to-one k-linear
map, it is enough to show that I'(U)/ (¢) is finite-dimensional. Since ¢ has only finitely
many zeros in U, this follows from Corollary 4 to the Nullstellensatz in §1.7.

Notation. Let f: X — C as above Q € X, f(Q) = P € C. Suppose C is a plane curve.
For any plane curve G (possibly reducible), form G, € @p(P?) as in Chapter 5, Section
1; let g be the image of G, in Op(C) < k(C) = k(X). Define ordg(G) to be ordg(g). As
usual, this is independent of the choice of G..

Proposition 2. Let C be an irreducible projective plane curve, P C, f: X — C as
above. Let G be a (possibly reducible) plane curve. Then I(P,CNG) =} g p-1(p) 0rdo(G).

Proof. Let g be the image of G in Op(C). Choose U as in Lemma 2, and so small that
gisaunitin all @p/(C), P' € U, P' # P. Then I(P,C N G) = dimy(Gp(P?)/(Fs,Gy)) =
dimy(Gp(C)/(g)) (Problem 2.44) = dimy(I'(U)/(g)) (Corollary 1 of §2.9). Let V =
r'(W), V' =T, andlet T: V — V' be defined by T (z) = gz. Since V'/V is finite di-
mensional, Problem 2.53 applies: dim V/ T (V) = dim V'/T(V'), so dimy(T'(U)/(g)) =
dim(T'(U")/(g)). By Corollary 1 of §2.9 again,

dim[(U)/(g) = ) dim(@(X)/(g)) = ) ordg(g),
Qef~1(P)

as desired (see Problem 2.50).

Lemma3. Suppose P is an ordinary multiple point on C of multiplicityr. Let f 1 (P) =
{P1,...,P;}. Ifz€ k(C), and ordp,(z) = r — 1, then z € Gp(C).

Proof. Take a small neighborhood U of P so that z € Op/(C) for all P’ € U, P' # P
(The pole set is an algebraic subset, hence finite), and so that f: U’ = f~1(U) — U
looks like Section 2 Step (3). By Step (2) of Section 2, we know that ordp, (x) = 1.
Therefore zx'~" € T(U"). But x"'T'(U") cT'(U), so z = x" 1 (zx'™") e ['(U) < Gp(C),
as desired.
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Proposition 3. Let F be an irreducible projective plane curve, P an ordinary multiple
point of multiplicityr onF. Let Py, ..., P, be the places centered at P. Let G, H be plane
curves, possibly reducible. Then Noether’s conditions are satisfied at P (with respect
to F,G,H) ifordp,(H) z ordp,(G)+r—1fori=1,...,r.

Brooi H, € (F.,G,) c Op(P?) is equivalent with H, € (G, c Op(F), or with z =
H./G,. €Op(F). Applying Lemma 3 to z gives the result.

Problems

7.17. (a) Show that for any irreducible curve C (projective or not) there is a nonsin-
gular curve X and a birational morphism f from X onto C. What conditions on X
will make it unique? (b) Let f: X — C asin (a), and let C° be the set of simple points
of C. Show that the restriction of f to f~!(C®) gives an isomorphism of f~!(C®) with
C°.

7.18. Show that for any place P of a curve C, and choice ¢ of uniformizing parameter
for Op(X), there is a homomorphism ¢: k(X) — k((T)) taking ¢ to T (see Problem
2.32). Show how to recover the place from ¢. (In many treatments of curves, a place
is defined to be a suitable equivalence class of “power series expansions”.)

7.19F Let f: X — C as above, C a projective plane curve. Suppose P is an ordinary
multiple point of multiplicity r on C, Qy, ..., Q, the places on X centered at P. Let
G be any projective plane curve, and let s < r. Show that mp(G) = s if and only if
ordg, (G) = sfori=1,...,r. (See Problem 7.5.)

7.20. Let R be a domain with quotient field K. The integral closure R' of Ris {z € k |
z is integral over R}. Prove:

(a) If RisaDVR, then R’ = R.

(b) If Rl’x =Ry, then (NRy)' = (NRy).

(c) With f: X — C as in Lemma 2, show that T'(f~}(U)) = T(U)' for all open sets
U of C. This gives another algebraic characterization of X.

7.21F Let X be a nonsingular projective curve, Py,..., Ps € X. (a) Show that there is
projective plane curve C with only ordinary multiple points, and a birational mor-
phism f: X — C such that f(P;) is simple on C for each i. (Hint: if f(P;) is multiple,
do a quadratic transform centered at f(P;).) (b) For any m,,..., m, € Z, show that
there is a z € k(X) such that ordp, (z) = m; (Problem 5.15). (c) Show that the curve C
of Part (a) may be found with arbitrarily large degree (Problem 7.14).

7.22. Let P be anode on an irreducible plane curve F, and let L;, L, be the tangents
to F at P. Fis called a simple nodeif I(P,L; n F) =3 for i = 1,2. Let H be the Hessian
of F. (a) If P is a simple node on F, show that I(P, Fn H) = 6. (Hint: We may take
P=[0:0:1], F. = xy+---, and use Proposition 2 to show that all monomials of
degree = 4 may be ignored — see Problem 5.23). (b) If P is an ordinary cusp on
F, show that I(P, F n H) = 8 (see Problem 7.6). (c) Use (a) and (b) to show that every
cubic has one, three, or nine flexes; then Problem 5.24 gives another proof that every
cubic is projectively equivalent to one of the type Y2 Z = cubic in X and Z. (d) If the
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curve F has degree n, and i flexes (all ordinary), and § simple nodes, and k cusps,
and no other singularities, then

i+66+8k = 3n(n-2).

This is one of “Pliicker’s formulas” (see Walker’s “Algebraic Curves” for the others).
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Chapter 8

Riemann-Roch Theorem

Throughout this chapter, C will be an irreducible projective curve, f: X — C the
birational morphism from the nonsingular model X onto C, K = k(C) = k(X) the
function field, as in Chapter 7, Section 5. The points P € C will be identified with the
places of K; ordp denotes the corresponding order function on K.

8.1 Divisors

A divisor on X is a formal sum D =) pcx npP, np € Z, and np = 0 for all but a
finite number of P. The divisors on X form an abelian group — it is the free abelian
group on the set X (Chapter 2, Section 11).

The degree of a divisor is the sum of its coefficients: deg(}_npP) =3 np. Clearly
deg(D + D') = deg(D) + deg(D"). A divisor D = Y npP is said to be effective (or posi-
tive) if each np = 0, and we write }_npP =) mpP if each np = mp.

Suppose C is a plane curve of degree n, and G is a plane curve not containing C as
a component. Define the divisor of G, div(G), to be }_pc x ordp(G) P, where ordp(G)
is defined as in Chapter 7, Section 5. By Proposition 2 of §7.5, }_pcx0ordp(G) =
>0ec 1(Q,C N G). By Bézout's theorem, div(G) is a divisor of degree mn, where m
is the degree of G. Note that div(G) contains more information than the intersection
cycle G.C.

For any nonzero z € K, define the divisor of z, div(z), to be }_pc x ordp(z) P. Since
z has only a finite number of poles and zeros (Problem 4.17), div(z) is a well-defined
divisor. If we let (2)o = X ordp()>001dp(2) P, the divisor of zeros of z, and (z)s =
> ordp(z)<0 — 0rdp(2) P, the divisor of poles of z, then div(z) = (z)g — (2)oo. Note that
div(zz)) = div(z) + div(z)), and div(z™1) = — div(z).

Proposition 1. For any nonzero z € K, div(z) is a divisor of degree zero. A rational

function has the same number of zeros as poles, if they are counted properly.

Proof. Take C to be a plane curve of degree n. Let z = g/h, g, h forms of the same
degree in I';,(C); say g, h are residues of forms G, H of degree m in k[X, Y, Z]. Then
div(z) = div(G) — div(H), and we have seen that div(G) and div(H) have same degree
mn.

97
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Corollary 1. Let0 # z € K. Then the following are equivalent: (i) div(z) = 0; (ii) z € k;
(iii) div(z) = 0.

Proof. If div(z) =0, ze€ Op(X) for all P € X. If z(Py) = Ay for some Py, then div(z —
Ap) = 0 and deg(div(z — Ag)) > 0, a contradiction, unless z— 1y =0, i.e., z € k.

Corollary 2. Let z,z' € K, both nonzero. Then div(z) = div(Z') if and only ifz' = Az
forsome A € k.

Two divisors D, D’ are said to be linearly equivalent if D' = D + div(z) for some
z € K, in which case we write D’ = D.

Proposition 2. (1) The relation = is an equivalence relation.

(2) D=0ifandonlyifD =div(z), z€ K.

(3) IfD= D', thendeg(D) = deg(D).

(4) IfD=D',and D, = D}, then D+ D, = D'+ Dj.

(5) Let C be a plane curve. Then D = D' if and only if there are two curves G,G' of
the same degree with D + div(G) = D’ + div(G").

Proof. (1)-(4) are left to the reader. For (5) it suffices to write z = G/G’, since div(z) =
div(G) — div(G') in this case.

The criterion proved in Chapter 7, Section 5 for Noether’s conditions to hold
translates nicely into the language of divisors:

Assume C is a plane curve with only ordinary multiple points. For each Q € X, let
rq = mg () (C). Define the divisor E = }.gex (rqo — 1)Q. This E is effective; its degree
is Y mp(C)(mp(C) —1). Any plane curve G such that div(G) = E is called an adjoint
of C. From Problem 7.19 it follows that a curve G is an adjoint to C if and only if
mp(G) = mp(C) — 1 for every (multiple) point P € C. If C is nonsingular, every curve
is an adjoint.

RESIDUE THEOREM. Let C,E be as above. Suppose D and D' are effective divisors
on X, with D' = D. Suppose G is an adjoint of degree m such that div(G) = D+ E + A,
for some effective divisor A. Then thereis an adjoint G' of degree m such thatdiv(G') =
D'+E+A.

Proof. Let H, H' be curves of the same degree such that D + div(H) = D' + div(H').
Then div(GH) = div(H') + D' + E+ A = div(H') + E. Let F be the form defining C.
Applying the criterion of Proposition 3 of §7.5 to F, H', and G H, we see that Noether’s
conditions are satisfied at all P € C. By Noether’s theorem, GH = F'F+G' H' for some
F',G', where deg(G') = m. Then div(G') = div(GH)—div(H’) = D'+ E+ A, as desired.

Problems
8.1. Let X = C=P!, k(X) = k(t), where t = X1/ X5, X1, X» homogeneous coordinates

on P!, (a) Calculate div(#). (b) Calculate div(f/g), f, g relatively prime in k[t]. (c)
Prove Proposition 1 directly in this case.
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82. Let X=C=V{Y2Z-XX-2)X-A2)cP? Aek, A#0,1. Let x=X/Z,
y=Y/ZeK; K= k(x,y). Calculate div(x) and div(y).

8.3. Let C = X be a nonsingular cubic. (a) Let P, Q € C. Show that P = Q if and
only if P = Q. (Hint: Lines are adjoints of degree 1.) (b) Let B,Q, R, S € C. Show that
P+Q = R+Sifand only if the line through P and Q intersects the line through R and
Sinapointon C (if P = Q use the tangent line). (c) Let Py be a fixed point on C, thus
defining an addition ® on C (Chapter 5, Section 6). Show that P® Q = R if and only
if P+ Q = R+ Py. Use this to give another proof of Proposition 4 of §5.6.

8.4. Let C be a cubic with a node. Show that for any two simple points 2Q on C,
P=qQ.

8.5. Let C be a nonsingular quartic, P1,P»,P3 € C. Let D= Py + P, + P3. Let Land L’
be lines such that L.«C = P; + P, + P4+ Ps, L'«C = Py + P3 + Pg + P;. Suppose these
seven points are distinct. Show that D is not linearly equivalent to any other effective
divisor. (Hint: Apply the residue theorem to the conic LL'.) Investigate in a similar
way other divisors of small degree on quartics with various types of multiple points.

8.6. Let D(X) be the group of divisors on X, Dy(X) the subgroup consisting of divi-
sors of degree zero, and P(X) the subgroup of Dy(X) consisting of divisors of ratio-
nal functions. Let Cy(X) = Dy(X)/P(X) be the quotient group. It is the divisor class
groupon X. (@) If X = P!, then Co(X) = 0. (b) Let X = C be a nonsingular cubic.
Pick Py € C, defining @ on C. Show that the map from C to Cy(X) that sends P to the
residue class of the divisor P — Py is an isomorphism from (C, ®) onto Cy(X).

8.7. When do two curves G, H have the same divisor (C and X are fixed)?

8.2 The Vector Spaces L(D)

Let D =) npP be adivisor on X. Each D picks out a finite number of points, and
assigns integers to them. We want to determine when there is a rational function
with poles only at the chosen points, and with poles no “worse” than order np at P;
if so, how many such functions are there?

Define L(D) tobe {f € K | ordp(f) = —np for all P € X}, where D =) npP. Thusa
rational function f belongs to L(D) if div(f) + D = 0, or if f = 0. L(D) forms a vector
space over k. Denote the dimension of L(D) by /(D); the next proposition shows that
I(D) is finite.

Proposition 3. (1) IfD< D', then L(D) c L(D"), and
dim (L(D")/L(D)) < deg(D' — D).

(2) L(0) = k; L(D) =0 ifdeg(D) <0.
(3) L(D) is finite dimensional for all D. If deg(D) = 0, then [(D) < deg(D) + 1.
(4) IfD= D', then 1(D) = I(D").

Proof. 1): D'=D+Py+---+Pg,and L(D) c L(D+ P;)c---c L(D+ Py +---+ Py), s0
it suffices to show that dim(L(D + P)/L(D)) < 1 (Problem 2.49). To prove this, let ¢
be a uniformizing parameter in Op(X), and let r = np be the coefficient of P in D.
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Define ¢: L(D + P) — k by letting ¢(f) = (t’“f)(P); since ordp(f) = —r — 1, this is
well-defined; ¢ is a linear map, and Ker(¢) = L(D), so ¢ induces a one-to-one linear
map ¢: L(D + P)/L(D) — k, which gives the result.

(2): This follows from Corollary 1 and Proposition 2 (3) of §8.1.

(3): If deg(D) = n = 0, choose P € X, and let D' = D— (n+1)P. Then L(D') =0,
and by (1), dim(L(D)/L(D"))<n+1,s0 (D)< n+1.

(4): Suppose D’ = D+div(g). Define y: L(D) — L(D') by setting w(f) = fg. Since
w is an isomorphism of vector spaces, /(D) = I[(D’).

More generally, for any subset S of X, and any divisor D = Y npP on X, define
degS(D) =) peshp, and LS(D) = {feK|ordp(f)=—-npforall P S}.

Lemma 1. IfD < D', then L5(D) c L5(D'). If S is finite, then dim(L5(D")/LS(D)) =
deg®(D' - D).

Proof. Proceeding as in Proposition 3, we assume D' = D + P, and define ¢: L5(D +
P) — k the same way. We must show that ¢ maps LS(D + P) onto k, i.e., ¢ #0, for
then ¢ is an isomorphism. Thus we need to find an f € K with ordp(f) = —r—1, and
withordg(f) = —ng forall Q € S. But this is easy, since S is finite (Problem 7.21(b)).

The next proposition is an important first step in calculating the dimension /(D).
The proof (see Chevalley’s “Algebraic Functions of One Variable”, Chap. 1.) involves
only the field of rational functions.

Proposition 4. Let x € K, x € k. Let Z = (x)g be the divisor of zeros of x, and let
n=I[K:k(x)]. Then

(1) Z is an effective divisor of degree n.

(2) Thereisaconstantt suchthatl(rZ)=rn—t forallr.

Proof. Let Z = (x)g =) npP, and let m = deg(Z). We show first that m < n.

LetS={Pe X |np>0}. Choose v1,..., v, € L5(0) so that the residues vy, ..., U, €
L3(0)/ LS (- Z) form a basis for this vector space (Lemma 1). We will show that vy, ..., v;,
are linearly independent over k(x). If not (by clearing denominators and multiply-
ing by a power of x), there would be polynomials g; = A1; + xh; € k[x] with 1; € k,
Y giv; =0,notall 1; =0. But then Y ;v; = —x) h;v; € L5(-2),s0 ¥ A;7; =0, a
contradiction. So m < n. Next we prove (2).

Let wy,..., w, be a basis of K over k(x) (Proposition 9 of §6.5). We may as-
sume that each w; satisfies an equation w;" + a;, wl.""_1 +---=0, ajj € k[x™'] (Prob-
lem 1.54). Then ordp(a;;) = 0if P ¢ S. If ordp(w;) <0, P ¢ S, then ordp(wf") <
ordp(a;; wl.”i =7y, which is impossible (Problem 2.29). It follows that for some ¢ > 0,
div(wj)) +tZ=0,i=1,...,n. Then wix /e L(r+HZ) fori=1,...,n, j=0,1,...,r.
Since the w; are independent over k(x), and 1,x7 4., x7" are independent over k,
(wixJ|i=1,...,n,j =0,...,r} are independent over k. So I((r + £)Z) = n(r +1).
But l((r+02)=1(rZ) +dim(L((r + 1) Z2)/L(r Z)) < l(r Z) + tm by Proposition 3 (1).
Therefore I(rZ) = n(r+1)—tm=rn-T1, as desired.

Lastly, since rn—1 < I[(rZ) < rm+1 (Proposition 3 (3)), if we let r get large, we
see that n < m.
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Corollary. The following are equivalent:

(1) C is rational.

(2) X is isomorphic to P

(3) Thereisan x € K with deg((xg)) = 1.
(4) ForsomePe X, Il(P)>1.

Proof. (4) says that there is nonconstant x € L(P), so (x)oo = P. Then deg((x)¢) =
deg((X)so) = 1,50 [K: k(x)] =1, i.e., K = k(x) is rational. The rest is easy (see Problem
8.1).

Problems

8.8 If D< D', then I(D") < (D) + deg(D’' - D), i.e., deg(D) — I(D) < deg(D") — I(D").

8.9. Let X = P!, t as in Problem 8.1. Calculate L(r(t)y) explicitly, and show that
I(r(ho)=r+1.

8.10. Let X = C be a cubic, x, y as in Problem 8.2. Let z = x~!. Show that L(r(z)o) <
klx, y], and show that I(r(z)¢) =2r if r > 0.

8.11 Let D be a divisor. Show that /(D) > 0 if and only if D is linearly equivalent to
an effective divisor.

8.12. Show that deg(D) =0 and /(D) > 0 are true if and only if D = 0.

8.137 Suppose I(D) >0, and let f #0, f € L(D). Show that f ¢ L(D — P) for all but a
finite number of P. So (D — P) = I[(D) — 1 for all but a finite number of P.

8.3 Riemann’s Theorem

If D is a large divisor, L(D) should be large. Proposition 4 shows this for divisors
of a special form.

RIEMANN’S THEOREM. There is an integer g such that (D) = deg(D) + 1— g for all
divisors D. The smallest such g is called the genus of X (or of K, or C). The genus is a
nonnegative integer.

Proof. For each D, let s(D) = deg(D) +1—I(D). We want to find g so that s(D) < g
for all D.

(1) s(0) =0, so g =0 if it exists.

(2) If D= D', then s(D) = s(D') (Propositions 2 and 3 of §8.2).

(3) If D < D/, then s(D) < s(D') (Problem 8.8). Let x € K, x ¢ k, let Z = (x)g, and
let T be the smallest integer that works for Proposition 4 (2). Since s(rZ) < 7 +1 for
all r, and since rZ < (r + 1) Z, we deduce from (3) that

(4) s(rZ) =1 +1foralllarge r > 0. Let g = 7 + 1. To finish the proof, it suffices (by
(2) and (3)) to show:

(5) For any divisor D, there is a divisor D' = D, and an integer r = 0 such that D' <
rZ. To prove this, let Z=Y npP, D =Y mpP. We want D' = D — div(f), so we need
mp—ordp(f) <rnpforall P. Let y=x"!,andlet T = {P € X | mp >0 and ordp(y) = 0}.
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Let f =[Iper(y—y(P))"". Then mp—ordp(f) < 0 whenever ordp(y) = 0. If ordp(y) <
0, then np >0, so a large r will take care of this.

Corollary 1. Ifl(Dy) = deg(Dg) +1—g, and D = D' = Dy, then I(D) = deg(D) +1 - g.

Corollary 2. Ifxe K,x ¢ k, then g = deg(r(x)o) — l(r(x)o) + 1 for all sufficiently large
r.

Corollary 3. There is an integer N such that for all divisors D of degree > N, 1(D) =
deg(D)+1-g.

Proofs. The first two corollaries were proved on the way to proving Riemann’s Theo-
rem. For the third, choose Dy such that I(Dg) = deg(Dy)+1—g, and let N = deg(Dg) +
g. Thenifdeg(D) = N, deg(D—Dy)+1—-g > 0, so by Riemann’s Theorem, [(D— Dy) >
0. Then D—Dy+div(f) = 0 for some f,i.e., D = D+div(f) = Dy, and the result follows
from Corollary 1.

Examples. (1) g =0 if and only if C is rational. If C is rational, g = 0 by Corollary 2
and Problem 8.9 (or Proposition 5 below). Conversely, if g =0, [(P) > 1forany P € X,
and the result follows from the Corollary to Proposition 4 of §8.2.

(2) (char(k) # 2) g =1 if and only if C is birationally equivalent to a nonsingular
cubic.

For if X is a nonsingular cubic, the result follows from Corollary 2, Problems 8.10
and 5.24 (or Proposition 5 below). Conversely, if g =1, then [(P) = 1 for all P. By the
Corollary of §8.2, I(P) = 1, and by the above Corollary 1, [(rP) =r forall r > 0.

Let 1, x be a basis for L(2P). Then (x)s, = 2P since if (x)o, = P, C would be
rational. So [K : k(x)] = 2. Let 1,x,y be a basis for L(3P). Then (y)o = 3P, so
y € k(x), so K = k(x,y). Since 1,x,y,x? xy,y*> € L(6P), there is a relation of the
form ay? + (bx+ )y = Q(x), Q a polynomial of degree < 3. By calculating ordp of
both sides, we see that a # 0 and degQ = 3, so we may assume a = 1. Replacing y by
y+3(bx+c), we may assume y* = [[3_, (x—a;). If @) = @z, then (y/(x—a1))* = x—as,
so x,y € k(y/(x — ay)); but then X would be rational, which contradicts the first ex-
ample. So the «a; are distinct.

It follows that K = k(C), where C = V(Y2Z — H?ZI(X —a;Z)) is a nonsingular
cubic.

The usefulness of Riemann’s Theorem depends on being able to calculate the
genus of a curve. By its definition the genus depends only on the nonsingular model,
or the function field, so two birationally equivalent curves have the same genus.
Since we have a method for finding a plane curve with only ordinary multiple points
that is birationally equivalent to a given curve, the following proposition is all that
we need:

Proposition 5. Let C be a plane curve with only ordinary multiple points. Let n be
the degree of C, rp = mp(C). Then the genus g of C is given by the formula

g = (n-1)(n-2) y rp(rp—l)'
2 PeC 2
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Proof. By the above Corollary 3, we need to find some “large” divisors D for which
we can calculate /(D). The Residue Theorem allows us to find all effective divisors
linearly equivalent to certain divisors D. These two observations lead to the calcu-
lation of g.

We may assume that the line Z = 0 intersect C in n distinct points Py, ..., P,. Let
F be the form defining C.

Let E=3 gex(rq—1Q, rq =) = My (C) as in Section 1. Let

n
En=m) P;—E.
i=1
So E,, is a divisor of degree mn —) pccrp(rp—1).
Let V,;, = {forms G of degree m such that G is adjoint to C}. Since G is adjoint if
and only if mp(G) = rp —1 for all P € C, we may apply Theorem 1 of §5.2 to calculate
the dimension of V;,,. We find that

(m+1)(m+2) _Z rp(rp—1)

dimV,, =
" 2 2

with equality if m is large. (Note that V}, is the vector space of forms, not the projec-
tive space of curves.)

Let ¢: Vy,, — L(Ey,) be defined by ¢(G) = G/Z™. Then ¢ is a linear map, and
¢(G) =0 if and only if G is divisible by F.

We claim that ¢ is onto. For if f € L(E,,), write f = R/S, with R, S forms of the
same degree. Then div(RZ™) = div(S) + E. By Proposition 3 of §7.5, there is an
equation RZ"™ = AS+ BF. So R/S = A/Z™ in k(F), and so ¢(A) = f. (Note that
div(A) = div(RZ™) —div(S) = E, s0o A€ V};,.)

It follows that the following sequence of vector spaces is exact:

0 — Win_p — Vi~ L(Epp) — 0,

where W,,,_, is the space of all forms of degree m—n, and w(H) = FH for He Wy,_,.
By Proposition 7of §2.10, we may calculate dim L(E,;), at least for m large. It
follows that

~Dn-2 -1
1(Ep) = deg(Ep) +1— (2 )2(” )_er(nz) )

for large m. But since deg(E;,) increases as m increases, Corollary 3 of Riemann’s
Theorem applies to finish the proof.

Corollary 1. Let C be a plane curve of degree n, rp = mp(C), P € C. Then

(n-1(n-2) rp(rp—1)
< —
< > > SR
Proof. The number on the right is what we called g*(C) in Chapter 7, Section 4. We

saw there that g* decreases under quadratic transformations, so Theorem 2 of §7.4
concludes the proof.
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rp(rp=1) _ (n=-1)(n-2) . .
Corollary 2. If ¥ "22— = =25 then C is rational.

Corollary 3. (a) With Ey, as in the proof of the proposition, any h € L(E,;,) may be
written h = H/ Z™, where H is an adjoint of degree m.
(b) deg(E,—3) =28 -2, and l(E,—3) = g.

Proof. This follows from the exact sequence constructed in proving the proposition.
Note that if m < n, then V,,, = L(E;;,).

Examples. Lines and conics are rational. Nonsingular cubics have genus one. Sin-
gular cubics are rational. Since a nonsingular curve of degree n has genus w
not every curve is birationally equivalent to a nonsingular plane curve. For example,
Y2XZ = X*+ Y* has one node, so is of genus 2, and no nonsingular plane curve has
genus 2.

’

Problems

8.14. Calculate the genus of each of the following curves:

(@) X2Y?-Z2(X?>+Y?).

b) (X3+7%2%2+x372-x?y3,

(c) The two curves of Problem 7.12.

d) (X2-22)2-2Y%7-3Y272
8.15. Let D =Y npP be an effective divisor, S={P e C| np >0}, U = X\ S. Show
that L(rD) cT'(U,0x) for all r = 0.

8.16. Let U be any open seton X, ¢ # U # X. Then I'(U,OY) is infinite dimensional
over k.

8.17. Let X,Y be nonsingular projective curves, f: : X — ¥ a dominating mor-
phism. Prove that f(X) =Y. (Hint: f Pe Y \ f(X), then fT'(Y \{P})) cT(X) =k;
apply Problem 8.16.)

8.18. Show that a morphism from a projective curve X to a curve Y is either con-
stant or surjective; if it is surjective, Y must be projective.

8.19. If f: C — V is a morphism from a projective curve to a variety V, then f(C) is
a closed subvariety of V. (Hint: Consider C' = closure of f(C)in V.)

8.20. Let C be the curve of Problem 8.14(b), and let P be a simple point on C. Show
that thereisa z e I'(C \ {P}) with ordp(z) = -12, z ¢ k.

8.21. Let Cy(X) be the divisor class group of X. Show that Cy(X) = 0 if and only if X
is rational.
8.4 Derivations and Differentials

This section contains the algebraic background needed to study differentials on
a curve.
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Let R be aring containing k, and let M be an R-module. A derivation of R into M
over k is a k-linear map D: R — M such that D(xy) = xD(y) + yD(x) for all x,y € R.
It follows that for any F € k[X},..., X,] and x;,...,X, €R,

n
D(F(X1,..., X)) = ) Fx,(x1,..., Xp) D(x1).
i=1

i=
Since all rings will contain k, we will omit the phrase “over k.

Lemma2. IfR is a domain with quotient field K, and M is a vector space over K, then
any derivation D: R — M extends uniquely to a derivation D: K — M.

Proof. If z€ K, and z = x/y, with x and y in R, then, since x = yz, we must have
Dx = yDz +2zDy. So D(z) = y‘l(Dx — zDy), which shows the uniqueness. If we
define D by this formula, it is not difficult to verify that D is a well-defined derivation
from K to M.

We want to define differentials of R to be elements of the form }_ x;dy;, x;,y; €
R; they should behave like the differentials of calculus. This is most easily done as
follows:

For each x € R let [x] be a symbol. Let F be the free R-module on the set {[x] | x €
R}. Let N be the submodule of F generated by the following sets of elements:

@ {x+yl-Ixl-[yllx,yeR}

(i) {[Ax]-Alx]|x€R, A€k}

(iii) {lxy]—x[yl—ylxl|x,y€ R}
Let Qk(R) = F/ N be the quotient module. Let dx be the image of [x] in F/N, and let
d: R — Qi(R) be the mapping that takes x to dx. Qi(R) is an R-module, called the
module of differentials of R over k, and d: R — Q(R) is a derivation.

Lemma 3. For any R-module M, and any derivation D: R — M, there is a unique
homomorphism of R-module ¢: Qi (R) — M such that D(x) = ¢(dx) forall x € R.

Proof. If we define ¢': F — M by ¢'(X x;[y;]) = X x;D(y;), then ¢'(N) =0, so ¢’
induces ¢: Qr(R) — M.

If x1,...,x, € R,and G€ k[X;,...,X,], then

n
A(G(xy,...,xp) = Y_ Gx, (x1,..., Xp)dx;.
i=1

It follows that if R = k[xy,...,x,], then Qf(R) is generated (as an R-module) by the
differentials dx;,...,dx,.

Likewise, if R is a domain with quotient field K, and z = x/y € K, x,y € R, then
dz=y 'dx—y 'zdy. In particular, if K = k(x1,..., x,,), then Q(K) is a vector space
of finite dimension over K, generated by dxi,...,dxy,.

Proposition 6. (1) Let K be an algebraic function field in one variable over k. Then
Q(K) is a one-dimensional vector space over K.
(2) (char(k) =0) Ifx€ K, x¢ k, then dx is a basis for Q. (K) over K.
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Proof. Let F € k[X, Y] be an affine plane curve with function field K (Corollary of
§6.6). Let R = k[X,Y1/(F) = klx,y;K = k(x,y). We may assume Fy # 0 (since
F is irreducible), so F doesn’t divide Fy, i.e., Fy(x,y) # 0. The above discussion
shows that dx and dy generate Q(K) over K. But 0 = d(F(x,y)) = Fx(x,y)dx +
Fy(x,y)dy, so dy = udx, where u = —Fx(x,y)/Fy(x,y). Therefore dx generates
Qi (K), so dimg (Qr(K)) < 1.

So we must show that Q (K) # 0. By Lemmas 2 and 3, it suffices to find a nonzero
derivation D: R — M for some vector space M over K. Let M = K, and, for G €
k[X,Y], G its image in R, let D(G) = Gx(x, y) — uGy (x, y), with u as in the preceding
paragraph. It is left to the reader to verify that D is a well-defined derivation, and
that D(x) =1,s0 D #0.

It follows (char(k) = 0) that for any f, t € K, ¢ ¢ k, there is a unique element v € K
such that d f = vdt. It is natural to write v = %, and call v the derivative of f with
respect to t.

Proposition 7. With K as in Proposition 6, let @ be a discrete valuation ring of K,
and let t be a uniformizing parameter inG. If f € O, then % €0.

Proof. Using the notation of the proof of Proposition 6, we may assume & = Op(F),
P =(0,0) asimple point on F. For z € K, write z’ instead of %, t being fixed through-
out.

Choose N large enough that ordp(x’) = —N, ordp(y’) = —N. Then if f € R =
klx,yl, ordp(f’) = —N, since f' = fx(x, X + fy (x, 1)y .

If fe@,write f =g/h, g,h€ R, h(P) #0. Then f' = h=?(hg' - gh’), so ordp(f’) =
—N.

We can now complete the proof. Let f € 0. Write f =3.;cnyA; ti+tNg, A ek,
g € 0 (Problem 2.30). Then f' =Y id;t" '+ gNtV=1 + tVg'. Since ordp(g’) = - N,
each term belongs to @, so f’ € 0, as required.

Problems

8.22. Generalize Proposition 6 to function fields in n variables.

8.23. With @, t as in Proposition 7, let ¢: @ — k[[T1]] be the corresponding homo-
morphism (Problem 2.32). Show that, for f € @, ¢ takes the derivative of f to the
“formal derivative” of ¢(f). Use this to give another proof of Proposition 7, and of
the fact that Qg (K) # 0 in Proposition 6.

8.5 Canonical Divisors

Let C be a projective curve, X its nonsingular model, K their function field as
before. We let Q = Q1 (K) be the space of differentials of K over k; elements w € Q
may also be called differentials on X, or on C.

Letwe Q, w #0, and let P € X be a place. We define the order of w at P, ordp(w),
as follows: Choose a uniformizing parameter ¢ in Op(X), write w = fdt, f € K, and
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set ordp (w) = ordp(f). To see that this is well-defined, suppose u were another uni-
formizing parameter, and fdt = gdu; then f/g = % € Op(X) by Proposition 7, and
likewise g/ f € Gp(X), so ordp(f) = ordp(g).

If 0 # w € Q, the divisor of w, div(w), is defined to be }_ pcx ordp (w) P. In Proposi-
tion 8 we shall show that only finitely many ordp(w) # 0 for a given w, so that div(w)
is a well-defined divisor.

Let W = div(w). W is called a canonical divisor. If o' is another nonzero dif-
ferential in Q, then w' = fw, f € K, so div(w") = div(f) + div(w), and div(w') = div(w).
Converselyif W' = W, say W’ = div(f)+ W, then W’ = div(fw). So the canonical divi-
sors form an equivalence class under linear equivalence. In particular, all canonical
divisors have the same degree.

Proposition 8. Assume C is a plane curve of degree n = 3 with only ordinary multiple
points. Let E =Y qex(ro —1)Q, as in Section 1. Let G be any plane curve of degree
n—3. Then div(G) — E is a canonical divisor. (If n =3, div(G) =0.)

Proof. Choose coordinates X, Y, Z for P2 in such a way that: Z.C = Z?:l P;, P; dis-
tinct; [1:0:0] ¢ C; and no tangent to C at a multiple point passes through [1:0:0].
Let x=X/Z, y=Y/Z € K. Let F be the form defining C, and let f; = Fx(x,y,1),
fy=Fy(x,y1). Let Ep, = mZ?zl P;,-E.

Let w = dx. Since divisors of the form div(G) — E, deg(G) = n — 3, are linearly
equivalent, it suffices to show that div(w) = E;,—3 + div(f}). Since f), = Fy/Z n=1 this
is the same as showing

n
div(dx) —div(Fy) = -2 ) P; - E. (%)
i=1

Notefirstthatdx = —(f,/ fx)dy = —(Fy/Fx)dy, so ordg(dx)—ordg(Fy) = ordg(dy)—
ordg(Fy) forall Q€ X.

Suppose Q is a place centered at P; € Zn C. Then y~! = Z/Y is a uniformiz-
ing parameter in Op, (X), and dy = —y*d(y™1), so ordg(dy) = —2. Since Fx(P;) # 0
(Problem 5.16), both sides of (*) have order —2 at Q.

Suppose Q is a place centered at P = [a: b: 1] € C. We may assume P =[0:0:1],
since dx = d(x — a), and derivatives aren’t changed by translation.

Consider the case when Y is tangent to C at P. Then P is not a multiple point (by
hypothesis), so x is a uniformizing parameter, and Fy (P) # 0. Therefore ordq(dx) =
ordg(Fy) =0, as desired.

If Y is not tangent, then y is a uniformizing parameter at Q (Step (2) in §7.2), so
ordg(dy) =0, and ordg(fx) = rél (Problem 7.4), as desired.

Corollary. Let W be a canonical divisor. Then deg(W) =2g -2 and (W) = g.

Proof. We may assume W = E,,_3. Then this is Corollary 3 (b) of §8.2.

Problems

8.24. Show that if g > 0, then n = 3 (notation as in Proposition 8).
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8.25. Let X = P!, K = k(f) as in Problem 8.1. Calculate div(d?), and show directly
that the above corollary holds when g = 0.

8.26. Show that for any X there is a curve C birationally equivalent to X satisfying
conditions of Proposition 8 (see Problem 7.21).

8.27. Let X =C, x,y as in Problem 8.2. Let w = y’ldx. Show that div(w) = 0.
8.28. Show that if g > 0, there are effective canonical divisors.

8.6 Riemann-Roch Theorem

This celebrated theorem finds the missing term in Riemann’s Theorem. Our
proof follows the classical proof of Brill and Noether.

RIEMANN-ROCH THEOREM. Let W be a canonical divisor on X. Then for any di-
visor D,
I(D)=deg(D)+1-g+1(W-D).

Before proving the theorem, notice that we know the theorem for divisors of large
enough degree. We can prove the general case if we can compare both sides of the
equation for D and D + P, P € X; note that deg(D + P) = deg(D) + 1, while the other
two nonconstant terms change either by 0 or 1. The heart of the proof is therefore

NOETHER’S REDUCTION LEMMA. IfI(D) >0, and [(W — D — P) # (W — D), then
I(D+P)=1D).

Proof. Choose C as before with ordinary multiple points, and such that P is a simple
point on C (Problem 7.21(a)), and so Z.C = Z?zl P;, with P; distinct, and P ¢ Z. Let
E,; = m) P;—E. The terms in the statement of the lemma depend only on the linear
equivalence classes of the divisors involved, so we may assume W = E;,_3,and D =0
(Proposition 8 and Problem 8.11). So L(W — D) c L(E;-3).

Let h € L(W —D), h¢ L(W — D— P). Write h = G/Z"~3, G an adjoint of degree
n—3 (Corollary 3 of §8.3). Then div(G) =D+ E+ A, A=0,but A#P.

Take a line L such that L.C = P + B, where B consists of n— 1 simple points of C,
all distinct from P. div(LG) = (D + P)+ E+ (A+ B).

Now suppose f € L(D + P); let div(f) + D = D’. We must show that f € L(D), i.e.,
D' =0.

Since D + P = D' + P, and both these divisors are effective, the Residue Theorem
applies: There is a curve H of degree n —2 with div(H) = (D' + P) + E+ (A+ B).

But B contains n —1 distinct collinear points, and H is a curve of degree n—2. By
Bézout’s Theorem, H must contain L as a component. In particular, H(P) = 0. Since
P does not appear in E + A+ B, it follows that D' + P = P, or D' = 0, as desired.

We turn to the proof of the theorem. For each divisor D, consider the equation
(D) =deg(D)+1-g+ (W -D). (*)p

Case 1: (W — D) = 0. We use induction on /(D). If /(D) = 0, applying Riemann’s’
Theorem to D and W — D gives (*)p. If [(D) = 1, we may assume D = 0. Then g <
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I(W) (Corollary of §8.5), I(W) < (W — D) + deg(D) (Problem 8.8), and deg(D) < g
(Riemann’s Theorem), proving () p.

If /(D) > 1, choose P so that /(D — P) = I[(D) —1 (Problem 8.13); then the Reduc-
tion Lemma implies that /(W — (D — P)) =0, and (*) p—p, which is true by induction,
implies (*)p.

Case 2: [(W — D) > 0. This case can only happen if deg(D) < deg(W) = 2g -2
(Proposition 3 (2) of §8.2). So we can pick a maximal D for which (*)p is false, i.e.,
(*)p+p istrue forall P € X. Choose Psothat [(W—-D—-P)=I(W-D)-1.If (D) =0,
applying Case 1 to the divisor W — D proves it, so we may assume /(D) > 0. Then
the Reduction Lemma gives /(D + P) = I(D). Since (*)p+p is true, [(D) = (D + P) =
deg(D+P)+1-g+1(W—-D-P)=deg(D)+1-g+I(W - D), as desired.

Corollary 1. (W) = g if W is a canonical divisor.
Corollary 2. Ifdeg(D)=2g—1, thenl(D) =deg(D)+1—g.
Corollary 3. Ifdeg(D)=2g, thenl(D—P)=1(D)-1 forallP e X.

Corollary 4 (Clifford’s Theorem). IfI(D) >0, and [(W — D) > 0, then
1
(D) = Edeg(D) +1.

Proofs. Thefirst three are straight-forward applications of the theorem, using Propo-
sition 3 of §8.2. For Corollary 4, we may assume D =0, D' =0, D+ D' = W. And we
may assume [(D — P) # I(D) for all P, since otherwise we work with D — P and get a
better inequality.

Choose g € L(D) such that g ¢ L(D— P) for each P < D’. Then itis easy to see that
the linear map ¢: L(D')/L(0) — L(W)/L(D) defined by (p(?) = E (the bars denoting
residues) is one-to-one. Therefore [(D') —1 < g — [(D). Applying Riemann-Roch to
D' concludes the proof.

The term /(W — D) may also be interpreted in terms of differentials. Let D be a
divisor. Define Q(D) to be {w € Q | div(w) = D}. It is a subspace of Q (over k). Let
6(D) = dim Q(D), the index of D. Differentials in Q2(0) are called differentials of the
first kind (or holomorphic differentials, if k = C).

Proposition 9. (1) (D) = (W - D).
(2) There are g linearly independent differentials of the first kind on X.
3) (D) = deg(D) + 1 - g +6(D).

Proof. Let W = div(w). Define alinear map ¢: L(W —D) — Q(D) by ¢(f) = fw. Then
@ is an isomorphism, which proves (1), and (2) and (3) follow immediately.
Problems

8.29. Let D be any divisor, P € X. Then I[(W — D - P) # [(W — D) if and only if
I(D+ P)=1(D).
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8.30. (Reciprocity Theorem of Brill-Noether) Suppose D and D’ are divisors, and
D+ D' =W is a canonical divisor. Then I(D) - [(D') = 3 (deg(D) — deg(D")).

8.31. Let D be adivisor with deg(D) = 2g—2 and /(D) = g. Show that D is a canonical
divisor. So these properties characterize canonical divisors.

8.32. Let Py,...,Pm € P2, ry,....Tm nonnegative integers. Let V(d;r1P1,...,T"mPm)
be the projective space of curves F of degree d with mp,(F) = r;. Suppose there is
a curve C of degree n with ordinary multiple points Py, ..., Py, and mp,(C) = r; + 1;
and suppose d = n— 3. Show that

dim V(d; 1Py, FmPr) = d(d;g) -y (r’+2 i,

Compare with Theorem 1 of §5.2.

8.33. (Linear Series) Let D be a divisor, and let V be a subspace of L(D) (as a vector
space). The set of effective divisors {div(f)+D | f € V, f # 0} is called a linear series. If
fi,--., fr+1 is a basis for V, then the correspondence div(}_ A; f;) + D — (A1,...,Ar41)
sets up a one-to-one correspondence between the linear series and P’. If deg(D) =
n, the series is often called a g},. The series is called completeif V = L(D), i.e., every
effective divisor linearly equivalent to D appears.

(a) Show that, with C, E as in Section 1, the series {div(G) — E | G is an adjoint
of degree n not containing C} is complete. (b) Assume that there is no P in X such
that div(f) + D = P for all nonzero f in V. (This can always be achieved by replacing
D by a divisor D' < D.) For each P€ X, let Hp = {f € V | div(f)+ D = Por f =
0}, a hyperplane in V. Show that the mapping P — Hp is a morphism ¢y from X
to the projective space P* (V) of hyperplanes in V. (c) A hyperplane M in P*(V)
corresponds to a line m in V. Show that ¢3! (M) is the divisor div(f) + D, where f
spans the line m. Show that ¢y (X) is not contained in any hyperplane of P* (V).
(d) Conversely, if ¢: X — P” is any morphism whose image is not contained in any
hyperplane, show that the divisors (p’l (M) form a linear system on X. (Hint: If D =
¢~ 1(My), then ¢~ ' (M) = div(M/My) + D.) (e) If V = L(D) and deg(D) = 2g + 1, show
that ¢y is one-to-one. (Hint: See Corollary 3.)

Linear systems are used to map curves to and embed curves in projective spaces.

8.34. Show that there are curves of every positive genus. (Hint: Consider affine
plane curves yza(x) + b(x) =0, where deg(a) = g, deg(b) = g +2.)

8.35. (a) Use linear systems to reprove that every curve of genus 1 is birationally
equivalent to a plane cubic. (b) Show that every curve of genus 2 is birationally
equivalent to a plane curve of degree 4 with one double point. (Hint: Use a gff.)

8.36. Let f: X — Y be a nonconstant (therefore surjective) morphism of projective
nonsingular curves, corresponding to a homomorphism f of k(Y) into k(X). The
integer n = [k(X) : k(Y)] is called the degreeof f. If P € X, f(P) = Q, let t € Op(Y)
be a uniformizing parameter. The integer e(P) = ordp(¢) is called the ramification
index of f at P.

(a) For each Q € Y, show that } r(p)-g e(P)P is an effective divisor of degree n
(see Proposition 4 of §8.2). (b) (char(k) = 0) With ¢ as above, show that ordp(dt) =
e(P)—1. (c) (char(k) = 0) If gx (resp. gy) is the genus of X (resp. Y), prove the
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Hurwitz Formula
28x—-2=(2gy-2n+ Y (e(P)-1).
PeX
(d) For all but a finite number of P € X, e(P) = 1. The points P € X (and f(P) € Y)
where e(P) > 1 are called ramification points. If Y = P! and n > 1, show that there
are always some ramification points.

If k = C, anonsingular projective curve has a natural structure of a one-dimensional
compact complex analytic manifold, and hence a two-dimensional real analytic man-
ifold. From the Hurwitz Formula (c) with Y = P! it is easy to prove that the genus
defined here is the same as the topological genus (the number of "handles") of this
manifold. (See Lang’s “Algebraic Functions” or my "Algebraic Topology", Part X.)

8.37. (Weierstrass Points; assume char(k) = 0) Let P be a point on a nonsingular
curve X of genus g. Let N, = N,(P) = [(rP). (a) Showthatl = Ny < N; <:-- <
Nag—1 = g. So there are exactly g numbers 0 < ny < np < --+ < ng < 2g such that
there is no z € k(X) with pole only at P, and ordp(z) = —n;. These n; are called
the Weierstrass gaps, and (n, ..., ng) the gap sequence, at P. The point P is called
a Weierstrass point if the gap sequence at P is anything but (1,2,...,g) that is, if
Zil(ni —i) > 0. (b) The following are equivalent: (i) P is a Weierstrass point; (ii)
l(gP) > 1; (iii) /(W — gP) > 0; (iv) There is a differential w on X with div(w) = gP.
(c) If r and s are not gaps at P, then r + s is not a gap at P. (d) If 2 is not a gap at
P, the gap sequence is (1,3,...,2g — 1). Such a Weierstrass point (if g > 1) is called
hyperelliptic. The curve X has a hyperelliptic Weierstrass point if and only if there
is a morphism f: X — P! of degree 2. Such an X is called a hyperelliptic curve.
(e) An integer n is a gap at P if and only if there is a differential of the first kind w
with ord(w) =n—1.

8.38. (chark=0) Fix z€ K, z ¢ k. For f € K, denote the derivative of f with respect
tozby f;let fO = f, fU = f', f@ = (f'), etc. For fi,..., fy € K, let W(fi,..., f;) =
det(fj(”), i=0,...,r—1, j=1,...,r (the “Wronskian”). Let wy,...,wg be a basis of
Q(0). Write w; = fidz, and let h = W,(f1,..., fg). (@) h is independent of choice
of basis, up to multiplication by a constant. (b) If t € K and w; = e;dt, then h =
Wt(el,...,eg)(t’)1+"'+g. (c) There is a basis wy,...,wg for Q(0) such that ordp(w;) =
n;—1, where (n1,..., ng) is the gap sequence at P. (d) Show that ordp(h) = ¥.(n; —1) -
% g(g+1)ordp(dz) (Hint: Let t be a uniformizing parameter at P and look at lowest
degree terms in the determinant.) (e) Prove the formula

Y (ni(P)—i) = (g-1g(g+1),
Bi

so there are a finite number of Weierstrass points. Every curve of genus > 1 has
Weierstrass points.

More on canonical divisors, differentials, adjoints, and their relation to Max Noether’s
theorem and resolution of singularities, can be found in my "Adjoints and Max Noether’s
FundamentalSatz", which may be regarded as a ninth chapter to this book. It is
available on the arXiv, math.AG/0209203.
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Appendix A

Nonzero Characteristic

At several places, for simplicity, we have assumed that the characteristic of the
field k was zero. A reader with some knowledge of separable field extensions should
have little difficulty extending the results to the case where char(k) = p # 0. A few
remarks might be helpful.

Proposition 9 (2) of Chapter 6, Section 5 is not true as stated in characteristic p.
However, since k is algebraically closed (hence perfect), it is possible to choose x € K
so that K is a finite separable extension of k(x), and then k = k(x, y) for some y € K.
The same comment applies to the study of Q(K) in Chapter 8. The differential dx
will be nonzero provided K is separable over k(x). From Problem 8.23 one can easily
deduce that if x is a uniformizing parameter at any point P € X, then dx # 0.

A more serious difficulty is that encountered in Problem 5.26: Let F be an irre-
ducible projective plane curve of degree n, P € P?, and r = mp(F) = 0. Let us call
the point P terrible for F if there are an infinite number of lines L through P that
intersect F in fewer than n — r distinct points other than P. Note that P can only
be terrible if p divides n — r (see Problem 5.26). The point [0: 1 : 0] is terrible for
F = XP*1_YP 7 (see Problem 5.28). The point [1: 0: 0] is terrible for F = XP-YP~1Z.

The set of lines that pass through P forms a hyperplane (i.e., a line) in the space
P? of all lines. If P is terrible for F, the dual curve to F contains an infinite number
of points on a line (see Problem 6.47). Since the dual curve is irreducible, it must be
aline. It follows that there can be at most one terrible point for F. In particular, one
can always find lines that intersect F in n distinct points.

Lemma 1 of Chapter 7, Section 4 is false in characteristic p. It may be impossible
to perform a quadratic transformation centered at P if P is terrible. Theorem 2 of
that section is still true, however. For if P is terrible for F, p must divide n — r. Take
a quadratic transformation centered at some point Q of multiplicity m, where m =0
or 1, and so that P is not on a fundamental line. Let F’ be the quadratic transform
of F. Then n' = deg(F') = 2n—m. Since ' —r = n—m (mod p), one of the choices
m = 0,1 will insure that p doesn’t divide n—r. Then the point P’ on F’ corresponding
to P on F will not be terrible for F’, and we can proceed as before.
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Appendix B

Suggestions for Further Reading

For algebraic background:

O. ZARISKI and P. SAMUEL. Commutative Algebra, Van Nostrand, Princeton, N. J.,
1958.

For more on the classical theory of plane curves:

R. WALKER. Algebraic Curves, Dover, New York, 1962.
A. SEIDENBERG. Elements of the Theory of Algebraic Curves, Addison-Wesley, 1968.

For the analytic study of curves over the field of complex numbers:

S. LANG. Algebraic Functions, W. A. Benjamin, New York, 1965.
R. GUNNING. Lectures on Riemann Surfaces, Princeton Mathematical Notes, 1966.

For a purely algebraic treatment of curves over any field:

C. CHEVALLEY. Introduction to the Theory of Algebraic Functions in One Variable,
Amer. Math. Soc., New York, 1952

For a classical treatment of general algebraic geometry:

S. LANG. Introduction to Algebraic Geometry, Interscience, New York, 1958.

A. WEIL. Foundations of Algebraic Geometry, Amer. Math. Soc., New York, 1946 and
1962.

B.L. VAN DER WAERDEN. Einfiihrungin der algebraische Geometrie, Springer, Berlin,
1939.

For an introduction to abstract algebraic geometry:

D. MUMFORD. Introduction to Algebraic Geometry, Harvard lecture notes, 1967.

J.-P. SERRE. Faisceaux Algébriques Cohérents, Annals of Math., vol. 61, 1955, pp.
197-278.
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For other proofs of the Riemann-Roch Theorem:

J. TATE. Residues of Differentials on Curves, Annales Sci. de I'’Ecole Normals Sup.
4th Ser. vol. 1, 1958, pp. 149-159.
J.-P. SERRE. Groupes Algébriques et Corps de Classes, Hermann, Paris, 1959.

For a modern treatment of multiplicity and intersection theory:

J.-P. SERRE. Algebre Locale - Multiplicités, Springer-Verlag Berlin, Heidelberg, 1965.



Appendix C

Notation

References are to page numbers.

Z,Q,R,C 1 Vp, Iy, Va, I
UFD 2 Ty(V)
PID 2 I,V 1., V.
RIT 2 Op(F)
i—%(llj)xAixi 2 ;(d; rPi,...,TnPy)
’ I’lpP
}/(()1;)), V(S) ;1, ig Y npP=Y mpP
) FG
Rad () ¢ rw,rw.ex
FV, k) 17 (.2, f g
(V) 17, 69 A, GOF)
@ 18, 70
FT, 17, vT g  (des
k(V) 20,47  4MX)
Gp(V) 21,4769 8 (©
f(P) 21,47, 69 deg(D)
mp(V) 21, 47 div(G), div(z)
DVR, ord 22 @o @
kI[X1] 23 D=D
F., f* 24,53 E
m 95 L(D), (D)
mp(F) 32 g
ordp, ord}, 35,53, 93 Qk(R)
I(BFNG) 36 d,dx
P"(k), P" 43 af
Ui, pi: A" - U; cP" 43 ordp(w), div(w), W
Hoo 44 5(D)
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45
46
48
53
56
61
61,97
61
69
73
74
75
75
90
97
97
97
98
98
99
101
105
105
106
107
109
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Index

This index does not include the words defined in the sections of general algebraic
preliminaries. References are to page numbers.

adjoint, 98, 108, 110, 111
affine
n-space, 4
algebraic set, 4
change of coordinates, 19
line, 4
plane, 4
plane curve, 4, 31
variety, 17, 70
algebraic
group, 74
set, 4
transform, 88
variety, 69

Bézout’s Theorem, 57
bidegree, 50

biform, 50

bihomogeneous, 50
birational equivalence, 78
blowing up a point, 82, 83, 86

canonical divisor, 107, 108, 111
Clifford’s Theorem, 109
cone, 45
conic, 53-55, 57, 62, 78
coordinate
axes, 46
hyperplane, 46
ring, 17
cubic, 53, 55, 57, 59, 62, 64, 75, 78, 94, 99,
101, 102, 110
addition on, 63
curve, 53, 75

cusp, 40, 55, 75, 94

degree

of a curve, 31, 53

of a divisor, 97

of a morphism, 110

of a zero cycle, 61
derivation, 105
derivative, 106
differential

of the first kind, 109

on a curve, 106
dimension, 20, 47, 75
direct product, 25
discrete valuation ring, 22
divisor, 97

class group, 99

degree of, 97

effective, 97

linear equivalence of, 98

of a curve, 97

of a differential, 107

of a function, 97
dominate a local ring, 77
dominating a rational map, 77
double point, 32, 33, 40, 55, 110
dual curve, 79, 113
duality, 48

exact, 28
excellent position, 90
exceptional line, 88

flex, 36, 59, 64, 65, 94

119



120 INDEX

form, 46 local ring of a variety at a point, 34, 35,
function field, 20, 46, 50, 76, 82, 92, 97, 41, 47, 49, 50, 79
102, 105

algebraic, 75 maximal ideal of a variety at a point, 21,

fundamental point, 88 47
module of differentials, 105
genus, 101, 102, 110 morphism’ 70
good position, 88 multiple
graph, 19, 74, 83, 86 component, 31
point, 31

Hessian, 59, 94

homogeneous
coordinate ring, 46
coordinates, 43
function field, 46

multiplicity
of a component, 31
of a point, 32, 53
of a tangent, 33
multiprojective space, 50

ideal, 45 .
; multispace, 50
Hurwitz Formula, 110
hypercusp, 41 node, 33, 55, 75, 94, 99, 104
hyperelliptic, 111 Noether’s Conditions, 61, 94

hyperplane, 4, 46
at infinity, 44, 46
hypersurface, 4, 46

Noether’s Fundamental Theorem, 61
Noether’s Reduction Lemma, 108
Noetherian ring, 7

ideal of an algebraic set, 5, 45 nonsingular
index, 109 curve, 31, 81
intersect model, 92

properly, 36 Nullstellensatz, 10, 46

transversally, 37

. . order, 23
intersection .
cycle, 61 function, 23
' of a differential, 106
number, 36 . .
. . of a rational function, 35
irreducible

ordinary multiple point, 33, 41, 54, 62,

algebraic set, 7, 45, 69
84, 85, 88,90, 91, 93,94, 98, 102,

components, 8, 31, 45

107,108, 110
Jacobian matrix, 34
Pappus, 62
line, 20, 31, 48, 53 Pascal, 62
at infinity, 44 Pliicker’s formula, 95
linear places, 92
equivalence, 98 pole set, 21
series, 110 polynomial
subvariety, 20, 47 function, 17
system, 56 map, 18
local ring, 21, 36, 47 polynomial map, 68, 70, 74
of afield, 81 power series, 24

of a variety at a point, 21, 69 product, 5, 50, 51
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projective
n-space, 43
algebraic set, 45
change of coordinates, 47
closure, 49
equivalence, 54
line, 44
plane, 44
variety, 45, 70

quadratic transformation, 88, 90
centered at a point, 90
quartic, 53, 55, 60, 99

radical of an ideal, 6
ramification, 110
rational function, 20, 46
rational map, 77

domain of, 77
rational over a field, 65
rational variety, 78
Reciprocity Theorem of Brill-Noether, 109
Residue Theorem, 98
Riemann’s Theorem, 101
Riemann-Roch Theorem, 108

Segre embedding, 51, 71
simple

component, 31

node, 94

point, 31, 81
subvariety, 18, 69
surface, 75

tangent
line, 31, 33, 54
space, 34
transcendence degree, 75

uniformizing parameter, 22

value of a function, 21, 46, 47, 77
variety, 69

Weierstrass point, 111

Zariski topology, 68, 69
zero-cycle, 60



