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CHAPTER VIII

Background for Algebraic Geometry

Abstract. This chapterintroduces aspects of the algebraic theory of systems of polynomial equations
in several variables.

Section 1 gives a brief history of the subject, treating it as one of two early sources of questions
to be addressed in algebraic geometry.

Section 2 introduces the resultant as a tool for eliminating one of the variables in a system of
two such equations. A first form of Bezout’s Theorem is an application, saying that if f(X,Y) and
g(X,Y) are polynomials of respective degrees m and n whose locus of common zeros has more
than mn points, then f and g have a nontrivial common factor. This version of the theorem may be
regarded as pertaining to a pair of affine plane curves.

Section 3 passes to projective plane curves, which are nonconstant homogeneous polynomials in
three variables, two such being regarded as the same if they are multiples of one another. Versions of
the resultant and Bezout’s Theorem are valid in this context, and two projective plane curves defined
over an algebraically closed field always have a common zero.

Sections 4-5 introduce intersection multiplicity for projective plane curves. Section 4 treats a
line and a curve, and Section 5 treats the general case of two curves. The theory in Section 4 is
completely elementary, and a version of Bezout’s Theorem is proved that says that a line and a curve
of degree d have exactly d common zeros, provided the underlying field is algebraically closed,
the zeros are counted as often as their intersection multiplicities, and the line does not divide the
curve. Section 5 makes more serious use of algebraic background, particularly localizations and the
Nullstellensatz. It gives an indication that ostensibly simple phenomena in the subject can require
sophisticated tools to analyze.

Section 6 proves a version of Bezout’s Theorem appropriate for the context of Section 5: if F
and G are two projective plane curves of respective degrees m and n over an algebraically closed
field, then either they have a nontrivial common factor or they have exactly mn common zeros when
the intersection multiplicities of the zeros are taken into account.

Sections 7-10 concern Grobner bases, which are finite generating sets of a special kind for ideals
in a polynomial algebra over a field. Section 7 sets the stage, introducing monomial orders and
defining Grobner bases. Section 8 establishes a several-variable analog of the division algorithm for
polynomials in one variable and derives from it a usable criterion for a finite set of generators to be a
Grobner basis. From this it is easy to give a constructive proof of the existence of Grobner bases and
to obtain as consequences solutions of the ideal-membership problem and the proper-ideal problem.
Section 9 obtains a uniqueness theorem under the condition that the Grobner basis be reduced.
Adjusting a Grobner basis to make it reduced is an easy matter. A consequence of the uniqueness
result is a solution of the ideal-equality problem. Section 10 gives two theorems concerning solutions
of systems of polynomial equations. The Elimination Theorem identifies in terms of Grobner bases
those members of the ideal that depend only on a certain subset of the variables. The Extension
Theorem, proved under the additional assumption that the underlying field is algebraically closed,
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448 VIII. Background for Algebraic Geometry

gives conditions under which a solution to the subsystem of equations that depend on all but one
variable can be extended to a solution of the whole system. The latter theorem makes use of the
theory of resultants.

1. Historical Origins and Overview

Modern algebraic geometry grew out of early attempts to solve simultaneous
polynomial equations in several variables and out of the theory of Riemann
surfaces. We shall discuss the first of these sources in the present chapter and the
second of the sources in Chapter IX.

Serious consideration of simultaneous polynomial equations of degree > 2
dates to a 1750 book! by Gabriel Cramer (1704—1752), who may be better
known for Cramer’s rule in connection with determinants. Cramer was interested
in various aspects of the zero loci of polynomials in two variables with real
coefficients. Thinking of the zero locus, we refer to a nonconstant polynomial in
two variables as a plane curve.

One of the problems of interest to Cramer was to find the number of points in
the plane that would uniquely determine a plane curve of degree n up to a constant
multiple. Cramer gave the answer %n(n + 3) to this problem. For example, when
n = 2, if we normalize matters by taking the coefficient of x> to be 1, then the
possible quadratic polynomials

f.y)=x>+bxy+cy’ +dx+ey+ f

involve five unknown coefficients. Each condition f(x;, y;) = 0 gives a linear
condition on the coefficients, and Cramer was able to write down explicitly a
plane curve through the given points in question by introducing determinants and
applying his rule to solve the problem.

Already with this much description the reader will see a certain subtlety —that
there will be special choices of the five points for which existence or uniqueness
will fail. We could also ask about the effect of multiplicities: what does it mean
geometrically to take two or more of the points to be equal, and how does such
an occurrence affect the number of points that can be specified?

Cramer noticed a subtlety that is less easy to resolve, even in hindsight. If we
are given any two plane curves of degree 3, then Cardan’s formula says that we
can solve one equation for y in terms of x, obtaining three expressions in x; then
we can substitute for y in the other equation each of the three expressions in x and
obtain a cubic equation in x each time. In other words, we should expect up to 9
points of intersection for two cubics, and 9 should sometimes occur. (The various

'G. Cramer, Introduction & I’ Analyse des Lignes courbes algébriques, Chez les Fréres Cramer
& CIl. Philibert, Geneva, 1750.



1. Historical Origins and Overview 449

forms of Bezout’s Theorem, which came a little later, confirm this argument.) The
number of points that determine a cubic completely is %n(n + 3) forn =3, i.e.,
is 9. Thus we have 9 points determining a unique cubic, and yet the second cubic
goes through these 9 points as well. What is happening? This question has come
to be known as Cramer’s paradox.

Explaining this kind of mystery became an early impetus for the development
of algebraic geometry.

The question of the number of points of intersection had been the subject of
conjecture for some time earlier, and it was expected that two plane curves of
respective total degrees m and n in some sense had mn points of intersection.
Etienne Bezout (1730—1783) took up this question and dealt with parts of it
rigorously. The quadratic case can be solved by finding one variable in terms of
the other and by substituting, but let us handle it by the method that Bezout used.
If we view each polynomial as quadratic in y and having coefficients that depend
on x, then we have a system

aop +a1y+a2y2 =0,
bo+ b1y + byy* = 0.

Instead of regarding this as a system of two equations for y, we regard it as
a system of two homogeneous linear equations for variables xy, x;, x, where
xo = 1,x; =y, x, = y>. We can get two further equations by multiplying each
equation by y:

aoy +ary* +ay’ =0,

boy + b1y* + byy® =0,

and then we have four homogeneous linear equations for xo = 1, x; = y, xp =
y2, x3 = y>. Since the system has the nonzero solution (1, y, y2, y?), the deter-
minant of the coefficient matrix must be 0. Remembering that the coefficients
depend on x, we see that we have eliminated the variable y and obtained a poly-
nomial equation for x without using any solution formula for polynomials in one
variable. The device that Bezout introduced for this purpose —the determinant of
the coefficient matrix —is called the resultant of the system and is a fundamental
tool in handling simultaneous polynomial equations. With it Bezout went on in
1779 to give a rigorous proof that when two polynomials in (x, y) are set equal
to 0 simultaneously, one of degree m and the other of degree 7, then there cannot
be more than mn solutions unless the two polynomials have a common factor.
This is a first form of Bezout’s Theorem and is proved in Section 2.

In order to have a chance of obtaining a full complement of mn solutions, we
make three adjustments—allow complex solutions instead of just real solutions
(even in the case (m, n) = (2, 1)), consider “projective plane curves” instead of
ordinary plane curves to allow for solutions at infinity (even in the case (m, n) =
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(1, 1)), and introduce a suitable notion of intersection number of two plane curves
at a point in order to take multiplicities into account (even in the case (m, n) =
(2, 1)). We shall allow complex solutions already in Section 2, and we shall make
an adjustment for projective plane curves in Section 3. The issue of intersection
multiplicity is more complicated. The beginnings of a classical approach to it
are indicated in Section 4, and a somewhat more modern approach appears in
Section 5. With the full theory of intersection multiplicities of projective plane
curves in place, we obtain a general form of Bezout’s Theorem? in Section 6.

The theory of the resultant can be extended in various ways, but we shall
largely not pursue this matter. Studies of zero loci of systems of equations took
a more geometric turn in the first part of the nineteenth century through the work
of Julius Pliicker (1801-1858) and others, but these matters will be left for an
implicit discussion in Chapter X. Instead, we skip to a development that began
with the doctoral thesis of Bruno Buchberger in 1965. Buchberger was interested
in being able to decide when a polynomial is a member of an ideal that is specified
by a finite list of generators. For this purpose he learned that each ideal has a
special finite set of generators that is unique once certain declarations are made.
He devised an algorithm for determining such a set of generators, and he gave
the name “Grébner basis” to the set, in honor of his thesis advisor.* The special
unique such basis is called a “reduced Grobner basis.”

An unfortunate feature of the algorithm (and even of later improved algorithms)
is that Grobner bases are extraordinarily complicated to calculate. The timing
of Buchberger’s discovery was therefore especially fortuitous, coming when
computers were becoming more common, more economical, and more powerful.

Buchberger was able to give a test for membership in an ideal in terms of
a multivariable division algorithm involving any Grobner basis. Other general
problems involving ideals were solvable as well. Because of the uniqueness of the
reduced Grobner basis, two ideals are identical if and only if their reduced Grobner
bases are equal. When some of the theory of resultants was incorporated into
the theory of Grobner bases, these bases could also be used to address various
questions of identifying zero loci. Other problems involving ideals could be
addressed by similar methods. The theory has flowered tremendously since its
initial discovery and by the present day has found many imaginative applications
to applied problems. Sections 7-10 give an introductory account of this important
theory.

2 A correct proof of the general form of the theorem seems to have been published for the first
time by Georges-Henri Halphen (1844—-1889) in 1873.

3Devising the algorithm was Buchberger’s real contribution, since the abstract existence of the
special set of generators is an easy consequence of the Hilbert Basis Theorem and had already been
used in papers of H. Hironaka in 1964.

4Wolfgang Grobner (1899-1980). The name is often spelled out as “Groebner,” particularly
when it is used in connection with computer algorithms.
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2. Resultant and Bezout’s Theorem

Let A be a unique factorization domain. The case that A = K[Xy, ..., X,] for

a field K will be the main case of interest for us. If f and g are polynomials in
A[X] of the form
fX) = fo+ X+ + fu X",

g§X) =g + g X+ +g.X"
with m and n both positive, then we let R(f, g) be the (m +n)-by-(m + n) matrix

fO fl fmfl fm 0 0 0 0
0 fO fm72 fmfl fm 0 0 0
0 ... fo o fn
g & - -1 & 0 -+ 0|’
0 g 8n—2 8n—-1 8n 0
U g & 8n

in which there are n rows above the gy in the first column and there are m remaining
rows. The resultant of f and g is the determinant

R(f’ g) = detR(f’ g)

Theorem 8.1. If A is a unique factorization domain and if f and g are nonzero
members of A[X] of the form f(X) = 3"/, fiX' and g(X) = }7_ g; X’ with
m > 0 and n > 0 and with at least one of f;, and g, nonzero, then the following

are equivalent:

(a) f and g have a common factor of degree > 0 in X,
(b) af + bg = 0 for some nonzero a and b in A[X] with dega < n and
degb < m.

(©) R(f,8) =0.
Regard R(f, g) as a constant polynomial in X. When R(f, g) # O, there
exist unique a and b in A[X] such that a(X) f (X) + b(X)g(X) = R(f, g) with
dega < n and degb < m. Both the polynomials a and b are nonzero if both
f(X) and g(X) are nonconstant.

REMARKS. The theorem says that af + bg = R(f, g) holds in every case
for which at least one of the coefficients f,, and g, is nonzero. Sometimes the
theorem appears in texts with the assumption that both coefficients are nonzero;
in this connection, see Problem 5 at the end of the chapter. When R(f, g) =0,
the theorem does not point to a useful way to identify a common factor; the
division algorithm can be used for this purpose in some circumstances, but the
use of Grobner bases as in Section 7 will be more helpful.
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PROOF. Let us prove the equivalence of (a) and (b). Suppose that (a) holds.
If u is a nonconstant polynomial in X that divides both f and g, let us write
f =buand g = —au. Then af + bg = 0. Also, dega + degu = degg;
since degu > 0, dega < degg < n. Similarly degb < m. Thus (b) holds.
Conversely suppose that (b) holds, so that af = —bg with a and b nonzero and
with dega < n and degb < m. Suppose that f,, # 0. The equality af = —bg
shows that f divides bg. Since degb < m = deg f, f cannot divide b. But
A[X] is a unique factorization domain, and thus there is some prime factor p of
f of positive degree such that p* for some k divides f but not b. Then p divides
both f and g, and (a) holds. A similar argument works if g, # 0.

Now we prove the equivalence of (b) and (c). Let F be the field of fractions
of A. We set up a one-one correspondence between polynomials a(X) in A[X]
of degree at most n — 1 and n-dimensional row vectors (g o) -+ Qy—1)
with entries in A by the formula

aX)=ap+ a1 X+ + a1 X",

and similarly we set up one-one correspondences for degrees at most m — 1 and
at most m + n — 1 by the formulas

b(X) = Po+BiX + -+ Bt X",
cX) =+ X+ F Yuar X"
Examining the form of R(f, g), we see that the matrix equality
(ap a1 -+ oy ,B() IBmfl)R(fa g)
=0 i 0 Vmtn—1) ()

holds if and only if the polynomial equality

a(X) f(X) +b(X)g(X) = c(X). ()
holds. If (b) holds, then af = —bg, and (*x) shows that ¢ = 0. That is,
(Yo Y1 '+  Ym+n—1)istheOrow vector. Interpreting () as a matrix equality

over F' and assuming that ¢ and b are not both 0, we see that the transpose
of R(f, g) has a nontrivial null space. Therefore R(f, g) = detR(f, g) =
0. This proves (c). Conversely if (c) holds, then we can find row vectors
(9 o -+ op—y)and (By PBi1 -+ Bwm—1) not both 0, having entries
in F, such that the left side of (x) equals the O row vector. Clearing fractions, we
may assumethat (op o -+ ay,—1)and(By Bi1 --- Bm—1)haveentries
in A. Referring to (x), we obtainaf + bg = 0 with dega at mostn — 1 and deg b
at most m — 1. We know that at least one of a and b is nonzero, and we have to
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see that both are nonzero. The situation is symmetric in a and b. If a were to
equal 0, then we would have bg = 0 and we could conclude that b = 0 because
g # 0. So we would obtain the contradiction @ = b = 0. This proves (b).

For the last statement of the theorem, suppose that R( f, g) # 0. Then Cramer’s
rule applied over the field of fractions F' of A shows that the matrix inverse of
R(f, g) is of the form

R(f, &) = R(f. 8)'S(f, g),

where S(f, g) is a matrix with entries in A. Consequently the row vector

(R(f.9) 0 -+ OR(fi)™
has entries in A, and we can define members «o, . .., &,—1, Bo, - - - » Bm—1 of A by
(g o1 -+ op1 Po -+ Pm-1)
=(R(f,e) 0 -~ O)R(f,)"
Then (k) holds with (90 Y1 -+ Vmin—1) = (R(f,g) 0 --- 0), and

the equality (*x) shows that a(X) f(X) + b(X)g(X) = R(f, g). If both f and
g are nonconstant, then neither a(X) nor b(X) can be 0, since otherwise the
equation would show that R(f, g) is a nonconstant polynomial. (]

Theorem 8.2 (Bezout’s Theorem). Let K be any field, and let (X, Y) and
g(X, Y) be nonconstant polynomials in K[X, Y], of exact respective degrees m
and n. If the locus of common zeros of f and g in K2 has more than mn points,
then f and g have a nonconstant common factor in K [X, Y.

PROOF. For most of the proof, we assume that K is infinite. Arguing by
contradiction, suppose that f and g both vanish at distinct points (x;, y;) for
1 <i <mn+ 1, and suppose that f and g have no nonconstant common factor.
Since there are only finitely many members ¢ of K such that y; — y; = c(x; — x;)
for some i and j with i # j and since K is assumed to be infinite, we can find
¢ in K such that y; — y; # c(x; — x;) for all i and j with i # j. For this c,
yi —cx; # yj —cxj wheni # j, and therefore the second coordinates of the
points (x;, ¥; — cx;) are distinct. The common zeros of f(X,Y) and g(X,Y)
include the points (x;, y;), and thus the common zeros of f(X,Y + cX) and
g(X, Y + cX) include the mn + 1 points (x;, y; — cx;) whose second coordinates
are distinct.

In other words, there is no loss of generality in assuming that the given
polynomials f and g vanish at mn 4 1 points whose second coordinates are
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distinct. Regard f(X,Y) and g(X, Y) as members f(X) and g(X) of A[X],
where A = K[Y], and write

fX) = fo+ AX +-+ fuwX™,
gX)=go+ g X+ - +guX",

with each f; and g; in A and with f,,; # O and g,» # 0. Herem’ < m andn’ < n.

Let us rule out the possibility that m’ = 0 or n’ = 0. Indeed, if we had m’ = 0,
then the polynomial f would be nonzero and would depend on Y alone. Since
f is nonzero and has degree m > 1, it has at most m roots. But we are assuming
that f and g vanish at mn 4 1 points whose Y coordinates are distinct, and the
inequalities m < mn < mn + 1 therefore give a contradiction. Thus m’ # 0.
Similarly n’ # 0. So Theorem 8.1 is applicable.

Form the square matrix R(f, g) of size m’ + n’ and its determinant R(f, g).
The latter is a member of K[Y], and Theorem 8.1 shows that it cannot be 0, since
f and g are assumed to have no nonconstant common factor in K[X, Y].

Let us bound the degree of the member R(f, g) = det R(f, g) of K[Y]. Each
term in the expansion of the determinant is of the form

= [ R ©iow ()
1<i<m'+4n’
for some permutation o of {1, ..., m" + n'}. Here R(f, g);; is given by
fizi forl <i <n'andfor jwithi < j <m'+1i,
0 for 1 <i < n’ and for all other j,
R(f. 8)ij = 8jtn'—i forn’+1 <i <n'+m' and for j

withi <n' +j<m' +1i,

0 forn’ +1 <i <n' 4+ m’ and for all other ;.

In addition, the degree of f;_; as a member of K[Y]is at mostm — (j — i), and
the degree of g4, —; isatmostn — (j +n' —i) = (n —n’) + (i — j). Setting
Jj = o(i), we see that the degree of (x) is at most
Y. (m—o()+i)+ > ((n—n")+ (@i —o(i))
1<i<n’ n'+1<i<m’+n’

=mn' +m'(n—n")y =mn—(m—m(n—n') <mn.

Thus R(f, g) is a nonzero polynomial in K[Y] of degree at most mn. Conse-
quently it has at most mn roots.

Theorem 8.1 shows that af 4+ bg = R(f, g) for suitable members a and b of
K[X, Y]. Recalling that f and g are assumed to vanish at mn 4 1 points whose
second coordinates are distinct, we see that R(f, g) vanishes at each of these
second coordinates, and we arrive at a contradiction.
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Now we can allow K to be finite. Let K’ be an infinite extension. We have
just seen that f and g have a nonconstant factor in K'[X, Y]. Without loss
of generality, this factor depends nontrivially on X. Theorem 8.1 applied with
A = K'[Y] shows that R[f, g] = 0. The same theorem with A = K[Y]
then shows that f and g have a common factor in A[X] = K[X, Y] depending
nontrivially on X. 0

Let us introduce some geometric language for the situation in Theorem 8.2.
Affine n-space over a field K is the set of n-dimensional column vectors

n n n
A :AKalg = {(xl, e, Xy) € alg}

with entries in a fixed algebraic closure K, of K. The set of K rational points,
or K points, in A" is the subset

k= {(Xl,...,xn) € K"}.

We shall comment on the appearance of K, in these definitions shortly.

Members of A" are called points in n-dimensional affine space, and the func-
tions P + x;(P) give the coordinates of the points. If L is any field between
K and K, then any polynomial f in K[Xy, ..., X,] defines a corresponding
polynomial function from A/ into L.

For algebraic geometry the case of interest for Sections 1-6 of this chapter is
the case n = 2. The way of viewing a curve is influenced by Cramer’s thinking as
discussed in Section 1: the particular polynomial that defines a curve is important,
not just the zero locus in the affine plane, but two curves are to be regarded as the
same if each is a nonzero multiple of the other. We can incorporate this viewpoint
into algebraic language by defining an affine plane curve C over the field K to
be any nonzero proper principal ideal® in K[X, Y]. The curve is an affine plane
line if the degree of any generator is 1.

In practice in studying affine plane curves, there is ordinarily no need to
distinguish between a polynomial and the principal ideal that it generates, and
we shall feel free to refer to an affine plane curve C = (f) as f when there is no
possibility of confusion.

The zero locus of a curve is the corresponding geometric notion, but it can
readily be empty, as is the case with X?> + Y2 4+ 1 when K = R. On the
other hand, the Nullstellensatz (Theorem 7.1) ensures that the zero locus will be
nonempty if the underlying field is algebraically closed. Thus we define the zero
locus V(C) = V((f)) of the curve C = (f (X, Y)) by6

SWarning: This definition will be changed slightly in Chapter IX and again in Chapter X to
reflect changed emphasis in those chapters.

The letter “V” is the letter that is commonly used in the notation for a zero locus. It stands for
“variety,” a notion that we have not yet defined. But beware: not all objects labeled with a “V”” are
actually varieties the way the term is normally defined. An affine plane curve will turn out to be a
variety exactly when the generating polynomial f is prime in Kyg[X, Y].
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V(C) = Vi, (C) = {(x.y) € K3, | f(x.y)=0}.

This is the same as the set of all (x, y) such that every member of the ideal C
vanishes at (x, y). The set of K rational points, or K points, of C is

Vk(C) = Ve ((f) = {(x,y) € K | f(x,y) =0}.

When we are content to refer to an affine curve C = (f) as f, we are content
also to write V (f) in place of V(C) = V((f)).

In Chapter X, under the assumption that K is algebraically closed, we shall
extend these definitions from the case n = 2 and C as above to the case that
n is general and C is replaced by any ideal / in K[xy, ..., X,]. The set V (/)
of common zeros of the members of / in K" = Kglg will be called an “affine
algebraic set.” The case of affine n-space itself arises when the ideal is 0.

For general K, not necessarily algebraically closed, it is meaningful to consider
the set Vi (I) of K rational points, i.e., the subset of common zeros lying in K”.
For I = 0and V(1) = A", the distinction between Vg (I) and Vi, (1) is hardly
worth mentioning, but the distinction is well worth making for general / and is
made for the case V (/) = A" for consistency. Although the study of sets Vg (1)
is of importance in number theory, in geometry over R, and in other areas, we
shall not pursue it in Chapter X for lack of space.

Returning to Theorem 8.2, we see that the statement concerns Vi (C) N Vg (D),
where C and D are the principal ideals C = (f) and D = (g) in K[X, Y]. The
theorem says that if Vx (C) N Vi (D) contains more than mn points, then there is
a nonzero principal ideal 4 with (k) C (f) N (g).

3. Projective Plane Curves

Section 2 dealt with intersections of affine plane curves. Even over an alge-
braically closed field, two affine plane curves need not intersect. An example is
the pair of straight lines X +Y — 1 and X + Y — 2, whose locus of common zeros
is empty. To get these lines to intersect, we have to introduce “points at infinity.”
The projective plane is the device for including such points.

Let K be a field, and let K, be an algebraic closure. The projective plane
over K is defined set theoretically as the quotient of K jlg — {0} by an equivalence
relation:

PP =P}, ={@. y.w) €K} —(0}}/~

X

where (x/, y', w’) ~ (x,y, w) if (x’,y", w') = A(x, y, w) for some A € Kalg.

The set of K rational points, or K points, of P? is the quotient

Pk = {(x.y.w) € K> — {0}/ ~,
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where (x', ¥, w’) ~ (x,y,w) if (x’,y',w’) = A(x,y, w) for some A € K.
When there is a need to be careful, we shall write [x, y, w] for the member of IP’%<
corresponding to (x, y, w) in K3 — {0}. But often there will not be such a need,
and we shall simply refer to (x, y, w) as a member of P%. Both P? and P% have
additional structure on them, given by “affine local coordinates,” and we come to
that matter later in this section.

Let us record briefly the obvious generalization of the projective plane to other
dimensions: Projective n-space over K is defined set theoretically as the quotient

P' =P, = {1, € Kl = {0})/ ~,

where (x], ..., %, ) ~ (X1, ..., X)) if (X, .o x5 ) = Ax1, ..., Xy) fOr
some A € K .. The set P of K rational points of P is the set defined in similar
fashion using just nonzero vectors in K”*! and scalars in K ¥.

Scalar-valued functions on P are of little interest because they amount to
scalar-valued functions of K" — {0} that are unchanged when (xi, ..., x,) is
replaced by a multiple of itself. A polynomial of this kind, for example, is
necessarily constant. Instead, the polynomials of interest that are related to [P}, are
“homogeneous polynomials.” A monomial in KX}, ..., X,1]is a polynomial
of the form X{'--- X! its total degree is Y/ j;. We say that a nonzero
F in K[Xy,..., X,+1] is homogeneous of degree d > 0 if every monomial
appearing in F with nonzero coefficient has total degree d. By convention the 0
polynomial is homogeneous of every degree. We write K[Xy, ..., X,+1]q for
the set of homogeneous polynomials of degree d. Each such F satisfies

FOX1, ..o, A1) = AF(x1, .00, Xng1)

forall (x,...,x,+1) € K" and A € K*. Conversely the fact that the mapping
of polynomials into polynomial functions is one-one for an infinite field implies
that homogeneous polynomials over an infinite field can be detected by this
property.

Let us assemble some further properties of homogeneous polynomials: The
monomials of total degree d form a K basis of the vector space K[ X1, ..., X,+1l4;
this fact follows from the definition of polynomials over K. To calculate the
dimension of K[X1, ..., X,+1]4, consider the problem of taking d factors X on
which to place subscripts and using n dividers to separate the X’s from the X;’s
and so on. The number of monomials in question is just the number of ways of
selecting the n dividers from among the d 4 n symbols and dividers. Thus we
obtain the important formula

. d+n
dimg K[X1, ..., Xyt1la =< " )

Lemma 8.3. Any polynomial factor of a homogeneous polynomial over a field
K is homogeneous.
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PROOF. Write F' = F F, nontrivially. Let d; and e; be the highest and lowest
total degrees of terms in Fy, and let d, and e; be the highest and lowest total
degrees of terms in F,. The product of the terms of total degree d; in F; and
the terms of total degree d» in F, is nonzero and is the d,d; total-degree part
of F. The product of the terms of total degree e; in F; and the terms of total
degree e, in F; is nonzero and is the eje; total-degree part of F. Since F is
homogeneous, djd, = eje;. It follows that d; = e and d; = e;; thus F| and F»

are homogeneous. g
Anideal [ in K[Xy, ..., X,+1] is called a homogeneous ideal if it is the sum
over d > 0 of its intersections with K[X1, ..., X, 11]4:
oo
I=@UNKIX1. ... Xusil)-
d=0
The sum is to be regarded as a direct sum of vector spaces. For such an ideal, we
can compute the quotient K[X, ..., X,+1]/] term by term:
o0
KIXt.....Xo)/I =D KIX1. ... Xupida /U N K[X1. ., Xngtla)-
d=0

We can often recognize a homogeneous ideal from its generators: an ideal with a
set of generators that are all homogeneous is necessarily a homogeneous ideal. In
fact, if an ideal I has homogeneous generators Fj, then the most general member
of I is a finite sum of terms A; F;. The terms of total degree d in A;F; are the
product of F; with the terms in A; of total degree d — deg F;, and each such term
isin /. Hence each member of / is a sum of homogeneous polynomials that lie
in 7, and the assertion follows.

In the setting of IP?, projective plane curves over K are initially defined to be
nonconstant homogeneous polynomials in K[X, ¥, W]. Although such polyno-
mials are not well defined on the projective plane, their zero loci are well defined
subsets of P2. As in the affine case, the particular polynomial that defines a curve
is important, not just the zero locus, but two curves are to be regarded as the same
if each is a nonzero multiple of the other. We can incorporate this viewpoint into
algebraic language by defining a projective plane curve of degree d > 0 over
the field K to be any nonzero proper principal ideal in K[X, Y, W] generated by a
homogeneous polynomial of degree d. Such an ideal is necessarily homogeneous.
In the special cases that d = 1, 2, 3, or 4, the curve is called a projective line,
conic, cubic, or quartic respectively.

Just as in the affine case, in practice in studying projective plane curves,
there is often no need to distinguish between a homogeneous polynomial and
the homogeneous principal ideal that it generates, and we shall feel free to refer
to a projective plane curve C = (F) C KI[X, Y, W] as F when there is no
possibility of confusion.
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If (F) is a projective plane curve of degree d, then its zero locus is denoted by
V((F)) = Vi, (F)) = {[x,y, w] € P | F(x,y, w) = 0}.

The locus
Vi (F)) = {[x, y, w] € P} | F(x, y, w) = 0}

is called the set of K rational points, or K points, of the curve. When we allow
ourselves to refer to the curve simply as F, then we can write V (F) in place of

V((F)).

The affine plane A2 = {(x, y)} has a standard one-one embedding into the
projective plane P% . Namely we map (x, y) into [x, y, 1]. The set that is missed
by the image is the set with w = 0, which is the set of K rational points of the line
L with L(X, Y, W) = W, a line called the line at infinity. We shall denote this
line by W. The points of Vg (W), i.e., those with w = 0, are called the points at
infinity.

Except for the line at infinity, lines in P2 correspond under restriction exactly
to lines in K. Namely the projective line L(X,Y, W) = aX + bY + cW
corresponds to the affine line /(x, y) = aX + bY + ¢, and vice versa. In certain
ways the geometry of IP’%{ is simpler than the geometry of A%(:

(i) Two distinct lines in IP’%( intersect in a unique point. In fact, we set up the
system of equations

(e 0 9)()-()

Since the lines are distinct, the coefficient matrix has rank 2. Thus
the kernel has dimension 1, and there is just one point [x, y, w] in the
intersection.

(i1) Two distinct points in IF’%( lie on a unique line. In fact, we set up the
system of equations

(27 o) ()= (0)

and argue in similar fashion.

Along with the embedding of A%( into IP’%( is a correspondence between pro-
jective curves and affine curves. Let us work with the polynomials themselves,
without identifying each polynomial with every nonzero scalar multiple of itself.
The passage from a nonzero homogeneous polynomial F (X, Y, W) of degree
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d > 0toapolynomial (X, Y)isgivenby f(X,Y) = F(X, Y, 1). The mapping
F +— f is a substitution homomorphism, and it therefore respects products.
However, the degree may drop in the process, and in particular f(X,Y) is a
constant if and only if F (X, Y, W) is a multiple of wH,

In the reverse direction if f(X, Y) is a polynomial of degree e, then f(X,Y)
arises from a polynomial F (X, Y, W), but we have to specify the degree d of F
and we must have d > e. Operationally we obtain F by inserting a power of W
into each term of f to make the total degree of the term become d. For example,
with f(X,Y) = Y? 4+ XY + X3 if the desired degree is 3, then F(X,Y, W) =
Y2W+ XY W+ X3. Onthe other hand, if the desired degreeis4,then F (X, Y, W)
=Y?W? + XYW? + X?W.

The formula for this reverse process is F(X, Y, W) = W f(XW~1, yw~1).
That is, F' is given by a substitution homomorphism, followed by multiplication
by a power of W. From this fact, we can read off conclusions of the following
kind:

If polynomials f(X,Y) and g(X,Y) are obtained from homoge-
neous polynomials F (X, Y, W) and G(X, Y, W) by taking W = 1,
then there exist integers r and s such that the polynomial
W'F(X,Y,W) + WG(X,Y, W) is homogeneous and such that
f(X,Y)+ g(X,Y) is obtained from it by taking W = 1.

As we mentioned above, P% has more structure than simply the structure of
a set. About any point in P% we can introduce various systems of “affine local
coordinates.” The idea is to imitate what happens in the definition of a manifold:
the whole manifold is covered by charts, each giving an invertible mapping of a
set in the manifold to an open subset of Euclidean space. Here a single system
of affine local coordinates plays the role of a chart; it puts A%{ into one-one
correspondence with the complement of the zero locus of a line in IP’%{.

Let ® be a member of the matrix group GL(3, K). Then ® maps the set K>
of column vectors in one-one fashion onto K3 and passes to a one-one map of
P onto P% called the projective transformation corresponding to . Two ®’s
give the same map of P% if and only if they are multiples of one another. The
group action of GL(3, K) on IP% is transitive because GL(3, K) acts transitively
on K3 —{(0, 0, 0)}.

If L is the projective line whose coefficients are given by the row vector
(a b c¢)and if ® is is in GL(3, K), then the row vector (a b c¢)®!
defines a new projective line L®, and the K rational points of L? are given by

Vi (L®) = ®(Vk(L)).

In fact, let (y) be in Vg (L). Then (;) = (y) is in ® (Vg (L)) and

satisfies
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x/
(a b o¢*<y>:m
w/

henceitisin Vg (L®). C0nverselyif<y’ ) isin Vg (L?®), then ( y ) = ¢! <y’ )
X x’
(a b c)(y> =(a b c)o™! (y) =0,
w w’

and thus ( ¥/ ) is ® of something in Vg (L).

satisfies

w'

To form the analog of a chart, fix [xg, Yo, wo] in IP’%(. Choose (by transitivity)
some ® in GL(3, K) with ®(xg, yo, wo) = (0,0, 1). Then we can define affine
local coordinates on ®~!(K x K x {1}) to K? by the one-one map

gp(q)_l(x, ) 1)) = (X, y)

This definition generalizes the standard embedding of the affine plane K2 into
IP’%( earlier; that embedding was the case ® = 1.

EXAMPLES OF AFFINE LOCAL COORDINATES FOR IP%..

10 —X0
(1) Suppose (xg, yo, wo) = (X9, Yo, 1). We can choose ® = (0 1 y()). Then

00 1
X 1 0 —xp X X — Xo
1 00 1 1 1
In this case, the local coordinates are defined on
P NKxKx)=KxKx1

and are given by

P(x,y, 1) = (@ (D(x, y, 1))
= (@' (x —x0,y — Y0, 1)) = (x — x0, Y — Yo)-

This @ is handy for reducing behavior about (xg, yo, 1) in IP%( to behavior about
(0,0) in K2.
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001
(2) Suppose (xg, Yo, wo) = (0, 1, 0). Wecanchoosed):(loo).Then
010
X 0 0 1 X w
w 01 0 w 1

o, 1, w) = (@ 1 (@(x, 1, w) = (@' (w, x, 1)) = (w, x).

and

This @ is handy for studying behavior near one of the points at infinity in P%.

We can use affine local coordinates to examine the behavior of a projective
plane curve “near a particular point,” by which is meant “with that point as the
center point in the analysis.” To examine behavior near (0, 0, 1), we use the
correspondence f(X,Y) = F(X, Y, 1) that we discussed earlier. For a general
point, we make use of the fact that whenever F is a homogeneous polynomial of
degreed, thensois F' o®~!. Toexamine the behavior of F near a point (xg, Yo, Wo)
in K3 — {(0,0,0)}, we choose ® in GL(3, K) with ®(xq, yo, wo) = (0,0, 1),
and we define

f(X,Y)=F@® X, 7, 1)).

Under this correspondence the behavior of F at (xg, yo, wo) is reflected in the
behavior of f at (0, 0). We call (X, Y) the local expression for F in the affine
local coordinates determined by ®. This local expression is a polynomial in
K[X, Y], and it is nonconstant unless F is a scalar multiple of (W o ®)? for
some d.

EXAMPLES, CONTINUED.

10 —X0
(1) Suppose that (xq, yo, wo) = (X0, Yo, 1) and that & = (0 1 —yo). Compu-

00 1
X X+ xo
o' [y )=(v+w].
1 1

and the corresponding local expression for a projective plane curve F is

tation gives

FX,Y)=F(X +x0,Y + y, D).
For the projective plane curve
F(X,Y,W)=X’Y + XYW+ W?

and the same @, the local expression f (X, Y) splits into homogeneous terms as
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FX,Y) = (330 +x0y0 + 1) + (Y +2x0)0X +x0Y + 30 X)
+ (Yo X% + 2x0XY + XY) + (X2Y).
We shall use this splitting in the next section in the first example of intersection

multiplicity.

001
(2) Suppose that (xg, yg, wg) = (0, 1,0) and that & = <1 0 0). Then

010
X
Yyl = )
1 X

and the local expression for a projective plane curve F relative to this @ is
fX,Y)=F({,1,X).
For the same projective plane curve F as in Example 1, namely
F(X,Y, W)= XY + XYW + W?,

we obtain
F(X,Y) =Y+ XY) + (XD).

We shall examine this example further in the next section.

In this way we have associated to each projective plane curve F and to the
system of affine local coordinates determined by a member ® of GL(3, K) alocal
expression that is a nonzero polynomial in K[X, Y]. Conversely if the degree
d and the member ® of GL(3, K) are given and if f in K[X, Y] is nonzero of
degree at most d, then we can reconstruct a projective plane curve F of degree
d whose local expression relative to ® is f. We have only to form the unique
homogeneous polynomial G of degree d with f(X,Y) = G(X, Y, 1) and then
put ' =G o ®.

With these preparations in place, we return to a consideration of resultants and
Bezout’s Theorem. Our objective is to rephrase Theorem 8.2 to take advantage
of properties of the projective plane.

Lemma 8.4. Let K be afield, let A be the polynomialring A = K[x, ..., x,],
and let f and g be members of A[X] of the form

fX)=fo+ X+ + fu X",
gX)=go+ g1 X+ +g.X",
where f; is a member of A homogeneous of degree m’ — j and g; is a member of

A homogeneous of degree n’ — j. Then the resultant R(f, g) is a homogeneous
member of A of degree mn’ + m'n — mn.



464 VIII. Background for Algebraic Geometry

REMARKS. In the application to proving Theorem 8.5, we will have m’ = m
and n’ = n, and then R(f, g) is homogeneous of degree mn. Problem 8 at the
end of the chapter concerns a situation for which m’ £ m and n’ # n.

PROOF. Thereis noloss of generality in assuming that K is algebraically closed,
hence in particular is infinite. Each nonzero entry R(f, g);; of R(f, g) is a coeffi-

cientof f orof g. Foreach entry, define p(i, j) such that R(f, g);;(tx1, ..., 1x;)
= tPEDR(F, 8)ij(x1, ..., x,). The assembled matrix R with powers of ¢ in place
is
tm’fo tm’—lf1 . tm’—m fm
0 tm/ fO R
: : ()
" go f"/_/lgl e 1"y
0 1" 8o

It turns out that there is a function ¢ (i) such that 7 (j) = g (i) + p(i, j) depends
only on j. Here 7@ is the i entry of

, / / / i
(tn’tn —1 ’tn —n+1;tm’tm 1

g o

tm’—m—H)

g e e ey

The matrix (x) with 17®) multiplying every entry of the i" row is

tn’tm/ f() tn’tm’—l/fl . tn/tm’—mfm
0 " —ltm fO
: . (sesk)
tm’tn’go tm:tn’—l/gl . tm’tn’—ngn
0 m 7ltn 20
In (), ') is the j™ entry of (/77 ¢ +0'=1 ¢ +n'=m=n+1y  Then we

have
t"R(f, @) (tx1, ..., tx) =t"R(f, &) (x1, ..., x),

whereu =}, g(i) and v =} ;7 (j). So

R(f,@)xy,...,tx,) =t"""R(f, g)(x1, ..., xr).

In other words, R(f, g) is a homogeneous function. Since K is infinite, R(f, g)
is homogeneous as a member of A. Computing # and v, we find that u =
mm/—}—nn/—%m(m—l)—%n(n—l) andv = (m—f—n)(m’—{—n’)—%(m+n)(m+n—1).
Therefore v — u = mn’ + m’'n — mn, and the degree of homogeneity of R(f, g)
ismn' +m'n —mn. O
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Theorem 8.5 (Bezout’s Theorem). Let K be a field, let K, be an algebraic
closure, and suppose that F in K[X, Y, W], and G in K[X, Y, W], are projective
plane curves. Then their locus V(F) N V(G) of common zeros in P%(alg is
nonempty. If this zero locus has more than mn points, then F and G have as a
common factor some homogeneous polynomial in (X, Y, W) of positive degree.

REMARKS. For two polynomials f (X, Y) and g(X, Y) in affine space, applica-
tion of Theorem 8.1 concerning the resultant in the Y variable involves checking
that at least one of the polynomials has the expected degree in the Y variable, and
doing so may not be so easy. In the projective setting, this problem disappears
if we apply a projective transformation and arrange that [0, 0, 1] not be on the
zero locus of one of the given polynomials, say F (X, Y, W). In fact, if F is in
K[X,Y, W], then the coefficient of W™ has to be a constant, and this term is
the only term of F' that contributes to the value of F at (0, 0, 1). With the above
adjustment the coefficient must be nonzero, and Theorem 8.1 is applicable.

PROOF. Without loss of generality, we may assume throughout that K is
algebraically closed. Write F and G in the form

FX,Y,W)= fo+ fiW + -+ fuW"  with fj € K[X, Y]},

. k
GX.Y. W) =go+gW+- -+ W' withg € K[X.V],_;. O

Pick apoint (x, y, w) at which F is nonzero, and moveitto (0, 0, 1) by a projective
transformation, so that (0, 0, 1) # 0. Regarding F" and G as polynomials in W,
with coefficientsin A = K[X, Y], we form R(F, G), which Lemma 8.4 identifies
as a member of K[X, Y1,u..

Since R(F, G) is homogeneous as a member of K[X, Y] and since K is alge-
braically closed, we can choose a point (xg, yo) # (0, 0) with R(F, G)(x¢, yo)
= 0. Then the resultant of F(xg, yo, W) and G (xg, yo, W) is 0, and Theo-
rem 8.1 applies because F(xg, yo, W) has degree m in W. The theorem says
that these two polynomials in W have a common factor. Since K is alge-
braically closed, this common factor vanishes at some wy, and then we must
have F (xo, Yo, wo) = G(xp, Yo, wo) = 0. This proves the first conclusion.

For the second conclusion, suppose that V (F) N V(G) contains mn + 1 points.
Join these points by lines, and pick a point of P4 that is not on any of the lines.
We can do so because K, being algebraically closed, is infinite. Applying a
projective transformation, we may assume that the point is [0, O, 1]. Write F and
G in the form (x). Regarding F" and G as polynomials in W, with coefficients in
A = K[X, Y], we again form R(F, G), which Lemma 8.4 identifies as a member
of K[X, Y], For fixed (xg, y9), Theorem 8.1 says that R(F, G)(xg, yo) = 0 if
and only if F(xg, yo, W) and G (xo, Yo, W) have a common factor (necessarily a
common factor of the form W — wy because K is algebraically closed), if and
only if F (xo, Yo, wo) = G (X9, yo, wp) = 0 for some wg. So at each of our mn+ 1
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points, say (x;, y;, w;), we have R(F, G)(cx;, cy;) = 0 for all scalars c. Since
(xi, ¥i) # (0,0), R(F, G) vanishes on the line y; X — x;Y = 0. Consequently
v; X — x;Y divides R(F, G) in K[X, Y].

Suppose that (x;, y;) is a multiple of (x;, y;) withi # j. Then (x;, y;, w;) and
(xj, yj, w;) bothsatisfy y; X —x; ¥ = 0. Since (0, 0, 1) satisfies this also and since
(0, 0, 1) is not to be on any of the connecting lines, we obtain a contradiction.

Thus the mn+1 factors y; X —x; Y are nonassociate primes in K [X, Y] dividing
R(F, G). By unique factorization for K[X, Y], their product divides R(F, G).
Since deg R(F, G) = mn, we conclude that R(F, G) = 0. Then Theorem
8.1 shows that F' and G have a nonconstant common factor in K[X, Y][W] =
K[X, Y, W]. The common factor is homogeneous by Lemma 8.3, and the second
conclusion is proved. ([l

4. Intersection Multiplicity for a Line with a Curve

In this section we begin the topic of “intersection multiplicity” for projective plane
curves. The idea is that the number of points in the intersection V (F) N V(G) in
Bezout’s Theorem as formulated in Theorem 8.5 should actually equal mn, not
merely be bounded above by mn, if the field is algebraically closed and the points
are counted according to their “multiplicities,” whatever that might mean.

The prototype is the factorization of a polynomial of degree n in one variable.
The polynomial has at most # roots, and it has exactly » if the field is algebraically
closed and each root is counted according to its multiplicity. In this case, as we
well know, a root zo of f(z) has multiplicity & if (z — zo)* is the largest power of
7 — 7o that divides f(z).

Our objective in this section is to develop a notion of intersection multiplicity
for the case of a line and a curve at a point; the case of two curves is less
intuitive and is postponed to the next section. The main result is to be that the
sum of the intersection multiplicities at all points for a line and a projective
plane curve equals the degree of the curve, provided that the underlying field is
algebraically closed and that the line does not divide the curve. The statement
in the previous paragraph about polynomials in one variable will amount to a
special case; for this special case the projective line is Y, the projective curve is
of the form W9~y — F(X, W), where F is homogeneous of degree d and where
f(X) = F(X, 1), and the divisibility proviso is that F not be the O polynomial,
i.e., that f(z) not be identically O.

Let K be a field, let L be in K[X,Y, W], and let F be in K[X, Y, W],.
The notation for intersection multiplicity will be (P, L N F), where P =
(x0, Yo, wo) is in Vg (F) N Vg (L). To make the definition, we introduce affine
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local coordinates. Choose ® in GL(3, K) with ®(xg, yg, wg) = (0,0, 1), and
form the corresponding local expressions
fXY)=F@ (X, Y, D))= filX, V) +---+ fa(X, V),
I(X,Y)=L(® (X,7,1)).

Here f; is the part of f that is homogeneous of degree j. Since [(0,0) = 0,
we see that [(X,Y) = bX — aY for some constants ¢ and b not both 0. Then

o) = (Z;) for t+ € K, is a parametrization of the locus in A%( on which

[(x,y) = 0. The composition f(¢(t)) is a polynomial in # with f(¢(0)) = 0. In
fact,
fle@) = filat,br) + fo(at, bt) +--- + fa(at, bt)

=tfi(a,b) + 1> fola,b) + - -+t fy(a, b).

There are two possibilities. If f o ¢ is not the O polynomial, then f(¢(¢))
has a zero of some finite order at + = 0, and this order is defined to be the
intersection multiplicity, or intersection number, / (P, L N F). If f o ¢ is the
0 polynomial, then we say that / (P, L N F) = 4o0. It will be convenient to
define I(P, LN F) =0if Pisnotin Vg (L) N Vg (F). We need to check that
I (P, LN F) does not depend on the choice of ®, but we postpone this verification
until after we consider two examples.

EXAMPLES OF INTERSECTION MULTIPLICITY.

(1) Example 1 in the previous section showed that relative to a suitable @ in
GL(3, K), the projective plane curve

F(X,Y,W)=X2Y + XYW+ W?
has local expression f (X, Y) about P = (xg, yo, 1) given by

FX,Y) = (Gyo +xoyo + 1) + (Y + 2x0y0X + x0Y + yoX)
+ (3oX? +2xXY + XY) + (X°Y)
=fo+ iX,Y)+ fo(X,Y)+ f3(X,Y).

For aline L, the intersection multiplicity / (P, LN F) is O unless P lies in Vg (F),
i.e., unless fy = xgyo + xoyo + 1 = 0. Suppose that the line L is given by

LX,Y,W)y=aX+BY +yW,
with local expression

I(X,Y)=L(X +x0, Y +y0,1) = (axo + Byo + ) + (X + BY).
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Here « and 8 are not both 0. The intersection multiplicity I (P, LN F) is O unless
P lies also in Vg (L), i.e., unless axo + Byo + ¥ = 0. Thus suppose that P lies
in Vg (L) N Vg (F). Then we can parametrize the locus for which /(x, y) = 0 by

(;C) =o(t) = (f;) and we obtain

file®) = fi(—=Bt, at) = t(xga — 2x0Y0B + Xoa — YoB),
Hlo®) = fo(=Bt, at) = t*(yoB* — 2x0ap + af).

One point lying in Vg (F) is P = (xg, Yo, 1) = (1, —%, 1), and P lies also
in Vg(L) if o — %,B 4+ y = 0, ie., if y satisfies y = %[3 — o. Then we
have fi(p(t)) = t(2a + 3B) and fo(p(1)) = t>(—1p* — aB). Consequently,
I(P,LNF)is> lifandonlyify = %,3—0{. Inthiscase, I (P, LN F)is > 2if
and only if 2« + % B=0,ie.,ifa = —%,3 . When both conditions are satisfied,
we have fo(p(t)) = tz(—%ﬂz —af) = tz(%ﬂz), and this is not the O function
because under these conditions, 8 = 0 would imply that («, 8, y) = (0, 0, 0);
hence I(P,LNF) = 2.

(2) Example 2 in the previous section considered the point P = (xg, yo, wWo) =
(0, 1, 0) for the same F, namely F(X,Y, W) = X?Y + XYW + W?3. This P
lies in Vg (F). For a suitable @, the earlier computations showed that the local
expression for F is

fX,Y) = (Y2 +XY) + (XY).

The most general line L for which P lies in Vg (L) is aX + yW = 0, and the
corresponding local expression is

(X, Y)=LY,1,X)=aY +yX.
We use the parametrization ¢(t) = (—at, y't) for L and obtain

flp@) =y —ay) + 1 (—ad).
By inspection we see that I (P, L N F) > 2 for all choices of « and y, and that
I(P,LNF)>3ifandonlyify =0ory =a. Ify =0or y = «, then o*
cannot be 0, and thus I (P, LN F) = 3.

Let us return to the verification that / (P, L N F) does not depend on the choice
of ®. Thus suppose that W is another member of GL(3, K) with ¥ (xq, yo, wo) =

(0,0, 1). Write
a B 0
\IJOCD_I:()/ 8 0),

r s 1
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form the local expressions

XY =FW (X, Y, 1)=fX,YV)+ -+ fi(X,Y),
I'(X,Y)=LWV '(X,Y,1)=bX—dY,

and parametrize the locus in A%( with //(x, y) = 0 by
X o [a't

Lemma 8.6. In the above notation, f (X, Y) equals

We need a lemma.

X +sY + D)7 fl(@X + BY, y X 4 8Y)
+ X +sY + D)2 f@X + BY, y X +8Y)
+--+ fi@X + BY, y X + 8Y),
and therefore
fX,Y) = fl(@X + BY, yX + 8Y).

PROOF. For the first conclusion, let us justify the following computation:

FX,Y)=(FoW¥ HWod X, Y1)
=(FoW NYaX+BY,yX +8Y,rX+sY +1)

_ - X+BY X+5Y
=(FoW )((rX +sY + 1)(r§l(+sY+l’ r;/H-SY-H’ 1)>

_ d o1{ aX+BY  yX+8Y
=X +sY+D%f (r(;H-SY-H’ rX+xY+1)

X+pBY X+68Y
=X +sY+ l)d(fl/ +ot fd/)(r?(+jlé+l’ r;+:Y+l)
=X +sY + DT f(aX + BY, y X +8Y)

+ X +sY + D2 f@X + BY, y X +8Y)
+---+ fi@X + BY, y X + 8Y).

In fact, the first three lines are valid if we make the computation in the field of
fractions K (X, Y), the fourth line uses the homogeneity of F' and a substitution
homomorphism that evaluates members of K[X, ¥, W] at points of K (X, Y, W),
and the remaining lines use the homogeneity of f|, ..., f; and a substitution
homomorphism that evaluates their arguments at points of K (X, Y).
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This proves the first conclusion. To derive the second conclusion from it, we
expand each of the coefficients on the right side and group terms of the same
degree of homogeneity under (X, Y) — (A X, AY). The only term whose degree
of homogeneityis 1is f{ (¢« X+BY, y X+48Y) witha coefficient 1 coming from the
expansion of (r X +sY +1)?~1; all other terms have higher degree of homogeneity.
When f (X, Y) onthe left side is expanded as a sum of homogeneous polynomials,
the term of degree 1 is f1(X, Y). The second conclusion follows. ]

Continuing with the verification that (P, L N F) does not depend on the
choice of ®, we apply Lemma 8.6 to L in place of F, and we obtain

I(X,Y)=1(X + BY, yX + 8Y).
Since [(X,Y) =bX —aY and I'(X,Y) = b'X — d'Y, this equation shows that
b=ba—ady and —a=>bp—-ads.
Putting A = a8 — By, we solve for a’ and b’ and obtain
aa + Bb = Ad’ and ya+38b = Ab'.
When x = at and y = bt, we thus have
ax + By = aat + Bbt = tAd’ and yx + 8y = yat + 8bt = tAb'.

Substituting these formulas into the first conclusion of Lemma 8.6 and using the
homogeneity of each f] gives

fl@(t) = (art +bst + 1)t Af](d', b))
+ (art +bst + DI A2 f(d, b)) + -+ t1A f)(d, D).

If j is the smallest index for which f/(a’, b') # 0, then the lowest power of
t remaining on the right side after expansion of the coefficients is #/, and its
coefficient is A/ fj’ (da’, b’). Thus we can conclude that the lowest power of ¢ with
nonzero coefficient on the left side is 7/, and its coefficient fj(a, b) must equal
A fj(a’, b). The equality of the lowest power of 7 remaining on each side shows
that I (P, L N F) is the same when computed from f as when computed from f’,
and we obtain as a bonus the formula f;(a, b) = A/ fi@,b)if t/ is that power.
This completes the verification that / (P, L N F) does not depend on the choice
of &.

Now we come back to the circle of ideas around Bezout’s Theorem. The first
task is to clarify the meaning of infinite intersection multiplicity.
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Proposition 8.7. Over the field K if a projective line L and a projective plane
curve F meet at a point P in P32, then I(P, L N F) = +oc if and only if L
divides F.

PROOF. If L divides F, then in the above notation the local expression /(X, Y)
divides f (X, Y). Since [(¢(¢)) is the O polynomial, so is f(¢()).

Conversely suppose that f (¢(¢)) is the 0 polynomial, so that f,(a, b) = 0 for
all » with 1 <r < d = deg F. Without loss of generality, suppose b #% 0. The
equality

0= fi(a,b)=cod” +cra” b+ +c b
=b"(colab™ Y +ci@b™y " -+ ¢)

says that Z — ab~! is a factor of b" (coZ" + aZ '+ 4¢). If we write
b (coZ +ca1Z '+ o) =(Z —ab Hu(Z)
and take Z = XY !, then

B (X, Y)=b0Y (co XY™ +ei (XYY '+ +¢)
=Y (XY ' —ab HuXy ) =b""X, V)Y uxy ™).

Hence [(X, Y) divides f, (X, Y) for all . It follows that / (X, Y) divides f (X, Y)
and then that L divides F'. ]

The full-strength version of Bezout’s Theorem says that two projective plane
curves F and G of degrees m and n meet in at most mn points even when
multiplicities are counted, and that the number is equal to mn if K is algebraically
closed and multiplicities are counted. This theorem will be proved in Section 6.
For the time being, we shall limit ourselves to the special case of the full-strength
theorem in which one of the curves is a line.

Theorem 8.8 (Bezout’s Theorem). Let K be an algebraically closed field. If
F is a projective plane curve over K of degree d and if L is a projective line such
that L does not divide F,then ) , I(P,LNF) =d.

PROOF. First we show that

Y I(P,LNF) < +oc. (%)
P

Since L is assumed not to divide F, Proposition 8.7 shows that (P, L N F)
is finite at every point of Vg (L) N Vk(F). Thus Y, I(P,L N F) is finite if
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there are only finitely many points in Vg (L) N Vg (F). Bezout’s Theorem in the
form of Theorem 8.5 shows that either Vg (L) N Vg (F) is finite or else L and
F have as a common factor some homogeneous polynomial of positive degree.
Since L has degree 1, L is prime, and thus L and F' can have a common factor of
positive degree only if L divides F. We are assuming the contrary, and therefore
Vi (L) N Vg (F) is finite. This proves (x).

Possibly by applying a projective transformation, we may assume’ that the
given line L is the line at infinity W. Then the points P; with I (P;, WN F) > 0
are of the form [x;, y;, 0]. Taking into account that the algebraically closed field
K is necessarily infinite, we can apply a second projective transformation, one
that translates the Y variable, and assume that no y; is 0. Then we can write
P; =[r;, 1,0] with r; in K. Let us see that

H(X) = F(X,1,0) isanonzero polynomial of degree exactly d. (%)

In fact, F(X, Y, W) is homogeneous of degree d, and we have arranged that
[1,0, 0], which certainly lies in Vg (W), is not in Vg (F). Consequently the X¢
term in F (X, Y, W) has nonzero coefficient, and (xx) follows.

Next let us prove that

I((r, 1,0), Wn F) = multiplicity of 7 as aroot of H(X) = F (X, 1,0). ()

Then it will follow that » , I(P, W N F) equals the number of roots of
H(X) = F(X,1,0), each counted as many times as its multiplicity. In view
of (xx) and the fact that K is algebraically closed, we will then have proved that
Y pI(P,WNF)=d, as required.
To prove (1), we introduce affine local coordinates about (r, 1, 0), using ®~! =
10r
(0 0 1), so that ®(r, 1,0) = (0,0, 1). The local versions f of F and [ of W

010 )
relative to this @ are

fX,Y)=F@ YX,Y,1)) = F(X+r,1,Y),
I(X,Y)=W@ '(X,7,1) =Y.

Hence/(X, Y) isof the form bX —aY witha = —1 and b = 0. If we parametrize
[ by ¢(t) = (at, bt) = (—t,0), then

fle@®) = f(=1,0) = F(=t+r,1,0).

If P and P’ are distinct points in IP’%O then there exists a projective transformation carrying P
to [1,0,0] and P’ to [0, 1, 0]. This transformation carries the unique line through P and P’ to the
line at infinity.
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The order of vanishing of f(¢(¢)) at ¢+ = 0, which is I([r, 1,0, Wn F), thus
equals the order of the zero of F(—t +r,1,0) at ¢t = 0, which equals the
multiplicity of r as a root of H(X) = F(X, 1,0). This proves (}), and the
theorem follows. ]

S. Intersection Multiplicity for Two Curves

In this section we continue the topic of “intersection multiplicity” begun in Sec-
tion 4. That section dealt with intersection multiplicity for the special case of a
projective line and a projective plane curve, and the present section deals with
the general case of two projective plane curves. The next section will use the
general notion to address Bezout’s Theorem in full generality. In this section and
the next we shall make occasional use of material from Chapter VII, especially
Lemma 7.21 and the results in Section VIIL.1.

It is worth reviewing qualitatively what happened in Section 4. What we
did was refer the given line and curve to affine space, parametrize the line in a
natural way, and substitute the parametrization into the formula for the curve to
obtain a scalar-valued function of one variable. The order of vanishing of the
resulting scalar-valued function of one variable was defined to be the intersection
multiplicity. The classical approach® for handling two curves proceeds by trying
to generalize this construction, in effect parametrizing one curve and substituting
into the other. The fact that there need be no natural parametrization of either
of the curves leads to a number of complications, and ultimately the argument
involves a complicated ring of power series.

We shall follow a somewhat more modern approach® based on localizations.!?
The definition is not particularly intuitive, and it is necessary to study some
examples to see its virtues. We give the definition, show that the definition is
consistent with the definition in the special case of Section 4, check that the
definition makes sense in general, state some properties that are useful in making
computations, work out an example, and then verify the properties. Thus let F
and G be homogeneous polynomials in (X, ¥, W) of respective degrees m and n,
and let P = [xg, yo, wo] be a point of the projective plane }P’%( over a field K. We
refer matters back to affine space in the usual way by letting ® be any member
of GL(3, K) such that ®(xg, yg, wg) = (0,0, 1). The local expressions from &

8 An account appears in Walker, Chapter IV.

9See Fulton, Chapter 3, for the present section and Fulton, Chapter 5, for the next section.

10For a still more modern and more general approach, see Serre’s Algébre Locale. Serre’s opening
sentence summarizes matters by saying, “Intersection multiplicities in algebraic geometry are equal
to certain ‘Euler—Poincaré characteristics’ formed by means of the Tor functors of Cartan—Eilenberg.”
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about (0, 0) corresponding to F and G are the polynomials f and g with

f(X,Y)=F(@'(X,7, 1),
g(X,Y)=G@'(X,Y, D).

These polynomials break into homogeneous parts as

f(XaY)=f0+f1(X»Y)++fm(XaY)v
8(X,Y)=go+gi(X,Y)+ -+ g, (X, Y),

with f; and g; homogeneous of degree j in the pair (X, Y). We assume that P
lies on the locus Vi (F) N Vg (G) of common zeros of F and G, and the condition
for this to happen is that fy = go = 0. The order of vanishing m p (F) of F at
P is the first j for which f; is not the zero polynomial; we saw as a consequence
of Lemma 8.6 that this quantity is well defined independently of the choice of ®.

The intersection multiplicity / (P, F N G) of F and G at P can be defined in
either of two equivalent ways. The equivalence of the two definitions will be used
repeatedly in the discussion and follows from the fact that localization commutes
with passage to the quotient by an ideal, a fact that was proved as Lemma 7.21.
One definition is

I(P, FNG) =dimg ((K[X, Y]/(, g))(oﬁo)),

where (K[X,Y]/(f, g))(o.()) is the localization at (0,0) of the K algebra
K[X,Y]/(f, g). That is, we form the quotient ring of K[X, Y] by the ideal
generated over K by f and g, localize with respect to the maximal ideal of all
members of the quotient vanishing at (0, 0), and compute the dimension of this
localization over K. The other definition is

I(P, FNG) =dimg (ST'K[X, Y1/S7'(f, 9)).

where S is the multiplicative system in K[X, Y] consisting of the complement of
the maximal ideal (X, Y), i.e., consisting of all polynomials that are nonvanishing
at (0, 0). Ineither case all elements of the ring being localized have interpretations
as functions, and the multiplicative system consists of all the functions that are
nonzero at a certain point. Nevertheless, the matter is a little subtle because
some members of the multiplicative system in the first case may be zero divisors.
Here is a lower-dimensional example of that phenomenon that can also serve as
a guiding example for Theorem 8.12 below.
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EXAMPLE OF GEOMETRIC LOCALIZATION. R = (K[X]/((X*(X — 1)%))) 0
with the subscript indicating localization at 0. Before passage to the localization,
the quotient Q = K[X]/((X?(X — 1)?)) has dimension 4, with a basis consisting
of the cosets of 1, X, X2, X3. The multiplicative system S for localization at O
consists of all members of the quotient that are nonzero at 0. The localization as a
set consists of equivalence classes of pairs (r, s) withr in Q and s in S, two pairs
(r, s) and (', s") being equivalent if ¢ (rs” —r’s) = 0 for some ¢ in S. Localization
is a ring homomorphism, and we therefore consider the pairs (r, s) in the class of
the additive identity. These have #(r1 — Os) = O for some ¢. Then ¢ and r have
representatives ¢ (X) and r(X) in K[X] such that t(X)r(X) = p(X)X*(X —1)?
for some p(X). Furthermore, #(0) # 0. Then X? must divide 7(X), and this
condition is also sufficient for the choice #(X) = (X — 1)2. Thus the members
X2g(X) of K[X] give 0 in the localization, and the localization is isomorphic to
the 2-dimensional algebra K[X]/(X 2.

Proposition 8.9 below will show that 7 (P, F N G) is independent of the func-
tion ® used to introduce affine local coordinates. Assuming this independence,
we begin with an example that shows that the definition is consistent with the
definition in Section 4.

EXAMPLE 1 OF INTERSECTION MULTIPLICITY. Case of a line L and a curve
F homogeneous of degree d. Assuming that P lies in Vg (L) N Vg (F), we
introduce affine local coordinates by means of a member ® of GL(3, K) that
carries a representative of P to (0,0, 1), and we let /(X,Y) and f(X,Y) be
the corresponding local expressions for L and F. Let f = fi +--- 4+ f4
be the decomposition of f into its homogeneous parts. Since the intersection
multiplicity is being assumed to be independent of the choice of ® and since for
any second point on a line through (0, 0, 1), there exists a ® that fixes (0, 0, 1)
and carries that second point to (1, 0, 1), we may assume that [(X,Y) =Y. We
introduce the parametrization (x, y) = ¢(t) = (¢,0) for the line /(X, Y) and
substitute into f (X, Y), obtaining f(¢(¢)) = fi1(t,0) + --- + f4(¢,0). In the
definition of Section 4, the intersection multiplicity is the least r such that f, (¢, 0)
is not identically O, or else it is 400 if f(¢(?)) is identically 0. With the new
definition we observe from the definition of » that f is of the form

X Y) = (X + - +caX)+Ye(X,Y) =, X (1 + Xh(X)) + Yg(X, Y)
with ¢, # 0, g(X,Y) € K[X, Y], and h(X) € K[X]. The ideal in K[X, Y]
generated by Y and f is the same as the ideal generated by Y and X" (14 Xh(X)).

Hence

KX, Y1/(Y, ) = K[X, Y]/(Y, X" (1 + Xh)) = K[X]/(X"(1 + Xh)).
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The polynomial 1 + X/ (X) takes a nonzero value at 0 and hence is a member of
the multiplicative system that we use to form the localization. Thus

(KIX, Y1/ (Y. )90 = (KIXT/(X" (1 + Xh))) o) = (KIX1/(X)) -

The dimension of the right side is r, and thus the new definition of intersection
multiplicity matches the old one.

Proposition 8.9. The intersection multiplicity of two projective plane curves
F and G at P is well defined independently of the member of & that moves a
representative of P to (0,0, 1).

PROOF. It is enough to take P = [0, 0, 1] and to compare the effect of passing
to affine local coordinates determined by the identity with the effect of passing
to the coordinates determined by a general element ® of GL(3, K) of the form

a0
b = (y ) 0). Letdeg F = manddegG =n. If f(X,Y) = F(X,Y,1) and
~ ros 1
f(X,Y) = F(®'(X, Y, 1)), then the computation in the proof of Lemma 8.6
shows that

FOXY) = (47X +5Y)" F(E5E, 285). ()

Similarly if g(X,Y) = G(X, Y, 1) and (X, Y) = G(®~'(X, Y, 1)), then

_ ~( aX+BY  yX+8Y
gX,Y) =0 +rX+sY) g(lirx+xy’ l-yer+sy)'

Let
o B0
r _ aX+pY /vy X+8Y -1 _ Ly
X =1oxnr: ¥V =1y and &7 = v 5/? .
r.s

Itis purely a formal matter that the mapping 7' defined by (Th)(X,Y) = h(X', Y’)
is a field isomorphism of K (X,Y) onto K(X’,Y’). It sends K[X, Y] onto
K[X',Y']andsends (K[X, Y1) (0.0, ONtO (K[X', Y') (0.0, Referring to the formu-
las for X’ and Y’, we see that the image of K [X, Y] is contained in the localization
(K [X, Y]) by the universal mapping property of localizations, the image of
(KX, Y])(O’O) is contained in (K[X, Y])(O’O).
we see that (K[X', Y']) 00 S (K[X,Y]) 0.0

Meanwhile, we can solve the equations defining X’ and Y’ for X and Y. If we
compare the results with the formula for ®~!, we find that

0.0)°
Comparing these two conclusions,

_ a/X/+IB/Y/ _ V/X/+6/Y/
X = 1+r' X' +s'Y’ and Y = I+r' X' +s'Y"*
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Thus the situation is symmetric, and we have (K[X, Y])(o,()) C (K[X’, Y/])(o,())'
Consequently the mapping

X+BY X+8Y
(Th)(X,Y) = h({2HEL,, X0

is an algebra automorphism of (K[X, Y]) 0.0)
To prove the proposition, recall that localization commutes with passage to the
quotient by an ideal. In view of (x), it is therefore enough to show that

dimg ((K[X. Y])(o,())/(f’ 2))
= dimg ((KIX. Y1) g0 /(1 +7X +5Y)"Tf. (1 +7X +5Y)"Tg)). (%)

The factor (1 +rX + sY) is a unit in (K[X, Y])
quotient algebra on the right side of (k) to

(0.0> and we can simplify the

(KIX. Y1) o /(Tf. Tg).

In turn, this algebra is K isomorphic to (K [X,Y ])
automorphism of (K[X, Y1)

© 0)/(f, g) because T is an

©0.0)° The dimensional equality in (xx) follows. [J

Let us extend the definition of intersection multiplicity to include the case
that the point of interest does not lie in the locus of common zeros. We define
I(P,FNG) = 0if Pisnotin Vg(F) N Vg(G). Assume now that K is
algebraically closed. Below we compute a fairly typical example of intersection
multiplicity. To do so, we shall make use of certain properties of 1 (P, F N G)
that we list in Theorem 8.10 below. In fact, there is an algorithm for computing
I(P, F N G) using only these properties,'! but we shall not give it.

Before stating the properties, we need to make some definitions. Recall from
earlier in the section that the order of vanishing m p (G) of G at P is computed using
a suitable ® in GL(3, K) to refer G to affine local coordinates about P, defining
2(X,Y) = G(® (X, 7, 1)), expanding g(X, ) as a sum of homogeneous terms
g X, Y)=g0+a1 (X, YY)+ -4+ g,(X, Y), and defining m p (G) to be the least j
such that g; is not the 0 polynomial. The homogeneous polynomial g; (X, Y)is X Y
times a polynomial in the one variable ¥ X!, and the fact that K is algebraically
closed implies that g; has a factorization of the form

8j(X. ¥) :CH(OliX—i-,BiY)’”"

HEylton, p. 76.
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with ¢ in K. Here j = ) ;m;, and the pairs («;, ;) correspond to distinct
members of ]P’}( that are uniquely determined up to indexing if ¢ # 0. Let
L(X,Y) = a; X + B;Y, and let L; be the corresponding projective line. We
refer to all the lines L; as the tangent lines to G at P, and we say that m; is the
multiplicity of L;. The geometry of the situation is indicated in Problem 12 at
the end of the chapter.

Theorem 8.10. Let K be an algebraically closed field, let P be in P2, and let
F and G be projective plane curves over K. Then the intersection multiplicity
I (P, F N G) has the following properties:
(@ I(P,FNG)=I(P,GNF),
() I(P,FNG)=I1(P,FN(G+ HF)) for any projective plane curve H
withdeg HF = deg G suchthat G+ HF #0,
(¢) I(P,FNG) > 0ifandonly if P lies in Vg (F) N Vk(G),
(d) I(P,FNG) < I(P, AF N BG) for any projective plane curves A and
B, with equality if A and B are nonvanishing at P,
(e) I(P, FNG) is finite if and only if F and G have no common factor of
degree > 1 having P on its zero locus,
® I(P,FNGH)=1(P, FNG)+I(P, FN H) and consequently if F =
[T F{"and G =]; G}, then I(P, FNG) =Y, ;ris; I (P, Fi N G)),
(g) I(P,FNG) = mp(F)mp(G), with equality if F and G have no tangent
lines in common at P.

REMARKS. Properties (a) and (b) are evident. Properties (c) and (d) are
conversational and will be proved in these remarks. Properties (e), (f), and (g)
require proofs, and we give those proofs after computing an example. For (c), if
P liesin Vk (F)N Vg (G), then the local expressions f (X, Y) and g(X, Y) vanish
at0, and so does every member of the ideal (f, g); therefore (f, g) is a proper ideal
in (K [X,Y ]) 0.0)’ and the dimension of the quotient is positive. Conversely if P is
notin Vg (F), say, then f (X, Y) lies in the multiplicative system S of nonvanish-
ing polynomials at (0, 0), and S~'(f, g) = (1); hence S~'K[X, Y1/S7'(f, g) =
0,and I (P, FNG) = 0. For (d), S~!(af, bg) € S~'(f, g) with equality if a and
b are nonvanishing at (0, 0), and hence S~ K[ X, Y]/S~!(f, g) is ahomomorphic
image of ST'K[X, Y]/S~!(af, bg) and is a one-one homomorphic image if a and
b are nonvanishing at (0, 0).

EXAMPLE 2 OF INTERSECTION MULTIPLICITY. Let K = C, and let the two
projective curves be the homogeneous versions of Y2 = X3 and Y? = X°. In
other words, let

FX,Y,W)=Y>*W—-X*  and GX,Y,W)=Y>W>—-X°.
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We compute [ (P, F N G) for all points P in Vg (F) N Vg(G). In the affine
plane the intersections (x, y) may be found by substituting the one equation into
the other (or, with more effort in this case, by using the resultant). We obtain
x> —x3 = 0. This gives x3(x2 — 1) = 0. The factor x2 — 1 has two distinct
roots, and each gives two distinct y’s. Thus we obtain the five affine solutions
(+1, £1), (—1, £i), (0,0). The fact that the first four occurred routinely with
multiplicity 1 translates into intersection multiplicity 1 for each: In fact, (b) shows
that I (P, FNG) = I(P, FN(W?F — G)),and W?F — G restricts at (X, Y, 1)
to X° — X3 = X3(X? — 1). At each of the points (+1, £1), X> — X when
viewed as equal to 0 has a vertical tangent X — 1 of multiplicity 1, while Y — X3
has a tangent that is not vertical. A similar argument applies at each of the points
(—1, £i). By (g), the intersection multiplicity is 1 at each of the four points
(+1, £1) and (—1, £i).

Next let us consider (0, 0). The order of X°> — X3 is 3, and the homogeneous
term of degree 3, namely — X3, factors as the cube of a linear factor that gives
the vertical line X. Meanwhile, Y> — X3 has order 2 at (0, 0), and Y? factors
as the square of a linear factor that gives the horizontal line Y. The two curves
have no tangents in common. Hence equality holds in (g), and the intersection
multiplicity is 6 at (0, 0).

Finally let us check points (x, y, w) on the line at infinity, i.e., those with
w = 0. Putting w = 0 in the formula F = G = 0 shows that x = 0. Thus
the only point of Vg (F) N Vi (G) on the line at infinity is P = [xo, Yo, wo] =
[0, 1,0]. The local versions of F and G may be given in the variables X and
W by restricting (X, ¥, W) to (X, 1, W) and considering the polynomials about
(x, w) = (0,0). As above, (b) gives I (P, FNG) = I(P, FN(W?F — G)), but
F = Y?W — X3 restricts to W — X3 and W?F — G = —W?X? + X3 remains
unchanged upon restriction. The respective lowest-order terms, in factored form,
are W and —X>3(X + W)(X — W). None of the factors of the first polynomial
matches a factor of the second polynomial, and (g) says that the intersection
multiplicity is 1 - 5 = 5.

The upshot is that we get multiplicity 6 from (0, 0), multiplicity 1 apiece from
four other points in the affine plane, and multiplicity 5 from P = [0, 1, 0]. The
total is 15, the product of the degrees of the given curves, as it must be if we are
to have any chance of obtaining the desired generalization of Bezout’s Theorem.

To get at Theorem 8.10, we make use of a structure theorem about ideals / in
K[Xy, ..., X,] for which V(I) is a finite set. To prove the structure theorem,
which appears as Theorem 8.12 below, we first prove a lemma about the radical
ﬁ of an ideal I, a notion defined in Section VII.1.

Lemma 8.11. If R is a commutative Noetherian ring and / is an ideal in R,
then (v/1 )™ C I for some integer m > 1.
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PROOF. Since R is Noetherian, the ideal +/1 is finitely generated. Let
{ay, ..., a,}beasetof generators for it. By definition of radical, choose integers

ki . . ,
ki, ..., k, such that aj" isin / for1 < j <n, and putm = 27:1 kj. The most
general element of /7 is of the form Z;’:l rja; with all r; in R. The m™ power
of this element is a sum of terms of the form rai‘ -+ - al with Z;’Zl l[i =m. In
view of the definition of m, we must have /; > k; for some j. Then the factor a]l.j

.. I ..
is in 7, and hence the whole term ra;' - --al isin 1. U

Theorem 8.12. Let K be an algebraically closed field, and let / be an ideal
in the polynomial ring K[X1, ..., X,] whose locus of common zeros in K" is
a finite set { Py, ..., P¢}. Then K[X1, ..., X,]/I is isomorphic as a ring to the
product of its localizations at the points P;:

k

KIX1, o X /T[T (KIX0 e Xal/ 1) )
j=1

Consequently

k
dimg (K[X1, ..., X,)/]) = dimK(K[Xl,...,Xn]/I)(P]_).
j=1

REMARKS. The one-variable case is a guide: The ideal [ is principal, and we
can write K[X]/I as I([X]/(]_[];:1 (X —c¢j)™). The points P; of the theorem are
the members c; of K, and the same argument as for the first example of the section
shows that (K[X]/(]_[j (X_Qi)’n‘f))(c-j) = K[X]/(X —c;)™. The isomorphism of
the theorem therefore reduces to an instance of the Chinese Remainder Theorem.

PROOF. Let ¢; : K[Xy, ..., X,1/I — (K[X, ...,Xn]/l)(Pj) be the canoni-
calhomomorphism, andletp = (¢, ..., ¢). The mapping ¢ is aring homomor-
phism into ]_[;.‘:l (K [X1,..., X,1/1 )( Py and we shall prove that ¢ is one-one
onto. Doing so requires some preparation.

Let I; be the maximal ideal of all polynomials vanishing at P;. The Null-
stellensatz (Theorem 7.1) shows that /7 consists of all f € K[X,Y] such
that f vanishes at each P;, i.e., that /I = ﬂf:l I;. Lemma 8.11 shows that
(v/T)™ C I for some m, and thus (ﬂle Ij)m C 1. Fori # j, I" + 1" is an
ideal whose locus of common zeros is empty, and the Nullstellensatz shows that
"+ 1 j’” = K[X;, ..., X,]. The Chinese Remainder Theorem (Theorem 8.27

of Basic Algebra) therefore applies and shows that the intersection ﬂl;zl 1 j’" and
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the product ]_[le 1 j”‘ coincide. Similarly I; + I; = K[X{, ..., X,], and hence
ﬂle I; = ]_[‘];:1 I;. Putting these facts together, we conclude that

k k k k
A== (" =(Qurer ®
j=1 j=1 j=1 j=1

Let us now denote members of K[X1, ..., X,] by uppercase letters and their
cosets modulo / by the corresponding lowercase letters. Let us observe for
1 <i < k that there exists F; € K[Xy, ..., X,] with F;(P;) = §;;. In fact, we
start from the special case that if P # Q, then there exists F with F(P) = 1
and F(Q) = 0. For the special case, P and Q differ in some coordinate; say that
x;(P) # x;(Q). Then the polynomial

F(Xi,..., Xp) = (X; — x(Q)a(P) — x(Q) !

has the required properties. To construct F; with Fi(P;) = 6;, choose G;
with G;(P1) = 1 and G;(P;) = 0. Then F; = [[;,; G; has F1(P1) = 1 and
F1(P;) =0 for j # 1. The polynomials F>, ..., Fy are constructed similarly.

With m as in the second paragraph of the proof, fix j and define E; =
1 — (1 — F")™. This is divisible by F;" and hence lies in Ij’" ifi # j. In
addition, 1 — ij lies in I;, and hence 1 — E; = (1 — Fj’")m isin / j’”. Therefore
1-— Zle Ei=(1—-Ej)— Zi;ﬁj E; liesin I[". Since the left side is independent
of j, 1 — Y, E; lies in ﬂle I}", and we conclude from (x) that

k
1-Y E; lies in 1. (%)
i=1

We just saw that E; lies in (), ; /;". Henceif i # j, then E; E; lies in ﬂf:l I"
I. Passing to cosets modulo 7, we find from this fact and from (xx) that

k
eie; =0 fori # j, and that dei=1. )
i=1

Multiplying the second equation by e; and substituting from the first equation,
we obtain
el =e¢; for all i. )

1

Using (1) and (7), let us prove for each i that

toeach G € K[X1, ..., X,] with G(P;) #0
corresponds a polynomial H with hg =¢;. (%)



482 VIII. Background for Algebraic Geometry

In fact, we may assume that G(P;) = 1. Let Q be the member of /; given by
Q =1 — G. The element Q"E; is in I because Q is in /;, and it is in Ijm
for j # i because E; is in I} for j # i. Thus Q™E; is in ﬂ;‘:l I € 1, and
q"e; = 0. Consequently

gleitqeit - +q" e =(U-qel+q+-+q") =ei(1-¢") = e,

and H = E;(14+ Q +--- + Q" 1) is a polynomial as in ().

Now we can prove that ¢ is one-one. If f is a member of K[Xy, ..., X,]/1
such that ¢(f) = 0, then ¢;(f) = O for all i. This means that there exists a
member g; of the multiplicative system for localization at P; such that g; f = 0.
Any corresponding polynomial G; has G;(P;) # 0. By (%), there exists i; with
higi = e;. Then (f) gives f = S eif = S higif = 0. Thus ¢ is
one-one.

For the proof that ¢ is onto, we recall that the multiplicative system used to
obtain (K[X1, ..., X"]/I)(P,) consists of the elements K[X;, ..., X,1/I that

are nonzero at P;, and ¢; carries these to units in (K[X1, ..., X,,]/I)(P.). Since
. . . . J

E;(P)) =1, pj(ej) is aunit. Fori # j, we have @;(e;)¢p;(e;) = p;(eie;) =0,

and therefore ¢;(e;) = 0. Consequently

k k
pjlej) = IX}%(&) =g9i(Xe) =9 =1,
= =1

~

and g@;j(e;) is the identity of (K[X, ...,X,,]/I)(P]_). The localization at
P; consists of the equivalence classes of all pairs (r;,s;) with r; and s; in
K[X1,...,X,]/1 and s; in the multiplicative system for index j. Thus let
such pairs (r;, s;) be given for 1 < j < k. We are to produce an element a
of K[Xjy, ..., X,]/I such that ¢;(a) = <pj(rj)(g0j(sj))’1 for all j. Use of ()
produces h; with hjs; = e; for all j, and this element has the property that
@;j(hj)j(s;) = @j(e;) = 1, hence that ¢;(h;) = (pj(sj)_l. Consequently the
elementa = Zj rih;e; has the property that

pj(a) = %’(Zrihiei) = Z‘Pj(ri)(/)j(hi)(pj(ei) = (r))(pj(s)) ™!
and exhibits ¢ as onto. (]
Corollary 8.13. Let K be an algebraically closed field, and let / be an ideal
in the polynomial ring K[X1, ..., X,] whose locus of common zeros in K" is a

finite set {Py, ..., P}. Then K[X, ..., X,,]/I is finite-dimensional, and so is
the localization (K[Xl, ey Xn]/I)(P.) for each j.
J
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PROOF. This is a corollary partly of the statement of Theorem 8.12 and partly
of the proof. Let m be as in the proof. If [ is the maximal ideal (X1, ..., X,)
of K[Xq,..., X,], then Ié” is the ideal generated by all monomials of degree m,
and K[Xy, ..., X,]/1y" is finite-dimensional. Consequently the maximal ideal
I = (X1 —x1(Pj), ..., Xy — x,(P;)) has the property that K[X{, ..., X,,]/Ij’”
is finite-dimensional. Since I/ + 1 j’” = K[Xy,..., X,] fori # j, the Chinese
Remainder Theorem shows that

k k
K[Xla"-’Xn]/ﬂIjm;HK[XI"--aXn]/IJm’
j=1 j=1

and the left side is therefore finite-dimensional. By () in the proof of Theorem
8.12, ﬂ;fH Ij’” C I, and hence K[Xy, ..., X,]/1 is finite-dimensional. Then
(K Xy, ..., Xn1/1 ) P is finite-dimensional as a consequence of the statement
of Theorem 8.12. [

PROOF OF THEOREM 8.10e. If F and G have a common factor H of degree
> 1 such that H(P) = 0, we may assume that H is irreducible. Introduce affine
local coordinates about P. If f, g, h denote the local versions of F, G, H, then
the ideal (f, g) of K[X, Y] is contained in the principal ideal (k). The latter
ideal is proper because #(0, 0) = 0, and the irreducibility of H thus implies that
(h) is prime. If S denotes the multiplicative system in K[X, Y] of polynomials
that are nonvanishing at (0, 0), then S~'(f, g) € S~!(h), and we have a natural
quotient homomorphism of S~'K[X, Y]/S~!(f, g) onto S~'K[X, Y]/S~(h).
The latter is isomorphic as a K algebra to (K[X, Y]/(h)),0), and the dimension
of this localization is a lower bound for / (P, F N G). Since K[X, Y]/(h) is an
integral domain, K[X, Y]/(h) maps one-one into any localization of itself, and
dimg (K[X, Y]/(h)) is a lower bound for 7 (P, F N G). Since h is nonconstant,
either X or Y actually occurs init, say Y. Then & divides no member of K [X], and
the mapping of K[X] into cosets modulo (%) is one-one. Therefore K[ X, Y]/(h)
contains a subalgebra isomorphic to K[X] and must be infinite-dimensional.

Conversely if F' and G have no common factor of degree > 1 with P on its
locus, then (d) shows that we may assume F and G to have no common factor of
degree > 1 of any kind. In this case Theorem 8.5 shows that the locus of common
zeros of F and G is finite, and Corollary 8.13 shows that / (P, F N G) is finite. [

PROOF OF THEOREM 8.10f. We are to prove that
I(P,FNGH)=I1(P,FNG)+ I(P,FNH). (%)

If F and G H have a common factor of degree > 1 that vanishes at P, then F and
one of G and H have such a factor. By symmetry we may assume that F and G
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have that common factor. Then the left side of () and the first term on the right
are infinite by (e), and (x) is verified.

Thus we may assume that F and GH have no common factor that vanishes
at P. If F has a prime factor that does not vanish at P, then (d) shows that we
can drop that factor from all three appearances of F in (x). In other words, it is
enough to prove (f) under the assumption that F and G H have no common factor
of degree > 1 of any kind.

With this assumption in place, introduce affine local coordinates about P, let S
denote the multiplicative system in K[X, Y] of polynomials that are nonvanishing
at (0, 0), and let f, g, h be the local versions of the given curves F, G, H. The
inclusion of ideals (f, gh) C (f, g) induces an inclusion S~!(f, gh) € S~'(f, g)
and then an onto algebra homomorphism

¢ :ST'K[X, Y1/STN(f. gh) > ST'KIX. Y1/S7'(f. &)

We shall exhibita K vector-space isomorphism v of ST'K[X, Y]/S~!(f, h) onto
ker ¢, and the resulting dimensional equality

dimg (ST'K[X, Y1/S7'(f. gh))
= dimg (ST'K[X, Y1/S7'(f, &) + dimg (ST'K[X, Y1/ST'(f, b)) (k%)

will prove (x) and hence (f). We define
U STIK[X, Y] — STUK[X, Y1/STN( S, gh)

as a K linear map by W(u) = gu + S~'(f, gh). If af + bh is in S~'(f, h), then
W(af + bh) = afg + bgh + S~'(f, gh) = S~'(f, gh). Thus W descends to a
K linear map ¥ of ST'K[X, Y]/S™!(f, h) into ST'K[X, Y]/S™'(f, gh). Itis
evident that o = 0 and hence that ¢y = 0, i.e., image Y < Ker ¢.

If any member u + S~ (f, gh) of ker ¢ is given, then0 = p(u+S~'(f, gh)) =
u + S7'(f, g) shows that u is in S~'(f, g). Say that u = af + bg. Then
Y(b+S7'(f, ) = bg+S7'(f, gh) = bg+af +S7'(f, gh) = u+S7'(f, gh)
shows that image ¥ 2 ker ¢. Hence image { = ker ¢, i.e., ¥ is onto.

To see that ¥ is one-one, suppose that ¥ (u + S~'(f, h)) is the O coset, i.e.,
that gu + S™'(f, gh) = S™'(f,gh). Then gu = af + bgh with u,a, b in
ST'K[X, Y]. Clearing fractions, we may assume that u, a, b are in K[X, Y].
The formula g(u — bh) = af in K[X, Y], in the presence of the assumption that
F and G have no common factor of degree > 1, implies that f divides u — bh.
Write u — bh = ¢f withcin K[X, Y]. Thenu = ¢f + bh, and u lies in the ideal
(f, h). In other words, u + S™!(f, h) is the trivial coset, and v has been shown
to be one-one. This proves (xx) and hence (f). O
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Lemma 8.14. Forany field K, let {L;};> be a system of nonzero homogeneous
polynomials in K[X, Y] of the form L; = ;X + b;Y, let {M;};>1 be another
such system with M; = ¢; X +d;Y, and suppose that no L; is a scalar multiple of
some M;. Forn > 1, let By, ..., B, be the system of homogeneous polynomials

B,=L;---LyM{---M,_; forO <k <n.

Then {By, ..., B,} is a vector-space basis of the space K[X, Y], of all homoge-
neous polynomials in (X, Y) of degree n.

PROOF. The set {By, ..., B,} has n 4+ 1 elements, and n + 1 is the dimension
of K[X, Y], because {X", X"~'Y, ..., Y"} is a basis. Thus it is enough to show
that { By, ..., B,} is linearly independent. If we have a relation ZZZO By =0
for scalars ¢, then we observe that L divides each By for k > 0, and L; does
not divide By because by assumption L; does not divide any factor M;. Thus
co = 0. In effect, case n of the lemma has now been reduced to case n — 1, and
the result readily follows by induction. g

PROOF OF THEOREM 8.10g. Put p = mp(F) and g = mp(G). We pass
to affine local coordinates about P, letting f and g be the members of K[X, Y]
corresponding to F and G. If I denotes the maximalideal I = (X, Y)in K[X, Y],
then f lies in /” and g lies in /9. We form the following sequence of K vector
spaces and K linear mappings:

K[X,Y]/I'®K[X,Y]/I* A K[X,Y]/1P%4 N K[X.Y]/(IPT+(f, 8)) — 0.

Here the mapping ¢ is the algebra homomorphism induced by the inclusion
IP+4 C [PT9 4 (f, g),and itis onto K[X, Y]/(I?t9 + (f, g)). The mapping v
is defined by

Y(a+19,b+17) =af +bg + 1P

and is merely K linear.
Let us see that the sequence is exact at K[X, Y]/I17%4. Since

oY (a+19,b+17) = p(af +bg + IP19) = I"11 + (f, g),

we obtain image v C kerg. If & + P19 is in ker ¢, then A is in 1?19 + (f, g),
hence is of the form u + af + bg with u in 1”74, Then h — u = af + bg, and
Y@+ 19,b+1°) =h—u+ IP™ = h + [P+, So image ¥ D ker ¢, and we
have image ¥ = ker ¢.

The mapping ¥ descends to a one-one linear map of

M = (K[X,Y1/1? ® K[X,Y]/1") [ kery
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into K[X, Y]/IP™4. The vector space K[X, Y]/I9 may be identified with the
space of all polynomials of degree less than g, and that space is finite-dimensional.
Similarly K[X, Y]/I? is finite-dimensional, and therefore

dimg M = dimg K[X, Y]/I? 4+ dimg K[X, Y]/I? — dimg keryr. (%)

Meanwhile, ¢ exhibits K[X, Y]/(I7T9 + (f, g)) as isomorphic as a vector space
to (K[X, Y]/1PT)/M. Consequently

dimg K[X, Y]/1711 = dimg M + dimg K[X, Y]/(IPT9 + (f, g)).  (x%)

Combining (x) and (sx) with the simple vector-space isomorphism K [X, Y]/I¢ =

K[X,Y, W];_1 and with the fact from Section 3 that dimg K[X, Y, W],_| =
(d+1

) ) gives

dimg K[X, Y1/(IP™ + (f, g))

= dimg K[X, Y]/I""9 — dimg K[X, Y]/17
—dimg K[X, Y]/I? + dimg ker ¥

> dimg K[X, Y1/I7"9 —dimg K[X, Y]/19 —dimg K[X, Y1/I?
= (" = (13 - (73
= pq, (M

with equality on the fourth line if and only if ker y = 0.
The locus of common zeros of 1714 + (£, g) is just {0}, and Theorem 8.12
therefore shows that

dimg (KX, Y1/(I"* 4+ (£, 8))) .0 = dimg K[X, Y1/(I"™ + (f. ). (1)

The inclusion (f, g) € I?™ + (f, g) induces an algebra homomorphism of
(K[X, Y1/(f, g))w,o) onto (K[X, Y1/(I"™ + (£, g))) (0.0, Therefore

dimK (K[X, Y]/(f? g))((),o) > d]mK (K[Xs Y]/([}H’Q + (f’ g)))(o’o) (i)

Let S be the set-theoretic complement of / = (X, Y) in K[X, Y]. Because of the
isomorphism S~'K[X, Y]/S™'J = (K[X, Y]/J)(0 0) for any ideal J, equality
will hold in (}) if S7'(f, g) = S—hurte + (f, g)). Combining (1), (1), and
(%), we find that

I(P,FNG)=pq, (%)
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with equality if
1" c S7(f,g) and ¥ is one-one. ®)

Inequality (£f) completes the proof of the inequality in (g) of the theorem.
Because equality holds in (%%) if (§) holds, we can complete the proof of all
of (g) by showing that (§) holds if F and G have no tangent line in common.

Thus for the remainder of the proof, we assume that F' and G have no tangent
line in common. Let the tangent lines of F', repeated according to their multiplic-
ities, be Ly, ..., L, and let the tangent lines of G be My, ..., M,. Define L; for
i > ptobe L, and define M; for j > g tobe M,.

In order to prove that the first conclusion of (§), namely that /719 C § —I( f, &),
we shall prove that I’ C S~!(f, g) for ¢ sufficiently large, and then we shall prove
by induction downward on ¢ that I' € S™!(f,g) aslongast > p+gq. If f
and g were to have a nonconstant common factor, then a tangent line for that
common factor would be a tangent line for both f and g, and no such tangent
line exists according to our assumption. Therefore Bezout’s Theorem (Theorem
8.2) applies to f and g and shows that their locus of common zeros is finite. Let
it be {(0,0), Q1, ..., O;}. The third paragraph of the proof of Theorem 8.12
shows that there exists a polynomial # in K[X, Y] such that £(0,0) = 1 and
h(Q;) =0for1 <i <I. Then Xh and Y vanish on {(0,0), Oy, ..., Q;}, and
the Nullstellensatz (Theorem 7.1) shows that there exists N such that (X4)" and
(Yh)N lie in (f, g). Since h is in the multiplicative system S, X" and Y lie in
S~!(f, g). Any monomial of degree > 2N contains either a factor X" or a factor
YV, and consequently Y € S7I(f, g).

Proceeding inductively downward on ¢, suppose that I’ C S1( f, &) and
that t — 1 > p 4+ g. As in Lemma 8.14, the polynomials defined by By =
Ly---LiMy---M;__;forO<k < t—1formavector-spacebasisof K[X, Y];_;.
We show that each of these lies in S~ ( f, g); then we can conclude that I’ -1 c
S~'(f, g), and our induction will be complete. Let f = fo+ fps1+--- and
g = 8q + gq+1 + --- be the expansions of f and g as sums of homogeneous
polynomials in (X, Y). If By is given, then an inequality K > p would imply that
By contains a factor L - -- L,; this is f,, up to a constant factor. An inequality
t —1—k > g would imply that By contains a factor M, - - - M,; thisis g, upto a
constant factor. Sincek < pandt—1—k < g would together imply the inequality
t — 1 < p + g that we are assuming not to be the case, one of the alternatives
k> pandt — 1 —k > g must occur. Say the first occurs. Except for a constant
factor, we then have By = f,C for some homogeneous polynomial C(X, Y) of
degree t — 1 — p. Substituting for f,, gives By = (f — f,+1 —---)C. Each term
Sfp+rC withr > O is of degree (p +r) + (t —1 — p) > t — 1 and therefore lies in
I' € S7I(f, g). Also, theterm fC liesin S~!(f, g). Hence By liesin S™!(f, g).
This completes the induction, and we conclude that 7774 C S~!(f, g).
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In order to prove the second conclusion of (§), namely that i is one-one,
suppose that 0 = Y (a + 19, b + I?) = af + bg + IP19, i.e., that all terms of
af + bg are of order > p +¢q. Writea = a, +a,41 +--- witha, # 0if a is not
in /9, and write b = by + by + - - - with by # 0 if b is not in /7, so that

af +bg = a, f, + b;g, + (higher-order terms).

The right side is assumed to be in 1779, which means that one of the following
two conditions is satisfied:

Dr+p=s+qg<p+gq andarfp+bsgq =0,

(ii) a, f, isin 1?79, and byg, is in 1774,
If (i) holds, then the facts that a, f, = —b,g, and that f and g have no tangent
lines in common imply that f,, divides by. Since s < p, we must have b, = 0.
Therefore a, = 0, and the conditions on a, and b; imply that a is in /¢ and b is
in /7, which we are trying to show. If (ii) holds, then the fact that a, f, is in 174
implies that a, = 0 or r > g; in either case, a is in /9. Similarly the fact that
bsg, = 0 implies that by = 0 or s > p; in either case, b is in /. We conclude
that 1 is one-one, as was to be shown. (]

6. General Form of Bezout’s Theorem for Plane Curves

With the discussion complete concerning intersection multiplicity for general
projective plane curves, we arrive at the general form of Bezout’s Theorem for
plane curves.

Theorem 8.15 (Bezout’s Theorem). Let K be an algebraically closed field,
and let ' and G be projective plane curves over K of respective degrees m and
n. If F and G have no common factor of positive degree, then

Z I(P,FNG) = mn.
PeP?%

REMARKS. The sum over P has only finitely many nonzero terms by Theorem
8.5, and each intersection multiplicity in the sum is finite by Theorem 8.10e.

PROOF. Theorem 8.5 shows that the locus of common zeros of F and G is a
finite set. By applying a suitable @ in GL(3, K), we may assume that none of
these zeros lies on the line at infinity, namely W. To do so, we choose a point P
not in the finite set of common zeros. There are only finitely many lines passing
through P and some member of the set of common zeros, and we choose a line
through P different from all these. If @ is chosen so as to move this line to the
line at infinity W, then none of the common zeros will lie on the line W.
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With this normalization in place, let { Py, . .., Py} be the set of common zeros
of F and G. We introduce local versions f and g of " and G by the definitions
X, Y)=F(X,Y,1)andg(X,Y) = G(X, Y, 1). Application of Theorem 8.12
to the ideal 7 = (f, g) in K[X, Y] gives

k
dimg K[X, Y]/(f,g) =

k
dimg (K[X, Y1/(f.8)p, = 2 [(P;, FNG).
J ! j=1

1

The theorem will therefore follow if we prove that
dimg K[X, Y1/(f, g) = mn. ()

To prove (), we shall first prove a related equality concerning K[X, Y, W] and
the ideal (F, G) in it, and then we shall use the fact that F and G have no common
zeros with W to transfer the conclusion to K[X, Y.

Define K linear mappings ¢ : K[X, Y, WI® K[X,Y, W] — K[X, Y, W] and
v K[X,Y,W]— K[X,Y,W]® K[X,Y, W] by

¢(A, B) = AF + BG and Y (C) =(CG,—-CF),

and form the sequence of K vector spaces and K linear maps given by
0—>K[X,Y,W]l)K[X,Y,W]@K[X,Y,W]—%K[X,Y,W]. (k)

It is evident that v is one-one, that g1y = 0, and that imagep = (F, G). If
(A, B)isin ker ¢, then AF + BG = 0. Since F and G have no common factor
of positive degree, F divides B and G divides A. Setting C = AG~!' therefore
gives A= CG and B = —AG~'F = —CF. Hence (A, B) lies in image ¢. In
other words, () is exact, and image ¢ = (F, G).

Letd > m + n. If we denote by ¥, and ¢, the restrictions of ¢ and ¢ to
KIX,Y,Wlj_m—y and K[X, Y, W],_, ® K[X, Y, W];_, respectively, and if
we go over the argument in the previous paragraph, then we see that the sequence

0 — K[X.Y,Wlimmon ~5 K[X.Y,Wlaoy ® K[X.Y,Wlisp 25 K[X,Y. W]y
is exact and that image ¢, = (F, G)4. The vector spaces in question here are all
finite-dimensional, and thus we obtain
dimg (F, G)g
= dlmK K[X7 Yv W]d—n + dlmK K[X, Y’ W]d—m - dlmK K[X9 Yv W]d—m—n
d—n+2 d—m+2 d—m—n+2

= (7)) =)

=~ + ()

= —mn +dimg K[X,Y, W],. )
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Theideal (F, G) is homogeneous, and thus we know from Section 3 that the image
of K[X,Y, W], in K[X,Y, W]/(F,G) is K[X,Y, W]s/(F, G),. If we write
(K[X,Y, W]/(F, G)), for this quotient, then (}) shows that

dimg (K[X,Y, W]/(F,G)), =mn (1)

foralld > m + n.

To prove () and the theorem, we shall translate () into a conclusion about
K[X,Y]/(f, g). Fixd = m+n,and let {V| + (F,G), ..., Vo, + (F, G)} be
a K basis of (K[X, Y, W]/(F, G))d. Define v; (X, Y) = V;(X, Y, 1) for each j.
We shall prove that the vectors

vl‘l‘(f’g)""avmn_l_(fag) (i)

form a K basis of K[X, Y]/(f, g).

We need to make use of the fact that F' and G have no common zeros on the
line at infinity. Since W (F, G) € (F, G), the K linear mapping of multiplication
by W on K[X, Y, W] descends to a K linear mapping L of K[X, Y, W]/(F, G)
to itself defined by L(H + (F, G)) = WH + (F, G). Let us see that

L:KI[X,Y,W]/(F,G)— K[X,Y, W]/(F,G) isone-one. (9]

In fact, suppose that WH = AF 4 BG for some H in K[X, Y, W]. For any
Uin K[X,Y, W], let Uy(X,Y) = U(X,Y,0). If U is homogeneous, then so
is Up. In this notation we can write F = Fy + WM and G = Gy + WN for
homogeneous members M and N of K[X, Y, W]. The polynomials Fy and Gy
are relatively prime: in fact, if Fy and G have a nontrivial common factor Dy,
then we can regard Dy as a projective plane curve, and it must have a common
zero Q with W, by Theorem 8.5; but then F, G, and W have Q as a common zero,
in contradiction to the normalization in the first paragraph of the proof. Since
WH = AF + BG implies AgFy = —BoGy, it follows that Fy divides By and
that G divides Ag. In other words, By = CyFy and Ag = —CyG for some Cy
in K[X, Y]. If we define A’ = A+ CyG and B’ = B — CyF, then the formulas
for Ag and By show that Ay = By = 0. Hence A" = WA” and B’ = WB”
for some homogeneous polynomials A” and B”. Then WH = AF + BG =
(A= CoG)F+ (B'+CoF)G = AF+B'G = W(A”"F 4+ B”G), and we obtain
H = A"F + B"G. Thus H lies in (F, G), and (%) is proved.

Left multiplication L by W carries K[X, Y, W]; into K[X, Y, W];4+; and
carries (F, G)4 into (F, G)g441. Therefore L is well defined as a mapping from
(K[X,Y, W]/(F.G)), into (K[X,Y, W]/(F,G)), L+ Since it is one-one by
(+%) and since the spaces are finite-dimensional, it is onto. Therefore

(WVi+(F,G),..., WV, +(F,G)} is a basis ®
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of (K[X, Y, W]/(F, G))d+r for every r > 0.

To prove that (f) spans K[X, Y]/(f, g), let h be in K[X,Y]. Let H be
a homogeneous polynomial in K[X, Y, W] with h(X,Y) = H(X, Y, 1), and
choose an integer s such that W* H lies in K[X, Y, W], for some r > 0. Then
we can writt W'H = } 7" ¢;W'V; + AF + BG for suitable scalars ¢; and
homogeneous polynomials A and B. Restricting the domain to points (X, ¥, 1)
gives h = 37", cjv; +af + bg, and therefore i + (f, g) = 27" ¢jv; + (f, &)
This proves that (f) spans K[X, Y]/(f, g)-

To prove that (£) is linearly independent, suppose that Y 7", c;v; = af + bg
with @ and b in K[X,Y]. If A and B are homogeneous polynomials such
that a(X,Y) = A(X,Y,1) and b(X,Y) = B(X,Y, 1), then W" Z:":"I Vi =
WSAF + W!'BG, provided the exponents r, s, are chosen to make the de-
grees of the terms W" 37", ¢;V;, W*AF, and W'BG match. Consequently
|4 ijnl ¢;V; lies in (F, G)44,, and (§) shows that the coefficients are all 0.
This proves that (%) is linearly independent. ]

7. Grobner Bases

The remainder of the chapter returns to the main question introduced in Section 1,
that of how to get information about the set of simultaneous solutions of polyno-
mial equations in several variables. The resultant introduced in Section 2 gave us
one tool, but the tool is of most use when there are only two equations. Beyond
two equations the number of cases to check quickly grows, and the resultant is of
limited usefulness.'?

The tool to be introduced in this section is of a completely different nature.
Historically it was introduced in order to have a way of deciding whether an ideal
in K[Xy, ..., X,] contains a given polynomial. We know from the Hilbert Basis
Theorem that every such ideal is finitely generated, and it is assumed that the
ideal to be tested is specified by such a set of generators.

The proof of the Hilbert Basis Theorem gives a clue how to start studying an
ideal of polynomials. In the statement of the theorem, R is a Noetherian integral
domain, and 7 is a nonzero ideal in R[X]. It is to be proved that [ is finitely
generated. The proof by Hilbert is longer than the proof given in Basic Algebra,
but the idea is clearer. To each nonzero member f(X) of I, we associate the
coefficient of the highest power of X appearing in f(X). These coefficients,
together with O, form an ideal L (/) in R, and L([) is finitely generated because
R is Noetherian. Letay, ..., a, be generators, let f(X), ..., f(X) be members

12The nature of the extended theory can be found in Van der Waerden, Volume II, Chapter XI.
Theorem 8.31 below in effect reproduces some of this extended theory in a context that is manageable
because of the theory of Grobner bases.



492 VIII. Background for Algebraic Geometry

of I with respective highest coefficients ay, . .., a,, and let g be the largest of the
degrees of f1(X),..., f+(X). If a general g(X) in [ is given and if a € R is its
highest coefficient, then we know thata = ) ", ¢;a; with ¢; € R. The polynomial
h(X) given by h(X) = g(X) — ), c; fi(X)Xdees—dee fi has degree lower than
deg g, and g(X) willbe in (f1, ..., fr) if L(X) isin (f1, ..., f;). Iterating this
construction, we see that it is enough to account for all the members of I of degree
< g — 1. To handle these, one way to proceed is to enlarge the set { f1, ..., f;} a
little. For each k with O < k < g — 1, let L, (/) be the union of {0} and the set of
coefficients of X* in members of I of degree k. Each of these is an ideal of R and
hence is finitely generated, and we adjointo { f1, ..., f.} a finite set of generators
for each Ly(/) with 0 < k < g — 1. The result is a finite set {gy, ..., gs} of
generators of 7, as one easily checks.

In fact, the set {gy, ..., g} is a special set of generators. For any member f
of R[X], let LT(f) be the complete term of f(X) containing the highest power
of X. What the argument shows is that {g, ..., g5} is a subset of I such that
LT(l) = (LT(gl), ey LT(gS)), where LT(/) denotes the ideal given as the linear
span of all polynomials LT(g) for g in /. One can show that this property of
{g1,...,gs} implies that {g, ..., g;} generates /. In essence this property will
be the defining property of a “Grobner basis” of 1. It is not automatically satisfied
for just any finite generating set { f1, ..., f;}, as the example below shows. We
shall see thatitis easy to use such a set of generators to test any polynomial in R[X]
for membership in /. Thus the original problem historically for introducing such
sets is solved except for one little detail: the proof of the Hilbert Basis Theorem is
not constructive, and we are left with no idea how actually to construct a Grobner
basis.!3

EXAMPLE. Treat K[X, Y] as an instance of the above setting by letting
R = K[Y] and regarding K[X, Y] as R[X]. Consider the ideal I = (fi, f2)
in R[X] with f1(X,Y) = X?>4+2XY?and f»(X,Y) = XY 4+ 2Y3 — 1. Then
(LT( f1), L1( fz)) = (X2, XY), and every monomial appearing with nonzero
coefficient in a member of the latter ideal has total degree at least 2. On the
other hand, I contains the polynomial

YAX,Y) = Xfr(X,Y) =Y (X>+2XY) — X(XY +2Y° - 1) = X,

and its leading term is X, whose total degree is 1. Thus LT(/) properly contains

(LT(f1), LT(f2)).

Because of the nonconstructive nature of the proof of the Hilbert Basis Theo-
rem, it is necessary to start afresh. One message to glean from the abstract proof

13The exposition in this section and the next three is based partly on the book of Cox—Little—
O’Shea and a now-defunct Web tutorial of Fabrizio Caruso.
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is that the leading terms of the members of / are important and somewhat control
the nature of /. To handle K[X;, ..., X,,] when K is a field, it is of course
necessary to use an additional induction that enumerates the variables. In the
example above, we treated X as more significant than Y. For the inductive step
for general K[Xy, ..., X,], the ring R in the above argument is K with some
number m of the indeterminates included, and X is the (m + 1)% indeterminate.
Putting all the steps of the induction together, we see that the order in which the
variables are processed appears to be important.

The theory of Grobner bases as it has evolved allows a healthy extra measure
of generality. Instead of defining leading terms by insisting on an ordering of the
indeterminates, it defines them by using a suitable kind of ordering of monomials,
and that is where we begin. Let K[X, ..., X,] be given, K being a field. Let
M be the set of all monomials in K[X, ..., X,]. A monomial ordering < on
M is a total ordering'* with the two additional properties that

i) M <M, implies M M5 < MyMj; for all My, M,, M5 in M,

(i) 1 < M for all M in M.
We write M, > M; to mean M; < M,. Also, M| < M, means M; < M, with
M, # M;, and M| > M, means M| > M, with M| # M.

EXAMPLES OF MONOMIAL ORDERINGS. Each ordering assumes that the vari-
ables are enumerated in some way. In these examples we take this enumeration
to be X, ..., X,. The first four examples all have the property that the largest
X; is X and the smallest is X,.

(1) Lexicographic ordering, abbreviated as “lex” by many authors and written
as <[ oy in this list of examples. This, the most important monomial ordering, is
already suggested by the proof of the Hilbert Basis Theorem. In principle it can
be used for all purposes in Sections 7-10, but one application in Chapter X will
require a different monomial ordering. Its disadvantage is that it sometimes makes
lengthy computations take longer than necessary; this matter will be discussed
more in Section 9. The definition is that X i‘ D ¢ <ipx X . X; if either
the two monomials are equal or else the first k for which iy # ji has iy < Jji.
Thus for example, X1 X3X3 <, . X{. The word “lexicographic™ refers to the
dictionary system for alphabetizing in which a first word comes before a second
word if for the first position in which the two words differ, the letter of the first
word in that position precedes alphabetically the letter of the second word in that
position.

(2) Graded lexicographic ordering, abbreviated as “glex” or “grlex” by
many authors. As in Section 3 the total degree of a monomial X 'i‘ D ¢ T

14This means a partial ordering with the properties that each pair a, b hasa < b or b < a and
that both hold only if a = b.
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deg(X i‘ - X 51") = Y i ix. The definition of the ordering is that M < N

=GLEX
if either deg M < deg N or else if deg M = deg N and M < .. N. Thus for
example, X7 <

GLEx X1X %X ; because the total degree 2 of the first monomial is
less than the total degree 6 of the second monomial. But X X %X g <GLEX X fX g‘
because both monomials have the same total degree 6 and the second monomial
involves a higher power of X than does the first. This monomial ordering is not
much used; more common is the variant of it in the next example.

(3) Graded reverse lexicographic ordering, abbreviated as “grevlex” by
many authors. The definition is that M < GreviEx NV if eitherdeg M < deg N or
elseif degM = deg N and N’ <, ., M', where M" is M but with the exponents
of X; and X,,_; interchanged for each j, and where N’ is defined similarly. This

. . 2y4 2y3
ordering takes some getting used to. For example, X7X5 <;ppyipx X1X3X3

when n = 3 because both monomials have the same total degree and X fX %X 3=
(X1X3X3)" <) px (XTX9) = X{X3. By contrast, X, X3X3 < px X1 X3

(4) Orderings of k-elimination type, where 1 < k < n — 1. These are
orderings such that any monomial containing one of X, ..., X} to a positive
power exceeds any monomial in X4, ..., X, alone. These will be discussed
in Section 10. Of them, one of particular importance is the Bayer—Stillman
ordering of k-elimination type. Here a monomial M is < a monomial N if the
sum of the exponents of X1, ..., Xy for M is less than the corresponding sum
for N or else the two sums are equal and M <Greviex V- This ordering is
commonly used for making computations in the context of Section 10.

(5) Ordering from a tuple of weight vectors. For 1 < i < n, let w"”) be a

vector in R” of the form w'® = (wfi), .., wi), and assume that w®, ..., w®
are linearly independent over R. Identify the monomial X with the vector of
individual exponents @ = («y, .. ., @,). The ordering given by the weight vectors

w](.i) is defined by saying that X* < X# if X% = X# or if the first i such that
w® .o #w? . ghas w® .o < w? . B. Here the dot refers to the ordinary dot
product. A condition is needed on the w?)’s to ensure that 1 < X for all a. (See
Problem 14 at the end of the chapter.) Here are two specific examples for which
the condition is satisfied. Let ') be the i standard basis vector of R". The
lexicographic ordering in Example 1 is determined by the tuple of weight vectors

eV, ..., e"™). The Bayer—Stillman ordering in Example 4 is determined by the
tuple of weight vectors
(€ ooehe®, D L ) k) b)),

Further discussion of monomial orderings determined by weight vectors occurs
in Problems 14-15 at the end of the chapter.

Property (i) of monomial orderings insists that the ordering respect multipli-
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cation of monomials in the natural way. Property (ii), according to the next
proposition, is a well-ordering property. The proof of the proposition will be
preceded by a lemma.

Proposition 8.16. In any monomial ordering for K[X, ..., X,], any decreas-
ing sequence M| > M, > M3 > --- is eventually constant. Consequently each
nonempty subset of M has a smallest element in the ordering.

Lemma 8.17. If [ is an ideal in K[X1, ..., X,] generated by monomials and
if f(Xy,...,X,) isin I, then each monomial appearing in the expansion of f
with nonzero coefficient lies in /. Consequently / has a finite set of monomials
as generators. Moreover, if {My, ..., M} is a set of monomials that generate /
and if M is any monomial in /, then some M; divides M.

PROOF. Let {M,} be the set of monomials that generates /. If f isin I, then
we can write [ = Zle hjM,; for polynomials h;. Let h; = Zi’zl cijM;j be
the expansion of 4; in terms of monomials. If M, is a monomial appearing in f
with nonzero coefficient ¢, then the only possible monomial M;; in h; that can
contribute toward c is one with M;;M,, = My if such a monomial exists. For
some j, such a monomial must exist, or ¢ would be 0; thus M, lies in 1.

For the second conclusion, write { f1, ..., f;} by the Hilbert Basis Theorem.
The first conclusion shows that each monomial contributing to each f; lies in
I, and the set of all these monomials, as j varies, is therefore a finite set of
monomials generating /.

For the third conclusion, write M = Y_}_, a; M; for polynomials a;. Expand-
ing each g; in terms of monomials, we see that some a; contains with nonzero
coefficient a monomial M’ such that M = M’'M,;. The divisibility follows. [

PROOF OF PROPOSITION 8.16. Let M be a monomial, and let I be the linear
span of all monomials M’ with M’ > M. If M’ is a such a monomial and N is
any monomial, then NM' > NM by (i), and NM > 1M = M by (i) and (ii).
Therefore NM’ lies in I, and [ is an ideal.

From such an ideal 1, we can recover M as the unique monomial M in I such
that My < M’ for every monomial M’ in I, since any such My has My < M as
well as M < M,.

With M, M,, ... given as in the proposition, let I; be the linear span of all
monomials M’ > M;. We have just seen that I is an ideal, and the I;’s are
increasing in k. Then I = U,fil I; is an ideal generated by monomials, and
Lemma 8.17 shows that it has a finite set of monomials as a set of generators.
Each such monomial generator lies in some I;. Since the I;’s are nested, all the
generators lie in some /i, and we conclude that / = I,. The previous paragraph
of the proof shows that I;, determines My,, and therefore M; = M,, for all
k > k.
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For the last statement of the proposition, if there were no least element, then for
any element in the subset, we could always find a smaller element in the subset.
In this way, we would be able to construct a strictly decreasing infinite sequence
in M, in contradiction to what has just been proved. O

Fix a monomial ordering for K[X1, ..., X,]. If f is any nonzero member of
K[X1i, ..., X,] and if f is expanded as a K linear combination of monomials,
then we define the leading monomial, leading coefficient, and leading term of f
by

LM( f) = largest monomial with nonzero coefficient in expansion of f,
LC(f) = coefficient of LM(f) in f,
LT(f) = LC(f) LM(f).

It will be convenient to be able to use these definitions without having to dis-
tinguish the cases f # 0 and f = 0. Accordingly, let us adjoin O to the set
M, agreeing that 0 < M and OM = O for every monomial M. We adopt the
convention that LM(0) = 0, LT(0) = 0, and Lc(0) = 0.

Since any monomial that occurs in a sum of two polynomials occurs in one or
the other of them, it is immediate from the definition that

LM(f1 + f2) < max(LM(f1), LM(f2))

if fi, f», and f; + f> are nonzero. Checking the various cases, we see that this
inequality persists if one or more of fi, f2, and f; + f> are 0.

The comparable results concerning multiplication are contained in the next
proposition.

Proposition 8.18. If f; and f, are two nonzero members of K[X1, ..., X,],
then

LM( f1 f2) = LM(f1) LM(f2) and LC(f1f2) = LC(f1) LC(f2);

hence
LT(f1f2) = LT(f1) LT(f2).

These equalities persist if one or both of f; and f, are 0. Moreover, if f; and f;
are nonzero and have LT( f1) = LT(f2), then LM(f; — f2) < LM(f}).

PROOF. For the first statement, let the expansions of f; and f, as linear
combinations of distinct monomials be fi = a; LM(f;) + Y ; ¢;M; and f> =
a LM(f2) + ZJ- djN; with M; < LM(f}) for all i and N; < LM(f>) for all j.
Then f; f> equals

aja; LM(f1) LM(f2) + az ZCiMi LM(f2) + a Zdj LM(f1)N; + ZcideiNj,
i J LJ
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and the conclusions in the first sentence of the proposition will follow if it is
shown that M; LM(f2) < LM(f1) LM(f2), that LM(f1)N; < LM(f1) LM(f2), and
that M; N; < LM( f1) LM(f2). The first inequality follows from (i) because M; <
LM( f1), and the second inequality is similar. For the third we apply (i) twice to
obtain M; N; < M; LM(f>) < LM(f1) LM( f>) and observe that the end expressions
can be equal only if equality holds in both instances. The latter is impossible
because K[X1, ..., X,]is an integral domain, and thus M; N; < LM( f1) LM(f2).

The three displayed equalities persist if one or both of f; and f; are 0 because
LM( f), LT(f), and LC(f) can be 0 only if f = 0.

Finally if f; and f, are nonzero and have expansions as in the first paragraph of
the proof withLT( f;) = LT(f>), thenLC(f1) = a; andLC(f>) = a». Hence f1— f>
has an expansion involving only the monomials M; and N;. Consequently if
fi— f> # 0,thenthelargestof the M;’s and N;’sis < LM( f1). ThusLM( fi— f2) <
LM(f1). This inequality holds also if f; — f> = 0. (]

If I is a nonzero ideal in K[X,, ..., X,], we define LT(/) to be the vector
space of all K linear combinations of polynomials LT(f) with f in /. It fol-
lows from Proposition 8.18 that K[X, ..., X,]LT(/) € LT(]), and therefore
LT(/) is an ideal in K[Xy, ..., X,]. A finite unordered subset {gi, ..., g}
of nonzero elements of the ideal I is called a Grobner basis of 7 if LT(/) =
(LT(g1), ..., LT(g)). The inclusion 2 follows from the definition, and the
question is whether LT(gy), ..., LT(gx) generate LT(/).

Among the examples below, Example 3 is particularly suggestive of the utility
of a Grobner basis. The idea is that an ordinary set of generators may have
the property that certain “small” elements of / can be expanded in terms of the
generators only using “large” coefficients and that this property is reflected in the
failure of (LT(gy), ..., LT(gx)) to exhaust LT(]).

EXAMPLES WITH LEXICOGRAPHIC ORDERING.

(1) Principal ideal. If I = (f (X1, ..., X)), then {f} is a Grobner basis. In
fact, the most general member of [ is of the form Af with i in K[X1, ..., X,],
and Proposition 8.18 gives LT(hf) = LT(h) LT(f). Therefore LT(I) = (LT(f)),
as required.

(2) Ideal generated by members of K[X,..., X,]i. Suppose that I =
(L1, ..., L), where each L; isahomogeneous linear polynomial of degree 1. For

example, I could be (X| + X; + X3, X| — X3). Let us form the corresponding

11 1

k-by-n coefficient matrix, specifically ( ) in the 3-variable example. If

10 -1
we perform row operations to transform this matrix into reduced row-echelon
form and let L], ..., L;c, be the members of K[X1, ..., X,]; corresponding to

the reduced matrix, specifically X; — X3 and X, + 2X3 for the reduced form
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(é?_;) of (:é_i) then I = (L, ..., L;,) and moreover {L},..., L} }isa
Grobner basis of /. This fact is not particularly obvious in the full generality of
this example, but it will be shown to be an easy consequence of Theorem 8.23 in

the next section.

(3) Earlier example in this section. In K[X, Y], let I = (f1, f>) with f1(X,Y)
= X?*+2XY? and fo(X,Y) = XY +2Y? — 1. Then (LT(f}),LT(f2)) =
(X2, XY). We saw that X is a member of / and that LT(X) = X is not in
(LT(fl), LT(fz)). So {fi, f»} is not a Grobner basis. If we enlarge the set
of generators of I to {fi, f>, X}, then we still do not have a Grobner basis
because fo — YX = 2Y3 — 1 isin I and LT(f> — YX) = 2Y? does not lie
in (LT(f)), LT(f2), LT(X)) = (X?, XY, X) = (X). We can enlarge the set of
generators still further to {f1, f>, X, 2Y3 — 1}. Is this a Grobner basis? Here
we have (LT(fl), LT(f>), LT(X), LT(2Y?3 — 1)) = (X, Y?), and it seems as if this
equals LT(/). But we need a way of checking easily. We shall obtain a way of
checking in Theorem 8.23 in the next section.

The question of existence—uniqueness of a Grobner basis will be addressed
constructively in Sections 8-9; however, we did observe at the beginning of this
section that Hilbert’s proof of the Hilbert Basis Theorem essentially handles exis-
tence when the monomial ordering is the usual lexicographic ordering. Actually,
the argument at the beginning of the section had two parts to it—a nonconstructive
argument producing a certain finite set of leading terms and a verification that
those leading terms lead to a set of generators of the ideal. The first part, being
a nonconstructive existence proof, does not help us in our current efforts, and
we defer to Problem 13 at the end of the chapter the question of adapting it to
a general monomial order. The second part, on the other hand, is a useful kind
of verification in our current efforts. It shows that a certain kind of finite subset
of an ideal is necessarily a set of generators, and it generalizes as follows. The
generalization will play a role in Section 9.

Proposition 8.19. If K is a field, if a monomial ordering is specified for
K[Xq,...,X,], and if {gy, ..., g} is a Grobner basis for a nonzero ideal / of
K[Xy,..., X,], then {g1, ..., g} generates [.

PROOF. First we prove that if f # 0 is in [, then there exist a g;, a monomial
My, and a nonzero scalar ¢ such that LM(f —cMog;) < LM(f). To see this, we use
the hypothesis that {gy, . .., g} is a Grobner basis to find polynomials 4, . . ., Ay
such that LM(f) = Zle h; LM(g;). Then it must be true for i equal to some
index j that LM(f) = MoLM(g;) for one of the monomials My that appears in
hj with nonzero coefficient. Since MyLM(g;) = LM(Mp) LM(g;) = LM(Mog;),
we can rewrite this equality as LT(f) = ¢LT(Myg;) for some scalar ¢ # 0. Then
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LT(f) = LT(cMyg;), and Proposition 8.18 shows that LM(f —cMpg;) < LM(f),
as asserted.

Iterating this construction and assuming that we never get 0, we can find
successively nonzero scalars ¢;, monomials M;, and members g;. of the Grobner
basis such that the sequence LM (f — Zé:l ¢jM;gj,) indexed by [ is strictly
decreasing, in contradiction to Proposition 8.16. To avoid the contradiction, we
must have f — Zﬁ:l ¢jM;g; = 0 for some /, and then f is exhibited as in the
ideal (g1, ..., gx). Hence the Grobner basis generates 1. ]

8. Constructive Existence

Throughout this section, K denotes a field, and we work with a fixed monomial
orderingon K[X1, ..., X,]. Idealsin K[X1, ..., X, ] will always be specified by
giving finite sets of generators. Our objective is to obtain a constructive proof of
the existence of a Grobner basis for each nonzero ideal in K[ X1, ..., X,], along
with a useful test procedure for deciding whether a given finite set of generators of
I is a Grobner basis. As is often the case with existence proofs, the motivation for
the proof comes from a certain amount of deduction of properties that a Grobner
basis must satisfy if its exists. It was mentioned in the previous section that the
failure of a set of generators to be a Grobner basis has something to do with
its failure to be able to represent all “small” elements of the ideal by means of
expansions in terms of the generators that use “small” coefficients. The first part
of this section will explore this idea, seeking to make it precise. The main step
will be a checkable text for a set to be a Grobner basis; this is Theorem 8.23.
The existence argument will be an easy corollary. A by-product of the existence
argument will be a way of testing a polynomial for membership in /.

In the one-variable case any ideal is principal, necessarily of the form (g(X)),
and the test for membership of a polynomial f in the ideal is to apply the division
algorithm, writing f(X) = ¢(X)g(X) + r(X) withr = 0 or degr < degg.
Then f is a member of the ideal if and only if r = 0. The starting point for the
several-variable theory is to do the best we can to generalize the division algorithm
to several variables, recognizing that we cannot expect too much because of the
complicated ideal structure in several variables.

Proposition 8.20 (generalized division algorithm). Let (fi, ..., f;) be a fixed

enumeration of a set of nonzero members of K[X1, ..., X,], and let f be an
arbitrary nonzero member of K[X,,..., X,]. Then there exist polynomials
ai, ..., a, and r such that

f=aifi+---+afs+r,
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such that LM(a; fj) < LM(f) for all j, and such that no monomial appearing in r
with nonzero coefficient is divisible by LM( f;) for any j.

REMARK. The proof below will stop short of giving an algorithm, because
omitting the details of the algorithm will make the invariant of the construction
clearer. To make the proof into an algorithm, one merely needs to be systematic
about the choices in the proof. There is no claim of any uniqueness of ay, . . ., a;
or r in the statement; in fact, Problem 16 at the end of the chapter shows that
more than one kind of nonuniqueness is possible. Corollary 8.21 below, however,
will show that if the given f1, ..., f; form a Grobner basis of an ideal /, then
r is independent of the enumeration of the Grobner basis, even without the
requirement that LM(q; f;) < LM(f) forall j.

PROOF. We shall do a kind of induction involving decompositions of f of the
form

f=(alf1+"'+asfs)+l7+’3 (*)
where ay, ..., as, p, r are polynomials with the properties that
(i) LM(p) < LM(f),
(i) LM(q; f;) < LM(f) for all i,
(iii) no monomial M appearing in r with nonzero coefficient has M divisible
by any LM(f3),

and we shall demonstrate that LM(p) decreases at every step of the induction as
long as p # 0. Initially we take all @; = 0, p = f, and r = 0. Then (x) and the
three properties hold at the start. Let us describe the inductive step.

If LT(fj) divides LT(p) for some j, then we replace a; by a; + LT(p)/LT(f),
we change p to p — (LT(p)/LT(f})) f;, and we leave r alone. The equality ()
is maintained, and (iii) continues to hold. Since

Lr ((Lr(p)/ LT(f)) f;) = LT (LT(p)/ LT(f})) LT(f;)
= (LT(p)/ LT(f)) LT(f;) = LT(p),

Proposition 8.18 shows that LM(p) strictly decreases. Consequently (i) continues
to hold. By the same kind of computation as for (),

LM ((aj +LT(p)/ LT(f})) f;) < max (LM(a; f;), LM (LT(p)/ LT(f)) f})
< max(LM(f), LM(p)) = LM(f),

and therefore (ii) continues to hold. This completes the inductive step if LT( f;)
divides LT(p) for some j.

The contrary case is that LT(p) is divisible by LT( f;) for no i. Then we replace
p by p — LT(p), we change r to r + LT(p), and we leave all a; alone. The
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equality (*) is maintained, and (ii) continues to hold. Since LM(p) = LM(LT(p)),
Proposition 8.18 shows that LM(p) strictly decreases. Consequently (i) continues
to hold. Also, (iii) continues to hold because of the assumption that LT(p) is
divisible by LT( f;) for no i. This completes the inductive step if LT(p) is divisible
by LT(f;) for no i.

Proposition 8.16 shows that the induction can continue for only finitely many
steps. Since it must continue as long as p # 0, the conclusion is that p = 0 after
some stage, and then the decomposition of the proposition has been proved. [

Corollary 8.21. If {gy,..., g} is a Grobner basis of a nonzero ideal / of
K[Xi,..., X,] and if f is any nonzero member of K[X|, ..., X,], then there
exist polynomials g and r such that f = g+r, gisin I, and no monomial appear-
ing in r with nonzero coefficient is divisible by LM(g;) for any j. Moreover, r is
uniquely determined by these properties, and g has an expansion g = Y ;_, 4;&;
with LM(a; g;) < LM(f) for all i.

REMARKS. The uniqueness statement implies in particular that r is independent
of the enumeration of the set {g1, . . ., gs}. This corollary will give us some insight
into the way a Grobner basis can resolve cancellation. Shortly we shall introduce
specific members of / that have cancellation built into their definition. Being in
I, they have expansions with remainder term 0, according to this corollary. Since
the remainder is unique, the corollary says that they can be rewritten in terms of
the Grobner basis in a way that eliminates the cancellation.

PROOF. For existence, let {gi, ..., g} be a Grobner basis of I, and apply
Proposition 8.20 to f and the ordered set (g, . .., gs). Then the existence follows
immediately.

For uniqueness, suppose that f = g +r; = gy +rp. Thenr; —r, = g» — g1
exhibits r; — ry as in I. Arguing by contradiction, suppose that r; # rp. The
hypothesis on r; and r, shows that no monomial with nonzero coefficient in
r1 — r is divisible by any LM(g;), and in particular LM(r; — r») is not divisible

by any of the generators of the monomial ideal (LM(g1), ..., LM(gy)) = LM(J).
Since LM(ry — r) is a monomial in this ideal, this conclusion contradicts the last
conclusion of Lemma 8.17. ]

Suppose that X¢ = X{' --- X% and X = X'IS' . -Xf” are two monomials in
K[X1,..., X,]. Then we define their least common multiple LCM (X%, X#) to
be

LCM(X*, X#) = X7 = X' ... X with y; = max(a;, B;) for all j.

This notion does not depend on the choice of a monomial ordering. Observe
for any two monomials M and N that LCM(M, N)/M and LCM(M, N)/N are
monomials.
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If f1 and f, are nonzero polynomials, then the expression

LCM(LM(f1), LM(f2)) - LCM(LM(f1), LM(f2))  fi

LT(f1) LM(f1) LC(f1)

is a polynomial whose leading monomial is LCM(LM( f1), LM( f2)) and whose
leading coefficient is 1. We define the S-polynomial of f| and f, to be

LCM(LM(f1), LM(f2)) 3 LCM(LM(f1), LM(f2))
LT(f}) ! LT(f2)

S(f1, f2) = S

This is the difference of two polynomials with the same leading monomial
LCM(LM( J1), LM( fz)) and with the same leading coefficient 1. Accordingly,
Proposition 8.18 shows that

LM(S(f1, f2)) < LCM(LM(f1), LM(f2)).

The elements S( f1, f2) are the elements mentioned in the remarks with Corollary
8.21; the above inequality is a precise formulation of their built-in cancellation.

Lemma 8.22 below says that whenever cancellation of this kind occurs in
any sum of products with functions fi, ..., fi, then the sum of products can be
rewritten in terms of the S-polynomials S(f;j, f). In this way the nature of the
cancellation has been made more transparent, partly being accounted for by the
definitions of the individual polynomials S(f;, fi)-

Lemma8.22. Let M and M, ..., Mg be monomials, let fi, ..., f; be nonzero
polynomials, and suppose that M; LM( f;) = M foralli. Ifcy, ..., ¢, are constants
such that LM ( }_;_, ¢iM; f;) < M, then the sum Y ;_, ¢; M; f; can be rewritten
in the form

s dM
iMi fi = J S(f

for suitable constants dj;. In the sum on the right side, each nonzero term has
leading monomial < M.

PROOF. Letus write L;; = LCM(LM(ﬁ), LM(fj)) fori # j. We may assume
that all the ¢; are nonzero, and we proceed by induction on s. There is nothing to
prove for s = 1. The key step is s = 2, for which we are given that the M term
of ciyM, fi1 + coM, f> is 0, i.e., that

c1 LC(f1) + caLc(fo) = 0. (%)
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Substituting for LC( f,) from (x) gives

ML S(fi. f2) = Mfi/LT(f1) — Mfo/ LT(f2)
= M f1/LC(f1) — Ma f/ LC(f2)
=c;'Le(f) T My fi + eaMa ),
and this proves the displayed formula of the lemma with dj» = c¢; LC(f}).

Assume the result for s — 1 > 2. We are given that ) ;_, ¢; LC(f;) = 0, which
we break into two parts as

c LC
erLe(f1) — e 1e(f2) =0,

(2 + G et + L et =0

The inductive hypothesis gives

L _
My fi— ”LCC(,(‘f)' My fr = dinML) S(f1, f),

(et R Mol eitifi = 3 L3150
i= <]<

Adding these two formulas, we obtain the displayed formula of the lemma for
the case s, and the induction is complete. (]

Theorem 8.23. Let {g, ..., g;} be a set of generators of a nonzero ideal I of
K[X1, ..., X,], and assume that g; 5 O for all i. Then the following conditions
on {gq, ..., g} are equivalent:

(a) {g1,..-.,&s} 1is a Grobner basis of 1,
(b) for each pair (g;, gr) with S(g;, gx) # 0, every expansion of S(g;, gx) as
S(gj, gx) = > _i_, aijx& ~+ r with the two properties that
(i) LM(a;jkgi) < LM(S(g;, g)) and
(i) no monomial appearing in r with nonzero coefficient is divisible
by LM(g;) for any j
hasr =0,
(c) for each pair (g;, g«) with S(g;, gx) # 0, there is an expansion of the
form S(g;, gx) = Y j_; @ijkg With LM(a;jigi) < LM(S(gj, gk))-

REMARKS. Because of the equivalence of (b) and (c), the generalized divi-
sion algorithm (Proposition 8.20) gives us a procedure for testing whether these
conditions are satisfied by {gi, ..., gs}. Namely we follow through the steps in
the proof of Proposition 8.20 in whatever fashion we please for each nonzero
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S(gj, gk). If we get remainder r = 0 for each pair (j, k), then the conditions are
satisfied. If we get a nonzero remainder r for some pair, then the conditions are
not satisfied. In view of the equivalence of (a) with these conditions, we have an
effective (though somewhat tedious) way of checking whether {g;,..., g} is a
Grobner basis.

PROOF. We prove that (a) implies (b) and that (c) implies (a). Since (b)
certainly implies (c), the proof will be complete.

Let (a) hold, i.e., let {gi, ..., g} be a Grobner basis. If S(g;, gx) # 0, then
S(gj, &) is a nonzero member of I because each g; lies in I, and S(g;, gk)
consequently has an expansionas Y ;_, a;g; +r withr = 0. By Corollary 8.21 it
has a possibly different expansion with » = 0 and with LM(a; g;) < LM(S(g;, gk))
for each i. On the other hand, in any expansion of S(g;, g«) as Y ;_, a;i& +r
such that (ii) holds, whether or not LM(a;g;) < LM(S(gj, gk)), r must be 0 by
Corollary 8.21. This proves (b).

To prove that (c) implies (a), we argue by contradiction. Among all expan-
sions of members of 7 as Y _;_, b;g; such that LT ()_;_, b;g;) is not in the ideal
(LT(g]), A LT(gS)), choose one for which

M = max LM(b,'gi)

I<i<s

is as small as possible; this choice exists by Proposition 8.16. For this choice, let
N
=2 big. ()
i=1

Define M; = LM(b;) for each i with b; # 0. If iy is an index with M =
LM(bj, gi,), then M = M; LM(g;,) by Proposition 8.18, and hence M lies in
(LT(g1), ..., LT(gs)). Since LT (Y }_, b;gi) is not in (LT(gy), ..., LT(gy)), it
follows that LT ( Y_, b;g;) < M. Within the set {1, ..., s}, define a subset E to
consist of those i for which M; LM(g;) = M. This set contains iy, and it has the
property that all i not in E have LM(b; g;) < M. We regroup f as

f=2 bigi+ > bigi= Y LCb)Migi+ > (bi —LT(b;))gi + Y bigi.

i€E i¢E icE icE i¢E
Every term in the second and third sums on the right side has leading monomial
< M, and so does f. Therefore LM (Y, . LC(b;))M;g;) < M. It follows that

the expression ) ; g LC(b;)M; g; is of the form considered in Lemma 8.22 with
¢i = LC(b;) fori € E (and ¢; =0 fori ¢ E). The lemma tells us that

Y. LC(bi)M;gi = zk:djk(M/ij)S(gjv 8k)
icE Js
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for suitable scalars dji, where Lj; = LCM( LM(g;), LM(gk)).
Now we apply the hypothesis (c), expanding each S(g;, gx) in some way as
S(gj, &) = >_i_, aijr& with the a;; equal to polynomials such that

LM(a;jk&i) < LM(S(g;, 8k))- (k%)
Substituting for S(g;, gx), we obtain
f=2 duM/Lpaijigi + Y (bi —LT(b))gi + D bigi. ()
ik icE i¢E

We know that every term in the second and third sums on the right side of ()
has leading monomial < M, and we shall estimate the leading monomial of each
term in the first sum. Multiplying the inequality

LM(S(g;, &) < LCM(1M(g)), LM(gx)) = L
by the monomial M /L j; yields

(M/Lji) LM(S(g), gx)) <M (1)
for every pair (j, k). Combining (*x) and (f1) gives

LM ((M/Lj)aijrg) = (M/Lj) LM(ajjegi) < (M/Lj) LM(S(g;, 8)) < M.

Since each dji is a scalar, every term in the first sum on the right side of ()
has leading monomial < M. Thus (}) is an expansion of a member of [ that
contradicts the minimality of max; LM(b; g;) in the expansion (x). From this
contradiction we conclude that (a) holds. ([l

EXAMPLE OF A VERIFICATION THAT A SET IS A GROBNER BASIS. This example
continues Example 2 of “Examples with lexicographic ordering” in the previous
section. A nonzero ideal [ is generated by members of K[X1, ..., X,]; of the
form (L, ..., Ly), where each L; is a linear combination of X1, ..., X,,. After
initial manipulations we assume that the matrix of coefficientsof Ly, ..., L isin
reduced row-echelon form. The assertion is that {Lq, ..., L} is then a Grobner
basis of /. To prove this, we write L; = X,,, + 1, where Xn_/. is the associated
corner variable and /; is a linear combination of X, 1, ..., X, such that the
coefficient of each corner variable is 0. If j < k, then

S(Lj, Ly) = —lanj + le,,k = —lk(Xn/ + l,) + lj(Xnk +14) = —lij + lek-

The second term on the right side contains no variable X, ..., X nps but the first
term on the right side contains X,,. Therefore, relative to the lexicographic
ordering, we have LM (S(L;, Ly)) = LM(—lL;) = LM([x)X,,. Consequently
LM(l; L) < LM (S(L;, Ly)) (and actually strict inequality must hold). Thus the
displayed formula shows that S(L;, L) = aiL; + a>Ly in the form demanded
by (c) of Theorem 8.23. Since (c¢) implies (a) in the theorem, {L{, ..., L} is a
Grobner basis of 1.
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Corollary 8.24 (Buchberger’s algorithm).!> Each nonzero ideal in the poly-
nomial ring K[X1, ..., X,] has a Grobner basis. Such a basis can be obtained by
the following procedure: Start from any set { fi, ..., f;} of nonzero generators,
apply the generalized division algorithm in some fashion to each S(f;, fi) and
to the generating set { f1, ..., fi}, and adjoin to the set of generators any nonzero
remainders obtained from this process. Iterate this process for enlarging a set
{f{,..., f}} of generators as long as a nonzero remainder is obtained for some
S( fj’, fi). This process must terminate at some point with all remainders equal
to 0, and the resulting generating set is a Grobner basis.

PROOF. At the stage of the iteration that works with the set {f{,..., f/} of
generators, any nonzero remainder r that arises has the property that no monomial
occurring in r is divisible by any LM( fj’). By Lemma 8.17, LT(r) is not a member
of (LT( fDs o LT f] )). However, at the next stage when r has been designated
as one of the generators of /, LT(r) has become one of the generators of this
ideal. Therefore the ideal (LT( fDs o LT( ft’)) strictly increases as we pass from
one stage to the next. Since K[X1, ..., X,] is Noetherian, its ideals satisfy the
ascending chain condition, and this chain of ideals must stabilize. Consequently
all the remainders must be 0 at some point, and then Theorem 8.23 shows that
the set of generators is a Grobner basis. O

EXAMPLE OF THE COMPUTATION OF A GROBNER BASIS. We return to Example
3 of “Examples with lexicographic ordering” in the previous section. In K[ X, Y],
we let f1(X,Y) = X2 +2XY?and fo(X,Y) = XY +2Y? — 1, and we define
I = (f1, f2). We seek a Grobner basis of I, using the lexicographic ordering.
Direct computation gives S(f1, f>) = Y (X?>+2XY?) - X (XY +2Y3 —1) = X.
Since X is not divisible by LM( f;) or by LM(f>2), S(f1, o) =0f1 +0f, + X
is an expansion of S(fi, f») as in Theorem 8.23c with » = X. The procedure
of Corollary 8.24 says to adjoin f3 = X to the generating set and test again.
Direct computation gives S(fi, f3) = 1(X? +2XY?) — X - X = 2XY, and
S(f1, f3) = 0f1 +0F, + (2Y) f3 + 0 is an expansion of S(f1, f3) as in (c),
since LM(2Y f3) < LM (S(fl, f3)). Thus S(f1, f3) gives us a 0 remainder, hence
nothing new to process. In addition, we have S(f>, f3) = 1(XY +2¥3 — 1) —
Y - X = 2Y3 — 1. No term of this is divisible by any of the leading monomials of
fi, f2, f3,namely X 2 XY, X. Hence 2Y?—1 isanonzero remainder.'® Therefore
we are to adjoin f; = 2Y3 — 1 to our set. Computation gives S(fi, fi) =
XY 4+ X2 = QY+ X) fs, S(fo. fa) = 2Y° = Y? 4+ 35X = 3 fs+ Y2 fa,

15Computer programs typically use an improved version of this algorithm to compute Grébner
bases.

161t was not a bad choice of decomposition that led to a nonzero remainder when some other
decomposition might have given us 0; the equivalence of (b) and (c) in Theorem 8.23 assures us of
that fact.
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and S(f3, fa) = %X = % Jf3. In every case each term has leading monomial at
most the leading monomial of the S-polynomial. Hence all remainders are 0, and
Corollary 8.24 says that { f1, f2, f3, fa} is a Grobner basis of 1.

Corollary 8.25 (solution of the ideal-membership problem). If / is a nonzero
ideal in K[X1, ..., X,] and f is a polynomial, then a procedure for deciding
whether f lies in / is as follows: introduce a monomial ordering, construct
a Grobner basis {g1, ..., g} of I by means of Corollary 8.24, and apply the
generalized division algorithm to write f = Y ._ a;g; + r for polynomials
ai, ..., ay,r such that no monomial appearing in  with nonzero coefficient is
divisible by LM(g;) for any j. Then f lies in [ if and only if r = 0.

PROOF. Corollary 8.24 produces the Grobner basis, and Corollary 8.21 affirms
that this procedure decides whether f lies in 1. O

Corollary 8.26 (solution of the proper-ideal problem). If [ is a nonzero ideal
in K[Xy, ..., X,], then a procedure for deciding whether I = K[X1, ..., X;]
is to compute a Grobner basis for /1 and to see whether one of its members is a
nonzero scalar c.

PROOF. If I has a nonzero scalar as one of its generators, then 1 lies in /,

and hence I certainly equals K[Xy, ..., X,]. Conversely if / is given, then
Corollary 8.24 produces a Grobner basis {g;, . . ., gs}. Since LT(1) = 1 and since
LT(]) = (LT(gl), ...,LT(gS)), the monomial 1 must lie in (LT(gl), ...,LT(gS)).

Since 1 is a monomial, Lemma 8.17 shows that it must be divisible by LM(g;)
for some j. Therefore LM(g;) = 1. Since 1 is the smallest monomial in any
monomial ordering, it is the only monomial appearing with a nonzero coefficient
in g;. Therefore g; is a nonzero scalar. (]

In many applications of Grobner bases, there is some flexibility in what mono-
mial ordering to impose in obtaining the Grobner basis. In Corollaries 8.25 and
8.26, for example, absolutely any monomial ordering works fine. The actual
calculation of Grobner bases is often computationally demanding, and thus it
is worthwhile to use such a basis that takes relatively little time to compute.
According to computer scientists,!” Grobner bases are the most widely useful
when computed relative to the lexicographic ordering, but they are then also
the most time-consuming to compute. The monomial orderings that make the
computation of Grobner bases proceed quickly tend to be ones that first bound

17The Web essay “Representation and monomial orders,” http: //magma.usyd.edu/au/
magma/handbook/1177, within the documentation of the Magma computer algebra system
at the University of Sydney contains a discussion of various monomial orders and their uses and
advantages.
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the total degree in one or two steps. One of the reasons that this kind of monomial
ordering works so efficiently is that once the total degree is bounded, there are
only finitely many monomials less than any given monomial M.

9. Uniqueness of Reduced Grobner Bases

In this section, K continues to denote a field, and we work with a fixed monomial
ordering on K[X1, ..., X,]. Ideals in K[Xy, ..., X,] will always be specified
by giving finite sets of generators. Our objective in this section is to show how
any Grobner basis can be “reduced” and that a “reduced” Grobner basis for an
ideal is unique. A by-product of the uniqueness argument will be a way of testing
two ideals for equality.

Any finite set of generators of / that contains a Grobner basis is again a Grobner
basis. Thus a constructed Grobner basis will often be unnecessarily large. One
simple kind of redundance is addressed by Lemma 8.27 below.

Lemma 8.27. If {g;,..., g} is a Grobner basis for a nonzero ideal I in
K[Xi,...,X,] and if LM(g;) lies in the ideal (LT(g2),...,LT(gs)), then
{g2, ..., &s}1s a Grobner basis of 1.

REMARK. Lemma 8.17 shows how to check whether LM(g1) lies in the ideal
(LT(g2), . .., LT(g)); all we have to do is see whether some LM(g;) for j > 1
divides LM(g1).

PROOF. By hypothesis, (LT(g2), ..., LT(gs)) = (LT(g1), ..., LT(gs)) =LT(]).
Therefore {gs, ..., g} is a Grobner basis of /. (Recall that the definition of
Grobner basis does not assume that the set generates the ideal; Proposition 8.19
deduces that it generates.) O

A Grobner basis {g1, ..., g} of a nonzero ideal [/ is said to be minimal if
LC(g;) = 1 for all j and if no LM(g;) is divisible by LM(g;) for some j # i.
Lemma 8.27 shows that in trying to transform a Grobner basis into a form for
which a uniqueness result will apply, there is no loss of generality in assuming
that the given Grobner basis is minimal.

EXAMPLE. As in the example following Corollary 8.24, let I be the ideal in
K[X,Y] given by I = (fi, f») with fi{(X,Y) = X?> +2XY? and f/o(X,Y) =
XY 4+ 2Y3 — 1. Then we saw that {fi, f>, f3, f4} is a Grobner basis of I in
the lexicographic ordering, where f3(X,Y) = X and f4(X,Y) = 2Y3 — 1.
The leading monomials are LM(f;) = X2, LM(f») = XY, LM(f3) = X, and
LM(f4) = Y3. The first two are divisible by the third. Therefore {X, Y3 — %} is
the corresponding minimal Grobner basis.
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Unfortunately an ideal can have more than one minimal Grébner basis, as is
shown in Problem 17 at the end of the chapter. A Grobner basis {g;, ..., g} of
an ideal 7 is said to be reduced if it is minimal and if for each i/, no monomial
appearing in g; with nonzero coefficient is divisible by LM(g;) for some j # i.

Theorem 8.28 (uniqueness of reduced Grobner basis). If 7 is a nonzero ideal
in K[Xy, ..., X,], then I has a unique reduced Grobner basis, and this can be
obtained algorithmically starting from any minimal Grobner basis.

PROOF OF UNIQUENESS. Let{gy, ..., g} be any Grobner basis. Since LT(/) =
(LT(g1), ..., LT(gs)), Lemma8.17 shows thatany LM(f) for f € I isdivisible by
LM(g;) for some j. If {hy, ..., h;} is a second Grobner basis, then this argument
shows that each LM(h;) is divisible by some LM(g;). Turned around, the argument
shows that LM(g;) is divisible by some LM(hy). Since {A, ..., h;} is assumed
minimal, LM (/) cannot be divisible by LM(%;) if i # k. Thus LM(h;) = LM(hy),
and these equal LM(g;). Then it follows that s = ¢ and that we may enumerate
any two minimal Grobner bases in such a way that the leading monomial of the
i™ member of each basis is the same for each i with 1 <i < s.

With this normalization in place, let us show that g; = h;. To do so, we expand
gi—hiasg —h; =3 ;_, ajh; withLM(g; — h;) = max; LM(a;h;) in accordance
with (b) of Theorem 8.23. Choose k such that the maximum on the right side is
attained at k, i.e., such that

LM(ay) LM(hy) = LM(g; — h;). ()

Arguing by contradiction, suppose that the right side of () is nonzero. Then it
must be a monomial occurring in either g; or /;. Since the two Grébner bases are
reduced, no monomial occurring in g; is divisible by LM(gz) = LM(hg) if k # i,
and similarly for monomials occurring in s;. We conclude that £ = i and that
LM(h;) = LM(g; — h;). But this is impossible by Proposition 8.18 if g; — h; # 0,
since LM(g;) = LM(h;) and LC(g;) = LC(h;) = 1. Therefore the right side of ()

is 0, and g; = h;. ]
PROOF OF EXISTENCE. Let {g1, ..., g5} be a minimal Grobner basis of /. As
was shown in the proof of uniqueness, the leading monomials LM(g)), . . . , LM(gs)

are independent of the choice of the actual minimal basis. Looking at the definition
of “reduced,” we see therefore that the property of being reduced is a property of
each member g; of the basis separately. That is, it is meaningful to say that g;
is reduced if no monomial appearing in g; with nonzero coefficient is divisible
by LM(g;) for some j # i. We shall show how to replace g; by an element g/
with the same leading monomial in such a way that the new set is still a Grobner
basis and g/ is reduced, and then the proof will be complete. There is no loss of
generality in taking i = 1.
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Applying the generalized division algorithm (Proposition 8.20), we write

S
g1=72 ag +r (%)
j=2
in such a way that
LM(g1) = max LM(a;g;) ()

and that no monomial appearing in r with nonzero coefficient is divisible by
LM(g;) for any j > 2. If we define g to be this element r, then the element g}
is reduced in the above sense, and the only question is whether {g{, g2, ..., g}
is a Grobner basis. Since {g1, ..., g} is minimal, LM(g;) is not divisible by any
LM(g;) for j > 2. Consequently LM(g) appears with nonzero coefficient on the
left side of (x%), and it does not appear in any of the terms a;g; with nonzero
coefficient on the right side. Consequently it appears in r = g/, and LM(g;) <
LM(g]). On the other hand, the equality (f) implies that LM(g]) < LM(g).
Therefore LM(g;) = LM(g)), and LT(/) = (LT(gl), LT(g2) ..., LT(gS)) =
(LT(g)), LT(g2) . .., LT(g,)). Consequently {g], &2, ..., g} is a Grobner basis
by definition. O

Corollary 8.29 (solution of the ideal-equality problem). Let I and J be two
nonzero ideals in K[Xy, ..., X,] specified in terms of finite sets of generators.
Then I = J if and only if the reduced Grobner bases of I and J relative to a
single monomial ordering are the same.

REMARK. As with the solution of problems listed in Corollaries 8.25 and 8.26,
the desired end is independent of the monomial ordering, and in practice one
might just as well start from a monomial ordering for which the computation of
Grobner bases is relatively easy.

PROOF. This result is immediate from Corollary 8.24 (constructive existence
of Grobner bases) and Theorem 8.28. ]

10. Simultaneous Systems of Polynomial Equations

In this section we combine our techniques concerning the resultant and Grébner
bases to attack the original problem discussed in Section 1, that of solving systems
of simultaneous polynomial equations in several variables. Our interest ultimately
will be in the case that the underlying field is algebraically closed.

Corollary 8.26 and the Nullstellensatz already combine to give a criterion for
such a system to have no solutions: We regard the system as the zero locus of
an ideal, and we calculate a Grobner basis for the ideal. Then the system has no
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solutions if and only if the Grobner basis contains a constant polynomial, i.e., if
and only if the reduced Grobner basis is {1}.

Let us now consider the problem of finding the solutions when solutions exist.
We begin with the case of two equations in two unknowns over the field C,
recalling what we know from the theory of the resultant. Consider the system

X2y +Y? =5,
XY =2.

Set f(X,Y) = X?Y+Y?>—5and g(X,Y) = XY —2. To find points (x, y) with
f(x,y) = g(x,y) = 0, using the style of Sections 1-3, we compute the resultant
of f and g in the X variable, say, and obtain the polynomial Y* — 5Y2 4+ 4Y.
Setting this equal to O givesus y =0,y = 1,and y = %(—1 ++/17). We can
then substitute each such y into x?y + y?> = 5 and get candidates (x, y). Doing so
for y = 0 gives us no candidates, and doing so for each of the other three values
of y gives us two values of x, differing only in a sign. So we get six pairs (x, y).
However, only three of these satisfy the second given equation, xy = 2, one for
each nonzero value of y. Thus the resultant gives us a handle on the problem of
finding solutions, but it has two shortcomings: it produced a value of y yielding
no solution pairs (x, y), and it produced extraneous x values.

To find points (x, y) with f(x,y) = g(x,y) = 0, using the style of Sec-
tions 7-10, we consider (f, g) as an ideal in C[X, Y], and we are interested
in the locus of common zeros Ve ((f, g)) of the ideal. We start by finding a
reduced Grobner basis with respect to a suitable ordering. The usual lexicographic
ordering will do fine here, and the result is {X + %Yz — %, Y? — 5Y +4}. By
what may seem to be good fortune, the second element depends on Y alone, and
the rootsare y = 1 and y = %(—1 + 4/17). If we substitute these values into
the equation x + %yz — % = 0, we get one value of x for each y. We can solve
because the coefficient 1 of x is nonzero for each y in question. No pair (x, y)
that we obtain is superfluous because the locus of common zeros of f and g is
identical with the locus of common zeros of the members of the Grobner basis.

This approach raises several questions about a possible generalization:

(i) Under what conditions can we expect that a Grobner basis for an ideal /
in K[X, Y] will contain a member that depends just on Y?
(ii) If the Grobner basis contains no element that depends just on Y, then
what can we expect?
(iii) If we are able to solve for values of y, under what conditions can we use
the remaining member(s) of the Grébner basis to solve for x?
Part of the answer to (i) is contained in the Elimination Theorem proved as
Theorem 8.30 below. This theorem says for the lexicographic ordering that the
members of a Grobner basis that depend just on Y generate / N K[Y]; in fact,
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they form a Grobner basis of this ideal of K[Y]. For the case that I = (f, g), the
resultant is a member of / N K[Y]. Thus a nonzero resultant ensures that some
member of the Grobner basis will depend just on Y; on the other hand, 7 N K[Y]
has to be a principal ideal in K[Y], and any Grobner basis of that principal ideal
has to contain the ideal’s generator (up to a scalar factor). By contrast, a zero
resultant leads us to question (ii) because it says, by Theorem 8.1, that f and
g have a common factor (X, Y) of positive degree in X as long as both f and
g have positive degree in X. The largest power of X in & has as coefficient
a polynomial in Y that has only finitely many roots, and if K is algebraically
closed, then every y unequal to one of these roots will produce an x such that
h(x,y) = 0 and therefore such that f(x,y) = g(x,y) = 0. In other words,
except in degenerate cases a zero resultant implies that there cannot be a member
of the Grobner basis that depends just on Y. Finally the answer to (iii) lies deeper
and is contained in the Extension Theorem, which is proved as Theorem 8.31
below.

Let I be a nonzero ideal in K[Xy, ..., X,], K being any field for now. If
0 < k < n — 1, then the k™ elimination ideal of I is the ideal
I N K[Xks15..., Xp] in K[ Xgyq, ..., X, A monomial ordering on

K[Xi, ..., X,] will be said to be of k-elimination type if any monomial con-
taining any of X1, ..., Xi to a positive power is greater than any monomial in
Xk+1, - -+, X, alone. The usual lexicographic ordering is of k-elimination type

for every k. An example of a monomial ordering of k-elimination type that is of
great interest in applications is the one of Bayer—Stillman described in Example 4
of monomial orderings in Section 7.

Theorem 8.30 (Elimination Theorem). Let K be any field, let / be a
nonzero ideal in K[Xy, ..., X,], let 0 < k < n, and fix a monomial ordering
of k-elimination type. If {gy, ..., g} is a Grobner basis of I, then the subset of
members of {gi, ..., g;} depending only on X1, ..., X, is a Grobner basis of
the k™ elimination ideal J = I N K[Xg41, ..., X,

PROOF. Relabeling the members of {gi, ..., g5}, we may assume that the g;’s
lying in J are gy, ..., g;. The first step is to show that J = (g;,...,g). If
f € J is given, we apply the generalized division algorithm (Proposition 8.20)
and write f = Zle a;g; + r with LM(q;g;) < LM(f) for all i and with no
monomial appearing in r with nonzero coefficient divisible by LM(g;) for any
j. Corollary 8.21 shows that r = 0. If a; # 0 and i is not < ¢, then LM(qa;g;)
involves at least one of X1, ..., X, and the definition of monomial ordering of
k-elimination type implies that LM(q; f;) > LM(f). It follows that a; = O for
i >t,and thus J = (g1, ..., &).

To see that {g1, ..., g} is a Grobner basis of J, we apply Theorem 8.23. We
are to show for each pair (g;, gr) with S(g;, gx) # 0 and {j, k} C {1, ..., ¢} that
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there is an expansion S(g;, gx) = Z;zl a;g; withLM(a;g;) < 1M (S(gj, gk)). In
view of the argument with f in the previous paragraph, it is enough to show that
S(gj, g) lies in J. The formula is

LCM(LM(g), IM(g1))  LCM(LM(gi), LM(g))

S(gj» 8k) = j 8k-
J LT(g;) ! LT(gk)
The coefficient fractions are members of K[X;1, ..., X,], since the monomial
ordering is of k-elimination type, and thus S(g;, gx) is indeed in J. (]

EXAMPLE. Formula for discriminant of a polynomial in one variable. This
example is one that we have addressed before by specialized methods. We include
it anyway because the use of Grobner bases allows one to solve many similar
problems that the specialized methods do not address. By way of illustration,
let (X —r)(X — s)(X — t) be a cubic polynomial. The discriminant is D =
(r —$)*(s — t)?(r — t)%. This is a polynomial that is symmetric in r, s, ¢, and the
general theory of symmetric polynomials (in the problems for Chapter VIII in
Basic Algebra) shows that it has to be a polynomial in the elementary symmetric
polynomialsa =r +s +1t,b =rs +rt + st,c = rst. We seek a formula for D
in terms of a, b, c. We form the ideal I in K[r, s, t, D, a, b, c] given by

I = (D—(r—s)z(s—t)2(r -0 a—(r+s+1),b—(rs +rt+st),c—rst).

With the variables enumerated as r, s, ¢, D, a, b, ¢, we use any monomial order-
ing of 4-elimination type, the lexicographic ordering for example, and form the
reduced Grobner basis of /. Calculation best done with the aid of a computer
gives D — a’b? + 4b> + 4a’c — 18abc + 27¢?* and three other members of 7 that
involve r, s, or t. Theorem 8.30 shows that the 4™ elimination ideal is principal
with generator D —a®b? +4b> + 4a’c — 18abc +27¢%. Thus the desired formula
is D = a*b* — 4b> — 4a’c + 18abc — 27¢.

Letus come to the Extension Theorem. The statement and proof of this theorem
do not make use of Grobner bases, but they do refer to the k™ elimination ideal,
which is identified explicitly in Theorem 8.30 with the aid of a Grébner basis.
The intention is that the theorem be applied inductively in any application, taking
into account one additional variable at each step of an induction.

Theorem 8.31 (Extension Theorem). Let K be an algebraically closed field, let
I =(fi,..., fy)beanideal in K[X, ..., X, ], and let J be the first elimination
ideal of I in K[X>, ..., X,]. For each f;, expand f; in powers of X as

filXy, ..., X)) =g Xy, ..., X,Y)Xlll + (lower powers of X)
withg; in K[X», ..., X,]and g; nonzerounless f; = 0. Supposethat (cy, ..., ¢;)
lies in the zero locus Vg (J) € K"~ 1. If gi(ca, ..., c,) # 0 for some i, then there

exists ¢; in K such that (cy, ..., ¢,) is in the zero locus Vg (1) C K”".
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Before giving the proof, we need to extend the theory of the resultant slightly
in such a way that it applies to s polynomials fi, ..., fi rather than just to two.
To do so, we introduce new indeterminates U, . .., U, and regard

F=Uf+ -+ Usfs

as a member of K[U>, ..., Us, X1, ..., X,] whose degree deg, F in X is the
maximum of the degrees of f>, ..., fyin X|. We can then view f] as a member of
the same polynomial ring K [U>, ..., Us, X1, ..., X,] of degree deg, f; and form
the resultant of f} and F in the X variable. This is computed as the determinant
of some square matrix of size deg, f| + deg, F, and we are interested only in
the case that deg, fi > 1 and deg; FF > 1. When expanded in monomials
U* = U3 --- U%, the determinant is of the form

R(fi.F) = ha(Xa,.... X)U"

with each 1, in K[X>, ..., X,]. The polynomials £, will be called the general-
ized resultants in the X variable of the ordered pair (fi, {f2, ..., fs}).

PROOF OF THEOREM 8.31. Let us abbreviate X = (X»,..., X,) and ¢ =
(cz, ..., cn); we shall write

X1, X) = (X1, ..., Xn) and (X1,0) =X, 02,...,¢p).

We seek ¢; € K with fj(cy, c) = 0 for all j. The assumption is that g;(c) # 0
for some i, and we may as well assume that this i is7 = 1. If deg; f; = 0, then
fi11isin J, and the conditions that f; = 0 on Vg (J) and that g (¢) # 0O contradict
one another; hence deg; f1 > 1.

Asinthe paragraph before the proof, put F' = U, fo+- - -+ U f;. Ifdeg, F =0,
then f; is independent of X for all j > 2, and hence f; isin J for j > 2. In this
case it is enough to find ¢; with fj(c;,c) = 0. Since g1(c) # 0, f1(Xy,¢) is a
one-variable polynomial of degree /; > 1, and it is O for some value c¢;. Thus the
proof is complete if deg; F = 0.

We may therefore assume that deg, /' > 1. Form the resultant in X given by

R(f1, F) =Y ho(X)U®,

where the /,’s are the generalized resultants mentioned above. The main step is
to prove that each h, lies in the first elimination ideal J. Since h, depends only
on X, it is enough to prove that each A, is in /. We have arranged that each of f;
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and F has positive degree and has nonzero leading coefficient in X, and hence
Theorem 8.1 shows that

afi +bF = R(fi, F)

for some nonzero polynomials @ and b in K[U,, ..., Us, X1, X]. Let the mono-
mial expansions of a and b in terms of the U*’s be a = ), a,U% and b =
> o baU%. Then we have

1

ZaafanJr(%bﬁUﬂ)( ;fiU,-)=ZhaU°‘. (%)

Let e; be the multi-index that is 1 in the i™ place and 0 elsewhere. This has the
property that U¢ = U; for 2 <i < s. We can rewrite () as

Y haU* =Y au iU+ ( X bpfi) U™
o o o (B,i) with

2<i<s,

Btei=a

Equating the coefficients of U* on both sides gives

hy = ao{fl + Z bﬁfl
(B,i) with
2<i<s,
Btei=a

and exhibits A, as in I. Therefore A, is in the elimination ideal J.
Since ¢ lies in Vg (J), hy(c) = 0 for all «. Consequently

R(fl? F)(UZ’ AR ] US76) = 0

Theorem 8.1 shows that f;(X;,c) and F(U,, ..., Us, X1, c) have a common
factor of positive degree in X provided either or both of two specific coefficients
are nonzero. These are the coefficients of X (lieg‘ M in f1(X1,¢) and of X ?eg‘ "in
F(U,, ..., Uy, X1, ). The coefficient of X{®'/" in f,(X,,X) is g;(X); thus
the coefficient of X feg‘ M in fi1(X1, ¢) is gi(c) and is nonzero by assumption.
Therefore Theorem 8.1 is applicable.

The common factor of f(X;,c) and F(U,, ..., U, Xi, c) may be taken to
be prime, and then it has to be a nonzero scalar multiple of X; — ¢; for some
c1 € K, since that is the only kind of prime factor that divides f;(Xy, ¢), K being
algebraically closed. Thus the element c; of K satisfies

f1(61,5)=0 and F(Uz,...,US,C1,5)=0. (**)
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Writing out F', we have

0 = F(U23 ceey US7C11 E) = U2f2(£‘19 5) + st + USfS(cl’E)'

This is an identity in K[U,, ..., U], and each coefficient must be O on the right
side. Thus0 = f>(c1,¢) = --- = fi(c1, ¢). Since (xx) shows that fi(c;,c) =0,
this proves the theorem. O

11. Problems

How many points are in P} if K is a finite field with g elements?

Resolve Cramer’s paradox as formulated in Section 1.

(Euler’s Theorem) Prove that if F (X1, ..., X,) is any homogeneous polyno-
mial of degree d, then Z;’zl X; g—; =dF.

Let A and B be unique factorization domains, and let ¢t : A — B be a one-one
homomorphism of commutative rings with identity. For each 4 (X) in A[X], let
h'(X) be the member of B[X] obtained by applying the substitution homomor-
phism that acts by ¢ on the coefficients and fixes X. Using resultants, prove that
if f(X) and g(X) are two members of A[X] such that f*(X) and g‘'(X) have a
common factor in B[X] that is not in B, then f and g have a common factor in
A[X] that is not in A.

Theorem 8.1 assumes that at least one of the coefficients f;, and g, is nonzero.
Sometimes this theorem is phrased with the stronger hypothesis that f,, and g,
are both nonzero. By comparing the resultants that are involved, show that all
parts of the theorem with at least one of f;,, and g, nonzero are consequences of
the theorem with both f,, and g, nonzero.

Let K be an algebraically closed field, let f and g be members of K[X1, ..., X,]
with f irreducible, and suppose that g(ay, ..., a,) = 0 whenever f(ai, ..., ay)
= 0. Give two proofs, one using the Nullstellensatz and one using resultants,
that f divides g.

Factor the member Y3 — 2XY? + 2X2Y — 4X3 of C[X, Y]3 into first-degree
factors.

Find the intersections in ]P’(%: of the zero loci of the projective plane curves
FX,Y,W)=XX?—XW)2—Y and G(X,Y, W) =Y*+Y3W — X2W?2.
Let A be a unique factorization domain, let B = A[Y1, ..., Yy, Zy1, ..., Z,], let
F and G be the polynomials in B[X] given by

FOO=T1(X~Y) and GO =[] (X -2,
i=1 =1

J
andlet R(Y1, ..., Yy, Z1, ..., Z,) be the resultant R(F, G) with respect to X.

(a) Show that R(Yy, ..., Yy, Z1,...,Z,) equals 0 if ¥; is set equal to Z;.
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(b) Deduce from (a) that Y; — Z; divides R(Y1, ..., Yu, Z1,..., Zy).
(¢) Deduce from (b) that R(Yy, ..., Yy, Z1, ..., Z,) = c]_[l-’j (Y; — Zj) for
some ¢ # 0 in A depending on m and n.

Let f(X) be in K[X], K being a field, and let f'(X) be the derivative of f(X).
Using the result of the previous problem and the computation at the beginning
of Section V.4, prove that R(f, f’) is a nonzero multiple of the discriminant of
f, the multiple depending only on deg f.

Let F and G be the homogeneous polynomials given by F(X,Y, W) =
X2+ YH243X2YW —Y3Wand G(X, Y, W) = (X2 4+ Y?)? — 4x2Y2w2,
Calculate I (P, FN G) for P =[0,0, 1].

Let G be a nonconstant homogeneous polynomial in K[X, Y, W], vanishing at
a point P of ]P’%(, let m = mp(G) be the order of vanishing of G at P, and let
L be a projective line through P. Show from the definitions that L is a tangent
line to G at P in the sense of Section 5 if and only if i(P, LN G) > m + 1 in
the sense of Section 4.

Deduce relative to an arbitrary monomial ordering the (nonconstructive) exis-
tence of a Grobner basis for a nonzero ideal 7 in K[Xy, ..., X,] from the form
of a set of generators of the ideal LT([).

For 1 <i < n,let w® be the weight vector w') = (w%i), w)yin R, and
suppose that these vectors are linearly independent. Show that the w'") define a
monomial ordering as in Example 5 of Section 7 if and only if for each j, the
first i with wj(i) # 0 has w;i) > 0.

This problem shows for two variables that every monomial ordering arises from a
system of two independent weight vectors satisfying the condition in the previous
problem. Let a monomial ordering be imposed on K[X, Y].

(@) If X > Y9 for all ¢ > 0, show that the ordering is lexicographic and is
determined by the system of two weight vectors {(1, 0), (0, 1)}.

(b) If X < Y4 for some ¢ > 0, show that there exists a unique real number
r > 0 such that for all ordered pairs of integers u > 0 and v > 0, X* > YV
ifru>vand X* < YVifru <v.

(¢) If X < Y17 for some g > 0 and if r is defined as in (b), prove that the
monomial ordering is determined by the system of two weight vectors
{(r, 1), (s, 1)} for a suitable (s, ).

In K[X, Y], define f(X,Y) = X?Y + X¥? + Y2, fi(X,¥) = XY — 1, and
£(X,Y) =Y?— 1. Show that

fX.N=X+fHi+1p+rn=XA+X+DHr+nr
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withr(X,Y) =X +Y + 1andrp =2X + 1 gives two decompositions in the
lexicographic ordering of f relative to { fi, f>} satisfying the conditions of the
generalized division algorithm of Proposition 8.20. Conclude that the remainder
term need not be unique, nor need the coefficients of f; and f5.

17. Observe for any scalar a that the ideal I = (X?> 4+ ¢XVY, XY) in K[X, Y] is
independent of c.
(a) Verify that {X?> 4+ cXY, XY} is a minimal Grobner basis of I relative to the
lexicographic ordering for any choice of c.
(b) Show that {X2, XY} is the reduced Grobner basis for I.

Problems 18-20 characterize ideals in K[ X1, ..., X,,] whose locus of common zeros
is a finite set under the assumption that K is an algebraically closed field. Thus let
K be an algebraically closed field, and let I be a nonzero ideal in K[X1, ..., X,].

18. Under the assumption for each j with 1 < j < n that / contains a nonconstant
polynomial P;(X;), prove that Vi (1) is a finite set.

19. Conversely under the assumption that Vi (1)) is a finite set, use the Nullstellensatz
to produce for each j, a nonconstant polynomial P;(X;) lying in /.

20. Impose the usual lexicographic ordering on monomials. Prove that LT(/) con-

tains some Xj’ for each j with 1 < j < n if and only if Vg (J) is a finite
set. (Educational note: The advantage of this characterization over the one in
Problems 18-19 is that checking this one is easy by inspection once a Grobner
basis of / has been computed.)

Problems 21-23 relate solutions of simultaneous systems of polynomial equations to
the theory of the Brauer group in Chapter III. A field L is said to satisfy condition
(C1) if every homogeneous polynomial of degree d in n variables with d < n has a
nontrivial zero. The significance of this condition was shown in Problem 20 at the
end of Chapter III: the Brauer group (L) of such a field is necessarily 0. The present
set of problems establishes that a simple transcendental extension of an algebraically
closed field satisfies condition (C1). No knowledge of Chapter III is needed for these
problems, but Problem 23 will take for granted a certain theorem to be proved in
Chapter X.

21. Let K be analgebraically closed field, and let L = K (X) be asimple transcenden-
tal extension. Itis to be shown that any member F (71, ..., T,) of L[T}, ..., T,la

of the form F(Ty,...,T,) = Zil ..... i, iy-iy Tlil e T,f” has a nontrivial zero if

d <nandeacha;, ;, liesinthe field L = K(X).

(a) Why is it enough to consider such polynomials with each a;,

polynomial ring K[X]?

in the

,,,,, in



22.

23.

(b)

(a)

(b)

11. Problems 519

With the simplification from (a) in place, let § be the maximum degree in
X of the coefficients g;,...;,. Let N be a positive integer to be specified. By
looking for a solution of the form 7; = Z;VZO bij X J with each b; jin K, show
that substitution of this formula into the formula F (Ty, ..., T,) = 0 leads
to a system of homogeneous polynomial equations over K in the unknowns

b;j, one of each degree from 0 to 6 + Nd.

In the setting of the previous problem, show that the number of unknowns
is (N + 1)n and that the number of equations is at most Nd + § + 1.
Show for N sufficiently large that the number of equations is less than the
number of unknowns.

The following theorem will be discussed in Chapter X: if K is algebraically
closed and if m < n, then the locus of common zeros in P} of m nonconstant
homogeneous polynomials in K[X1, ..., X,+1] is nonempty. Assuming this
theorem, deduce from the previous two problems the conclusion that the field
L = K(X) satisfies condition (C1) if K is algebraically closed.



